
Chapter 10
Adsorption on Solid Surfaces

In previous chapters we have considered two types of interfaces, the solid–vacuum
and the solid–solid interfaces. This last chapter is devoted to problems of the
solid–gas interface. Some of the questions related to this interface have already
been touched on in connection with film growth and the deposition of atoms and
molecules to yield a second solid phase and thus a new solid–solid interface. In
the present chapter we consider the interaction between a solid surface and foreign
atoms in a more fundamental way.

At this point one might ask why the solid–liquid interface is not treated within
the framework of the present book. The main reason is a methodological one: Most
of the extremely powerful experimental techniques used to study solid–vacuum and
solid–solid interfaces in UHV cannot be applied to solid–liquid interfaces, except
in extreme cases of monolayer coverage. These, however, are identical with the
“adsorption” systems treated in this chapter. Nevertheless great progress has been
made recently also in the understanding of solid–liquid interfaces due to the appli-
cation of optical methods and the powerful scanning tunneling microscopy (STM)
techniques described in Panel VI: (Chap. 3).

From a purely theoretical point of view, many features of the solid–liquid inter-
face resemble those of the solid–gas interface. But the plaucity of experimental
methods means that our understanding of the solid–liquid interface is less well
developed. We thus concentrate here on adsorption processes, i.e. the interaction
between a solid surface and atoms or molecules in the gas phase.

10.1 Physisorption

The adsorption of an atom or molecule on a solid surface involves the same basic
forces that are known form the quantum-mechanical theory of chemical bonding.
Now, however, one of the partners is a macroscopic medium with an “infinite”
number of electrons, whose 2D surface is exposed to the other microscopic bond-
ing partner, the atom or molecule. It turns out that many of the concepts of the
theory of chemical bonding can be directly transferred to adsorption theory. In
particular, there is a clear distinction between physisorption and chemisorption in
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the theory of adsorption. Generally speaking, physisorption is a process in which
the electronic structure of the molecule or atom is hardly perturbed upon adsorption.
The corresponding mechanism in molecular physics is van der Waals bonding. The
attractive force is due to correlated charge fluctuations in the two bonding partners,
i.e. between mutually induced dipole moments. In molecular physics, where these
dipoles can be considered as “point” dipoles, the attractive potential is that between
attracting dipoles.

In contrast, chemisorption is an adsorption process that resembles the formation
of covalent or ionic bonds in molecular physics; the electronic structure of the bond-
ing partners is strongly perturbed, new hybrid orbitals are formed and, as in the case
of ionic bonding, there may be charge transfer from one partner to the other. In
dissociative chemisorption one may even observe the formation of new molecules.

In spite of the similarity between adsorption and molecular bonding, certain fea-
tures, such as the variation of forces with distance, might be different due to the
different dimensionality of the two problems. Correspondingly one requires dif-
ferent models to describe bonding in molecular physics and in adsorption. This
becomes quite clear when one considers a simple model of physisorption. In
molecular physics the attractive potential of the van der Waals interaction between
neutral molecules can be described by the interaction between mutually induced
“point” dipoles. One dipole p1 formed by momentarily occurring charge fluctua-
tions induces an electric field E ∝ p1/r3 at the site of the other molecule at distance
r . The induced dipole moment there is p2 ∝ αp1/r3, where α is the polarizability
of the molecule. The potential of this dipole p2 in the field of the first dipole is
proportional to E and to p2; the attractive part of the van der Waals potential thus
has an r−6 dependence.

In contrast, the physisorption of a non-reactive atom or molecule (e.g., He, Ne,
CH4) on a solid surface requires a different description [10.1, 10.2]. In Fig. 10.1
the physisorbed atom is modelled by an oscillator in which an electron executes
simple harmonic motion (coordinate u) in one dimension. The atom is located
outside the surface, which lies at a distance z from the positive nucleus. The van
der Waals attraction between the solid and the atom arises from the time-dependent,
non-retarded interaction of the valence electron and the nucleus (or core) with their

Fig. 10.1 Simple model of a
physisorbed atom consisting
of a positive ion and a valence
electron e−. The dynamics of
the electron is described by a
classical oscillation along a
coordinate u normal to the
solid surface. The attractive
interaction with the solid is
due to screening, i.e., it arises
on forming image charges
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images. The van der Waals interaction thus reduces to an image-charge attraction,
describable in terms of the screening effects of the solid substrate. A point charge
+e outside the surface of a semi-infinite medium with dielectric constant ε induces
an image point charge.

q = 1− ε
1+ ε e, (10.1)

positioned within the medium at the same distance from the surface. For a metal sur-
face (ε →∞, q = −e), the resulting potential energy between the real charge (dis-
tance z from surface) and its image is thus V = −e2/4πε02z. Setting q̃ = e2/4πε0,
the interaction energy between nucleus (core), electron and their images is thus
obtained as

V (z) = − q̃2

2z
− q̃2

2(z − u)
+ q̃2

(2z − u)
+ q̃2

(2z − u)
. (10.2)

The first term is the interaction of the nucleus (core) with its image, the second arises
from the interaction of the electron with its image and the two repulsive terms are
the interactions between the nucleus (core) and the electron image and vice versa.
Expanding (10.2) in powers of u/z, one finds that terms with z−1 and z−2 cancel,
and that the lowest order, non-vanishing term is

V (z) � − q̃2u2

4z3
. (10.3)

The physisorption potential thus depends on the distance z between atom and sur-
face as z−3, in contrast to the r−6 dependence of molecular van der Waals bonding.
Since the electron wave functions “leak out” of the surface of a metal (or solid in
general), the image plane that serves as the reference for the z-coordinate in (10.3)
is not identical with the surface itself, i.e. the plane defined by the coordinates of the
nuclei of surface atoms. One therefore has to express the lowest-order physisorption
potential as

V (z) ∝ −(z − z0)
−3, (10.4)

with z0 values on the order of half a lattice constant.
Calculations of more accurate physisorption potentials are possible using mod-

ern surface band structure and charge-density calculations. But they are tedious
and require big computers. Some examples of calculated potential curves V (z) are
given in Fig. 10.2 for inert He atoms on Ag, Cu and Au surfaces. The repulsive
part, not included in (10.1–10.3) is due to the repulsion of overlapping electron
shells, an effect that is included in the realistic calculations. The metal substrates
in Fig. 10.2 are described in terms of a jellium model with different mean densi-
ties of the smeared-out positive charge. An experimental method for investigating
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Fig. 10.2 Calculated
physisorption potentials φ(z)
for He atoms outside Ag, Cu
and Au surfaces. Each metal
is described by a jellium
model (homogeneously
smeared-out charge), in
which the properties of the
particular metal are
accounted for by different
mean densities of positive
background charge [10.3]

physisorption potentials is based on the analysis of scattering experiments (e.g., He
atoms scattered from metal surfaces). The theoretical description of the experimen-
tally determined scattering cross sections and angular distributions allows one to
deduce certain features of the interaction potential between surface and scattered
particle. Trial and error fits between the measured data and the curves calculated on
the basis of assumed potentials yield a best-fit potential.

Physisorption potentials of the type shown in Fig. 10.2 are characterized, in
general, by a low binding energy (depth of the potential well) on the order of 10
to 100 meV, and by a relatively large equilibrium separation of 3–10 Å (distance
between the potential minimum and the surface z = 0).

Physisorbed particles are therefore located at relatively large distances from the
surface and are usually highly mobile in the plane parallel to the surface. As with the
van der Waals interaction, the binding energy is quite low. Physisorption can only be
observed when stronger chemisorption interactions are not present. In general, low
temperatures are necessary to study physisorbed species, since at room temperature
(kT ≈ 25 meV) binding in a potential of the type shown in Fig. 10.2 is not possible.

10.2 Chemisorption

Strong adsorbate bonding to a solid substrate must be understood in terms of a
chemical reaction, similar to the case of molecular bonding. Covalent adsorption
bonds obey essentially the same rules as do covalent bonds between atoms and
molecules. The concept of orbital overlap is similarly important, and, for a qualita-
tive approach at least, the same theoretical methods can be used as in the theory of
chemical bonding.

In order to demonstrate the general principles underlying chemisorption bonding,
let us consider a fairly simple adsorption system (Fig. 10.3), namely a transition
metal with an energetically sharp, partially-filled d-band, and a molecule with a
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Fig. 10.3 Simple model of covalent chemisorption bonding between a molecule (partially filled
molecule orbital M) and a transition metal with partially filled d bands. Bonding with s and p
metal states is neglected. In the adsorbate system, bonding (Md) and antibonding (Md)∗ states
are formed

partially-filled molecular orbital M . When the molecule approaches the metal sur-
face, one expects covalent bonding between the partially filled orbitals of the two
partners, i.e., the orbital overlap between M and d should lead to chemisorption
with rehybridisation and the formation of new Md orbitals. In a simplified model
description we represent the metal d-band by a single energy level (partially filled)
and neglect interactions with the s- and p-states of the metal and with molecular
orbitals other than M . An approximate wavefunction for the adsorbate-metal system
may then be formulated as

ψ = aψ1(M
−, d+)+ bψ2(M

+, d−), (10.5)

where ψ1(M−, d+) and ψ2(M+, d−) represent so-called charge-transfer states.
ψ1(M−, d+) describes a state in which an electron is transferred from the metal
states into the molecular orbital M , whereas ψ2(M+, d−) refers to the reverse sit-
uation in which the molecule has donated an electron from its orbital M into the
empty part of the metal d-band. The calculation of the new chemisorption energy
levels is performed by minimizing the energy functional

Ẽ = 〈ψ |H|ψ〉〈ψ |ψ〉 . (10.6a)

where H is the total Hamiltonian (molecule plus metal substrate) and ψ as the trial
charge-transfer wavefunction (10.5). We define S = 〈ψ1|ψ2〉 as the overlap integral
between the two “ionic” charge-transfer states and H1 = 〈ψ1|H|ψ1〉 and H2 =
〈ψ2|H|ψ2〉 as the total energies of the states in which an electron is transferred from
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the metal to the molecule and vice versa. With H12 = H21 = 〈ψ2|H|ψ1〉 as the
interaction energy between the two “ionic” charge-transfer states (10.6a) becomes

Ẽ(a2 + b2 + 2abS) = (a2 H1 + b2 H1 + 2abH12). (10.6b)

The wave functions ψ1 and ψ2 are assumed to be normalized. Minimization of Ẽ
requires

∂ Ẽ

∂a
= 0 and

∂ Ẽ

∂b
= 0. (10.7)

This yields the secular equations

a(Ẽ − H1)+ b(SẼ − H12) = 0, (10.8a)

a(SẼ − H12)+ b(Ẽ − H2) = 0, (10.8b)

whose solutions are given by the vanishing of the determinant∣∣∣∣ Ẽ − H1 SẼ − H12

SẼ − H12 Ẽ − H2

∣∣∣∣ = 0. (10.9)

Two energy eigenvalues are obtained from (10.9):

Ẽ± = 1

2

H1 + H2 − 2SH12

1− S2

±
√

H12 − H1 H2

1− S2
+ 1

4

(
H1 + H2 − 2SH12

1− S2

)2

. (10.10)

To demonstrate the qualitative behavior, we assume weak overlap between ψ1 and
ψ2 and neglect second order terms in S and H12 (S2, H2

12, SH12). In this linear
approximation (10.10) yields

Ẽ± = H1 + H2

2
±
√

H2
1 + H2

2

2
+ H12. (10.11)

Compared to the average ionic energy (H1 + H2)/2, (10.11) yields two values Ẽ+
and Ẽ−, which, for positive H12, are respectively higher and lower in energy. They
belong to the (Md) chemical bond (Fig. 10.3) and the corresponding antibond-
ing orbital (Md)∗. The decrease of the total energy (10.10, 10.11) in Ẽ− favors
a chemisorption bond in which electrons are transferred back and forth between
adsorbate and substrate. For a more accurate description of the chemisorption bond
the ansatz (10.5) for the total wave function is too simple. Better approximations
take into account the wave function ψ0 (M, met) of the no-bond state [separated
substrate (met) and molecule (M), no charge transfer] and charge transfer to all
unoccupied metal Bloch states (k > kF, kF: Fermi wave vector) and from all filled
metal states (k < kF) into the molecular orbital M ; i.e., instead of (10.5) one uses a
trial wave function [10.4]
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ψ = Nψ0(M,met)+
∑
k<kF

akψk(M
−,met+)

+
∑
k>kF

bkψk(M
+,met−) (10.12)

to minimize the energy functional (10.6a).
As in the orbital theory of molecular bonding, the concept of frontier orbitals is

also useful in a description of chemisorption bonds. The strongest interaction with
the adsorbing molecule occurs for an overlap between occupied and unoccupied
orbitals, i.e. by electron transfer into the Lowest Unoccupied Molecular Orbital
(LUMO) and by electron donation from the Highest Occupied Molecular Orbital
(HOMO) into an empty substrate state. In the simplified picture of Fig. 10.3 LUMO
and HOMO are identical, since the highest energy molecular state M carrying a
valence electron is assumed to be partially occupied. Carrying out the minimization
procedure of (10.6a) by means of (10.12) leads to the equation [10.4]

Ẽ − E0 =
∑
k<kF

|ULk |2
Ek − ELUMO

+
∑
k>kF

|UHk |2
EHOMO − Ek

(10.13)

for the total energy difference between the bonding situation (Ẽ) and the non-
bonding state (E0), where the molecule and the substrate are not in contact. Ek

are the energies of the unperturbed metal Bloch states (or possibly surface states
involved in the bonding); ELUMO and EHOMO are the unperturbed molecular orbital
energies, whilst ULk and UHk are interaction matrix elements between the metal
orbital k and the LUMO (k < kF) and the HOMO (k > kF), respectively.

More sophisticated theoretical approaches to chemical bonding on solid surfaces
also exist, but these are far beyond the scope of this book. Particular emphasis to the
local nature of a chemisorption bond is provided by cluster models, which are very
useful in applying the methods of quantum chemistry to chemisorption bonding.
In these calculations the solid surface is modelled by a finite number of substrate
atoms (3–20) and the chemisorption bond is described as a chemical bond between
this cluster of substrate atoms and the particular chemisorbed atom or molecule.
Since the cluster is bonded back to the whole (semi-infinite) solid substrate, it is
inert to “backward adsorption”. This property is sometimes taken into account by
saturating all dangling bonds (apart from the chemisorption bond) with hydrogen
atoms.

Chemisorption potentials φ(z) as a function of the distance z between adsorbate
atoms or molecules and the surface are generally characterized by a short equilib-
rium separation z0 of 1–3 Å (Fig. 10.4a) and a relatively high binding energy EB on
the order of a couple of eV. Chemisorption is accompanied by a rearrangement of
the electronic orbitals, i.e. of the electronic shell of the adsorbate atom or molecule;
the shape of the adsorbate is thus changed due to its new chemical bonds to the
substrate.

In the case of chemisorption of molecules, this rearrangement of the electronic
shell can lead to dissociation and formation of new adsorbate species (Fig. 10.4b).
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Fig. 10.4 (a) Qualitative shape of a chemisorption potential φ as a function of the distance z
of the adsorbed atom or molecule from the solid surface. The equilibrium distance z0 is on the
order of 1–3 Å and the binding energy EB on the order of an electron volt. (b) Combination of
a chemisorption and a physisorption potential shown qualitatively for the example of dissociative
hydrogen (H2) bonding on a metal (M) surface; QDiss is the dissociation energy of H2 in the gas
phase, EB is the binding energy in the chemisorption state 2M-H, Eact the activation energy for
adsorption of H2, Edes the activation energy for desorption of 2H

This so-called dissociative adsorption occurs, for instance, for hydrogen molecules
on many transition metal surfaces at room temperature. When the clean metal sur-
face is exposed to molecular hydrogen, H2, rapid adsorption occurs, accompanied
by dissociation of the molecules into the atomic species H, which is bonded to the
surface. The potential diagram for a hydrogen molecule approaching the surface
along a coordinate z (normal to surface) can be described qualitatively as a com-
bination of the potential for physisorption of molecular H2 and chemisorption of
atomic H (Fig. 10.4b). A hydrogen molecule approaching the surface from a large
distance z “sees” a potential, which leads into a physisorption state with equilibrium
distance zp (potential minimum). Closer approach to the surface would cause a rapid
increase of potential energy due to overlap between the molecule’s electronic shell
and the metal states. Hydrogen atoms, however, can be bonded on the surface in a
chemisorption state with much higher binding energy EB and a smaller equilibrium
distance. The corresponding potential curve for two H atoms differs from that of
molecular H2 at large distances z by exactly the dissociation energy Qdis. This is
the energy that must be supplied to dissociation H2 into 2H in the gas phase.

According to Fig. 10.4b the two potential curves for H2 and 2H (each time
referred to a complete system: two metal atoms (2M) plus hydrogen) intersect at a
distance z′. A hydrogen molecule with enough kinetic energy to overcome the acti-
vation barrier Eact thus prefers to follow the chemisorption potential curve: near z′ it
is dissociated into two H atoms, which chemisorb on the surface forming two M–H
bonds with an adsorption energy EB. Near z′ the electronic structure of the adsorb-
ing particle is completely changed. The molecular orbitals of H2 transform into
atomic orbitals of H. From Fig. 10.4 it is evident that chemisorption of molecular
hydrogen into its atomic adsorption state requires a minimum kinetic energy of Eact,
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Table 10.1 Metal ion-binding energies [eV] on different single crystal tungsten surfaces, as
determined from experiment [10.5, 10.6]

Adsorbate

Substrate Na K Pt Re

W{100} 2.28 5.0 9.3
W{100} 2.46 2.05 5.5 10.15
W{100} 2.45 2.02

the activation energy for chemisorption. Since this activation barrier is lower than
the dissociation energy QDiss in the gas phase, dissociation is favored by adsorption
on the metal. The decrease of the activation barrier by the presence of a solid surface
for dissociation is a feature of catalytic decomposition. From Fig. 10.4 one can also
deduce that desorption of chemisorbed atomic H from the metal surface requires a
minimum energy Edes, the desorption energy. The desorbing H atoms recombine
near z′ to form molecular H2, which is detected in the gas phase. For this process
of activated adsorption the characteristic energies, EB (chemisorption energy), Edes
(desorption energy) and Eact (activation energy for chemisorption) are related to one
another by

Edes = EB + Eact. (10.14)

Since particles adsorbed in the chemisorption potential minimum always have a
certain finite energy, even at zero temperature, EB, as shown in Fig. 10.4b, must be
corrected for this small zero-point energy. Some experimental values of chemisorp-
tion binding energies are given in Table 10.1 for metal atoms adsorbed on single
crystal surfaces of tungsten. The effect of the d-electrons on the bonding strength
for Pt and Re is particularly evident.

10.3 Work-Function Changes Induced by Adsorbates

Adsorbed atoms and molecules generally have a significant influence on the elec-
tronic structure of a surface: They rearrange the electronic charge within the chemi-
cal bond and may also add elementary dipoles if the adsorbed molecule has its own
static dipole moment. It is thus necessary to consider the work function of a solid
surface in more detail, in particular in the presence of an adsorbed species.

In previous chapters (Chaps. 6 and 8) the work function eφ was introduced in
an intuitive way as the energy difference between Fermi level EF and the vacuum
energy Evac. The precise definition of eφ is based on a gedanken experiment in
which an electron is removed from inside the bulk crystal and transferred through
the surface to a region outside, but not too far away from the surface. The distance
of the electron from the crystal face should be so large that the image force can be
neglected (typically 10−4 cm = 104 Å), but it should be small compared with the
distance from any other face of the crystal with a different work function. Otherwise
it is not possible to discriminate between work functions of different crystal faces.
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In this definition the work function is the energy difference between two states of the
whole crystal. As in a photoemission experiment (Sect. 6.3), the initial state is the
ground state of a neutral crystal containing N electrons with energy EN . In the final
state one electron is removed to the outside, where it has only electrostatic energy
described by the vacuum level Evac. The crystal with the remaining N − 1 electrons
is assumed to be in its new ground state with energy EN−1. We thus obtain for the
work function at zero temperature

eφ = EN−1 + Evac − EN . (10.15)

For finite temperatures this process is described as a thermodynamic change of
state. The difference EN − EN−1 has to be replaced by the derivative of the free
energy F with respect to the electron number (T = const, V = const). This
derivative (∂F/∂N )T,V is the electrochemical potential of the electrons (or the
Fermi energy EF at finite temperature). A rigorous expression for the work function
is thus

eφ = Evac − μ = Evac − EF. (10.16)

Even on a clean, well-defined surface in UHV, the microscopic interpretation of eφ
might contain several contributions. On a metal surface a major contribution is due
to the fact that the electron density “leaks out” from the relatively rigid framework of
positive ion cores (Fig. 3.7a). This gives rise to a dipole layer at the surface which
the emitted electron must pass through. Similar effects occur at steps, which thus
also modify the work function of a clean surface (Fig. 3.7b).

In the case of strong chemisorption, charge is shifted from the substrate to the
adsorbed atom or molecule, or vice versa, thus giving rise to additional dipoles
whose field acts on emitted electrons. This effect is described by a change of the
work function e�φ due to adsorption. Even in the case of physisorption, image
charges just below the surface are created (Fig. 10.1) by screening. The resulting
dipole moments give rise to work function changes. For semiconductors, one has
the additional effect of band bending (Chap. 7), which also contributes to the total
work function change (Fig. 10.5). For a semiconductor it is convenient to describe
the total work function by means of three terms:

eφ = χ + eVs + (EC − EF)bulk, (10.17a)

where χ is the electron affinity. The effect of dipoles (due to the adsorbed atoms or
molecules) e�φDip is assumed to change the electron affinity from χ to χ ′, and there
is an additional band bending change�Vs. Thus the total work function change e�φ
of a semiconductor due to adsorption is obtained as

e�φ = �χ + e�Vs = e�φDip + e�Vs. (10.17b)

The two contributions can be determined separately in a photoemission experiment
(Panel XVII: Chap. 10).



10.3 Work-Function Changes Induced by Adsorbates 527

Fig. 10.5 Qualitative electronic-band diagrams of clean and adsorbate-covered semiconductor sur-
faces; (a) clean surface with work function eφ, electron affinity χ , band bending at the surface
eVs, conduction band and valence band edges EC and EV; (b) chemisorption bonding of an adsor-
bate generally changes the band bending into eVs′ ; charge transfer within the chemisorption bond
induces dipoles within the surface and thus changes the work function and the electron affinity into
eφ′ and χ ′, respectively (dipole contribution �φDip)

Fig. 10.6 Schematic
representation of a
well-ordered monolayer of
highly-polar molecules with
molecular dipole moment qd

The dipole contribution e�φDip of a monolayer of adsorbate is often calculated
on the basis of simplifying assumptions about the nature and magnitude of the
dipoles. In a simple model (Fig. 10.6) one can describe the dipole-induced work
function change in terms of emitted electrons crossing a parallel plate capacitor
(plate separation d), which carries a total charge density nDipq, nDip being the sur-
face density of adsorbed dipoles. The corresponding work function change is

e�φ = −qEd, (10.18)

where

E = nDipq

ε0
(10.19)

is the electric field within the dipole layer (between the capacitor plates). With p =
qd as the dipole moment of the adsorbed particle, one has the simple relation

e�φ = −e

ε0
nDip p. (10.20)

In a more rigorous treatment one has to take into account that the electric field at
the site of a particular dipole is modified by all the surrounding dipoles [10.7]. A
depolarization effect occurs such that in (10.18) an effective field Eeff has to be used

Eeff = E − fdepEeff, (10.21)
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where fdep, a so-called depolarization factor, takes into account the field due to
dipoles in the vicinity. According to Topping [10.8], for a square array of uniformly
arranged dipoles, this depolarization factor is obtained as

fdep �
9αn3/2

Dip

4πε0
, (10.22)

where α is the polarizibility of the adsorbed particles (or adsorbate–substrate com-
plexes). From (10.18–10.22) one thus obtains the dipole-induced work function
change as

e�φ = − e

ε0
pnDip

⎛
⎝1+ 9αn3/2

Dip

4πε0

⎞
⎠
−1

. (10.23)

Apart from simple cases such as strong ionic chemisorption, it is difficult to apply
(10.23) to real experiments, since neither the dipole moment p nor the polarizability
α of the adsorbed particle is well known.

On the other hand, the measurement of work-function changes upon adsorption
often yields interesting information about different adsorbed species. Figure 10.7
shows as an example work-function changes e�φ measured by UPS for a Cu(110)
surface which was exposed to H2O at about 90 K [10.9]. After an initial decrease
by about 0.9 eV the work function increases in several steps with increasing tem-
perature. Each step indicates a new adsorbed species which also gives rise to differ-
ent LEED patterns. The identification of the different species as physisorbed H2O,
strongly chemisorbed “H2O”, OH and atomic oxygen (O) was made on the basis of
the observed photoemission spectra.

Fig. 10.7 Work-function
change e�φ of a
water-covered Cu(110)
surface as a function of
annealing temperature; the
surface was initially exposed
to 1 L = 10−6 Torr · s of
water (c); (a) adsorbed
species as identified by UPS
measurement (b)
corresponding
superstructures as observed
by LEED [10.9]
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In Fig. 10.8 work-function changes measured by UPS on cleaved GaAs (110) are
shown as a function of Sb coverage [10.10]. For p- and n-type GaAs completely
different curves are obtained, since the band bending contributions e�Vs (10.17)
are different. On n-type material the bands are bent upwards due to Sb deposition
whereas on p-type material downwards band bending changes are induced. Since
the dipole contribution to the work function is related to the microscopic properties
of the chemisorption bond, it is assumed to be equal for both dopings. From a more
detailed analysis of the data it is found to decrease monotonically up to a cover-
age of about one monolayer of Sb (Fig. 10.9). This dipole contribution e�φDip is
responsible for the step-like behavior of the total work-function change e�φ near
one monolayer coverage on n-type GaAs (Fig. 10.8a).

Fig. 10.8 a,b Work-function
changes for GaAs(110)
surfaces as a function of Sb
coverage. (a) for n-type
material with an electron
concentration
n � 4 · 1017 cm−3 with
nearly-flat bands prior to
deposition of Sb (b) for
p-type material with a hole
concentration
p � 4 · 017 cm−3 and an
initial band bending of
−0.3 eV before deposition
of Sb [10.10]

Fig. 10.9 Dipole (electron affinity) contribution e�φDip to the workfunction change for a
GaAs(110) surface due to adsorption of Sb. The data are obtained from UPS measurements on
p-doped GaAs surfaces, which exhibited a saturated initial band bending due to irradiation with
He II photons before deposition of Sb [10.10]
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A particularly interesting system with respect to changes in the work function is
the adsorption of cesium both on metal and semiconductor surfaces. Upon adsorp-
tion, Cs atoms donate an electron to the substrate and chemisorb as positive Cs+
with strong ionic chemisorption bonds. A dipole layer with negative charge in the
substrate and Cs+ on the surface is formed. An emitted electron is accelerated within
this dipole field on its way from the crystal into the vacuum. The work function is
thus considerably decreased by the adsorption of Cs. The effect is demonstrated in
Fig. 10.10 for Cs adsorption on different surfaces of W.

On GaAs surfaces the work function or, more specifically, the dipole contribu-
tion (i.e., the electron affinity), is reduced by Cs adsorption to such an extent that
the vacuum level resides below the conduction band minimum when the additional
downwards band bending on p-type material is taken into account (Fig. 10.11).
The effect is even more pronounced if oxygen is coadsorbed with the Cs atoms.
Therefore, any electron which is pumped into the conduction band spills out into
the vacuum without having to surmount any energy barrier. GaAs substrates covered
with Cs are thus used as high flux sources in electron photoemission. In addition,
relativistic effects (spin-orbit splitting) cause the electron states at the top of the
valence band to be of such a symmetry that excitation to the conduction band mini-
mum produces free electrons which are highly spin polarized. The additional effect
of Cs deposition then allows the fabrication of an effective source of spin polarized
electrons.

Fig. 10.10 Work function of
several tungsten surfaces as a
function of coverage with Cs
atoms [10.11]
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Fig. 10.11 a–c Qualitative
band diagram for Cs
adsorption on a p-type
GaAs surface; the dipole
contributions are shown
in terms of a changed electron
affinity. (a) clean GaAs
surface (b) after deposition
of Cs (c) after coadsorption
of Cs and oxygen [10.12]

10.4 Two-Dimensional Phase Transitions in Adsorbate Layers

Figure 10.12 shows the frequencies ω0‖ and ω0⊥ of oxygen atoms vibrating parallel
and normal to a Ni(100) surface. Atomic oxygen forms a chemisorbed overlayer on
Ni(100), which gives rise to a c(2 × 2) superstructure in LEED. The frequencies
ω0‖ and ω0⊥ have been measured by inelastic scattering of low energy electrons
(HREELS) under various scattering angles, i.e. with angular resolution [10.13].
Thus non-negligible wave vector transfer q‖ have been obtained and a strong dis-
persion at least of the ω0⊥ vibration is measured. This dispersion clearly shows – in
analogy to the 3D solid – that there is a strong mutual interaction between the atoms
forming the ordered 2D array or 2D lattice. Mutual interactions between adsorbed
molecules and atoms can also be deduced from the changes in vibration frequency
measured (from HREELS or IRS) as a function of coverage. For low coverages, far
below a monolayer, interactions within the layer itself cannot be significant. At high
coverage in the monolayer range these interactions are important and in analogy to
the 3D case one can consider the ordered array of oxygen atoms in Fig. 10.12 as a
2D crystal.

For coverages below a monolayer, two different situations can occur (Fig. 10.13).
Case (a), where the adsorbed atoms or molecules are adsorbed in a random and
dilute way, can be described in terms of a 2D lattice gas. In Fig. 10.13b the adsorbate
layer grows in islands which already possess the internal order of the completed
monolayer. This situation can be described as the growth of 2D crystallites. Adsor-
bate islands with dense packing but with no long-range internal order are described
as 2D liquid droplets. Variations of temperature can cause case (b) to change into
case (a). This is a 2D phase transition on the surface, in which a 2D crystal or liquid
“evaporates” to form a 2D gas.
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Fig. 10.12 Surface phonon
dispersion curves measured
on an oxygen covered
Ni(100) surface with c(2× 2)
LEED pattern. Full dark
circles describe surface
phonons of the clean Ni(100)
surface. ω0‖ and ω0⊥ are
vibrational modes of the
oxygen atoms with
displacements predominantly
parallel and normal to the
sample surface, respectively
[10.13]

Fig. 10.13 a,b Qualitative
representation of 2D
adsorbate phases; dots
represent adsorbed atoms or
molecules. (a) random, dilute
phase of a 2D gas (b)
adsorbate islands with 2D
internal order, i.e. 2D
crystallites

The picture of 2D phases (gas, liquid, solid) of adsorbates appears quite natural
where the vertical interaction between substrate and adsorbed atoms or molecules is
small compared with the “lateral” interaction within the adsorbed layer itself. This
case, however, is exceptional: Even for physisorbed layers of inert gas atoms, the
van der Waals forces to the substrate can be comparable in strength to those between
the adsorbate atoms. In situations of strong chemisorption, the substrate–adsorbate
interaction is often much stronger than the lateral interaction. Nevertheless, at ele-
vated temperature, the lateral mobility of the adsorbed species can be considerable
and, if the 2D phase is dense enough at higher coverages, the lateral forces cannot be
neglected. A description of strongly chemisorbed adsorbates in terms of 2D phase is
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also useful to describe lateral order changes, i.e., 2D phase transitions. The vertical
forces to the substrate, of course, influence the critical parameters (Tc etc.) of such
chemisorbed layers. But, in a phenomenological description, these vertical forces
are not considered explicitly; they are regarded merely as being responsible for
establishing the 2D system, i.e., they maintain the adsorbed atoms or molecules
in a single plane above the surface.

The relative strength of lateral and vertical interactions also determines whether
an ordered adsorbate overlayer (2D crystal) is in or out of registry with the substrate
surface periodicity. Strong vertical forces impose registry with the surface.

What is the physical nature of the lateral interaction between adsorbed atoms
or molecules? Several sources of such interactions might be considered. The most
readily identified are:

(i) The van der Waals attraction, which is due to correlated charge fluctuations
(Sect. 10.1) and is not characteristic for any particular adsorbed atom or
molecule. Van der Waals attraction is the only important force for physisorbed
inert gas atoms at low temperature. For most other systems, stronger interac-
tions are superimposed and these dominate the net interaction.

(ii) Dipole forces may be related to permanent dipole moments of adsorbed
molecules (e.g., H2O, NH3, etc.) or to the permanent dipoles formed by the
adsorption bond due to a charge transfer between substrate and adsorbed atom
or molecule. The interaction between parallel dipoles is, of course, repulsive.

(iii) Orbital overlap between neighboring atoms or molecules in a densely packed
adsorbate layer also leads to a repulsive interaction. The behavior of CO at
high coverages on transition metals is most probably dominated by this type of
interaction.

(iv) Substrate-mediated interactions can have two origins. A strongly chemisorbed
atom or molecule modifies the substrate electronic structure in its vicinity due
to the chemisorption bond. A depletion or accumulation of charge in the sub-
strate over distances of a few Ångstroms can increase or decrease the inter-
action strength with a second adsorbate particle and may therefore cause an
indirect interaction between the adsorbate atoms or molecules.

A similar interaction can be mediated through the elastic properties of the sub-
strate. A strongly chemisorbed atom might attract substrate atoms in its neigh-
borhood due to the strong charge rearrangement. There is thus a local contrac-
tion of the lattice which must be compensated by an expansion at more distant
points. Suppose a second adsorbate atom also attracts the substrate atoms. This
second adsorbate has to do more work in order to contract the lattice at adsorp-
tion sites with lattice expansion than at those that are already contracted. Thus,
depending on their separation, a repulsive or attractive interaction can arise
between the adsorbate atoms. The indirect substrate-mediated lateral interac-
tions are usually weaker than the direct dipole–dipole interactions.

As in the case of 3D solids, information about the interaction forces can be
deduced from a study of phase transitions and critical parameters such as critical
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temperature Tc, pressure pc, and density nc. Via the equation of state, these
parameters determine the conditions for phase transitions. A whole variety of equa-
tions of state are possible for a 2D system [10.14], but we restrict ourselves here to
the simplest type of equation, the van der Waals equation. For 3D systems this reads

(p + an2)(1− nb) = nkT. (10.24)

This is the simplest and most plausible semi-empirical formula for the description
of a non-ideal fluid in the liquid–vapor regime. n is the volume density of particles
(n = N/V ), and b is the volume of a particle, i.e. the volume which is excluded
for another particle. For interparticle potentials that are not of the hard-core type,
a is given approximately by 4πR3/3, where R is the separation at which strong
repulsion between particles becomes important. The constant b takes into account
the (two-body) interparticle potential φ(r) between two atoms or molecules at dis-
tance r . Within the approximations involved in deriving the van der Waals equation
[10.14], a is given in terms of the interparticle potential φ(r) by

a

V
= −N

2

∫ ∞
2R

φ(r)
N

V
4πr2dr, (10.25)

where N is the number of particles and V the corresponding volume. The parameter
a is essentially the total potential energy due to attractive interactions with other
particles in the neighborhood of the one considered.

The simplest equation of state that allows a rough description of the phase transi-
tion 2D gas � 2D liquid is obtained be rewriting (10.24, 10.25) in two dimensions.
The thickness of the quasi-2D system, i.e., of the adsorbed layer, is d(= 1–3 Å).
With θ as the area density of particles (number per cm2) one has

nd = θ; (10.26)

and with fp as the minimum area that has to be attribute to one particle, it follows
that

b = d fp. (10.27)

For the 2D problem one has to introduce a so-called splay pressure, π , which is
defined as the force acting on a line element, i.e., for the present system π is related
to the usual pressure p by

π = dp. (10.28)

Using (10.26–10.28) one obtains from (10.24) the van der Waals equation for a 2D
adsorption system: (

π + aθ2

d

)(
1

θ
− fp

)
= kT . (10.29)
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Instead of using the absolute area density θ one often refers to the relative coverage
θr which is related to the coverage θ0 of a completed monolayer by θr = θ/θ0.

The van der Waals isotherms π(θ, T = const.) describing a 2D liquid-gas system
(Fig. 10.14) are essentially identical to those of a normal 3D liquid-gas system. For
temperatures below a critical temperature Tc, there is a certain surface-density range
between A and B, where the liquid and the gaseous adsorption phases coexist on the
surface. For θ−1 above A only the less dense gaseous phase of the adsorbate is
present, whereas for θ−1 below B the adsorbate is in its more dense liquid phase.
For temperatures higher than the critical temperature there is no distinction between
the liquid and the gas phase. The thermal kinetic energy is so high that “condensa-
tion” cannot occur; the splay pressure π is correlated monotonically with the surface
density θ . This property of the gas-liquid system is also obvious from a temperature
versus density (or T versus θ−1) plot (Fig. 10.15). If one plots the densities θ (or
θ−1) at which the transitions gas-coexistence phase (point A in Fig. 10.14) and
coexistence phase-liquid (point B in Fig. 10.14) occur, as a function of temperature,
a phase diagram as shown in Fig. 10.15 is obtained. Below Tc liquid and gas phases
are separated by the coexistence regime. For temperatures higher than Tc the transi-
tion from gas to liquid is continuous and there is no real phase separation between
the two.

For the simple van der Waals equation of state (10.29), the critical parame-
ters, temperature Tc, density θc, and splay pressure πc are obtained by finding that

Fig. 10.14 Qualitative 2D
liquid-gas phase diagram
(isotherms) for an adsorbate
system forming dense
liquid-like and dilute gas-like
structures on the surface.
Above the critical
temperature Tc only the 2D
gas phase exists, below Tc
gaseous and liquid phases
coexist for reciprocal
densities θ−1 between
A and B
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Fig. 10.15 Qualitative 2D
phase diagram for an
adsorbate that exists both as a
2D liquid and as a 2D gas on
the surface. The coexistence
curve with enclosed
coexistence regime (shaded)
is plotted in the plane of
substrate temperature T
versus reciprocal area density
θ−1 of the adsorbed particles.
Tc is the critical temperature
above which a distinction
between liquid and gas is no
longer possible

solution of the cubic equation (10.29) for which all three roots θc coincide. For this
particular θc, (10.29) represented as

θ3 − 1

fp
θ2 +

(
πd

a
+ d

a fp
kT

)
θ − πd

a fp
= 0 (10.30)

must become

(θ − θc)
3 = θ3 − 3θcθ

2 + 3θ2
c θ − θ3

c = 0. (10.31)

By comparison of the θn coefficients one obtains

3θc = 1/ fp, (10.32)

3θ2
c =

(
πcd

a
+ d

a fp
kTc

)
(10.33)

θ3
c =

πcd

a fp
. (10.34)

This yields the following critical parameters

θc = 1

3 fp
, (10.35)

πc = a

27d f 2
p
, (10.36)
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Tc = 8

27

a

kdf p
. (10.37)

An experimental evaluation of the critical parameters, temperature Tc, splay pres-
sure πc, and critical density θc, thus gives direct insight into the interesting inter-
action parameters fp (minimum particle area) and the total interaction energy a
between one particle and its neighbors (10.25).

Simple 2D phase diagrams, as shown qualitatively in Fig. 10.15, are indeed
found for certain adsorption systems. Atomic hydrogen (H) on Ni(111) can form
an ordered, crystalline phase with a (2 × 2) superstructure seen in LEED [10.15].
But the occurrence of this structure is critically dependent on the coverage and the

Fig. 10.16 Experimental 2D
phase diagram for atomic
hydrogen adsorbed on
Ni(111). Depending on the
coverage θ and substrate
temperature T , one may
observe an ordered adsorbate
phase with (2× 2)
superstructure or a disordered
phase [10.15]

Fig. 10.17 Experimental
phase diagram (◦) and a
postulated phase diagram for
the oxygen on Ni(111)
system; continuous phase
boundaries are shown as solid
lines, first order phase
boundaries as dotted lines,
t.p. is the tricritical point
[10.16]
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substrate temperature. A phase diagram Tc(θ) can be determined experimentally by
LEED studies (Fig. 10.16), and this indeed shows the qualitative features of a simple
van der Waals phase diagram (Fig. 10.15).

For other systems, e.g. oxygen on Ni(111), more complex phase diagrams have
been observed experimentally (Fig. 10.17). In addition to the random gas and liq-
uid states, several 2D crystalline states exist. These exhibit various characteristic
superstructures, such as p(2× 2) or (

√
3×√3)R30◦.

10.5 Adsorption Kinetics

So far we have discussed the microscopic details of single adsorbed molecules or
atoms and the structure and properties of the adsorbed phase. In order to analyse
a real adsorption experiment, a more phenomenological framework is needed to
describe measured quantities such as adsorption rate and degree of coverage. So far
we have considered properties of the adsorption system in thermal equilibrium; in
contrast, the description of adsorption and desorption rates requires non-equilibrium
considerations related to adsorption kinetics. These quantities depend, of course, on
the details of the particular adsorption process, but their relationship to the micro-
scopic picture is often complex and not well understood. Nevertheless, the kinetic
description on a more phenomenological level can yield first important information,
which, in combination with more refined spectroscopic data, can lead to a deeper
understanding of adsorption interactions.

Adsorption kinetics is a thermodynamic approach describing the interplay
between the adsorbed species and the ambient gas phase; adsorption and desorption
are the two processes which determine the macroscopic coverage on a solid surface
exposed to a gas. The adsorption rate depends on the number of particles striking the
surface per second and on the so-called sticking coefficient, which is the probability
that an impinging particle actually sticks to the substrate. According to kinetic gas
theory (Sect. 2.1) the rate at which particles impinge on a surface (per unit area and
time) is given by

dN

dt
= p√

2πmkT
. (10.38)

The adsorption rate, i.e. the number of adsorbing particles per unit time and surface
area is then obtained as

u = S
dN

dt
= S

p√
2πmkT

, (10.39)

where m is the mass of the impinging particle.
Since the coverage θ (number of adsorbed particles per unit area) is given by

θ =
∫

udt =
∫

S
dN

dt
dt, (10.40)
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Fig. 10.18 (a) Qualitative dependence of coverage θ on exposure (b) corresponding dependence
of the sticking coefficient S on coverage θ

one can determine the sticking coefficient S from a measurement of the coverage θ
(e.g., by AES) as a function of dosage (Fig. 10.18).

According to (10.38, 10.40) one has

S = √2πmkT
u

p
= √2πmkT

1

p

dθ

dt
. (10.41)

Typical coverage versus dosage (pressure-time) dependences, as shown in
Fig. 10.18a, yield, after differentiation, a sticking coefficient S(θ) as in Fig. 10.18b.
The general shape of the S(θ) dependence is easy to understand on the basis that
the first chemisorbed molecules or atoms bond to “free” valence orbitals (dangling
bonds) of the surface and thus decrease its reactivity to further bonding as more
and more sites become occupied. The sticking coefficient S implicitly reflects the
details of the microscopic adsorption process. Several important factors affect the
quantity S:

(i) In many cases (e.g., see Fig. 10.4b) an activation barrier Eact has to be over-
come before chemisorption can occur. Only atoms or molecules whose impact
energy exceeds Eact can stick to the surface. In this case of activated adsorption
the sticking coefficient must contain a Boltzman term exp(−Eact/kT ).

(ii) In order for an impinging atom or molecule to be chemisorbed, its electronic
orbitals must have a particular orientation with respect to the dangling-bond
orbitals of the surface (steric factor). Besides the orientation of the molecules,
their mobility on the surface and the site of impact are also important. The
adsorption potential varies locally along the surface due to the atomic structure
of the substrate.

(iii) During adsorption, an incident atom or molecule must transfer at least part
of its remaining kinetic energy to the substrate, otherwise it will be desorbed
again after approximately one vibrational period. Excitations of the substrate,
such as surface phonons, and plasmons, are thus also involved in the adsorption
kinetics.
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(iv) Adsorption sites must of course be available to an impinging atom or molecule.
The more sites are occupied, the fewer particles can be adsorbed. For parti-
cles adsorbed in a precursor (intermediate) state, the diffusion path to a final
sticking site becomes longer; this enhances the probability of desorption and
decreases the sticking probability.

A convenient description of the sticking coefficient for activated adsorption, tak-
ing into account the above-described phenomena, is thus

S(θ) = σ f (θ) exp(−Eact/kT ), (10.42)

where σ , the so-called condensation coefficient contains the effects of molecular
orientation (steric factor), energy transfer to the surface, etc. f (θ) is the occu-
pation factor, which describes the probability of finding an adsorption site. For
non-dissociative adsorption (mobile or immobile adsorption) a site is occupied or
unoccupied and f (θ) is simply

f1(θ) = 1− θ, (10.43)

where θ is now the relative coverage, i.e., the ratio between occupied sites and the
maximum number of available sites in the first completed adsorbed layer. For disso-
ciative adsorption, where the impinging molecule dissociates into e.g. two adsorbed
radicals, the second radical must find an empty site directly neighboring the first rad-
ical, at least for an immobile adsorbate. With z as the maximum number of adjacent
sites for the second radical, the number of available sites is

f2(θ) = z

z − θ (1− θ). (10.44)

For adsorption of the whole molecule, i.e. two immobile radicals one obtains

f (θ) = f1(θ) f2(θ) = z

z − θ (1− θ)
2. (10.45)

For low coverages (θ � 1) one has

f (θ) � (1− θ)2. (10.46)

This expression is, of course, also valid for dissociative adsorption of mobile com-
plexes, since, for low enough coverage, sufficient sites are free that there is no real
restriction due to prior occupation of neighboring sites. The condensation coefficient
σ depends on the various states in which the adsorbed molecule, the free gas phase
molecule and the adsorbant surface can exist. A detailed statistical theory [10.17] for
the calculation of σ describes the adsorption process as a transition from the initial
state of the free surface plus free molecule (S + M) via an excited transition state
(SM)∗ into the final adsorption state (SM). In the transition state (SM)∗ the system
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is in a state of excitation, its total energy includes the activation energy which has
to be supplied before adsorption occurs. Adsorption may thus be considered as the
decay of the transition state into the adsorption state. Rate theory then yields the
result that σ is given essentially by the ratio

σ ∝ Z(SM)∗/ZM ZS, (10.47)

where Z are the partition functions of the excited transition complex (SM)∗, of the
free molecule (M) and the free surface (S).

These partition functions are sums over the various possible states, e.g. for a
molecule with energy eigenvalues εi (degree of degeneracy gi) one has

ZM =
∑

i

gi exp(−εi/kT ). (10.48)

The calculation of σ for a realistic system clearly requires a detailed knowledge
of the reaction path and of the quantum-mechanical properties of the various con-
stituents. Table 10.2 gives some characteristic values for simple diatomic gases in
both mobile and immobile adsorbate layers. σ is dependent mainly on the degree of
freedom of the adsorbed molecule.

Experimentally, one sometimes finds an exponential dependence of the sticking
coefficient S on the coverage θ :

S ∝ exp(−αθ/kT ) (10.49)

(Elovich equation). This dependence is easily understood according to (10.42), if
the activation energy Eact is assumed to depend on coverage as Eact = E0 + αθ .

The desorption process is described phenomenologically by a desorption rate v,
i.e. the number of desorbing particles per unit time and surface area. For desorption
to occur, an adsorbate particle must acquire enough energy to surmount the desorp-
tion barrier Edes = EB + Eact, which comprises the binding energy EB and the
activation energy for adsorption (Fig. 10.4b). The desorption rate v is thus propor-
tional to the exponential term exp(−Edes/kT ), but as for adsorption, the number
of adsorbed particles also enters via an occupation factor f (θ), as do the detailed
steric and mobility factors by means of a desorption coefficient σ(θ). The quantities
f (θ) and σ(θ) describe a process which is inverse to adsorption; accordingly they

Table 10.2 Some characteristic condensation coefficients σ for diatomic molecules adsorbed in
mobile and immobile configurations [10.17]

Adsorbate
Immobile
adsorbate

Mobile adsorbate

loss of rotation no loss of roation

H2 3 · 10−2–0.2 0.52 1
O2, N2 10−4–3 · 10−2 0.12 1
CO2 7 · 10−5 − 0.02 0.1 1
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are complementary to f and σ , i.e. inversely dependent on coverage and on the
partition functions of adsorbate, substrate and transition complex. In the simplest
case of desorption of one atom from a single site, one has

f (θ) = θ. (10.50)

In the case of a molecular process where the desorbing molecule originates from
two radicals at different sites, there is an approximate dependence

f (θ) � θ2. (10.51)

As a whole, the desorption process is described by a desorption rate

v = σ(θ) f (θ) exp(−Edes/kT ). (10.52)

Thermal equilibrium between the gas phase and the solid surface is characterized by
equal adsorption and desorption rates. At a constant temperature, there thus exists
an equilibrium adsorbate coverage θ(p, T ), which is described by the so-called
adsorption isotherm. To calculate this, one equates the adsorption and desorption
rates u and v:

u = v. (10.53a)

With the simple assumptions of (10.42 and 10.52) one thus obtains

u = σ(θ) f (θ)e−Eact/kT p√
2πmkT

= σ(θ) f (θ)e−Edes/kT = v, (10.53b)

or, with Edes = EB + Eact

p = σ

σ

√
2πmkTe−EB/kT f (θ)

f (θ)
= 1

A

f (θ)

f (θ)
. (10.54)

This is the general form of the so-called Langmuir isotherm. For the special case of
non-dissociative adsorption (10.43), where f (θ) = 1− θ and f (θ) = θ one obtains
the simple form

p(θ) = θ

A(1− θ) , or θ(p) = Ap

1+ Ap
, (10.55)

where A is a constant at a fixed temperature, see (10.54). A measurement of the equi-
librium adsorbate coverage θ as a function of ambient pressure p therefore allows
a determination of the constant A, which in turn yields, according to (10.54), the
chemisorption (or binding) energy EB, provided the condensation and desorption
coefficients σ and σ are known. Figure 10.19 shows the qualitative dependence of
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Fig. 10.19 Qualitative shapes of Langmuir-type isotherms of coverage versus pressure θ(p). Curve
(1) describes the case of strong adsorption with large adsorption energy, curve (2) represents the
case of weak adsorption. Between these extremes there is a gradual transition from type (1) to (2)

coverage θ on pressure p as expected from the Langmuir isotherm (10.55). For
low pressures, the curves can be approximated by a linear relationship whose slope
(� A) increases exponentially with adsorption energy EB, i.e. with the strength of
the adsorption process.

For many realistic adsorption systems the Langmuir isotherm fails to correctly
describe the dependence of coverage on pressure in thermal equilibrium. In par-
ticular, the neglect of multilayer adsorption is unrealistic. Much better agreement
was achieved by a theory of Brunauer, Emmett and Teller (BET isotherm), in which
multilayer adsorption was also taken into account. Each adsorbed particle in the first
layer serves as a site for adsorption into the second layer, and each particle in the
second layer serves as a site for adsorption into the third layer and so forth. In even
more refined approaches, activation energy, adsorption energy, etc., are assumed to
be layer dependent. In this way more parameters enter into the theory, but a variation
of these parameters allows an accurate description of a variety of experimentally
observed isotherms (Fig. 10.20).

Fig. 10.20 Various possible physical adsorption isotherms
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Panel XVI
Desorption Techniques

Much essential information about adsorption processes and surface chemical reac-
tions is derived from desorption experiments. The entire class of desorption tech-
niques has the common feature that a clean surface under UHV conditions is
exposed to a well-defined gas atmosphere or a molecular beam. Subsequent des-
orption of the resultant adsorbate is performed by thermal annealing of the surface
or by irradiating with light or energetic particles. The desorbing species can be
analysed mass-spectroscopically or the particle beam can be optically imaged on
a screen to yield information about possible anisotropy in the angular distribution
of the desorbing atoms or molecules.

The simplest technique which gives useful information, particularly about simple
adsorption systems, is the so-called Thermal Desorption Spectroscopy (TDS), where
thermal annealing of the adsorbate-covered surface gives rise to desorption [XVI.1].
A straightforward measurement of the pressure increase in the UHV chamber as a
function of sample temperature yields interesting information about the desorption
energy, etc. The mathematical description of the desorption process is based on the
pumping equation (I.2). The desorbing particles are pumped away (pumping speed
S̃) but give rise to a temporary pressure increase in the UHV vessel. With v as the
desorption rate, particle conservation thus yields

vA = −Adθ

dt
= Vv

kT

(
dp

dt
+ S̃

p

Vv

)
, (XVI.1)

where θ is the relative coverage of the sample surface (area A), Vv the volume of
the UHV chamber and p the pressure (background subtracted).

In the limit of negligible pumping speed the rate of the pressure increase would
reflect the desorption rate (dθ/dt ∝ dp/dt). On the other hand, with modern pump-
ing equipment S̃, is extremely high (for cryopumps S̃ can reach values of 10 000�/s
and (XVI.1) can be approximated by

v = −dθ

dt
∝ p, (XVI.2)
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such that monitoring the pressure directly yields interesting information about the
desorption rate. The desorption rate might be described as in (10.52) by means of

v = −dθ

dt
= σ f (θ) exp(−Edes/kT ), (XVI.3)

with Edes as the desorption energy. In the simplest experimental set-up the tem-
perature T of the sample is controlled by a computer program such that it changes
linearly with time t (Fig. XVI.1a)

T = T0 + βt (β > 0). (XVI.4)

The pressure rise as a function of temperature T is then given by

p ∝ −dθ

dt
= σ

β
θne−Edes/kT , (XVI.5)

where for the general case of a desorption process of order n, the occupation factor
f (θ) is assumed as θn (Sect. 10.5). For monomolecular and bimolecular desorp-
tion n equals 1 and 2, respectively. The measured pressure as a function of sample
temperature (Fig. XVI.1b) reaches a maximum at a characteristic temperature Tp
and decreases again when the surface coverage decreases by desorption. The pres-
sure rise is determined by the exponential term in (XVI.5), whereas the decrease of
p(∝ θn) also depends on the order of the desorption process. The temperature of
the maximum of p(T ) is determined by

− d2θ

dT 2
= d

dT
(σθne−Edes/kT ) = 0. (XVI.6)

Inserting the expression for dθ/dT (XVI.5), one obtains for an nth-order desorption
process

ln

[
T 2

p
1

β
θn−1(Tp)

]
= Edes

kTp
+ ln

(
Edes

nσk

)
, (XVI.7)

Fig. XVI.1 a,b Qualitative description of a Thermal Desorption Spectroscopy (TDS) experiment.
(a) The sample temperature T is increased linearly with time t , starting from an initial value T0.
(b) Due to desorption the pressure in the UHV vessel increases and decreases again with increas-
ing sample temperature. The initial increase is mainly determined by the desorption barrier Edes,
whereas the pressure drop gives information about the order n of the desorption process
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or for a simple monomolecular process

ln(T 2
p /β) =

Edes

kTp
+ ln

(
Edes

σk

)
. (XVI.8)

With reasonable assumptions about the steric factor σ (XVI.7, XVI.8) are used
to determine the desorption energy Edes by recording the p versus T dependence
(Fig. XVI.1b).

From the mathematical form of the pressure (or desorption rate) versus temper-
ature curve, it is obvious that only for a monomolecular process is the tempera-
ture of the maximum Tp independent of θ and thus also of θ0, the initial coverage
(Fig. XVI.2a). A shift of the desorption peak with an initial coverage variation indi-
cates a desorption process of higher order as in Fig. XVI.2b [XVI.2].

Further information about the order of the process is obtained from the shape of
the desorption curve [XVI.2]. Second-order curves are symmetrical with respect
to Tp, whereas first-order desorption causes less symmetric bands (Fig. XVI.3).

Fig. XVI.2 a,b Thermal desorption spectra, i.e. desorption rate (dimensionless) versus sample
temperature T . For the calculation a desorption energy Edes of 25 kcal/mole and different fractional
surface coverages have been assumed: (1) θ = 1.0, (2) θ = 0.75, (3) θ = 0.5, (4) θ = 0.25.
The desorption process has been assumed to involve (a) first-order kinetics, and (b) second-order
kinetics

Fig. XVI.3 Normalized
desorption rate as a function
of temperature for a
first-order
(Edes = 91.5 kcal/mole)
and a second-order
(Edes = 87.5 kcal/mole)
reaction, calculated for a
linear temperature sweep.
The experimental data (dark
circles) are obtained from
desorption experiments on
the so-called β-phase of N2
on W, adsorbed at 300 K
[XVI.1]
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Fig. XVI.4 Thermal
Desorption Spectra (TDS) of
nitrogen (N2) desorbed from
a Fe(110) surface. The
mathematical description in
terms of a second-order
process gives a desorption
energy Edes of 7 eV per atom
[XVI.3]

Another experimental example of second-order desorption in TDS is given in
Fig. XVI.4, where the desorption of N2 from Fe(110) surfaces is monitored [XVI.3].
The description in terms of a second-order process yields the information that nitro-
gen is adsorbed dissociatively and the desorption energy Edes is estimated to be
roughly 7 eV per atom.

In another type of desorption experiment the surface bearing the adsorbate is
irradiated and it is the incident energy that gives rise to desorption. Depending on
the particular type of radiation one distinguishes several techniques:

• In Ion Impact Desorption (IID) ions of typically 100 eV primary energy, e.g. Ar
ions, are accelerated onto the sample and adsorbate particles are desorbed by
direct momentum transfer. Mass-spectroscopic detection generally reveals only
the chemical nature of the adsorbate.

• In Field Desorption (FD) high electric fields (≈108 V/cm) are applied by a
counter-electrode, e.g. in a field-ion microscope, and the desorbing particles can
be made visible on a fluorescent screen. Local adsorption geometry is sometimes
studied but energetic questions are rarely tackled by this method.

• In Photodesorption (PD) experiments light of sufficient photon energy (3–10 eV)
is used to excite electrons from the adsorbate bond into antibonding orbitals. This
disrupts the adsorption bond and leads to desorption. PD is usually accompanied
by heat transfer and the effect is sometimes difficult to distinguish from thermal
desorption.

• Of considerable importance in adsorption studies is Electron Stimulated Desorp-
tion (ESD). In this technique electrons with primary energies up to about 100 eV
are incident on the adsorbate covered surface; the desorbing productes are either
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detected mass-spectroscopically or one uses a multichannel plate array backed
by a fluorescent screen to obtain a spatial image of the desorption direction of the
removed particles. This technique of visualizing the angular distribution of the
desorbing atoms or molecules is called ESDIAD (Electron Stimulated Desorp-
tion of Ion Angular Distributions). Figure XVI.5 shows a typical experimental
set-up, which allows both mass-spectroscopic detection (ESD) and the collection
of ESDIAD data [XVI.4]. Mass spectroscopy yields information about the chem-
ical nature of the desorbing species, whereas detection of the angular distribution
gives insight into the local geometrical arrangement of the adsorbed complex.
Inversion of the bias at the Multichannel Plate (MCP) array enables the detection
of electrons, i.e. the optical display of a diffraction pattern. This allows the simul-
taneous observation of the LEED pattern (Panel VIII: Chap. 4) of the adsorption
system.

The theoretical description of ESD processes is based on two limiting cases.
In the classical model of Menzel and Gomer [XVI.5] intramolecular excitations
(indicated by the shaded area in Fig. XVI.6) within the adsorbed molecule lead to
non-bonding and antibonding neutral or ionic final states. At the crossover points of
the corresponding potential curves (Fig. XVI.6) the adsorbed molecule can change
into the new state and might desorb. In the case of ion desorption an electron can be
captured by tunneling from the solid to a desorbing particle.

Fig. XVI.5 Schematic picture of an Electron Stimulated Desorption (ESD) and ESDIAD appara-
tus. The sample S can be rotated about an axis normal to the plane of the drawing. ESD ions are
mass-analyzed in the quadrupole mass spectrometer, and ESDIAD patterns are displayed using the
grid MicroChannel-Plate (MCP) plus fluorescent screen array. The radius of curvature of G1 is
2 cm, and the active area of each MCP has a diameter of 4 cm. For most ESDIAD measurements
typical potentials are G1 = G2 = 0V , G3 = −70 V, MCP entrance: −700 V, MCP midpoint: 0 V,
MCP exit: +700 V, fluorescent screen: +3800 V. Electron gun filament potential Vf = −100 V,
crystal potential VB = 0 to +100 V. Electron energy Ee = e(|Vf| + |VB|) [XVI.4]
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Fig. XVI.6 Potential energy
diagrams for an adsorbate
system. G: adsorbed ground
state; M− + A+: ionic state;
(M + A)∗: antibonding state;
M + A∗: excited state of the
adsorbate; M∗ + A: adsorbate
ground state with excitation
energy in the metal (vertically
shifted replica of G). The
vibrational distribution in G
and resulting ESD ion energy
distribution are indicated
[XVI.2]

This type of excitation, however, does not explain ESD results which have been
observed on TiO2(001) surfaces on which tiny amounts of hydrogen were adsorbed
(Fig. XVI.7) [XVI.6, XVI.7]. Under irradiation with quasi monoenergetic electrons
of varying primary energy, thresholds in the desorption flux of H+ and O+ ions
are observed near 21 eV and 34 eV, respectively. As is seen from additional double
differentiated EELS measurements (inset), these energies correspond to the O(2s)
and Ti(3p) core-level excitations. The interpretation of these desorption experiments
on highly ionic materials involves the formation of core-level holes in the O(2s)

Fig. XVI.7 a,b Ion yields (O+, H+, OH+) from Electron-Stimulated Desorption (ESD) measure-
ments on: (a) a clean annealed TiO2(001) surface (the H+ yield probably results from slight
contamination); (b) an Ar-sputtered TiO2(001) surface after exposure to H2O. For comparison,
part (a) contains as an insert a second-derivative Electron Energy Loss Spectrum (EELS) of the
same annealed surface. Its loss scale (�E) is identical with the scale of the ESD primary energy.
Transitions from the O(2s) and Ti(3p) levels to the vacuum level are indicated [XVI.6]
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and Ti(3p) orbitals and subsequent interatomic transitions between the O and Ti
core levels. In detail, primary electrons create a Ti(3p) core hole, and owing to an
interatomic Auger process an O(2p) electron decays into the Ti(3p) state, with the
emission of a second or third O(2p) electron to dissipate the energy released in the
decay. This fast process is responsible for the relatively large charge transfer in the
transformation of the O2− lattice ion into O+, which is observed in ESD. The H+
desorption spectrum exhibiting two thresholds (Fig. XVI.7) may be interpreted in
terms of two types of hydrogen, that bonded to O and that bonded to Ti surface
atoms. Energy-dependent ESD measurements can thus give detailed information
about atomic-scale features of the electron-induced desorption process.

Experimental examples of the use of ESDIAD in the determination of an adsorp-
tion geometry are given in Fig. XVI.8. From TDS it is known that H2O and NH3,
adsorb molecularly on the Ru(001) surface at 90 K. Irradiation by electrons with pri-
mary energies below 100 eV produces angularly-resolved desorption patterns of H+
ions, as shown in Fig. XVI.8b–d [XVI.4]. For low coverages a halo-type pattern is
observed. Assuming that the desorbing H+ ions leave the surface along the direction
of the intramolecular chemical bond, a low-coverage bonding geometry is derived
in which the H2O and NH3 molecules are bonded with their O and N atoms closest
to the surface. The orientation with respect to the 2D lattice planes of the surface
is irregular or statistical. At increased coverages a hexagonal symmetry becomes
visible in the ESDIAD patterns, which demonstrates that the molecular orientation

Fig. XVI.8 a–e Schematic ESDIAD patterns for H2O and NH3 adsorbed on Ru(001) at 90 K
[XVI.4]. (a) Formation of hollow cone of H+ ions from adsorbed NH3 and H2O (at low cover-
ages). (b) “Halo” H+ pattern characteristic of low coverages of NH3 and H2O. (c) Hexagonal H+
pattern characteristic of intermediate NH3 coverages (0.5 ≤ θ < 1). (d) Hexagonal H+ pattern
characteristic of intermediate H2O coverages (0.2 ≤ θ < 1). (e) Ru(001) substrate with respect to
the ESDIAD patterns above
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is now in registry with the underlying substrate (Fig. XVI.8c–e). The molecules have
lost one degree of freedom, the free rotation around an axis normal to the surface.
With certain assumptions about the microscopic desorption process, ESDIAD thus
allows detailed conclusions concerning the local adsorption geometry.
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Panel XVII
Kelvin-Probe and Photoemission Measurements
for the Study of Work-Function Changes
and Semiconductor Interfaces

The adsorption of atoms or molecules on a solid surface, i.e. the first steps of the
formation of a solid–solid interface, is generally associated with a change of work
function (Sect. 10.3), and on semiconductors also with a change in band bending
(because of the formation of new interface states). These effects can be studied in
situ both by photoemission spectroscopy (UPS and XPS; Sect. 6.3) and by Kelvin-
probe measurements. The latter technique, in particular, is useful for work-function
measurements on metal surfaces, where space-charge layer effects are negligible
(spatial extension of some Ångstroms).

Kelvin probes for the determination of work-function changes consist of an elec-
trode (usually point-like) which can be positioned in front of the surface being stud-
ied (Fig. XVII.1a). This counterelectrode is driven electromagnetically by a solenoid
or by piezoceramics such that it vibrates with frequency ω against the sample sur-
face. Sample and vibrating electrode are connected electrically through an ammeter
(A) and a battery which allows a variable biasing (Ucomp).

The principle of the work-function measurement becomes clear if we consider
that for two solids [sample S and probe P] in electrical contact the electrochemi-
cal potentials, i.e. the Fermi energies ES

F and EP
F, are equal in thermal equilibrium

(ES
F = EP

F). Since in general the work function (eφ = Evac− EF is different for the
sample surface and for the Kelvin probe, a so-called contact potential U SP is built
up between the sample and the probe.

Since

ES
F = ES

vac − eφS = EP
vac − eφP = EP

F , (XVII.1)

the contact potential is obtained as

U SP = −1

e
(ES

vac − EP
vac) = −(φS − φP). (XVII.2)

Measurement of this contact potential therefore determines the difference in work
function between the Kelvin probe and the sample surface. In an experimental set-up
as in Fig. XVII.1 the voltage between sample and probe is
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Fig. XVII.1 (a) Principle of a Kelvin probe measurement; the compensation voltage Ucomp com-
pensates the AC current driven by the vibrating probe. (b) Schematic circuit for the Kelvin probe
measurement

U = −(φS − φP)+Ucomp. (XVII.3)

The capacitor formed by sample and probe thus carries a charge (C being the capac-
itance)

Q = C[−(φS − φP)+Ucomp], (XVII.4)

and the vibration of the probe electrode (frequency ω) gives rise to an oscillating
current

I = dQ

dt
= dC

dt
[−(φS − φP)+Ucomp]. (XVII.5)

By means of the compensation voltage Ucomp the oscillating current I is compen-
sated to zero and the particular value of Ucomp yields the difference in work function

Ucomp = φS − φP. (XVII.6)

For practical purposes Kelvin-probe measurements are usually performed by auto-
matic compensating circuits, for example, of the type shown in Fig. XVII.1b. The
AC current between sample and vibrating probe is amplified and detected phase-
sensitively by a lock-in amplifier. The reference signal from the lock-in is also used
to control the frequency of the AC voltage supplying the piezodrive. The DC output
of the lock-in, which is proportional to its AC input amplitude, controls a variable
voltage source which compensates the contact potential between sample surface and
probe. The compensating voltage Ucomp is read out by a digital voltmeter and gives
directly the required contact potential difference (XVII.6).
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If the work function eφP of the reference electrode (probe) is known, the work
function of the sample surface is determined. The method is readily applicable if the
sample surface can be covered by an adsorbate without affecting the probe surface.
This can be achieved, e.g., if the Kelvin probe can be removed during evaporation
onto the sample surface (with geometrically well-defined beam). Difficulties arise
when adsorption from an ambient is studied and the probe surface is exposed to the
same gas atmosphere. The accuracy of Kelvin probe measurements is quite high.
Relative changes in φS can be determined within error limits of about 10 meV.
Absolute measurements, of course, depend on a knowledge of the work function
of the probe. Absolute measurements are sometimes performed by means of com-
parison with well-defined surfaces for which the work function is known from other
measurements. Two measurements are then needed, one on the known surface and
one on the sample under study. The necessary exchange of the two samples in front
of the Kelvin probe decreases the accuracy of the measurement considerably.

For semiconductor surfaces a knowledge of the work-function change e�φ =
eφ′ − eφ due to adsorption does not give direct insight into atomic properties. The
work-function change contains contributions due to band-bending changes and in
addition a surface dipole contribution which may be described as a change of the
electron affinity χ . These two contributions can be determined separately in a pho-
toemission experiment with UV light (UPS) or X-ray excitation (XPS). According
to Fig. XVII.2 an adsorption process giving rise to extrinsic Surface States (SS)
in the gap and thus an upwards band bending (depletion layer) causes the work
function eφ to change into

eφ′ = eφ + eVS + e�φDip, (XVII.7)

where VS is the band bending (change in Fig. XVII.2); e�φDip is a dipole contribu-
tion arising from the elemental dipoles of the adsorbed molecules or atoms (�) and
may also include a change of the electron affinity�χ̃ due to a surface reconstruction
during adsorption

e�φDip = �+�χ̃. (XVII.8)

The distinction between� and�χ̃ is rather arbitrary and can be avoided by using a
single change of the electron affinity �χ , such that the change in the work function
due to adsorption is given as in (10.17).

Figure XVII.2 is a schematic drawing of a photoemission experiment (UPS) in
which electrons are emitted from occupied valence band states (of density given by
shaded area) by irradiation with photons of energy h̄ω and detected with a kinetic
energy Ekin. The detected spectral distribution (also shaded) thus resembles the den-
sity of occupied states, but is superimposed on a background of true secondaries,
which have undergone several inelastic processes on their way from the point of
excitation to the solid surface. Since the probing depth in such an experiment is only
a couple of Ångstroms (Sect. 6.3), small in comparison with the thickness of the
space charge layer, the measured electron distribution yields information about the
electronic band structure at the very surface. In the experiment the Fermi energy EF
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Fig. XVII.2 a,b Explanation of adsorbate-induced changes in the photoemission spectrum of a
semiconductor: (a) Photoemission process on the clean surface of a semiconductor. Photons of
energy h̄ω excite electrons from the valence band (upper edge EV) into empty states, from where
they leave the crystal and are detected with a kinetic energy above the vacuum energy Evac. True
secondary electrons arise from multiple scattering events within the crystal. (b) An adsorbate
induces extrinsic Surface States (SS) in the bulk band gap and an upwards band bending eVS. This
changes the work function from eφ to eφ′. Simultaneously with the shift in valence and conduction
band states, core level states also shift upwards in energy at the surface

is the general reference point (chemical potential of electrically connected sample
and analyser) and all measured energies are related to this. EF is usually determined
at the end of the different measurements by evaporating a metal film onto the sam-
ple surface and determining the high energy onset of emission which, on a metal
surface, is given by EF.

As is evident from Fig. XVII.2 a change of work function e�φ = eφ′ − eφ
is directly detected as a change of the energy width of the entire spectral distribu-
tion of the emitted electrons. The exact position of the low energy flank of the true
secondaries with respect to the experimentally determined position of EF gives the
absolute values of the work functions eφ with and without adsorbate present. In
principle, both the work-function and the band-bending changes due to adsorption
can be separately determined. The high-energy flank of the distribution of emitted
electrons corresponds to the upper valence-band maximum (for normal emission).
A shift of this flank due to adsorption indicates a shift of the valence-band edge
with respect to the Fermi level and thus a band-bending change �VS (or VS for
initially flat bands as in Fig. XVII.2). This is only true if the adsorption process
produces no new surface states in the gap. Such extrinsic gap states would modify
the spectral distribution at the high-energy flank and the determination of any shift
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of the onset would be impossible. A second possibility for determining a band-
bending change is via a characteristic emission band that is clearly recognized as
due to bulk states (rather than surface states, Sect. 6.3.3). If this spectral band does
not change its shape significantly upon adsorption (due to new surface states in the
neighborhood), its position can be determined with sufficient accuracy on the clean
surface and after adsorption. An observed shift gives direct information about the
band bending change (Fig. XVII.2). For example, the adsorption of metallic Sn on
GaAs(110) surfaces has been studied by UPS in order to gain information about the
Schottky-barrier formation (Fig. XVII.3). The emission band near 4.7 eV binding
energy (marked by an arrow) shifts to lower binding energy (i.e., towards the Fermi
level EF) with increasing Sn coverage as does the emission onset corresponding
to the upper valence band edge. This indicates an upwards band-bending change,
i.e., the formation of a depletion layer on n-type material. A quantitative evaluation
of the band bending is not possible from the shift of the emission onset since new
metal-induced surface states cause a strong deformation of the spectrum. This is
clearly seen from the plot in Fig. XVII.4. The information about the band bending
change must be extracted from the energetic position of the bulk emission band
(filled circles).

A similar procedure for investigating band-bending changes upon adsorption can
also be performed by XPS on core-level emission bands, since these shift in the
same way as valence states (Fig. XVII.2). Standard XPS equipment, however, does
not usually offer sufficient energy resolution, and so optical monochromators are

Fig. XVII.3 UPS electron
energy distribution curves of
a clean (a) and Sn covered
(b-d) n-GaAs(110) surface
taken with He I radiation
(hν = 21.2 eV). The
coverage θ is given in
monolayers (1 ML contains
8.85 · 1014 atoms/cm2). The
binding energy is defined
relative to the energetic
position of the valence band
maximum at the clean
surface. The arrow in
spectrum (a) shows an
emission band originating
from bulk electronic states;
its shift with coverage reflects
the band bending change
[XVII.1]
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to the position of the bulk valence-band maximum (open circles; left-hand ordinate) and energy
shift of the GaAs valence-band emission peak (arrow in Fig. XVII.3) at 4.7 eV below VBM (full
circles; right-hand ordinate) versus Sn coverage for n-GaAs [XVII.1]

needed. Furthermore, severe problems in the analysis of the data can occur when
chemical bonding shifts (Sect. 6.3) are superimposed on the band-bending shifts.

Photoemission spectroscopy, in particular UPS, also yields the most direct way
to measure band offsets (discontinuities) (Sect. 8.1) in situ between different epitaxy
steps. The principle of the method is explained in Fig. XVII.5. On the same energy
scale one plots the band structure of an uncompleted semiconductor heterostructure
(a) together with the corresponding (kinetic) energy distribution of the emitted elec-
trons (b). In an ideal case the clean surface spectrum of semiconductor I shows an
emission onset which indicates the energetic position of its upper valence band max-
imum. After growing one or two monolayers of semiconductor II, a new shoulder

Fig. XVII.5 a,b Qualitative explanation of the determination of semiconductor valence band off-
sets �EV by means of UV photoemission. On the clean surface of semiconductor I thin epitaxial
layers of semiconductor II are grown (a) and the UPS spectra are measured in situ. (b) The shoul-
der II represents the valence band emission onset of semiconductor II on top of the valence band
emission onset I of semiconductor I
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Fig. XVII.6 ZnSe-Ge
photoemission spectra
showing the valence band
offset �EV. These spectra
were taken on unannealed,
amorphous Ge overlayers
(curve a) and on two different
annealed Ge overlayers,
exhibiting good LEED
patterns (curves b and c). The
spectra suggest that the order
or disorder of the overlayer is
not an important factor in
�EV for this particular
system [XVII.2]

appears whose emission onset characterizes the upper valence-band edge of semi-
conductor II. The difference between the two thresholds is simply the valence-band
discontinuity. It is clear that this technique only works when the valence-band edge
of semiconductor II occurs at energies higher than that of semiconductor I.

Furthermore, the measurement can only be made on epilayers of thicknesses up
to a couple of Ångstroms (information depth of UPS); but this is usually sufficient
to allow the complete development of the band structure of semiconductor II. The
method is illustrated in Fig. XVII.6 for Ge overlayers on a ZnSe substrate [XVII.2].
The energy of the new emission onset due to the Ge overlayer is insensitive to the
crystallographic order of the Ge. An amorphous film exhibits the same band discon-
tinuity as two other Ge overlayers which have been annealed and are crystalline.

In general, it should be emphasized that photoemission techniques give quite
direct information about band-bending changes, work function and band disconti-
nuities; but the accuracy in determining the absolute values is typically between 20
and 100 meV. This is usually inadequate for narrow gap semiconductor such as InSb
or InAs, in particular for explaining the electronic properties of interfaces.
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Problems

Problem 10.1 A cesium ion (Cs+) has an ionic radius of 3 Å. Calculate the approx-
imate surface dipole moment for a (Cs+) ion adsorbed on a tungsten (W) surface
and discuss the result with respect to the observed work-function changes for Cs-
adsorption on a W surface (Fig. 10.10).

Problem 10.2 Calculate the time at which 10% of the adsorption sites of a (100)
W surface are occupied by nitrogen molecules, when the surface is exposed to an
N2 pressure of 2.67 · 10−7 Pa at a temperature of 298 K. At this temperature the
sticking probability is 0.55. The surface density of the adsorption sites amounts to
1 · 1015 cm−2.

Problem 10.3 Desorption studies of oxygen on tungsten (W) show that equal
amounts of the gas are desorbed within 27 min at 1856 K, within 2 min at 1987 K
and within 0.3 min at 2070 K. What is the activation energy for desorption of oxygen
from W? What is the time needed for desorption of the sane amount of oxygen at
the temperatures 298 K and 3000 K?

Problem 10.4 At 300 K, gas molecules have a sticking coefficient of S = 0.1 on
a freshly prepared, clean semiconductor surface. The adsorption is thermally acti-
vated with a sticking coefficient S ∝ exp(−Eact/kT ) and an activation energy per
molecule of Eact = 0.1 eV. How high are the adsorbate coverages after a one hour
exposure at 300 K and at 70 K, respectively? Are the adsorbate coverages detectable
by Auger Electron Spectrosopy (AES)?
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