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Electron Energetics at Surfaces and
Interfaces: Concepts and Experiments**

By David Cahen* and Antoine Kahn* i

We present a concise, although admittedly non-exhaustive, but hopefully didactic . e Evm
review and discussion of some of the central and basic concepts related to the

energetics of surfaces and interfaces of solids. This is of particular importance for
surfaces and interfaces that involve organic molecules and molecular films. It %\;C
attempts to pull together different views and terminologies used in the solid state, care S
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electrochemistry, and electronic device communities, regarding key concepts of local
and absolute vacuum level, surface dipole, work function, electron affinity, and ionization energy. Finally, it
describes how standard techniques like photoemission spectroscopy can be used to measure such quantities.

1. Introduction

The experimental determination of the work function (¢)
and related characteristics of a given solid surface, e.g., elec-
tron affinity (x) and ionization energy (IE), have long been
recognized as exceedingly important for enabling the predic-
tion and understanding of the energetics of interfaces formed
by combining the solid with another solid.'"3! For free sur-
faces, these energetics govern charge carrier emission and
other basic mechanisms of electronic and optoelectronic re-
sponses of the material. For device interfaces, these energetics
govern electronic transport through the device under various
stimuli or operating conditions.

Lately, the increasing level of research and device develop-
ment activity involving a variety of organic, often molecular,
interfaces and their modification using organic- and inorgan-
ic-induced surface dipoles[4’5] has tested our fundamental un-
derstanding of basic surface energetics, which was developed
primarily for well-defined, clean, mostly non-molecular inor-
ganic surfaces and interfaces.”! In addition, the nature of de-
velopments in what are often called “organic electronics”**!
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and “molecular electronics”,”!"! including the behavior of or-

ganic molecules on more traditional surfaces,[n] has tested
our ability to make the “classical” understanding available to
specialists from areas other than that of surface science. This
is important because of the pivotal role that such experts and
their expertise do and will play, as their areas of expertise be-
come more and more part of research where these surface
and interface boundary regions are crucial. This then defines
the purpose of the following, a concise discussion of several of
the central concepts used to describe surfaces and interfaces
(electronically), and in particular how their electronic charac-
terization can be done with standard techniques such as
photoemission spectroscopy.

2. Vacuum Level

The vacuum level of a finite-size sample (Ey,.(s) in Fig. 1a),
as used at times in describing the electron energetics of sur-
faces in solid state devices, and as discussed in work function
measurements, is defined as the energy of an electron at rest
just outside the surface of the solid."? In the case of a metal,
this distance is also the one where there is no effect of image
forces, i.e., where the image potential is essentially zero. This
vacuum level is a characteristic of the surface, and depends
sensitively, through the electronic surface dipole (see below),
on the atomic, chemical, and electronic structures of the outer
atomic layers of the solid.

The vacuum level at infinity (Eyac(e°) in Fig. 1a) is defined
as the energy of an electron at rest at infinite distance from
the surface. That energy level is invariant, but, as will be ex-
plained below, this is a reference level that is experimentally
not accessible.
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Fig. 1. a) Vacuum level close to the surface Ey,.(s), work function ¢,, and vacu-
um level at infinity Ey,.(e). The transition between the two levels marks the at-
tenuation of the dipole field. b) Electron distribution density, p(x) inside and
outside the solid, which creates a dipole layer and contributes to the work func-
tion. ¢) Electron potential energy step, 2AE, induced by the dipole at the surface.

For a multi-phase system that is electronically in thermo-
dynamic equilibrium, the Fermi level is constant and
E,..(=) can be viewed as a level at a fixed energy from the
Fermi level (at lower electron potential energy; see below).
In principle, ab-initio theoretical calculations should be able

of organic films.
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to give an exact value of this fixed energy by excluding all
electrostatic (including dipolar) contributions to the poten-
tial energy.

The energy difference between these two vacuum levels
stems from the contributions of surface dipoles and, in the
case of non-metallic surfaces also from extra charges on the
solid surface, to the work function. The surface dipole on met-
als normally raises!" the vacuum level, as it is caused by spill-
ing of the electronic charge density out of the surface, leaving
a positive charge inside (Fig. 1b). Note that, according to the
solid state scale, the total electron energy increases up-
ward">'l in Figures 1-4. As the electron crosses the surface
dipole on its way out of the solid, its potential energy is raised
by an amount equal to the dipole energy barrier (Fig. 1c). As
the electron moves away from the (finite-size) surface, the di-
pole field and the potential energy decrease, as depicted in
Figure 1a.

In that context, there is sometimes confusion as to which
vacuum level (Ey,c(e0) or Ey,.(s)) is measured with a tech-
nique such as photoemission spectroscopy. With this type of
measurement, detection (measurement of the kinetic energy
of the photoemitted electron) is performed at a distance away
from the surface that is large, certainly on the atomic scale
and probably on the scale of usual sample dimensions. There-
fore, the measurement occurs in a region where the vacuum
level has at least partially, and probably completely, con-
verged toward E,,.(e). We review below two arguments that
demonstrate that also here E,,.(s), the vacuum level right out-
side the solid, is the measured quantity.
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E,.(s) differs from the reference level E,,.(c), as can be
understood by considering different crystallographic faces of
a single crystal of metal (W, tungsten, is a good example).
Consider the classic gedanken experiment, recently related
again by Ishii and coworkers,*! in which an electron leaves
the crystal though the (111) face. This requires 4.47 eV. We
now return it to the bulk of the crystal but via the (110) face.
This yields 5.25 eV. The difference in energy (0.78 eV) is due
to the difference in the electrostatic potential step across the
surface dipoles at the (111) and (110) surfaces. To see that one
cannot make a perpetuum mobile from this we need to realize
that, when taking an electron out from the Fermi level
through the (111) face, we somehow have to get it above the
(110) surface, to get it back in through that face, and down to
the Fermi level. To bring it to just outside'?! the (110) face,
we spend 4.47 eV to bring the electron from the Fermi level
to the vacuum level over the (111) face, then another 0.78 eV
to move it over to just above the (110) surface, then recover
5.25 eV when we drop it back to the Fermi level in the solid.
So we spend 0.00 eV.

Alternatively, we can bring the electron to infinity. That
means that it will reach a reference level that is at an unspeci-
fied energy with respect to the vacuum level at the (111)
surface. While the exact position of this level is not clear, we
can position it qualitatively: as the surface dipole on a metal
normally has its negative pole sticking out, it is likely that this
reference level is below 4.47 eV (at less than 4.47 eV from the
Fermi level of the tungsten). So, we need less energy than in
the first case. Let us call this energy E,. We then bring the elec-
tron over the (110) surface, but at infinity. As we now bring the
electron closer to the surface, we need to invest not only
0.78 eV, as in the first case, but also Ey, to get it just above the
(110) face. When we bring it back in, at the Fermi level, we gain
5.25 eV and are left with 0.00 eV energy
gain or loss. Experimentally, electrons
that were originally at the Fermi level

MATERIALS

lem is that, in such an experiment, the detector is a real one
(as opposed to a gedanken detector), made of a solid with its
own work function, including surface dipole and, possibly, sur-
face electrostatic field contribution. Thus, the kinetic energy
measured by the detector must itself be a function of the de-
tector’s work function.

Figure 2a drives home the point that the vacuum level that
is measured in photoemission spectroscopy, e.g., ultraviolet
photon spectroscopy (UPS), is Ey,.(s), and not Ey,.(c0). Let us
assume that the sample under investigation is a metal. The
UPS energy distribution spectrum contains primary electrons,
whose kinetic energy, as measured by the detector, can be as
much as Eg™ for electrons originally at the Fermi level. The
minimum Kinetic energy that can be measured in such an ex-
periment (ER™), corresponds to those electrons that have just
enough energy to escape from the solid, i.e., arrive at an ener-
gy at or just above E,..(s). These electrons are either directly
excited from a filled state with an energy /v below E,,.(s), or
higher energy electrons that have lost energy via scattering on
their way toward the surface. These electrons, also called sec-
ondary electrons, constitute the large majority of slow elec-
trons forming the “secondary tail” in photoelectron emission
spectra. Electrons that escape from the solid just above
E,..(s) at the cut-off, have nearly zero kinetic energy. How-
ever, the total energy of these electrons is conserved in vacu-
um. Assuming that the vacuum level of the detector is lower
than Ey.c(s),'! the electrons gain kinetic energy (and lose
potential energy) between the sample surface and the en-
trance of the detector, by an amount equal to the difference
in potential energy at these two points. This amount is equiva-
lent to the difference between the work function of the
sample and that of the detector. These cut-off electrons are
detected with kinetic energy Eg™ (Fig. 2a). ER™ is unrelated

are ejected through the (111) face with a
kinetic energy Ex;, =hv—4.47 eV. Those
ejected through the (110) face come out
with Exi,=hv—-5.25 eV. The difference
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total energy is conserved. This argument
is therefore entirely consistent and inde-
pendent of the value of E,, which is not
measurable.

As a preliminary question to the sec-
ond argument, we ask the following:
Can we experimentally measure the
“absolute” vacuum level E,.(e), in a
photoelectron emission experiment?!’!
In order to perform such a measure-
ment, one would need to be able to
measure the kinetic energy of the elec-
tron with respect to Ey,c(ee). The prob-
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Fig. 2. a) Energy diagram of a metal surface and electron detector in equilibrium. The Fermi level Ef is
aligned across the system. The vacuum level of the metal surface (Ey.(s), and of the detector, E,.(d)) and
their respective work functions, ¢, and ¢4, are shown. The vacuum level at infinity Ey,c(e) is arbitrarily
chosen below E,..(s) and E,,.(d). Also shown are: a primary electron photoexcited from the Fermi level,
and detected with kinetic energy Eg™; and a secondary electron escaping the solid just above E.,.(s), and
detected with kinetic energy ER". b) Same as (a), with an additional molecule-induced surface dipole, which
raises the vacuum level of the sample and Ex pin.
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to Eyac(e), and is defined directly by the difference between
the vacuum level of the sample E,..(s) and that of the detec-
tor Ey,.(d). Assuming that the latter does not change in the
course of the experiment, a change in ER™ indicates a change
in Ey,.(s) caused, for example, by a surface dipole, as seen in
Figure 2b. In this particular case, polar molecules adsorbed on
the sample surface induce a dipole, which opposes the escape
of electrons by effectively raising the work function of the
sample. This change is detected as an increase in kinetic ener-
gy E2" of the electrons at the photoemission cut-off. Also this
argument is entirely independent of E,,.(e) and takes into ac-
count only the measurable values of the sample and detector
vacuum levels, Ey,.(s) and Ey,(d).

In the case of a Kelvin probe experiment, the measurement
of E,,.(s) is always relative to Ey,c(reference), and Ey () as
such does not come into consideration. In the well-known
classical vibrating capacitor mode, the probe is placed within
~0.1 mm of the surface."” " Such a distance is large with re-
spect to the surface dipole dimensions, but small with respect
to the surface dimensions (the same is true for the atomic
force microscopy (AFM)-based Kelvin probe, where the tip
of the cantilever is within a few nanometers of the surface).[w]
Within the picture developed above, the probe clearly “sees”
E,ac(s). The measurement yields the difference between
E,.c(s) and E,,(tip), also known as contact potential differ-
ence (CPD) between the two surfaces.

3. Work Function and Local Work Function

Turning our attention to the work function, we consider the
definition given by Wandelt.’ It is useful to consider both
the gedanken case of a surface with infinite dimensions, for
which the vacuum level far away from the surface, i.e., Ey,c(c°)
is the same as that defined above as E,,.(s) and is the relevant
vacuum level, and the realistic case of a finite surface for
which Ey,.(s) is the relevant level.

In the case of the infinite surface, Wandelt defines the work
function as the energy difference between two states. In one
state the electron is in the highest occupied level of the neu-
tral ground state of the solid, i.e., the Fermi level, and in the
other the solid is singly ionized and the electron at infinity in
vacuum at rest, at the (absolute) vacuum level E,.(c). (Natu-
rally in all materials but metals or degenerate semiconductors,
there are no actual energy levels at the Fermi level and the
Fermi level is a statistical concept).[24]

In the (realistic) case of the finite surface, the second state
is that of the singly ionized solid with the electron at rest at
E,.c(s) just outside the solid. Given that the secondary elec-
tron low kinetic energy cut-off (ER™) in UPS represents (after
adding the photon energy) the local vacuum level E,,.(s) of
the sample (Fig. 3), UPS gives a direct measure of the work
function of the solid, as opposed to the Kelvin probe which
gives a value relative to the work function of the probe itself.
In the UPS spectrum, ¢, is therefore the difference between
the kinetic energy measured at the detector for electrons at
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Fig. 3. Photoemission process and UPS spectrum of a semiconducting material.
Bottom left: valence band and core levels, vacuum level of the solid, and Fermi
level derived from the Fermi step measured on a metal surface electrically con-
nected to the semiconductor. Top left and right: electrons photoexcited above
E,,., and detected with kinetic energy Ex by the detector. The position of the
vacuum level with respect to the UPS spectrum is obtained by translating Ey,c
by one photon energy. Exmin and Exmax are the kinetic energies of electrons
excited from the Fermi level and escaping the solid just above E,,, respectively.
From the figure: ¢ = EZ"+ hv— EZ™ (Eq. 1 in text).

the cut-off plus the photon energy, and the energy of the elec-
trons originating from the Fermi level of the sample:

Pm=ER" +hv— ER™ 1)

Wandelt also discusses the notion of a local work func-
tion,””! which includes lateral variations of the surface dipole
field on the atomic scale. The local work function (of a metal)
includes the electrical effect of surface dipoles and image po-
tential. The lateral variations of the potential over the surface
can be probed, for example, via photoemission from core lev-
els of adsorbed Xe. The binding energy of a Xe atomic level
depends on the potential at the site of adsorption. Thus photo-
emission spectroscopy can distinguish between different sites,
and therefore point out differences in “local work function”
over the surface. This is of course entirely consistent with the
fact that photoemission measures the local work function and
therefore the local vacuum level, as argued above.?!l

4. Local Vacuum Level in Device Physics

Strictly speaking, we cannot define a “vacuum level” inside
a solid or at an interface, since there is no “vacuum” gap, and
since the basic concept of a vacuum level implies the ener-
getics of escape of an electron from the solid through a
surface. Alternatively it suffices to note that such a level, if
defined under specific conditions and for a specific purpose, is
not experimentally accessible but can be conceptually useful.

Adv. Mater. 2003, 15, No. 4, February 17
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This is the case of the vacuum level that is often used in
electron energy diagrams for electronic devices (Fig. 4).
The local vacuum level concept has been explained by Mar-
shak® and recently by Kronik and Shapira, in their review
of surface photovoltage phenomena.[w] It is a concept that
can be found already in the early semiconductor litera-
ture.'”*] That level is described as following the bands,
whose energies are given by the sum of the standard chemi-
cal potential of the electron (i.e., the chemical potential,*¥
excluding density/activity effects, u2) and the electrostatic
potential (¢):

Ecp=ue+qy )

Evp=p+qy-Eg (2a)
where g is the electron charge and Eg the semiconductor
bandgap. This local vacuum level, £\, is given by
El\?acc =a+qy (3)
where the constant a can be taken as the energy difference be-
tween the Fermi level® and the absolute vacuum level
E\ac(e0). As such it follows only the variation in electrostatic
potential 1, which is continuous. It does NOT include any dif-
ferences in standard chemical potential of the electrons, which
can be expressed as spikes and cliffs in the bands.

Only in this way can the difference between the local and
absolute vacuum levels be given by the electrostatic potential
in the gedanken figures (Fig. 4) where both are drawn all
through a given device or experimental structure. A reference
level is then defined that essentially is parallel to the absolute
vacuum level Ey,c(c°). Since Ey (o) is also not defined inside
a structure, it is simplest to define this reference level as being

MATERIALS

equidistant (in energy) from the Fermi level of the system
under consideration, at an energy b:
Ergr=Er+b 4)

This then fits perfectly with the UPS experimental situation
where all data are referred to the Fermi level®! of the elec-
tron energy analyzer, which should be in electronic equilibri-
um with the sample that is being investigated.!'+*>=3!]

Returning to the surface, we note that in the case of a semi-
conductor the work function can also contain a contribution
from band bending (Vgg), in addition to contributions of the
chemical potential, the surface dipole, and image potential.
As band bending is the result of an electrostatic field, which
raises or lowers the potential of the surface with respect to the
bulk, all surface electronic levels, from core levels to filled va-
lence levels, empty conduction levels, and E,,.(s) follow the
band bending (Fig. 5). As a consequence, and everything else
being equal, the work function of the semiconductor follows
the change in band bending. The relative magnitude of the im-
age potential contribution depends on the free carrier density
of the semiconductor. At low carrier densities, there still is a
local polarization contribution, but no image potential contri-
bution as known from metal physics.

5. Electron Affinity and Ionization Potential

In the usual description of the physicist, the electron affinity
(%) at a semiconductor surface is defined as the energy re-
quired to excite an electron from the bottom of the conduc-
tion band minimum (Ecg) at the surface to the local vacuum
level (Fig. 5). Similarly, the ionization energy (IE) is defined
as the energy needed to excite an electron from the top of the

valence band maximum (Evg) at the
surface to the local vacuum level. As

! "

the bandgap collapses to zero and the
semiconductor becomes a metal, both y

By, and IE converge toward the work func-

L]

Electron
potential
energy

tion defined above.

The chemical definition of y, used for
molecules, is the energy gained by an
originally neutral molecule when an
electron is added to the lowest-unoccu-

pied molecular orbital (LUMO) of the
neutral molecule. This definition is, in

Semiconductor A (n-type)
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Semiconductor B (p-type)

Fig. 4. Tllustration of the use of the concept of local vacuum level in energy band diagrams of electronic
device structures [1,19,22]. g: electron charge, : electrostatic potential, Ecp: the bottom of the conduction
band, Evg: top of valence band, A/tgs the difference in standard chemical potentials of the electron (exclud-
ing density/activity effects) between the two types of semiconductors, y: electron affinity, Eg: bandgap.
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principle, equivalent to the previous
one, although one should be aware of is-
sues that are specific to molecular solids.
In particular one should keep in mind
when performing photoelectron spec-
troscopies that molecules are relatively
small N-electron systems, which are sig-
nificantly perturbed by the addition
(N—>N+1) or removal (N—>N-1) of
an electron. Unlike in non-molecular
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Fig. 5. Energy band diagram of a semiconductor near its surface, showing the
band bending (¢Vgpp) and the evolution of all the energy levels within the
depletion region. The work function ¢ depends directly on ¢Vgg. IE: ionization
energy; x: Electron affinity; EG: Bandgap.

electronic solids, where electrons and holes in the conduction
and valence bands are highly delocalized and the addition or
removal of a charge does not significantly alter the electronic
levels, in small molecules large (0.5-1.0 eV) electronic and
atomic relaxations occur upon formation of the molecular ion.
x can be calculated as the differences in total electronic ener-
gy between the neutral molecule and the radical anion. For
some systems, such calculations can be done for identical
geometry systems, while for others, the relaxed conformation
of the radical anion must be included. Similar issues exist for
calculations of the IE of molecules, where the radical cation is
used.

The issue of how to calculate the IE and y of molecules is
highly relevant experimentally, as methods to determine these
quantities will provide different answers. We give here the
example of direct and inverse photoemission spectroscopy
(PES/IPES)P** and two-photon photoemission spectroscopy
(2PPES).1>3l

PES and 2PPES measure the same IE, as in both cases an
electron is ejected from the highest occupied molecular orbit-
al (HOMO) of the neutral molecule and a radical cation is
left. The kinetic energy measured reflects the (fast) change in
polarization due to electronic relaxation upon formation of
the radical cation. It does not reflect the small effect of the
(slow) lattice relaxation, and may or may not (depending on
the time scale involved) reflect effects of molecular relaxa-
tion.® In that regard, the UPS experiment generates photo-
emitted electrons that are slow enough to carry away with
them the relaxation energies, e.g., electronic polarization and
structural relaxation energy of the molecular ion.?4 Koop-
mans’ theorem cannot, therefore, be assumed to be valid. In
contrast, XPS measurements generally involve much larger
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electron kinetic energies. The timescales involved in XPS are
short enough so that some energies, such as that of the struc-
tural relaxation, are not normally included.

In 2PPESE>* (Fig. 6), y is derived from the measurement
of the HOMO-LUMO gap of the neutral molecule, followed
by the photoemission of the electron that populates the
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Fig. 6. Schematic illustration of principles of use of two-photon photoemission
spectroscopy for the determination of a) empty states, e.g., LUMO, and
b) filled states, e.g., HOMO levels [35]. Ek: kinetic energy of electron, excited
by two one-photon processes; Ex, kinetic energy of electron excited by
2-photon process.

LUMO. The final state is a molecular cation, like in PES, with
the hole in the HOMO. So, polarization and relaxation corre-
sponding to the molecular cation are included.

In IPES, however, it is the radical anion that is probed to
find the LUMO energy and calculate the y. There is thus a
double polarization difference between the two y determina-
tions. This hardly affects the y determination in inorganic
semiconductors, in which polarization energies are generally
below experimental noise for samples best described electron-
ically by band theory (with delocalized valence electrons),
rather than by localized bonding of the valence electrons.
However, polarization energies are of the order of 1 eV in
molecular systems, and thus should be carefully considered
when doing spectroscopy.®”)

Finally, in 2PPES the HOMO-LUMO gap that is derived
from the measurement is the optical one, i.e., the gap for on-
site excitation of the neutral molecule (as it is determined
from the photon energy that fits that gap). In PES/IPES, how-
ever, it is the cation—anion gap, i.e. the energy difference be-
tween the LUMO of the negative molecular ion occupied by
an electron (IPES), and the HOMO of the positive molecular
ion occupied by a hole (PES), that is measured. It is this latter
gap, also known as transport gap!®3* or single-particle gap
that is relevant for charge transfer from substrate to mole-
cules, or transport measurements through organics. On the
other hand for MO molecule-surface state interactions®**!
the relevant LUMO is the one from 2PPES.

Adv. Mater. 2003, 15, No. 4, February 17
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6. Summary

While no attempt has been made here to present a com-
plete review of the abundant literature on vacuum level, work
function, electron affinity, and ionization energy at solid sur-
faces, we hope to have clarified some of the basic concepts.
These include the difference between surface and absolute
vacuum levels, and the possibilities of determining some of
these using experimental measurement techniques such as
photoemission spectroscopy. Without pretending to give a
thorough treatment of these issues, we have aimed at provid-
ing a clear basis for a community for which different concepts
and terminologies must more than ever be brought together
to understand the interplay between interface chemistry, ener-
getics and charge carrier transport.
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