
This article was downloaded by: [University of Haifa Library]
On: 22 August 2012, At: 10:02
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Development of Experimental
Methods for Determining the
Electronic Structure of Organic
Materials
Kazuhiko Seki a & Kaname Kanai b
a Research Center for Materials Science and Institute
for Advanced Research, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya, Japan
b Department of Chemistry, Graduate School of
Science, Nagoya University, Furo-cho, Chikusa-ku,
Nagoya, Japan

Version of record first published: 31 Jan 2007

To cite this article: Kazuhiko Seki & Kaname Kanai (2006): Development of
Experimental Methods for Determining the Electronic Structure of Organic Materials,
Molecular Crystals and Liquid Crystals, 455:1, 145-181

To link to this article:  http://dx.doi.org/10.1080/15421400600803713

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400600803713
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

02
 2

2 
A

ug
us

t 2
01

2 



Development of Experimental Methods for Determining
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The principles and developments of experimental methods for determining the
energy parameters governing the electronic structure of organic molecules and
solids are reviewed with some historical descriptions. The energy parameters
discussed are ionization energy of a molecule (Ig) and solid (Is), electron affinity
of a molecule (Ag) and solid (As), and the energies of the vacuum level (VL) and
the Fermi level (EF). The work function (U) can be also derived as the difference
between the last two. Various types of spectroscopic and electrical measurements
are discussed with typical examples, including the range of applicability and
the merits and the demerits. Recent microscopic techniques for obtaining local
information are also described.
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INTRODUCTION

Since the early days of the research on organic semiconductors and
conductors, the determination of their electronic structure formed
the basis for understanding and controlling their electronic and elec-
trical properties. The electronic structure can be regarded as a theater
in which electrons and holes play various roles as actors=actresses.
Thus various techniques have been developed for determining their
electronic structures of the organic materials. Most of them are vari-
ous spectroscopic methods, but some are also based on electrical mea-
surements. Also we note that many of the methods are more or less
surface sensitive, and care is necessary to discriminate the contri-
bution from the bulk and the surface. Although the early techniques
probed the average of the energy parameters over a macroscopic area,
more local information has also become available thanks for the recent
progress of microscopic techniques. Recent development of organic
thin film electronics also triggered the interest in the electronic struc-
ture of the organic=metal, organic=organic, and other interfaces, and
they are also studies by similar experimental techniques.

In this article, we will briefly look back the development of these
methods and discuss their principles and examples. We note that ear-
lier articles are available for the history by 1980s about the methods
for examining ionization energy [1] and electron affinity [2] in this
journal, which were written at similar occasion of commemorating
the 40 years of organic semiconductors. Also we note that most dis-
cussion and the experimental data were taken from molecular solids.
A brief mention will be also made for polymers at the end of the article.
We apologize in advance that our historical survey including the
coverage of methods may not be very complete, and appreciate the
notice of such cases to the authors.

ELECTRONIC STRUCTURE OF ORGANIC MOLECULE
AND MOLECULAR SOLID

In Figure 1, we schematically depict the electronic structure of an
organic solid with that of an isolated constituent molecule, with sev-
eral leading energy parameters. In a molecule (see Fig. 1(a)), many
electronic energy levels are formed in the potential well formed by
atomic nuclei and other electrons. The core levels are isolated in the
deep well formed by each nucleus, while valence levels are delocalized
over the molecule, forming the molecular orbitals (MOs). The edge of
the potential well corresponds to the energy of a rest electron just out-
side of the molecule, and is called vacuum level (VL). The energies of
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the highest occupied MO (HOMO) e(HOMO) and the lowest unoccu-
pied MO (LUMO) e(LUMO) correspond to the gas phase ionization
energy (Ig) and the gas phase electron affinity (Ag) of a molecule,
respectively, with relations

Ig ¼ �eðHOMOÞ; ð1Þ

Ag ¼ �eðLUMOÞ; ð2Þ
where g stands for the gas phase. The relations (1) and (2) are known
as the Koopmans’ theorem [3], and applies to the orbital energies
calculated by Hartree-Fock calculations.

In an organic solid (see Fig. 1(b)), the molecules are usually bound
by weak van der Waals interaction. Thus the electronic structure of a
molecule is mostly preserved in the potential well of a molecule,
although the finite overlap of the wavefunctions of the HOMO and
LUMO leads to some electrical conduction by the move of holes or elec-
trons, respectively. These states can be called the valence and conduc-
tion bands in the term of band theory, although the validity of the
band theory based on the concept of itinerant carriers in states deloca-
lized over the solid has to be examined in individual case [4].

The energetics of career formation can be discussed using two
leading parameters: solid state ionization energy (Is) and solid state

FIGURE 1 The electronic structures of (a) an isolated molecule and (b) a
molecular solid formed by the aggregation of molecules. The energy para-
meters are Ig: gas phase ionization energy, Ag: gas phase electron affinity,
Is: solid state ionization energy, As: solid state electron affinity, and U: work
function. VL denotes the energy of vacuum level just outside of the system,
and EF is the Fermi level.

Methods for Determining Electronic Structure of Organics 147

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

02
 2

2 
A

ug
us

t 2
01

2 



T
A

B
L

E
1

M
et

h
od

s
fo

r
D

et
er

m
in

in
g

th
e

E
n

er
g
y

P
a
ra

m
et

er
s

of
M

ol
ec

u
le

s
a
n

d
M

ol
ec

u
la

r
S

ol
id

s

E
n

er
g
y

p
a
ra

m
et

er
or

le
v
el

S
y
m

b
ol

M
et

h
od

A
b
b
re

v
ia

ti
on

N
ot

e

G
a
s

P
h

a
se

Io
n

iz
a
ti

on
E

n
er

g
y

I g
R

y
d

b
er

g
S

er
ie

s
E

le
ct

ro
n

Im
p

a
ct

M
a
ss

S
p

ec
tr

om
et

ry
E

I

P
h

ot
oi

on
iz

a
ti

on
Y

ie
ld

S
p

ec
tr

os
co

p
y

P
Y

S
U

V
P

h
ot

oe
le

ct
ro

n
S

p
ec

tr
os

co
p

y
U

P
S

(O
x
id

a
ti

on
P

ot
en

ti
a
l)

In
d

ir
ec

t
m

et
h

od
(C

h
a
rg

e-
tr

a
n

sf
er

S
p

ec
tr

u
m

)
In

d
ir

ec
t

m
et

h
od

G
a
s

P
h

a
se

E
le

ct
ro

n
A

ff
in

it
y

A
g

M
a
g
n

et
ro

n
M

T
F

or
A

g
>

0
.8

eV
E

le
ct

ro
n

C
a
p

tu
re

D
et

ec
to

r
E

C
D

0
.1
<

A
g
<

0
.9

eV
A

lk
a
li

M
et

a
l

B
ea

m
A

M
B

T
h

er
m

a
l

C
h

a
rg

e
T

ra
n

sf
er

T
C

T
E

le
ct

ro
n

T
ra

n
sm

is
si

on
S

p
ec

tr
os

co
p

y
E

T
S

F
or

Å
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electron affinity (As). The energies of Fermi level (EF) and VL are also
used for discussing the energetics in organic solids. EF corresponds to
the chemical potential of an electron in the solid, and often dominates
the possible band bending at the interface. The location of the Fermi
level may move within the bandgap (Eg) between the HOMO and
the LUMO, depending on the various types of intentional and uninten-
tional doping. The energy of VL in Figure 1(b) is the energy of a rest
electron just outside of the solid. The energy difference between EF

and VL is called work function (U), which is also an important energy
parameter.

In the following, we will discuss the methods used for determining
these energy parameters, including their principles, typical examples,
and some historical notes about their development. We focus our
attention mostly on direct methods for determining these parameters,
although we make a brief mention to indirect methods. In Table 1, we
summarize their names, information obtained, and some notes.

ENERGY PARAMETERS OF ISOLATED MOLECULE

As seen in Figure 1(a), two leading energy parameters for an isolated
organic molecule are gas phase ionization energy (Ig) and electron
affinity (Ag). The molecules with small Ig and large Ag are known as
electron donors and acceptors, respectively. These parameters show
fairly wide range of variation (e.g., Ig from 4.4 eV for decamethylnick-
ellocene [5] to 15.3 eV for SF6 [6] and Ag from �1.15 eV for benzene [7]
to 2.80 eV for tetracyanoquinodimethane TCNQ [8]). Also we can
manipulate these quantities by proper design of the molecular struc-
ture, e.g., the construction of an appropriate conjugated system and
introduction of various substituents. At the moment, probably the
most comprehensive source of the values of Ig and Ag is the website
of NIST Chemistry WebBook [9].

In discussing these quantities, we should note the distinction
between the adiabatic and vertical values obtained at the experi-
ments. The adiabatic value corresponds to the energy difference
between the neutral and ionized species at their equilibrium geome-
tries. Usually methods examining the thermal equilibrium give this
value. In many optical spectroscopies, on the other hand, the peak
in the spectrum corresponds to a transition without the change of mol-
ecular geometry, which is called vertical transition. Thus the obtained
energy of the peak corresponds to the energy difference at the stable
geometry of the starting species. The difference between the two types
of values can be large when the removed=attached electron occupies
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bonding or antibonding MO, where the ionization can lead to large
change of equilibrium geometry.

In the following, we will describe the methods used for determining
the values of Ig and Ag.

1. Gas Phase Ionization Energy (Ig)

The values of Ig have been studied by various methods from early per-
iod of 1930s by observing electron emission or closely related phenom-
enon such as the analysis of the Rydberg series and the electron
impact (EI) mass spectrometry. The results obtained formed the ear-
liest set of data among the energy parameters discussed here, and
served as the basis for examining various molecular processes. This
was followed by more precise values obtained by photoionization yield
spectroscopy (PYS) in 1950s, and the development of UV photoelectron
spectroscopy (UPS) from the latter half of 1960s further extended the
study to the whole valence occupied states. The principles of these
techniques are schematically illustrated in Figure 2.

(a) Rydberg Series in the Electronic Absorption Spectrum
[10,11]

The value of Ig is determined from a series of high-energy optical
transitions converging to Ig (see Fig. 2(a)). These transitions, called
Rydberg series, correspond to the electron excitations from the HOMO
to high energy orbitals with large radii, in which the excited electron
rotates around the left of the molecule, which is similar with a molecu-
lar cation with a positive charge due to the hole in the HOMO. Thus
these states are like excited hydrogen atom with heavy nucleus, and
the transitions can be analyzed as such. If the spectral assignments
and the analysis are properly carried out, the accuracy of the obtained
ionization energy is high [11]. In Figure 3(a), an example for benzene
is shown, with assigned transitions converging to the ionization ener-
gies of the 4 uppermost occupied MOs indicated by the hatched bars
[12]. Unfortunately, however, many large organic molecules do not
show clear series of absorption.

(b) Electron Impact (EI) Mass Spectrometry
In this method, molecular cation formation at electron impact is

studied by mass spectrometry as a function of incident electron energy
Ei [13]. The value of Ig is determined as the minimum Ei for the cation
formation (see Fig. 2(b)). The accuracy is often not so high due to the
slow rise at the onset and the complexity due to possible molecular
fragmentation. Although the method can be in principle applied to
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the determination of the ionization energies for the ionization from
deeper orbitals, such ambiguity is rather high. In the data for benzene
[14] in Figure 3(b), the arrows indicate the energies suggested by the
authors as the ionization energies of different MOs, but they do not
correspond well with those for more reliable UPS data in Figure 3(d).

(c) Photoionization Yield Spectroscopy (PYS) [15]
In this method, cation formation yield at photon impact is followed

as a function of photon energy hn, and Ig is identifies as the minimum

FIGURE 2 Principles of methods for determining the gas phase ionization
energy (Ig) of a molecule. (a) Rydberg series, (b) electron impact (EI) mass spec-
trometry, (c) photoionization yield spectroscopy (PYS), and (d) ultraviolet
photoelectron spectroscopy (UPS). VL denotes the vacuum level, and Ei stands
for the energy of incident energy of irradiated electron.
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FIGURE 3 Comparison of the experimental data for determining the gas
phase ionization energy (Ig) of benzene. (a) Rydberg series analysis [12], (b)
electron impact (EI) ionization [14], with the suggested ionization energies
of deep MOs by the authors are indicated by arrows, (c) photoionization yield
spectroscopy (PYS), with the data plotted in the linear scale [19] and logarith-
mic scale (inset) [15] are shown, and (d) ultraviolet photoelectron spectroscopy
(UPS) [21], with the arrows indicating the widely accepted ionization energies
of deeper levels.
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photon energy for ionization, as shown in Figure 2(c). The obtained
value corresponds to adiabatic ionization energy. Unlike EI, the onset
is usually clear, as rationalized by theoretical consideration [16,17],
and the accuracy is high, since the wavelength of light can be fairly
easily calibrated. In Figure 3(c), the data for benzene is plotted in linear
[18] and logarithmic [15] scales, and the onset is clearly identified as
the break indicated by the arrow in the logarithmic plot. As a result of
the development of this reliable method by people like Watanabe [15]
and Vilesov [18,19] in the 1950s, compilations of reliable Ig values for
many molecules were prepared by this technique in the 60s [15,18,19].

(d) Ultraviolet Photoelectron Spectroscopy (UPS) [12,13]
The kinetic energy of photoelectrons at the irradiation of high energy

monochromatic light is analyzed in this method, as shown in Figure 2(d).
The accuracy is moderately high, and the information of the deeper
levels than HOMO can also be obtained. The method was independently
developed in 60s by Vilesov [20] and Turner [21], and the introduction of
conventional He discharge lamp by Turner [21] made this technique as
the major tool for examining the whole occupied electronic structure of
molecules and solids. Both adiabatic and vertical values can be obtained
from the onset and the peak energies. As an example, the spectrum of
benzene [21] is shown in Figure 3(d). Various variations of PYS and
UPS, e.g., the use of synchrotron radiation as the light source [22] or
the selective detection of zero-kinetic energy (ZEKE) electrons [23] led
to further development of these techniques with more accurate values
of Ig and comprehensive knowledge about the occupied electronic
structure of molecules.

(e) Indirect Methods
As more indirect methods, electrochemical oxidation potential Eox

corresponds to the cation formation, and its value is closely related
to the ionization energy [1], though there are various affecting factors
such as the solvent effect [24]. Also the energy of charge-transfer
absorption in solution is roughly determined by the combination of
the ionization energy of the electron donor and the electron affinity
of the electron acceptor, and the comparison of absorption among vari-
ous complexes enables an estimation of these energy parameters [25].
These methods have been widely used for a rough estimation of the
values of Ig, in particular by the people without access to sophisticated
PYS or UPS instruments. More detailed description about them,
together with a compilation of the values of Ig and Eox for fundamental
and electronically functional materials can be found in Reference [1].

154 K. Seki and K. Kanai

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

02
 2

2 
A

ug
us

t 2
01

2 



2. Gas Phase Electron Affinity (Ag)

The determination of the electron affinity of molecules has been much
more difficult than that for the ionization energy. This is mainly
because an excess electron must be added to the system, in contrast
to the case of ionization energy where an electron existing in the mol-
ecule can be used as a probe to be emitted. Thus the more or less
reliable direct information has become available only in the 60s and
70s, by techniques like magnetron method (thermal electron from a
filamentþmoleculeþmagnetic filed; applicable for Ag>0.8 eV) [26],
electron capture detector (ECT) method (thermal electronþmolecu-
moleculeþpulsed voltage; for 0.1<Ag<0.9 eV) [27], and alkali metal
beam (AMB) method (electron transfer from alkali metal to the mol-
ecule) [28]. Then thermal charge transfer (TCT) method described
below was developed in 1970s and 80s, being extensively used for
determining the relative values of Ag for important electron acceptors
[29]. The methods and results are discussed in a review reporting the
status by 1980s [2], where the data of 130 molecules are listed. The
values obtained in these equilibrium type experiments correspond to
adiabatic values. In parallel, electron transmission spectroscopy
(ETS) was developed in 1970s for probing the vacant levels above
the vacuum level of various molecules [7]. Unfortunately ETS cannot
be used for obtaining Ag of electronically functional molecules with
LUMO below the vacuum level. Thus the situation is still less satisfac-
tory than the case of ionization energy. However, the recent develop-
ment of the photodetachment spectroscopy (PDS) of anions [30] is
changing the situation, and we now have rather good chance of obtain-
ing reliable set of data at least for medium sized molecules in near
future [9,30]. The principles of these spectroscopic methods are sche-
matically depicted in Figure 4. Below we will discuss these recent
methods.

(a) Thermal Charge Transfer
Kebarle and Chaudhurry [29] have developed a high-pressure

mass spectrometric technique in 1980s, where the electron trans-
fer equilibrium constant between a molecule and an anion can be
determined as a function of temperature. From the slope relative
to the inverse of temperature, they could determine the relative
values of Ag with respect to that for SO2 for about 120 molecules.
Similar technique was developed using electron cyclotron reson-
ance (ECR) [31]. As mentioned above, this method gives adiabatic
values of Ag.
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(b) Electron Transmission Spectroscopy (ETS) [7,32]
This method has been used for determining the LUMO and higher

vacant MOs above the vacuum level. The transmission of electrons
injected into a gas is measured as a function of electron energy, as
depicted in Figure 4(a). When the energy of injected electron Ei

matches the energy of the vacant MO, the electron can be temporally
captured in the MO, and loses the memory of the injected direction,
leading to the decrease of transmission. Starting from the famous
Franck-Hertz experiment [33], this method has been successfully used
for determining Ag for small molecules such as N2 and benzene, with

FIGURE 4 Principles of the spectroscopic methods for determining the gas
phase electron affinity (Ag) of an isolated molecule. (a) electron transmission
spectroscopy (ETS), (b) photodetachment spectroscopy (PDS), and core exci-
tation spectroscopies (near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy and electron energy loss spectroscopy (EELS)). VL denotes the
vacuum level, Ei denotes the incident energy of injected electron, and Ek is
the kinetic energy of photoelectron.
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applications to various organic molecules since 1970s [7,32]. In
Figure 5(a) and 5(b), the ETS spectra of benzene [7] and anthracene
[34] are shown, respectively. For enhancing the spectral features,
the spectra are shown as the derivative of the transmission with
respect to Ei. In principle, both adiabatic and vertical values are
obtained by analyzing the spectral shape of the observed features.
The LUMO and the vacant uppermost p orbital of benzene can be
clearly seen at Ag ¼�1.1 eV and �4.8 eV, and number of levels of
anthracene can be seen. Unfortunately, however, the LUMOs of large
molecules with electronic functions are mostly below the vacuum level,
limiting the usefulness of this method.

FIGURE 5 Spectroscopic data for the determination of gas phase electron
affinity (Ag). (a) electron transmission spectroscopy (ETS) of benzene [7],
and (b) photodetachment spectroscopy (PDS) of anthracene anion (Ac�) [37]
and ETS for anthracene vapor [34]. The energies of the vacant levels in the
ETS spectra in the derivative form are shown by the vertical bars. Note that
the energy axis is the negative of Ag. Benzene and anthracene have negative
and positive values of Ag for the LUMO, respectively.
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(c) Photodetachment Spectroscopy (PDS)
In this method, UPS is applied to a molecular anion M� to cause a

process of

M� þ hn )Mþ e� ð3Þ

(see Fig. 4(b)), which is a reverse process to the electron attachment

Mþ e� )M� þ Ag: ð4Þ

Thus the value of Ig for the anion is the value of Ag for the neutral
molecule. Such experiment can be precisely carried out using lasers,
since the required photon energy is usually small. Although the appli-
cation of this method for electronically functional molecules has been
somewhat limited in the early days [35], there are recent reports
from1990s on the anions for large electronically important mole-
cules such as acenes [36,37], p-benzoquinone [38], C60 [39], and
nucleic acid bases [40], and reliable data may become accumulated
also for other molecules in near future. In principle, this method gives
both adiabatic and vertical values, though the vertical value corre-
sponds to the equilibrium molecular geometry of the anion. An
example of santhracene is shown in Figure 5(b), indicating the value
of Ag ¼ 0.53 eV [36].

(d) Near-edge X-ray Absorption Fine Structure (NEXAFS)
Spectroscopy and Electron Energy-Loss Spectroscopy (EELS)

As another possibility for probing the unoccupied states, we can
examine core excitation spectroscopies dealing with the transitions
from core levels to various vacant levels, as shown in Figure 4(c). Such
high-energy spectroscopies can be performed either by using soft X-ray
photons or high-energy electrons. The former is usually performed
using synchrotron radiation, and called near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy [41]. The latter is electron
energy loss spectroscopy (EELS) [42]. The spectra are rather simi-
lar for vapor and solid states, reflecting the localized nature of core
excitations.

One may imagine that the observed spectrum can be regarded as a
simple replica of the density of unoccupied states (DOUS) due to the
almost similar energies of the core levels, and there are number of
reports based on this naive assumption, in particular for the solid
state. Unfortunately, this assumption is not true for most of the cases.
Since there are more trials for directly deducing the DOUS for solids
rather than isolated molecules, we will discuss them later in relation
to the determination of solid state electron affinity.
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(e) Indirect Methods
Besides the methods discussed above, we can also mention the use

of reduction potentials [24] and the charge-transfer spectra [25] as
indirect methods, in correspondence to the case of Ig.

ENERGY PARAMETERS OF ORGANIC SOLID

As seen in Figure 1(b), the energetics of carrier formation in an
organic solid can be discussed in terms of two leading parameters,
i.e., ionization energy (Is) and electron affinity (As), where s stands
for the solid. As in the case of molecules, they correspond to the effec-
tive orbital energies of the HOMO and LUMO, respectively. We note,
however, that their values differ from those for the gas phase (Ig

and Ag) due to the electronic polarization of electronic clouds in the
medium surrounding the ionized molecule [43,44]. This energy stabili-
zation is called polarization energy. Thus the values for the gas and
solid states are related with the relation

Is ¼ Ig � Pþ; ð5Þ

As ¼ Ag þ P�; ð6Þ

where Pþ and P� are the polarization energies for a molecular cation
and anion, respectively. For solids with appreciable band width by
strong intermolecular interaction, the broadening of the HOMO and
the LUMO also contribute to the lowering of Is and the increase of
As. Due to these complexities, the distinction between the adiabatic
and vertical values becomes mostly meaningless, although the
interpretation of the spectral shape is still an important subject in
obtaining meaningful energy parameters from experiments.

Other energy parameters are also used for discussing the energetics
in organic solids and interfaces. The Fermi level plays an important
role in discussing the electrical equilibrium and possible band bending
at the interface. Another is the energy of VL. We note that the energy
of VL just outside the surface as shown in Figure 1(b), which can be
experimentally determined, is different from the energy of VL infi-
nitely far from the system, which can be used as the energy origin
[45]. This is due to the electrostatic dipole layer formed at the surface,
and can vary depending on the surface structure. This leads to the
well-known face dependence of work function U, which is another
important energy parameter. For example, the values of U for the
(100), (110), and (111) surfaces of W are 4.63, 5.25, and 4.47 eV,
respectively [46]. More detailed discussion of the physical meaning
of VL is described in Reference [45]. For discussing the energetics at
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organic=metal interfaces, the location of the VL relative to the elec-
tronic structure of the metal becomes important. Thus the determi-
nation of the VL energy and U is also necessary.

For determining these energy parameters, number of techniques
are used, as schematically illustrated in Figure 6. Usually a thin
organic film is prepared on a metal surface, under (ultrahigh)vacuum
or under various gas atmosphere, and the system is studies by various
techniques, which can be roughly categorized into two. One is spectro-
scopic methods, in which stimulation like photons or electrons is
impinged upon the sample, and the response such as photons and elec-
trons are detected. The other is electrical measurements, where elec-
trical current is measured in various types of setups. In the
following, we will discuss these methods.

1. Solid State Ionization Energy (Is)

As in the case of gas phase, the determination of solid state ionization
energy is easier than that of the electron affinity. Methods similar to
those for the vapor phase, i.e., PYS and UPS, have been used from
the early days. As a variation, recently 2-photon photoemission

FIGURE 6 Schematic illustration of the various methods for determining the
energy parameters of an organic solid. He� denotes electronically excited
metastable He atom.
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(2PPE) technique is also emerging as a powerful new method. Aside
from these spectroscopic methods, electric measurements of internal
photoemission from metal electrode into organic layer was used from
the early days of 1960s for deducing the HOMO energy relative to
the Fermi level of the metal. The principles of these methods are sche-
matically illustrated in Figure 7.

(a) Photoemission Yield Spectroscopy (PYS) and Millikan
Apparatus

As in the case of free molecules, the technique of PYS [47] has been
used from the 1960s as a conventional method of directly determining
Is, as shown in Figure 7(a). The developments until 1980s are described
in Reference [1]. As an example, the data for naphthacene is shown

FIGURE 7 Principles of the experimental methods for determining the solid
state ionization energy (Is). (a) photoemission yield spectroscopy (PYS), (b)
ultraviolet photoelectron spectroscopy (UPS), (c) two photon photoemission
spectroscopy (2PPE), (d) internal photoemission, and (e) scanning tunneling
spectrocopy (STS). VL: vacuum level, Ek: kinetic energy of photoelectron,
Um: work function of metal substrate, EF: Fermi level of the metal substrate, D:
vacuum level shift at the interface due to dipolar layer formation, e: elementary
charge, Vex: external voltage.
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in Figure 8(a). The way of extrapolating the yield to zero is discussed
based on a model of photoelectric emission [48], and the use of cube-root
Y1=3was proposed to be the best. This also gives reasonably good agree-
ment with the results of UPS. The bottom panel of Figure 8(a) shows

FIGURE 8 Spectroscopic data for the determination of solid state ionization
energy (Is) for naphthacene. (a) photoemission yield spectroscopy (PYS) [48].
Y stands for the photoelectron yield. (b) and (c): ultraviolet photoelectron spec-
troscopy (UPS) by using He I radiation (hn ¼ 21.2 eV) for thin film (b) [59] and
vapor (c) [60], respectively. Note the 1:1 correspondence between the spectra
for the two phases.

162 K. Seki and K. Kanai

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

02
 2

2 
A

ug
us

t 2
01

2 



the data of naphthacene in this way. As a more special technique
for determining Is, apparatuses similar to that for Millikan droplet
experiments have also been used, including the trials for two photon
photoemission experiments [49,50]. The early data in 1960s including
the values of Pþ are compiled, e.g., in Refs. [51]. The later compilations
are described below in the section of UPS.

In 1980s, a conventional PYS instrument for determining Is in
air has become commercially available [52], by which Is can be mea-
sured in air. In this instrument, the photoelectrons are captured by
oxygen molecules in air, and the resultant oxygen anions are acceler-
ated by an electric field to cause an avalanche pulse, which is
detected by a special detector [53]. In air, the range of measurement
is limited to below 6.2 eV due to the light absorption by air, while it
is extended beyond this limit in more recent version by replacing the
atmosphere by more transparent N2 gas [52,54]. This type of instru-
ments got popularity in the community of organic devices, and
recently a compilation of the values of Is for about 316 organic mate-
rials measured by the above-mentioned commercial instrument is
available [55].

Recently, the capability of the PYS measurements have been
further put forward by us and Ishii and coworkers by direct measure-
ment of hole current instead of the pulse counter [56,57]. Thus there is
no need for oxygen atmosphere, and the instrument can be used both
under gases and in vacuum for the same specimen. Thus this can be
applied for the precise examination of the effect of atmosphere on Is.
The first example for titanyl phthalocyanine is reported by Honda
et al. in this volume [56].

(b) Ultraviolet Photoelectron Spectroscopy (UPS) and
Metastable Atom Electron Spectroscopy (MAES)

The principle of UPS for a solid, shown in Figure 7(b), is similar to
that for the gas phase in Figure. 2(b). Its application for determining Is

using low energy photons dates back to 1960s [58]. By the employment
of the high-energy He light source (21.2 eV) in late 70s, UPS became
the standard method of Is determination, partly because they became
commercially available. By using the high photon energy, it became
also possible to probe the major part of the valence states. These stu-
dies showed that the spectra for the vapor and solid usually show good
one-to-one correspondence, as seen in Figure 8(b) [59] and (c) [60] for
naphthacene, reflecting the preservation of the electronic structure of
a molecule in the solid state. At the same time, we note that the good
correspondence is obtained with a shift of the energy axes by about
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1 eV, revealing the effect of the polarization energy Pþ described
above. The compound dependence of Pþ was extensively studied by
Sato [61], and the compilation of the data of Ig, Is, and Pþ by 1980s
including 120 compounds are given in Reference [1]. Another critical
collection of data including Ag and As is also found in Reference [62].

In Figures 8(b) and (c), we also note the fairly large peak width in
the spectrum for the solid. Several possible origins are proposed: the
variation of the polarization energy between the bulk and the surface,
coupling with intra- and intermolecular vibrations, and the broaden-
ing due to the uncertainty principle due to the finite hole lifetime,
and so on [63,64]. Their clarification is still a subject of hot debate,
and people are usually using the onset, rather than the peak energy,
as the value of Is for discussing the electronic processes. We note that
the groups of Ueno [65] and Umbach [66] recently performed detailed
high-resolution UPS studies for well-defined systems by carefully
depositing organic molecules on graphite and metal surfaces, respect-
ively, and the data of this kind will be useful for getting further insight
into these problems.

In early 80s, UPS has become used to obtain more detailed infor-
mation about the electronic structure, such as the intra- and inter-
molecular energy band dispersion relation E ¼ E(k) through the
combination of well-oriented samples and angle-resolved UV photo-
electron spectroscopy (ARUPS), where the kinetic energy distribution
of photoelectrons emitted into specific steric angle is analyzed [67].

As a special variation of UPS, the incident photon can be replaced
by electronically excited metastable atom of rare gas (usually He)
(see Fig. 6). Since the metastable atom cannot penetrate into the
organic layer, this metastabel atom electron spectroscopy (MAES) or
Penning ionization electron spectroscopy (PIES) has extreme surface
sensitivity, and can be used for examining molecular orientation or
the surface coverage of substrates [68]. As a method of determining
the ionization energy, MAES has a little ambiguity due to the vari-
ation of the transferred energy to the molecule at various distance
between the He metastable atom and the solid.

(c) Two-Photon Photoemission Spectroscopy (2PPE)
In the last decade, two-photon photoemission spectroscopy using

strong laser light has been developed as another powerful variation
of UPS by several workers such as Zhu [69], Matsumoto [70], and
Munakata [71], following the related work by the group of Harris
[72] for smaller molecules regarded as simple dielectric medium. Its
principle is illustrated in Figures 7(c) and 9(d).
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Even when a single laser (photon energy hn) is used, we can con-
sider various two-photon processes leading to photoemission [69]. As
processes entirely in the organic solid, we can consider the absorption
of the second photon with and without relaxation after the absorption
of the first photon (Fig. 7(c)). For excitation without relaxation, we can
simply analyze the spectrum as an analogue of a single-photon UPS
spectrum using 2hn as the excitation energy. When hn is changed by
D(hn), the kinetic energy of photoelectron from a specific occupied
state will be changed by 2D(hn). For molecules at the interface with
a solid substrate, we can also think about the electron injection from
the substrate by the first photon leading to anion formation, which
is followed by the photoemission of the injected electron by the second
photon. Such a process will be discussed later as a method of determin-
ing the electron affinity of the solid. Also we mention that the combi-
nation of two lasers with different energies (two-color experiments) is
also possible, giving further degree of freedom of the experiments.

(d) Internal Photoemission
This method was used in early studies of the electronic structure of

organic solids in contact with metal electrode [73]. As shown in
Figure 7(d), electrons are excited from the HOMO to the vacant state
of a metal electrode contacting the organic material. This hole injec-
tion is detected as the photocurrent, and Is is deduced by adding the
onset photon energy to the work function of the metal. Similar
measurement can be performed for electron injection from the metal
into the LUMO of the organic layer for deducing As, as described
below. This method contains some ambiguity due to the possible dipole
layer formation and the difference of work function between the metal
and the organic material [45], but it is still useful for estimating the
hole injection barrier, and used for such purpose, e.g., for some con-
ducting polymers [74].

2. Solid State Electron Affinity (As)

The determination of As has been rather difficult, as in the case of Ag,
and internal photoemission in the electron injection mode was at first
the almost only way of directly deducing As. This situation was changed
by the introduction of inverse photoemission (IPES) in the 80s and
2PPE in 90s. Also the recent development of photodetachment spec-
troscopy of negatively charged molecular clusters offers a new way of
estimating As. Besides these techniques, there are recent reports using
NEXAFS (near-edge X-ray absorption fine structure) spectroscopy as a
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tool for probing the unoccupied states of organic systems, but the use of
this method needs significant care, as described below. The principles
of these methods are schematically Illustrated in Figure 9.

(a) Internal Photoemission
Internal photoemission, just described above, can also be used for

determining the LUMO energy relative to the Fermi level of the con-
tacting metal electrode (see Fig. 8(a)). The electron injection barrier
can be deduced as the onset photon energy of the photocurrent. For
performing such experiments, low work function metal (e.g., alkali
metal) is necessary, and possible complexation between the metal
and the organic material make the analysis somewhat difficult. These
experiments (e.g., Ref. [75]) formed the early trials for deducing the
LUMO energy.

FIGURE 9 Principles of the experimental methods for determining the solid
state electron affinity (As). (a) Internal photoemission, (b) inverse photoemis-
sion spectroscopy (IPES), (c) two photon photoemission spectroscopy (2PPE),
(d) photodetachment spectroscopy (PDS) of cluster anion, (e) scanning tunnel-
ing spectroscopy (STS), and (f) ballistic electron emission microscopy (BEEM).
VL: vacuum level, Ek: kinetic energy of photoelectron, Um: work function of
metal substrate, EF: Fermi level of the metal substrate, D: vacuum level shift
at the interface due to dipolar layer formation, e: elementary charge, Vex:
external voltage.
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(b) Electron Transmission Spectroscopy (ETS)
As in the gas phase (see Fig. 4(a)), ETS can be used for examining

the electronic structure of organic solids above the vacuum level. Such
studies were extensively carried out, in particular by the group of
Sanche [76]. If the solid has the LUMO above the vacuum level, as
in the case of long-chain alkanes [77], the value of As can be directly
determined. The estimation of As for p-conjugated system with LUMO
below VL was also tried, but in an indirect way [78].

(c) Inverse Photoemission Spectroscopy (IPES)
In this technique, electrons are injected into the solid, and the

radiative transition to lower vacant MOs are detected (see (Fig. 9(b))
using a bandpass filter or a monochromator [79]. Its application to
organic solids was not so easy due to the heavy radiation damage
by the electron beam. Still it has been applied to organic solids
from1980s by Koch and collaborators [80,81] and the group of
Weaver [82], and after some interval (with the exception of fullerenes
[83]), it was revived in the late 90s [84–86], and now used by several
groups in the world. In Figure 10(b), the IPES spectrum of anthra-
cene [81], taken by scanning the incident electron energy with moni-
toring the light intensity at a fixed photon energy of hn ¼ 9.5 eV, is
shown. For comparison, the data for anthracene vapor in Figure 5(b)
are shown in Figure 10(c), with a shift of 1.0 eV between the energy
scales of As and Ag. We see a good correspondence between the gas
and solid state data, verifying that the unoccupied electronic struc-
ture, even above the vacuum level, is fairly well preserved. The
energy scale shift corresponds to the polarization energy P� for an
anion, and the magnitude of 1.0 eV is similar to that for Pþ [61].
In Figure 10(f), the spectrum for tris(8-hydroxyquinoline)aluminum
(Alq3) [84] is also shown.

(d) Two-photon Photoemission (2PPE) Spectroscopy
The 2PPE method was already described as a method for deter-

mining Is. As one of the possible processes in the experiment on an
organic film on metal substrate, an electron may be injected from
the metal into the LUMO of the organic layer to form an excess elec-
tron (see Fig. 9(c)). The following excitation by the second photon
can emit the electron in the LUMO, and the energy of the LUMO,
which corresponds to As, can be determined [69]. In such experiments,
the change of the kinetic energy of a peak at the photon energy change
D(hn) will be D(hn), in contrast to the case of 2-photon emission in
the organic solid, where the shift is 2D(hn). Such experiments are
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performed in these a few years for solids like C6F6 [87] and Alq3 [70],
and this technique may become a useful tool for determining As,
though such temporary negative state is not always observed, as in
the case of perylenetetracarboxylic anhydride (PTCDA) [88]. As an
example, the data for Alq3 [69] is shown in Figure 10(e). The LUMO
energy agrees well with that observed in the IPES spectrum [85] in
Figure 10(f).

FIGURE 10 Spectroscopic data for the determination of solid state electron
affinity (As) for anthracene (Ac) and tris(8-hydroxyquinolino)aluminum
(Alq3). (a) Photodetachment spectroscopy (PDS) of anthracene 100-mer anion
(Ac100

�) [37], (b) inverse photoemission spectroscopy (IPES) of anthracene
solid [81], (c) photodetachment spectroscopy (PDS) of anthracene vapor anion
(Ac-) [37] and electron transmission spectroscopy (ETS) of anthracene vapor
[34], (d) electron energy-loss spectroscopy (EELS) of anthracene vapor [95],
(e) two photon photoemission spectroscopy (2PPE) of Alq3 solid [88], and
(f) IPES of Alq3 solid [85].
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(e) Photodetachment Spectroscopy (PDS) of Molecular
Clusters

Recently, UPS experiments for negatively charged large molecular
clusters have become possible [37,89]. In such studies, the electron
affinity can be determined for molecular clusters (see Fig. 9(d)) with
well specified molecular numbers up to �100. Thus the evolution of
the electronic structure from an isolated molecule to that of a
molecular solid can be precisely followed as a function of molecular
number. The values for sufficiently large molecular number becomes
almost constant, and they well correspond to the value by IPES. Thus
this method may offer an entirely new reliable method for determining
the value of As. In Figure 10(a), the spectrum of anthracene 100-mer
[37] is shown. The LUMO energy agrees well with that from IPES
in Figure 10(b), although the peak width in the IPES spectrum is
large, and the analysis of the peak width is necessary.

(f) Near-edge X-ray Absorption Fine Structure (NEXAFS)
Spectroscopy and Electron Energy-Loss Spectroscopy (EELS)
As already mentioned above in relation to the gas phase electron

affinity, there are trials for using core excitation spectroscopies such
as near-edge X-ray absorption fine structure (NEXAFS) spectroscopy
[41] and high-energy electron energy-loss spectroscopy (EELS) [42]
(see Fig. 4(c)) as a direct probe of the unoccupied electronic structure.
They are based on a naı̈ve expectation that the observed spectrum can
be regarded as a simple replica of the density of unoccupied states
(DOUS) due to the almost similar energies of the core levels.

Unfortunately, however, the energies of the core-excited states are
significantly affected by the interaction between the core hole and the
excited electron (core excitonic effect), which is much dependent on
the excitation site and the pattern of the vacant MO into which the
core electron is excited [90,91]. This leads to a significant deviation
of the spectrum from the DOUS, practically making this method use-
less for the quantitative examination of the DOUS. The observed spec-
trum may reflect the contribution of the element to the DOUS only in
the case where all the sites for an element are equivalent, e.g., C in
graphite [92] and C60 [93], and N in metalloporphyrins [94].

As an example, the gas-phase spectrum of anthracene in the vapor
phase [95] is shown in Figure 10(d). We note that the core-excitation
spectrum of molecular solid is similar to that of the vapor phase,
reflecting the localized nature of the electronic excitation. The energy
axis is adjusted to align the lowest energy peak with the LUMO in the
spectra in Figures 10(a)–(c). We see that the spectral features show
only poor correspondence with those in Figures 10(a)–(c) shown on
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the horizontal bar of Figure 10(d). Actually detailed theoretical analy-
sis showed that the lowest energy peak in the EELS spectrum consists
of several excitations with different energies from 4 inequivalent sites
to the LUMO. More distinct deviation from IPES spectra are also
reported for other aromatic hydrocarbons.

3. Energy of the Vacuum Level (VL)

The energy of the vacuum level can be directly determined by the
following two major methods. The principle of these methods are
illustrated in Figure 11.

(a) UPS
The low kinetic energy cutoff of a UPS spectrum corresponds to the

zero kinetic energy defined by the vacuum level of the solid [96], as
shown in Figure 11(a). Thus we can directly locate the energy of the
vacuum level with respect to the various states probed within a series
of UPS measurements, e.g., the Fermi level of the metal substrate.
Similar determination can be also made by using an electron injec-
tion apparatus such as low-energy electron diffraction (LEED). In
Figure 12(a), the shift of the vacuum level D at the deposition of
Alq3 on Au [97] is shown. The abscissa is the energy of vacuum level
relative to the Fermi level of the metal evac

F shown in Figure 11(a).
The shift to the left corresponds to the lowering of the vacuum level.

(b) Kelvin Probe [98]
In this method, a movable reference electrode is placed in front of

the sample surface, and it is connected with the sample substrate
via an external circuit with an ac ammeter and an external voltage
(Vex), as shown in Figure 11(b). When the energies of the vacuum
levels are different by DV between the electrode and the surface, a pair
of positive and negative charges (þQ and �Q) appear at the confront-
ing surfaces, whose amount is defined by the equation of a capacitor:

Q ¼ CDV; ð7Þ

where C is the capacitance defined by the geometrical arrangement.
By vibrating the reference electrode, we can modulate the capacitance,
and hence the amount of charge, inducing an alternative current in
the external circuit. As seen in Figure 11(c), the value of DV is given by

eDV ¼ Uref � eF
vac � eVex; ð8Þ

where e is elementary charge, Uref is the work function of the reference
electrode and evac

F is the energy of the vacuum level of the organic
sample relative to the Fermi level of the metal substrate.
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The current in the external circuit can be made null by adjusting
Vex to make DV ¼ 0. From this value of Vex, we can deduce Uref� evac

F .
With prior measurement of Uref, we can also deduce evac

F . Examples
are shown in Figure 12(b) for clean Ag and Ag modified by
self-assembled monolayer (SAM) of C8F17(CH2)2SH [99]. The value of
evac
F is increased by about 0.8 eV by the surface modification.

This method has been applied to organic semicondutors by Kotani
and Akamatu [100,101] in early 70s, and after some interval started

FIGURE 11 Principles of the experimental methods for determining the
vacuum level (VL) of solid (evac

F ) relative to the Fermi level of metal substrate
(EF). (a) ultraviolet photoelectron spectroscopy (UPS). The hatched part of the
upper-right curve denotes the contribution of scattered secondary electrons.
Um: work function of metal substrate, D: shift of the vacuum level by dipole
layer formation, (b) setup of Kelvin probe measurement. Q: amount of charge
appearing at the surfaces of the sample and the reference electrode, Iac: alter-
native current in the external circuit, and Vex: external voltage. (c) energy
diagram for Kelvin probe measurement. DV: surface potential difference
between the sample and the reference electrode, e: elementary charge, Uref:
work function of reference electrode.
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to be used again [102,103]. In late 90s, Hayashi, Ishii, and Seki per-
formed the first measurements in ultrahigh vacuum for large organic
molecules, and applied it for the detailed examination of the Fermi
level alignment [104,105] and the group of Kahn also applied this to
examine the effect of doping [106].

4. Energy of the Fermi Level (EF) and Work Function (U)

For determining the energy of EF, there is a major difficulty that this
energy can be decided only by relying on the alignment of the Fermi
level with that of a contacting solid, e.g., a metal electrode. This is
because basically there is no or little level at EF, and in many cases
the energy of EF can be determined only as the energy of the Fermi
level of the contacting metal, which can be observed, e.g., as the Fermi
edge in the UPS spectrum. This Fermi level alignment requires the
establishment of electrical equilibrium between the two solids, which
may not be always established [43,104,105,107,108]. As a useful cri-
terion for examining this, we have proposed that the energy of the
Fermi level of metals in contact with the organic layer with respect

FIGURE 12 Exerimental data for the determination of the energy of the
vacuum level (VL) of solid (evac

F ) relative to the Fermi level of metal substrate
(EF). (a) Low-energy cutoff of the UPS spectra clean Au and Au substrate
covered with tris(8-hydroxyquinolino)aluminum (Alq3) [97]. The abscissa is
the ionization energy of the solid state, and the shift to the left corresponds
to the lowering of the vacuum level. (b) The dependence of the current of
Kelvin probe on the external voltage for clean Ag surface and Ag surface
covered by self-assembled monolayer of C8F17(CH2)2SH [99].

172 K. Seki and K. Kanai

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

02
 2

2 
A

ug
us

t 2
01

2 



to the HOMO or the vacuum level of the organic layer should be inde-
pendent of the metal [43,104,105,107,108]. In some cases such inde-
pendence is actually observed with band bending at the interface
[104], while the independence is broken for some cases where the well
purified organic material is deposited on metals under ultrahigh vac-
uum (UHV) conditions [105,108].

Once the location of the Fermi level could be determined, the work
function U can be determined as the energy difference between the
vacuum level and the Fermi level. This type of measurements can be
carried out by methods like UPS, IPES, and Kelvin probe. We note that
the Kelvin probe is primarily a method for determining the energy of
the vacuum level, and not the work function. This distinction becomes
important when the electrical equilibrium between the organic layer
and the metal substrate is not established. Even when the equilibrium
is not realized, we can determine the energy of the vacuum level by the
Kelvin probe, but cannot determine the work function.

LOCAL PROBES

Finally we will discuss the method for locally determining the energy
parameters, which became possible only very recently. For such mea-
surements, we can use the following microscopic methods:

1. Photoelectron Microscopy

There are two types of photoelectron microscopy. In one of them, a
microspot of laser light is scanned over the sample surface, and the
photoelectrons from each point is analyzed. Basically all the infor-
mation described above for UPS and 2PPE can be obtained at each
point, and the collection of the data shows the spatial variation of vari-
ous energy parameters.

By combining this method with UPS using a vacuum ultraviolet
laser, recently Munakata and collaborators have succeeded in record-
ing the UPS spectra over the surface of Cu phthalocyanine film
deposited on polycrystalline Cu film with a lateral resolution of about
300 nm and energy resolution of 30 meV [109]. The observed results
show the variation of the HOMO energy by about 0.2 eV and the vari-
ation of work function of about 0.4 eV. From the value of work func-
tion, the part with high HOMO energy was found to correspond to
the Cu(111) surface.

In another type of photoelectron microscopy (PEEM), the photoelec-
trons emitted from the sample are imaged, with a resolution of a few
tens nm and with possible energy analysis [110]. The spatial variation
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of Is often becomes the source of contrast, and some trials for
quantitative examination of the energy parameters of functional
organic films using this type of microscope is appearing [111].

2. Scanning Tunneling Spectroscopy (STS)

In this method, the technique of scanning tunneling microscopy (STM)
is used, with the tip fixed and the voltage between the tip and the sample
is scanned (see Figures 7(e) and 9(e)). The tunneling current is increased
when the Fermi level of the positively biased tip coincides with an occu-
pied or vacant MO, with the injection of holes or electrons into the
sample. Figures 7(e) and 9(e) illustrate the cases where EF of the tip
coincides the HOMO and LUMO energies, respectively. The technique
has been successfully applied to various systems such as fullerenes
[112] and nanotubes [113]. Also there have been many trials of electric
conduction via single molecules using STM and conducting atomic force
microscopy (AFM) [114], but the application to thin films functional
organic materials has been somewhat limited, Recently, however,
reliable data based on careful measurements is coming to be available,
and the accumulation of reliable data and their comparison with the
more traditional data, e.g., the UPS spectra, will help the establishment
of this technique as a probe of the electronic states of molecular solids.

In Figure 13, we show an example of such kind of comparison for
PTCDA. In Figure 13(a), the combined UPS and IPES data for thick
film [85] are shown. The UPS spectrum for thick 6L film of PTCDA
on Ag in Figure 13(b) [66] shows fair agreement with this. On the
other hand, the UPS spectrum for thin 1L PTCDA layer [66] differs
very much from the one in Figure 13(a), and shows good correspon-
dence with the STS data in Figure 13(c) for PTCDA on Ag(111) surface
[115] and in Figure 13(d) for PTCDA on graphite [116]. The UPS and
STS data clearly shows the electronic states formed between the
HOMO and LUMO levels of PTCDA by the molecule=metal interac-
tion. The STS date even shows the delicate variation of the interfacial
electronic states among the molecules in the growing island. Since the
STS measurements are not easy to perform for thick layers, we should
be careful in recognizing that the system may be strongly affected by
the interaction with the substrate, and the obtained data may not sim-
ply reflect the electronic structure of molecular solid.

3. Kelvin Force Microscopy (KFM)

The scanning probe microscopic version of the Kelvin probe can be
made by using the SPM tip as the vibrating electrode (Kelvin force
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FIGURE 13 Comparison of the structure of occupied and vacant electronic
levels of perylenetetracarboxylic acid dianhydride (PTCDA) by scanning tun-
neling spectroscopy (STS), ultraviolet photoelectron spectroscopy (UPS), and
inverse photoemission spectroscopy (IPES). (a) Combined UPS and IPES data
for PTCDA film [85]. (b) UPS spectra for one molecular layer (1 ML) and 6
moleclar layers (6 ML) of PTCDA on Ag(111) surface [66]. (c) STS data for
PTCDA submonolayer at various types of molecules in the PTCDA island
[114]. (d) STS data for PTCDA on graphite [115].
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microscopy, KFM) [117]. It has become a powerful tool for examining
the local variation of the energy of the vacuum level. Information such
as the microsegregation of molecular mixture [118], dependence of
the surface potential on the layer thickness [119], and the potential
drop at the organic=metal interface [120] have been reported.

4. Ballistic Electron Emission Microscopy (BEEM)

This is a method for probing the LUMO of an organic layer buried
under a metallic film [121]. In this sense, this method is a technique
examining the interface, as in the case of internal photoemission
and STS. The principle is shown in Figure 9(f).

The STM tip is placed in front of the metal layer covering the semi-
conductor surface, and the tunneling current by the injection of
electron=hole into the LUMO of the organic layer through the metal
overlayer is measured as functions of the bias between the metal over-
layer and the STM tip. From such measurement, we can obtain the
injection barrier between the metal Ferm level and the LUMO. This
method was at first developed for the inorganic semiconductor=metal
interfaces, and a few trials to organic semiconductor interface also
recently appeared [122,123].

CONCLUDING REMARKS

In this article, we made an overview on the principle and development
of the experimental methods for directly determining the energy para-
meters of organic molecules and solids. We see that there has been
significant development of these methods, in parallel with the develop-
ment of various applications of organic semiconductors and conduc-
tors. Though these developments and their application to various
materials, our basic understanding of the electronic structure was
much widened and deepened. Also we note that the energy parameters
discussed here are also important for discussing the energetics of
p- and r-conjugated polymers, which are also used for organic
electronic devices. Although we took examples only from molecular
solids, partly because the counterpart data of molecules are available,
we can list a few references on polymers [124–126].

We also note that our interest in electronic structure was extended
from bulk materials to interfaces. In various organic thin film devices,
such as organic light emitting devices (OLEDs), organic solar cells,
and organic thin film transistors, organic=metal, organic=organic
and other organic interfaces play important roles, and the knowledge
about the interfacial electronic structure forms the basis for
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understanding and improving the device performances. Most of the
techniques described above for the solid state, not only interface-
specific methods like internal photoemission, STS, and BEEM, are
applicable for the studies of interfaces, and systematic studies of
interfaces are rapidly growing. These subjects, which can not be
described here due to the limit of space, are discussed e.g., in
References [45,105,125–127].

The knowledge obtained in these studies of interfaces are also used
in the analysis of the data described in the present article. For
example, the presence of the interfacial dipole layer D, as shown in
Figures 7, 9, 11 was established through these studies [45]. Also we
can expect that more detailed and local knowledge will become avail-
able through the mutual communication between the field of macro-
scopic and microscopic measurements. With possible studies of
dynamic processes, we can expect that we can get more comprehensive
knowledge about the electronic structure of organic electronically
functional materials.
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