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Transport of Low-Energy Electrons
in Thin Organic Films

A. V. Kukhta
Institute of Molecular & Atomic Physics, NAS of Belarus, Belarus

The different tools for the electron transport studies in ordered and disordered
organic systems under the transmission of the electric current and the electron
beam are considered. The observed features in both cases (transmission coefficient
dependence on the sample thickness, temperature behaviour, elastic and inelastic
transport, anisotropy, charging, luminescent properties) are similar confirming
a similar nature of the electron transfer processes. The most promising approach
to develop the common model describing electron transport in the metal-
organics-metal structures has to contain two terms (i) the term concerning injec-
tion current including barrier and spectrum of emitting electrons at applied
voltage and (ii) the scattering cross section (total or=and differential) as a function
of electron energy, scattering angle and temperature. The usage of the electron
impact spectroscopy methods possessing to measure much more characteristics
than electric current transmission, gives the possibility to study practically all
the variety of proceeding phenomena rather clearly, and to help invaluably for
the interpretation of electric current transmission data.

Keywords: beam; current; electron; organic film; transmission; transport

INTRODUCTION

Organic compounds are of wide current interest in thin film applica-
tions in numerous electronic devices, partly electroluminescent
diodes, displays, photovoltaic cells, sensors, transistors, electrically
pumped lasers, switching and storage devices, field emitters etc.
[1]. Molecular wires and even single molecules are proposed as
active molecular devices (diodes, memory cells, etc.) that give the
possibility to decrease the dimensions of active elements some
orders of magnitude up to about one nm. The process of ultradense
circuits manufacturing will represent a routine synthesis. There is a
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huge amount of organic compounds with a wide spectrum of struc-
tures and properties. The low weight molecules and polymers with
p-conjugation, i.e., electron delocalization along the molecule, are
the most interesting for organic electronics applications. Depending
on the structure organic compounds can serve as insulators, semi-
conductors [2], conductors [3] and even superconductors [4]. Knowl-
edge how electrons flow through molecules is very important in
fundamental and applied studies, partly for the development of
manifold molecular and optoelectronic devices, for rationalizing elec-
tron transfer in biomolecules, for interpretation of processes in STM
studies and in electrochemistry of metal-organic interface, etc. In
principle, all the electron transfer phenomena are controlled by
the similar physical factors.

Complex organic compounds basically differ from inorganic by
much stronger intramolecular interactions than intermolecular. As
a result, characteristics of energy levels and energy transformation
for single molecules and condensed media differ a little, while in
inorganics the gas phase and the solid state characteristics strongly
differ. Thus, the properties of individual molecules can be used for
describing of molecular solids in the first approximation. Due to a
large number of atoms in such molecules electronic, vibrational
and rotational levels produce continuous energy zones, and transi-
tions between them form wide energy bands. The free charge carriers
internal concentration is very low [2] (less than 1010 cm�3), so the
most part of organic materials can be considered as insulators rather
than semiconductors. Nevertheless, their mobility can be high [2].
The mobility of charge carriers in amorphous and polymeric materi-
als where molecules are located randomly some orders lower than in
molecular crystals. The measured carriers mobility values range is
very wide (from 10�11 to 103 cm2 V�1 sec�1) in organic materials [2].
And the possibility of direct comparison of electron transfer charac-
teristics with microscopic theories of transfer in condensed phase
can be strongly limited. Note that intra- and intermolecular electron
transfer in donor-bridge-acceptor (D-B-A) organic systems in solu-
tions and even in the gas phase [5] has been studied by spectroscopic
methods for a long time. The extensive literature data (see refs. in
[6]) indicates that the rate of electron transfer (k) depends expon-
entially on the distance (L) separating D and A k ¼ k0 expð�bLÞ,
where k0 is a preexponential factor, b is a structure-dependent
attenuation factor. The theoretical studies [7] have shown that the
rate of electron transfer is proportional to electronic coupling bet-
ween D and A. Transport of electrons can be studied by measuring
the current characteristics and by the phenomena they result in.
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The aim of this work is to compare the results of electron transport
in ordered and disordered organic structures found by transmission of
both electric current and electron beam in order to find the common
behaviour and to reveal the basic mechanisms.

TRANSPORT IN ORGANIC SYSTEMS UNDER
TRANSMISSION OF ELECTRIC CURRENT

In order to study the transfer of electron, i.e., its transport in solid
organic materials under transmission of electric current, the struc-
tures metal-organic system-metal (MOM) are used, as a rule. Ordered
or disordered thin films, molecular wires or single molecules can be
considered as molecular systems. It can contain one or several layers
of the same or different types of organic molecules. These molecules
can be chemically bounded to one or both electrodes. The metallic
tip of a scanning tunneling microscope can serve also as one of the
electrodes.

The study of electron transport in such structures is based on the
measurements of steady-state voltage-current characteristic (VAC)
or kinetics of current changes. In time-of-flight method the voltage
is applied to metal or semiconductor electrodes of the MOM structure.
If we create an excess of electrons at one of the electrodes (for example
by pulsed laser) they will move to the second electrode. We can
measure the mobility (the main characteristic of charge carrier trans-
port) using transient current decay. Electron transport studies can
also be made by kinetic measurements of different processes such as
electroluminescence [8,9]. In such measurements different kinds of
charge carriers such as electrons and holes are simultaneously
observed. Note that there is no unequivocal understanding of the holes
nature. Holes are interpreted sometimes as a secondary electron emis-
sion from the anode, or cations formed as a result of impact ionization.
The electron donating molecules can transfer electrons to the anode
and neighboring molecules can be then recharged in the frame of
ion-molecule reactions. These consecutive reactions will result in the
positive charge movement. Really, a large amount of radical-cations
were registered spectrally in electroluminescence cell [10]. The similar
reactions can occur also with negative ions.

Disordered Films

The main part of transport studies up to date have been made with
disordered organic materials: low weight molecular amorphous and
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polymeric. The most extensive data are connected mainly with electro-
luminescence studies.

It is often supposed that the presence of growth and decay periods
in electroluminescence kinetics is caused by charge carrier transport.
But this interpretation of response gives the mobility some orders of
magnitude less than in a time-of-flight experiment [9]. An approach
based on accumulation of internal space charge at the interface
appeared in the studies with organic films covered by Al or water elec-
trodes [11,12]. Actually, the value of the charge transported during the
delay of electroluminescence corresponds to the charge of studied
capacity and indicates that this delay is the time for accumulation of
internal space charge but not the transit time of the one of the charge
carriers. One more argument is appeared from the observation that
the delay time changes two orders of magnitude while an external
electric field E increases from 0.3 to 1.2 MV=cm. Then the mobility also
changes two orders as opposed to all principles of the field depen-
dences. Note that electron injection delay is widely known in the
studies of gas discharges using dielectric film coated cathodes [13].

It is known that the energy received by an electron from the electric
field in the time between two inelastic collisions is defined by the
expression eE=nr. This energy can reach the value eU at used applied
voltage U and the absence of elastic collisions. The mobility value can
also depend on electric field. It was shown [14] that its effect on effec-
tive mobility at E<5 � 105 V=cm is practically absent in all organic
materials including very polar. When E>5 � 105 V=cm the essential
growth of effective mobility with applied field is observed, with almost
universal low

ffiffiffiffi

E
p

[14]. Strong temperature dependence of conductivity
was observed [8]. The current density exponentially decreases with
thickness [8].

In order to describe electron transport in disordered organic films
three main models such as hopping, polaron model and model of trans-
port centres, have been proposed. However, in spite of extensive
experimental and theoretical studies the situation continues to be
unclear [15]. The time-of-flight method of mobility studies for dis-
ordered films is connected with a number of complicated experimental
factors excluding the possibility of direct comparison of obtained
results with available transport theories [14]. VACs are often
described by injection function [16].

Ordered Films

Examples of organic films with ordered location of molecules are
molecular crystals, Langmuir-Blodgett (LB) and self-assembled
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(SAM) films, etc. The charge carriers mobility is much higher in
ordered films than in disordered. It decreases with temperature and
molecule branching [2]. A number of different methods for creation
of ordered films such as different kinds of self-assembly using surface
and volume templates, poling methods, etc. are developed. The current
transmission through reliable MOM structures (single and two
layered SAM) [6] indicates that for description of electron transfer in
the solid MOM structures the same formula as for solutions can be
used. For alkanethiols the measured b was found to be �0.8–0.9,
and for oligophenylene thiols b �0:5 � 0:7 1=Å, that is in a good agree-
ment with corresponding values obtained by photoinduced electron
transfer in molecular D-B-A systems. The values of b for aromatic
and aliphatic SAMs did not change significantly over the range of 0
to 1 V; they are essentially determined by the injection barrier. The
studied compounds do not show strong electronic interaction among
the chains organized into SAMs. The current density decreases expo-
nentially with the distance separating the electrodes and it depends
exponentially on the square root of the applied potential. It is con-
cluded from these data that the mechanism of transport is super-
exchange tunneling. The van der Waals interface between the SAM
on Hg and the SAM on Ag does not represent insurmountable barrier
to tunneling and its relative location between electrodes does not have
a significant effect on the magnitude of the current density. Note that
the breakdown electric field for studied compounds is about 4–
5 MV=cm, except benzenethiol (2 MV=cm), i.e. as in inorganic materi-
als. The most fruitful approach to study the mechanisms of electron
transfer was shown to be the search of correlation between molecular
structure and rates of electron transport. MOM structures with para-
llel molecules revealed Coulomb charging [17]. The enormous amount
of molecules complicates the analysis of transport in single molecules.
The luminescence of ordered organic films is polarized [18]. The
ordered organic materials show a current rectification even in
symmetric MOM structures [19].

Nanowires and Single Molecules

Single molecules give a unique possibility to study the mechanisms of
electron transport [20–26]. The first experiments with single mole-
cules were performed in [23]. Two rod-like aromatic molecules, which
differed by their spacial symmetry, showed discrete stable conduc-
tance properties. While the asymmetric molecule always generated
asymmetric VAC, the symmetric molecules often showed asymmetric
VAC. This allows clearly to identify the observed VACs as transport
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through sample molecules. The effects of rectifying [17], negative
differential resistance and memory effect [20] were observed. VAC is
very sensitive to temperature [20] and to realization of microcontacts.
The similar results are also obtained with nanowires [25]. The mole-
cular properties determine the way of charge movement through the
molecule or the molecular wire.

The elastic and inelastic electron transfer is considered to explain
the electron transport mechanisms in organic systems [17,21,25,26].
The most common situation for long range electron transfer occurs
when the Fermi levels of the contacts are arranged in the middle of
the HOMO=LUMO gap and if the characteristic time of hopping pro-
cess through the wire, shop, strongly exceeds the characteristic time
of the direct tunneling, stun, the interelectrode current takes place as
an elastic tunnel process, and the conductivity decreases exponentially
with an increase of interelectrode distance L. If the Fermi level is in
the resonance with the LUMO levels the conductance oscillates with
the L increase. These oscillations are caused by the dimensionality
of the contacts and of the electrode, and by the geometry of the inter-
face between the wire and the contact. If shop << stun, the current is
determined by inelastic hopping transitions, and the electron tunne-
ling is accompanied by energy dephasing at the terminal sites and
the internal units [25]. Inelastic (called sequential) electron transport
becomes more efficient than elastic (called superexchange) if the
number of bridging units is increased.

It can be noted that in all considered MOM structures a number of
common regularities is observed. However, in spite of enormous
amount of experimental and theoretical studies on electron transport
in organic molecules and organics based structures made during the
last years, the universally recognized theoretical model describing
all the observed results is absent up to date. As can be seen from
the considered above approaches, the mechanisms of electron trans-
port is determined essentially by electrodes. The main properties of
current transmission through the sandwich structures are: (i) the
dependence of the process on the electron energy and its changes with
applied voltage cannot be monitored, (ii) this process involves elec-
trons, holes and other charge carriers, (iii) a little amount of the
measurable characteristics. The transport properties of even
extremely pure organic compounds in surrounding air are affected
by oxygen adsorbed by organic molecules [27]. Moreover, oxygen mole-
cules can be not only physisorbed, but also they can form chemical
bonds especially with p-conjugated rings [28]. In experiments with
single molecules dimensional contact phenomena and interaction with
metal contacts are clearly observed. In the whole, two different
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processes such as electron injection and properly transport should
be separated in the studies of the electron transport in the MOM
structures.

Injection

The surface and volume charge carrier injection can be separately
considered. At present there is no conclusive understanding of the
mechanism of charge injection into organic materials. Mainly two
mechanisms of surface injection relating to the physics of solid-state
inorganic semiconductors are considered [1]: the Fowler-Nordheim
tunneling and the Richardson-Schottky thermionic emission. The
main characteristics determining injection current are the electric
field and the work function W, or injection barrier. The termionic emis-
sion grows with temperature. The barrier of tunneling into many
materials is essentially lower than in vacuum at the same geometry
(see, for example [29,30]). There is no fundamental difference between
the injection into a vacuum or solids [30,31], confirming the same
nature of electron injection in the MOM structures and in the vacuum
devices. Organic molecules placed on the metal cathode result in the
emission threshold decrease [30,32]. Some organic molecules were
found to be good electron emitters with the lowest emission threshold
(about 2 kV=cm for a current density of 1mA=cm2) [33]. Organic mole-
cules in such devices serve as conducting channels for electrons [32].
The electron emission ability is apparently determined by the electron
transporting properties of organic molecules. It is connected with the
metal-organic interface nature.

For solids, the vacuum level is on the surface. On the metal-organic
interface, an alignment of the energy levels can take place, although
for most organic compounds it is absent [34]. If the carrier concen-
tration is high enough in organic material, some of the electrons will
go from the organic material to the metal, and the layers will be
charged. This process proceeds until the metal and organic material
levels became aligned. However, in the majority of organic materials
the carrier concentration is very low. On the metal-organic interface,
a sharp shift of the vacuum level occurs due to the electric dipole layer
formation [34]. The dipole-layer thickness is limited by the interface
and measures a few nanometers [34]. It was established [35] that thin
organic films (up to about 2.5 nm) which are covalently bound to the
metal substrate do not tend to be charged, while physisorbed films
of similar thickness are charged.

The effect of organic and inorganic adsorbates on work function of
photoelectrons emitted by the metal surfaces has been studied for a
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long time [36,37]. Physical and chemical adsorbates on the metal
surface create electric fields and shift the surface potential and the
photoemission threshold, as a consequence. For example, charge
transfer from Cs to a surface generates a dipole layer that is respon-
sible for the large threshold reduction that accompanies cesiation
[38]. The study of organic adsorbates revealed [38] that a nitrogen lone
pair electronic orbital in molecules located perpendicularly to the
surface (such as piridine, methylamine etc.) is essential for a large
threshold shift (�1.5 eV) due to a charge transfer to the metal
surface. These molecules act as a weak form of Cs. Other molecular
properties, such as dipole moment, dissociation constants, polarizabil-
ity etc. have a rather small effect. The shift of emission current
appearance during the first layer deposition was observed [34,38].
At higher adsorbate thicknesses W changes weakly.

The electron injection from a metal into organic material is essen-
tially improved if an additional layer of a compound with a large value
of electron affinity [31] is placed between them. The value of W
strongly depends on the electrostatic conditions on the surface; there-
fore, it can be changed by bipolar adsorbates [39]. For this purpose
thin layers of ionic insulators as LiF, Al2O3 etc. [40,41], self assembled
polar molecules [30,42] or electrostatic nanoparticles [43]; grafted
molecules [44]; special treatment of electrodes in base or acid [45];
ordering of the molecules on the electrode surface [29]; additional
injection layers [46]; complex electrodes consisting of two metal layers,
e.g., of Sn and Al [47] are used. Doping can also lead to an increase
of injection [48]. But, filling the part of the interelectrode space by
oxygen atoms or molecules which are essentially impenetrable for
tunnel electrons results in injection barrier growth [29].

The injection rate depends on the surface structure. A rough surface
creates a nonuniform electric field and, accordingly, a nonuniform dis-
tribution of the injection rate [49]. Metal atoms diffuse into organic
layer when deposited on it; the organic layer upon the deposition is
rough. The tunneling becomes stronger by formation of the transient
resonances caused by cavities in the adsorbate structure [29,50]. The
porous emitters with very low W are known [36]. The photoemission
threshold decreases after deposition of super thin organic films with
an island structure [51].

Note, that the ejected electrons energy spectrum represents a
narrow band with a maximum near the Fermi energy Ef [52] shifting
with electric field [30]. The tunneling time determined as d=v, where v
is the electron velocity, to average some femtoseconds [53].

The volume injection can be observed in photoconduction experi-
ments under the light irradiation of the organic materials. At rather
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high applied electric fields both surface and volume injection occurs. It
was found that charge carriers photogeneration is caused by the light
absorption confirming by the correlation between absorption spectrum
and carrier photogeneration yield [2] and by the luminescence quenc-
hing during charge transfer [54]. The process of charge photogenera-
tion in electric field starts with the electron-hole pair formation and
their following dissociation into free charge carriers due to redistri-
bution of electronic density in molecules [55]. In the case of irradiating
by the high energy photons the charge carriers are appeared directly
[14]. The efficiency of photogeneration strongly depends on the
molecular structure and its surroundings as well as temperature. Note
that the processes of photogeneration, transport and recombination
are not separated complicating the data analysis. It was found [55]
that the photogeneration current depends exponentially on the square
root of the applied potential, and independent on electrodes. In the
ordered organic structures the photoconductivity is higher than in
disordered [56].

TRANSPORT IN ORGANIC SYSTEMS UNDER
TRANSMISSION OF LOW-ENERGY ELECTRONS

The most valuable tool of ‘‘clean’’ electron transport studies is the spec-
troscopy of low-energy electron transmission [57–61]. A well-
collimated monokinetic electron beam is incident normally from
vacuum on a thin solid organic film. The transmission of electron beam
through molecular medium results in its attenuation depending on
electron energy and organics properties. This attenuation is caused
by elastic and inelastic electrons scattering at different angles produc-
ing excited molecules, positive and negative ions, etc. The transmitted
current value measured as a function of the incident electron energy
from 0 to 20–50 eV gives the transmission spectrum (LEET). In the
similar manner we can obtain the spectrum of reflected [62] and=or
emitted [63]) electrons (see Fig. 1). If we analyse the transmitted or
emitted electrons on energy, we obtain an electron energy loss spec-
trum (EELS) determined by subtraction of transmitted=reflected elec-
tron energy from initial. One of this method modification is the
transmission of photoemitted electrons with a wide spectrum [64] or
energy tunable [35]. Transmission and loss spectra can be registered
at different incidence and registration angles, sample types and thick-
ness, substrates and temperatures. The main advantages of this
method are the possibility of the incident electron energy change
and the electrodes absence. But, very thin films are required for such
studies. Unfortunately, it is not practically possible to construct very
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thin (less than 5 nm) free-standing solid film (even polymeric).
Instead, molecules are condensed on a metal substrate being an elec-
trode for transmission measurements. Due to weak intermolecular
interactions in organic materials, good results can be obtained in the
gas phase, without metal substrate. In the case of the reflected and
emitted electrons studies the measurements can be made with thick
enough films.

The electron impact spectroscopy gives the possibility to study
transport of electrons and their behaviour at the interfaces in thin
organic films, effect of molecule geometry location, Coulomb elec-
tron-electron interactions, hot electron relaxation, to determine
ranges and the charge carrier generation thresholds. It is good for
the molecular electronic structure and secondary electron emission
studies. It represents enormous interest for registration of singlet-
triplet transitions and vibrational excitation [65], determination of
cross sections of excitation, trapping and fragment production from
molecule dissociation.

Many phenomena connected with low-energy electron transport in
the solid organic media, and multiple scattering result in complication
of theoretical studies (though some progress is available: see, for
example, [66]) and interpretation of obtained data. Note, that theore-
tical approaches for calculation of interaction cross sections and elec-
tron transfer through single organic molecules are similar. At high
electron energies (more than 50–100 eV) inelastic scattering by
molecules can be described in terms of optical transitions. In Born

FIGURE 1 Schematic diagram of low-energy electrons transmission through
thin organic films.
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approximation the incident electron may be regarded as a sudden and
small external perturbation arising from the long-range dipole inter-
action between the incident electron and the molecular target. The
electron wavelength at such energies is short as compared to molecule
dimensions and electron can be considered interacting independently
with every molecule. Then the scattering amplitude equals to the
sum of individually scattered waves. At low impact energies, and
especially near the excitation threshold, the target orbitals are
strongly perturbed by the presence of a nearby electron and the elec-
tron-target potential is severely distorted. This perturbation, connec-
ted with the possibility of spin exchange through a short-range
interaction is responsible for the optically forbidden transitions
excitation. In molecular solids it is not known exactly how electron-
molecule potential is perturbed by the presence of other similar mole-
cules. If electron wavelength is of the order of intermolecular distance,
electron can interact collectively with many molecules [59].

LEET Spectra

The typical LEET spectra and the difference between spectra with and
without organic film are presented in Figure 2. Such spectra reflex

FIGURE 2 LEET spectra with (2) and without (1) organic film, and inter-
action total cross sections (3) derived from curves (1) and (2) for (a) benzene
[65] (with permission) and (b) Alq3 (our data).
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elastic and inelastic scattering of the electrons inside the film and at
the interfaces; they depend on the molecule nature, molecules
ordering degree and substrate. A correlation between band structure
and LEET spectrum was first pointed out in [62]. At electron energies
under the molecule ionization energy the transmitted current consists
of unscattered part of the beam, elastic scattered current and inelastic
scattered current. In the case of higher electron energies the second-
ary electrons with a kinetic energy of several electron-volts also
contribute in the back scattered current exceeding initial [60,67].
The secondary electron emission from some polymers, anthracene,
tetracene and pentacene [68] was observed. As follows from LEET
spectra registered at different film thicknesses, the current of
transmitted electrons decreases exponentially with thickness L in
amorphous tetracene [51] and other compounds [69–71], in accordance
with a scattering formula I ¼ I0 exp ð�rnLÞ. It has been established
that the conduction band in many alkanes is at about 0.2–0.8 eV above
the vacuum level [72].

It is supposed [57] that in the electron energy range from zero to
band gap energy only elastic scattering occurs. The interference of
the electronic wave in potential well formed by vacuum-film and
film-substrate interfaces is observed in crystalline structures [72,73].
The width and depth of the potential well can be obtained from
LEET spectra of these films. It was found for some phthalocyanines,

FIGURE 2 Continued.
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coronene etc. that the effective potential strongly depends on interac-
tion between molecule and substrate, and the width of this potential is
much higher than the molecular thickness [73]. In amorphous films
the interference is absent.

The experiments [64] on transmission of low-energy electrons
(�1 eV) through organized organic thin films shows the importance
of the molecules ordering. Before the film is heated, electrons with
an energy above 1 eV pass through it almost balistically. Heating
of the film causes their considerable scattering. The transmission of
electrons through such films is very sensitive to composition, film
structure and substrate. The general lows of electron transport in
these films are the three-dimensional character of the transmission
process and the dependence of on the structure of the electronic band
of the underlying organic material. As the film thickness is increased,
the electron spectrum spreads and the kinetic energy of higher-energy
electrons decreases. The electron transmission strongly depends on
their packing. Elastic processes are very sensitive to crystalline order
and film thickness due to quantum dimensional effects. LEET spectra
are strongly changed under transformation of the film crystalline
structure and its phase transition to amorphous state [74], and tem-
perature [57]. Thin structure in LEET spectrum is disappeared during
melting and again appears after recrystallization [74]. The observed
oscillations in the transmission probability for porphyrin-based films
as a function of the kinetic energy is argued to be due to effects of band
structure above the vacuum level in the well ordered molecular
adsorbate [35]. If molecules in the film are disordered, electrons
strongly scattered near the surface in all directions, and momentum
of incident electrons is essentially not determined [75]. The probability
of tunneling increases with increasing of electron energy.

Electron trapping or space charge causes a transient potential due
to Coulomb electron repulsion [76]. Electronic charge appearing on the
film surface after irradiation by electrons of a known energy or as a
result of termalization of electrons with higher energies, produces
a retarding potential, which is apparent as a displacement of any
subsequent LEET spectrum to higher incident energies, especially
for electronegative molecules (partly oxygen) [57]. Note that the simi-
lar phenomena determining space charge limited current are also
observed in MOM structures [8]. The observed rate of charging k is
connected with a charge trapping cross section rt as k ¼ LJ0rtn0=ee,
where e and L is the dielectric constant of the film and its thickness,
J0 is the incident current density, n0 is the initial trap density, e is
the unit charge [58], i.e., k depends on the primary beam current. This
charge is caused by electron attachment with negative ions formation
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and determined by electron energy. These ions are revealed in LEET
spectra [77]; they strongly effect on electron transport in the film.

EELS

The typical EELS contains the elastic and inelastic scattering bands.
Inelastic electron scattering is determined by the molecule electronic
structure. An exact accordance to this structure can be found not with
LEET spectra, but using the transmitted or reflected electrons energy
distribution, i.e., EELS. Typical EELS of tris(8-hydroxyquinolinato)
aluminum (Alq3) is presented in Figure 3. Note that EELS of organic
compounds in the gas phase and solid film are very similar [78] (solid
state EELS is shifted 0.2–0.3 eV relative to the gas phase) pointing out
the same transport nature. A good coincidence of EELS was observed
also for other molecules [79,80]. Electrons, interacting with a molecu-
lar ensemble, cause transitions into different electronic states. The
typical EELS contains bands of the singlet-singlet and singlet-triplet

FIGURE 3 Electron energy loss spectra of Alq3 at different electron energies.
Curve 1-elastic scattering (reduced), OE-photoabsorption spectrum.
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transitions, vibrational excitation, positive and negative ions forma-
tion. In EELS in Figure 3 the losses less than 2 eV are caused by
vibrational excitation, that is responsible for the elastic peak on the
EELS side broadening. The vibrational spectra can be fully resolved
with complicated spectrometers [81] showing strong dependence of
band intensities on packing and sample thickness. At low incident
electron energies the transient negative ions formation peak (Fig. 4)
can be observed [82]. They decay by stabilization, formation of vibra-
tionally and electronically excited molecules or dissociation into stable
anion and neutral radical [78]. The electron attachment in the solid
state occurs at electron energies which are close, but less than in
the gas phase. Losses (Fig. 4) in the more than 4 eV region are caused
by electronic transitions. The position of these bands does not depend
on initial electron energy, but the intensity changes strongly. The
shape of these bands can slightly change under the transition from
amorphous structure to ordered. It was shown for a wide number of
organic compounds [83–86] that EELS are close to the spectra of
optical absorption, and at rather high electron energies they are fully
coincide. The difference is connected mainly with the presence of
bands caused by direct excitation of triplet states. As opposite to
optical excitation (molecular coefficients of the photoabsorption from
the basic state into singlet and triplet states differ three-five orders

FIGURE 4 Effective yields of phenantrenquinone �=phenantrenquinone (1)
and Alq�

3 =Alq3 (2).
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of magnitude), in the case of inelastic excitation by electrons these
cross sections can be comparable. Excitation of molecule into triplet
state occurs by exchange of the incident and molecular electrons with
opposite spin projections. In such interaction, the molecular spin
changes by unit, but the total spin of electron-molecule system before
and after collision remains the same. In the case of excitation by
proton impact such transitions were not found in EELS [87]. These
transitions have resonance character, so their cross section quickly
decreases with electron energy. Changes in EELS are also confirmed
by triplet transitions calculated spectrum. But, the differences
observed in EELS are essentially lower that the bands intensities in
calculated triplet spectra. This indicates only partial elimination of
intercombination transitions forbidenness [88]. Note that a quarter
of inelastic exchange scattering populates singlet states in accordance
with their statistical weights (1:3). The introducing of heavy atoms
into molecule was shown to increase the probability of triplet transi-
tions [86,88]. It should be noted that the stability of molecules have
to be accounted interpreting both transmission and loss spectra
because the destruction products can contribute to the obtained data.

It is very interesting how electron flow through the molecular orbi-
tals. The scattered energy value was found to depend essentially on
the electron movement direction, according to transition dipole
momentum. Even at high energy electron excitation the anisotropy
of the electron scattering in EELS of anthracene monocrystals was
observed [89]. As it was mentioned above, LEET spectra are strongly
changed under transformation of the film crystalline structure and its
phase transition to amorphous state [74]. Note that the different tran-
sitions cross sections essentially depend on scattering angle [90]. Such
studies are also very useful for interpretation of electron transport in
MOM structures. The observed behaviour is in accordance with con-
ductivity data. A strong conductivity anisotropy occurs in ordered
organic films [91]. The mobility of electrons along a molecule of the
polydiacetylene reaches 6000 cm2V�1sec�1 that is much higher
than across molecules [2]. The electrons are better conducted
through all-trans amphiphilic chains (where the electronic wave
functions in the band are delocalized) than through chains containing
some gauche bonds (introducing disorder which increases scattering
and localizes the electronic wave function) [64].

The intensity (and cross section) of elastic and two inelastic bands
energy dependence, characterizing the probability of energy transfer
from electron to molecule, is presented in Figure 5. It can be seen that
the elastic band is much (10–15 times) more intense than inelastic. It
is known that the elastic scattering probability increases with the
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number of atoms in the molecule. It is caused by three type of electron-
molecule interaction (i) Coulomb (it is essential at the ranges of mol-
ecular dimensions), (ii) polarization (at long ranges), and (iii) exchange
(at low electron velocities). The elastic cross section is close to its
geometrical dimensions [84]. The depositions of exchange and polari-
zation interactions at rather high electron energies is not essential,
it grows at low energies. The shielding effect at rather low electron
energies results in cross section decreasing [92]. The maximal value
of the inelastic transition cross section is reached at approximately
2–3 Eth, where Eth is the energy of considered electronic molecular
transition. Therefore, the most effective for molecule excitation elec-
trons with the energy not equal to Eth, but 2–3 times exceeding it.
If electron energy equals to Eth, the cross section of this process is near
zero. Therefore, it is unlikely that resonance transition will occur in
the case of coincidence of Fermi and LUMO levels for metal electrode
and molecule, accordingly. The energy behaviour of the elastic band is
similar. The positions of maximums for elastic and inelastic scattering
are different, so the most preferable energy for inelastic excitation of
Alq3 is about 8 eV. The summation of mentioned dependences for all
bands of elastic and inelastic scattering gives the total scattering cross

FIGURE 5 Dependence of total, elastic and inelastic (bands 4.8 and 6.5 eV)
scattering on the projectile electron energy.
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section curve (Fig. 5). It is easy to show that this curve is connected
with the difference of LEET spectrum with and without organic film.
For very thin films this difference gives also the total scattering cross
section (Fig. 2). So, the main deposition to the LEET spectrum gives
elastic scattering, and inelastic losses are appeared as an additional
structure in LEET spectrum.

Range

Passing through the molecular medium, electron undergoes multiple
scattering and its velocity decreases. A range is determined as a dis-
tance passing by electron until stop. In radiation physics the real
(determined from full energy losses) and the extrapolated (projection
to the initial movement direction; it is experimentally determined)
range is distinguished. The real range is some times higher than
extrapolated. A mean free path (MFP) d ¼ 1=nr (where n is the con-
centration of scatterers, r is the cross section of a process) describes
the average distance between collisions. This indirect characteristic
is determined also by the scattering cross section of the corresponding
elastic and inelastic process. The estimated value d of the inelastic
process is about 100 nm, and 6 nm for elastic [1] that is in satisfactory
agreement with experimental data presented below. Both cross section
(see above) and mean free path depends on electron energy. In polysul-
fone film with tris(stylben)amine at E ¼ 2 MV=cm the electron range
was found to be 55 nm [16]; the inelastic MFP in tryptophan was mea-
sured to be from 9 to 28 nm, and elastic was from 0.43 to 0.85 nm [93],
the inelastic MFP was found to be about ten nm in pentacene and
naphthacene, and some tens nm in perylene and coronene [69]. Mean
free path in thin (1–8 nm) Cu-phthalocyanine films reaches 6.4, 3.9,
2.6 and 2.3 nm at electron energies above Fermi level 5, 7.2, 14.4
and 18 eV, correspondingly [71]. MFP is essentially lower in the big
losses region. The presence of inhomogeneities in the organic film
increases the electric field and, as a consequence, mean free path [51].

Excitation

Many p-conjugated organic molecules can fluoresce, i.e., emit light
upon excitation. As follows from EELS, at rather high electron ener-
gies the molecules in the film become excited into different electronic
states. The feature of the organic compounds is that luminescence
emits under transition from lower singlet excited level with the energy
of 2–4 eV, independently on excited level. Note that in the gas phase
this luminescence spectrum is very sensitive to the excitation energy.
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The resulting fluorescence spectrum was found to be formed by the
deposition of molecules excited into all electronic levels regarding
the excitation cross sections of these levels as a function of the electron
energy and the fluorescence quantum yields corresponding to these
levels [60,94]. The qualitative description of the efficiency of electron
energy transformation into light gives a fluorescence excitation func-
tion (FEF) representing the fluorescence intensity dependence on elec-
tron energy. This function reaches its maximal value at an exciting
electrons energy three or four times higher than the threshold energy
(approximately equal to the excitation energy of the first excited
singlet state) [95]. A further increase in the electrons energy leads
to a slow decrease in the fluorescence intensity. The FEF value is pro-
portional to the sum of the excitation cross sections of all electronic
states for a given energy of electrons regarding the fluorescence
quantum yield, i.e., the FEF behaviour reflects essentially both the
intramolecular processes and the efficiency of the electron-molecule
interaction [94]. The typical excitation function of N,N0-diphenyl-N,
N0-bis(3-methyl-phenyl)-1,10-biphenyl-4,40-diamine (TPD) and Alq3 is
given in Figure 6. Note, that taking into account the inelastic
interactions gives the possibility the relatively simple description of
the electroluminescence processes [96].

FIGURE 6 Excitation functions of (1) TPD and (2) Alq3.
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For many organic compounds the fluorescence radiation under elec-
tron beam excitation is polarized even in the gas phase [97], it essen-
tially depends on electron energy. This polarization reaches rather
high values in anthracene monocrystals under irradiation by high
energy electrons [98] and in the ordered organic films electrolumines-
cence [18]. The fluorescence polarization is essentially connected with
the molecular electronic shell, so it gives an additional information
about shell properties and electron-molecule interactions determining
electron transport.

It can be note also a number of another methods of electron impact
spectroscopy suitable for transport and electron-molecule interaction
studies such as mass spectroscopy, electron stimulated desorption,
molecular dissociation, electron and ion induced reactions [57]. The
latter method possesses electron induced chemical nanolithography [99].

CONCLUSION

Thus, the consideration of different tools for the electron transport
studies in organic systems reveals that the observed features of the
transmission of the electric current and the electron beam (the trans-
mission coefficient dependence on the sample thickness, temperature
behaviour, elastic and inelastic transport, anisotropy, charging, lumi-
nescent properties) are similar. It confirms a similar nature of the
electron transfer processes. It can be claimed that there is no funda-
mental difference in conductivity properties of ordered and disordered
organic materials. Position, structure and temperature disordering
result in the increase of electron scattering processes and, as a conse-
quence, the organics conductivity. At very low electron energies (less
than 1 eV) a strong electron attachment occurs especially for electro-
negative molecules. The most promising approach to develop the
common model describing electron transport in the MOM structures
has to contain two terms (i) the term concerning injection current
including barrier and spectrum of emitting electrons at used applied
voltage and (ii) the scattering cross section (total or=and differential)
as a function of electron energy, scattering angle and temperature.
Then it will be possible to compare the numerical data on electron
transport obtained by both methods. The usage of the electron impact
spectroscopy methods possessing to measure essentially more charac-
teristics than under electric current transmission, gives the possibility
to study practically all the variety of proceeding phenomena rather
clearly, and to help invaluably for the interpretation of electric current
transmission data.
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