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Photophysics of Charge Carrier Generation

Masahiro Kotani
Department of Chemistry, Gakushuin University, Tokyo, Japan

The role of highly excited states in charge carrier generation is experimentally sur-
veyed. Fluorescence from highly excited states, electron emission from superexcited
states, magnetic field effects on the luminescence under high-density excitation are
presented and discussed in relation to charge carrier generation.

Keywords: charge carrier generation; exciton annihilation; organic photoconductors;
photoconductivity; superexcited states

INTRODUCTION

Many insulators are insulators because of the low concentration
of charge carriers under normal conditions. When a proper contact is
attached, however, they can conduct electricity. In view of the advances
in photoconductors, organic light emitting diodes and organic solar
cells in recent years the importance of understanding electrical, optical
and luminescent properties of such group of materials is clear.

Table 1 shows a few examples of insulators with their charge carrier
mobility [1]. It is seen that charge carrier mobility can be very high in
some of the typical insulators such as diamond and liquefied rare
gases. Actually fast detectors using diamond have been fabricated
which is sensitive only to ultraviolet radiation. Large volume radiation
detectors made up of liquid xenon have also been constructed, in which
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radiation induced ionization is utilized for detecting high-energy par-
ticles and cosmic rays.

Charge carriers can be generated in an insulator by various means.
They can be classified into two categories: injection from surfaces and
generation in the bulk. Let us discuss here a few examples.

INJECTION FROM SURFACES AND INTERFACES

Dye Sensitization

Carriers of either sign can be injected by exciting a molecule adsorbed on
the surface of an insulator. A classical example is the dye sensitization of
photographic emulsions [2]. In this case an electron is injected into a
silver halide crystal when a dye molecule adsorbed on its surface is
excited by absorption of a photon. The electron is transferred from the
excited state of the dye to the conduction band of the crystal, which
reduces a silver ion to give a neutral atom. A stable cluster of Ag4 is
formed in a micron-sized silver halide crystal when four silver ions are
reduced which constitutes a latent image, a catalytic center which accel-
erates reduction of silver ions in the course of chemical development.

Dye sensitization has been known in organic crystals. In 1963 dye-
sensitized hole injection into an anthracene crystal was first reported
[3]. In this case an electronically excited dye molecule extracts an elec-
tron from the crystal, leaving a positive charge in the crystal. Ener-
getics of carrier injection and spin-controlled recombination has been
studied in detail [4].

Dye sensitized solar cells based on TiO2 nanoparticles are being
actively investigated [5].

TABLE 1 Charge Carrier Mobility of Some Insulating
Solids and Liquids [1]

Electron Hole Band
mobility cm2 V� 1 s� 1 mobility cm2 V� 1 s� 1 gap=eV

Diamond 1800 1200 5.4
Si 1300 500 1.14
Ge 4500 3500 0.67

Ar(Solid) 1000 14.2
Ar(liquid) 475
Xe(solid) 4000 0.02 9.28
Xe(liquid) 1900
CH4(liquid) 300
Si(CH3)4 90
Anthracene 1 1 3
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Internal Photoemission

Electron spectroscopy has been applied with great success to the study
of surfaces. The study of interfaces between organic solids and electro-
des has suffered from the lack of appropriate means. There have been
intensive studies of electronic states of ultrathin organic films on
metal electrodes by UPS and XPS, with the hope that we may be able
to understand a thin film system through this approach [6].

Internal photoemission is another possibility. It involves emission of
electrons into a semiconductor by absorption of a photon in a metal. Less
energy is needed for an electron to be emitted into the conduction band
of a semiconductor, compared to the conventional photoemission of
electrons, where electrons have to be excited above the vacuum level
in order that they are emitted into vacuum. It is an established method
for conventional semiconductors to investigate metal=semiconductor
interfaces. This technique was first applied to organic solids in 1960s
[7]. Recently it was applied successfully to conjugated polymers [8].

A very similar method has been known among the researchers
investigating electronic properties of insulating liquids: measure-
ments of a quantity called V0 [9]. This is the negative of the electron
affinity. A positive V0 means a negative electron affinity. Experimen-
tally one first measures the threshold photon energy for photoemission
from a metal into vacuum. Then the metal is submerged into a liquid
of interest and the measurement is repeated. This time the electrons
are emitted into the liquid and the threshold can be larger or smaller
than that for photoemission into vacuum, depending on the energy of
the conduction state of the liquid. It has been found that there are
indeed both cases: liquids such as methane and aliphatic hydrocarbons
have positive V0 (negative electron affinity), while many aromatic
hydrocarbons have negative V0 (positive electron affinity) (Table 2) [9].

CARRIER GENERATION IN THE BULK

The Role of the Superexcited States

Carrier injection from surfaces and interfaces are limited only to car-
riers of either sign i.e., either electron or holes. A pair of charge
carriers, i.e., an electron and a hole, can be generated in a solid by
absorption of light, if it has a proper energy. The absorption cross
section of a solid depends on the photon energy and, as a result, the
penetration depth of light changes as the excitation energy is varied.
Two consequences have to be considered. One is that the excited states
are generated close to the surface when the absorption is strong. In that
case the excited states have more chance to interact with the surface,
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which may act as a dissociation center, or a quencher. The other is that
the density of the excited states becomes larger when the absorption
coefficient increases and the exciton–exciton interaction can then
contribute to the eventual ionization in the bulk of the solid.

This complexity can be removed by adopting a two-step, two-color
excitation. A spatially homogeneous distribution of excitons can be
generated by weakly absorbed light and the excitons can be excited
one step further with another photon, which is not absorbed by the
solid in the ground state. By varying the energy of the second photon
one can vary the excitation energy without introducing the difficulty
associated with the changing penetration depth. Ionization of the
highly excited states, if it occurs, can be detected by photoconductivity.

This technique has been applied to organic crystals such as
anthracene, p-terphenyl and stilbene [10]. In all cases studied the
results indicate that a superexcited state generated by successive
absorption of two photons ionizes with a high efficiency. The
efficiency does not, however, depend on the energy of the final state.
Figure 1 shows that the quantum yield of the ionization follows
closely that of photoabsorption (of the lowest excited state generated
by the first step excitation in this case) and that the ratio of the two
processes, which gives the ionization efficiency of the superexcited
state, is hence independent of the energy of the state reached by
the two-step excitation. This indicates that a rapid relaxation occurs
to some lower-lying state which autoionizes.

Exciton–exciton annihilation is evidenced by the observation of
fluorescence from highly excited states. Fluorescence from highly

TABLE 2 V0 Values of Some Insulating Liquids

Liquids T=K V0=eV

Helium 4.2 1.05
Hydrogen 13.5 1.5
Neon 25 0.67
Argon 84 � 0.2
Krypton 116 � 0.4
Xenon 161 � 0.67
Methane 100 � 0.25
Ethane 100 0.2
n-Pentane 296 0
n-Hexane 296 0.04
Neopentane 296 � 0.15
Tetramethyltin 296 � 0.7
Squalane 296 � 0.15
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excited states can be observed when an anthracene crystal is excited
with a sufficiently intense light in the first absorption band around
3 eV. Fluorescence from states lying up to 6 eV is observed, although
its intensity is many orders of magnitude smaller than that of the con-
ventional fluorescence from the lowest singlet excited state [11].

Electron emission is also possible on exciton–exciton annihilation.
Figure 3 shows that excitation of a pyrene crystal in the strong absorp-
tion band in the near UV leads to emission of electrons [12]. The
remarkable feature of the emission is that it has a long lifetime, while
the excitation is made with a short pulse of light. The lifetime of the
electron emission is half as long as the fluorescence lifetime, a fact
which clearly indicates that the annihilation of two fluorescent states
is responsible for the generation of electrons which have a sufficient
kinetic energy to be emitted into vacuum (Fig. 3).

Magnetic Field-Effects on Luminescence

Exciton annihilation can also be detected by measuring the intensity
of fluorescence from an organic crystal. The intensity of fluorescence
from an anthracene crystal is linearly proportional to the intensity

FIGURE 1 Ionization of highly excited states in a trans-stilbene single crystal
[10]. The cross section for absorption (top), the cross section for ionization mea-
sured by photoconduction (middle). The ionization efficiency, given by the ratio
of the two (bottom) is independent of the energy of the final state reached by
two-step excitation, a fact that indicates autoionization after a fast relaxation.
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of the exciting light and is not sensitive to the magnetic field. When,
however, the intensity of the excitation exceeds a certain limit the
dependence changes from a linear one to a square root one. This is
because the decay of the fluorescent state is now dominated by
exciton–exciton annihilation and not by the spontaneous decay. At
the same time the fluorescence becomes sensitive to the magnetic
field, as Figure 3 shows [13].

On applying a magnetic filed of several kilogauss the intensity of
the fluorescence increases by a few tenths of a percent. The field
dependence, as well as the dependence on the orientation of the mag-
netic field with respect to the crystallographic axes, clearly shows a
close resemblance with the magnetic field effects on triplet–triplet
annihilation. It has been established during 1970s that the annihil-
ation is suppressed by a magnetic field [14]. Around the same time
the reverse process, namely the fission of a singlet exciton into a pair
of triplet excitons, has been found to be likewise sensitive to the mag-
netic field [15].

The magnetic field effect on the fluorescence intensity at high exci-
tation densities can be interpreted as the result of the suppression of
the fission process. The reduced rate, in a magnetic field, of fission
of highly excited singlet states results in an increase of the density

FIGURE 2 Decays of electron emission by annihilation of two singlet excitons
(top) and of fluorescence (bottom) from a pyrene crystal, excited with a
nanosecond laser pulse. The decay of the electron emission is twice as fast
as compared to fluorescence, indicating that the emission is due to a bimole-
cular reaction.

188 M. Kotani

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

03
 2

2 
A

ug
us

t 2
01

2 



of the singlet excited state, and hence in an increase in the fluores-
cence intensity.

Magnetic field influences the intensity of the fluorescence excited by
VUV photons [16]. Fluorescence excited by hard X-rays is also sensi-
tive to magnetic field, but in a different way [17]. The results seem
to indicate that, in the case of VUV excitation, fission of a highly
excited singlet state into a pair of triplets is the main cause of the mag-
netic field effect. In the case of X-ray excitation the primary act is the
ionization. The primary and secondary electrons lose their energy by

FIGURE 3 Magnetic field modulates the intensity of fluorescence of an
anthracene crystal at high excitation intensities, where the bimolecular
annihilation of singlet excitons is more important than the spontaneous mono-
molecular decay.
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creating many pairs of electrons and holes densely in the form of spurs
along their tracks. Random recombination of the electrons and the
holes in the spurs results in a high density of singlet and triplet exci-
tons, with the ratio of 1:3. The magnetic field effect on the X-ray
induced luminescence can be interpreted as due to the influence on
the fusion of the triplets created in the charge recombination process.

Radiation Chemistry Region vs. Photochemistry Region

In photochemistry it is quite common that fluorescence quantum yield
is a constant, irrespective of the photon energy for excitation. This is
not the case in radiation chemistry, where fluorescence yield is
counted per energy absorbed. The energy at which radiation chemistry
region starts has been studied with anthracene [18]. It has been found
that fluorescence quantum yield starts to increase at around 10 eV and
increases linearly with photon energy at higher energies.

CONCLUSION

The basic principles of most of the phenomena discussed above have
been well understood since 1980s, or even before. There is, however,
renewed interest in these processes in the era of high brightness
OLEDs and possible organic lasers, charge carriers and excitons
coexist at high densities. Quantitative knowledge accumulated in
the past may be quite useful in designing modern, high-performance
organic devices.
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