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Photoconduction in Aromatic Hydrocarbons

Abstract: Photoconduction has been observed in single crystals of benzene, naphthalene, biphenyl and pyrene using the pulse
technique. Experimental procedures have been found for the purification and crystal growth of the materials that produce specimens
whose charge carrier lifetimes are sufficiently long to allow the measurement of drift mobilities, and thus to determine the number of
charge carriers produced per pulse. A single-photon generation mechanism was observed only in pyrene. The other materials exhibited
a photogeneration mechanism that depended quadratically on light intensity and was determined to be exciton-exciton collision

ionization.

Introduction

Studies of the intrinsic photogeneration of charge carriers
in pure organic materials have been performed primarily
on crystalline anthracene. Many different mechanisms of
intrinsic photogeneration have been found for this material
and these have been reported only in the last five years,
subsequent to the first observation [1] of single-photon
carrier production (which begins about 4 €V above the
ground state). The evolution of the study of these mecha-
nisms has resulted in a standard experimental arrangement
for which the different mechanisms and their efficiencies
can be readily determined. In spite of the availability of
these tools, studies on the intrinsic photogeneration of
charge carriers in organic materials other than anthracene
are practically nonexistent. Single-photon intrinsic genera-
tion has been reported in tetracene [2] and pyrene [3]
but data were obtained only by dc measurements, which
are complicated by electrode effects. Of the many multiple
photon-exciton photogeneration processes observed in
anthracene, none has been reported in other organic
materials.

In this paper we report the observation of intrinsic
photoconduction in the aromatic hydrocarbons benzene,
naphthalene, biphenyl and pyrene. The results are inter-
preted in terms of those mechanisms already observed
for anthracene. Since these may not be familiar, a short
discussion of the mechanisms is given in terms of the type
of experiment being reported here.

Photoconduction in anthracene

The feature of organic materials such as the aromatic
hydrocarbons that makes them unusual is the participa-
tion of the Frenkel excitons in the photoconduction pro-
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cess. These excitons are derived from excited states present
in the free molecule and are only slightly displaced from
them in energy (107° to 10~' ¢V) in the crystal. Only the
lowest energy exciton state of a given multiplicity (either
singlet or triplet for the closed shell systems discussed
here) is relatively long lived (107° to 107" sec for singlets
and 1077 to 107" sec for triplets) and capable of neutral
energy migration in the crystal. This energy migration is
not restricted to crystals but also appears in disordered
systems [4]. In anthracene the lowest lying exciton states
(3.1 and 1.8 eV for singlet and triplet, respectively) are
well below the photoconduction threshold of about 4.0 eV;
thus charge-carrier generation occurs, in the absence of
impurities, only when the crystals are excited into higher
energy states. The higher energy states are unstable (10”7
to 10™"* sec lifetime) and rapidly lose energy via intra-
molecular radiationless transitions (internal conversion)
to the lowest lying exciton states. Those initial states with
energies above the conduction band can also autoionize
to give free carriers in competition with the radiationless
process. No direct experimental evidence is available as to
the degree of electron-hole delocalization of the high-
energy initial states, but the high efficiency of internal
conversion and the low efficiency of free-carrier produc-
tion indicate that these states should be considered to be
localized, as is the lowest lying exciton state (i.e., a
Frenkel exciton).

The photogeneration process for a single-photon mech-
anism is illustrated in Fig. 1. Absorption of light results
in the production of an unstable exciton state with energy
greater than the band gap. The state is unstable with
respect to two processes: a fast radiationless deactivation
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Figure 1 Schematic illustration of a single-photon auto-
ionization process in an organic material.

or internal conversion to the lowest energy exciton state
(wavy vertical arrow) and an autoionization process yield-
ing free carriers (wavy horizontal arrows).

The problem of a bound exciton state undergoing simul-
taneous internal conversion and autoionization has been
treated theoretically by Jortner [5]. By using a modifica-
tion of Fano’s theory [6], Jortner took into account the
interaction between the bound state ¢,, the quasicon-
tinuum of vibronic states ¢; (vibrationally excited states
built on lower energy electronically excited states) and the
continuum of conducting states ¢z. The resulting expres-
sion for the wave function y of the unstable state is just
a simple superposition of states,

¥ = a(E)ps + Z b + f Cp ¢z dE’. 6

The coefficients b; contain the coupling matrix elements
{(¢: |H| ¢4), which are usually just vibrational electronic
matrix elements, and a density of vibronic states. Similarly
the coefficients Cgz contain the Coulomb interaction
Ve = {(¢z |H| ¢.), which determines the autoionization
process, and the density of conducting states. The quantum
yield of charge carrier production is determined by the
ratio of the coefficients (branching ratio). In anthracene
the quantum yield over the energy range 4 to 6 eV is about
107* carrier/photon, whereas the quantum yield for
production of fluorescent excitons (3.1 eV) is close to

unity, which indicates the dominant role of the radia-
tionless decay.

The many different mechanisms reported for anthracene
can be thought of as just different ways in which the
metastable autoionizing states are initially formed. These
mechanisms for anthracene are described in Table 1 and
it is to be expected that some of the mechanisms will be
found in other materials. Essentially every process in-
volving excitons and phonons that together have a total
energy greater than 4 eV has been reported to give rise to
carrier production in anthracene. These processes include

. Direct single-photon ionization of the ground state [1]
. Direct two-photon ionization of the ground state [7]
. Photoionization of singlet excitons [§]
. Photoionization of triplet excitons [9]
. Singlet exciton-singlet exciton collision ionization [10]
. Singlet exciton-triplet exciton collision ionization [11].
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Of course, the nature of the autoionizing states will
differ according to the mode of excitation. For example,
the photoionization of a triplet exciton produces auto-
ionizing states that are primarily triplet in character,
whereas photoionization of the ground state produces
autoionizing states that are primarily singlet in character.
The internal conversion, and thus the branching ratio,
could be very different for those two types of state even
though the energies could be equal.

It is interesting to note in Table 1 that the branching
ratio for a single-photon ionization of the ground state
is similar to that for direct two-photon ionization of the
ground state. The absorption selection rules predict that
the former mode of excitation produces crystal states of
ungerade symmetry and the latter, gerade symmetry.

Experiment

o Pulse technique

The experiment that has yielded the most reliable data
on organic materials has been the pulsed-light technique
[13]. The experimental arrangement is depicted in Fig. 2.
In this arrangement a short pulse of light is incident on,
and strongly absorbed by, a crystal that is sandwiched
between two electrodes, one of which is transparent. In
our particular experiments the crystal is insulated from
the electrodes by thin quartz discs (blocking electrodes)
to prevent photoinjection of carriers into the crystal by
the electrodes. The light duration is about 0.5 usec,
which is much shorter than the typical transit times of
20 to 100 usec. The light forms charge carriers within the
extinction depth (typically 107> cm) and, depending on
the polarity of the applied field, either holes or electrons
drift through the crystal. The passage of carriers through
the crystal leads to a characteristic current pulse, under
non-space-charge conditions, the width of which equals
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Table 1 Charge-carrier generation mechanisms observed in anthracene.

Light
intensity
Mechanism dependence Wavelength dependence Efficiency Remarks
Single-photon Linear Reproduces crystal absorption Quantum yield: Observed only for hole produc-
extrinsic spectrum; N « k (extinction ®(et) = 101 to 102 tion; therefore ®(e*) = d(e).
depth) hole /photon See Ref. 12.
Single-photon Linear 4-eV threshold Plet) = dle™) = 1074 No extinction depth depen-
intrinsic at 298°K; E = 10¢* V/cm | dence, as indicated by lack of a
polarization effect. The yield
of 3.1-eV excitons is essentially
40 4.4 56 eV unity.
Direct two-photon Quadratic | 2-eV threshold Two-photon cross section | Two-photon cross section for
for carrier generation: 3.1-eV exciton generation:
103 cm-sec 10726 cm-sec. See Ref. 7.

Singlet exciton- Quadratic | N « k Carrier-generation rate Exciton-exciton total annihi-
singlet exciton constant: lation rate constant:
collision ionization 0.9 X 102 cm3.sec! 1.5 X 10-8 cm?-sec™1. See

Ref. 10.

Singlet exciton- Quadratic | Fixed wavelength experiment; Carrier-generation rate Triplet exciton (1.8 V) pro-
triplet exciton h =18¢eV constant: duced by intersystem crossing
collision ionization 10712 cm3-sec™! of singlet exciton (3.1 eV). See

Ref, 11.

Single-photon Cubic Fixed wavelength experiment ; Tonization cross section: Proportional to I® instead of I2
ionization of a v = 1.8 eV 2 X 10719 cm? [8(a)] | since the singlet excitons are
singlet exciton 0.6 X 10719 cm? {8(b)] | produced by two-photon ab-

sorption. See Refs. 8(a) and
8(b).

Single-photon Quadratic | Fixed wavelength experiments; Ionization cross section:
ionization of a hy = 2.6eV 4 X 1072 ¢cm? See Ref. 9.
triplet exciton hy = 2.35eV 5 X 1072 cm? See Ref. 7.
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o Purification of materials supply >

Benzene (Phillips research grade, 99.949) was purified by

zone refining, followed by fusion over cesium according

to the method of Colson and Bernstein [14], and further = =

zone refining. Naphthalene (Eastman 168) was purified

by zone refining, followed by fusion over potassium ac- Pyrene (Princeton Organics, 99.999 mole%, purity) was

cording to the method of Hanson and Robinson [15], zone refined.

and further zone refining. Biphenyl (Eastman 721) was Two types of sample cell were used in our experiments.

purified in a manner identical to that for naphthalene. One cell was used for crystals that were cut from large 29
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Figure 3 Fused-quartz photoconduction cell.

ingots grown either from the melt (naphthalene and
biphenyl) or from the vapor (pyrene). The crystals,
typically 1 cm® in area and 1 mm thick, were sandwiched
between a metallic collecting electrode and a transparent
front electrode consisting of a fine metallic screen insulated
by a quartz cover slip.

The second cell, shown in Fig. 3, is a modified fused-
quartz spectroscopic cell [16]. In this cell the crystals were
grown from the melt in situ between the quartz discs under
high vacuum. The electrodes were then applied to the
outside of the cell. This type of cell represents a simple
experimental approach to the production of the clean
crystal surfaces that are necessary to eliminate extrinsic
carrier production caused by impurities (such as air) at
the surface.

Results

o Pyrene

Photoconduction was observed in pyrene for incident
radiation of wavelengths less than 3300 A. The trapping
lifetime of the charge carriers was 15 usec for holes and
electrons in crystals grown from the vapor at a maximum
temperature of 107°C. The carrier lifetimes were suf-
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Figure 4 Photoconduction action spectrum (circles, dashed
line) of crystalline pyrene. The resolution is 10 nm. The
absorption spectrum (solid line) was taken with a resolu-
tion of 0.1 nm on a crystal approximately 1 um thick.

ficiently long to enable us to measure a transit time and
thus to determine the number of carriers from the current
transients. The number of carriers produced depends
linearly on light intensity, and essentially equal numbers
of holes and electrons are produced per incident photon.
The action spectrum is shown in Fig. 4. The onset of
photoconduction does not coincide with the crystal absorp-
tion edge at 4000 A. These observations are similar to
those of Chaiken and Kearns [3], who used dc measure-
ments, except that here we did not observe large positive
currents at 3500 A due to hole injection at the positive
electrode, and we can determine an absolute quantum
yield. The quantum yield observed at 2500 Ais 25 X
107 at 296°K in a field of 9000 V/cm. The process is,
by analogy with anthracene, a direct, intrinsic, single-
photon ionization and as such assigns the conduction
band a maximum energy of 3.8 eV above the valence band.

o Naphthalene

Photoconduction was observed in this material when it
was irradiated at a wavelength less than 3300 A. The
crystals, grown from the melt, exhibited carrier trapping
lifetimes in excess of 500 usec for both holes and electrons.
Typical photocurrent transients are shown in Fig. 5.
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The number of carriers produced varied quadratically
with light intensity (the slope of N vs I is 1.8 at 2900 A).
It has been. shown by Braun [10] that the wavelength
dependence of an I? process for strongly absorbed light
can be used to differentiate between exciton-exciton
collision and exciton-photoionization mechanisms since
only the former process should show a generation rate
proportional to the extinction depth (i.e., the action
spectrum should resemble the crystal absorption spectrum).
The wavelength dependence observed is shown in Fig. 6
(normalized to equal light intensity) along with the crystal
absorption strength, which indicates that the mechanism
here is one of exciton-exciton collision ionization. Our
experiments cannot distinguish the type of exciton in-
volved except to eliminate the possibility of two triplets
colliding, since in that case charge carriers would be
produced long after the termination of the flash (due to
the long triplet lifetime) and this effect is not observed
here. The possibility of singlet-triplet collision ionization
cannot be eliminated as a mechanism without obtaining
better time resolution experiments. These in fact have
recently been done on naphthalene by Braun and Dobbs
[17], whose results eliminate the participation of triplets
in the photogeneration process.

The exciton-exciton collision ionization rate constant 3,
neglecting diffusion of excitons, was determined from the
equation

= 3Br°kwI}, ()

where N is the number of carriers, 7 is the exciton lifetime
(1077 sec), k is the extinction coefficient, w is the lamp
duration, and 7, is the light intensity. The number obtained

is1.1 X 107" cm®sec™ .

o Biphenyl

This material is similar to naphthalene in its optical
characteristics and also its electrical properties. The
carrier lifetimes are 200 and 100 usec for electrons and
holes, respectively, which again permit us to determine
transit times. Photoconduction was observed for strongly
absorbed light with a quadratic dependence on light
intensity. The normalized wavelength dependence is shown
in Fig. 7 along with the absorption strength. By analogy
with the results on naphthalene, the mechanism in biphenyl
appears to be singlet exciton-exciton collision ionization.
The rate constant was estimated to be 6 X 10 "* cm®-sec ',
which is similar to that of naphthalene.

o Benzene

Photoconduction was observed in single crystals of ben-
zene, but only with great difficulty. Although the electron
trapping lifetimes are very long (200 usec), the hole life-
times are very short (less than 1 usec), so that only electron
transit times could be observed. The production of free
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Figure 5 Typical photocurrent transients in naphthalene.
The positive transient corresponds to hole motion and
shows no trapping, whereas the negative transient indicates
that half of the electrons are trapped in this crystal. The
electron and hole transit times are identical and yield a
mobility of 0.4 cm?®/V-sec for carriers moving perpendicular
to the ab plane. The vertical scale is 1.2 X 10 A/division
and the horizontal scale is 20 usec/division; the electric field
strength was 3000 V/cm.

Figure 6 Normalized photoconduction action spectrum (cir-
cles) of crystalline naphthalene. The resolution is 10 nm.
The experimental results at wavelengths less than 250 nm
are unreliable because of the low light intensity. The absorp-
tion spectrum (solid line) was taken with a resolution of 0.1
nm on a crystal 0.2 gm thick.
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electrons is very small and, to induce photoconduction at
all, the full spectrum of our lamp had to be used. The
poor efficiency of photoconduction eliminated the pos-
sibility of obtaining a wavelength dependence, but we were
able to determine a quadratic light intensity dependence.
Some typical photocurrent transients are shown in Fig. 8.
By analogy with biphenyl and naphthalene we expect
an exciton collision mechanism, but here an upper limit

to the rate constant is 107'° cm®-sec™ ",
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Figure 7 Normalized photoconduction action spectrum (cir-
cles) of crystalline biphenyl. The resolution is 10 nm. The
absorption spectrum (solid line) was taken with a resolu-
tion of 0.1 nm on a crystal approximately 0.2 um thick.

Figure 8 Typical electron-current transients in crystalline
benzene. The vertical scale is 10 A/division and the hori-
zontal scale is 10 wsec/division; the electric field strengths
(beginning with lower-left trace) were 5000, 4070, 3230,
1610 and 808 V/cm; the crystal thickness was 2 mm.

Conclusions
With a reasonable amount of effort and care intrinsic
photoconduction can be observed in aromatic hydro-

32 carbons other than anthracene, and crystals can be
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obtained with sufficient purity to allow the measurement
of transit times and thus the number of charge carriers.
The mechanisms for charge-carrier formation in the
aromatic hydrocarbons are similar to those already ob-
served for anthracene, and this situation serves to establish
the generality of those mechanisms, It is not too surprising
that for benzene, biphenyl and naphthalene we have
observed only exciton-exciton processes and no single-
photon processes in our experiments. The single-photon
thresholds are expected to be much higher in energy for
these molecules and possibly higher than our experimental
limit (5.5 eV) since the free molecule ionization potentials
are correspondingly higher. Also, these particular mole-
cules are characterized by an extremely weak lowest-
singlet-exciton absorption relative to anthracene, which
results in very long lifetimes for the lowest singlet exciton
so that collisions are quite probable.

Pyrene is the largest aromatic hydrocarbon for which
we have been able to measure transit times. The photo-
conduction in pyrene is quite similar to that in anthracene,
except for the interesting fact that no exciton collision
mechanism is observed for this material. The lowest
lying exciton state of pyrene is thought to be a dimeric
complex that is stable only in the excited state (excimer)
and is achieved by a close approach of two molecules
after excitation. Such a change in geometry could lead to a
self-trapping of the energy and result in a much reduced
probability for exciton migration, and thus in a reduced
probability for collision, compared with the other aromatic
hydrocarbons.

Our results at this point in time for the crystals that
show exciton-exciton collision ionization must be con-
sidered to be preliminary because the experiments were
designed only to establish the mechanism and determine
the efficiency. Any further correlation of our experimental
results with more basic theoretical concepts is not currently
possible since there exists no reliable information on total
exciton-exciton annihilation cross sections, exciton dif-
fusion lengths, or even accurate exciton lifetimes for these
materials. We are in the process of determining these types
of data in our laboratory and are also attempting to prepare
suitable samples of larger molecules for similar photo-
conduction studies.
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