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Temperature dependence and anisotropy of charge carrier mobilities in durene
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Very high charge-carrier drift mobilities have been measured in durene (1,2,4,5 tetramethyl benzene) single
crystals by the transient-photoconductivity technique. In the crystal (a, b) plane both hole and electron
mobilities are isotropic, 5 cm'/V sec and 8 cm /V sec, respectively, at room temperature, and follow a T
temperature dependence. In the c' direction only hole mobilities could be measured, which were 0.15 cm'/V sec
at room temperature and followed a T ' temperature dependence. These results indicate that charge-carrier
transport ig durene can be treated within the frame of the band model. The charge-carrier generation process
for the excitation wavelength (nitrogen laser X = 3371 A) was also studied. It is shown that the process involves
a direct two-photon absorption to produce singlet excitons which then dissociate at surface states giving
charge carriers. A lower limit of -10 " cm' sec/(photon molecule) was estimated for the molecular singlet-
singlet excitation-rate constant.

I. INTRODUCTION

Interest in the electronic properties of organic
materials has steadily increased since the first
suggestion by Szent- Qyorgi' in 1941 that macro-
molecules may play a role in electron-transfer
reactions of biological importance. The latest
impetus has been given by Heeger and co-workers'
who found that the conductivity of certain charge-
transfer materia]. s, predominantly tetracyano-
quinodimethane salts, showed a sharp maximum
at low temperatures which, perhaps, could have
been ascribed to a certain mode of superconduc-
tivity. Unfortunately, although much of the theo-
retical interest has been to provide a proper des-
cription of the transport properties of these ma-
terials, an unequivocal answer has not yet been
obtained, particularly in the case of molecular
crystals. The essential difference between a typi-
cal semiconductor and a molecular crystal lies
in the relative magnitudes of their electron-ex-
change and electron-phonon interactions. Elec-
tron-exchange interactions are far more impor-
tant than electron-phonon interactions for semi-
conductors. in molecular crystals, however, the
electron-exchange interactions are much weaker,
Pence their charge-carrier mobilities are lower.
Electron-phonon interactions are of the same
magnitude for semiconductors and molecular cry-
stals. Theoretically and experimentally the most
extensively studied molecular cr'ystals are the
pofyacenes: naphthalene and anthracene. For
anthracene the electron mobility in the crystal-
lograppic a, 5 plane was foundto decrease within-
cr easing temperature, but perpendicular to this
plane, c direction, mobility increased slightly
with temperature. Many theoretical attempts to

explain this behavior have been made, ' in general
based on a conventional band-structure calculation
with modifications to account for the mobility in
the c' direction. Unfortunately, mean free paths
calculate/ from this model approach the molecular
lattice spacing, and the applicability of a band
model becomes tenuous. Indeed some quantitative
treatments of the electron-phonon coupling in
aromatic hydrocarbons' ' have concluded that
electron-phonon coupling is of far greater impor-
tance than electron-exchange interactions in an-
thracene. The question whether in molecular cry-
stals the electron-phonon interaction really can
be treated as a small perturbation to the electron
Bloch-type wave function is still in doubt.

In order to give further insight into this question
of carpier transport in molecular crystals, we
have started to study a series of crystals with the
same basic crystallographic structure as anthra-
cene, monoclinic with two molecules per unit cell,
in which the electron-exchange interactions are
increased (or decreased) by chemical substitution
around or in the aromatic ring. One of our first
choices was durene, 1, 2, 4, 5 tetramethyl benzene,
in which the influence of the CH, substitution is
not negligible. For example the singlet m-~* ab-
sorption frequency is shifted 1600 cm ' to the red
in the vapor phase' when compared to benzene,
38 089 36 488 cm '. Furthermore the crystal
structure and phonon spectrum of durene are
known, as well as successful methods for purifi-
cation.

Durene shares with the polyacenes an important
characteristic, namely, they are insulators, usu-
ally with band gaps in excess of 4.0 eV, and con-
duct electricity only if the charge carriers are
produced by some extrinsic mechanism. In the
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present study the charge carriers were produced
by a light pulse from a nitrogen laser. The pulsed
photoconductivity technique is very useful for the
study of charge-carrier transport and trapping,
as well as for the study of charge-carrier genera-
tion processes.

This work is divided into two parts. Section IIIA
describes the charge-carrier transport properties
of durene and Sec. III B the charge-carrier genera-
tion processes.

II. EXPERIMENTAL

The measurements were made on durene cry-
stals grown from the melt by the Bridgman me-
thod. The starting material was purified by zone
refining in an inert atmosphere for about 100 zone
passes. Samples, typically 5 x5 x1 mm, were
cut by a wire saw and then polished on ethanol-
soaked filter paper. Samples with thicknesses
ranging from 0.4 to 2 mm were used. Crystallo-
graphic alignment of the samples was performed
.by standard x-ray techniques.

A pulsed nitrogen laser which provided short
light pulses (12-15 nsec) of wavelength' 3371 A

and integrated intensity of -10 ' J was used for
the charge-carrier generation. The generation of
charge carriers involves a two-photon process,
for the first excited singlet state of crystalline
durene' lies at 290o A. This charge generation
process is discussed later in detail. The sample
w'as sandwiched between a transparent conducting
glass which served as a front electrode, and a
brass plate mounted on soft springs which acted
as the back electrode. The light pulse could be
focused on the sample either from the side or
through the conducting glass. The crystal holder
was mounted in a liquid-nitrogen Dewar. The
temperature of the sample could be varied by
changing the amount of liquid nitrogen contained
in the Dewar. The crystal temperature was mon-
itored by a copper-Constantan thermocouple. The
high voltage across the sample was provided by a
4108 Fluke high-voltage power supply. Upon excita-
tion with the laser pulse, as the current flowed into the
crystal, a parallel voltage was developed over a
series resistor. This voltage was fed into a cur-
rent amplifier, whose output was displayed on an
oscilloscope screen and photographed on polaroid
film. The oscilloscope and the nitrogen laser
were triggered with a 214 A Hewlett-Packard
pulse-generator. By changing the series resis-
tance, either the current transient, or the inte-
grated current transient could be observed. For
anthracene crystals, each method gave mobilities
equal to literature values.

III. RESULTS AND DISCUSSION

A. Charge-carrier nobilities
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FIG. 1. Typical hole transients recorded for a series
resistor of (i) 22 k& (upper part) and (ii) of 10 M~ (low-
er part). Crystal thickness 1.25 mm. Field direction
is 35' off the a, b plane, positive polarity to front elec-
trode. Illuminated area -1 mm2, temperature 208 K.

Figure 1 shows some typical transients which
appear when the laser light pulse is focused onto
the crystal. In this case the crystal was illumina-
ted through the front conducting glass electrode
which was positively biased. The upper part of the
figure was obtained with a series resistor of 22 kQ,
the lower part with a series resistor of 10 MQ.
The latter obviously represents the integration of
the former. Both types of signal-recording me-
thods reveal the characteristics expected for
charge-carrier generation in a narrow region
close to the sample surface, where the generation
time is short compared to the transit time. The
sharp kink by which the current ends (upper part)
or the voltage reaches its maximum value (lower
part) marks the transit time t, of the charge car-
riers through the sample which is given by'

f, =L'/pV,

where I. is the sample's thickness, V the voltage
between the electrodes, and p. the effective drift
mobility. The term "effective" stands for the ease
when the electric field does not; coincide with one
of the principal axes of the mobility tensor, hence
the current flow and the field direction may be dif-
ferent, so that the current path is actually larger
than 1. The charge carriers, which give rise to
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the curves shown in Fig. 1 are holes. This was
confirmed by illumination of the front electrode
through the side of the sample. Such experiments
were necessary to establish which type of charge
carrier was involved, for the crystal is almost
transparent to the 3371-A exciting light. The
first strong optical transition in durene crystals'
occurs at -2900 A. The shape of the transients
seen in Fig. 1 suggests that the charge-carriers
are being produced at a crystal surface. However,
with excitation parallel to the current path with

weakly absorbed light, either holes produced at
one electrode or electrons at the other electrode
could give rise to the transients. With illumina-
tion of only one electrode it was possible to dis-
tinguish between transients of holes or electrons
by simply reversing the polarity of the applied po-
tential, and Fig. 1 indeed shows transient hole
currents. The yield for free-electron production
was always at least five times smaller than for
holes, and for some sample surfaces, only holes
could be measured.

For experimental convenience we preferred to
measure the transit times of the charge carriers
with the integrated current technique (large series
resistor) for both the signal measured is larger,
and of greater importance, the total collected
charge is conveniently recorded in the same ex-
periment. The collected charge Q is given by the
product C5U, where C is the capacitance of the
sample and connecting wires, and 5U is the maxi-
mum voltage signal recorded. The capacitance C
can be estimated from the long RC decay time of
the signal where R is the series resistance. A

typical value for C is 12 pF. The charge trans-
ferred by the currents was always much below the
space-charge limitations. The trapping times in
the samples studied were always longer than about
20-30 p, sec so that shorter transit times could be
resolved fairly accurately.

The expected decrease of the transit time with
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increasing voltage I Eq. (1}l is apparent in Fig. 1.
A more detailed analysis of the voltage dependence
is given in Fig. 2. Here, the hole transit time is
plotted as a function of 1000/V for two different
temperatures. As expected from Eq. (1) the ex-
perimental points lie on straight lines intersecting
the origin. The effect of the change of the sample
thickness on the transit time was also checked and
was found to follow the square dependence of Eq.
(1). As seen from Fig. 2, the effect of the temper-
ature decrease is to increase the mobility. The
temperature dependence for both holes and elec-
trons was measured in various crystallographic
directions" in the range 100-300 K. These re-
sults are shown in Fig. 3. Here the mobility vs
temperature curves are plotted on a log-log scale.
For the electric field g in the a, b plane the mo-
bilities of both holes (p, „) and electrons (p,,) were
found to be isotropic and proportional to T ".
The electron mobility is about 1.5 times larger
than the hole mobility. For the direction perpen-
dicular to the a, b plane (c' direction} only holes
could be observed. Room-temperature hole mo-
bilities were about 40 times smaller than in the
a, b plane, and followed a T "dependence.

The features of the carrier mobilities in durene
are quite unique in view of the data accumulated
so far on charge-carrier mobility in organic cry-
stals, " " especially for its large values. We
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FIG. 3. Log-log plots of
electron and hole mobilities
in durene vs temperature
for different crystallograph-
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shall discuss first the anisotropy that is observed
for holes. This anisotropy could be anticipated
from the crystal molecular packing. The durene
crystal is monoclinic with two molecules per unit
cell. " The unit cell dimensions are specified in
Fig. 4(a). In Fig. 4(b) is shown the projection of
the molecular arrangement along the c direction.
The centers of all the molecules shown lie in the
a, b plane, and the crystal is made up from such
layers mounted one on top of another along the c
direction. A small electronic overlap along the
c' direction (compared to the a and b directions)
is expected for two reasons: (a) the molecular
planes are almost perpendicular (84') to the cry-
stal a, b plane, therefore the ~ orbital electronic
wave functions overlap is small in the c' direc-
tion; (b) the intermolecular separation in the c'
crystallographic direction is greater than in the
a, b plane. within the a, b plane, the shortest dis-
tance between the methyl groups on the standard
and reflected molecules [denoted 9 and 8, re-
spectively, in Fig. 4(b)] is 3.93 A, and between
adjacent molecules in the b axis is 3.87 A. On

the other hand, along the c direction, the distance
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FIG. 4. (a) Unit cell dimensions of durene crystal.
Q) Projection of molecular arrangement in the durene
crystal along the c direction. The circles which repre-
sent the atoms are half size in each case. The letters
S and R denote the standard and reflected molecules,
respectively, which together constitute the pair of mole-
cules attached to each lattice point to form the crystal.

between the methyl groups on adjacent molecules
is 4.22 A, and between the standard and reflected
molecule on translation along the c axis it is
4.15 A. These crystallographic features also in-
fluence the mechanical properties of the crystal;
for example, the a, b plane is the most pronounced
cleavage plane. In addition one should bear in
mind the electronegativity of the methyl groups"
which tends to push the w electron cloud towards
the core of the molecule. This will further reduce
the electronic overlap through the molecular
edges. The fact that the hole mobility anisotropy
reflects the expected anisotropy of the intermole-
cular electronic overlap is consistent with an iso-
tropic hole scattering time.

The very high room-temperature mobilities,
-5 cm'/Vsec, measured for durene in the a, b

plane are unusual in the frame of the mobilities
measured on organic crystals. " " To the best of
our knowledge, there is only one case," P-diiodo-
benzene, in which room-temperature drift mobili-
ties as high as -10cmm/V sec were reported. The lar-
gest room-temperature mobilities otherwise" """
are at -1-3 cm'/V sec. In many cases mobilities
as low as 10 '-10 ' cm'/Vsec were reported.
Theoretically, two possible mechanisms for
charge-carrier transport have been considered" "
the band model or the small-polaron-hopping mo-
del. For the band model to be a good representa-
tion one needs that electron-phonon coupling be
small compared to intermolecular electron cou-
pling. In other words, the mean free path of the
charge carrier should be long compared to the
lattice period, so that it can be represented in a
delocalized manner. For organic crystals it is
expected that the charge-carrier bandwidth would
be comparable to the room-temperature thermal
energy k3T, where k~ is Boltzmann's constant and
T is the absolute temperature. For such a case
and for a typical intermolecular separation of
-3 A it was estimated" that the mobility must ex-
ceed a value of about 1 cm'/V sec. For mobilities
much lower the s mall-polaron-hopping model
should be applicable.

As already mentioned, except for one case with
an exceptionally high room-temperature mobil-
ity, " the highest room-temperature mobilities
reported"' ' fall very close to the critical
value of 1 cm'/V sec mentioned above. However,
the temperature dependences suggest that the band
model is correct. The mobilities generally follow
a T "proportionality, where 1&n&2.5, and this is
expected where the dominant scattering mechanism
of the moving charge carrier is its interaction
with the crystal vibrations. Reducing the tempera-
ture results in a reduced phonon population, less
scattering, thus an increase of mobility. The
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P, ,=(ea'/h) (Vice, /keT), (2)

where e is the electronic charge, a is the lattice
period, 6 is Planck's constant, and (d, the Debye
frequency for acoustic waves. For electronic
bands narrower than Sx„-the bandwidth, .rather
than h&@, should appear" in Eq. (2). In order to
generalize Eq. (2) for a monoclinic crystal with

two molecules per unit cell, a should represent
some average of the intermolecular distances,
and ~„ the Debye frequency for the optical pho-
non waves. Compared to anthracene, "the durene
unit-cell dimensions" are somewhat smaller,
and (d, also is about a factor of two smaller. "
The critical mobility p,, for durene should thus be
at least half of that for anthracene. One may take
the experimental value of the electron mobility in
the e' direction of anthracene, 0.4 cm'/Vsec, as
a rough estimate for p, , in that crystal. The value
for the critical mobility for durene would thus be

p, , -0.2 cm'/Vsec. The actual room-temperature
hole and electron mobilities measured in the a, b

plane of durene are thus more than an order of
magnitude above the critical mobility. Even ac-
cepting the crude model which has been used in
developing Eq. (2), it appears that the band model
is a realistic model for carrier transport in dur-
ene. A mobility temperature dependence such as
obtained in the a, 5 plane (T "), can therefore be
rationalized. As for the c'direction, though the

actual value of n depends on the particulars of the
band structure and the phonon spectrum. For iso-
tropic bands and for scattering by acoustic lattice
vibrations, a T ' temperature dependence is ex-
pected. " If the electronic bands are narrow com-
pared to the acoustic frequency band, the dominant
scattering mechanism might involve a two-phonon
process (i.e., the simultaneous absorption of one
phonon and the emission of another). In that case
one would expect a T ' temperature dependence. "
Anthracene, for which the most detailed studies
have been performed, is considered an inter-
mediate case." This is due to the almost lack of
temperature dependence for the electron mobility
in the c' crystallographic direction. " In view of
the similarity of the crystal structures of anthra-
cene" and durene" (both being monoclinic with
two molecules per unit cell, the space group is
P', ~, ) it would be worthwhile to compare published
criteria for the validity of the band model for those
two materials. ""

The crystal structure is assumed to be cubic,
with one molecule per unit cell. The bandwidth is
assumed to be narrower than k~T, but wider than
the acoustic phonon band. It was then deduced"
that the band model would be valid when the mo-
bilities exceed a certain critical value JU,,' given by

room-temperature hole mobility is very close to
the estimated critical value of -0.2 cm'/Vsec
(Fig. 3), the holes are still delocalized in view of
the large mobilities in the a, b plane. One thus
expects a very similar temperature dependence in
all crystal directions, as found experimentally.
Changes in crystal parameters are also reflected
in these charge-carrier temperature dependences.
For example, decreasing temperature decreases
intermolecular distances, resulting in an increase
for the electronic overlap between molecules.
Also for the optical-phonon frequencies measured
for durene, " reducirig the temperature results in
a shift toward higher f requencies, particularly for
the c' direction. This effect could be correlated
to the higher power obtained for the temperature
dependence of the hole mobility in the c' direction.

At present, there are no predictions based on
either theoretical calculations or experimental
results for the actual bandwidths for holes arid

electrons in durene. Therefore, whether the high
mobilities in the a, b plane of durene are due to a
larger electronic overlap (compared, say, to
anthracene) or to a smaller electron-phonon scat-
tering rate is open to question. Still, the high
power for the temperature dependence might sug-
gest that the electronic bands in durene are nar-
row so that only scattering by two phonons is pos-
sible, as suggested by Frdhlich and Sewell. " We
are presently involved in band-structure calcula-
tions, which should help to clarify this point.

B. Charge-carrier generation

As mentioned earlier durene is transparent to
the 3371-A exciting light. How the charge carriers
are generated is thus not a trivial matter. The
following experiments were performed to cast
some light on the problem. Figure 5 shows the
light-intensity dependence of the collected charge
for hole generation. The slope of the straight line
drawn through the points is 1.9, i.e., an almost
square dependence of the amount of collected
charge on the light intensity. Similar light-inten-
sity dependencies were obtained for the various
crystal directions studied, independent of vol-
tage, temperature, or the type of charge-carrier
produced. We interpret the deviation from a per-
fect square law to the recombination of charge
carriers. This is considered later in more detail.
Thus, carrier generation involves either a two-
photon, or a bimolecular process. On considering
the different possibilities one should remember
that charge-generation takes place at the surface,
in a process which lasts for 0.1 p, sec at most.
These features are shown by the shape and reso-
lution of the carrier transit times. The most ob-
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vious process would be the interaction of photo-
generated singlet excitons with surface states, for
in anthracene crystals this is an efficient method
for producing charge carriers. " The singlet ex-
citons must be produced by either (i) bimol'ecular
annihilation of triplet excitons which are them-.

selves produced inefficiently by direct singlet- triplet absorption, "or (ii) direct two-photon ab-
sorption. ' Process (i) is ruled out since the
charge-carrier-generation process would reflect
the long lifetime of the triplet excitons. " Other
processes such as singlet-triplet or singlet-sing-
let annihilation can be excluded since they would

imply bulk generation or show an incorrect light-
intensity dependence. Direct two-photon transi-
tions between the bands may just be energetically
possible; the band gap is estimated" as 7.3 eV,
but that would be a bulk generation process. In
Fig. 6 we illustrate a possible process for the gen-
eration of a free electron at the crystal surface.
A vibrationally excited singlet state 8 is produced
in the crystal bulk via a two-photon absorption
process. S„rapidly decays to the first excited
singlet electronic state S„of energy E, above the
ground state. The singlet S, is phenomenologically
described in Fig. 6 as a bound electron-hole pair
state by full and open circles, respectively. It
then diffuses to the surface of the crystal. The ex-
pected diffusion length" is -1000 A. At the sur-
face S, interacts with a surface state whose ener-
gy E, is located in the forbidden gap. The hole
gets trapped, and if the trap level E, is such that

e2
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E
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the energy E, +E, is larger than the band-gap E~,
the electron becomes free. The electron still has
to escape the Coulomb attraction of the trapped
hole, given by -e'/E„X, where E„ is the relative
dielectric constant and X the distance measured
from the trapped hole. The range of the Coulomb
attraction, which is the distance at which the at-
tractive energy becomes comparable to or smaller
than the thermal energy k&T, is about 200 A for
room temperature. In view of the large mobilities
in the a, 5 plane, the mean free path of the charge
carriers should be of the same order of magnitude.
The electron will thus diffuse out of the Coulomb
attraction region (surface region) and be free to
be swept by the external electric field. The hole
trap level E, (Fig. 6) is set just below the Fermi
level at the surface. The actual position of the
trap level could be anywhere up to several k~T's
above the Fermi level to ensure that it is not al-
ready filled with a hole. To further simplify the
figure it was assumed that the bands remain flat
up to the contact, i.e., the Fermi level at the sur-
face is at the middle of the gap. This, of course,
is not necessarily the case. Surface states and
contact potential are likely to cause band bending
near the surface. The production of free holes
can be envisioned through an analogous process
involving electron traps.

Further insight into the charge-carrier genera-
tion process was obtained from a study of the vol-
tage dependence of the amount of collected charge.
In Fig. 7 some typical results for changes in the
collected charge Q with applied voltage V are
shown for hole transients at various temperatures.
We first consider the voltage dependence. For
very low temperatures (90'K and 150 K) the col-
lected charge Q is proportional to V", while for
the highest temperature shown it is directly pro-
portional to V. An increase of the amount of col-
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FIG. 5. Log-log plot of the collected charge for hole
transients vs light intensity. The voltage across the
crystal was 1800 V. Illuminated area -0.5 mm2.

FIG. 6. A model suggested to explain the generation
process of free electrons. For discussion see text.
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lected charge with increasing voltage is an effect
which has been observed in many similar studies
on molecular crystals. """

One way to consider the voltage dependence is
within Onsager's theory" for geminate recombina-
tion of charge carriers. In this model the influence
of the electric field is to enhance the dissociation
of the charge carriers pair. The Q vs V plot"
would be linear with nonzero positive interception
at V=0. Experimentally, this would be possible
for "virgin" surfaces, 4' where the surface recom-
bination velocity is very small. For durene, how-
ever, all linear Q vs V plots for temperatures
above -150 'K intercept at the origin, indicating
that surface recombination is considerable.

Weisz et al. 4' consider that a voltage effect such
as observed can be due to very high carrier trap-
ping and/or recombination in a narrow region
near the surface, the "electrode region. " In the
electrode region carriers of both types are pre-
sent, and carrier recombination as well as trap-
ping is possible; ip the bulk only trapping is likely.
%hen the carrier average lifetj. me at the electrode
region v, is much shorter than the transit time
across this pegion, a certain fraction of carriers
will have recombined before reaching the bulk.
The transit time in the electrode region is inverse-
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FIG. 7. Log-log plots of collected charge for hole
transients vs voltage for various temperatures. Illum-
inated area -1.5 mm~. Integrated light intensity for
each light pulse -2 && 10 photons. Electric field direc-
tion in a, b plane 45'between a and b.

Q —p(0)T, pAVI. 'e ', (3)

where p(0) is the volume density of the free charge
carriers at the surface during the generation and
A is the illuminated area. In the very general
case v, could depend on the light intensity, the ap-
plied field and on the temperature. For applied
voltages which are sufficiently high, the transit
time across the -electrode region becomes short
compared to the trapping time. All carriers then
enter the crystal bulk and are collected so the
collected charge should saturate. " Unfortunately,
we could not reach saturation with our samples
due to electrical breakdown.

Before analyzing our results in a similar manner
to %eisz et al. ,~ we should carefully consider
some of their simplifying assumptions. First sup-
pose that the width of the electrode region d is in-
deed determined by the diffusion of the free charge
carriers. That means that d = v Dr„where the
diffusion constant D is given by the Einstein rela-
tion D =

(PENT/e)

p. . Since the model implies that v,
is much shorter than the transit time across the
electrode region v., (=Ld/pV), it follows that

d «varo . (4)

Inserting the Einstein relation and the expression
for v, into Eq. (4) gives

d «(&gT/e V) L .

Some typical experimental parameters, I -1 mm
and V = 2 &&10' V, give d «125 A at room tempera-
ture. This implies that the electrode region is
confined within the Coulomb attraction range (see
Fig. 6), but in this case the concept of transit
time is meaningless, . The second possibility to be
considered is that the width of the electrode region
is determined by the penetration depth of surface
imperfections and impurities (which give rise to
trapping states in the forbidden band). In order to
estimate the width of the electrode region we take
100-200 A as a lower limit for the diffusion length

This is approximately the scattering length of

charge carriers in view of their high mobility in
the a, b plane. It can be easily shown that the con-

ly proportional to the applied voltage, hence, the num-
ber' of carriers that reach into the bulk of the crystal
will increase with increasing voltage. Weisz
et a/. "predicted a linear dependence of the col-
lected charge on the applied voltage by identifying
the surface layer in which the carriers are gen-
erated with the layer of high recombination and/or
trapping rates. The width of the electrode region
is determined either by diffusion or by the penetra-
tion depth of surface traps into the bulk —which-
ever is the larger. The relation between Q and V

predicted by this model is [see'Eq. (36) in Ref. 43]



5776 Z. BUR SHTEIN AND D. F. WILLIAMS

dition 7.,»7., implies that

d» (I'/r. )(eV/k, r), (6)
or d»100-200 A at room temperature. For
r, /r, -10, 1000-2000 A would be a lower limit for
d, which is reasonable for the mechanically dis-
turbed surface region.

Our data on the light intensity dependence of the
collected charge (Fig. 5) suggest that in the elec-
trode region, trapping rather than direct recom-
bination, plays a dominant role. If recombination
prevailed, the deviation from a perfect square law
would have been more significant. This fact, to-
gether with the estimate of the width of the elec-
trode region can provide an upper limit for the
average density of free holes in the electrode re-
gion, if the hole-electron recombination rate
constant K is known.

A fairly good estimate of K is given by I ange-
vin's formula'4

Z =4m(e p/e„}, (7)
where p, is the average relative mobility of holes and
electrons. If the electron with which the hole is bound
to recombine is trapped, the relative mobility is re-
duced to that of the free hole. Mobility anisotropy has
also been excluded. Equation (7) is derived assuming
that the charge-carrier mean-free path is short
compared to the mutual electron-hole Coulomb at-
traction range (see Fig. 6). For durene, both
values should be comparable in view of the high
mobilities for the charge carriers in the a, b
plane. This will reduce the recombination rate
constant as charge carriers within the Coulomb
attraction range can still escape recombination.
Nevertheless, Eq (7) sho.uld give an estimate for
E correct to a factor of -3. For room tempera-
ture, taking p =5 cm'/Vsec we find K-3x10 '
em sec '. As mentioned, the slight sensitivity
of 7., to the light intensity implies that the re-
combination time v.„should be long compared to
the transit time of holes across the electrode
region. The latter is of the order of 10 "sec
for a voltage of 2000 V. Since 7+=1/Kn, where
n is the density of electrons (free and trapped)
we find that n& 3 x10" cm '. Assuming charge
neutrality, 3 & 10" cm ' is an upper limit for the
density of both free holes and electrons. More-
over, Eq. (3} enables us to determine a lower
limit for the density of free holes. Kith an upper
limit of 10 "sec for 7„and the room tempera-
ture data of Fig. 7, one gets a value of -3&&10"
cm ' as the lower limit for n(0) = p(0)/e. We thus
conclude that at room temperature, for an aver-
age light intensity of -5 x10"photons/cm' sec,
the density of free holes at the electrode region
during illumination is of the order of 10" cm '.

This estimate of n(0) will provide us, in add. i-

tion, with an estimate of the rate constant for the
singlet-singlet two photon absorption process.
For simplicity, and since only an order-of-mag-
nitude estimate is expected, we assume the fol-
lowing. (a) Only singlet excitons generated within
the electrode region interact to produce free
charge carriers. This is reasonable, for the esti-
mate of the electrode region width (see above) is
of the order of the expected singlet diffusion length
or even larger (b.) All excited singlet excitons
within the electrode region interact with the sur-
face states before having a chance to decay via any
other process. The quenching of singlet excitons
at surface states is well known in other organic
crystals. " This assumption (b) implies that the
actual lifetime of the singlet excitons within the
electrode region is much shorter than -30 nsec,
the singlet radiative lifetime of durene in hexane. "

Since the charge carrier lifetime in the electrode
region (10 "-10 "sec) is much shorter than the
duration of the light pulse (10 ' sec), steady-state
conditions are established- and the density of free
ca.rriers at the surface n(0) can be approximated
by

n(0) =noF'7', = Nn 5F'v;, (8)

where N is the density of moleeules in the cry-
stal, 0& n& 1 is the fraction of the singlet-trap
interactions which ultimately result in the libera-
tion of the charge carrier, 0 is the crystal singlet-
singlet two-photon absorption rate constant, 5 is
the corresponding molecular rate constant, and F
is the photon flux density (in units of photons
cm ' sec '). Taking F-5x10"photons/cm'sec,
7, -10-"sec and @=4.6x10" cm-' we find o.o
-5x10 "cm sec, n5-10 "cm' sec/(photonmole-
cule). These values should be regarded as lower
limits for o and 5 since we took for ~, the upper-
limit value, and a is likely to be much smaller
than unity (though larger than for anthracene in
view of the larger mobilities). Calculated and
measured values for two-photon absorption rate
constants for anthracene and napthalene from op-
tical measurements are smaller than those esti-
mated here. '

The effect of temperature on the collected charge
shows some interesting features. Between 300-
150'K the Q vs V plots are more or less linear,
while for 150 K and lower temperatures they tend
to be superlinear. (See Fig. 7. ) In the high-tem-
perature range the measured integrated charge
starts to increase again. Equation (3) suggests
that a plot of the ratio Q/p, vs temperature should
reflect the variation of the product p(0)q., with
temperature. This ratio Q jp, is shown in Fig. 8
as a function of 1000/T for a constant field. The
data shown include those from Fig. 7 for 2000 V,
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together with additional results for both holes and

electrons. The hole mobility for T =90'K was
estimated as -100 cm'/P sec by extrapolation
from the mobility data in Fig. 3, for at this tem-
perature the transit time was too short tobe reli-
ably resolved. At higher temperatures Q/p, for
both holes and electrons decreases with tempera-
ture with what appears to be an activation energy
of about =0.1 eV. Below about 150 K the curve
seems to flatten, though few experimental points
were determined for this range.

The trapping time in the electrode region v, is
not expected to vary strongly with temperature.
%e therefore attribute the temperature dependence
of Q/p, to that of p(0). Then for the high-tempera-
ture range p(0) is thermally activated with an ac-
tivation energy of about -0.1 eV. Several mech-
anisms can be envisioned which would account for
this behavior. For example, it could mean that
the energy location of the dominant sets of traps
which interact with the singlet excitons to produce
either free holes or free electrons is such that an
additional energy of about -0.1 eV is required for
the liberation of the free charge carrier. The flat-
tening of the curve of Fig. 7 below -150'K could
be due to a contribution of another set of traps,
which is located higher in energy so that its con-
tribution is virtually independent of temperature.
It is also possible that the two-photon process
takes place both from the ground state and from a
vibrationally excited ground state. The activation
energy observed would then correspond to the
Boltzmann population of this vibrational level and

indeed durene exhibits @prominant vibration of
-0.1 eV in its ground state. " In this case one
would expe-ct the activation energy for both holes
and electrons to be the same, as is observed ex-
perimentally. Yet another effect to be considered
is the temperature dependence of the electron-
hole dissociation process its.elf. Following On-
sager's theory it has been estimated" that the
dissociation process is thermally activated, with

an activation energy [see Ref. 42, Eq. (16}]E,
= e'/e„~„where r, is the distance from the op-
posite-sign charged center, at which the free
charge carrier thermalizes. For an activation
energy of =0.1 eV, as obtained for the high-tem-
perature range (Fig. 8), x, should be about 60 A.
Although this figure seems to be rather small to
account for the high mobilities of durene, it can-
not be ruled out. The flattening of the cuxve at
low temperatures would then mean a fast increase
in x„which is not unreasonable since the mobility
also increases. However more work is needed on

durene to illucidate which of the possible mech-
anisms stated actually takes place. It should be
noted, however, that at very low temperatures
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FIG. 8. Semilog plot of the ratio Q/p vs 1000/T for
both holes and electrons. -

such as 90 K, for applied voltages of the order of
1000 V, the hole transit time across the electrode
region is so short (10 "-10 " sec) that one would

expect it to become shorter than the hole trapping
time. Then one would expect to observe a satura-
tion of the collected charge, which was not found.

On the contrary, in the low-temperature region
one finds a superlinear voltage dependence (see
Fig. 7). Presumably of greater importance is the,
effect of the voltage in increasing the carrier
liberation rate by reducing the range of the Cou-
lomb attraction (Fig. 6}. The actual shape of the
Coulomb attraction in the presence of an external
field is slightly different from that shown in Fig.
6. The bands assume a maximum value, at a
distance X = e/e„g along the direction of the field.
For a voltage of -1000 V, X is about 200 A, and

as the voltage increases, X decreases, thus in-
creasing the probability of the charge carrier to
escape the Coulomb attraction. It appears that
the hole mean free path below -150'K is such that
the effect of the field is apparent only for this
range. Thus one can rationalize the low-tempera-
ture voltage behavior (Fig. 7), in terms of the band

diagram shown in Fig. 6, however no unequivocal
evidence for the validity of this description could

be derived from our data.
I

IV. CONCLUSIONS

Charge-carrier transport in molecular crystals
is generally described by either of two limiting
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cases, a band model or a localized polaron model.
Which model is applicable depends upon the nature
of the electron-phonon coupling, whether the dom-
inant coupling is with inter- or intramolecular
vibrations, if this coupling has a linear or quadra-
tic dependence on the phonon coordinates, and of
course the magnitude of the electron-phonon cou-
pling compared to intermolecular exchange inter-
actions.

In general drift mobilities for aromatic hydro-
carbons fall in the range 1-3 cm'/V sec, uncom-
fortably close. to the theoretical lower limiting
mobility for the applicability of a band model to
these materials. Thus the observed carrier mo-
bilities for durene in the crystal a, 5 plane (5 and
8 cm'/Vsec for holes and electrons respectively)
are exceptional for this class of compound. The
anisotropy of the measured mobilities (holes in
the c' direction, p, =0.15 cm'/Vsec) can be fairly
well explained in terms of the molecular crystal
packing if we assume that mobilities will be smaller
in the direction where electronic overlap is small-
er. These high mobilities together with their
temperature dependence, T "in thea, 5 plane and
T "in the c' direction, indicate that in durene

carrier motion can be treated in terms of the band
model.

The generation of charge carriers in organic
materials is a complex process, particularly when
light of lower photon energy than the first elec-
tronic transition is used. However, surface gen-
eration of charge carriers from singlet-excitons,
themselves produced either in the bulk or on the
surface, is very often the most important charge-
carrier generation process. This has been found to be
true for durene under the experimental conditions
we have used. Little work has been reported in
which the temperature dependence of charge-car-
rier generation in organics has been studied. In
durene we have found an activation energy of =0.1
eV for both hole and electron generation in the
range 150-300'K, but more work in durene and
other crystals has to be performed before this
behavior can be fully understood.
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