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Excitons in rubrene single crystals dissociate into free charge carriers via two mechanisms whose
relative importance depends on the illumination wavelength through the optical penetration depth
into the crystal. The first mechanism is defect-induced dissociation in less than 10 ns after
photoexcitation. For low photoexcitation densities, about 10% of the excitons that survive radiative
recombination dissociate through this channel. The second mechanism, affecting the remaining 90%
of the excitons, involves a previously reported state localized close to the surface of the crystal that
leads to a delayed release of photocarriers a fraction of a millisecond after photoexcitation. © 2010

American Institute of Physics. [doi:10.1063/1.3421539]

One of the remarkable phenomena observed in rubrene
single crystals is a delayed release of charge carriers that
occurs several tens of microseconds after the initial photoex-
citation of a molecular exciton and long after the decay of
the excitonic luminescence."” The dependence of the photo-
conductivity dynamics on both the wavelength and the inten-
sity of pulsed optical excitation is consistent with an efficient
transfer of the initial excitation to a defect-related state that
has a higher density close to the surface of the crystal and
that later releases holes (the carriers with the largest mobility
in rubrene)3 at a constant rate.”” The released holes are then
free to drift in the applied field until they recombine with the
electrons they left behind. This delayed photocurrent re-
sponse is the dominant effect for low-intensity pulsed illumi-
nation of rubrene.’

In this work we investigate the origin of a fast photocur-
rent component that builds up in less than 10 ns and is about
ten times weaker than the delayed component but becomes
more important at higher excitation densities when the de-
layed component saturates.

The experimental setup consists of a rubrene crystal with
two graphite contacts deposited on the (a,b) facet of the crys-
tal, 2 to 5 mm apart. The laser pulses illuminate a spot with
a diameter of 0.3 mm in the middle between the contacts. An
electric field of the order of 2 kV/cm is applied to the con-
tacts, which are connected in series to a resistor R, over
which we measure the time-dependent voltage drop with a 4
GHz LeCroy oscilloscope. Given the capacitance C in the
circuit, mostly due to the cables we use, the response time of
the current measurement varies from R,C~35 ns for R;
=50 Q to R,C~5 us for R;=5 k(), used when measuring
the slower dynamics of weaker photocurrents.

We illuminated the sample with 20 ps long laser pulses
in a wavelength range between 580 and 600 nm, close to the
onset of molecular absorption in the rubrene crystal.1 We
chose this illumination wavelength because it corresponds to
an absorption length in the sample of ~100 wm, guarantee-
ing that we create molecular excitons in a relatively thick
surface layer. Rubrene is a molecular crystal with molecules
bound by Van der Waals forces, and light absorption prima-

“Electronic mail: biaggio@lehigh.edu.

0003-6951/2010/96(18)/183302/3/$30.00

96, 183302-1

rily results in a localized transition where a molecule is pro-
moted to an excited state, thus directly forming molecular
excitons."*™°

The inset in Fig. 1 shows examples of the observed pho-
tocurrent dynamics. At higher pulse energies a fast photocur-
rent component can be clearly seen. Its buildup time is faster
than 10 ns, given by the time-resolution of our equipment.
We analyzed the photocurrent transients by extracting (1) the
amplitude of the fast current component p(0); (2) the maxi-
mum amplitude p,,,; (3) the exponential buildup time of the
slow component rising from p(0). The results are plotted
together in Fig. 1 for two different illumination wavelengths
as a function of the absorbed photon density at the surface of
the crystal. The latter is derived from pulse energy, wave-
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FIG. 1. (Color online) Inset: typical photocurrent transients observed after
illumination with 20 ps pulses at 600 nm wavelength, showing a delayed
photocurrent buildup and a fast buildup that occurs in less than 10 ns, and an
increase in current for growing pulse energies in the high-exposure region
above an absorbed photon density of 10'7 ¢m™. Main figure: dependence of
the maximum photocurrent (p,,,, filled symbols) and of its fast component
(o, open symbols) on the absorbed photon density at the surface of the
crystal. Green squares and red circles are for illumination wavelengths of
580 nm and 600 nm, respectively. The crosses represent the photolumines-
cence intensity, and the triangles are the buildup rate of the photocurrent.
The solid lines represent a linear dependence and the dashed lines represent
a square-root dependence.

© 2010 American Institute of Physics
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length dependent absorption, and the illuminated area, which
was ~7 X 107 cm?.

The pulse energy dependence of the peak current and the
buildup rate of the delayed component is the expected one,
as described in Ref. 2, with a transition from a low to a high
exposure regime where they both grow as the square root of
the pulse energy, an effect caused by the quadratic recombi-
nation of released charge carriers.”

At low exposures (below an absorbed photon density of
~10" cm™, see Fig. 1), both fast photocurrent component
and total amplitude grow linearly with illumination pulse
energy, with the fast component contributing about 10% to
the total current amplitude reached later, on the microsecond
time-scale. At the lowest exposures (and for both 600 and
580 nm illumination) the fast component disappears into the
noise, with no sign of a threshold for its appearance or of a
superlinear dependence from the excitation energy. As the
pulse energy increases, the growth of the fast component
becomes sublinear but this saturation occurs at higher expo-
sures than for the delayed component, as proven by the very
clear continuing growth of the ratio p(0)/p,,.« Over the pulse
energy range we studied. At even higher pulse energies qua-
dratic recombination becomes increasingly important, and
the combination of the shortening of the buildup time of the
delayed current and its saturation® lead to a photocurrent
trace where the two photocurrent components cannot be eas-
ily distinguished anymore.

We note that the photoluminescence excited at 580 nm
keeps growing linearly for the entire range of pulse energies
we used, without any signs of saturation in correspondence
with the appearance of the instantaneous component of the
photocurrent or anywhere else.

The linearity of the fast photocurrent component at
lower exposures, with no observable threshold effect, and the
absence of any saturation in the photoluminescence intensity
lead us to rule out the possibility that the fast release of the
carriers during the first 10 ns is associated with any kind of
high density effect such as, for example, exciton autoioniza-
tion by exciton-exciton interaction.””

We assign the two components of the photocurrent to
two independent exciton dissociation mechanisms, but be-
fore discussing their origin we need to mention and eliminate
another possibility. Because of previous observations under
different experimental conditions of a free carrier signal that
appears and decays on the picosecond scale,'” it may be
tempting to interpret the fast photocurrent that we observe as
caused by a density N, of short-lived photoinduced charge
carriers that are quickly trapped in a shallow trap level. On
longer time scales, they would then be thermally reexcited to
continue contributing to the photocurrent with an effective
(trap-limited) mobility w,. While such an effect cannot ex-
plain the delayed buildup of the photocurrent, a photoin-
duced carrier population decaying as N, exp(-#/7) with 7
<R C would lead to a step-wise increase in the voltage drop
over the resistor R, (with an exponential buildup time 7) and
a size of the step V, proportional to the time integral of the
fast ph?ltocurrent transient divided by the capacitance in the
circuit,
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NopoE
V,= - x SRR

c” a W

where e is the unit charge, u is the free carrier mobility, E is
the applied electric field, and d is the distance between the
contacts. On the other hand, the voltage drop on the resistor
due to a total number of carriers N, that exists between the
contacts at times much larger than R,C is just the product of
R, and the current,

N, u,E
VD=RS><6 s ’

(2)
where we allowed for a different (possibly trap limited) mo-
bility w,. Hence, under these measurement conditions the
ratio between the voltage drop seen at times r << R,C and that
seen at times >R ,C is

Ve 7 Not

- = . (3)
Vo RCN,

This means that under such a scenario the relative size of fast
photocurrent amplitude and delayed photocurrent would de-
pend on the measurement resistor, which is not the case for
our data: All photocurrent transients we observed do not
change their shape when R, is varied. It follows that the
initial fast photocurrent component must be due to exciton
dissociation into long-lived carriers that are indistinguishable
from those which are released later to create the delayed
photocurrent. This supports the conclusion that the two com-
ponents of the photocurrent are related to two different exci-
ton dissociation mechanisms. While the delayed photocur-
rent component is due to exciton interaction with the
previously described defect state close to the surface of the
crystal,2 the fast photocurrent is likely due to defect-induced
dissociation of the singlet exciton during its lifetime of less
than 10 ns. A direct excitation of a small density of free
charge carriers by the laser pulse, which would also be con-
sistent with our data, is not compatible with the view that
photoexcitation in molecular crystals results in molecular
excitons.*®

The amplitude of both components of the current in-
creases significantly in correspondence with the onset of the
excitonic absorption for wavelengths decreasing below 600
nm, which also proves that the creation of excitons is a pre-
requisite for both components of the photocurrent. On the
other hand, excitonic absorption close to the band gap com-
petes with other absorption mechanisms, such as impurity
absorption, that vary from sample to sample. Indeed, we ob-
served significant sample-dependent variations in the details
of the wavelength dependence of the two photocurrent com-
ponents as the wavelength is varied toward the infrared.
Sample-to-sample variations are also observed in the ampli-
tude of the two photocurrent components, with somewhat
more variability in the delayed component. In any case, for
each individual sample the wavelength dependence of fast
and delayed component are not directly correlated. All this
again supports the conclusion that while both photocurrent
components originate from photoexcited excitons, the
mechanisms of exciton dissociation responsible for the fast
and delayed photocurrent are independent from each other.

An additional proof of the different origins of fast and
delayed photocurrent was obtained by application of the
gauge effect to the surface of photoconducting rubrene

Downloaded 21 May 2012 to 38.107.179.217. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



183302-3 Najafov et al.

3 T T T

/\

. 48h—u_ 7]
S -/ 6
o 4 h —
.§. 2
- 0.1h+H 4
= ]
(2
31 4
3 2
°©
<
o

0 " 1 N . 0 1 N 1 N 1 7

0.0 0.1 0.2 0.0 0.1 0.2

time after excitation [ms] time after excitation [ms]

FIG. 2. (Color online) (a) Changes in the photocurrent dynamics induced by
600 nm pulsed illumination before and after a short exposure of the crystal
surface to free radicals created by a high vacuum gauge (see Ref. 12). The
curve with the largest amplitude was obtained before exposure to the gauge
effect. The other curves are labeled with the time in hours after the sample
was removed from the vacuum environment. (b) Changes in photocurrent
dynamics with temperature, measured in another sample. Each curve is la-
beled with the temperature in degree celsius.

samples.12 This effect allows to selectively hinder charge
transport close to the surface of rubrene crystals. It is caused
by free radicals, created by high vacuum gauges, which rap-
idly attack the surface of a crystal held in the vacuum
enclosure.'> We observed that within a few seconds after
activating the ion-gauge the delayed photocurrent component
decreased by more than a factor of 2, while the fast compo-
nent (the “step” in the photocurrent buildup) decreased by
less than 25% [Fig. 2(a)]. The photocurrent then slowly re-
covers on a time-scale of a few hours after exposure of the
sample to air, in accordance with earlier measurements of the
dark conductivity.12 The higher sensitivity of the delayed
photocurrent to the gauge effect proves that this conduction
takes place closer to the surface of the crystal, consistent
with our earlier assignment of this delayed photocurrent to
exciton interaction with a defect state localized within a few
micrometers from the surface.” At the same time, the signifi-
cantly smaller sensitivity to the gauge effect of the fast pho-
tocurrent component proves that it originates deeper inside
the bulk of the crystal. It is likely to be caused by defect-
induced exciton dissociation with a homogenous distribution
of defect sites in the bulk. The surface-sensitivity of the
gauge effect was also confirmed by the fact that gauge-
induced reduction in the photocurrent was 5 to 10 times
larger when illuminating close to the peak absorption of ru-
brene near 495 nm, where the penetration length of the light
is ~1 wpm. Similar independent evolutions of the strengths
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of the fast and delayed photocurrent components can be ob-
served when increasing the sample temperature. Figure 2(b)
shows that an increase in temperature of only 15 °C causes
the delayed component to grow by a factor of 3 (consistent
with the previous results reported in Ref. 2) while the change
in the amplitude of the fast component is less than a factor of
2 over the same temperature interval.

In conclusion, rubrene single crystals are characterized
by two distinct exciton dissociation mechanisms: one mecha-
nism leads to dissociation of the exciton during its lifetime,
and is probably caused by interaction with bulk defects,
while the other mechanism is related to surface oxidation,
with an emission of free carriers that occurs several tens of
microseconds after the creation of the exciton.” While the
exact nature of the defects and surface-states responsible for
exciton dissociation is not completely clear yet, further stud-
ies on rubrene and its excitons should be very interesting for
the insights they can give on important excitonic processes in
molecular crystals.
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