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The rubrene molecular crystal has the unique property of showing a strong photoconductivity for light
wavelengths that are close to the absorption edge. We studied the microsecond dynamics of the photoconduc-
tivity induced by short light pulses to characterize the way in which photoinduced excitons efficiently ionize to
produce free charge carriers. We found that the photoconductivity is produced by carriers released after an
average time of 100 �s from a “reservoir state” that originates from the photoexcited molecular excitons. The
conversion of photoexcited excitons into this reservoir state happens only at the surface of the crystal within a
depth of the order of a few micrometers, but in this region close to the surface, a photoexcited molecular
exciton has a probability of the order of unity to ultimately lead to a mobile charge carrier. This high carrier
photoexcitation efficiency leads to a pronounced shortening of the photocurrent rise time for decreasing
wavelength or increasing energy of the excitation pulses because of the effect of quadratic recombination of the
photocarriers.
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I. INTRODUCTION

The physical process by which an absorbed photon may
photoexcite mobile charge carriers in a pure single crystal is
fundamentally different, compared to standard covalently
bound semiconductors, when the crystal consists of large
molecules bound only by van der Waals attraction, as is often
the case in organic molecular crystals. At a fundamental
level, one expects that the weak intermolecular interaction
leads to a weak overlap of the electron wave functions be-
tween neighboring molecules, which in very general terms
tends to decrease the probability that a molecule in an ex-
cited state transfers its electron to a neighboring molecule to
generate a delocalized electron and hole pair. Instead, the
probability for electron transfer to a neighboring molecule
could remain significantly lower than the probability for the
molecule to return to its ground state by either radiative or
nonradiative recombination. In other words, in van der Waals
bound molecular crystals, one expects that photoexcitation
mostly leads to localized molecular excitons that only rarely
autoionize to produce free carriers, leading to a small photo-
conductivity even when the optical absorption becomes very
high.1–3

In some cases, however, and in contrast to the above ex-
pectations, a signal that can be assigned to free charge carri-
ers has been observed within a fraction of a picosecond from
photon absorption,4–6 and there has been a lively discussion
in the literature about the nature of photoexcitation in mo-
lecular materials and the possibility that photon absorption
can directly lead to the creation of delocalized mobile
carriers.7–12 The discussion is farther complicated by the
variety of excitonic states that are found in organic
materials.1–3,12–16

In this context, we have recently investigated the photo-
excitation mechanism in rubrene single crystals.17 By vary-
ing the energy of the incident photons, we observed how,
initially, photon absorption leads to the promotion of the

ground state electron onto one of the vibronic sublevels of
the first electronic excited state of the rubrene molecule, thus
creating the molecular exciton equivalent of a Frenkel
exciton.17 This exciton subsequently decays within a few
nanoseconds, leading to a fast photoluminescence signal. Fi-
nally, a large delayed photoconductivity grows from zero
with a buildup time of up to 100 �s after photoexcitation.17

We assigned this delayed photoconductivity to the decay of
an unknown intermediary state �a “reservoir”� that was popu-
lated from the initial photoexcited exciton, a conclusion that
was derived mainly from the correspondence between the
excitation spectrum of the photocurrent and the excitation
spectrum of the luminescence.17 In the following, we will
use the term reservoir to describe this as yet unspecified
intermediary state that slowly releases free carriers, thus
leading to both a slowly rising and a long-lived photocon-
ductivity after pulsed excitation.

In this work, we investigate the dependence of the photo-
conductivity dynamics in rubrene single crystals from the
photon energy, photon density, and temperature. We develop
a general model applicable to any case where a pulsed exci-
tation results in a localized state that can ionize into free
charge carriers. We use the model to analyze the evolution of
the photoconductivity in rubrene after exposure to a 20 ps
long laser pulse, which allows us to separate the processes of
exciton creation, transfer to the reservoir state, and carrier
generation, because they occur on different time scales. From
this, we obtain information on the reservoir state and on the
properties of the photoexcited carriers.

Recently, it has been pointed out that oxygen-related de-
fects close to the surface of rubrene play an important role in
light-induced switching of field-effect transistors18 and in the
photoluminescence.19 One of the conclusions we will arrive
at is that the intermediary reservoir state mentioned above
could be the result of an exciton interacting with such an
oxygen-related defect state to create a bound state from
which holes are later thermally excited. We will also show
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that the spectral dependence of the photoconductivity rise
time that we observed in Ref. 17 can be assigned to the
spectral dependence of the excitation density and the influ-
ence of quadratic recombination of the photoexcited charge
carriers. This fact will allow us to explain both the wave-
length and the power dependence of the photoconductivity
and to use the temperature dependence of the buildup time of
the photoconductivity to estimate the activation energy of the
process that leads—over the long-lived reservoir state we
identified—from the molecular exciton to a delocalized mo-
bile charge carrier.

In the following, we first present a simple physical model
of photoexcitation that can be used to account for most of the
experimental observations. Next, we present the typical pho-
tocurrent dynamics observed in rubrene single crystals at
room temperature and interpret its dependence from the laser
pulse energy and from the wavelength in view of the model.
Finally, we will discuss the temperature dependence of the
photoconductivity dynamics in different power regimes. The
experiments and their interpretation in view of the model
will allow us to paint a more complete physical picture of the
processes that lead from the initial photoexcitation to a
bound molecular exciton and ultimately to delocalized, mo-
bile charge carriers.

II. THEORETICAL MODEL

We want to describe the time evolution of a photoexcited
carrier density after short-pulse photoexcitation with a pulse
length that is much shorter than any of the relevant subse-
quent time dependences. We assume that one type of carrier
has a significantly larger mobility lifetime product than the
other one, and without loss of generality we assume these
carriers to be holes with a density p�t� �we know that holes
have the largest mobility in rubrene crystals20�. We assume
that the photoexcitation results in the filling of an intermedi-
ary state �the reservoir mentioned above� with a density
NR�t�, from which holes are released with a rate w.

It should be noted that the model we are about to present
and the approximate analytical expressions that we will de-
velop for describing the photoconductivity transients are
valid, in general, for any experiment where a pulsed excita-
tion results in the creation of a localized state that can ionize
into free charge carriers. From the point of view of the
model, the reservoir state that we are studying here is indis-
tinguishable from a long-lived exciton.

After holes are released from the reservoir, they can re-
combine back into the electrons that they have left behind,
with a rate determined by a �quadratic� recombination con-
stant �. In addition, we also allow for the holes to be trapped
in a state NT, with an efficiency given by a constant �T. This
is required in order to make the model general enough, and it
represents a free-hole lifetime that would be observed for a
hole independently of the way it has been created.

The resulting system of equations is

dp

dt
= − p2� − p�TNT + wNR, �1�

dNR

dt
= − wNR. �2�

We will use this model to describe the delayed photocurrent
that we observe in rubrene after short-pulse excitation. The
appropriate initial conditions immediately after illumination
with the photoexcitation pulse at t=0 are p�0�=0 and
NR�0��0. This is justified by the fact that in rubrene the
dark conductivity is negligible compared to the photocon-
ductivity amplitude, and by the fact that, for most of the
pulse energy and wavelength range we investigated, we did
not observe any significant immediate release of charge car-
riers at t=0. The density p�t� increases from zero, reaches a
maximum, and decays back to zero.

The model implies that the density NR�t� decreases expo-
nentially, as NR�t�=NR�0�exp�−wt�. The assumption here is
clearly that the only way in which the reservoir state can
decay is through carrier excitation. Even though it would be
possible to include another decay mechanism for NR�t� by
adding a term to the right-hand side of Eq. �2�, we find that
this does not add in a useful way to the discussion of this
model and the interpretation of our results later.

In the following, we first overview the photoexcitation
dynamics in several useful physical limits, and then we will
give analytical approximations to the full solution of Eqs. �1�
and �2� that will be useful to discuss the dependence of the
observed photoconductivity amplitude and buildup rate on
the energy of the illuminating laser pulse.

The relationship between the magnitudes of the carrier
release rate w and of the linear trapping rate �TNT determines
two distinct regimes where different physical mechanisms
are responsible for a similar photocurrent dynamics charac-
terized by a buildup from zero and a relaxation back to zero
with a longer relaxation time. In the slow-photoexcitation
regime, the buildup rate and decay rate at low exposure are
given by w and �TNT, respectively, while it is the other way
around in the fast-photoexcitation regime. In addition, the
amount of excitation stored in the reservoir, NR�0�, deter-
mines a low-exposure limit �small NR�0�� and a high-
exposure limit �large NR�0��.

For the fast-photoexcitation regime, w��TNT, and p�t�
reaches a maximum when either the reservoir has basically
emptied itself �in the low-exposure limit� or when the
excitation rate becomes compensated by the quadratic-
recombination rate �high-exposure limit�. In the first case,
the maximum is reached at a time tmax when NR�tmax� is
significantly lower than NR�0�. In the second case, the maxi-
mum is reached before the reservoir has significantly emp-
tied itself and NR�tmax��NR�0�. An extreme example of the
fast-photoexcitation regime is encountered for very large re-
lease rates w, practically corresponding to an impulsive cre-
ation of charge carriers, which is then followed by a decay of
their density, with either a quadratic-recombination behavior
�high exposure� or a linear recombination behavior �a simple
exponential decay observed at low exposure� depending on
the initial carrier density. In this example, the fast excitation
sets up an initial condition for a subsequent evolution, and
while later dynamics can be more complicated, the peak am-
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plitude depends linearly on the total density of carriers re-
leased from the reservoir.

For the slow-photoexcitation regime, w��TNT, and p�t�
reaches a maximum when the excitation rate becomes com-
pensated by either the linear recombination rate �low expo-
sure or small NR�0�� or by the quadratic-recombination rate
�high exposure or large NR�0��. In both cases, the maximum
is reached before the reservoir has significantly emptied itself
and NR�tmax��NR�0� is always valid.

In the fast-photoexcitation regime of w��TNT and in the
low-exposure limit where �NR�0��w, the photocarrier den-
sity basically grows exponentially with a rate w and reaches
a maximum amplitude of

pmax � NR�0� . �3�

For all other cases �fast photoexcitation and high exposure
or all limits of slow photoexcitation�, the maximum of p�t� is
reached when the reservoir has not significantly emptied it-
self, and a simple expression for the maximum amplitude
pmax= p�tmax� can be obtained by setting to zero the time
derivative in Eq. �1� and assuming NR�tmax�=NR�0�,

pmax =
�TNT

2�
��1 +

4�wNR�0�
�T

2NT
2 − 1� . �4�

The high-exposure limit corresponds to NR�0��w /� for
fast photoexcitation and to NR�0���T

2NT
2 / ��w� for slow pho-

toexcitation. In both cases the maximum amplitude of the
photocarrier density tends to

pmax � p1 =�wNR�0�
�

, �5�

with a buildup rate that depends on NR�0�.
The low-exposure limit for slow photoexcitation corre-

sponds to NR�0���T
2NT

2 / ��w�. The amplitude of photocarrier
density then tends to

pmax �
wNR�0�
�TNT

, �6�

and the buildup time tends to ��TNT�−1. We see that in both
the fast-photoexcitation and the slow-photoexcitation re-
gimes, the photocurrent amplitude varies linearly with NR�0�
at low exposures �Eqs. �3� and �6�� and becomes proportional
to the square root of NR�0� at high exposures, when quadratic
recombination becomes important.

As an example, the high- and low-photoexcitation limits
for the slow-photoexcitation case are typically observed
when a semiconductor is exposed to an intense �dominant
quadratic recombination� or to a weak �dominant linear
recombination� above band-gap continuous wave
illumination.21,22 In the present case, the role of the above
band-gap illumination is played by the long-lived reservoir
state, whose initial density is directly related to the energy
density in the laser pulse that fills it at t=0. The limit of
continuous excitation is obtained when w→0 while wNR�0�
is held constant.

Besides the peak photocurrent amplitude, we also need to
quantify the variation of the photocurrent buildup time with

the initial reservoir density NR�0�. In the high-exposure limit,
quadratic recombination affects the buildup rate of the pho-
tocarrier density, which then becomes dependent on NR�0�.
The easiest way to show this is for the case when linear
recombination is negligible. The limit of Eq. �1� for NT→0
is

dp

dt
= − p2� + wNR�t� . �7�

When NR�0� is so large that the quadratic-recombination
term already stops the buildup significantly before the reser-
voir has had the time to empty itself, we can use NR�t�
�NR�0� to find the simple solution

p�t� = p1 tanh��NR�0�w�t� , �8�

with a nonexponential buildup time of �NR�0�w��−1/2 and an
amplitude p1 given by Eq. �5�.

We can also derive more general approximate analytical
solutions for the time evolution of the hole density p�t�.
While above we only discussed the limiting behaviors at low
and high exposures, these expressions allow us to study
when the deviation from the low-exposure behavior starts as
a function of NR�0�. The first expression can be derived for
the case when linear recombination is negligible, and it is a
general solution of Eqs. �2� and �7� for �TNT=0 that is valid
both for low exposure and for high exposure,

NR�t� = NR�0�e−wt, �9�

p�t� = p1e−wt/2K1��e−wt/2� − 	I1��e−wt/2�
K0��e−wt/2� + 	I0��e−wt/2�

, �10�

where �=2�NR�0�� /w and 	=K1��� / I1���. Here, Im and Km

are the modified Bessel functions of the first and of the sec-
ond kind, of real order m. This solution describes the full
dynamics of the photocarrier density all the way from the
low-exposure to the high-exposure limit. An example of
a plot of the above equation for w=�=1 and NR�0�
=1,10,100,1000,10 000 is shown in Fig. 1. A longer solu-
tion based on Bessel and gamma functions can also be found
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FIG. 1. Prediction of Eq. �10� in the normalized case of “w=�
=1” and the various values of �NR�0� shown.
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for the full system of Eqs. �1� and �2� including the linear
recombination term, but its analytical form is too compli-
cated to be useful in this work.

We now need to analyze the predictions of this model
when �TNT�0. The solution described by Eq. �10� is of
limited usefulness because it does not take into account any
relaxation mechanism other than direct electron-hole recom-
bination. Even though it is technically in the fast-
photoexcitation limit, it does not give a complete picture and
can only be used to analyze the time dependence on the
shorter time scale where the buildup is seen.

For the more general case where �TNT�0, we derived
two useful analytical expressions that describe the low-
exposure behavior and the initial deviations as NR�0� in-
creases. These two expressions are valid for the slow-
photoexcitation and for the fast-photoexcitation case,
respectively.

For the slow-photoexcitation case, w��TNT, we find

p�t� =
wNR�0�
�TNT

F�t�
1 + 
�1 − F�t��

, �11�

where 
=�wNR�0� / ��TNT�2 and F�t�=exp�−wt�
−exp�−�TNT�1+
�t�. This expression is valid as long as 
 is
of the order of 1 or less, so that it is only applicable in the
low-exposure regime and for the initial deviation from it. As
expected, the buildup rate is given by �TNT at low exposure,
corresponding to the hole lifetime. As NR�0� increases, the
buildup rate becomes �TNT�1+
�, initially deviating linearly
from the low-exposure value. At the same time, the denomi-
nator in Eq. �11� starts increasing and the maximum magni-
tude of p�t� becomes sublinear with NR�0�.

For the fast-photoexcitation case, w��TNT, we find25

p�t� = NR�0�
e−�TNTt − e−wt

1 + H�t� − G�t�
, �12�

where G�t�=�NR�0�w−1�1−exp�−wt�� and H�t�
=�NR�0��T

−1NT
−1�1−exp�−�TNTt��. This expression is valid as

long as �NR�0� remains smaller than w. The buildup rate at
low exposure is given by w. As NR�0� increases, the buildup
is affected by the H�t�−G�t� term in the denominator, which
grows from zero and becomes of the order of �NR�0� /w for
times near 1 /w. This leads to both a shortening of the
buildup time and to a reduction of the maximum amplitude
when �NR�0��w, which marks the transition to the high-
exposure regime from the point of view of buildup rate and
maximum amplitude. This can also be seen by neglecting
G�t�, linearizing the exponential in H�t� at times much
shorter than �T

−1NT
−1, and then recontracting the denominator

into an exponential of �NR�0�t. One then obtains a buildup
rate of w+�NR�0�, which deviates linearly from the low-
exposure value and doubles in correspondence to the condi-
tion �NR�0��w. The amplitude of the final exponential re-
laxation with decay rate �TNT, however, starts being affected
by an increasing NR�0� already at the much smaller values
when H�t=�T

−1NT
−1��1, that is, when �NR�0� starts becoming

comparable to �TNT. The amplitude of the final relaxation
essentially determines the integral of the photocurrent signal

when w��TNT. We can thus, in general, expect that in this
fast-photoexcitation regime, the integral of the photocurrent
starts saturating at exposures that are lower by a factor of
�TNTw−1 with respect to the start of the saturation in the
buildup rate.

Figure 2 shows how the peak amplitude, the buildup rate,
and the amplitude of the final exponential decay depend on
the initial filling of the reservoir NR�0� for the case where
�TNT and w differ by 2 orders of magnitude �which corre-
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FIG. 2. �Color online� Numerical solution of the model �Eqs. �1�
and �2�� for the dependence of the photoconductivity transient on
the initial number of filled reservoir states NR�0�. The upper graph
shows the peak photocurrent amplitude �solid curves� and the am-
plitude of the final exponential decay �dashed curves� normalized to
the same value for small NR�0�. The lower graph shows the buildup
rates calculated from the time needed to reach 80% of the peak
amplitude. All curves are labeled with S and F, indicating the fast-
photoexcitation regime and the slow-photoexcitation regime, re-
spectively. The thin dotted lines are the approximations of Eqs. �11�
and �12� for the peak amplitude. The curves for peak amplitude and
buildup rate all tend toward a square-root dependence from NR�0�
for large NR�0�. The parameters used for the calculations were w
=100 s−1 and �TNT=104 s−1 for the slow-photoexcitation case, and
vice versa for the fast-photoexcitation case. The arrows indicate
these values on the �NR�0� axis. The white circles mark the ap-
proximate conditions discussed in the text for which the transition
from low exposure to high exposure takes place.
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sponds to the experimental observation in rubrene�. The fig-
ure visualizes the limits discussed in the previous paragraph.
The point at which the buildup rate starts accelerating is by 2
orders of magnitude smaller for the fast-photoexcitation re-
gime than for the slow-photoexcitation regime, reflecting the
different carrier-density dependent demarcation conditions
in the two regimes, which are �NR�0��w and �NR�0�
���TNT�2 /w, respectively.

The saturation of the amplitude of the final exponential
decay of the carrier density with exposure is a characteristic
of the fast-exposure regime and does not occur at all in the
slow-exposure regime. In the slow-exposure regime, the car-
rier density at long times becomes small enough that qua-
dratic recombination does not play a role anymore and the
carrier density is then given just by the equilibrium of exci-
tation and recombination, p�t��wNR�t��T

−1NT
−1. Since NR�t�

=NR�0�exp�−wt� in any case, the charge carrier density at
long times will keep growing linearly with NR�0�.

III. EXPERIMENTS AND DISCUSSION

In the following, we first discuss the dependence of the
observed photoconductivity transient on the energy and the
wavelength of the illuminating pulses. We will then use the
insights derived from these observations to interpret addi-
tional temperature dependent measurements of the photocon-
ductivity and of the photoluminescence.

To determine the dynamics of the photocarrier density in
rubrene, we illuminated a 1 mm thick crystal with 20 ps long
laser pulses at a repetition rate of 10 Hz. A constant voltage
of 315 V was applied to two 2 mm long silver contacts
painted on the surface and spaced 2.2 mm apart along the b
axis of the crystal. The illuminated area of 0.2 mm2 was in
the middle between the contacts. These contacts have been
previously found to provide nearly Ohmic current-voltage
characteristics in rubrene,23 and the rubrene crystal has a
high resistivity in the dark. We expect an essentially uniform
electric field between contacts. We observed that the photo-
current dynamics does not depend on the interelectrode dis-
tance or the applied field, and that the peak photocurrent
amplitude is much larger than the dark current even for elec-
trodes 1 cm apart with a submillimeter illuminated spot in
the middle. Varying the position of the illuminated spot be-
tween the electrodes has no influence on the photocurrent
dynamics or amplitude. In addition, we did not see any
change in photocurrent dynamics when decreasing the rep-
etition rate of the laser by 1 order of magnitude, proving that
our experiment is essentially a “single-shot” experiment. In
general, we did not observe any dependence of the photocur-
rent dynamics from previous history in applied field, laser
pulse energy, or wavelength.

Photocurrent traces were collected for different wave-
lengths between 585 and 530 nm and for different pulse flu-
ences from 15 �J /cm2 to 9 mJ /cm2 with a 2 GHz sampling
oscilloscope and averaged 150 times.

Examples of the typical photocurrent dynamics observed
in rubrene under these circumstances are given in Fig. 3. A
prominent feature of the photocurrent is that at low expo-
sures, it starts appearing a long time of the order of 0.1 ms

after the 20 ps long pulse illuminated the crystal:17 the exci-
tation remains stored in an intermediary localized state for
several tens of microseconds before free carriers that can
contribute to the photoconductivity appear. A second impor-
tant feature is that the onset of the photoconductivity be-
comes faster at higher illuminating pulse energies and at
shorter wavelengths.17 Only at the highest exposures did we
also observe what appears to be a small instantaneous pho-
tocurrent. This contribution does not affect the measurements
presented here, and we will discuss it in detail in a future
publication. In all our present measurements, the photocur-
rent corresponding to this different photocarrier generation
mechanism remained relatively small �less than 10% of the
delayed contribution even at the highest exposures� and did
not otherwise affect the photocurrent dynamics in the micro-
second and millisecond time scales, which is the subject of
the present work. After having reached a maximum at a time
in the microsecond region that depends on both pulse energy
and wavelength, the photoconductivity relaxes with an expo-
nential decay time �not visible in Fig. 3� that remains of the
order of 10 ms, with no relevant dependence from the illu-
minating pulse energy or the wavelength.

A. Dependence on pulse energy

Several insights can be obtained by analyzing both the
amplitude and rise time of the photocurrent curves in relation
to the physical model presented in the previous section.
Since the absolute amount of photoconductivity that can be
obtained in a rubrene crystal is quite extraordinary, we start
by assessing a lower limit to the quantum efficiency with
which a photon is ultimately converted into a free carrier.
This can be done because we localize the photoexcitation in
time and observe the evolution of the photocurrent in the
dark. In the optimum case where a single carrier drifts by the
whole distance between the contacts �which is not the case in
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FIG. 3. Photocurrent dynamics observed in a rubrene single
crystal after illumination with a 20 ps long pulse at 580 nm. The
plot on the left shows traces obtained at various pulse energies from
0.03 to 18 �J. The illuminated area was 2�10−3 cm−2. The plot on
the right shows traces obtained at various wavelengths for an illu-
minating pulse energy of 1.4 �J. The wavelength for each trace was
from 585 to 530 nm in steps of 5 nm. The illuminated area was
about 4�10−4 cm−2.
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our experiment�, a single photoexcitation would lead to a
single unit charge moving from one contact to the other
through the external circuit. If the drift length �E is shorter
than the interelectrode distance d, then a single photoexcita-
tion will produce 	�E /d unit charges in the external circuit.
Hence, one can simply estimate the quantum efficiency � by
comparing the integral of the photocurrent to the total num-
ber of photons in the laser pulse,

� =
d

�E

1

eNph



0




I�t�dt , �13�

where e is the unit charge and Nph=Ep / �h�� is the number of
photons in the illuminating pulse, with Ep as the pulse en-
ergy. I�t� is the magnitude of the photocurrent. Figure 4 plots
the integrated photocurrent, expressed as a number of unit
charges, against the number of photons in the laser pulse.
The data points at the lowest exposure deliver ��E /d
�0.01. The real quantum efficiency will be larger than this
value because in the experiment of Fig. 4, the integral of the
photocurrent is still growing with the applied field. From the
absence of any variation of the photoconductivity dynamics
with the applied field, we also know that the drift length is
significantly shorter than the interelectrode spacing. In any
case, the lower limit of 0.01 already hints at a quantum effi-
ciency for free-carrier photoexcitation that is extraordinarily
large for an organic material. We will discuss its possible
origin below after we have presented some additional analy-
sis of the photoconductive properties of rubrene.

Another feature readily observed from Fig. 4 is that the
data points at the higher exposure deviate from a linear de-
pendence. This is caused by the effect of quadratic recombi-
nation on the carrier density, so that the pulse energy at
which the deviation starts depends on the optical energy den-
sity in the illuminated area. We will prove this interpretation
with several observations in the following, where we will
analyze the power and wavelength dependence of the photo-
current amplitude and of its buildup rate. These two quanti-
ties are extracted from the data by fitting the buildup dynam-

ics with a time dependence of the kind �exp�−t /�decay�
−exp�−t /�buildup��, where we define the buildup rate as
�buildup

−1 . The results are shown in Fig. 5 as a function of the
average absorbed photon density at the surface of the crystal,
nph=�Nph /A. Here, Nph is the number of photons in the laser
pulse, A is the illuminated surface area, and � is the
wavelength-dependent absorption constant in rubrene. The
reason for this choice of abscissa will become clear when we
discuss the wavelength-dependent data, below.

We see that there is a very good agreement between the
experimental power dependence that we observe for the
photoinduced conductivity in rubrene and the behavior that
we predicted in Fig. 2. Both the peak amplitude and the
buildup rate deviate from their low-exposure behavior to-
ward a square-root dependence from the energy density of
the optical excitation. The buildup time of the photoconduc-
tivity starts to shorten near the same pulse energies where the
photocurrent amplitude begins to saturate, as predicted in the
presence of quadratic recombination.

To interpret our data, we now need to choose between the
two possible cases where the quadratic-recombination model
predicts this behavior of amplitude and buildup rate: the
slow-photoexcitation case and the fast-photoexcitation case
discussed in Sec II. As shown in Fig. 2, the two cases are
distinguished by the amplitude of the final exponential relax-
ation, which starts saturating at lower exposures for the fast-
photoexcitation case but does not saturate in the slow-

1011 1012 1013 1014

109

1010

1011

# photons in laser pulse

#
un

it
ch

ar
ge

s
in

th
e

ex
te

rn
al

ci
rc

ui
t

FIG. 4. Total charge flowing in the external circuit, expressed as
number of unit charges, vs the total number of photons in the illu-
minating pulse. The wavelength of the pulse was 580 nm. The solid
line gives a linear dependence.

1016 1017 1018 1019

0.01

0.1

1

10

104

105

106

107

P
ho

to
cu

rr
en

t
(µ

A
)

nph (cm–3)

B
ui

ld
−u

p
ra

te
(s

–1
)

FIG. 5. �Color online� Photocurrent amplitude �open squares�,
buildup rate �open circles�, and photocurrent integral �triangles� vs
the average density of absorbed photons, as determined from the
known absorption constant of rubrene and the energy density of the
illuminating pulse. The photocurrent integral is the same data plot-
ted in Fig. 4, normalized to the photocurrent amplitude scale for
better visualization. The data were taken by varying the laser pulse
energy at a fixed wavelength of 580 nm. Solid circles represent
additional data points extending to higher photon densities obtained
by varying the illumination wavelength at a fixed energy density of
3.5 mJ /cm2. The solid lines correspond to the �linear� low-exposure
limit, while the dashed lines represent a square-root dependence
from the absorbed photon density.

NAJAFOV et al. PHYSICAL REVIEW B 77, 125202 �2008�

125202-6



photoexcitation case. This will have a strong effect on the
integral of the photocurrent, which is mostly determined by
the amplitude of the final exponential relaxation at higher
exposures, and it corresponds to what we observe in our
data. Figure 5 shows that the photocurrent integral deviates
from a linear dependence at exposures that are smaller by
almost 2 orders of magnitude compared to the deviations
observed for the peak photocurrent amplitude and the
buildup rate. We thus conclude that in rubrene, the observed
delayed photocurrent dynamics is in the fast-exposure re-
gime, where the buildup time at low exposure coincides with
the autoionization time of the intermediary state responsible
for carrier generation, and the decay time is to be interpreted
as a lifetime of the free carriers �the drift length always re-
mains significantly shorter than the interelectrode spacing�.
This interpretation is also confirmed by our earlier experi-
ments on the photoconductivity dynamics at higher powers,17

where we could clearly see the typical signature of quadratic
recombination in the time dynamics. It should also be noted
that the simultaneously measured luminescence intensity re-
mained linear with the exposure in this range of excitation
energies.

We are therefore led to conclude that the intermediate
reservoir state responsible for the delayed release of free car-
riers after short-pulse photoexcitation in the rubrene single
crystal autoionizes after an average time of 100 �s to pro-
duce a free hole. Within our model, we cannot distinguish
between an excitonic state that ionizes into free electrons and
holes, with holes having the largest mobility and dominating
the photoconductivity, and a defect state that interacts with
an exciton to create a state that autoionizes into a free hole
and a trapped electron. In both interpretations, the free elec-
trons or the negatively ionized defect states have the same
density as the free holes and lead to quadratic recombination,
as described by our model. In fact, Fig. 5 shows that at
higher pulse energies, the buildup dynamics starts being af-
fected by the rate of geminate recombination. Both photocur-
rent amplitude and buildup rate trend toward a dependence
from the square root of the population in the reservoir, as
predicted in Sec. II. In this regime, we can therefore associ-
ate any change in the buildup time to a corresponding change
in the initial reservoir population, which then depends lin-
early on the density of absorbed photons and on the energy
density of the illumination.

An initial reservoir population that is linearly proportional
to the number density of absorbed photons has several con-
sequences for the interpretation of the buildup time at differ-
ent wavelengths and at different temperatures. This will be
the topic of the next two sections.

B. Wavelength dependence

Since we established that the buildup time becomes pro-
portional to the square root of the initial reservoir density
and that the latter is proportional to the density of absorbed
photons, we expect the buildup time at high enough expo-
sures to become wavelength dependent because the absorp-
tion in rubrene varies strongly in the region between 500 and
600 nm.17 The higher absorption of shorter wavelength light

will lead to a larger density of absorbed photons close to the
surface of the crystal. As an illustration, the absorption
length in rubrene changes from 	100 �m at 580 nm to
	6 �m at 530 nm �for b-polarized light�, corresponding to a
more than 1 order of magnitude change in absorbed photon
density and hence in the density of photoexcited excitons.
Thus, it is possible to study the relationship between the
effects of changing the illumination wavelength and the ef-
fects of changing the energy of the laser pulse at a fixed
wavelength by plotting the parameters characterizing the
photoconductivity as a function of the average absorbed pho-
ton density at the surface of the crystal, nph=�Nph /A, which
we introduced above and which we chose as the abscissa of
the plot in Fig. 5.

Wavelength dependence and power dependence are plot-
ted together in Fig. 5. From the size of the illuminated area
and the pulse energies used in the two experiments, it is
possible to relate the two measurements in an absolute way.
Even though we obtain a good agreement �to within 30%�
when doing this for the buildup time, we preferred to slightly
rescale the data we obtained in the wavelength-dependent
measurement so that both the buildup time and amplitude
determined at 580 nm correspond to the results obtained at
580 nm in the power dependence measurements.

The wavelength-dependence data in Fig. 5 neatly extends
the power dependent data toward higher photon density
while following exactly the same trend. The behavior of the
buildup rate data is the expected one �following the predicted
square-root dependence at higher photon densities�, and it
strongly reinforces our interpretation that the photoconduc-
tivity buildup in rubrene is determined by the dynamics of
electron-hole recombination after ionization of the reservoir
state. The behavior of the amplitude data, on the other hand,
shows a continuing increase in amplitude even though the
total number of absorbed photons remained the same while
the wavelength was varied. This should not be the case for a
constant number of absorbed photons if every photon ab-
sorption event has the same probability of filling a reservoir
state. In other words, if the probability of a photoinduced
exciton to “fill” a reservoir state did not depend on the dis-
tance from the surface at which the photon is absorbed, then
we would expect a density of reservoir states that has a dif-
ferent depth distribution at different wavelengths but a total
number of released carriers that remains the same or de-
creases because of quadratic recombination. This would lead
to a photocurrent amplitude that slightly decreases at shorter
wavelengths as the buildup rate increases, but this is not
what we observe in Fig. 5.

A comparison of the wavelength dependence of the pho-
tocurrent buildup rate �dependent on density of excitation�
and its amplitude �dependent on both total number of exci-
tations and density� becomes the key to understanding the
spatial distribution of the reservoir state. These data can be
explained if the excitons are ionized efficiently into electron-
hole pairs only within a short distance from the surface of the
crystal. Only in this case does the total number of excitations
contributing to the photoconductivity keep increasing with
shorter wavelengths and shorter absorption lengths when
keeping the number of photons in the illumination pulse con-
stant. If only excitons created within a distance L from the
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surface are able to fill the reservoir state, then the total num-
ber of excitons contributing to the photoconductivity is pro-
portional to NphL as long as L remains significantly smaller
than the absorption length 1 /����. The amplitude data in
Fig. 5 can be explained in this way if L�1 /��530 nm�
�6 �m. We note that in some other samples we investi-
gated, we did indeed observe a decrease of the photocurrent
amplitude toward the shorter wavelengths, as would be ex-
pected if those samples had an active region deeper than the
6 �m we estimate here.

The above observations and conclusions associate the in-
termediary state that is responsible for exciton ionization and
ultimately the large photoconductivity of rubrene to an inter-
action of the photoexcited exciton with the surface of the
crystal, either the surface itself or defect states only appear-
ing close to the surface. The most probable candidate to ex-
plain this effect is the oxygen-induced defect previously ob-
served at the surface of rubrene.18,19 Upon interaction with
this defect, the exciton would transform into a localized state
that autoionizes into a free hole and a trapped electron. This
is a relevant conclusion for heterojunction photovoltaic de-
vices where the exciton does indeed ionize at the interface
between two different materials, and it could also point the
way to a new possibility for enhancing the exciton ionization
probability. In the present case of photoexcitation in rubrene,
both electron and hole remain inside the same material after
ionization, and ionization takes a time of the order of
100 �s. In addition, the quantum efficiency for the genera-
tion of one free charge carrier from one absorbed photon
appears to be extremely high in rubrene. Since we have
shown that carrier photoexcitation happens efficiently only
within a distance smaller than 	5 �m from the surface, only
less than about 6% of the photons are absorbed in the “active
region” close to the surface �the absorption length for
b-polarized light in rubrene is 	100 �m at 580 nm�. Count-
ing only the photons absorbed in the active region and con-
sidering our earlier estimation of a lower limit of 0.01 for the
quantum efficiency with which a photon is converted into a
free carrier, one arrives at a minimum quantum efficiency of
0.16. However, the value of 0.01 would correspond to a drift
length equal to the interelectrode spacing, which is certainly
not the case because we did not observe any changes in the
dynamics of the photocurrent up to an applied electric field
of 3 kV /cm. Using the observed photocurrent decay time for
the carrier lifetime, we estimate that the mobility of the
photoexcited carriers has a maximum value of 2
�10−3 cm2 V−1 s−1, corresponding to a drift length of the
order of 	0.3 mm at the 1.4 kV /cm field we used in our
experiments. A drift length of the order of a fraction of a
millimeter would be consistent with a quantum efficiency of
100%. Thus, our data imply an efficiency for the conversion
between absorbed photon and free carrier that is practically
of the order of unity at the surface of a rubrene crystal. This
is indeed an extraordinary photogeneration efficiency.

The maximum value of the photocarrier mobility that we
obtained above is much smaller than what was determined
by measuring the field-effect mobility.20 This can be ex-
plained from the fact that the field-effect measurement works
with a larger number of injected carriers under trap filling
conditions. In our case, the mobility of the photoexcited car-

riers is very probably trap limited, corresponding to the mo-
bility of a hole that is trapped and thermally released mul-
tiple times in shallow trap levels such as those observed in
Ref. 24 while it drifts in the valence band. This is not sur-
prising because transport takes place at the oxidized surface
of the crystal. Some more insights into this fact will be ob-
tained from the temperature dependence of the photocurrent
transients.

This conclusion of a quantum efficiency for photocarrier
generation almost approaching unity is supported by the fact
that we observed an absolute photoluminescence quantum
efficiency of less than 	2% in an experiment where the
photoexcitation was confined at the surface of a crystal. We
obtained this estimation by comparing the integrated tran-
sient photoluminescence from rubrene powder obtained from
naturally oxidized thin-plate crystals to that of a reference
sample. This observation is consistent with a picture where
the majority of molecular excitons created at the oxidized
surface of rubrene fills the reservoir state responsible for the
photoconductivity instead of radiatively recombining.

Under the assumption of unity quantum efficiency, we can
estimate the upper limit for the number of carriers released in
coincidence with the transition from the low-exposure to the
high-exposure regime in Fig. 5. According to our model, this
transition happens when �NR�0��w, around the region
where the buildup time shortens by a factor of 2. As seen
from Fig. 5, the corresponding photon density is 1018 cm−3.
This means that the corresponding NR�0� is at least equal to
this value. Since we know that w=104 s−1 because we as-
signed w to the low-exposure buildup rate, we can derive a
lower limit for the quadratic-recombination constant �MIN
=10−14 cm3 s−1. We need � to be at least this large in order to
explain the saturation behavior of the photocurrent that we
have seen. We note that if the mobility of the carriers is trap
limited, as mentioned above, and if the recombination occurs
at negatively ionized reservoir states, the constant � does not
necessarily reflect the recombination process of a free hole
and a free electron.

C. Dependence on temperature

In order to obtain even more information on the mecha-
nism of reservoir filling and ionization, we investigated the
sensitivity of the photoconductivity dynamics on the tem-
perature. In this respect, it is important to reiterate that the
buildup rate of the photoconductivity is determined by two
different effects in the low- and in the high-exposure limit. In
the high-exposure limit, it is a sensitive measurement of the
amount of filled reservoir states NR�0�, which is proportional
to the square of the buildup rate because of quadratic recom-
bination. In the low-exposure limit, on the other hand, the
buildup rate is determined by the ionization rate of the res-
ervoir state and it does not depend on photoexcitation den-
sity.

The temperature dependence of the buildup rate in the
high-exposure regime is thus a unique opportunity to get
information on the temperature dependence of the process
that leads from an absorbed photon to the intermediary state
responsible for the release of charge carriers in rubrene. Nor-
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mally, one could not extract such an information from just
the photoconductivity amplitude because its temperature de-
pendence is determined both by the variation in the number
carriers and by the temperature dependence of the mobility.

Figure 6 shows transient photoconductivity measurements
performed in the temperature range from 295 to 330 K both
in the low-exposure regime and in the high-exposure regime.
Figure 7 shows the corresponding temperature dependence
of the buildup rate and of the photocurrent amplitude. Be-
cause of the proportionality between the square of the
buildup rate and the reservoir density that we expect in the
high-exposure limit �we showed in the previous section that
the square of the build up rate in the high-excitation limit is
given by �NR�0�w�, we plotted the square of the buildup rate
in Fig. 7. Even though we chose to use only a limited tem-
perature interval—in order to avoid permanent changes to
the crystal and to the contacts due, e.g., to oxidation—we
notice that the buildup rate increases slightly but signifi-
cantly with temperature when it is measured in the high-
excitation regime, while it does not do so and instead re-
mains practically constant when it is measured in the low-
excitation regime �the larger scatter of the buildup rate data
under low-excitation conditions is caused by the small signal
to noise ratio�. The low-exposure data show that the rate of
ionization of the reservoir state—which is responsible for
the photoconductivity buildup time for small excitation
energies—does not change significantly in this limited tem-
perature range. On the other hand, the other quantities plot-
ted in Fig. 7 show a clear temperature dependent trend. We
can compare the relative temperature dependences of the
various quantities by using the slope of the data in Fig. 7,
which directly gives a measure of an “activation energy” Ea
appearing in a temperature dependence of the form
exp�−Ea /kBT�. From Fig. 7, one can read Ea

	0.2�0.02 eV for the square of the photoconductivity build
up rate �proportional to NR�0��� and Ea	0.4�0.02 eV for
the amplitude of the photocurrent measured at low excitation
�proportional to �NR�0��. On the other hand, the amplitude
of the photocurrent measured at high excitation �proportional
to ��wNR�0� /�� can be described by an activation energy of

0.3�0.02 eV. It is interesting that the difference in activa-
tion energy between the low-exposure and the high-exposure
case for the temperature dependence of the photocurrent am-
plitude is one-half of the activation energy we get from the
square of the buildup rate. This is expected from our model
because the ratio of the photocurrent amplitude in the two
limits is proportional to ��NR�0� �the mobility drops out�,
while the square of the buildup rate in the high-exposure
limit is proportional to �NR�0�. If the three fundamental
quantities �, �, and NR�0� that determine the photocurrent
response are also assumed to have a temperature dependence
of the kind exp�−Ea /kBT�, the data imply that the sum of the
activation energies for NR�0� and for � must be of the order
of 0.4 eV, while the difference of the activation energies for
� and � must be of the order of 0.2 eV. This could be con-
sistent with a quadratic-recombination constant � that is tem-
perature independent in the temperature interval we studied,
while both mobility and reservoir density are activated with
an energy of 	0.2 eV. In the absence of more data, this
choice seems to be the simplest one, explaining all the tem-
perature dependent data by a mobility and a reservoir density
that change with temperature as if they had an activation
energy of 0.2 eV. This energy corresponds approximately to
the energy of the carbon-carbon vibration in the rubrene mol-
ecule and to the energetic distance between the vibrational
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levels observed, e.g., in the absorption spectrum of rubrene
crystals.17 In addition, this energy is also similar to the depth
of the acceptor level identified in oxidized crystals in Refs.
19 and 24, which reinforces both the above interpretation of
the temperature dependence and our earlier conclusion that
molecular excitons interact with oxygen-induced defect
states to ultimately ionize and generate free charge carriers.

Thus, the temperature-induced changes in the photocon-
ductivity dynamics both at low excitation and at high exci-
tation are consistent with the interpretation that the density of
reservoir states, NR�0�, grows with temperature near room
temperature, increasing by 50% for a 10% change in tem-
perature. We now show that these temperature dependences
are also accompanied by a similar temperature dependence
of the photoluminescence. We have shown earlier17 that the
primary excitation that is responsible for the ultimate release
of charge carriers in rubrene is the same molecular exciton
that is also responsible for the photoluminescence. We have
also shown earlier17 that the photoluminescence in the high-
exposure regime shows a slower decay with a time constant
of 1 �m after a fast initial transient. We now investigated the
temperature dependence of this luminescence and found that
the decay becomes faster at higher temperatures. Numeri-
cally, this is best expressed as the temperature dependence of
the time integral of the photoluminescence signal. The re-
sults are plotted in Fig. 8. We monitored the photolumines-
cence close to its maximum at 618 nm �Ref. 17� using a
bandpass filter centered at 620�10 nm. From the decrease

in the time integral of the photoluminescence transient, we
extract an activation energy for the temperature quenching of
0.18�0.02 eV that is very close to the 0.2 eV we estimated
from the temperature dependence of the photocurrent dy-
namics in a limited temperature interval, and that we as-
signed to the temperature dependence of the initial reservoir
density NR�0�. Thus, as the radiative recombination on the
submicrosecond time scale decreases, the number of states
responsible for the photocurrent increases proportionally.
The increase in the population of reservoir states is corre-
lated to a quenching of the exciton luminescence. This does
not necessarily mean that the decay of the luminescence is
directly related to the filling of the reservoir state NR�0�, but
it may point at a common origin of the two effects.

In the above discussion, we argued that the reservoir state
could be related to the oxygen-induced defect identified in
Refs. 18 and 19 and also observed in Ref. 24. In this respect,
it is important to underline that Ref. 19 argued that an
oxygen-induced defect could be responsible for the lumines-
cence emitted close to the surface. The above data show,
however, that the source of the transient photoluminescence
and the reservoir state responsible for delayed photoconduc-
tivity cannot be the same state. First, because photolumines-
cence and reservoir density have an opposite temperature
dependence, and second, because the photoluminescence dis-
appears in the submicrosecond scale, while the photocurrent
arises at longer times. This is but one example of the open
questions that will need to be resolved with additional ex-
periments in the future.

IV. CONCLUSIONS

Our combined analysis of short-pulse induced photocur-
rent and photoluminescence transients and, in particular,
their dependence on pulse energy, pulse wavelength, and
temperature allowed us to identify several main features of
the charge carrier photoexcitation process in the rubrene mo-
lecular crystal.

We found that molecular excitons photoexcited close to
the surface of the rubrene crystal transform within a micro-
second from the time of their creation into an intermediary
state that ionizes into free charge carriers over a lifetime of
	100 �s. This delayed emission of charge carriers happens
only within a depth of the order of micrometers from the
crystal surface, but it has a quantum efficiency for the con-
version of an absorbed photon into a free charge carrier that
may become quite close to unity. This explains the large
photoconductivity that is observed in rubrene crystals.

To arrive at this conclusion, we developed a model taking
into account the delayed excitation of charge carriers after
short-pulse excitation that is generally applicable to several
pulsed photoconductivity experiments and takes into account
the effects of quadratic recombination. The model explains
all the peculiarities of the photocurrent dynamics in rubrene,
from the delayed onset of the conductivity to the shortening
of the buildup dynamics and the amplitude saturation ob-
served at higher light intensities and shorter wavelengths,
which can both be understood on the grounds of the ab-
sorbed photon density. Our analysis could successfully ex-
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with the temperature dependence of the photoluminescence.
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ploit the properties of the delayed photoexcitation dynamics
of rubrene to extract information from, e.g., the variations of
the photocurrent buildup time in the various photoexcitation
regimes. Such information would otherwise not be available
from experiments performed under continuous illumination.

The delayed photoconductivity that is observed after
pulsed excitation in rubrene is a quite uncommon situation,
and we are not aware of other materials where such an effect
has been seen. However, its clearly delayed onset and strong
magnitude make it clear—at least for the range of absorbed
photon densities and wavelengths that we investigated—that
this delayed photoconductivity dominates any charge carrier
generation that may take place while the illuminating pulse is
present in the crystal. The fact that our direct electric experi-
ments do not reveal any significant instantaneous generation
of charge carriers at low exposure is not in agreement with
the observations of a signal assigned to free carriers that
appeared within a picosecond from photoexcitation in Ref. 6.
For the moment, this discrepancy can only be reconciled by
assuming that what is observed in Ref. 6 is the result of the
immediate ionization of a fraction of the photoexcited exci-
tons, while the rest of photoexcited excitons follow the de-
layed path to charge carrier generation that we outlined
above. The current due to the fraction of carriers that are
immediately photoexcited must be relatively small and does
not give a detectable effect, in our low-exposure experi-
ments, while its contribution may become stronger at higher
exposures and shorter wavelengths, where the amplitude of
the delayed contribution saturates. In any case, it is interest-
ing to note that the signal associated with an instantaneous
creation of free charge carriers in Ref. 6 is the smallest for
rubrene among a family of related materials.

Finally, we come back to the discussion of the origin of
the intermediary reservoir state that is responsible for the
delayed photoconductivity in rubrene, and that we found can
be formed only in a surface layer with a thickness of the
order of some micrometers, a thickness that may well be
sample dependent. While further investigations are clearly
necessary in order to better identify its origin, we suggested
that this state may be related to the same oxygen-induced
defects that have recently been identified in Refs. 18, 19, and
24. We do not consider the presence of this oxidized layer in
rubrene an undesirable property. On the contrary, we esti-
mated that photoexcitation of free charge carriers by visible
light can happen with almost 100% quantum efficiency in
this oxidized layer. This explains the large photosensitivity of
rubrene, including the sensitive optical switching of a field-
effect transistor at the surface of a crystal.18 In addition, it is
also possible to envisage the application of this unique effect
toward obtaining efficient harvesting of light energy in the
visible spectral range, without the need of heterostructures to
ensure that photoexcited excitons are ionized, which is oth-
erwise a common challenge in organic materials for photo-
voltaic applications.
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