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The exciton dynamics of microcrystalline pentacene films is investigated by femtosecond pump-probe ex-
periments. Measurements are performed with ultrashort laser pulses applied at normal incidence and at an
angle of incidence of 65° to disentangle singlet and triplet contributions by exploiting the different orientations
of the molecular transition dipoles. The results indicate that the initial 70 fs fast relaxation step transforms the
optically excited excitons in a reasonable mobile species with strongly reduced radiative transition strength.
Fission into triplet excitons takes place on the picosecond time scale as a secondary, thermally activated
process and with a small total yield of approximately 2%. Evidence is provided that the dominant species are
singlet excitons with excimer character. To the subsequent dynamics contribute diffusion driven exciton-
exciton annihilation and trapping of singlet and triplet excitons. Values for diffusion constants and trap densi-
ties are extracted by modeling the measurements with rate equations which include singlet and triplet
dynamics.
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I. INTRODUCTION

Organic materials have attracted strong scientific attention
with respect to potential applications in photonics and
electronics.1,2 In particular polyacenes have been intensively
studied to understand the properties of organic crystals. Sin-
glet and triplet excitons in naphthalene, anthracene, and tet-
racene crystals and the interaction between them are well
characterized3 and the analysis of their properties has
achieved a microscopic level.4,5 In crystalline pentacene
films the situation is much less clear and the photoinduced
dynamics and the relevant relaxation pathways are subjects
of current research.6 Steady-state experiments are suitable to
investigate the electronic excitations which are directly opti-
cal accessible7,8 but have not revealed much insight into the
subsequent processes since the fluorescence of crystalline
pentacene is extremely weak and does not provide the nec-
essary information.9,10

Meanwhile a number of time-resolved studies have been
carried out. Terahertz experiments find free-charge carriers
after excitation at 400 nm which are trapped within a few
picoseconds.11 Similar studies with excitation in the visible
spectral range again observe signatures of free charge
carriers.12 However, the signal strength points in this case to
a yield for charge generation in the order of 1%. Time-
resolved photoconductivity experiments on films of substi-
tuted pentacene confirm the appearance of free charge carri-
ers but the yield again indicates that they are probably not
the dominant species.13 Absorption studies on the femtosec-
ond time scale point to the relevance of singlet and triplet
excitons. For pentacene films a very fast dynamics with a
time constant of about 70 fs was found.9,14 This dynamics
was interpreted as fission of the primarily excited singlet
excitons into two triplet excitons.9,15 In larger polyacenes the
energy of the triplet state is about half of the energy of the
first electronically excited singlet state. In crystals singlet
excitons can then split into two triplet excitons under conser-

vation of the total spin. Exciton fission was previously ob-
served in tetracene as a thermally activated process16,17

where the energy of the lowest-excited singlet state is about
0.2 eV lower than twice the energy of the lowest triplet state.
In pentacene the energy of the lowest-excited singlet state in
the ground-state geometry is 1.83 eV �Refs. 7 and 18� and
thereby more than twice the triplet energy of 0.86 eV.19 The
fission might then be barrier free and extrapolating from the
situation in tetracene to pentacene results in a theoretical
time constant of 85 fs which would be in very good agree-
ment with the experiments.9 However, the assignment of the
transient absorption bands to triplet excitons does not reflect
the electronic structure of the monomer.14 Little is known
also on the subsequent dynamics of the excitons in pentacene
and the dominant processes are not yet characterized. Re-
cently, we observed signatures for annihilation processes in
pentacene.14 But only a crude analysis of the dynamics could
be provided at that time.

In this paper we present a transient absorption study on
microcrystalline pentacene films with a time resolution of 30
fs and use the orientation of the singlet and triplet transition
dipoles to disentangle the triplet from the singlet dynamics.
Evidence is provided that the ultrafast initial relaxation step
results again in a singlet species and triplet excitons are
formed in a second step on a picosecond time scale and only
with a low yield in the order of 2%. A model is developed
which describes the annihilation and relaxation dynamics
and takes the interplay between singlet and triplet excitons
into account.

II. EXPERIMENT

Samples of thin microcrystalline films are prepared by
vacuum deposition of pentacene on a transparent polymer
substrate �thermoplastic olefin polymer of amorphous struc-
ture �TOPAS��. The film consists of closely packed crystal-
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line grains with a diameter of about 1 �m and a height of
roughly 30 monolayers.20 The samples are kept under nitro-
gen for storage and during the optical experiments. In the
pump-probe measurements the samples are excited by 30-fs-
long pulses with a center wavelength of 670 nm which are
generated by a noncollinearly phase-matched optical para-
metric amplifier �NOPA� �Ref. 21� pumped by a 1 kHz re-
generative Ti:sapphire amplifier system �CPA 2001; Clark
MXR�. The absorption changes are probed over the whole
visible spectral range with a white light continuum. Pump
and probe beams are overlapped and focused to a spot of
260 �m in diameter at the sample which is oriented normal
to the beams or with an angle of incidence of 65°. The recol-
limated probe beam is dispersed with a prism after the
sample22 and the transmitted energy is spectrally resolved
measured with a photodiode behind a slit. The pump polar-
ization is adjusted parallel to the probe beam with an achro-
matic � /2-wave plate.

III. RESULTS AND DISCUSSION

A. Evolution of the transient absorption

The steady-state absorption spectrum of the pentacene
films �see Fig. 1�a�� is identical to earlier published ones.8,12

The oscillator strength of the bands originates from the mo-
lecular S1←S0 transition. In the crystalline phase the lowest
absorption band is redshifted compared to the monomer ab-
sorption and exhibits additional structure due to Davydov
splitting.3,12

Transient spectra were measured with an angle of inci-
dence for the laser pulses of 0° and of 65° at various delay
times after photoexcitation in the lowest absorption band at
670 nm. The transient spectra recorded at normal incidence
�see Fig. 1�b�� are in good agreement with those reported in
Ref. 23. They show a strong ground-state bleach and excited-
state absorption �ESA� which is most evident in the region
between 600 and 650 nm. The bleach recovers to a large
extend within several hundred picoseconds. There are no in-
dications for stimulated emission �SE�. This is in agreement
with the fact that crystalline pentacene exhibits only very
weak fluorescence.9,10 The transient spectra measured with
an angle of incidence of 65° show a very similar behavior as
spectra at normal incidence �see Fig. 1�c��. However, around
540 nm an additional absorption band is observed which
appears with a small delay.

Figure 2 shows kinetic traces measured at 540, 648, and
678 nm at tilted incidence of the laser pulses. The presented
probe wavelengths correspond to the two ESA bands and the
spectral region where the bleach is dominant. The traces at
648 and 678 nm exhibit an ultrafast component with a time
constant of about 70 fs. This component was already ob-
served previously9,14 and indicates an ultrafast relaxation
process of the optically excited excitons. Contrary to that, the
dynamics of the absorption at 540 nm shows a much slower
rise on a time scale of about 1 ps. The subsequent evolution
of the transient spectra is dominated by a general decay of
the bleach and absorption signatures. In addition some spec-
tral reshaping is observed in the region of the ESA. The
kinetic traces measured at various wavelengths show a rather
complex, strongly nonexponential behavior and depend on
the excitation density �see Figs. 4, 5, and 7�. In the next two
sections a model is developed to explain the evolution of the
transient spectra.

B. Singlet versus triplet dynamics

In the following we discuss the ultrafast dynamics during
the first few picoseconds. The initial 70 fs component �see

FIG. 1. �a� Steady-state absorption spectrum of a microcrystal-
line pentacene film, �b� transient absorption spectra at different de-
lay times after photoexcitation at 670 nm measured with laser
beams normal to the substrate, and �c� transient spectra with beams
at an angle of incidence of 65°.

FIG. 2. Time traces measured with tilted angle of incidence
�65°� of the pump and probe pulses at different probe wavelengths.
The solid lines represent simulations with a model that describes the
exciton dynamics on the ps time scale subsequent to the initial
ultrafast relaxation process �for details see text�.
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Fig. 2� was observed previously by others9 and by us.14

Originally, it was assigned to the fission of the primarily
generated singlet excitons into, respectively, two triplet exci-
tons due to the arguments given in the introduction.9,15 Ac-
cordingly, the ESA band observed at normal incidence
around 630 nm was attributed to triplet excitons. In solution,
the triplet absorption exhibits an intense band at 505 nm
which is 1 order of magnitude stronger than that of the S1
←S0 transition.24 Compared to that, the ESA signature in the
transient spectra is relatively weak. At first glance this seems
to be an indication for a very small triplet population. How-
ever, the transition dipole of the triplet state is oriented along
the long axis of the molecules.24,25 Since the pentacene mol-
ecules are standing almost upright on the substrate surface,26

the dipole is perpendicular to the electric fields of the laser
pulses in the case of normal incidence and can hardly interact
with them. Hence it is unlikely that the signature between
600 and 650 nm is a result of triplet state absorption. Tilting
the angle of incidence of the laser pulses should give rise to
a strengthening of absorption signatures due to triplet exci-
tons. Measurements with an angle of incidence of 65° �see
Fig. 1�c�� show no increase in the ESA between 600 and 650
nm but a new ESA signature at 540 nm, which does not
appear in the spectra measured at normal incidence. Conse-
quently we assign this signature to the triplet excitons. How-
ever, the new band is also relatively weak indicating that the
fission process has a low-quantum yield and does not play a
dominant role in the overall dynamics.

Kinetic traces measured with an angle of incidence of 65°
at the probe wavelengths 648 and 678 nm, which reflect the
dynamics of the low-energy ESA band and the bleach, show
very clearly the 70 fs component �see Fig. 2�. The trace
recorded at 540 nm corresponding to the triplet absorption
lacks this feature and shows a much slower absorption rise
on the picosecond time scale. The 70 fs relaxation of the
optically excited excitons results obviously not in triplet ex-
citons but in a different species. The triplets are formed in a
second step and accordingly to the weak signal with a low
yield.

The species formed by the first relaxation step has no or
only a very weak radiative decay channel back to the elec-
tronic ground state since the transient spectra measured after
100 fs show no indication for stimulated emission. We sug-
gest that the nature of this species might be best described as
very similar to excimers.14 In this case two neighboring mol-
ecules form a bound dimer in the electronically excited state.
To check the plausibility of this suggestion we performed
time dependent DFT �TDDFT� �Ref. 27� calculations on the
dimer consisting of two coplanar pentacene molecules. The
calculations were carried out using the TURBOMOLE program
package28,29 and employing the B3LYP functional and the
Karlsruhe split valence basis set30,31 augmented with one po-
larization function. The ground-state geometry was opti-
mized without symmetry constraints with a coplanar arrange-
ment of the monomers. The resulting equilibrium structure
conserved the coplanar form. The intramolecular bond
lengths and bond angles of the cluster moieties are very simi-
lar to those found for an optimized pentacene monomer in-
dicating that the aggregation does not affect significantly the
monomer structure. The geometric parameters of the penta-

cene monomers obtained from the dimer ground-state opti-
mization were then used to calculate vertical energies at sev-
eral intermonomer distances in the coplanar arrangement.
For all calculated points the two lowest-lying excited states
�S1 and S2� are linear combinations of the lowest locally
excited states of the monomers and thus possess excitonic
character.

Figure 3 shows the energies of the electronic ground state
and the two lowest electronically excited singlet states of the
dimer in dependence on the intermolecular distance. The
minimum of the electronic ground state is at an intermolecu-
lar distance of about 6 Å while the minimum of the S1 state
is at a distance of 3.6 Å and 275 meV below the S1 energy
of the ground-state equilibrium point at 6 Å. It indicates that
the formation of an excimer, e.g., a more tightly bound elec-
tronically excited dimer can lead to an energy decrease in the
order of 0.3 eV. The energy of the S1 state is then below
twice the triplet energy and triplet fission is associated with a
barrier. In this way the first relaxation step causes a strong
decrease in the fission rate and the yield for triplet excitons is
drastically reduced in agreement with the experiment. In the
crystal structure the pentacene molecules are not coplanar
but tilted with respect to each other. The excimer formation
should then be associated with a slight rotation of two neigh-
boring molecules in addition to a reduction in the distance to
achieve a more parallel orientation and a better interaction of
their electronic � systems. In a coplanar arrangement the
S1←S0 transition is electric dipole forbidden.3 Accordingly,
the formation of excimers would cause ultrafast emission
quenching and can explain the absence of stimulated emis-
sion at later times and the low photoluminescence yield of
crystalline pentacene.

Other possibilities for the nature of the species also have
to be considered. It was suggested that charge-transfer
excitons7,32,33 or free charge carriers23,34 are generated. The
formation of excitons with strong charge-transfer character
or the ultrafast dissociation into free charges can also explain
the lack of emission. In both cases transient spectral signa-
tures are expected which are related to the electric-dipole
transitions of the molecular anion or cation. Both ions have
absorption bands in the near infrared �NIR� and in the blue
spectral region, the cation, e.g., at 425 nm.35,36 In the region
380–480 nm we find only a weak and completely flat absorp-
tion in the transient spectra �not shown� and no indication for

FIG. 3. Ab initio calculation �TDDFT� of the S0, S1, and S2
energies of the pentacene dimer depending on the distance between
two coplanar pentacene molecules.
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a cation band. This is in agreement with previous studies on
the microsecond time scale, which found no indication for
any cation absorption also in the NIR.15 Since pentacene ions
show no absorption in the region 700–460 nm, it is also
unlikely that they contribute to the transient absorption ob-
served in this region. From these findings we conclude that
free charges are not generated in a high yield and the char-
acter of the species generated by the primary relaxation step
is not dominated by charge-transfer contributions. However,
ionic absorption features might be hidden by the structure-
less ESA signal below 480 nm and a significant contribution
of free charges below �10% or a certain amount of charge
transfer cannot be excluded. Accordingly, the nature of the
emerging species is not completely established and demands
further investigation. But for simplicity and because of its
mobility, the species will be referred to as singlet excitons in
the following.

The delayed rise of the triplet ESA observed at 540 nm
can be modeled as a thermally activated process as it is
shown below. This points to an energy barrier for the fission
process and the energy of the state formed by the first relax-
ation step seems to be less than twice the energy of the triplet
state in agreement with the arguments given above. The en-
ergy released by the primary relaxation process is initially
distributed only over a few vibrational degrees of freedom
and dissipates then into the crystal. This leads to an elevated
local temperature directly after the first relaxation step which
cools down to room temperature with time. This scenario
results in the time-dependent triplet population nT�t� de-
scribed by Eqs. �1�–�3� if an Arrhenius-type behavior for the
fission rate is assumed,

nT�t� = A�t��
0

t

exp�−
Ebarrier

kBT�t��
�dt�, �1�

A�t� = 2kAnS�t� , �2�

T�t� = �T exp�−
t

�cooling
� + 300 K. �3�

The prefactor A�t� takes into account that two triplets are
formed per fission event. It includes the singlet population
nS�t� which turns out to be time dependent �see below� and
the barrier free rate of the fission process kA= �85 fs�−1 that
is derived by extrapolation from the measured fission rate in
tetracene.16 Ebarrier denotes the energy barrier and T�t� is the
temperature which decays exponentially with the cooling
time �cooling to 300 K. In the next section the time depen-
dence of the singlet population nS�t� is discussed and mod-
eled. It is taken into account to obtain a completely consis-
tent picture. To model the data Eq. �1� is integrated
simultaneously with Eqs. �6�–�10� which describe the com-
plete dynamics after the first relaxation step �see Sec. III B�.
Since the 70 fs process is not included the simulation starts
after the first 300 fs. Good agreement with the data is ob-
tained if an energy barrier Ebarrier of 0.3 eV, an initial tem-
perature rise �T of 210 K, and a cooling time �cooling of 2.1
ps are chosen �Table I�. The modeled triplet signal is shown
as solid line in Fig. 2�a�. Other combinations of values

within a range of �30% give similar good results. From the
molecular energies of the singlet and triplet states and from
the TDDFT calculations of the dimer an energy barrier of 0.1
eV would be estimated. The barrier in the model is in the
same order of magnitude and the difference can easily result
from neglecting crystal effects in the estimation. The tem-
perature rise of 210 K corresponds to a distribution of the
energy released by the excimer formation over 15 vibrational
modes with low frequencies. This seems to be reasonable for
a local distortion of the crystal structure. The cooling time of
2.1 ps is comparable to the time scale of intraband relaxation
in pentacene, which was recently characterized by
simulations.37

C. Diffusion-controlled dynamics

In the picosecond regime the measured data exhibit com-
plex dynamics that cannot be described by a simple expo-
nential behavior �see Figs. 5 and 7�. Furthermore the varia-
tion in the excitation energy reveals an excitation intensity
dependence of the bleach recovery �see Fig. 4�. This is an
indication for exciton-exciton annihilation, which has been
observed repeatedly in organic thin films at sufficient excita-
tion intensities.38,39

The annihilation process can roughly be described as
follows.3 It is assumed that the excitons diffuse through the
material by “hopping” between neighboring sites of the mo-

TABLE I. Parameters resulting from modeling the measured
data with Eqs. �6�–�10�.

DS 5�10−4 cm2 /s

krelax �30 ps�−1

klong �1200 ps�−1

Ntrap S 1.7�1019 cm−3

DT 13.5�10−4 cm2 /s

Ntrap T 0.15�1019 cm−3

Ebarrier 0.3 eV

�T 210 K

�cooling 2.1 ps

FIG. 4. Time traces measured at 685 nm with different excita-
tion energies modeled with Eqs. �6�–�10� �solid lines�. The initial
exciton concentrations are obtained by the fitting procedure and
scale correctly with the pump energies. For details see text.
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lecular crystal. Whenever two excitons reach a critical dis-
tance to each other, which is assumed to be in the order of
the lattice constant, they can interact and one of the partici-
pating molecules is excited into a higher electronic state Sn
while one exciton relaxes to the ground state S0. It is usually
assumed that the higher excited state decays almost immedi-
ately to the S1 state by internal conversion and a single ex-
citon remains.38 The annihilation rate of the excitons depends
on the average distance between them and on their concen-
tration n�t�. This leads to a rate equation with a time-
dependent rate,

dn�t�
dt

= − ��t�n�t�2. �4�

The expression for ��t� can be obtained from the approxi-
mate solution for the equivalent problem of coagulating
particles40

��t� = f8�Dā�1 +
ā

	2�Dt
� . �5�

D is the diffusion constant, ā is the average lattice con-
stant, and f is a factor which is set to 1, if no exciton survives
the annihilation event, or to 1

2 , if one exciton remains as in
the case considered here.

Several models, which all include diffusion-controlled
exciton-exciton annihilation as dominant process, were fitted
to the measured data �see Fig. 5�. To this end rate equations
for the contributing species were formulated and numerically
integrated. Parameters such as the diffusion constant and sig-
nal amplitudes were optimized in an iterative procedure us-
ing a Gauss-Newton algorithm.

The pure annihilation model shows poor agreement with
the data �see dashed line in the upper graph of Fig. 5� and
adding a single exponential decay for the natural exciton
lifetime yields an unphysical negative time constant. The
model was extended to account for traps in the imperfect
lattice of the microcrystalline films, which can immobilize
excitons �dotted lines in Fig. 5�. This gives a good descrip-
tion of the dynamics at 685 nm, where the bleach is domi-
nant. In addition, the excitation dependence of this dynamics
is reproduced very well. This is shown for the final formula-
tion of the model in Fig. 4. The initial exciton concentration
was calculated for the highest excitation energy of 100 nJ
�open triangles� while the other parameters are chosen con-
sistently with the fit results of the data presented in Fig. 5. In
the case of the two lower excitation energies solely the initial
exciton concentrations were optimized. The model is in good
agreement with the data and the resulting exciton concentra-
tions �given in Fig. 4� scale nicely with the pump pulse en-
ergies. However, the data are insufficiently reproduced in the
spectral region between 600 and 650 nm, where the dynam-
ics is more complex due to spectral changes in the ESA.
Therefore a relaxation process of the trapped excitons was
added in a second step. With this model a consistent fitting of
the complete data measured in all spectral regions is possible
�solid lines in Fig. 5� and also the dependence on the exci-
tation intensity is described correctly �see Fig. 4�. Incorpo-
rating the thermally activated process of triplet exciton gen-

eration as well as the following triplet dynamics �see below�
in the model does hardly affect the fit of the time traces
measured at normal incidence but yields consistent fits for
the time traces measured with tilted angle of incidence �see
Fig. 7�. A schematic picture of the contributing processes is
shown in Fig. 6.

The resulting system of differential equations used for
modeling the data reads,

dnS�t�
dt

= −
1

2
8�DSā�1 +

ā
	2�DSt

�nS�t�2

− 4�DSā�1 +
ā

	�DSt
�nS�t�

��Ntrap S − ntrap S�t� − ntraprel S�t�� − kA

�exp
−
Ebarrier

kB��T exp�−
t

�cooling
� + 300 K�nS�t� ,

�6�

FIG. 5. Time traces at normal incidence of the laser pulses
probed at 685 nm and at different wavelengths in the spectral region
of the ESA. The dashed line in the most upper graph results from a
fit with a model of pure exciton-exciton annihilation. The dotted
lines in the two upper graphs denote a fit with a model additionally
accounting for the immobilization of excitons at traps. The solid
lines show a consistent fit of all measured time traces achieved with
Eqs. �6�–�10�. For details see text.
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dntrap S�t�
dt

= 4�DSā�1 +
ā

	�DSt
�nS�t�

��Ntrap S − ntrap S�t� − ntraprel S�t�� − krelaxntrap S�t� ,

�7�

dntraprel S�t�
dt

= krelaxntrap S�t� − klongntraprel S�t� , �8�

dnT�t�
dt

= 2kA exp
−
Ebarrier

kB��T exp�−
t

�cooling
� + 300 K�nS�t�

− 4�DTā�1 +
ā

	�DTt
�nT�t��Ntrap T − ntrap T�t�� , �9�

dntrap T�t�
dt

= 4�DTā�1 +
ā

	�DTt
�nT�t��Ntrap T − ntrap T�t�� .

�10�

Here nS, Ntrap S, ntrap S, and ntraprel S are the concentrations
of the singlet excitons, the traps, the trapped singlet excitons,
and the relaxed trapped singlet excitons. The concentrations
of triplet excitons nT, and as it is discussed below of traps
Ntrap T, which are active for triplet excitons and of trapped
triplet excitons ntrap T have also to be considered. DS and DT
are the singlet and triplet diffusion constants. krelax is the
inverted relaxation time and klong the decay rate of the re-
laxed trapped excitons to the ground state. The parameters
kA, Ebarrier, �T, and �cooling are defined as described in Sec.
III B. The lattice constant ā was set to 1 nm, which is ap-
proximately the geometrical average of the lattice
contants.26,38 The initial singlet exciton density nS�0� was
calculated from the excitation intensity and the optical den-
sity of the pentacene films at 670 nm. The values of the
parameters resulting from the fit are given in Table I.

The time traces �see Fig. 7� and the transient spectra �see
Fig. 1�c�� measured with tilted angle of incidence show that

the band at 540 nm which is attributed to triplet excitons
decays in about few hundred picoseconds while a second
band at 655 nm rises. We model this dynamics as diffusion-
controlled trapping at lattice defects while the intrinsic life-
time of triplet states should be on the �s time scale.24 It is
assumed that the trapped triplet excitons show a redshifted
absorption and a lifetime much longer than the investigated
time range. The assignment of the band at 655 nm to a triplet
state is supported by the observation that it does not appear
at normal incidence as expected from the orientation of the
transition dipole along the long molecular axes �see Fig. 1�.
Triplet excitons in tetracene16 as well as in anthracene41,42

exhibit diffusive motion and exciton-exciton annihilation. In
the present experiments there are no indications that triplet-
triplet annihilation plays an important role. Probably the trip-
let yield and concentration are not large enough to lead to
many annihilation events within the considered time window.
From Fig. 1�c� it can be seen that the absorption of the
trapped triplet excitons has about the same strength as the
ground-state bleach. The assumption that the bleach results
from population in the triplet state would be in contrast to the
conception that the triplet excitons have a much larger ab-
sorption coefficient than the S1←S0 transition. Thus the rela-
tive strength of the bleach should result from long-lived sin-
glet excitons. This is in agreement with the value of 1200 ps
for the lifetime �long of the trapped and relaxed singlet exci-
tons obtained by the fit.

Though the triplet dynamics show a significant contribu-
tion in the data measured with tilted angle of incidence of the
laser pulses, the whole triplet yield is approximately 2%.
This result of the fit is in agreement with the expected high
absorption strength of the triplet excitons. It is also reflected

S0

S1

T1

2xT1

70 fs

thermal
relaxation

~2 ps

1.83 eV

0.86 eV

0.11 eV

~1 ps
excimer

traps

triplet pair

frenkel
excitons

annihilation

relaxation
~30 ps

traps

FIG. 6. Energy diagram and relaxation pathways.

FIG. 7. Time traces measured with tilted angle of incidence of
the laser pulses after photoexcitation at 670 nm at different probe
wavelengths. The traces can be fitted with Eqs. �6�–�10� �black
lines� with the same parameter values as for the measurements at
normal incidence.
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by Fig. 8 which shows the fitted absorption amplitudes of the
considered species for all modeled traces at tilted incidence.
The absorption strength of the diffusing and the trapped trip-
let excitons is about 1 order of magnitude larger in the maxi-
mum than that of the singlet states as expected from the
molecular absorption spectra. The amplitudes of the diffus-
ing, trapped, and relaxed singlet excitons are similar indicat-
ing that the trapping and relaxation process result only in a
slight shift and reshaping of the exciton absorption band. At
normal incidence the differences are more pronounced �not
shown�.

In the following the obtained diffusion constants and trap
concentrations are discussed. In Ref. 14 a preliminary model
was presented which does not include the relaxation of the
trapped excitons and the triplet contributions. For the singlet
diffusion constant DS the same value of 5�10−4 cm2 /s re-
sults in both models. Unfortunately, Ref. 14 contains a typo
and DS is erroneously given as 5�104 cm2 /s. The diffusion
constant can be compared to perylene crystals for which ex-
cimer excitons were observed and a diffusion constant of 5
�10−5 cm2 /s was found.43 The tenfold smaller constant
might result from the higher binding energy of the perylene
excimers of 0.4 eV which increases the barrier for hopping
processes. The singlet diffusion constant in tetracene is about
4�10−2 cm2 /s �Ref. 44� and thereby almost 2 orders of
magnitude larger than the one observed in pentacene. In tet-
racene the singlet excitons are common Frenkel excitons
without excimer contribution.45 Since the excimer formation
is associated with a local deformation of the crystal structure,
hopping barriers should be larger for excimer excitons than
for common Frenkel excitons. Therefore, a reduced diffusion
constant is expected for excimer excitons in agreement with
the observation. The diffusion constant also provides evi-
dence against the notion that free charges are the dominant
species. In the latter case the holes, which have a mobility of
more than 1 cm2 / �Vs� in crystalline pentacene,1,46 set a

lower limit for the diffusion constant of 2.5�10−2 cm2 /s via
the Einstein relation �=De0 / �kBT�.47 This is 50 times higher
than the observed value. The diffusion constant of the triplet
excitons which results from modeling the observed dynamics
is just in between the values reported for anthracene �1.8
�10−4 cm2 /s� and tetracene �4�10−3 cm2 /s� �Refs. 3, 48,
and 49� and fits to the general behavior of polyacene crystals.
The obtained trap concentrations are quite high. However,
there are several factors which in combination can account
for the trap density. The microcrystals of the film have only
a diameter of about 1 �m and are 50 nm thick.20 They have
a pyramidal shape with monolayer thick steps. The highly
structured surface with its large area should provide a large
number of defects. In addition, a high density of dislocation
defects was observed in pentacene films by x-ray
scattering.50 It is also possible that excimer excitons are more
sensitive to distortions of the crystal structure and localize
more easily than other quasiparticles since their hopping
probability is already comparable small.

IV. CONCLUSIONS

In conclusion, femtosecond transient absorption measure-
ments on microcrystalline pentacene films reveal a detailed
picture of their complex exciton dynamics. The singlet and
triplet dynamics were disentangled with the help of the dif-
ferent orientations of the molecular transition dipoles by
comparing experiments with the ultrashort laser pulses ap-
plied at normal incidence and at an angle of incidence of 65°.
It is found that an initial 70 fs fast relaxation step transforms
the optically excited excitons in a reasonable mobile species
with strongly reduced radiative transition strength to the
ground state. Fission into triplet excitons takes place on the
picosecond time scale as a thermally activated process and
with a small total yield of approximately 2%. Evidence is
provided that the dominant species are singlet excitons with
excimer character. However, the parallel generation of free
charges with sufficiently low yield and charge-transfer con-
tributions to the excitons cannot be excluded. The subse-
quent dynamics is dominated by diffusion-controlled pro-
cesses. A model, which includes exciton-exciton
annihilation, trapping of excitons, and a relaxation step of the
trapped excitons, as well as the thermal activated fission into
triplets, leads to a consistent description of all measured data.
With this analysis absolute values for several important pa-
rameters such as diffusion constants and trap densities can be
extracted. The results demonstrate that ultrafast spectroscopy
reveals new insights in the microscopic dynamics and trans-
port processes of molecular materials. The information will
be helpful for the design of optoelectronic organic devices.
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