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ABSTRACT
Unambiguous information about spatiotemporal exciton dynamics in three-dimensional nanometer- to micrometer-sized organic struc-
tures is difficult to obtain experimentally. Exciton dynamics can be modified by annihilation processes, and different light propagation
mechanisms can take place, such as active waveguiding and photon recycling. Since these various processes and mechanisms can lead to
similar spectroscopic and microscopic signatures on comparable time scales, their discrimination is highly demanding. Here, we study
individual organic single crystals grown from thiophene-based oligomers. We use time-resolved detection-beam scanning microscopy to
excite a local singlet exciton population and monitor the subsequent broadening of the photoluminescence (PL) signal in space and on
pico- to nanosecond time scales. Combined with Monte Carlo simulations, we were able to exclude photon recycling for our system,
whereas leakage radiation upon active waveguiding leads to an apparent PL broadening of about 20% compared to the initial excitation
profile. Exciton–exciton annihilation becomes important at high excitation fluence and apparently accelerates the exciton dynamics lead-
ing to apparently increased diffusion lengths. At low excitation fluences, the spatiotemporal PL broadening results from singlet exciton
diffusion with diffusion lengths of up to 210 nm. Surprisingly, even in structurally highly ordered single crystals, the transport dynam-
ics is subdiffusive and shows variations between different crystals, which we relate to varying degrees of static and dynamic electronic
disorders.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0019832., s

INTRODUCTION

Transport of excitation energy in assemblies of functional
organic molecules is a key process in organic solar cells and organic
light-emitting diodes.1–4 In particular, the exciton diffusion length,
i.e., the distance over which energy can be transported, is of great
importance for device efficiency.2–4 While in solar cells, a long trans-
port distance is desired to reach an interface for generation of free

charge carriers, in light-emitting diodes, long transport distances
can lead to unwanted non-radiative quenching at defect sites. Pre-
cise measurements of transport distances and dynamics are, there-
fore, required to be able to understand energy transport proper-
ties and to ultimately optimize molecular assemblies for the desired
functionality.

Currently, organic single crystals attract substantial attention
as suitable building blocks for new devices and applications.1,5–13 In
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structurally highly ordered crystals, molecules are densely packed
and, thus, feature reasonably strong electronic Coulomb inter-
actions. Hence, delocalized singlet exciton states form, in which
electronic excitations are coherently shared by many molecules
(coherent transport). However, unavoidable electronic and struc-
tural disorders lead to a localization of excitons. In particular, at
room temperature, dephasing processes due to interaction with the
local environment occur on timescales of some 100 fs and rapidly
attenuate coherent transport by dynamically localizing exciton wave
functions. On pico- to nanosecond time scales, relevant in the con-
text of this work, energy transport then takes place as incoher-
ent hops between (more or less) delocalized exciton states.14–18 To
resolve these complex energy transport processes, direct measure-
ments of transport distances and diffusivities in single crystals would
be ideal, yet those are scarce and demanding. For too high exci-
tation densities, such measurements can easily be misleading since
several excitons within the exciton diffusion length can be created.
Excitons can then interact and annihilate [Fig. 1(a)], which yields an
apparent increase in diffusion lengths and prevents a precise charac-
terization of energy transport distances.19–21 A further complication
arises because organic crystals are three-dimensional systems with
spatial dimensions of some tens of nanometers up to millimeters,
and they possess usually a higher refractive index than their sur-
rounding media. In this situation, different light propagation mech-
anisms can occur upon photoexcitation: First, active waveguiding
can take place [Fig. 1(b)]. Photoluminescence (PL) emitted within
a crystal is reflected at interfaces of the crystal with, e.g., a sub-
strate or air. A fraction of light remains confined within the structure
and propagates over long (micrometer to millimeter) distances.5,6,22

Notably, we have recently demonstrated that an organic layer with
a sub-wavelength thickness of ca. 50 nm supports already active
waveguiding.23 In addition to such propagating waveguide modes,
the so-called radiative leaky waveguide modes [Fig. 1(b)] leave the
structure into the substrate in close proximity to the excitation posi-
tion,24 which can erroneously be attributed to energy transport. Sec-
ond, photon recycling can take place, which refers to re-absorption
and re-emission of photons by other (distant) molecules within a
crystal [Fig. 1(c)]. This effect can be significant if the PL quan-
tum yield is high and/or the absorption and PL spectra strongly
overlap.25,26 Since all these processes (except waveguiding) often
occur on similar time scales, their discrimination and quantification
become very challenging. The unambiguous identification of these
processes, however, is of key importance to extract correct exciton
diffusion lengths and to develop suitable design principles for novel
structures.

To study energy transport in molecular assemblies, various
indirect methods have been applied to date,27 such as time-resolved
exciton–exciton annihilation16 and PL quenching at sensitizers or
surfaces.2,28–30 However, these methods have several shortcom-
ings: They are usually applied to large ensembles (films and solu-
tions) and, thus, average over disorder. Annihilation measurements
on bulk samples lack direct spatial information, i.e., we do not
know where the annihilation process takes place. Finally, quencher
molecules or nearby surfaces perturb the system by deliberately
introducing defects. Only a few direct measurements of trans-
port distances have been reported. These techniques exploit that
an initial, spatially defined exciton population broadens in space
due to energy transport. A simple approach uses static microscopy

FIG. 1. Energy transport and light propagation mechanisms in organic single crys-
tals. (a) Exciton diffusion in a disordered energy landscape. Photogenerated exci-
tons can diffuse, annihilate, or (radiatively) decay. Horizontal lines represent seg-
ments over which excitons (red circles) can be delocalized; the thick black arrows
indicate (incoherent and coherent) transport of excitons. (b) Active waveguiding of
photoluminescence created within the crystal: The crystal, with anisotropic refrac-
tive index n2, is surrounded by media with lower refractive indices (glass substrate:
n1 and air: n3). If emitted light is reflected at an angle Θ̄ larger than the critical angle
for total internal reflection, it is guided toward the crystal tip and then out-coupled.
For angles Θ smaller than the critical angle, the emitted light can escape into the
surrounding media (radiative leaky waveguide modes). (c) Photon recycling: PL
generated at time t = t1 is re-absorbed during its propagation through the crystal,
which can generate delayed emission at t2 > t1. (d) Schematic illustration of the
detection-beam scanning PL measurements on a 3TBT crystal: The crystal is con-
focally excited at a fixed position (light blue), while the detection position (red) is
independently moved along the crystal’s long (y) axis.
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to create an initial exciton population within, e.g., a diffraction-
limited excitation spot. The spatial broadening is detected by PL
imaging and analyzed by comparing this PL image with the ini-
tial exciton population.31–35 Using confocal microscopy with time-
resolved detection-beam scanning,36,37 the spatial broadening of the
PL signal can be followed on pico- to nanosecond time scales.
The time resolution can be extended to the femtosecond range
with transient absorption microscopy.19,38,39 The temporal infor-
mation of these direct methods allows us to rule out waveguid-
ing via leaky modes as broadening effect since waveguiding occurs
quasi instantaneously with the speed of light. However, the dis-
tinction between exciton transport, annihilation, and photon recy-
cling requires a more careful design of experiments and data
evaluation.

Here, we report on the quantification of the spatiotemporal
dynamics of energy transport, annihilation, and light propagation
mechanisms in organic single crystals based on thiophene–benzene–
thiophene (3TBT) oligomers (see Fig. S1).22,40 These crystals are
grown as previously described and possess a well-defined elongated
geometry with the 3TBT oligomers being stacked cofacially along the
long axis [y direction, Fig. 1(d)].22 This H-type assembly of 3TBT
molecules should favor long-range transport of excitation energy
(singlet excitons) along the crystals’ long axis,32 which, however,
has not been detected so far. The crystals’ micrometer-scale dimen-
sions and high refractive index allow for efficient active waveg-
uiding.22,24 Moreover, the spectral overlap between the absorp-
tion and PL spectra enables photon recycling.24 To distinguish
the different transport regimes and propagation mechanisms, we
use confocal PL microscopy combined with detection-beam scan-
ning and time-correlated single-photon counting; see the section
titled “Materials and Methods” of the supplementary material.
In combination with Monte Carlo simulations, we are able to dis-
tinguish and quantify all transport/propagation mechanisms. We
find that exciton diffusion represents the dominant contribution
to the broadening of the diffraction-limited excitation spot in
3TBT crystals on a pico- to nanosecond timescale, while waveg-
uiding via radiative leaky modes and photon recycling play only
a minor role. Despite subdiffusive exciton transport in our highly
ordered crystals, we observe long energy transport lengths up to
210 nm.

RESULTS

A widefield PL image of a representative 3TBT crystal with a
width of 2.7 μm and a length exceeding 30 μm is shown in Fig. 2(a).
The crystal shows a weak and relatively homogeneous PL from its
body and bright emission from its tip. This behavior is character-
istic of active waveguiding of PL that is emitted within the crystal
into propagating waveguide modes and out-coupled at the crystal
tip.22,24

Upon confocal excitation of the crystal at the position labeled
with the green filled circle in Fig. 2(b), we observe two distinct emis-
sion spots: First, there is relatively weak emission from the crystal tip
(red dashed box), which results from active waveguiding of PL cre-
ated at the excitation spot. Second, we observe direct emission from
the excitation position (blue dashed box), which is clearly broad-
ened along the crystal’s long (y) axis compared to the excitation

FIG. 2. (a) Widefield PL image of a 3TBT single crystal. (b) PL image of the same
crystal upon confocal excitation at the position marked with the green filled circle
(within the blue dashed box). The blue and red dashed boxes indicate the detection
area for PL decay measurements. (c) Excitation (green) and PL emission profiles
(blue) retrieved at the excitation position within the blue square in (b) along the long
crystal axis. (d) PL decay curves measured for a spatially fixed excitation [green
circle in (b)] at the excitation position (blue) and at the tip of the crystal (red) after
light propagation.

profile [Figs. 2(c) and S2]. We recently attributed this broadening to
result predominantly from short-distance (μm) leaky-mode active
waveguiding to the substrate.24 However, based on the highly
ordered H-type arrangement of the 3TBT molecules with
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reasonable electronic Coulomb coupling of about 320 cm−1,13 sub-
stantial exciton diffusion lengths are to be expected as well. More-
over, 3TBT crystals feature a strong spectral overlap between the
absorption and PL spectra with a substantial extinction coefficient
of ∼0.2 μm−1 (Fig. S3 and Ref. 24), which, in principle, enables pho-
ton recycling. Hence, there is a clear need to discriminate between
these transport/propagation mechanisms.

Photon recycling

We first address photon recycling by measuring PL lifetimes at
different positions, while the excitation remains fixed at the posi-
tion labeled with the green filled circle in Fig. 2(b). We recorded
the PL lifetimes from this excitation position (blue dashed box) and
from the crystal tip (red dashed box), which is 14 μm away from the
excitation. The PL decay curves from both positions are identical
and show a lifetime of τ = 0.35 ns [Fig. 2(d); see Fig. S4 for a sec-
ond example]. Photon recycling would lead to increasingly longer
PL lifetimes with increasing distance to the excitation spot25,26 due
to delayed emission of re-absorbed and re-emitted photons. Thus,
we can rule out photon recycling as a significant propagation mech-
anism over 14 μm toward the crystal tip. Since the probability for
photon re-absorption (and thus re-emission) follows the Lambert–
Beer law, photon recycling cannot dominate the PL broadening on
a much smaller length scale below 1 μm directly around the excita-
tion spot [Fig. 2(c)]. To further corroborate this finding, we sim-
ulated photon recycling using a kinetic Monte Carlo ray tracing
algorithm (Fig. S5). We indeed found only a very small fraction of
photons (<3.4%) that is recycled over a distance of 14 μm (Figs. S6–
S8, Table S1). We can, thus, exclude photon recycling for our
system.

Leaky-mode waveguiding

To quantify the contribution of leakage radiation into the sub-
strate in the vicinity of the excitation spot upon short-distance (μm)
waveguiding, we performed a detection-beam scanning experiment
on the crystal shown in Fig. 2. We kept the excitation position fixed
and measured PL decay curves while scanning the detection posi-
tion across the excitation position by some micrometer along the
long crystal axis. To avoid exciton–exciton annihilation, we used a
low excitation fluence of 0.4 μJ/cm2 and, thus, created only about 2.4
excitations/μm along one π–stack of 3TBT molecules. Figure 3(a)
shows the resulting normalized PL intensity distribution, I(y, t), as
a function of distance y relative to the center of the excitation spot
(y = 0) and time t after laser excitation. This distribution reveals a
slight broadening of the PL signal along the crystal’s long axis within
one nanosecond.

Considering the timescale of this broadening, this cannot result
from leakage radiation. The latter propagates with the speed of
light and can, thus, only affect the smallest observable instantaneous
width of the PL profile at t = 0 but does not account for further
spatiotemporal dynamics. Indeed, the instantaneous PL profile I(y,
t = 0) has a rather broad full width at half maximum (FWHM) of
about 760 nm (Fig. S9). Measuring the influence of leakage radiation
on this instantaneous PL profile requires two reference samples: A
very thin sample and one with the same dimensions as the crys-
tal in Fig. 2(a) with identical refractive index, surface roughness,

etc., but without the ability of exciton diffusion. Such reference sam-
ples, however, are very difficult to realize. Thus, we demonstrate the
instantaneous broadening due to radiative leaky-mode waveguiding
using a Monte Carlo ray trace algorithm that simulates PL pro-
files at the excitation position for two crystals with different heights
(Fig. S10): One has a height of 2 μm, which is similar to that in
the experiment and features waveguiding; the second crystal has
a height of only 5 nm, and thus, waveguiding and radiative leaky
modes are suppressed. Note that photon recycling was “deactivated”
in these simulations by setting the PL quantum yield to zero (see the
supplementary material). We find that the FWHM of the PL profile
at t = 0 is 20% broader for the thick crystal compared to the thin one
(Fig. S10). This effect is exclusively caused by the micrometer dimen-
sions of the thick crystal with accompanying leakage radiation upon
waveguiding.

Exciton diffusion

The pico- to nanosecond broadening of the PL intensity dis-
tribution I(y, t) in Fig. 3(a) is attributed to singlet exciton diffu-
sion over many tens of nanometers.20,36,37 That is, the initial exci-
ton population, created by the excitation pulse, is transported away
from the excitation spot prior to (radiative) decay. We analyzed the
time-dependent broadening of this I(y, t) distribution by calculat-
ing the mean-square displacement (MSD) as a function of time.
We used a reconvolution approach to account for all instantaneous
non-Gaussian broadening effects due to, e.g., leaky-mode waveg-
uiding (see the supplementary material for details). The measured
spatiotemporal PL distribution I(y, t) is fitted by a convolution of the
initial (non-Gaussian) profile I(y, t = 0) and the Gaussian probability
density function for exciton diffusion G(y, t),

I(y, t) = I(y, 0) ∗G(y, t). (1)

The Gaussian function G(y, t) results from the solution of the (time-
dependent) diffusion equation (see the section titled “Incoherent
exciton diffusion model” of the supplementary material), and the
variance of G(y, t) corresponds to the MSD reflecting the PL broad-
ening as a function of time due to transport. The evolution of the
MSD for the data in Fig. 3(a) is shown in Fig. 3(c) (red points). We
observe a clear sub-linear behavior, which is characteristic of sub-
diffusive exciton motion. This indicates the presence of static and
dynamic disorders that increasingly slow down diffusion for longer
times.10,14,41,42 We found the same qualitative behavior for 14 other
single crystals (Fig. S11).

Subdiffusive motion can be modeled by fitting the MSD with a
one-dimensional model,14,41,43,44

MSD(t) = Atα. (2)

Here, α is the diffusion exponent, and A is the exciton hopping
coefficient, which is related to a time-dependent diffusivity via D(t)
=

1
2Aαtα−1. For normal diffusion, α = 1, the diffusivity becomes time

independent. In contrast, for subdiffusive motion, α < 1, a time-
dependent diffusivity D(t) arises, which results from a disordered
energy landscape with asymmetric hopping rates [see Fig. 1(a)]. Both
exponent and time-dependent diffusivity are determined by a fit to
the data [Fig. 3(c), red points, solid line].
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FIG. 3. [(a) and (b)] Normalized PL intensity distributions I(y, t) and their spatiotemporal evolution for the 3TBT crystal in Fig. 2, measured along the long crystal axis for an
excitation fluence of 0.4 μJ/cm2 (a) and 40 μJ/cm2 (b). The white contour lines indicate the time evolution of the full width at half maximum. Note that around t = 1 ns, the PL
signal is already quite weak with a low signal-to-noise ratio so that the profiles appear to become narrower again. (c) Temporal changes in the mean-square displacements
(MSDs) calculated from (a) (red) and (b) (black). The solid lines represent fits to a power law with a diffusion exponent α. (d) Time-dependent diffusivities D(t), as determined
from the fits to the MSD curves in (c). (e) PL lifetime curves determined from the distributions in (a) (red) and (b) (black) by spatial integration.

The exponent is α = 0.59 ± 0.03, which indicates subdiffusion. The
analysis of 14 different crystals yields a distribution of diffusion
exponents with a mean value of ᾱ = 0.70 ± 0.23 (Fig. S11). This
variability of the exponent for different crystals is remarkable since
these are usually considered to be highly defined. Our observation,
thus, underpins the intrinsic heterogeneous nature of organic self-
assembled materials.36,37 The time-dependent diffusivity determined
from the fit [Fig. 3(d), red line] exhibits a rapid decrease by more
than one order of magnitude within the first nanosecond. The ini-
tial high diffusivity is probably caused by fast relaxation between
and within the vibronic singlet exciton bands to lower energy exci-
ton states14,41,45–47 and a subsequent equilibration into a quasi-
static diffusion within the inhomogeneously broadened excited-state
energy landscape of the crystal. Moreover, fast (sub-)picosecond
fluctuations of electronic interactions between molecules, induced
by low-energy phonon modes of the crystal, can contribute to
rapid transport in the initial time window of our measurement.48,49

Using the excited-state lifetime τ = 0.35 ns [Fig. 3(e), red], mea-
sured for this low-fluence excitation, we find here a diffusivity
D(τ) = 0.19 cm2/s (see also Fig. S11).

The analysis of the MSD as a function of time allows us to
retrieve the exciton diffusion length in this system using the square
root of the maximum MSD, LD =

√

max(MSD(t)). From the mea-
surement shown in Fig. 3(a), we find a diffusion length of 190 nm.
For the measurements on 14 crystals, we find that the diffusion
lengths are distributed around an average value of L̄D = 170± 20 nm
and a maximum diffusion length of 210 nm (Fig. S11). These exciton
diffusion lengths are among the largest reported for H-aggregated
crystalline structures.28,29,39

Exciton–exciton annihilation

To characterize the influence of increasing excitation fluence
and, thus, of exciton–exciton annihilation on the PL intensity dis-
tributions, we conducted an additional detection-beam scanning
measurement at a high fluence of 40 μJ/cm2, corresponding to
240 excitations/μm [Fig. 3(b)]. Notably, this measurement was per-
formed on the same crystal and at the same excitation position
as that shown in Fig. 3(a). The presence of annihilation in our
data is verified by the reduction in the excited-state lifetime from
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τ = 0.35 ns at low fluence to τ = 0.28 ns at high fluence [Fig. 3(e)].
Laser excitation generates an initial density of excitons within the
excitation spot, which can diffuse and decay radiatively and non-
radiatively. Interaction between excitons leads to annihilation and,
thus, to an additional decay channel with a concomitant decrease in
the PL lifetime. Figure 3(b) shows the normalized spatial PL inten-
sity distribution from the detection-beam scanning experiment at
high fluence. Compared to the low-fluence measurement, the inten-
sity distribution broadens faster and in a more pronounced way over
the entire time range.

Following the same approach for the analysis of the PL broad-
ening as above, we find that the MSDs are systematically larger
for each point in time as compared to the low-fluence experiment
[Fig. 3(c), black dots vs red dots]. At high fluence, the subdiffu-
sive behavior is still clearly visible. Based on the one-dimensional
diffusion model, we find a smaller diffusion exponent of α = 0.44
± 0.02 and a larger diffusivity, which steeply decreases as a function
of time [Fig. 3(d), black line]. At the excited-state lifetime τ = 0.28 ns,
under high fluence excitation [Fig. 3(e), black], we find
D(τ) = 0.67 cm2/s. Moreover, the exciton diffusion length increases
to LD = 270 nm, which, however, is only an apparent increase. At

higher fluence, the mobility seems to be enhanced [larger D(τ)],
but diffusion is increasingly hindered by annihilation (smaller α).
Importantly, this behavior is not included in standard rate equation
approaches for normal diffusion commonly applied to model such
data;50,51 see also Fig. S12.

To gain insight into the relationship between energetic disor-
der, annihilation, and the spatiotemporal dynamics of singlet exciton
diffusion, we performed kinetic Monte Carlo simulations (see the
supplementary material for details). For these simulations, we aver-
aged over 2000 energy landscapes with random Gaussian energy dis-
order. The same realizations of energy landscapes were used for both
excitation densities of 2.4 excitations/μm and 240 excitations/μm as
in the experiment. Our simulations in Figs. 4(a)–4(d) reproduce all
experimental trends, i.e., a time-dependent broadening of the exci-
ton distribution and an apparently enhanced exciton mobility (and
decreased diffusion exponent) for high excitation densities. Notably,
we were only able to reproduce our data, in particular the high dif-
fusion lengths in the subdiffusive regime, under the assumption of
incoherent hops of delocalized excitons. In other words, a com-
bined coherent–incoherent transport of excitons takes place, and a
purely incoherent hopping from site to site is not sufficient to model

FIG. 4. Kinetic Monte Carlo simulations of exciton diffusion and exciton–exciton annihilation. [(a) and (b)] Simulated normalized PL intensity distributions and their spatiotem-
poral evolution for an average over 2000 realizations of energetic disorder. The initial excitation densities were 2.4 excitations/μm (a) and 240 excitations/μm (b). The white
contour lines indicate the time evolution of the full width at half maximum. (c) Temporal changes in the simulated MSD (dots) from a and b, with power law fits (solid lines).
(d) Time-dependent diffusivities D(t). (e) Calculated probabilities for exciton–exciton annihilation (EEA) as a function of time.
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our data (see the section titled “Kinetic Monte Carlo Simulation of
Exciton–Exciton Annihilation” for details).

The apparent enhancement of the diffusivity at high excitation
fluence can be traced back to the spatiotemporal behavior of the
annihilation probability: The Gaussian excitation profile creates an
initial Gaussian-shaped exciton population. The loss of excitations
due to annihilation is, therefore, highest in the center of this distri-
bution19 and at short times after laser excitation (Fig. S13). As illus-
trated in Fig. 4(e), at early times, we find an annihilation probability
of 96% for high fluence (while for low fluence, it is only 22%). Conse-
quently, in the high fluence regime, annihilation rapidly thins out the
exciton population in the center of the initial distribution. In other
words, the peak exciton population is rapidly reduced, which “cuts
off” the peak of the PL intensity profile at short times and artificially
broadens this initial PL profile in space. The annihilation probability
then decreases with time [Fig. 4(e)] due to annihilation, exciton dif-
fusion, and (non-)radiative decay. Exciton diffusion spatially broad-
ens the annihilation probability with time (Fig. S13), which causes
the PL intensity distribution to broaden further. This spatiotempo-
ral behavior of the annihilation probability highlights the efficiency
of energy transport in our 3TBT crystals. Our simulations along with
our experiments, thus, reveal the origin of the apparently changed
singlet exciton dynamics for increasing excitation fluences.

CONCLUSION

We studied the spatiotemporal dynamics of singlet exciton
transport and light propagation mechanisms in micrometer-scale
3TBT-based organic single crystals as a model system. We focused
here specifically on transport/propagation processes along the long
axis of the crystals, which corresponds to the π-stacking direction
of the 3TBT molecules. Along this direction, the Coulomb interac-
tion between molecules is strongest, and thus (long-range), singlet
exciton transport is most efficient. We used detection-beam scan-
ning methods in combination with kinetic Monte Carlo simula-
tions to distinguish between photon recycling, radiative leaky-mode
waveguiding, energy transport, and exciton–exciton annihilation.
We excluded photon recycling as the main effect of the broad-
ened emission in 3TBT crystals because it only accounts for 3.4%
of all detected photons. However, our study illustrates that pho-
ton recycling can be significant in organic structures with a high
PL quantum yield and large overlap between the PL and absorption
spectra, which is typical for J-aggregates. Moreover, our simulations
show that photon recycling is manifested in spatiotemporal data
with very similar characteristics as exciton diffusion. Leaky-mode
waveguiding leads to about 20% instantaneous broadening of the
non-Gaussian emission profile at time t = 0 of the spatiotemporal
PL intensity distributions. If not taken into account, this mecha-
nism, therefore, leads to a substantial overestimation of the total
exciton diffusion lengths determined by steady-state direct imaging
methods.

Only the pico- to nanosecond temporal broadening of the spa-
tial PL intensity distribution in the 3TBT crystals can be unambigu-
ously attributed to exciton diffusion if low excitation fluences are
used to avoid annihilation. Under those conditions, we found sur-
prisingly large exciton diffusion lengths up to 210 nm, which we
related to combined coherent–incoherent transport, i.e., incoherent

hopping of delocalized singlet exciton states. Exciton–exciton anni-
hilation results in an apparent broadening of the spatial PL intensity
distribution with increasing excitation fluence and, thus, leads to
an overestimation of exciton diffusion lengths. Independent of the
excitation fluence, the temporal PL broadening exhibits a clear subd-
iffusive behavior during the entire time range. This observation is in
contrast to standard rate equation approaches19,50 that assume nor-
mal diffusion for the short-time dynamics and a transition to sub-
diffusive transport at later times. In general, subdiffusive behavior
results from intrinsic disorder in organic structures. Since the struc-
tural arrangement of molecules, especially in single crystals, is very
well defined, this disorder is very likely purely electronic in nature
and comprises both static and dynamic contributions. For instance,
the degree of side group crystallinity can vary locally, which spatially
modulates excited-state energy levels by providing locally slightly
different (static) dielectric environments for each 3TBT molecule.
This effect has been shown to be relevant for P3HT aggregates.52

Fast fluctuations of (groups of) side chains or vibrations, such as
(acoustic) phonon modes, contribute to dynamic electronic disor-
der. On the one hand, these fluctuations shift energy levels on fast
time scales14,53 (usually sub-picoseconds at room temperature) via
a time-dependent local dielectric environment. On the other hand,
these can induce fluctuations in the electronic coupling between
molecules by modulating inter-molecular distances.42,48,49 There-
fore, a deep understanding of all parameters that dictate exciton
transport must be obtained, which requires unambiguous resolution
of exciton dynamics in molecular assemblies. Our results highlight
that quantification of spatiotemporal exciton dynamics in nanome-
ter to micrometer scale organic structures requires careful evalu-
ation of different energy transport regimes and light propagation
mechanisms.

SUPPLEMENTARY MATERIAL

See the supplementary material for a description of materi-
als and methods, control experiments, kinetic Monte Carlo ray
tracing simulations of photon recycling and leaky-mode waveguid-
ing, and kinetic Monte Carlo simulations of exciton transport and
annihilation.
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