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Efficient exciton migration is crucial for optoelectronic organic devices. While the transport of triplet exci-
tons is generally slow compared to singlet excitons, triplet exciton migration in certain molecular semi-
conductors with endothermic singlet fission appears to be enhanced by a time-delayed regeneration of
the more mobile singlet species via triplet fusion. This combined transport mechanism could be exploited
for devices, but the interplay between singlet fission and triplet fusion, as well as the role of trap states is
not yet well understood. Here, we study the spatiotemporal exciton dynamics in the singlet fission
material tetracene by means of time resolved photoluminescence micro-spectroscopy on crystalline
samples of different quality. Varying the temperature allows us to modify the dynamic equilibrium
between singlet, triplet and trapped excitons. Supported by a kinetic model, we find that thermally acti-
vated dissociation of triplet pairs into free triplet excitons can account for an increase of the diffusion
length below room temperature. Moreover, we demonstrate that trapping competes efficiently with

rsc.li/nanoscale exciton migration.

Introduction

Organic semiconductors (OSCs) offer a versatile and abundant
platform for the development of optoelectronic devices with
tailored properties.’” Contrasting with the majority of their in-
organic counterparts, the primary photoexcitations in mole-
cular systems are Frenkel excitons with binding energies on
the order of several hundreds of millielectronvolts.®™ This
excitonic character imposes special guidelines for the design
of organic photovoltaic (OPV) devices, because excitons must
reach a site where they separate into free charges or where
their energy can be harvested before recombining.
Recombination losses can be minimized by manufacturing
intimately mixed donor-acceptor systems, so-called bulk het-
erojunctions, with domain sizes on the order of the exciton
diffusion length (typically <10 nm).’®"" Increasing the exciton
diffusion length would allow the use of active layers with
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larger domains, which would be beneficial for the transport of
separated charges.

To boost the performance of future generation solar cells, it
is also considered to exploit the singlet fission (SF) mecha-
nism, which is a spin-allowed process that converts a singlet
exciton efficiently into two triplet excitons with half or less
than half the energy of the singlet state."” SF materials could
serve as add-layers for solar cells in order to harvest higher-
energy photons more efficiently,"* " provided that the created
triplet excitons migrate efficiently into the underlying material.
In any of these scenarios, understanding and controlling the
excitonic transport properties is crucial for the targeted devel-
opment of OSC devices.

Beside some exceptions where coherent transport was
reported,'®'” the migration of excitons in most OSCs is domi-
nated by incoherent processes based on Forster and Dexter
mechanisms.” While the Forster process is more efficient
through long-range dipole interactions, it is spin-forbidden for
triplet excitons, which consequently propagate much slower
compared to the singlet species.'® Recently, however, for some
SF materials, a combined transport mechanism was reported,
which is based on time-delayed re-generation of mobile singlet
excitons via fusion of two triplets. Since triplet migration is in
this case assisted by singlets, this transport mechanism is
often termed “cooperative” exciton transport and it is found to
contribute significantly to the diffusion length of the photo-
generated exciton population in some SF materials.'®??
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Presently, however, it is not sufficiently understood how this
combined mechanism can be manipulated and how it is
affected by extrinsic material parameters such as defects or
disorder, which could lead to exciton trapping, as illustrated in
Scheme 1.

In the present study, we focus on the model system tetra-
cene (TET), a molecular semiconductor with a herringbone
packing motif,>* from which van der Waals bound crystals of
high quality can be produced.>® The exciton energetics of TET
are well understood®?®>° and also its kinetics have been
thoroughly characterized by means of time-resolved photo-
luminescence (TRPL) and transient absorption (TA) spec-
troscopy, yielding SF time constants on the order of
100 ps.>°3® Moreover, there is a general consensus about the
absence of a large exothermic driving force for SF, giving rise
to a dynamic equilibrium between the singlet and the inter-
mediate spin-correlated triplet pair '(TT) state.>**"*> However,
literature reports differ regarding the actual role of tempera-
ture in driving SF and dissociation of the (TT) state. TRPL and
TA studies suggest that the SF rate is independent of tempera-
ture in polycrystalline thin films,?*?>?33> potentially because
defects or structural imperfections accelerate the process. On
the other hand, for TET single crystals, TRPL and magnetic
field dependent studies indicate that the yield of triplets is
lower at low temperatures,®>””*® which implies that at least for
crystalline samples temperature does play a decisive role in
shifting the dynamic equilibrium either towards the singlet or
the free triplet population. The underlying interplay between
singlet fission, triplet fusion and triplet dissociation, the
impact of material imperfections and implications for the
exciton transport thus need further clarification.

In this work, varying the temperature allows us to modify
the underlying exciton kinetics in TET, giving either more
weight to the singlet or the triplet population. We study crys-
tals with intentionally varied quality in order to explore the
influence of trap states on the transport of excitons. The stron-
gest effect would be expected when comparing an amorphous
film with a single crystal. However, as has been shown in pre-
vious work,*® amorphous TET films begin to recrystallize at
low temperatures, so that they exhibit undefined structural
properties in the course of temperature-dependent measure-
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Scheme 1 Combined transport mechanism?° based on the intercon-
version between singlet excitons (S;) and the correlated triplet pair state
XTT), which may dissociate into free triplets. Beside this mechanism, we
also consider the possibility of exciton trapping.
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ments. Therefore, we compare two TET single crystals of the
bulk crystal structure but of different quality. To study the
ultrafast photoexcitation dynamics in excitonic materials on a
micrometer scale, spatiotemporal techniques such as transient
absorption or transient luminescence microscopy have proven
powerful methods to extract information about the evolution
of an exciton population both spatially and temporally.'®?**°
Here, we utilize a streak camera to probe the spatiotemporal
exciton dynamics based on the strong luminescence of TET
and the same instrumentation is employed for complementary
studies of the spectrally resolved dynamics. We find that in
pristine TET crystals with low defect density, exciton transport
is enhanced at lower temperatures, which is corroborated by a
kinetic model where SF is mediated by the transient '(TT)
state. In contrast, for a defect-rich sample, no increase in the
diffusion length is observed at low temperatures, which we
attribute to exciton trapping competing efficiently with the
dynamic equilibrium between SF and triplet fusion.

Methods

We investigated TET single crystals of different quality, which
were prepared from purified tetracene powder (Sigma Aldrich,
purity 99.99%) and will be referred to as pristine (“PSC”) and
defect rich single crystal (“DSC”) in the following. PSCs were
grown by cooling down a hot, saturated toluene solution,
similar to the procedure described in ref. 9, yielding large crys-
tals. To remove small crystallites that are formed on the
surface upon vaporization of the remaining solvent and to
obtain crystals of homogeneous thickness, both surfaces of the
PSC crystals were exfoliated using adhesive Viton tape. The
DSCs were grown via liquid mediated organic molecular beam
deposition (OMBD), where TET was continuously evaporated
from a Knudsen cell into a supersaturated solution of vacuum
stable silicone oil film (VWR GmbH, 47 V 350 Rhodorsil) that
had been spin-coated onto a quartz glass support.*!
Corresponding specular X-ray diffraction measurements
confirm that both preparation methods yield (001)-oriented
TET crystals of the known bulk structure,” but the DSC crys-
tals show a lower intensity of the higher order (007) reflections,
which indicates a lower crystalline order (see ESIY).

Optical micrographs of the samples were obtained with a
Nikon Eclipse LV-FMA microscope. Additionally, PL micro-
graphs were acquired by illuminating the sample with UV-light
using a SOLA light source (Lumencor) in combination with a
fluorescence filter yielding an excitation wavelength of ey, =
360-380 nm. The microscope is further equipped with an
OceanOptics QE Pro optical spectrometer (resolution 1.7 nm)
via a beam splitter that allows the acquisition of microspot
absorption and PL spectra.

To enable temperature dependent PL measurements, the
TET crystals were sandwiched between two sheets of quartz
glass, which were in turn glued onto the sample holder of the
cryostat via rubber cement (Fixogum, Marabu GmbH). The
samples were then placed inside a microscopy cryostat

This journal is © The Royal Society of Chemistry 2024
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(Cryovac), which was evacuated to around 10> mbar. The
temperature of the samples was adjusted via a temperature
controller (CryoVac), which regulates the power of a heating
element inside the cryostat and the throughput of a coolant,
liquid nitrogen, in the range of 80-290 K. By recording PL
spectra in reflection geometry, possible influences from a
luminescent substrate can be minimized. For the spatially and
temporally resolved experiments we employed a pulsed tita-
nium sapphire laser (Spectra Physics Tsunami) with a rep-
etition rate of 80 MHz and a pulse duration of 100 fs. The
wavelength of the laser was tuned to 920 nm and frequency
doubled via a Beta Barium Borate (BBO) crystal (TOPAG
Lasertechnik GmbH) to 460 nm. The laser beam with an
average power of 25 pW was focused onto the sample via a 50x
apochromatic microscope objective with a working distance of
20.5 mm, which at the same time served to image the PL
profile. Due to the long working distance and the rather thin
(1 mm) cryostat window, the impact on image quality was
manageable and we estimate a spatial resolution of 1.1 um
(see ESIT for details). The spatial resolution is not as high as
in some studies employing a similar methodology'®**** and
could certainly have been improved with an objective with
higher numerical aperture and adjustable glass thickness cor-
rection. However, we do not expect this impairment to affect
the experimental results, because the effect of the point spread
function is cancelled out, when the area of the (Gaussian) PL
profile at time zero is subtracted from the PL profile at later
times.*® A 490 nm dichroic long pass filter separated the PL
from the excitation path and any remaining laser radiation
was absorbed by a 495 nm long pass filter. The PL of the
excited samples was spectrally resolved by a spectrometer
(Bruker, model no. 250-30) and recorded with a UV/VIS streak
camera setup (Hamamatsu C6860), with a time resolution of
about 40 ps for the employed 2 ns time window.

To present the spectrally resolved data of all PL measure-
ments on an energy scale, the measured intensities were con-
verted using a Jacobian transformation.*® For the exciton
diffusion measurements, the PL spot was spatially imaged
onto the horizontal entrance slit of the streak camera and the
spot size was studied as function of time. The spatial axis of
the diffusion measurements was calibrated with a resolution
target (Thorlabs, see ESIT for details).

Results and discussion
Free and trapped exciton emission

As depicted in Fig. 1a and b, PL micrographs of the differently
prepared TET crystals exhibit a green colour at room tempera-
ture. Interestingly, the PL of the DSC turns to yellow at low
temperatures, which is reversible upon heating, while the PSC
does not change its colour. The temperature dependent PL
spectra and corresponding transients, presented in Fig. 1d-g
provide detailed insights into this behaviour. The PSC reveals
the highest energy emission maximum at 2.30 eV (538 nm)
and a lower energy replica at 2.17 eV (572 nm). Based on the
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Fig. 1 Microscope images of the luminescent PSC (a) and DSC sample
at different temperatures (b). Packing motif in a TET single crystal with
optical axis (c). Panels (d) and (f) show temperature dependent PL
spectra integrated over the first 2 ns of the emission for the PSC and the
DSC sample. In (e) and (g), the corresponding transients are shown.

small Stokes shift between the UV/VIS absorption and PL
spectra (see ESIt), the high energy peak is attributed to the
zero-phonon line of the free singlet exciton emission. Since
the energetic distance to the next lower energy emission (AE =
140 meV) is similar to that of vibrational progressions
obtained in the absorption spectra, we assign this emission
line to a vibronic sideband. The intensity of the zero phonon
line emission is significantly enhanced at lower temperatures
(¢f Fig. 1d), which is often attributed to the phenomenon of
superradiance,®>*?® i.e. an increase of the radiative decay rate
connected with an increase of the coherence volume, as dis-
turbing vibrational modes diminish at low temperatures.
Considering that singlet fission in TET is a slightly endother-
mic process,** the overall increase in PL intensity with decreas-
ing temperature can also be attributed to a decreasing fission
and subsequent triplet dissociation. This is consistent with a
faster PL decay with increasing temperature seen in the corres-
ponding transients (cf Fig. 1e).

The DSC samples exhibit also a dominating emission
around 2.3 €V at room temperature, together with two weaker
satellites at lower energies. A closer inspection shows that the
zero-phonon emission line in the DSC appears at slightly
higher energy than in the PSC (2.33 eV vs. 2.30 eV). This effect
has been identified previously as a sample thickness effect,’
which is caused by emission and re-absorption of the exciton
lines (see ESIT) and leads to the observed difference in emis-
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sion energies, since the DSCs are significantly thinner (<1 pm)
than the PSCs (>70 pm). In contrast to PSCs the DSCs reveal an
increasing intensity of the satellite emission with decreasing
temperature, so that the emission of the DSC sample at lower
temperatures (¢f. Fig. 1f and g) is dominated by a signature
peaking at around 2.19 eV (565 nm), giving rise to the yellow
color impression at low temperature. As depicted in Fig. 1g,
the corresponding transients reveal a largely increased lifetime
of the excited states below room temperature. With decreasing
temperature, the contribution of the red-shifted 565 nm
feature, which we will in the following call ‘yellow emission
band’, increases drastically and along with this, the PL
dynamics at low temperatures becomes multiexponential.

The presence of two distinct emitting species in the TET
samples is further highlighted in the two-dimensional plots of
the low temperature TRPL data and the time-dependent
spectra in Fig. 2. The dashed lines in Fig. 2b and d represent
delayed PL spectra extracted from the time range before ¢ = 0,
which originate from accumulation effects, because the PL
signal does not fully decay between two laser pulses with a
time spacing of 12.5 ns. In the highly ordered PSC sample, the
spectral shape of the delayed PL is almost identical to the
prompt PL, whereas in the DSC sample, the yellow emission
band clearly dominates the emission at later times. This is
further illustrated by the PL transients extracted from different
emission energies, which are shown in the ESL{

In order to motivate our picture of the underlying exciton
species and their dynamics, it appears instructive at this point
to give a brief summary about the ongoing discussion about
the origin of the yellow emission band. The emission energy
observed here agrees well with earlier reports, where the signa-
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Fig. 2 Spectrally resolved TRPL data recorded at 80 K. Panels (a) and (c)
show two-dimensional plots with color-coded intensity presented on a
log-scale. Corresponding spectra extracted by integrating over different
time ranges, with a size of At = 0.2 ns, are presented in (b and d). For
clarity, only every second curve is displayed. For comparison, also
spectra extracted from the time range before the emergence of the
laser pulse with a central time of t = —0.2 ns are shown as dashed lines.
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ture was tentatively assigned to a trap state,>*’° potentially
originating from excimers®"*>*® or structural defects, which
could be related to a low temperature phase transition.>® On
the other hand, it was also suggested that the correlated triplet
pair state itself could give rise to the red-shifted emission.*?
This hypothesis was later supported by a study which com-
bined TRPL with transient absorption (TA) spectroscopy for a
broader series of acene derivatives.”” The authors observed
red-shifted emission with respect to the free singlet exciton
emission with similar properties and found that the emission
energy was correlated with the triplet state energies of the
studied materials. Moreover, sequential kinetics were observed
in TA, with an intermediate species demonstrating very similar
dynamics as the red-shifted PL, suggesting the presence of a
partially emissive '(TT) state, which could originate from a
Herzberg-Teller coupling mechanism. On the other hand, the
low temperature TA signatures of TET were difficult to interpret
due to the poor signal-to-noise ratio.”” We note that based on
a triplet state energy of 1.25 eV,** the '(TT) state of TET should
occur at higher energies. Moreover, the model of an emissive
'(TT) state in TET was recently challenged by the observation
of delayed luminescence of the original singlet species arising
from triplet-triplet annihilation (TTA) after the yellow emission
band had decayed, which is incompatible with a sequential
model in which an emissive '(TT) state mediates triplet
formation.>®

This latter view is consistent with our observation of a
strong dependence of the yellow emission band on the prepa-
ration method, which actually suggests that the signature is
not intrinsic. Notably, a strong variation of the relative inten-
sity of the yellow emission band is also observed among
various literature reports.*®**3%4%48 [n addition, our obser-
vation of delayed PL from the original singlet species (cf:
Fig. 2¢), which is likely to originate from TTA, corroborates the
perception that the majority of triplet states is not generated
via the states, which are giving rise to the yellow emission
band. It is also noteworthy that in our study the yellow emis-
sion band emerged in freshly prepared crystals at temperatures
well above the broad temperature range which was reported for
phase transitions (130-200 K),**° suggesting that its emer-
gence is not connected with these.

Based on the foregoing discussion, we rather consider
structural defects or impurities as the most likely origin for the
yellow emission band. While the same starting material of
high purity was used for both crystal preparations, the liquid
assisted growth in silicone oil appears to be more critical for
photo-oxidation, as the oil was also exposed to air and daylight
with UV content. Thus, it is conceivable that photo-oxidation
could give rise to the formation of keto-defects (ie.
quinones),’"** especially since the employed silicone oil has a
high viscosity, potentially leading to anisotropic crystal growth
and the preferred formation of structural imperfections that
are susceptible to oxidation.*" In order to narrow down poss-
ible reasons for the yellow emission of the DSC sample and to
identify the actual cause, we additionally examined the low
temperature PL signature of amorphous TET, TET-quinone

This journal is © The Royal Society of Chemistry 2024
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and quinone doped TET films (see ESIt). These results show
that while amorphous TET films reveal a rather similar PL sig-
nature as the PSC samples with a dominating green emission,
the quinone-doped TET film exhibits a strong suppression of
the green emission together with a dominating yellow emis-
sion. Therefore, we attribute the yellow emission band to trap
states caused by quinone impurities formed upon light
exposure. This is further corroborated by the fact that samples
exposed several months to air showed yellow PL even at room
temperature.

Exciton transport

Next, we investigate the exciton migration in both samples by
analyzing the spatiotemporal evolution of the luminescence
profile. A schematic representation of the technique together
with exemplary data of the PL profile of the PSC sample at
different times after the excitation pulse is presented in Fig. 3a
and b. The spectrally integrated PL profile is imaged onto the
entrance slit of the streak camera, which captures a horizontal
cross section of the luminescence spot. For further analysis,
the spatial PL profile was fitted by a one-dimensional
Gaussian function at each time step and the variance was
extracted from the fitting parameters. The change in variance,
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Fig. 3 Spatiotemporal exciton dynamics. (a) Detection scheme with (b)
extracted emission profiles of the PSC sample integrated over the full
spectral range of the PL at different times after the laser pulse. Panels (c)
and (e) show the mean squared displacement (MSD) of the fitted
profiles, here termed Ac?(t) for a pristine TET crystal and a defected
sample, with added trend lines as a guide to the eye. For a qualitative
description, Ac® was approximated by a linear fit in two different time
ranges, which are highlighted in (c—e). Note that the data points from
12 to 1.4 ns have been removed to correct for a spike caused by a
camera artifact. The slopes obtained from these fits are plotted in (d—f).

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

also known as mean squared displacement (MSD) Ac’(t) =
o(t) — 67(0) is presented in Fig. 3c and e for the PSC and the
DSC sample, respectively. In general, transport of the photo-
excited species can occur through coherent and incoherent
processes, with A¢® displaying either subdiffusive, normal or
ballistic behavior.*® Normal diffusion would be characterized
by a linear slope, i.e.

Ac?(t) = 2Dt (1)

with D denoting a linear diffusion coefficient. Apparently, the
data extracted here reveals a much more complex diffusion be-
havior, which slows down drastically after the first 200 ps. To
discuss the differences between the pristine and the defected
sample, it appears instructive to compare the slope of Ac* in
different time ranges of the curves. In Fig. 3d and f we show
effective values D, which were extracted by approximating the
experimental data with a linear fit based on eqn (1) in a time
range between 0 and 0.27 ns and at later times from 0.6 to 2
ns. While the slopes at early times are comparable for the PSC
and the DSC sample without showing noticeable temperature
dependencies, diffusion at later times yields a more complex
picture with remarkable differences between both samples.

Notably, for the PSC sample at temperatures above 200 K,
D¢ becomes negative at later times (Fig. 3c and f). Such an
effective negative diffusion coefficient was reported earlier for
TET by Berghuis et al. on a comparable time scale.”* The
authors attributed the initial increase and subsequent shrink-
age of the luminescence profile to a concerted effect of
singlet-singlet annihilation (SSA) causing the initial broaden-
ing and delayed luminescence emerging from triplet-triplet
annihilation (TTA). The latter originates from triplets with
poor mobility and the fusion back to emissive singlet excitons,
which is most efficient in the center of the excitation profile
with the largest triplet concentration, thus the overall profile
of the delayed luminescence was found to be even narrower
than the initial excitation profile. With decreasing tempera-
ture, D extracted from the longer time range increases and
changes its sign from negative to positive. This observation is
consistent with the hypothesis of thermally activated triplet
formation in TET,***”*®>? gince a higher probability to popu-
late the mobile singlet state at low temperatures should also
increase the diffusion coefficient.

Another consequence of the lower triplet yield is the
absence of negative effective diffusion in the investigated time
window. It is noteworthy that we also carried out the presented
experiments for thin polycrystalline films of high quality
which were deposited via OMBD (see ESIt) and qualitatively
show the same behavior as the PSC, ie. effective negative
diffusion at room temperature and the absence of the yellow
emission band at lower temperatures. Interestingly, for the
DSC sample, we observe effective negative diffusion in the
longer time range (0.60-2 ns) throughout the whole investi-
gated range of temperatures. Here, an intuitive assumption
would be that trapping leads to a strong localization of the
population and effective negative diffusion could emerge when
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the relative contribution of the mobile species to the overall PL
diminishes with respect to the more localized subset.
However, the negative diffusion prevails at longer times of
approx. 1 ns, where the free singlet population virtually does
not contribute to the overall PL (¢f Fig. 2d) and the emission
profile of a localized subset of excitons should then rather
remain constant over time. This finding actually suggests that
in the DSC sample at low temperatures, TTA remains
significant.

Kinetic modeling

Motivated by the preceding discussion, we attempt to compre-
hend and quantify the above-made statements about the
exciton dynamics with a two-dimensional kinetic model pro-
posed by Huang and co-workers.”®** In addition, as suggested
by Wilson et al.,** we implement the contribution of the yellow
emission as a trapping mechanism which competes with SF
and contributes significantly to the luminescence profile of
the DSC sample at low temperatures. Overall, the following set
of coupled rate equations is numerically solved:

dn;
T: = —Ns (kO + kiss + ktrap) + Nrrkfus
— Ng’kssa + Nr’krra + DsV2Ns
dnN
T:T = - N"IT(kdiss + kfus) + NSkfiss (2)
dn-
Cl_tT = = NTkTripdec + 2kgissNtr — NTZk”ITA
dn-
% = - NTrakarapdec + NSktrap~

The model comprises four spatiotemporal population dis-
tributions: free singlet excitons Ng(x, y, t), correlated triplet
pairs Nrr(x, y, t), free triplets Nr(x, y, ¢t) and trapped singlet
excitons Nrrap(X, ¥, t). Possible transitions between these popu-
lations are illustrated in the kinetic scheme in Fig. 4a. After
photoexcitation, singlet excitons can either recombine with the
intrinsic rate ko, they can be trapped with a rate constant ki;ap
or undergo SF to the '(TT) state via ks, from where they dis-
sociate into free triplets (T + T) or transfer back to the singlet
state with rate constants kqgiss and kg,s, respectively. Non-radia-
tive singlet-singlet annihilation is described by a rate coeffi-
cient kssp. We also consider the possibility of a delayed for-
mation of singlet excitons via a triplet-triplet annihilation
coefficient krpy. Our model comprises two pathways of radia-
tive decay back to the ground state: one originating from free
singlet excitons with a rate constant k, and one originating
from trapped singlets via Krrapdec. Beside the interconversion
between the populations, we add a diffusion term to the rate
equation for Ng, where Dg denotes the diffusion coefficient of
singlet excitons. To keep the model simple, we neglect any
migration of triplet excitons or trapped excitons in the
observed time window of 2 ns. This is justified by the reported
diffusion coefficients for triplet excitons in TET, which are
approximately three orders of magnitude smaller than those of
the singlet species.">**** Moreover, the TET molecules in the
(001)-oriented samples investigated here are upright and thus
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Fig. 4 Two-dimensional kinetic model based on ref. 20, 23 and 32. (a)
Kinetic scheme and (b) estimated initial profile of the excitation density
(see ESIT). The dynamics of the excited populations and the respective
change in the variance Ac® of their distribution is presented in (c) and
(d). Panels (e) and (f) display the resulting PL and MSD of the total PL
and the contributions of the sub-populations. As model parameters we
used the literature values summarized in Table 1.

the transition dipole moments of the lowest exciton states lie
in this plane.’ This leads to emission perpendicular to the
sample surface, so that we do not consider lateral radiative
transport in our modeling. Another simplification in our
approach is the assumption that the diffusion coefficient Dy is
constant over time, while it is actually well established that the
effective diffusivity of excited populations in disordered
organic systems appears to be time-dependent, especially at
longer times.>>>* Therefore, the fitted values of Dg should be
rather considered as effective values, which depend on the
observed time window.

This journal is © The Royal Society of Chemistry 2024
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Our estimate for the initial population of singlet excitons in
the TRPL experiments is presented in Fig. 4b (for details, see
ESIt) and yields approximately 2 x 107 em™ in the center of
the excitation spot. Based on this initial population density,
we can simulate the spatiotemporal evolution of the different
exciton species. As a first step, in order to comprehend their
different contributions to the spatiotemporal PL dynamics, we
used a set of kinetic parameters from the literature, as sum-
marized in Table 1. The resulting dynamics of the exciton
populations is presented in Fig. 4c and d.

Moreover, we calculate the luminescence of free and
trapped singlet excitons via PLg = Ngko and Plpy,, =
aNrpapkrrapdec- Here, the parameter a denotes the relative oscil-
lator strength of the trap recombination in relation to the free
singlet exciton emission. The total PL is the sum of PLg and
PLyyap. Qualitatively, the simulated TRPL data in Fig. 4e and f
show good agreement with the experimentally observed PL
transients and the MSD. The simulation allows us to connect
the trends observed in the experimental data with the under-
lying kinetic processes. Let us first consider a situation without
any emission from trapped excitons, ie. a = 0. The PL transient
and the MSD would then originate exclusively from free singlet
excitons, as described by the green curves in Fig. 4e and f.
Regarding the exciton kinetics, we can identify three distinct
time regimes: first, the initial population of free and mobile
singlet excitons is rapidly depleted by SF and trapping. This
regime is characterized by a fast growth of the MSD caused by
diffusion of the prompt free singlet excitons. In the second
regime, the initial population of singlet excitons is drained, but
delayed singlet excitons are generated via fusion from correlated
triplet pairs. This causes a time regime where A¢” grows slower
or reaches a plateau. Eventually, also the reservoir of correlated
triplet pairs is depleted, leaving TTA from free triplets as the only
source of emissive singlet excitons. Since the excitons involved in
TTA have spent most of their lifetime as triplets, they could not
diffuse very far and consequently the PL profile shrinks when
delayed luminescence from TTA starts to dominate. These three
regimes can also be observed in the experimental results for Ac®
(Fig. 3c and e).
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Our findings of effective negative diffusion are in line with
the observations of Berghuis et al. who investigated the tem-
poral evolution of the luminescence profile of TET at room
temperature on comparable time scales.”” Due to the higher
exciton densities in their work, the initial increase of A¢* was
mainly attributed to SSA. Here, however, we used lower flu-
ences where the contribution of SSA can be neglected. To
assure that the estimated exciton density of approx. 2 x 10"
em ™ does indeed not lead to significant SSA or to a non-radia-
tive annihilation of singlet and triplet excitons, we performed
fluence dependent measurements, which did not reveal
remarkably accelerated PL dynamics at higher fluences (see
ESI}), from which we conclude that in our experiments the
initial slope of A¢” is indeed caused by exciton diffusion and
not by exciton annihilation effects.

As a next step, the kinetic model is fit to the experimental
data. To fully exploit the information provided by the spatio-
temporal PL measurements, the model is optimized simul-
taneously for both the MSD data and the PL transients (see
ESIT for details). Parameters that were adapted for the fits are
summarized in the last column of Table 1, while for other
parameters without an entry in the “fitted values” column the
reported literature values were found to give a good approxi-
mation to the experimental data for the whole investigated
temperature range. Exemplary fits for the PSC and the DSC
sample at 290 K and 80 K are presented in Fig. 5. As we will
further elaborate in the following, a major difference between
the fitting parameters obtained for the PSC and the DSC
samples is found in the dissociation rates into free triplet exci-
tons and the higher oscillator strength of the trap state emis-
sion of the DSC sample, both contributing to the pronounced
differences in the slopes of the MSD at low temperatures.

Our experimental data can be well described with a temp-
erature independent SF rate.>® More vividly, a SF rate which is
rather independent of temperature is also suggested by the
“kink” in the experimentally recorded slopes of the MSD,
which we attribute to a draining of the prompt singlet popu-
lation via SF. This feature appears at similar times in all MSD
curves, thus suggesting similar SF time constants for all

Table 1 Kinetic parameters used for modelling according to egn (2). The results in Fig. 4 were obtained with the literature values in the third
column. Parameters that were varied to approximate the experimental data are summarized in the last column. If not stated otherwise in the last
column, the literature values were used to fit the model to the experimental data

Description Kin. parameter Literature value Fitted values

Radiative decay of singlets ko 8x10 s

Singlet fission Ktiss 8.3x10%s7 ¢

Fusion from correlated triplet pairs Keus 1.0x10°s7 17

Dissociation into free triplets Kdiss 2.0x10°s7 ¢ 6.2 x107...7.2 x 10® g7*
Decay of free triplets tripdec 5.0 x10" s~

Trapping of singlets trap 2.5x10°s7'? 9.0 X 10”...3.3 x 10" 57"
Decay of trapped excitons Kerapdec 1.6x10%s71? 7.4 x10%...2.4 x 10° s7*
Rel. oscillator strength of trap emission a 0.48° 0.04...2.83
Singlet-singlet annihilation kssa 2.0x107° cm® s ¢

Triplet-triplet-annihilation krra 1.7x10 " em®s7' ¢ 2.0x10" % cm®s7!
Diffusion of singlets (along fast axis) Dg 31cem’s™¢ 13.2...55.0 cm® 7!

“Ref. 20. ? Ref. 32. “Ref. 23.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Fits of the proposed model to experimental data. Panels (a) and
(b) show the experimentally recorded MSD and the PL transients of the
pristine sample as circles, whereas fits are represented as solid curves.
For a better readability only every 7™ experimental data point was
plotted. Results for the DSC are shown in (c) and (d). Data and fits for
the full temperature range are presented in the ESI.}

measured temperatures. On the other hand, the fitted dis-
sociation rate into free triplets kqiss must be thermally activated
(¢f Fig. 6a) to reproduce the slope of the MSD of the PSC
sample at later times, which clearly changes from negative to
positive with decreasing temperature (Fig. 3f). A consequence
of suppressed dissociation into free triplets at low tempera-
tures is that photoexcitations spend on average more time as
mobile singlets, which in turn results in enhanced diffusion of
the population. Thus, our findings support the view that the
“endothermic” character of SF in TET actually originates from
a thermal barrier for the dissociation of the correlated '(TT)
state rather than from a thermally activated SF rate itself.>%*?
Interestingly, such a barrier seems to be absent for the defect
rich sample where we find effective negative diffusion originat-
ing from TTA even at the lowest temperature of 80 K. Note that
a trapped population alone cannot account for negative
effective diffusion, as this would rather result in a constant
MSD over time (¢f. Fig. 4f). This result corroborates an earlier
study based on TRPL which concluded that SF is thermally
activated in TET single crystals but not in polycrystalline thin
films.?®> Moreover, the rate of triplet generation in TET was
found to be sensitive to grain sizes and the underlying poly-
morph,*® which could explain the higher triplet yield at low
temperatures in the defect rich sample. While these two
studies do not make a distinction between singlet fission and
dissociation of the '(TT) state, they essentially agree with our
findings about the impact of thermal energy and defects or
distortions on the yield of free triplet excitons.

It is noteworthy that two of the model parameters used in
the present study are not fully consistent with -earlier
reports.>®? First, the negative slopes of the MSD could only be
reproduced assuming a higher TTA rate of 2 x 107% ecm® s™". A
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transport lengths of the initially created singlet population based on the
kinetic model for the PSC and the DSC samples (c).

reason for this discrepancy could be the high repetition rate of
the laser with a time spacing of 12.5 ns between two laser
pulses, which likely leads to an accumulation of the long-lived
triplet excitons. In the simulation, we did not explicitly take
such accumulation effects into account, as this would require
very precise knowledge of the triplet recombination rate.
However, a background population of triplet excitons could
lead to enhanced triplet-triplet annihilation, which becomes
evident in the higher effective value of krrs. Second, the fitted
diffusion constants of the singlet excitons Dg of 20-50 cm> s™*
are about one order of magnitude higher compared to other
reports on singlet exciton diffusion in TET single crystals (see
Fig. 6b)***" and the discrepancy is even three orders of magni-
tude compared to ref. 22. We have calibrated the spatial axis of
our MSD measurements carefully with a resolution target (see
ESIY), thus we do not anticipate discrepancies on this order to
originate from a systematic error of the measured PL spot size.
In other studies, non-radiative Auger-like processes such as
exciton-exciton annihilation were found to increase the slope
of the MSD at early times,” because these nonlinear effects
are most prominent in the center of the excitation spot with
the highest exciton density, leading to a flattening of the
Gaussian distribution of excitons in the center and thus a
broader fitted MSD. However, as stated earlier, here we used

This journal is © The Royal Society of Chemistry 2024
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fluences which should not lead to pronounced annihilation
effects.®® It is noteworthy that our approach with the streak
camera provides a time resolution of approx. 40 ps and a high
signal-to-noise-ratio, allowing for an accurate inspection of the
early time range, while other studies rather focus on longer
time scales.’®** Given that our assignment of the early time
MSD to exciton diffusion is correct, the finding of tempera-
ture-independent Dy in Fig. 6b suggests that thermally acti-
vated hopping transport, as often observed for disordered
organic semiconductors,""*> does not govern the early time
exciton diffusion in TET, which is apparently rather robust
against temperature. A potential origin of the high values of Ds
could therefore be the high mobility of the initially generated
exciton population, which subsequently (after the first few
100 ps) relaxes into more localized sites within the disordered
density of states. At early times after photoexcitation, this
population has several possibilities to energetically relax into
lower lying states via the emission of phonons, resulting in
high mobility, which, however, decreases as soon as the popu-
lation has relaxed into sites from where transport can only
occur through thermally activated hopping. The impact of an
apparent time-dependent diffusivity on lateral transport
measurements was recently also discussed for other dis-
ordered systems,*>® and yields surprisingly high effective
diffusion coefficients at early times (first few ns) after exci-
tation through a laser pulse.

Further fitting parameters describing the trapping and the
decay of the trapped exciton population are summarized in the
ESIL.{ By comparing the time evolution of the MSD and the PL
dynamics, it is noteworthy that without assuming any further
contribution e.g. arising from a localized subset of emissive
excitons, as implemented in our model, the simulated PL
would decay much faster than the experimentally observed
transients and delayed PL caused by free singlet excitons
created through TTA alone cannot account for this effect (see
ESIt). This result contrasts with the perception that the decay
of the prompt PL in TET originates exclusively from SF which
was earlier exploited in TRPL experiments to estimate SF
rates.**** Therefore, to explain both the slope of the MSD and
the PL dynamics simultaneously, we find it necessary to make
a further assumption, i.e. that trapping contributes to the
initial PL decay and that the PL at later times is partially
caused by a subset of trapped excitons which did not undergo
SF. From the time-dependent spectra of the DSC sample in
Fig. 2d, it becomes obvious that at low temperatures the yellow
emission band gives rise to such long lived delayed PL and
consequently we have attributed the underlying mechanism to
trapping and slow recombination of trapped excitons.
Surprisingly, also the data of the PSC sample which does not
show the yellow emission band, can only be fitted with a con-
tribution of a delayed emissive species which lasts longer than
what would be assumed based on the SF rate. The relative
oscillator strength of this subset of presumably trapped exci-
tons in the PSC sample is much lower than that of the yellow
emission band (see ESIt) and according to Fig. 2c, the emis-
sion spectra look similar to the emission spectrum of the
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initially generated singlet excitons. Based on this we hypoth-
esize that the excitons causing the longer-lived PL in the PSC
sample are not substantially different from the initially created
exciton species.

Instead, we speculate that the underlying picture of a
unique SF rate is actually too simplistic. Since the TET crystals
are subject to spatial and energetic disorder, it appears feas-
ible that there is also a distribution of SF rates. Following this
perception, the SF rate of 8.3 x 10° s™* would rather represent
an upper limit for a certain range of SF rates present in the
material. Consequently, the temperature independent rates
kirap and Kirapdec found for the PSC sample summarized in the
ESIT could also be interpreted as the population and dis-
sociation of exciton states from where SF occurs more slowly
with rate constants of 2 x 10° s™' (corresponding to decay
times of approx. 0.5 ns).

As a final point we discuss the effects of thermally activated
dissociation of the '(TT) state and the trapping of excitons on
the diffusion length. While the relatively short time window of
2 ns probed in our experiments does not allow us to make a
statement about triplet diffusion, we can estimate the contri-
bution of the singlet species to the overall diffusion length.”*
Based on the kinetic model (eqn (2)), we can disentangle the
contribution of singlet excitons MSDg(¢) to the overall slope of
the MSD and their contribution Ip;, g(t) to the overall PL inten-
sity. Since the PL of excitons is proportional to the exciton
population at a given time interval, we can estimate the
average MSD caused by the singlet population by averaging
over all MSD values in the probed time range weighted by the
PL intensity (i.e. the number of singlet excitons) present at a
particular time:

2 _ [ Bos’(t) - Ivs(t)dt

A
os [ Ipps(2)dt

(3)

From this, the average diffusion length is calculated via
Lps = /Aos?. The results for the diffusion length are pre-
sented in Fig. 6c. The room temperature values are on the
order of 600 nm, which is higher than a former estimate of
approx. 300 nm based on transient absorption microscopy.>!
We find an increase of the diffusion length in the pristine
sample to approx. 800 nm with decreasing temperature, while
the diffusion length of the DSC sample shows no notable
temperature dependence. Qualitatively, our results on the
temperature-dependent diffusion length in the PSC sample
show the same trend as observed in an early study by Vaubel
and Bissler,’> who already proposed thermally activated
singlet fission as the underlying reason for the observed temp-
erature dependence. They determined diffusion lengths of
singlet excitons of approx. 60 nm at low temperatures, which is
substantially lower than results originating from recent spatio-
temporal probing techniques. This discrepancy likely orig-
inates from the fact that they probed exciton transport in the
direction of the c-axis, along which exciton diffusion is
approximately one order of magnitude lower than in the (a,b)-
plane, due to the absence of pronounced overlap of
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n-orbitals."® Note that a precise alignment of the crystals to
probe exciton transport either along the a- or the b-axis was
not possible with the given setup. Therefore, here we did not
take a detailed look into the anisotropy of exciton transport
within the (a,b)-plane. Previous work found that the diffusion
coefficients along the a- and b-direction vary by a factor of
approximately 3.>° Notably, our results suggest that the influence
of the material quality on the effective diffusion coefficients is
actually on the same order. When comparing azimuth-resolved
diffusion by polarization resolved experiments one has to also
consider anisotropic effects of both Davydov components
causing anisotropic phonon-coupling due to the phonon-bottle-
neck effect.”® Based on the kinetic model, the different tempera-
ture dependencies of [, in the PSC and the DSC sample can be
rationalized by efficient exciton trapping in the DSC sample,
while in the PSC sample a trapping mechanism competing with
SF is largely absent. Moreover, dissociation of the correlated
triplet pair state is kinetically hampered in the pristine sample at
low temperature, leading to a preferred population of the mobile
singlet state.

To put our results into a broader context, it is important to
stress that luminescence studies only present one side of the
coin. While TRPL experiments are only sensitive to the lumi-
nescent subset of an exciton population, transient absorption
spectroscopy can also access excitons which are not emissive,
e.g. because their decay is spin- or momentum forbidden.>
Combining both methods can thus provide more insight into
the fate of the triplet population and provide a potentially
more balanced picture of the singlet exciton dynamics and
diffusion. On the other hand, TRPL experiments are simpler to
implement and allow to acquire robust datasets which are less
susceptible to noise and artifacts. Importantly, TRPL
microscopy is also more sensitive to defects and band tail
states, making it an ideal tool to correlate the lateral transport
properties with the material quality, as demonstrated here
using the example of TET. A topic that certainly deserves more
detailed research is the influence of disorder on exciton trans-
port and on the interconversion between singlet and triplet
excitons. We have noted that our experimental results are not
fully consistent with diffusion measurements at low excitation
fluences (see ESIf). This could originate from the dominant
role of localized band tail states or excitons trapped at defects,
which are not considered in the applied model. Even though
our temperature dependent study gives strong evidence that
thermally activated dissociation into free triplets is the under-
lying reason of the observed effective negative diffusion, the
phenomenon can in general also originate from other pro-
cesses, such as the transition from a mobile species dominat-
ing the emission at early times into a more localized one
within a disordered density of states.*>

In general, lateral transport measurements can give further
insights into the underlying density of states in disordered
systems. Variations in the underlying energy scale of disorder,
different probed time regimes as well as the presence of
defects, which in our study is likely tetraquinone, can all con-
tribute to discrepancies in reported diffusion coefficients and
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it is important to take these effects into account in spatiotem-
poral probing techniques. In particular, we have learned that
trapping into tetraquinone-defects can efficiently compete
with SF and thus impede combined singlet and triplet exciton
transport.

Moreover, it is possible to learn more about the validity of
thermal activation laws regarding the transport behavior from
spatiotemporal studies. Notably, contrasting with the generally
observed trends,”” thermally activated transport of excitons is
not observed in our work on TET and this trend can be poten-
tially generalized for a larger number of materials where SF is
endothermic. In contrast, the thermal activation of dis-
sociation into slowly moving free triplets could rather be
understood as a partial “de-activation” of the fast singlet
exciton transport at elevated temperatures, making simple acti-
vation laws not applicable here.

For future work it would be intriguing to apply the pre-
sented methodology to less well explored molecular systems or
to co-crystals where the SF mechanism and its impact on
exciton transport are less well understood compared to TET.

Conclusions

In this work, we have studied the temperature dependent
spatiotemporal exciton dynamics in TET single crystals on a
picosecond time scale. By correlating spectral and spatial
dynamics, we have made two key findings with broader impli-
cations for exciton transport in OSC devices. First, we have
demonstrated how singlet exciton transport can be slowed
down in pristine TET crystals with increasing temperature,
which is expected due to a higher yield of slowly moving triplet
excitons. Apparently, more triplet excitons are generated,
because dissociation into free triplets is a thermally activated
step. Second, we found a clear correlation between singlet
exciton transport and sample quality. A high density of trap
states due to tetraquinone impurities, which is associated with
the yellow emission band in TET, immobilizes the exciton
population within a few 100 ps. The effect becomes particu-
larly pronounced at low temperatures where the yellow emis-
sion band gains oscillator strength. Overall, the experimental
framework utilized in this study demonstrates how correlating
spectrally, spatially and time resolved information yields
robust datasets against which kinetic models can be
thoroughly tested. Beside model systems like TET, it is of great
interest to explore other systems with presumable endothermic
SF, but more experimental efforts such as for example comp-
lementary transient absorption microscopy measurements are
needed to understand the exciton transport at early times with
the surprisingly high diffusion coefficients found here.

Data availability

Raw data for our manuscript entitled “Transport, Trapping,
Triplet Fusion: Thermally Retarded Exciton Migration in
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Tetracene Single Crystals” are available at figshare via the follow-
ing link: https://doi.org/10.6084/m9.figshare.26005081.v1
Spectrally and spatially resolved streak camera raw data and
backgrounds recorded for a pristine and a defect rich tetracene
single crystal at different temperatures.
Correction data and Python-based code to analyze the raw
data.
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