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ABSTRACT: Using diffraction-limited ultrafast imaging techniques, we investigate the
propagation of singlet and triplet excitons in single-crystal tetracene. Instead of an expected
broadening, the distribution of singlet excitons narrows on a nanosecond time scale after
photoexcitation. This narrowing results in an effective negative diffusion in which singlet
excitons migrate toward the high-density region, eventually leading to a singlet exciton
distribution that is smaller than the laser excitation spot. Modeling the excited-state dynamics
demonstrates that the origin of the anomalous diffusion is rooted in nonlinear triplet−triplet
annihilation (TTA). We anticipate that this is a general phenomenon that can be used to
study exciton diffusion and nonlinear TTA rates in semiconductors relevant for organic
optoelectronics.

The efficiency of silicon (Si) solar cells is limited by the
Shockley−Queisser Limit (SQL). A promising technique

to overcome the SQL is to add a singlet fission (SF) layer to
the Si solar cell to reduce the losses associated with the
thermalization of charge carriers created by high-energy
photons.1−8 During SF, a singlet exciton is converted into
two triplet excitons with energies roughly half that of the
singlet energy. These triplets may then be transferred to a low-
band-gap semiconductor, increasing the photogenerated
current and the PV quantum efficiency.9 Tetracene is a
suitable candidate as a SF material since its triplet energy is
slightly larger than the band gap of Si, allowing for the transfer
of triplet excitons.2,4 The transfer of triplet excitons in
tetracene to a Si solar cell has recently been shown, but the
overall efficiency is still below those of commercial Si solar
cells.8 The dominant loss in SF cells is singlet transfer from
tetracene to Si, which competes with the transfer of two triplet
excitons and leads to a lower yield.8 A fundamental
understanding of the combined excited-state dynamics and
the diffusion of singlet and triplet excitons is required to
facilitate the design of SF cells that enhance the fraction of
triplet states reaching the interface while limiting the number
of transferred singlet states. Studying triplet and singlet
excitons independently is challenging as different techniques
are required and singlets and triplets convert into each other
through the processes of SF and triplet−triplet annihilation
(TTA).
In this Letter, we combine two microscopy techniques,

transient absorption microscopy (TAM) and transient
fluorescence microscopy (TFM), to image the diffusion of

singlet and triplet excitons on time scales from 200 fs to 2 μs.
These techniques enable us to distinguish different regimes of
transport and are sensitive to different types of excitons,
radiative singlet excitons and dark triplet excitons. Our
measurements show a paradoxical diffusion of singlet and
triplet states on intermediate time scales (200 ps to 20 ns).
During this interval, we observe that the spatial distribution of
singlet excitons narrows, while the triplet distribution keeps
expanding. Most interestingly, this negative diffusion leads to
singlet distributions that are narrower than the size of the laser
spot, enabling the generation of a singlet cloud with
subdiffraction dimensions. We have constructed a model of
the tetracene excited-state dynamics and exciton diffusion to
explain the negative effective diffusion and the different
behaviors of singlet and triplet excitons by the nonlinear
triplet−triplet annihilation.
In most cases, exciton diffusion is studied by indirect

techniques10−14 that give only the average value of the exciton
diffusion length. Transient microscopy techniques may be used
to probe exciton diffusion in space and time.15 These
techniques generate excited states in a small region of the
sample by a focused laser pulse and measure how these excited
states expand over time by diffusion. TFM is sensitive to bright
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singlet states,16−22 while TAM probes the diffusion of both
singlets and triplets as this technique allows the probing of
ground state bleach, photoinduced absorption, or stimulated
emission.23−30 In these measurements, the diffusion constant
can be obtained in the linear regime by fitting the excited area
with a Gaussian profile and extracting the variance as a
function of time.31 This diffusion constant is given by

D
t

t
( ) (0)

2

2 2σ σ= −
(1)

where t is the time after excitation and σ is the variance of the
Gaussian profile.
In the literature, transient techniques have been used to

study the exciton diffusion in tetracene crystals on short time
scales (140 fs to 7 ns) with TAM25,28 and on long time scales
(100 ns to 7 μs) with TFM,18 giving contradicting results.
While the TAM measurements show a broadening of the
spatial profile by 105 nm2 in less than 2 ns,25 the same
broadening is seen after more than 200 ns when measured with
TFM.18 We present TAM and TFM measurements, unify the
different regimes of exciton diffusion in tetracene, and
reconcile the discrepancies by demonstrating the important
role of nonlinear triplet−triplet annihilation in exciton
transport (see Table 1 and the Supporting Information (SI)

1−7 for a detailed description of the microscopes).32,33 Our
results emphasize that the extensively used eq 1 should be
avoided for the quantitative interpretation of transient
measurements where nonlinear contributions can be signifi-
cant.
Tetracene crystals were prepared by dropcasting a saturated

solution of tetracene (99.99% Sigma Aldrich) in toluene in a
nitrogen glovebox (SI 8). This resulted in thin crystals (50−
200 nm) with relatively large lateral dimensions (up to 500
μm). The anisotropic fluorescence and extinction spectra are
shown in SI 8. As confirmed with X-ray diffraction measure-
ments, the long axis of the molecule lies in the out-of-plane
direction.34

The spatial evolution of the fluorescence emerging from
singlet excitons and measured with TFM is shown in Figure 1a.
The images at 200 and 600 ns after excitation clearly show the
anisotropic diffusion along the fast and slow axes, respectively,
in the tetracene crystal, as reported before by Akselrod et al.18

(for a complete analysis, see SI 9). More interesting is the
process underlying the rapid expansion of the fluorescence,
followed by the contraction depicted during the first
nanoseconds after excitation, which will be the focus of the
rest of this letter. The cross sections along the fast axis, shown
in Figure 1b, illustrate the expansion of the fluorescence spot
from 0 (pink) to 2 ns (red), followed by a reduction at 5 ns
(dark red) to a size smaller than that of the excitation spot.

Each of these cross sections can be fitted with a Gaussian to
extract the full-width at half-maximum (fwhm) from the
variance (see SI 10). Figure 1c shows the evolution of the
fwhm during the first 20 ns along the fast (light blue crosses)
and low (dark blue crosses) tetracene axes. In contrast to
exciton diffusion,18,25,35 the evolution is isotropic along both
axis, indicating that the dominant process behind this spatial
evolution is a different mechanism. Both profiles show a quick
expansion from 570 to 650 nm followed by a negative effective
diffusion, resulting in a spot size with a fwhm of 530 nm. The
quick and rapid expansion can be explained by a combination
of singlet−singlet annihilation and singlet diffusion, while the
negative diffusion requires additional consideration.
Partial negative effective exciton diffusion has been shown in

quantum wells36 and two-dimensional semiconductors
(TMDs).22 However, in these cases the distribution of excited
states always remained broader than the laser spot. The reason
is that the underlying mechanism in those cases is
fundamentally different than that for the organic semi-
conductor investigated here, where delayed singlets can be
generated via nonlinear triplet−triplet annihilation. As we
show next, a distribution of excitons narrower than the laser
spot can be generated due to this nonlinear mechanism.
A model incorporating the tetracene excited-state dynamics

is required to understand the spatial distribution and time
evolution of the tetracene fluorescence. The excited singlet
energy level in tetracene is close to twice the triplet exciton
energy, which results in an efficient fission of singlet excitons
into a pair of triplet states that can eventually dissociate into
free triplets.2,37−39 These triplet states are relatively long-lived
and can repopulate the singlet excited state via the opposite
mechanism, i.e., triplet fusion or triplet−triplet annihilation.
We have simplified the excited state dynamics further (as

illustrated in Figure 2a) to understand the observed negative
diffusion. The kinetic model consists of the following three
distinct excited states: prompt singlets that are excited at t = 0,
triplet states that are created through singlet fission, and
delayed singlets created from triplet−triplet annihilation.
Although delayed and prompt singlets are indistinguishable
in our measurements, it is possible to differentiate between
them in the model. This distinction will clarify the observed
effective negative diffusion.

Table 1. Characteristics of the Transient Absorption
Microscope (TAM) and Transient Fluorescence Microscope
(TFM)

TAM TFM

measurement
parameter

change in absorption (singlets and
triplets)

fluorescence
(singlets)

temporal resolution 200 fs 50 ps
temporal range 2 ns 2 μs
spatial sensitivity 30 nm 10 nm
excitation density >2 · 1018 cm−3 >5 · 1016 cm−3

Figure 1. (a) The evolution of the spatial distribution of the
(normalized) fluorescence from singlet excitons for an initial
excitation density of 1018 cm−3. (b) Cross sections illustrating the
expansion of the fluorescence spot from 0 (pink) to 2 ns (red),
followed by a reduction at 5 ns (dark red) to a size smaller than the
excitation spot. (c) The isotopic evolution of the fwhm during the
first 20 ns.
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The different processes involved among these excited states
are the radiative decay from singlet excited states to the ground
state (at a rate kS), singlet−singlet annihilation (kSSA), singlet
fission (kfis), and triplet−triplet annihilation (kTTA), which has
a nonlinear dependence on the triplet concentration since it
involves two triplet excitons. The diffusion of excitons in
tetracene crystals is described by the 2D diffusion equation,
assuming that the excitation density is constant along the out-
of-plane direction. The diffusion model and excited state
dynamics lead to the following three differential equations:

D

N

t
k k N k N N

N

d

d
( ) ( )

( )S

Sp
S fis Sp SSA Sp Sd
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where NSp, NSd and NT are the prompt, delayed singlet, and

triplet populations, respectively, and
N

N N
Sp

Sp Sd
α = +

is the

fraction of prompt singlets. DS and DT are the diffusion
tensors defining the diffusion constants of singlet and triplet
excitons, respectively, along the fast and slow axes. The factor
of 2 multiplying the fission and triplet−triplet annihilation
rates in eq 3 indicates that two triplet excitons are generated or
removed by singlet fission and triplet−triplet annihilation,
respectively.
Since eqs 2−4 cannot be solved analytically, we modeled the

excited state dynamics and diffusion numerically. The
simulation was performed for a 31 × 31 grid with a Gaussian
excitation profile at t = 0 and a time-step size of 1 ps. We fit all
the parameters, except for the radiative decay rate, to the
spatial evolution of the fluorescence profile for excitation
densities of 1017, 1018, and 1019 cm−3. Also, we assumed

isotropic diffusion, resulting in a single scalar value for the
diffusion tensors. The resulting values and fits are given in
Table 2. The populations of the different excited states over

time are shown in Figure 2b. The prompt singlets (dark-green
dashed curve) excited at t = 0 quickly convert to triplet states
(solid blue curve) and subsequently populate the delayed
singlets (light-green dotted curve). The total singlet population
(solid-red curve) is the sum of the prompt and delayed
singlets. While all of the populations (prompt and delayed
singlets and triplets) show a positive diffusion, the total singlet
population (red curve) has a negative effective exciton
diffusion, with a decrease in the fwhm between 0.8 and 3 ns
that was also observed in the experiment (Figure 2c). The
processes that lead to the negative diffusion are explained in
more detail in Figure 2d−g. The prompt singlet distribution is
shown immediately after the excitation in Figure 2d (dark-
green area). In the following hundreds of picoseconds (Figure
2e), the singlets split into triplets (blue area), leading to a fast
decay of the singlets and a growth of the triplet population.
Simultaneously, the singlet population broadens due to singlet
diffusion and, more importantly, singlet−singlet annihilation,
which leads to a faster decay of singlets at the center of the
Gaussian profile. After 1.4 ns (Figure 2f), the triplet population
reaches a maximum and decays by triplet−triplet annihilation
(TTA) into singlet states. Since the TTA rate depends
quadratically on the density of the triplet states, TTA is more
efficient at the center of the Gaussian profile than at the edges,

Figure 2. (a) Schematic representation of the model. (b) Time evolution of the excited-state population per exciton type. (c) Simulated fwhm of
the different exciton distributions. (d−g) Cross sections of the distributions. (d) The initial distribution of the singlets after laser excitation. (e) The
singlets split into triplet states. (f) Nonlinear triplet−triplet annihilation results in a delayed singlet distribution that is significantly narrower than
both the triplet distribution and the prompt singlet distribution. (g) Practically all prompt singlets have either decayed to the ground state or split
into triplets, leading to a total singlet distribution that is narrower than the laser excitation spot.

Table 2. Simulation Parameters Used in the Kinetic Model
of Figure 2

variable meaning value

kS radiative decay 0.08 ns−1

kSSA singlet−singlet annihilation 2 · 10−18 cm3 ns−1

kfis fission 1.5 ns−1

kTTA triplet−triplet annihilation 1.5 · 10−19cm3 ns−1

DS singlet diffusion 3 · 10−2 cm2 s−1

DT triplet diffusion 8 · 10−4 cm2 s−1
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resulting in a delayed singlet distribution that is narrower than
both the triplet and the prompt singlet distribution (Figure
2g). The quadratic relationship between the triplet concen-
tration and number of generated singlets defines the theoretical
minimum size that the singlet exciton cloud can reach as being

1
2
of the fwhm of the Gaussian excitation profile in an ideal

TTA material (see SI S11).
From the simulations in Figure 2c, we expect the negative

exciton diffusion only for the singlet states and not for the
triplet states. To verify this result, we performed TAM
measurements on the tetracene crystal with the probe at λ =
820 nm. At this wavelength, the measurements are mainly
sensitive to triplet photoinduced absorption.25,40 The evolution
of the spatial distribution measured by TAM is shown with the
blue circles in Figure 3 for an excitation density of 1019 cm−3

(full results in SI 12). The measured signal coincides almost
perfectly with the simulated evolution plotted with the solid-
blue curve in Figure 3. The rates used for this simulation are
the same as those in Figure 2 (see Table 2), with an initial
excitation density of 1019 cm−3.
To compare the diffusion of the singlet and the triplet states,

we also performed TFM measurements for the same excitation
density and plotted the result in Figure 3 with the red circles.
The red curve in this figure is the result of the simulation with
the same parameters as those for the triplet evolution. We see
that the singlet expansion in the first nanoseconds is faster than
the triplet expansion. However, the fwhm of the singlet

distribution starts to decrease after 500 ps because of the
nonlinear TTA, resulting in a singlet distribution that is
narrower than the triplet distribution.
The model depicted in Figure 2a helped us to understand

the physical process behind the negative diffusion but is not
able to quantitatively capture the power dependence of the
spatial evolution with the same set of parameters (see SI 13).
To simulate the power-dependent results, we developed a
more realistic model.2,41−44 The extended model is shown
schematically in Figure 4a, illustrating the fission and fusion
rates between the singlet state and the triplet pair, which are
both independent of the concentration. The triplet pair can
dissociate into long-lived triplets that can either follow a linear
(called merge) or nonlinear (TTA) recombination to the
singlet state, as indicated by the arrows in Figure 4a.45 The
corresponding coupled differential equations are given in the
Supporting Information (SI 14). With this three-state model,
we can simulate the observed time evolution of the different
excited states.
The results of the simulations for the different initial

excitation densities are convolved with the point-spread
function of our microscope (SI Figures S2 and S6) and
plotted along with the experimental results for different laser
intensities in Figure 4b and c. These measurements show the
time evolution of the fwhm of the profiles measured with TFM
and TAM, respectively. The excellent agreement shows that we
can simultaneously fit the triplet and singlet state diffusion with
the same parameters for intensities spanning two orders of
magnitude while also capturing the fluorescence decay
dynamics (SI 15). The parameters used for the simulations
are listed in the SI 14 and were obtained by fitting all rates to
the evolution of both the triplet and singlet spatial profiles for
the different excitation densities. These parameters are within
the range of values reported in the literature.25,38,44,46−49

The diffusion profiles of Figures 4b and c can be understood
as follows: the time evolution of the fwhm of the profiles
measured with TFM for excitation densities of 1017, 1018, and
1019 cm−3 (pink, red, and dark red circles in Figure 4b,
respectively) show an initial expansion, followed by a fwhm
reduction and a slower expansion at longer times. The initial
expansion for the two highest excitation densities is dominated
by singlet−singlet annihilation, while the initial expansion for
the lower excitation power originates from diffusion. The
negative diffusion (fwhm reduction) is more prominent and
faster for higher excitation powers because the difference
between the fwhm of the triplet and singlet distributions is
larger in this case and because the TTA rate increases

Figure 3. An opposite effective diffusion was measured for singlet
excitons by TFM (red dots) and triplet excitons by TAM (blue dots),
both of which were measured for an excitation density of 1019 cm−3.
The time evolution of the fwhm of the exciton clouds was fitted by
simulations of the diffusion of singlet (red curve) and triple states
(blue curve) using the model described in Figure 2 and parameters
given in Table 2 with N0 = 1019 cm−3.

Figure 4. (a) Schematic representation of the model. (b) Evolution of the width of the exciton distribution for initial densities 1017, 1018, and 1019

cm−3 represented by pink, red, and dark red crosses, respectively, as measured by TFM. The solid curves are the simulations for the corresponding
singlet exciton densities. (c) fwhm of the excitons probed by TAM for increasing excitation densities for the initial densities of 1019 (dark blue
circles) and 5 × 1018 cm−3 (blue circles). The solid curves are the simulations of the total number of triplet states (triplet pairs + free triplets).
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nonlinearly with the concentration of the triplet states. The
power-dependent time evolution of the fwhm measured with
TAM is plotted in Figure 4c. The minimum excitation density
for reliable measurements was ∼2 × 1018 cm−3; therefore, the
measurements are presented for excitation densities of 2 × 1018

(light blue circles), 5 × 1018 (blue circles), and 1019 cm−3 (dark
blue circles). Since the singlet fission rate is fast (3 ns−1), the
triplet population follows the singlet population at short time
scales, and the TAM measurements have a similar power-
dependent broadening as the TFM measurements during the
first 500 ps. Measurements at lower excitation densities would
require much longer integration times or an investigation of
thicker crystals. Additionally, the detection of triplet excitons
by adding a phosphorescent emitter to the crystal has been
suggested as a sensitive method to probe triplet excitons50

Using transient fluorescence microscopy, we have exper-
imentally shown a negative singlet exciton diffusion in
tetracene crystals, leading to exciton distributions that are
narrower than the excitation beam size. We developed a kinetic
model to explain the negative effective diffusion as a result of
nonlinear triplet−triplet annihilation. The anomalous broad-
ening and narrowing of the singlet distribution shows that
caution is required when extracting diffusion constants from
these direct microscopy techniques even at low excitation
densities as other processes besides diffusion can influence the
shape of the distribution. On the other hand, when interpreted
correctly, these measurements give insight into more processes
than just diffusion, such as singlet−singlet annihilation and the
rate of nonlinear triplet−triplet annihilation. Furthermore, the
excitation spot generated with far-field excitation followed by
singlet fission and triplet−triplet annihilation could theoret-
ically approach 1

2
of the diffraction limit a few nanoseconds

after excitation. The negative effective diffusion is a universal
property of triplet−triplet annihilation materials and is
therefore also expected in other organic compounds relevant
for photovoltaics and OLEDs, such as acene derivatives and
TTA-UC systems.
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