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Geminate exciton fusion fluorescence as a probe of triplet exciton transport after singlet fission
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The geminate annihilation of two triplet excitons created by singlet exciton fission is affected by the di-
mensionality of transport as determined by typically anisotropic triplet exciton mobilities in organic molecular
crystals. We analyze this process using a random-walk model where the time dynamics of the geminate
annihilation probability is determined by the average exciton hopping times along the crystallographic directions.
The model is then applied to the geminate fluorescence dynamics in rubrene, where the main channel for
triplet-triplet annihilation is via triplet fusion and subsequent photon emission, and we identify the transitions

between transport in one, two, and three dimensions.
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Triplet exciton pairs generated from singlet exciton fission
in molecular crystals can separate by independent diffusion
of the two triplet excitons, and the probability of their re-
encounter will determine the rate of geminate annihilation at
any given time.

In materials where the triplet exciton energy is close to
half the singlet exciton energy, geminate annihilation can
result in triplet exciton fusion back into a singlet exciton
and subsequent photon emission. The existence of fluores-
cence arising from this effect was recognized early on in
anthracene crystals [1-3]. Under pulsed illumination, triplet
exciton fusion leads to a “delayed fluorescence” that contrasts
the “prompt fluorescence” resulting from the radiative decay
of the initial singlet exciton population [1-3]. This delayed
fluorescence has been investigated on several timescales in
various materials [4-9], and the time evolution of the triplet
exciton density has also been observed using other techniques
like photoinduced absorption [10]. Recent interest in the topic
has grown because of the interest of multiexciton generation
processes for photovoltaics [11].

In this work, we use photons produced through the fusion
of geminate triplet excitons as a probe of triplet exciton trans-
port over multiple time decades, and we show that the time
dependence of geminate fusion fluorescence can provide in-
formation on the dimensionality of triplet exciton diffusion in
the crystal lattice. While spin is also important when the triplet
pair has been generated in a spin-coherent state [4,5,12], in
the following we focus on variations in geminate fusion prob-
ability over multiple time decades that are determined by the
probability of reencounter in the geminate triplet pair.

We consider fluorescence dynamics measurements per-
formed in a low excitation density limit where the average
distance between initially photoexcited excitons is such that
only geminate triplet excitons can interact with each other.
These experiments measure the time dependence of the reen-
counter probability, instead of just the triplet density measured
in absorption measurements. They also make it possible
to study transport over multiple time decades and detect
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events that have an exceedingly low probability of occurring
but provide important information on exciton transport—
typically late reencounters between triplets that became
widely separated by diffusion. The rarity of such events can
be compensated by appropriately long accumulation times
and the sensitivity of single-photon detection. Previous studies
done in this regime were confined to amorphous materials or
thin films [8,9,13,14], where the discussion of the dimension-
ality of diffusion is complicated either by intrinsic disorder or
by the possible presence of nanocrystals [15].

In anisotropic molecular crystals, the reencounter prob-
ability in the triplet exciton pair must behave differently
on different timescales, depending on the dimensionality of
transport [16]. Immediately after a triplet pair is created by fis-
sion, the two excitons will initially hop in the highest-mobility
direction with the smallest hopping time, diffusing in only 1
dimension (1D) before transitioning to 2 and 3 dimensions
(2D and 3D) at later times. These transitions in dimensionality
change how the reencounter probability evolves and lead to
observable transitions in its dynamics.

We model the effect of the dimensionality of triplet ex-
citon diffusion on geminate-annihilation dynamics using an
unbiased random walk for each exciton in the triplet pair
[17]. Seeking the simplest possible approach, we allow each
exciton to independently hop between next neighbors in a
primitive cubic lattice, with different average hopping times
in different directions. We deliberately ignore the possi-
bility of an initial spatially correlated triplet pair [18,19]
in order to focus on the essential features of later time
effects.

By using the distance between the two triplet excitons
as the relevant coordinate, a random walk of two excitons
can be reduced to a single-particle random walk that starts
at the origin, with an average hopping time that is half that
of each individual exciton. Here we modify this well-known
system [20,21] by introducing a finite average probability y
(0 < y < 1) that a reencounter event leads to annihilation. In
this case, the probability that a reencounter happens at time ¢
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is determined by
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pot) = py ()5t (t), 2)

p,(t) = p,(n=1/7), )
n—1

pym)=fm+U=p)) fOp,n—i) &

i=1

Here, I is the modified Bessel function of the first kind of
order zero [21], and p‘;,:O(t) is the continuous-time proba-
bility corresponding to an ensemble average of all possible
one-dimensional random walks [21]. The pé)(t) are the inde-
pendent probabilities that a random walk along the coordinate
characterized by the hopping time t; is back at the origin at
time ¢, and p((¢) is the combined probability that the random
walk is found at the origin along each coordinate simultane-
ously. Finally, the reencounter probability for finite y, p, (1),
is obtained by discretizing time with the average hopping
time 7! = 1 4+ T, '+ T ! (we discuss alternative choices
below) and using the recursive relationship (4) between the
discrete-time probability p, (n) that a reencounter happens
after exactly n time steps in the presence of annihilation,
and the probability f(n) = p;(n) that the first reencounter
happens after n steps. This expression is well known in the
y — 0 limit [20,21].

It is useful to note that pf)(t) o t71/2 in the limit 7 > T
[21]. Tt follows that for ¥ = 0 and a d-dimensional random
walk, po(t) oc t=4/2 for large t, a stronger dependence on the
dimensionality than for y = 1, where p;(t) = f(t) o t />
for d =1,3 and p;(¢t) = f(t) x t~'In(t)~? for d =2 (see
Refs. [20,21]).

The importance of Eq. (4) here is that it can be used to
analytically calculate p,(¢) from the py(z) in Eq. (2). This
is done in two steps, by first solving for f(n) = p;(n) from
po(n), and then solving for p, (n) from f(n). This calculation
can in general be done as described above by discretizing time
using the average hopping time 7, but we note that practical
calculations can also be done by using a longer time step At
in place of r while at the same time using a renormalized
yAt/t < 1 in place of y. We show in Fig. 1 that there is
an exact correspondence between this analytical method and
a Monte Carlo simulation of the random walk of the two
excitons.

The Monte Carlo simulations in Fig. 1 were done starting
with two triplet excitons adjacent to each other, implement-
ing their two independent random walks, each with average
hopping times 27;, and allowing for an average annihilation
probability y upon a reencounter. We repeated the simulation
about one million times, storing the time when each annihila-
tion event occurred into logarithmically distributed time bins
to obtain the Monte Carlo data in the figure.

In this work we choose to focus on the case where triplet-
triplet annihilation is relevant, but where the way in which
triplet excitons can separate still leads to a meaningful singlet
exciton fission probability. Hence, we do not consider the case
of exciton diffusion remaining indefinitely confined to one
dimension. In such a 1D random walk with n steps, the
average number of reencounters is ~./n, and geminate an-
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FIG. 1. Geminate reencounter probability after fission, for 2D
and 3D transport, for different values of the average annihilation
probability per reencounter, y. The solid curves are obtained from
Eq. (4), while the dots are the result of Monte Carlo simulations.
Hopping time ratios are 7,/t; = 1000, and 73/7, = 60 for 3D simu-
lations. Power-law regimes in the data are highlighted with displaced
dashed lines labeled with the corresponding power-law exponents.
The dashed line labeled “n = —1.09” is an extrapolation from the
late-time behavior of the 2D y = 0.018 simulation. The inset gives
the behavior, for the 2D case, of the total probability that geminate
annihilation occurs before a given time.

nihilation is almost certain after n ~ 1/y2, also leading to a
deviation from the initial =/ dependence, toward a steeper
t=3/2 power law. This situation does not occur in our analysis
because we allow for a finite probability for the exciton to
move out of an initial 1D behavior.

Figure 1 highlights several features of the transition
between the expected power-law behaviors for 1D and 2D
transport as the slower hopping time 7, comes into play,
determining an average number of steps during the initial 1D
random walk of n = 1,/7;. In the small-y limit (here we al-
ways have y < 1/./n), the asymptotic behaviors = and !
for 1D and 2D diffusion become clearly visible for < 7,/100
and¢ 2 101, far enough away from the transition. This can be
understood from the functional form of pf) (x) = exp(—x)p(x)
as defined in Eq. (1): between x ~ 0.25 and x =10 it
overshoots the extrapolation from its x — oo limit of x~%3,
with a tangent on the log-log plot that reaches a power law
with an exponent up to n = —0.6. A consequence of this is the
fact that the 1D — 2D transition is always characterized by
Dy (t) transiently becoming slightly larger than the power-law
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extrapolation from the 2D transport region, leading to an
inflection point that becomes more prominent as y increases
(see the dashed line extrapolation of the y = 0.018 data in
Fig. 1).

This feature is associated with the constant probability per
unit time of 1/7, for an exciton to “hop out” of the 1D random
walk, and it is important because it could lead to the appear-
ance of an exponential decay when geminate fluorescence is
measured on a limited timescale of the order of r ~ 7, [12].

Figure 1 also shows the time dependence of the reen-
counter probability when a 3D transport regime can be
reached. There are clearly identifiable transitions as the di-
mensionality of the triplet exciton transport changes with
time from 1D, to 2D, to 3D. Each dimensionality is charac-
terized by equally clear power-law regimes, with exponents
slightly larger than predicted in the t — oo limit of each trans-
port regime. This effect is stronger for the intermediate 2D
transport regime (where in our example we get a power-law
exponent of n = —1.13 for y = 0), due both to the proximity
of the transition to different dimensionalities of transport and
to a larger annihilation probability.

From the reencounter probability p, () one obtains a
time-dependent geminate annihilation probability density
ypy(t)/t. The y-dependent integral of this quantity then
gives the overall probability that geminate annihilation occurs
before a given time, shown in the inset of Fig. 1 for the
case when transport dimensionality changes from 1D to 2D.
This overall geminate annihilation probability is an important
parameter for applications where exciton fission yield must be
optimized.

Since the average number of reencounters in a 1D ran-
dom walk of n steps is ~./n, much larger than for 2D
random walks, the overall probability of geminate annihi-
lation is ~y+/12/7; before the 1D — 2D transition in the
small-y limit. This is equal to 0.1 for y = 0.3 x 1072 and
the /71 = 1000 used in Fig. 1, in good agreement with the
time-dependent geminate annihilation probability curves in
the inset of the same figure. We note that if the 1D regime
persists long enough, then even a relatively small value of the
average annihilation probability per reencounter, y, will lead
to a significant reduction in fission efficiencys; this is shown in
the inset of Fig. 1, where fission efficiency decreases below
50% for an annihilation probability per reencounter as small
as 2%. It is likely that some measure of 1D transport will
always be necessary to facilitate initial separation of the triplet
excitons, but one must be aware that it is also important to
minimize y /7, /7; in order to optimize fission efficiency.

We experimentally investigated geminate fluorescence dy-
namics in rubrene single crystals, which have a large singlet
fission efficiency, a triplet-triplet annihilation dominated by
fusion and photon emission, large triplet lifetimes, and
anisotropic triplet transport [6,22,23]. We used single crystals
grown from 99% pure ACROS Organics rubrene powder via
physical vapor transport in argon gas. We label the crystal-
lographic axes of these crystals as a, b, and ¢ following the
convention of Ref. [24]. We investigated crystals as large as a
few mm along the a and b axes, with thicknesses of the order
of 100 um along the c axis.

The samples were exposed to 150 fs pulses of 513 nm,
b-polarized light from a Light Conversion PHAROS laser
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FIG. 2. Normalized multiscale geminate fluorescence dynamics
in rubrene crystals at excitation densities of ~2 x 10" m~3 (round
data points) and ~12 x 10" m~ (square, orange data points). The
higher-density data can be fitted by an exponential decay with a
time constant of 60 us (solid curve). The filled, blue data points
highlight the region where we did not see any variability from sample
to sample, including those with anomalous fluorescence spectra.
Sample-dependent variations at times below 100 ns (dashed lines)
correlated with the presence of an anomalous fluorescence emission
band near 650 nm. Fluorescence dynamics due only to photons with
wavelength less than 600 and more than 650 nm is shown by the solid
(samples with normal fluorescence spectra) and dashed (samples
with abnormal fluorescence spectra) curves displaced down by three
decades, and normalized to the sample-independent fluorescence
signal at 100 ns. The inset shows fluorescence dynamics from three
different rubrene crystals (vertically offset for clarity) in the time
window corresponding to the solid blue dots, where a transition from
2D to 3D transport takes place. Solid curves in the inset are all fits
with Eq. (5) for 73 = 1.3 ws and p = —0.07; the dashed lines are
power-law extrapolations.

operating at 5 kHz; this gave a time interval between suc-
cessive pulses twice as long as the triplet exciton lifetime
[6] in rubrene, ensuring a sufficient decay of the triplet pop-
ulation between illumination pulses. The beam diameter in
the sample was a few mm, delivering excitation densities
below ~10' m~3, which guaranteed a fluence-independent
fluorescence dynamics up to ~5 us after photoexcitation.
The resulting geminate fluorescence dynamics was measured
by time-correlated single-photon counting [25], with after-
pulsing effects avoided by detecting only a maximum of one
photon per cycle. Typical integration times were of the order
of 2—-10 hours.

Figure 2 presents the geminate fluorescence dynamics we
obtained in several rubrene single crystals. The data were
very well reproducible from sample to sample, except for
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the time window below 50 ns, where we observed variations
in the data that correlated to the presence of an anomalous
fluorescence spectrum characterized by a 650 nm emission
band [24,26-29].

In this context, we note that our apparatus also captures
the picosecond-scale “prompt” fluorescence that is due to the
radiative decay of the initially photoexcited singlet states.
Even though only a few percent at most of the photoexcited
singlet states decay radiatively instead of undergoing fission
[6,22], and the corresponding signal is broadened by our
limited response time, this transient signal is large enough
to produce an initial decay of about 1 order of magnitude in
signal intensity.

This analysis is also supported by the data due only to the
long-wavelength fluorescence above 650 nm, which does not
show the strong enhancement of the signal that is otherwise
seen below 1 ns. In fact, the long-wavelength fluorescence is
exclusively due to interaction of the triplet excitons created by
fission with extraneous defects [22,30], without any contribu-
tion from the initially photoexcited singlet states. We also note
that the initial dynamics of this triplet-only fluorescence could
in principle be analyzed in terms of a 1D random walk and the
expected power-law dependence, corresponding to a straight
line with a slope of —0.5 in the log-log plot of Fig. 2. We
cannot do so quantitatively here, however, because our limited
time resolution makes any such slope in the first decade of
Fig. 2 too difficult to interpret. In any case, we have also
shown that limiting the detection to fluorescence wavelengths
below 600 nm essentially eliminated any sample-dependent
effects on the fluorescence dynamics, even from crystals with
strong abnormal fluorescence.

In the following we concentrate on the fluorescence dy-
namics that does not show any sample-to-sample variation,
and in particular on the data between ~100 ns and ~10 us
after excitation. We reach this intrinsic limit by using pho-
toexcitation densities of the order of 2 x 10! m~3. At higher
excitation densities, one observes deviations in the fluo-
rescence dynamics that are consistent with the onset of
nongeminate annihilation. In Fig. 2 we show the deviation
obtained for an excitation density of 12 x 10 m—3, with its
typical exponential decay that corresponds to half the triplet
exciton lifetime [6].

The most important feature of the experimental results
in Fig. 2 is that the data in the time window from 30 ns
to 5 ws—highlighted by full data points—clearly show
the expected transition between power-law regimes that is
predicted by Fig. 1. Power-law regimes at the beginning and
end of this time window have exponents of —1.18 £ 0.02
and —1.66 £ 0.03, respectively. In addition to this, the whole
dynamics in this time window and for multiple samples can
be extremely well fitted by a slight modification of Eq. (2):

PL(t) o t PP Lyt /7). 5)

This corresponds to Eq. (2) in the t > 11, 15 limit, multiplied
by a factor P which accounts for a possible systematic
increase in the power-law exponent similar to that observed
in Fig. 1.

The inset in the top-right corner of Fig. 2 shows a si-
multaneous fit of the data from three different samples using

Eq. (5), which delivers p = —0.07 and 73 = 1.3 us. The latter
corresponds to an average hopping time of a triplet exciton
along the least probable hopping direction (likely the crystal-
lographic ¢ axis in rubrene [31,32]) of 273 = 2.6 us. Values
obtained in individual fits to the same dynamics in multiple
samples always remained inside a range of 0.05-0.15 for —p
and 1-3 us for 3.

In addition to this experimental determination of the slow-
est hopping time 73, we can also say something about the two
faster hopping times. The 73 that we found experimentally is
six orders of magnitude greater than the average hopping time
along the high-mobility b direction, which can be estimated to
be t; ~ 3 ps from the diffusion length of 4 um [23] and the
triplet lifetime of 100 us [6]. Then, the fact that the power-
law corresponding to 2D transport is already well established
20 ns after the beginning of the random walk, coupled with
an earlier observation of a quasiexponential decay in the fluo-
rescence intensity with an apparent time constant of 4 ns [12],
indicates that the average hopping time 7, that determines the
transition from 1D to 2D transport is very likely of the order
of a few nanoseconds.

From this we see that geminate fluorescence dynamics
is sensitive to the reencounter probability of triplet exci-
tons. This will make it necessary to consider the reencounter
probability in any long-timescale investigation of delayed flu-
orescence in rubrene or analogous singlet fission materials.
But most importantly, geminate fusion dynamics can deliver
valuable information on triplet exciton transport and the crys-
tal lattice where it happens, all thanks to the ability to detect
single photons that originate from annihilation events [33]. In
future work, this can be exploited to understand more com-
plicated systems, like those in which excitons interact with
defects [34].

In conclusion, we have shown that the photons emitted
during geminate fusion can be effectively used as a probe of
triplet exciton transport. We have also demonstrated how data
obtained in this way can be analyzed via a simple random-
walk model that can be used to extract information on average
hopping times and the dimensionality of transport. While we
demonstrated these ideas in rubrene, the sensitivity of single-
photon counting means that the model and approach are
applicable to any singlet-fission material in which geminate
triplet-triplet annihilation is accompanied by some probability
of photon emission.

This opens the door to the general use of geminate-fusion
fluorescence as an investigative tool to, e.g., disentangle the
effect of variations in the fusion probability y and of vari-
ations in the triplet transport that determines the probability
of reencounter p, (¢) in temperature-dependent or magnetic-
field-dependent studies.

Note added. Recently we became aware of the related
work in Ref. [35], which uses a completely different approach
to also discuss the influence of the dimensionality of triplet
transport on the geminate fluorescence.

This research was partially supported by the US Depart-
ment of Energy, Office of Basic Energy Sciences, Division
of Materials Sciences and Engineering, under Award No.
DE-SC0020981.
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