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Triplet exciton dynamics in rubrene single crystals
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The decay of the photoluminescence excited in rubrene single crystals by picosecond pulses is measured over
7 orders of magnitude and more than 4 time decades. We identify the typical decay dynamics due to triplet-triplet
interaction. We show that singlet exciton fission and triplet fusion quantum yields in rubrene are both very large,
and we directly determine a triplet exciton lifetime of 100 & 20 us, which explains the delayed buildup of a large
photocurrent that has been reported earlier for low excitation densities.
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Photoluminescence dynamics in organic molecular crystals
can provide information on the nature of excitons and their
evolution from the initial photoexcitation to interaction with
defects and ultimately to dissociation or recombination.
Excitons in molecular crystals are of fundamental interest
and their possible dissociation into free carriers is of relevant
practical importance for optoelectronic applications such as
photovoltaics. In particular, the rubrene single crystal has an
extraordinarily large carrier mobility observed in field effect
transistors, '~ and it is characterized by a large photoconduc-
tivity appearing with a rise time of 100 us after impulsive
excitation,*> which implies that a significant fraction of
the photoinduced excitons in rubrene ultimately leads to
mobile charge carriers.> Even though the exciton dissociation
mechanism has been associated both with oxygen-related
defects>® and the crystal’s surface,’ the path that leads from
photon absorption to delayed carrier release in rubrene has not
been fully described yet.

The initially photoexcited species in molecular crystals are
singlet excitons with a lifetime of the order of nanoseconds or
less. Under pulsed illumination, their radiative recombination
leads to a photoluminescence (PL) signal that decays during
the singlet lifetime. But in addition to this, creation of triplet
excitons®® can lead to a long-lived PL signal because of
their long lifetime and their capability of fusing together to
regenerate a singlet state that can radiatively recombine.'’
Most of the work in this field has concentrated on aro-
matic single crystals such as antracene,’? tetracene,!? and
naphthalene.!" For rubrene, we are only aware of studies of
delayed PL dynamics that were performed on molecules in
solution.'?

In this work we investigate delayed PL dynamics in vapor
transport grown, orthorhombic rubrene single crystals, varying
from pristine as-grown samples to samples that have been
exposed to air and light for a long time. The rubrene PL
spectrum has prominent emission bands near 560 nm and
608 nm.%!3 The amplitudes of smaller bands around 645 nm
and beyond are more sample dependent and have been partially
assigned to oxidation.®!3!* We first studied the PL dynamics
using 1 ps long pulses obtained from a Light Conversion
TOPAS (traveling-wave optical parametric amplifier system)
pumped at 1 kHz by a Clark-MXR Ti:sapphire amplifier. We
used pulses at a wavelength of 420 nm (absorption length of
~3 pm) and with an energy of the order of 1 uJ focused to a
spot-size of 40 um on the ab surface of the crystals, paying
attention to avoiding any surface imperfections. We detected
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the PL in a confocal geometry with a photomultiplier tube
(PMT) connected to a 4 GHz LeCroy digital oscilloscope.
Following excitation, we observed a fast PL. component (inset
in Fig. 1) that decays in less than 10 ns (limited by the time
resolution of our equipment), followed by a slower component.
The time dynamics of the slower component is shown in
Fig. 1 for three wavelengths close to the most important
bands in the rubrene PL spectrum. The wavelengths were
selected by bandpass filters with a spectral width of 10 nm.
The time-dependent data were obtained by combining several
measurements taken at different time delays with a Hamamatsu
gated PMT while keeping similar PMT output voltages to
avoid saturation effects. The three decays are very similar
to each other. In particular, the band at 645 nm, which has
been argued to grow with oxidation,%!*!* decays in the same
way as the other bands over multiple time decades. This
behavior remained the same among various samples where
the prominence of the 645 nm band was different.
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FIG. 1. (Color online) Rubrene PL dynamics for different wave-
lengths in the emission spectrum. Data sets for different wavelengths
are shifted vertically for clarity. Solid lines are fits to the square of
Eq. (2) in the limit 77 — oo. The inset shows the PL dynamics right
after pulsed illumination.
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The PL dynamics in Fig. 1 is clearly nonexponential and
trends to a power law ¢~2. In fact, this type of PL decay
can be recognized as an example of the well-known situation
where the singlet excitons initially created by the laser pulse
transform into triplet excitons, which then mainly decay by
triplet-triplet collisions that can recreate singlets.®!>!¢ Thus,
while the initial PL decay in Fig. 1 is due to radiative emission
from singlet excitons created by the pump pulse, happening
within a singlet lifetime tg of less than 10 ns, the remaining
decay is due to emission from singlets that have been formed
again later through triplet-triplet fusion.'® The fact that the
PL intensity tracks the triplet density has also allowed us to
directly observe triplet diffusion in rubrene.!” In the following,
we discuss quantitatively the delayed PL dynamics expected
because of these effects.

Before proceeding, we stress that the focus of this inves-
tigation is the time-evolution of the delayed PL. This PL is
an observable that is proportional to the number of singlet
excitons created per unit time, independently of the precise
value and nature of the singlet-exciton lifetime, and of the
mechanism with which an individual singlet exciton ultimately
leads to some radiated PL. In this context, any complexity
in the decay mechanisms of the singlet excitons'®!* does not
affect our results. Further research will be needed to understand
in general the relative role of the possible relaxation processes
of photoexcited states, such as radiative recombination, disso-
ciation into free carriers, or fission into triplets.

The time evolution of the triplet density 7' can be described
by

dT S T )

— =Qfs+K)——— —yT", ey

dt Ts r
where S is the singlet density, Ty is the singlet lifetime, f is
the probability for a singlet to undergo fission into two triplets,
k represents other possibilities for singlet-triplet conversion,
77 is the triplet lifetime, and y is a bimolecular interaction
rate. For short singlet lifetimes (ts << 7'y ™! and 15 <« 17)
and for t > ty, the singlet density remains small compared to
the triplet density 7'(¢). Equation (1) without the first term on
the right-hand side has the analytical solution

T(t) = Tol(1 4+ r)e’/™ —r]7!, (2)

where r = Toy tr. Note that the time dependence of T(f)
goes from a power law of the form 7(¢) ~ (1 + Toyt)™" at
short times to an exponential 7'(¢) ~ exp(—t/tr) when ¢/tr
becomes of the order of r or 1, whichever is smaller.

The delayed PL is due to the emission from a singlet pop-
ulation that evolves as dS/dt = —S/ts + fryT?/2, where
the last term describes triplet-triplet fusion, with fr the
probability that triplet-triplet interaction results in the creation
of a singlet.'® It is important to note that triplet fusion can
lead to singlet excitons and PL emission even in the case
where the triplet density is so low that its decay is exponential,
determined by the linear term 7' /77 in Eq. (1). Since the rate
at which singlets are created is always proportional to y T2,
the delayed PL power is proportional to T2, the square of
the triplet density.'® At higher triplet density and for t < 77
the PL follows the power law (1 + Tyyt)~2, which in a
double-logarithmic plot becomes a straight line with a slope of
—2fort > (Tpy)~' (see Fig. 1). The data show that the triplet
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lifetime must be longer than 10 us, and can be easily fitted
by the power law (1 + Toyt)~? with Toy = (3-6) x 106 s7!
(solid curves in Fig. 1). The data were collected in different
runs, with possible fluctuations in 7; and other noise sources
causing slight differences in the initial slope of the data
between the three wavelengths, but all tree data sets clearly
tend to the expected straight line with a slope of —2 at longer
times. Next, we extend the experiments to determine the triplet
lifetime.

In order to obtain a large enough signal-to-noise ratio
to follow the PL decay beyond 10 us it is necessary to
decrease the initial density of triplet excitons while keeping
the total number of absorbed photons large. We achieved
this by illuminating a large rubrene crystal with unfocused
(2 mm diameter) 20 ps, 40 ©J laser pulses at 10 Hz obtained
from an Ekspla optical parametric generator at a wavelength
of 530 nm, giving a longer absorption length of ~10 um.
In addition, we detected the whole PL spectrum with a
long-pass filter. The results are shown in Fig. 2. The PL decay
clearly becomes exponential at longer times, with the triplet
lifetime coinciding with the deviation of the data from the
straight line with a slope of —2 that occurs at times longer
than 50 pus (indicated by the arrow). The inset in Fig. 2
shows a conventional semilogarithmic plot of the same data
highlighting the exponential decay obtained at longer times,
which has an exponential decay constant of 50 + 10 us.
Because the PL is proportional to T(¢)?, this gives a triplet
lifetime t7 = 100 £ 20 s, which is similar to that observed
earlier in rubrene solutions.'??%-%!
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FIG. 2. (Color online) Delayed PL dynamics in rubrene and
tetracene. The solid curves are fits to the square of Eq. (2). The dashed
line has a slope of —2, for reference. The inset is a semilogarithmic
plot of the same data. The dash-dotted lines are exponential decays
exp(—t/t), with 7 = 77/2 = 50 us for rubrene and v = 10 us for
tetracene.
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The complete PL decay of Fig. 2, including both power-law
and exponential parts, can be fitted using 7'(¢)*> as given by
the analytical solution in Eq. (2). The best fit is obtained
for Toy =7.0 x 10° s7! and 77 = 100 us (corresponding
to r =70). We note that this fit uses only two fittable
parameters, and that the agreement with the data is very good
over 7 orders of magnitude and more than 4 time decades.
In addition to the clearly identifiable power law that then
converts into an exponential decay, this is a very strong
proof of the validity of the model leading to Eq. (2). The
value of Tpy used here is 5 times smaller than for the fits
in Fig. 1, corresponding to the modified exposure conditions
and lower triplet density. Figure 2 also includes the 640 nm
data from Fig. 1, fitted in the same way by just appropriately
increasing Tp, further confirming the robustness of the model.
Using an upper limit for Ty of 10'® cm—3—estimated from
the number density of absorbed photons—we find a lower
limit for the bimolecular recombination constant of N =
7 x 10713 cm? s~!, consistent with the earliest measurements
in tetracene and anthracene.®!>16

We also included in Fig. 2 the PL decay we measured in
the same way in tetracene. The data are qualitatively very
similar to rubrene, with a similar power-law decay, but with a
slope slightly smaller than 2, for which reason we did not fit
it through Eq. (2). The smaller slope could be due to inhomo-
geneities near the crystal surface causing the PL decay to be
a superposition of several behaviors. In any case, even though
we could not follow the decay further than 50 us because of
low signal-to-noise ratios, the data clearly indicate a triplet
lifetime of 20 &+ 5 us, with a deviation from the power-law
decay occurring around 10 us. This is consistent with a report
of a delayed fluorescence lifetime of 5-10 us in tetracene.??

The data presented above allow for several important
insights. First, we already mentioned that the time-evolution
for different wavelengths of the delayed PL is essentially the
same, including emission bands that have been associated with
defects (Fig. 1). It follows that the PL associated with defects
must also originate from the triplet population, probably by a
mechanism where the singlet excitons obtained though triplet
fusion interact with defect states.

Second, a simple analysis of the PL time dynamics
reported above allows us to evaluate the efficiency of the
singlet-to-triplet and triplet-to-singlet conversion mechanisms
responsible for the delayed PL. We find that under relatively
high excitation densities like those used for the data in Fig. 1,
the time integral of all the observed delayed PL power, from
10 ns after excitation to the final exponential decay, is at least
~25 times larger than the time integral of the initial PL emitted
by the photoexcited singlets. Under these circumstances the
vast majority of the initially created triplets are destroyed via
the bimolecular process that can create singlet excitons again.
The fact that more than 95% of all PL photons can be emitted
via triplet-triplet interaction means that the combined process
of singlet-to-triplet and triplet-to-singlet conversion must be
very efficient in rubrene. The only physical process that can
account for such an efficient singlet-to-triplet transition is
the spin-allowed exciton fission process.'®>323 Assuming a
probability f that a singlet recombines radiatively and a
high-density situation where every triplet is bound to interact
with another triplet, we can quantify the delayed PL signal
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from the probability fs that a singlet undergoes fission into two
triplets and the probability f7 that triplet-triplet annihilation
results in a singlet. For an initial number of singlets N,
the total number of emitted PL photons is proportional
to Nf[1+ frfs+(frfs)*+(frfs)+--] and the ratio
between total integrated PL and PL emitted by the initially
photoexcited singlets is

R=1+ frfs+(frfsP+---=[—frfsI™". (3

This can only become as large as the R ~ 25 we have measured
if both fr and fg are close to unity. Such efficient fusion
and fission quantum yields, combined with the short singlet
lifetime, mean that triplet collision will often result in a singlet
that again undergoes fission to form triplets, a process that at
high excitation densities can be repeated several times until
finally the singlet exciton recombines. The conclusion that
both exciton fission and fusion are very efficient in rubrene
is logically required to explain the PL data with the exciton
dynamics model presented here, and is valid for our relatively
low singlet photoexcitation densities. It implies that the energy
of triplet excitons in rubrene must be close to half the singlet
energy; if this was not the case one of the two processes
would need significant phonon assistance, leading to a lower
probability for either fission or fusion. This result agrees with
Ref. 12, which concluded from solution studies that the triplet
energy of rubrene should be virtually half that of the singlet,
and with Ref. 26, which reported a triplet energy of ~1.2 eV
and a singlet energy of ~2.33 eV. We also mention that
singlet fission occurs efficiently in pentacene but needs thermal
assistance in tetracene,? and variations in the intermolecular
coupling can have a sizable effect on the fission efficiency.?’
Finally, both triplet fusion and efficient singlet fission have
also been observed in rubrene in Ref. 24. At the end it is not
surprising that in rubrene we find a peculiar balance between
singlet and triplet exciton energies that leads to the rather
interesting case of a simultaneously high probability for singlet
fission, and for triplet-triplet annihilation leading to fusion into
one singlet.

Third, direct electrical measurements in rubrene have
shown that, at absorbed photon densities that are about 2-3
orders of magnitude smaller than those that we used to observe
the PL dynamics, impulsive excitation is followed by a delayed
release of free charge carriers.*>*® The exponential rise time
of this carrier density matches the triplet lifetime we have
determined here. One must therefore investigate the possibility
that triplet excitons can dissociate into charge carriers at the
low densities that make triplet-triplet interaction negligible.
Despite their large binding energy, triplet dissociation could
happen through secondary processes>’ involving defects.*
An example could be Auger-like dissociation,?'+*?> where the
electron from the exciton is captured by oxygen-related band-
gap states® and the energy gained in this way is used to excite
the hole into the valence band. Because of the large carrier
lifetime of several milliseconds,* such a triplet dissociation
process would lead to an initial rise in photoconductivity o (¢)
that is proportional to the time integral of the 7'(¢) given in

Eq. (2):

o(t) x / T(uw)du = lln[(l + )T —r] = L, 4)
0 14 Yir
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with a final value o(c0) ~ ¥ ~'In(1 + r) that corresponds to
a linear dependence of the photoconductivity amplitude on
the initial triplet density for low densities, and to a sublinear
logarithmic growth at higher densities where r > 1. The time
needed for the buildup to reach a fraction ¢ of its final value is

to=—7r In{1 +r"'[1 = (1 +r)]}, &)

which at low excitation densities (r < 1) is a constant
to = —tr In(1 — g), giving an exponential buildup with time
constant 77, and at higher excitation densities (r > 1) can be
expanded to give fo ~ t7(r?~! +r*9=D/2 4 ...) and hence
a buildup rate 1/¢, proportional to r'~¢. At higher excitation
densities more triplets are lost to bimolecular interaction before
they can dissociate into charge carriers, leading to a saturation
of the photocurrent amplitude that is accompanied by a faster
buildup time. For r > 1, Eq. (5) gives a buildup rate for
50% of the final amplitude that grows as the square root
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of the excitation density (r'=¢ ~ /T, for ¢ = 0.5). These
predictions are exactly what was observed in Ref. 5, giving
strong support to the idea that the delayed photocurrent in
rubrene is caused by triplet exciton dissociation.

In conclusion, we followed the delayed PL decay in rubrene
until 300 us after pulsed photoexcitation and determined that it
results from the evolution of a triplet population created from
the photoinduced singlet excitons by singlet-exciton fission.
We found that in rubrene both the fission and the fusion
quantum yields must be large and we determined a triplet
lifetime of 100 & 20 us. Finally, we showed that the efficient
fission into triplets is responsible for the strong delayed
photocurrent observed earlier,*> which we can now assign
to triplet dissociation, with a saturation behavior at higher
excitation densities that is caused by triplet-triplet interaction.
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