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The relaxation dynamics of an exciton in rubrene was investigated by femtosecond absorption
spectroscopy. Exciton relaxation to a self-trapped state occurs via the coherent oscillation with
78 cm™!' due to a coupled mode of molecular deformations with phenyl-side-group motions and
molecular displacements. From the temperature dependence of the decay time of excitons, the energy
necessary for an exciton to escape from a self-trapped state is evaluated to be ~35 meV (~ 400 K). As a
result, a self-trapped exciton is stable at low temperatures. At room temperature, excitons can escape from
a self-trapped state and, subsequently, they are dissociated to charged species. The exciton dissociation

mechanism is discussed on the basis of the results.
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Rubrene is an important material for organic field effect
transistors (FETs) because of its highest mobility among
organic molecular semiconductors [1-3]. The Hall-effect
measurements suggest a band transport mechanism [4,5].
In addition, a potential of rubrene as a photoconductive and
light-emitting material has also been attracting much at-
tention [6—8]. When we consider the applications of mo-
lecular semiconductors to optical devices, it is important to
clarify the nature of a molecular exciton. In the present
study, we focus on the relaxation dynamics of an exciton in
rubrene.

Rubrene is a derivative of tetracene with four phenyl side
groups [Fig. 1(a)]. The characters of molecular orbitals in
isolated rubrene and tetracene molecules are similar to
each other [9]. However, their crystal structures are sig-
nificantly different. The crystal structure of rubrene pro-
jected on the ab plane is shown in the inset of Fig. 1(b).
Tetracene backbones are aligned in a slipped-cofacial
configuration, forming a 7r-stacking structure along the b
axis. This results in the large mobility u(>20 cm?/V's)
along b [4,5]. In tetracene, such a 7r-stacking structure
is not formed and u(~2 cm?/Vs) is much lower [10].
Photoluminescence (PL) properties of tetracene and ru-
brene are also considerably different from each other; in
tetracene, both free excitons (FEs) and self-trapped exci-
tons (STEs) were identified [11,12], while in rubrene
only the PL peak (2.18 eV) with a large Stokes shift
(~ 140 meV) was observed [6], suggesting the formation
of STEs [13]. More recently, we reported photoinduced
absorption (PA) spectra due to excitons and photocarriers
in rubrene by femtosecond (fs) pump-probe (PP) spectros-
copy and suggested that an exciton is dissociated to
charged species [13]. This is a special property which is
not seen in other molecular semiconductors [14,15].
However, it has not been fully understood yet.
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Here, we investigated temperature dependences of PA
signals due to excitons and charged species. At low tem-
peratures, we observed a coherent oscillation on the PA
signals of excitons. This oscillation was assigned to a
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FIG. 1 (color online). (a) Molecular structure of rubrene.
(b) AOD spectra of rubrene on the ab plane with the pump
and probe pulses polarized //b. The pump energy was 2.23 eV at
294 K and 2.27 eV at 5 K. In the upper panel, the thin solid line
shows the absorption spectrum (E//b). (c) Time evolutions of
PA bands A and B. (d) Expanded PA band C at 294 K. The thick
solid line shows the FIA [18].
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coupled mode of molecular deformations and displace-
ments, which stabilizes excitons as STEs. In addition, we
found that the exciton dissociation process is characterized
by the small activation energy of 35 meV. The exciton
dissociation mechanism will be discussed on the basis of
the results.

Single crystals of rubrene were grown by physical vapor
transport in a stream of argon gas. They show high mobility
larger than 10 ¢cm?/V s in FETs. The PL spectrum at 10 K
showed the intrinsic peak at 2.18 eV, which is presented in
the Supplemental Material [16]. This demonstrates that the
sample quality is high enough. In the PP spectroscopy, we
used two systems with a time resolution 7, of 180 and
36 fs, both of which were based on a Ti:Al,O5 regenerative
amplifier (785 nm, the duration of 130 fs, and the repetition
rate of 1 kHz). In the system with 7, = 180 fs, the output
from the amplifier was divided into two beams, which were
used as excitation sources for two optical parametric am-
plifiers (OPAs). From these OPAs, pump and probe pulses
were obtained. In the system with T, = 36 fs, two noncol-
linear OPAs were excited by the outputs from the regen-
erative amplifier, and pump and probe pulses with the
duration of ~20 fs were obtained. The delay time ¢; of
the probe pulse relative to the pump pulse was con-
trolled by changing the pump path length. The excita-
tion photon density was adjusted to be smaller than
1073 photon/molecule.

The absorption (optical density: OD) spectrum of ru-
brene measured on the ab plane with the electric field of
lights E//b is shown in the upper part of Fig. 1(b). The
structure at 2.32 eV and the peaks on the higher-energy side
are a zero-phonon line of the lowest exciton and its phonon
side bands, respectively [6,7]. PA (AOD) spectra at 294
and 5 K by the excitation of the lowest exciton measured
with 7, = 180 fs are shown in Fig. 1(b). Polarizations of
pump and probe pulses were //b. Just after the photo-
irradiation, two peaks (A and B) were observed at ~0.37
and ~1.15 eV, respectively. Their time evolutions were the
same with each other [Fig. 1(c)] [13], suggesting that both
A and B were due to STEs.

The spectral shapes of AOD at 294 and 5 K are almost
the same at r; = 0.2 ps; however, their temporal evolu-
tions are significantly different. At 294 K, A and B almost
disappeared at t; = 200 ps. Instead, a broad band C be-
comes dominant, which was attributed to the superposition
of induced absorptions of positively and negatively
charged species [13,17]. This assignment was also sup-
ported by the field-induced absorption (FIA) due to hole
carriers in FETs [the thick solid line in Fig. 1(d)] [18]. The
FIA is overlapped on band C. The difference between band
C and the FIA is attributable to the absorption due to
negatively charged molecules [13].

At 5 K, the decay of bands A and B becomes very slow.
At 200 ps, AOD at around 1.5 eV slightly increases but the
overall shape of AOD is almost the same with that at 0.2 ps.
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FIG. 2 (color online). Time evolutions of (a) PA band A and
(b) PA band C. The dashed lines in (a) are fitting curves by
Eq. (1). (c¢) Time evolutions of A and B at 294 K.
(d) Temperature dependences of A at 0.2 ps and 1 ns and of C
at 1 ns. (e) Temperature dependences of the exciton decay times
71 and 7,, the amplitude of coherent oscillation with 78 cm™ !,
and A, /A, (inset). (f) Exciton decay rate 1/7,. The solid line
shows the fitting curve by Eq. (3).

In Figs. 2(a) and 2(b), we show the temperature depen-
dences of the time evolutions of band A (0.37 eV) reflect-
ing exciton dynamics and band C (1.55 eV) reflecting the
carrier dynamics. With decreasing temperature, both the
decay time of excitons and the generation time of carriers
increase in the same manner, suggesting that the exciton
decay is related to the generation of charged species. This
picture is also ascertained from the temperature depen-
dence of the PA intensities. As shown in Fig. 2(d), band
A (0.37 eV) due to excitons at 0.2 ps is not changed so
much in the whole temperature region, while that at 1 ns
gradually increases with decrease of temperature from
150 K and becomes almost constant below 50 K. Band C
(1.55 eV) due to charged species at 1 ns, rather, decreases
below 150 K. These results suggest that a finite potential
barrier exists when an exciton escapes from an STE to a
path for the dissociation. This point is discussed again later.
To obtain more quantitative information about the
exciton decay (or dissociation), we analyzed the time
evolutions of AOD at the peak of band A for various
temperatures [Fig. 2(a)], using the following formula:

AOD=Alexp<—i>+Azexp<—i): (r1<m). (D
71 )
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The fitting results are shown by the dashed lines in
Fig. 2(a), which reproduce well the experimental results.
The temperature dependences of 7, 7,, and A;/A, are
shown in Fig. 2(e). The physical meanings of the two terms
in Eq. (1) are also discussed later.

Next, we discuss the primary relaxation dynamics of
excitons by scrutinizing the time evolutions of bands A
and B at 5 K [Fig. 3(a)]. Oscillatory structures were
observed on AOD for A and B in common. In Fig. 3(a),
dashed lines were drawn from t; = 0 ps with the same
time interval (0.21 ps) and correspond well to the peaks or
dips of the oscillatory components. This suggests that the
oscillation is of the cosine type and generated by a
displacive-excitation mechanism [19,20] and that the ex-
citon is relaxed via a specific phonon mode with the period
of 0.42 ps (the frequency of 78 cm™1).

Previous steady-state [21] and stimulated [22] Raman
spectroscopy revealed that several Raman bands exist be-
low 200 cm~!'. Among them, a strong band exists at
76 cm™!, which is nearly equal to the coherent oscillation
frequency. This band was assigned to a mode arising from
the mixing between a lattice mode (molecular displace-
ments) and an intramolecular mode, including the motions
of phenyl side groups [Fig. 4(a)] [21,23].

To clarify the physical picture of the coherent oscilla-
tion, we subtracted background components from AOD of
bands A and B at 5 K [Fig. 3(a)] for various probe energies
and analyzed the residual oscillatory components (OSC)
AODOSC by using AODOSC = A3 COS((()t) exp(—t/7'3).
Each oscillatory component was well reproduced by this
formula (not shown). Oscillation amplitudes A3 for A and
B are plotted by triangles in Figs. 3(b) and 3(c), respec-
tively, together with the PA spectra (circles). In both A and
B, A; is positive in the lower-energy side of the peak and
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FIG. 3 (color online). (a) Time evolutions of PA signals in
rubrene (2.27 eV pump) at 5 K. (b),(c) PA spectra (circles) and
oscillation amplitudes (triangles) in (b) PA band A and (c) PA
band B at 5 K (see the text).

negative in the higher-energy side, indicating that the
78 cm™ ! mode initially increases the PA energies and gives
rise to their subsequent periodic modulations. This dem-
onstrates that the 78 cm™~! mode stabilizes excitons and is
responsible for the STE formation. The STE formation and
coherent oscillation are illustrated in Fig. 4(b).

To investigate the exciton relaxation dynamics in more
detail, we performed PP measurements with 7, = 36 fs.
The lowest probe energy in this PP system is 0.75 eV, so we
focused on the higher-energy band B at ~1.15 eV. We
showed spectra of the pump and probe pulses in the inset of
Fig. 4(c) together with the absorption spectrum at 10 K.
They were broad, so the observed time evolution reflects
the averaged dynamics of B. Time evolution of AOD at
5 K is shown in Fig. 4(c). We fit Eq. (2) to the time
evolution:

t t
AOD = 4 exp(— —) + A, exp(— —)
7o )

+ A5 cos(wt) exp(— TL) (2)
3

The first term of Eq. (1) can be neglected at low tempera-
tures [the inset of Fig. 2(e)]. The calculated time evolution
with 79 = 77 fs, 7, = 1.0 ns, and 73 = 1.1 ps [solid line
in Fig. 4(c)] reproduced well the experimental one. Each
term is shown in Fig. 4(d). The first term in Eq. (2) is
attributable to the relaxation process from FEs to STEs.
The second term is due to the decay of STEs. The decay
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FIG. 4 (color online). (a) Phenyl-side-group motions expected
in the exciton relaxation [21]. (b) Schematic of exciton relaxa-
tion processes. (c¢) Time evolution of PA band B at around 1.2 eV
measured with 7, = 36 fs. The solid line represents the fitting
curve by Eq. (2). The inset shows spectra of the pump and probe
pulses (shades), PA band B at 0.2 ps (5 K) (circles), and the
absorption spectrum (10 K). (d) Three components of the fitting
curve in (c).
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time 7,(= 1.0 ns) is very long, giving the constant back-
ground in Fig. 4(c). The third term shows the coherent
oscillation with 78 cm™!. No higher-frequency oscillations
were observed, supporting the dominant role of the
78 cm™! mode on the STE formation.

Here, let us go back to the temperature dependence of the
exciton decay. As shown in the inset of Fig. 2(e), the main
term of the decay is the second term of Eq. (1) characterized
by 7,. We plotted in Fig. 2(f) the temperature dependence
of the exciton decay rate 1/7,, which was reproduced by
the sum of a constant term and a thermal activation process
[Eqg. (3)], as shown by the solid line in Fig. 2(f):

11 + 1 exp(— A) 3)

T, Tr Ta kT

The parameters used were 7 = 1.0 ns, 74 = 13.3 ps, and
A =35 meV. A is considered to be an energy barrier
between an STE and a path for the dissociation, as is
illustrated in Fig. 4(b). A is much smaller than the binding
energy of an FE ( ~ 0.4 eV) [13].

In Fig. 2(e), we plotted the oscillation amplitude Aj
against temperature, together with the decay time 7, of
excitons. Two quantities show almost the same tempera-
ture dependence with band A at 1 ns and the opposite
temperature dependence with band C at 1 ns, as is shown
in Fig. 2(d). These results suggest that the STE formation
by the 78 cm™! mode competes with the exciton decay,
which is related to the carrier generation. It is, therefore,
natural to consider that the time constants 7; and 7,
correspond to the decay time of an exciton during the
lattice relaxation of an FE and that of an STE, respectively.

Now, we discuss the mechanism for the exciton decay
and the carrier generation by taking the previous studies into
account. The PL studies suggested that excitons survive for
t; > 1 ns at room temperature [24,25]. To obtain informa-
tion of excitons for #,>200ps, we show in Fig. 2(c) the
time evolutions of A and B in a logarithmic scale. For ¢, >
200 ps, data deviate from Eq. (1) (dashed lines) and show
the presence of long-lived excitons, consistent with the
previous PL studies. The long-lived excitons might be
related to the fission and fusion processes between a singlet
exciton (S;) and a pair of triplet excitons (T} + T) [8,26].
However, our present PA dynamics and previously reported
picosecond PL dynamics [13] clearly show that most ex-
citons decay up to f; ~ 200 ps at room temperature.

Najafov et al. proposed that the fission of S to 27 and
the dissociation of T to carriers after their diffusion to a
crystal surface play dominant roles in the surface photo-
conductivity [8]. In tetracene, the long-lived absorption of
T, generated by the fission of S; was indeed observed at
~1.7 eV and the energy for the fission process was eval-
uated to be ~70 meV [27]. In rubrene, on the other hand,
long-lived band C is due to charged species. Although the
absorption depth of the pump pulse (~ 2.2 eV) is long
(~9 pm), a large part of C appears within 50 ps after

photoexcitation [13]. This suggests that the main part of
photocarriers responsible for C is not generated at the
surface but generated in the bulk [28].

From these discussions, we can expect two possible
scenarios for the exciton dissociation. The first one is the
impurity-induced dissociation [6]. In rubrene, electron
traps are considered to exist even in high-quality single
crystals. An exciton which escapes from an STE by gaining
the energy can encounter an electron trap. Then, it may be
dissociated to a hole carrier and a trapped electron.
Another scenario is that electron and hole carriers are
stabilized by polaronic effects and they can be created
from an STE [13]. In this case, A corresponds to the barrier
between a self-trapped S, and a polaron pair (P" and P™).
In this scenario, however, we cannot exclude a possibility
that a polaron pair is generated from a 7 pair via a
sequence of reactions (S, — 2T, — P + P7). When the
latter process is much faster than the former, 7 is difficult
to detect. In this case, A corresponds to the energy neces-
sary for S; to be dissociated to a T pair. To clarify the
exciton dissociation mechanism and the role of T, further
studies should be necessary.

In summary, in rubrene, excitons are stabilized as STEs
with the decay time of ~1 ns at low temperatures. The
coupled mode of molecular deformations with phenyl-
side-group motions and molecular displacements is re-
sponsible for the STE formation. At room temperature,
STEs decay within 200 ps and are converted to charged
species. The potential barrier for the exciton dissociation is
very small, being ~35 meV. Thus, the unique dissociation
paths of excitons exist in rubrene, differently from other
molecular semiconductors.
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