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We visualize exciton diffusion in rubrene single crystals using localized photoexcitation and spatially

resolved detection of excitonic luminescence. We show that the exciton mobility in this material is

strongly anisotropic with long-range diffusion by several micrometers associated only with the direction

of molecular stacking in the crystal, along the b axis. We determine a triplet exciton diffusion length of

4:0� 0:4 �m from the spatial exponential decay of the photoluminescence that originates from singlet

excitons formed by triplet-triplet fusion.
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Organic molecular crystals operate in an unusual, rela-
tively unexplored region in the landscape of solid-state
physics. It is a region characterized by narrow energy
bands with transport at the boundary between hopping
and coherent band-transport, and where photon absorption
results in tightly bound excitons that limit free-carrier
generation. Fundamental studies of exciton dynamics in
organic crystals are important for understanding the role of
intermolecular interactions in exciton transport, and are of
prime interest towards the optimization of photocarrier
generation in organic photovoltaics, where exciton diffu-
sion is a key process limiting the photovoltaic efficiency
[1,2]. However, direct experimental observations of exci-
ton diffusion have proven difficult, and most available data
were obtained by indirect methods [3–5], resulting in a
relatively large variability between the reported diffusion
lengths for the same materials [6,7].

The experimental investigation of exciton diffusion is a
challenging task, especially in disordered molecular mate-
rials, where the exciton diffusion length is very short, of the
order of a few tens of nanometers [2,8,9]. Organic molecu-
lar crystals with their intrinsic order, on the other hand,
should allow for longer-range diffusion, and are also at-
tractive for fundamental investigations. In fact, initial es-
timates put diffusion lengths in molecular crystals in the
range of a few micrometers [10]. Early work done in
anthracene, mostly using indirect methods, claimed diffu-
sion lengths of up to 10 �m [3–5]. Literature on other
crystals such as tetracene or rubrene is more limited
[6,7,11]. In particular, the rubrene crystal has several com-
pelling properties, including one of the highest room-
temperature charge carrier mobilities ever observed in an
organic material (� 10–40 cm2 V�1 s�1 for holes in field-
effect transistors [12,13]) and a high photoconductivity
[14]. In addition, recent photoconductivity studies in ru-
brene [11] have been interpreted in terms of long exciton
diffusion lengths of several micrometers that would allow
excitons to migrate to the crystal surface, but no direct
observations of exciton diffusion have been reported yet.

Motivated by the importance of exciton migration for the
photoconductivity process and by the interest of rubrene as
a material for optoelectronics, we now developed a direct
imaging technique to observe exciton diffusion.
Rubrene crystals grown by physical vapor transport

have an orthorhombic unit cell with lattice parameters

a ¼ 14:4 �A, b ¼ 7:18 �A, and c ¼ 26:9 �A [15]. Our defi-
nition of crystallographic axes corresponds to that used in
several charge transport experiments [12], and goes over to
that used in Ref. [16] by switching the a and b axes, and to
that used in Ref. [15] by switching the a and c axes. The
most common crystal shapes are platelets with extended
c-surfaces and crystals elongated in the b direction but
with short dimensions in the a and c directions. As-grown
rubrene crystals have facets that form a typical angle of
63.5� (75�) to the b axis when observing the ab (bc) plane
(see Fig. 1).
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FIG. 1 (color online). Top-left: ab and bc facets of rubrene
single crystals. Bottom-left: molecular packing in the crystal and
definition of crystallographic axes. Top-right: experimental con-
figuration. Bottom-right: scheme of the illumination conditions
at the surface of the crystal.
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We visualize the presence of excitons and their diffusion
by imaging the photoluminescence (PL) that originates
from their radiative recombination after localized photo-
excitation at well defined crystal surfaces. This straightfor-
ward method provides direct, intuitive images of the spatial
exciton distribution. Its principles have been previously
applied in inorganic semiconductors [17], but only under
challenging cryogenic conditions required by the low bind-
ing energy of excitons. Thanks to the large excitonic
binding energies in molecular crystals, we have now suc-
ceeded in creating the experimental conditions that allow
direct imaging of exciton diffusion at room-temperature.

The experimental setup is described in Fig. 1. We create
a localized distribution of excitons via a collimated con-
tinuous wave laser beam with a wavelength in the high
absorption region of rubrene (442 nm, absorption length of
�2 �m) that is focused on the sample by a microscope
objective. The same microscope objective images the sur-
face of the sample onto a CCD camera. By changing color
filters, we can photograph the surface of the sample using
either the excitation light, or the PL coming from excitons
(with a filter transmitting above 500 nm). We use a well-
corrected, variable numerical aperture infinite conjugate
microscope objective to obtain the optimum combination
of illumination profile, depth of field (� 2 �m), and lateral
resolution (� 0:5 �m). A small amount of truncation
results in the excitation light intensity being a hybrid
between an Airy pattern and a Gaussian distribution. The
spot size is 1:1 �m, defined as the diameter at which the
intensity falls to 1=e2 of its peak value. Figure 1 (bottom-
right) is a schematic view of the excitation beam focused
on the sample surface and the PL it generates.

Figure 2 shows the intensity distribution of the excita-
tion light and of the PL as we typically observed them
at the surface of all rubrene samples we studied.
Independently of the shape, size, orientation,or thickness
of a crystal, as long as we illuminate a surface that contains
the b axis, we observe a pattern like that in Fig. 2. While
the excitation is perfectly round and symmetric, the PL is
clearly elongated along the b axis of the crystal, corre-
sponding to a highly anisotropic exciton diffusion. We

obtained the same results for both the ab facet and the
bc facet of several rubrene crystals. The depth of field of
the imaging system is of the order of the absorption length
of the excitation light. This, combined with our observation
of no relevant diffusion in the direction perpendicular to
the surface of the crystal, guarantees that the whole distri-
bution of diffusing excitons is sharply imaged. The signifi-
cantly higher exciton mobility in the b direction correlates
well with the high charge carrier mobility observed in the
same direction [12,13].
For the b direction, it was possible to follow the decay of

the PL intensity over 3 orders of magnitude for increasing
distances from the center of the illumination. Figure 3
shows the spatial dependence along the b axis for both
excitation profile and PL profile taken in five samples
grown at different times and under different conditions
that created crystal shapes ranging from flat platelets and
elongated needles to submillimeter sized microcrystals.
The excitation and emission profiles are normalized to
the same level at the center of the illumination. The exci-
tation light decays very rapidly as highlighted by the semi-
logarithmic scale in the plot, but the PL extends over much
larger distances. The reproducibility of the data from all
five samples shown in the figure is very good, and the
spatial dependence at larger distances from the center
can be fitted for all samples simultaneously by an expo-
nential function expð�x=dÞ, where x is the distance from
the center of the excitation spot and d ¼ 2:0� 0:2 �m.
The data in Fig. 3 were taken at a laser power of 10 nW,

which still gives a good signal-to-noise ratio while avoid-
ing overexposure of the crystal. This power corresponds to
a flux of �20 photons per nanosecond incident on the
1:1 �m diameter spot and absorbed with an exponential
absorption length of 2:0 �m. This gives an absorbed pho-
ton rate of �10 photons ns�1 �m�3. Photon absorption
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FIG. 2 (color online). Contour plot of the intensity distribution
of the excitation light (top) and of the PL at the surface of a
rubrene sample (bottom).

FIG. 3 (color online). Intensity of the excitation light (full red
symbols) and intensity of the PL emitted by the diffusing
excitons (open blue symbols) vs the distance from the center
of the excitation spot along the b axis of the crystal. The PL data
belong to five different crystals, represented by different symbols
for the data points. Inset: Normalized PL profiles obtained at
different laser powers.
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results in a singlet molecular exciton with a lifetime of less
than 10 ns [14], meaning that at any given time there are
less than 100 �m�3 singlets in the excitation spot. This
corresponds to a singlet exciton for every 10 million ru-
brene molecules, and shows that our exposure conditions
remain a relatively small perturbation.

We now turn to the discussion of how the PL data should
be interpreted. Measurements of the PL time dynamics in
rubrene have shown that an initial fast decay that happens
in less than 10 ns is followed by a relatively strong PL that
decays much more slowly [14]. This indicates that directly
photoexcited singlet excitons have a lifetime of less than
10 ns and that many of them undergo fission [18,19] to
create longer lived triplet excitons. The PL seen at later
times is then the result of triplets interacting with each
other and fusing, pooling their energy to create again a
singlet exciton, which subsequently radiatively decays
[19]. Even though the PL is always caused by the radiative
decay of zero-momentum singlets, this effect makes it
possible for our experiment to detect the density of triplet
excitons. Because of the large diffusion anisotropy, we can
describe the spatial dependence of the triplet density T
with the following one-dimensional diffusion equation:

d

dt
T ¼ GþD

d2

dx2
T � T

�T
� �T2; (1)

where x is the coordinate along the b direction, G repre-
sents the source function for the creation of excitons (di-
rectly given by our excitation profile), D is the diffusion
constant along the b axis, and the last two terms on the
right-hand side take into account the triplet lifetime �T
(dominant at low triplet densities) and triplet-triplet colli-
sions (dominant at high densities). The solution of the
above diffusion equation in steady state and at the low
triplet densities found far away from the excitation re-
gion—where the last term on the right-hand has a negli-
gible influence on the triplet exciton density—is
TðxÞ ¼ T0 expð�x=LDÞ, with the diffusion length LD ¼
ffiffiffiffiffiffiffiffiffiffi

�TD
p

, the typical solution valid for any diffusion process
of particles with a limited lifetime.

The spatially exponential PL decay in Fig. 3 can thus be
assigned to an exponentially decaying density of triplet
excitons, at densities where triplet-triplet interaction still
provides for the PL by producing singlet excitons, but
where the term T=�T is dominant in Eq. (1) [19]. Under
these conditions the PL intensity, given by the rate of decay
of singlet excitons, is proportional to the rate at which
singlet excitons are formed from triplets, and is therefore
proportional to the square of the triplet density [19]. This
means that the spatial exponential decay in Fig. 3, with a
decay constant of 2:0� 0:2 �m, corresponds to a triplet
exciton diffusion length LD ¼ 4:0� 0:4 �m. We note that
we observe the same PL pattern and the same diffusion
length in several rubrene crystals, including samples
that have been artificially exposed to oxygen. We have
confirmed that the crystal’s surface has no effect on the

observed diffusion by varying the excitation wavelength
between 442 nm and 532 nm and showing that the corre-
sponding change in the depth of exciton generation does
not influence the PL pattern. In addition, we have also seen
the same PL pattern when the sample surface was coated
with fomblin oil. The observed long-range diffusion must
be an intrinsic property of rubrene.
The interpretation of the long-range diffusion as triplet

diffusion is also supported by our observation that an
increase in illumination power, and thus of exciton density,
leads to a PL intensity that is disproportionally higher close
to the center of the excitation spot, and to a transition to a
pure exponential decay that happens at larger distances
(Fig. 3, inset). Such behavior is consistent with the non-
exponential spatial decay of the triplet density that is
predicted by Eq. (1) at higher densities. There could also
be a contribution of PL emitted directly by photoexcited
singlet excitons, but further experiments will be needed to
determine the role of singlet exciton diffusion, if any.
The large diffusion length that we observe along the b

axis is likely related to the molecular arrangement that
forms stacks of molecules in the b direction [15,16], and
that is also responsible for the exceptionally high hole
mobility observed in the same direction. The large exciton
diffusion seen in Fig. 2 is indeed a peculiarity of rubrene.
As an example, we performed preliminary imaging experi-
ments in tetracene but we could not detect any such spread
of the PL, hinting at a short diffusion length, in agreement
with Ref. [6] but casting some doubts on other early
measurements of long diffusion lengths [7]. Our results
are also important in view of recent photoconductivity
experiments that were interpreted as a sign of long-range
diffusion in the c direction [11]. While Ref. [11] hypothe-
sizes an exciton diffusion length of the order of 5 �m in
the c direction, at such a distance in the c direction we
cannot detect any excitonic PL. Our direct imaging results
leave little doubt that only in the b direction can a large
amount of photoinduced excitons migrate by a few micro-
meters. Further studies will now be necessary that integrate
our direct imaging technique with photoconductivity ex-
periments such as those presented in Ref. [11]. In any case,
the strong exciton diffusion anisotropy that we have seen
will play an important role in the design of future photo-
conductivity or photovoltaic experiments in rubrene.
We conclude this report with two examples that further

illustrates the flexibility of the exciton imaging technique
that we presented. In Fig. 4 we show the intensity distri-
bution of the PL obtained in a sample consisting of a
�1 �m thin rubrene crystal that spontaneously grew on
the bc facet of a larger rubrene crystal, but with its b axis at
an angle of�100� to the b axis of the larger crystal below
it. Performing the exciton diffusion experiment at point A
(see Fig. 4) creates excitons both inside the small thin
crystal as well as inside the large crystal below it.
Independent diffusion of the two exciton populations leads
to a PL distribution that is clearly a superposition of two
independent ovals, one belonging to the excitons that
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diffuse inside the small crystal, and one belonging to the
excitons inside the larger crystal. The elongations in the PL
pattern are at an angle of �100� to each other, matching
the orientation of the two b axes in the two crystals. In
addition, we obtained PL patterns from several facets of
rubrene microcrystals [20] where the b axis was not par-
allel to the surface and Fig. 4 shows an example of what
happens in this case. The asymmetry of the pattern ob-
tained in point C of is caused by excitons that diffuse along
the b axis, but immediately reach the surface in one direc-
tion while they go deeper into the crystal in the other
direction. As these examples demonstrate, an important
and attractive characteristic of the imaging technique that
we have demonstrated in this work is its directness. It is
flexible, it can be readily used under different experimental
conditions, and it allows us to establish the presence of
exciton diffusion as long as the diffusion length is at least
larger than the optical resolution of the imaging system, or
in other words of the order of 1 �m.

In conclusion, we used a direct imaging technique to
observe exciton diffusion and exciton mobility anisotropy
in molecular crystals, and we have determined a triplet
diffusion length of 4:0� 0:4 �m along the b axis of
rubrene single crystals. The imaging technique we have
demonstrated will enable the investigation of exciton
diffusion under different experimental conditions and in
different materials, opening the doors to extensive new
investigations of exciton diffusion phenomena, and ulti-
mately providing important new knowledge on exciton
transport processes in organic molecular crystals.
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FIG. 4 (color online). Top: crystal facets and locations where
exciton diffusion experiments were performed. (A) Micrometer
thin crystal that grew on top of a bc facet, but has a different
orientation. The PL pattern shows the effect of exciton diffusion
occurring at the same time in the thin crystal and in the crystal
below it. (B) Clean bc facet. Normal anisotropic exciton diffu-
sion. (C) A crystal facet where the b axis is not parallel to the
surface, which produces an asymmetric PL pattern oriented
along the projection of the b axis on the surface. All contour
plots cover an area of 5� 5 �m2.
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