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Exciton dispersion in two-dimensional organic perylene crystal indicates substantial
charge-transfer exciton coupling
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Two-dimensional, high-quality perylene single crystals were grown with a space-confined strategy method.
The grown films crystallize in the α form, as is confirmed by a combination of techniques. Polarization-
dependent optical absorption measurements show a strong anisotropy in very good agreement with the literature
data, and the anisotropic mobility data in field-effect transistors document the very high crystalline order.
Momentum-dependent studies using electron energy-loss spectroscopy reveal a negative dispersion of the first
exciton along the crystal b direction with an exciton bandwidth of 72 meV. We argue that this behavior is a result
of charge-transfer exciton coupling between the perylene dimers in the unit cell.
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I. INTRODUCTION

Molecular organic semiconductors are an important ma-
terial class, in that they are chemically tunable, and offer
low-cost device processing with the prospect of organic
(opto)electronics, with advanced solar cells and light-emitting
diodes already being demonstrated [1–5]. Usually, they are
bound by noncovalent interactions, which renders their phys-
ical properties rather different as compared to conventional
semiconductors. This is true for charge carrier transport, as
well as for electronic excitations. Frequently, the excited-state
properties and thus the photophysics of organic semicon-
ductors are dominated by rather strongly bound excitons. In
crystalline materials, exciton coupling between the molecules
gives rise to an exciton band structure E (k) from which the
basic photophysics can be deduced [6,7]. In contrast to
the fundamental importance of the exciton band structure, in
the past it has only been determined experimentally for a few
organic semiconductors.

In this paper, we present electron energy-loss spectroscopy
(EELS) measurements of single-crystalline α-perylene. EELS
is well suited to study the energy-momentum relation of
electronic excitations in materials [8–10]. Perylene can be
considered as a prototypical material as it is the parent
molecule for a large class of organic dyes. In the α-
polymorph, it crystallizes in a special arrangement, with two
molecules forming a dimer, which are then ordered in a
herringbone structure [11,12]. α-perylene is therefore an in-
teresting archetype system, as different molecular interactions
may lead to complex photophysical behavior [13,14]. Prior
studies of α-perylene single crystals have revealed a strongly
anisotropic optical response in the crystal ab plane, and the
corresponding data have mainly been interpreted based upon
the Coulomb coupling of the molecular excitons and their

interaction with molecular vibrations [13–20]. However, the
exciton’s energy-momentum characteristics have not yet been
reported.

In order to obtain high-quality single crystals of α-perylene
for our studies, we have used a space-confined strategy [21]
which was proposed recently in order to grow so-called two-
dimensional (2D) organic crystals. These 2D organic crystals
[22], defined as a class of materials with a periodic arrange-
ment of mono- or multilayers of molecules in a 2D plane,
have emerged as an important and hot topic in the research
field of optoelectronic and 2D materials in general. 2D organic
crystals feature unique characteristics such as long-range or-
dered packing, a few grain boundaries, as well as minimum
defects and traps, offering deep insight into the intrinsic
optoelectronic properties that enable the fabrication of high-
performance optoelectronic devices [23,24].

Our results reveal a negative exciton dispersion in α-
perylene for momenta parallel to the crystal b axis. We argue
that this cannot be rationalized based upon Coulomb exciton
coupling only. Within an effective model that considers the
coupling between perylene dimers in the unit cell only, we
propose an additional charge-transfer coupling between the
excitons on the dimers of about 20 meV.

II. EXPERIMENTAL AND SAMPLE CHARACTERIZATION

A high-quality single-crystalline film is crucial for the in-
vestigations. 2D organic crystals of perylene were obtained,
based on a space-confined method [21] by dropping 50 μl
of perylene chlorobenzene solution with a concentration of
0.5 mg/ml on de-ionized water with a tetrabutylammonium
bromide concentration of 10 mg/ml. After the solvent was
evaporated, 2D perylene crystals formed on the water sur-
face. The as-grown 2D crystals were transferred onto standard
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FIG. 1. Structural information about the grown perylene 2D organic semiconductor (2DOSC): (a) and (b) Cross POM images in two
perpendicular directions. (c) XRD diffraction pattern. (d) SAED pattern with the corresponding TEM image shown in the inset.

transmission electron microscopy (TEM) grids as a free-
standing film, or on SiO2/Si, followed by vacuum annealing
at 353 K for 12 h to remove any contamination. This transfer
can be easily achieved by inserting the substrate at an angle
into the water [25]. The following annealing process only aims
to remove the residual water on the crystal surface, which is
usually performed with a relatively slow heating rate and low
temperature, i.e., 0.2◦/min up to 80 ◦C. The quality of the 2D
organic crystal perylene was examined by various methods,
e.g., optical spectroscopy, x-ray diffraction, and transmission
electron microscopy (TEM) equipped with selected-area elec-
tron diffraction (SAED). To evaluate the crystal quality of the
2D crystal of perylene, we employed cross-polarized optical
microscopy (POM), x-ray diffraction (XRD), and TEM with
SAED. The corresponding results are shown in Fig. 1. The
POM images of a perylene crystal transferred to an SiO2/Si
substrate are presented in Figs. 1(a) and 1(b). They demon-
strate a uniform light extinction over the whole crystal which
indicates the high-quality single-crystalline nature of the 2D
organic crystal. It is well known that perylene crystallizes
in two monoclinic polymorphs with P21/c symmetry: The α

form [11,12] is defined by a close π stacking of two molecules
into a dimer, which are then packed in a herringbone structure.
The crystal structure of the β form [12,15] is a monomeric
herringbone structure. The XRD pattern of our 2D crystal on
SiO2/Si is depicted in Fig. 1(c). It reveals diffraction peaks
at 2θ = 8.738◦, 17.538◦, and 26.447◦, which correspond very
well with the (00l) peaks of α-perylene [11,12] with a layer
spacing of 10.109 Å. In addition, the sharp intense peaks and
the straight baseline demonstrate the high quality of our grown
2D organic crystal perylene. For more detailed structure infor-
mation about the smooth crystal of perylene [see the inset of

Fig. 1(d)], TEM with a SAED pattern was measured, as shown
in Fig. 1(d). The SAED pattern can be indexed according to
the α form, clearly indicating the two main directions of [100]
and [010] within the 2D plane. The lattice constants calculated
from this pattern are a = 11.09 Å and b = 10.76 Å, which
are very well consistent with the reported values [11,12,25].
Thus, all results confirm the high quality of our 2D crystals of
α-perylene.

To further elucidate the crystallinity of the 2D crystals
of α-perylene, the intrinsic anisotropy of charge transport
has been investigated. The 2D organic perylene crystals are
transferred to heavily n-type doped SiO2(100 nm)/Si sub-
strates with octadecyl trichlorosilane (OTS) modification to
fabricate organic field-effect transistors (OFETs), in which
the bottom-gate top-contact structure was formed by stamping
Au (120 nm) stripes on the surface of the perylene crystal
as the source and drain electrodes. Prior to the OTS modifi-
cation, the substrate was successively cleaned by de-ionized
water, Piranha solution (70/30 vol%/vol% H2SO4/H2O2),
de-ionized water, acetone, and isopropanol, then treated with
oxygen plasma at 50 W for 15 min [26]. The hole mo-
bility in the OFET in the saturation regime is obtained
from the equation IDS = (W/2L)μCi(VGS − Vth)2, where IDS

is the source-drain current, μ is the field-effect mobility,
Vth is the threshold voltage, VGS is the applied gate volt-
age, W/L is the ratio of channel width and length, and Ci

is the specific capacitance (30 nF cm2). The obtained typ-
ical transfer and output curves along the [100] and [010]
direction of the 2D α-perylene crystals are shown in Fig. 2.
We obtained a higher mobility along the [100] direction
(μ = 2.59 × 10−2 cm2 V−1 s−1) than in the [010] direction
(μ = 1.25 × 10−2 cm2 V−1 s−1), which can be attributed to
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(a) (b)

(c) (d)

FIG. 2. Typical transfer and output curves of 2D α-perylene crystal OFET devices measured (a), (b) along the [100] direction and (c),
(d) along the [010] direction.

the more densely packed molecules in this crystal direction.
The anisotropy of the mobility along the two crystal directions
is about 1.63, as obtained by averaging the results from seven
different devices, which is well consistent with the reported
values [27,28] and underlines the very high crystallinity of
our 2D α-perylene.

Finally, prior to the EELS measurements every crystal
placed on the TEM grid was analyzed with electron diffraction
in the EELS spectrometer to confirm the crystallinity of the
actual sample and to determine the direction of momentum
transfer with respect to the crystal axes. A representative
diffraction pattern of both in-plane directions [100] and [010]
is shown in Fig. 3. Figure 3 clearly demonstrates the crys-
talline structure of the EELS samples, with the two patterns
agreeing very well with the crystal structure of α-perylene
[11,12].

For optical absorption measurements, perylene crystals on
TEM grids were measured using a Bruker vertex spectrom-
eter in the UV-VIS range at 77 K. Electron diffraction and
EELS were performed with a custom-made electron energy-
loss spectrometer, which can detect electronic excitations as a
function of momentum transfer [29,30]. The primary electron
energy was 172 keV. To keep organic single crystals undam-
aged as long as possible, the sample temperature was always
kept at 20 K, which also minimized thermal broadening in
the spectra. Every sample was checked regularly for sample
degradation to avoid distorted data. Electron diffraction was
applied in situ prior to every measurement to ensure the qual-
ity of the sample and conformance with the perylene crystal

structure (see Fig. 3). With an energy and momentum reso-
lution of about 85 meV and 0.035 Å−1, the measured signal
in EELS is proportional to the loss function Im[−1/ε(q, ω)]
and can be determined for different momentum transfers q.
By increasing the momentum transfer value q, the EELS cross
section decreases proportionally to ∼q−2. To obtain a similar
signal-to-noise ratio, longer measurement times are needed.

FIG. 3. Electron diffraction pattern of the two in-plane directions
[100] and [010] of perylene single crystals as a function of momen-
tum as measured using the EELS spectrometer.
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FIG. 4. Polarization (P)-dependent optical absorption measure-
ments of 2D perylene single crystals for light polarizations parallel
to the crystal’s a and b direction.

III. ELECTRONIC EXCITATIONS IN THE OPTICAL LIMIT

We start with the presentation of the polarization-
dependent optical absorption data, measured at 77 K and
given in Fig. 4. Three different polarization directions of the
incoming light with respect to the crystal directions are shown.
These were determined by a comparison of the optical data to
those from EELS, where electron diffraction was additionally
possible (see above). The blue curve in Fig. 4 is measured
with a polarization vector parallel to the b axis, the red curve
represents a light polarization parallel to the a axis, and the
purple curve is measured at 45◦ between both directions, to
visualize the change between both axes.

The curve for light polarization parallel to the b axis shows
the first feature B1 with an onset at 2.55 eV and peak position
at 2.645 eV. This first singlet excitation is followed by a
second peak B2 at 2.83 eV, which can be assumed to be of a
vibrational origin as the Raman [31] and solution data indicate
[15]. Going to the a-axis spectrum, the absorption intensity at
the spectral onset decreases and a new feature A1 shows up at
2.74 eV. We emphasize that these absorption data are in very
good agreement with the data in the literature [14–16].

We now briefly recall how the optical absorption data of
α-perylene single crystals have been rationalized in the litera-
ture [13,16,17]. The perylene dimers in the crystal structure
allow for a quite substantial dipole-dipole coupling in the
excited state, whereas the coupled transition dipole moments
are parallel to the long molecular axis and quite close to
each other. This coupling results in two split dimer states,
whereas the energetically lower one is optically forbidden.
Coulomb coupling between the dimers in the crystal further
splits the allowed state, giving rise to two absorption features
at different energies and with polarizations along the a and
b axis. The associated energy splitting explains our spectral
features B1 and A1, with an energy difference of about 92 meV
which would be the Davydov splitting. Also, based on the
crystal structure and this coupling scheme, it was proposed
that from a spectral point of view it is quite accurate to regard
the α-perylene crystal to consist of two dimers in the unit

cell which couple via the mentioned interdimer coupling. The
two dimers then are characterized by a quite strong transition
dipole moment, about twice a large as that of the individual
molecules because of the coupling of the parallel molecules
in a dimer.

IV. EXCITON DISPERSION

Knowledge of the exciton dispersion is important for a full
understanding of the photophysical behavior of a material and
it has been directly determined for only a couple of organic
semiconductor materials in the past. Following the above-
mentioned description of the excited states in α-perylene, the
excited-state dispersion or exciton band structure could be
derived. The transition dipole moment of the two dimers in
the unit cell can be estimated to be about twice that of the
individual molecule, and the latter results from the reported
oscillator strength of f = 0.3088 [32] and a transition energy
of 2.64 eV [32] to about 5.6 D. Using a point-dipole ap-
proximation [33] and a static dielectric constant of εS = 3.25
[14], the interdimer exciton Coulomb coupling JC can be
estimated to be 49 meV. From the experimentally observed
Davydov splitting (8JC = 92 meV, see above), a somewhat
smaller value of 11.5 meV would follow. The difference of
these values notwithstanding, JC is positive, in agreement
with the parallel arrangement of the transition dipoles. The
exciton energies of the coupled dimer states, i.e., the exciton
dispersion, now would be

E (q) = E0 ± 4JC cos
(qa

2

)
cos

(
qb

2

)
, (1)

where a and b are the two lattice vectors, and q is the mo-
mentum vector. Thus, the positive value of JC causes the
energetically lower state to have a positive exciton dispersion
(shift to higher energies upon increasing momentum q).

In Fig. 5(a) we present the measured momentum depen-
dence of the electronic excitations in α-perylene for momenta
parallel to the crystal b axis up to 0.5 Å−1. These data demon-
strate a clear dispersion of the first excitation B1 towards
lower energies. Also, the second peak B2 disperses to lower
energies in a similar manner, which is in agreement with the
assumption written above, that it is of a vibronic nature. In
order to extract the exciton dispersion quantitatively, we have
fitted the low-energy peaks for all momenta using a Gaussian
model to determine the exact peak position (see Supplemental
Material [34]). These are given in Fig. 5(b) and display a
clear downshift of the first peak from 2.74 to 2.68 eV, in
contrast to our expectation above, based on Coulomb coupling
between the two perylene dimers in the unit cell. In order
to extract the dimer coupling as observed in the experiment
within the model outlined above, we have modeled the exciton
dispersion as seen in Fig. 5(b) with

E (q) = E0 + 4J̃ cos

(
qb

2

)
, (2)

where J̃ represents the effective interdimer coupling param-
eter (note that q is parallel to b). This fit is also shown in
Fig. 5(b), and we obtained E0 = 2.71 eV and J̃ = 9 meV,
which gives a total exciton bandwidth of 8J̃ = 72 meV. We
conclude that, in addition to the Coulomb coupling, there
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(a) (b)

FIG. 5. (a) denotes the exciton dispersion parallel to the crystal b axis as obtained by EELS. A negative dispersion of the first excitation is
clearly visible. The energy position of the leading feature in (a) vs the momentum value, as determined by a Gaussian fit (see Supplemental
Material [34]) is plotted in (b). The error bars have been taken from the fit results (see Supplemental Material [34]). In addition, we show a
fit of the data as outlined in the text (solid line) as well as the expected exciton dispersion based upon Coulomb coupling only (dashed line).
We note that the data have been taken in a nonsystematic way in order to avoid an impact of sample damage on the results. Moreover, the data
from different samples agree. The cosine fit is outlined in Eqs. (2) and (3) below, and it reflects the interdimer coupling in α-perylene.

must be a second contribution to the interdimer coupling
which turns the exciton dispersion for momenta parallel to
b negative.

A number of studies of the exciton coupling in various
organic materials in recent years indicated that the measured
exciton dispersions [35–38] can only be understood when so-
called charge-transfer (CT) coupling is considered in addition
to the Coulomb term [33,39,40]. Motivated by these results,
we introduce an additional interdimer coupling by charge
transfer, which in the simplest case would lead to a description
of the exciton dispersion by

E (q) = E0 + 4(JCT − JC ) cos

(
qb

2

)
. (3)

Note that JC is positive. Taking into account the values from
above (JC = 11 meV and J̃ = 9 meV), this would require
a CT coupling JCT of about 20 meV. Following Ref. [6],
charge-transfer coupling requires electron and hole exchange
(hopping), denoted te and th, and the charge-transfer coupling
in the perturbative regime can be written as

JCT = −2
thte
ECT

, (4)

where ECT stands for the energy of the CT state above that
of the local exciton. We emphasize that the parameters th, te,
and ECT describe the effective interaction between two dimers.
Nevertheless, we can use these in order to analyze whether our
simple approach provides a reasonable picture for the exciton
behavior in α-perylene.

A band-structure calculation of α-perylene indicates a sim-
ilar valence and conduction bandwidth W of about 160 meV
and an opposite sign of hole and electron transfer [14,41].
Mapping this on the effective hole and electron hopping th
and te would yield (W = 8t): te = 20 meV = −th. As a conse-
quence, our simple approach would require a charge-transfer
energy ECT of 40 meV to reproduce the experimental exciton

bandwidth. Our model certainly is too simplistic to arrive at a
full quantitative description, but we argue that it nevertheless
demonstrates that charge-transfer exciton coupling is present
between the dimers of α-perylene, which determines the exci-
ton dispersion as it is the leading contribution as compared to
Coulomb coupling. Importantly, it results in a negative exciton
dispersion in α-perylene which was unexpected.

Interestingly, it seems unclear to date, how the excitons
of the two perylene molecules of the same dimer couple
in α-perylene. The picture outlined above predicts strongly
Coulomb coupled excitations within the dimer, which was
supported by analyses of optical data. However, a recent
analysis of the polarization-dependent optical absorption of
α-perylene based on many-body perturbation theory within
the GW approximation and the Bethe-Salpeter equation (BSE)
approach came to the conclusion that the lowest, b-polarized
exciton in α-perylene is of strong charge-transfer character
within a perylene dimer [14], again emphasizing the impor-
tance of charge-transfer processes for the exciton physics in
molecular crystals in general and in particular in perylene.

V. SUMMARY

Using a space-confined strategy method, 2D single-
crystalline α-perylene with a well-controlled thickness has
been successfully achieved on a solution surface, which
enables a direct transfer to various substrates for further
investigations of its structural and electronic properties.
Polarization-dependent optical absorption data showed a
strong anisotropy in the crystal’s ab plane, in good agree-
ment with data from the literature. Electron energy-loss
experiments demonstrate that the lowest, optically active
exciton is characterized by a negative exciton dispersion
along the crystal b axis with an exciton bandwidth of about
72 meV. This exciton dispersion can be rationalized by an
effective interdimer coupling with an additional substantial
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charge-transfer contribution, which represents the leading
term for the exciton delocalization. This emphasizes again the
importance of charge-transfer coupling for the photophysical
behavior of many organic semiconductors.
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