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Optical response and emission waveguiding in rubrene crystals
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The optical response of rubrene crystals is described by providing the full UV-VIS dielectric tensor. Con-
sistently with the molecular and crystal symmetries, the lowest crystal transition originates from an A, mo-
lecular transition, it is polarized along the ¢ axis (normal to the larger crystal face), and it is the origin of the
emission, which is self-guided towards the edge where the corresponding polarization and intensity angular
distribution are detected. By contrast, the B,, molecular transitions give rise to Davydov states described by the

other two components of the diagonal dielectric tensor.

DOL: 10.1103/PhysRevB.75.245416

I. INTRODUCTION

Among the different organic materials, rubrene, a deriva-
tive of tetracene with phenyl substituents, has recently
been gaining much attention due to its optoelectronic
properties.! While its high carrier mobility is well docu-
mented, there are relatively few studies on the optical prop-
erties of crystalline rubrene, which are fundamental for de-
veloping new strategies in device design. To date,
ellipsometry measurements have been reported® and the iso-
tropic dielectric function deduced only in the case of poly-
crystalline rubrene films deposited by evaporation on silicon
substrates. In the single crystal form, its strong anisotropy
has prevented a full optical characterization, thus limiting the
understanding of the intermolecular interactions in the solid.

In this paper, the full UV-VIS dielectric tensor of rubrene
crystals is provided and rationalized. Two components along
the a and b crystallographic axes give information on inter-
molecular interactions and Davydov splitting of the B, mo-
lecular transitions. By contrast, the lowest crystal transition
originates from the lowest A, molecular excited state and its
dipole moment lies along the ¢ axis, normal to the most
developed crystal face. Photoluminescence originating from
this transition is demonstrated to be self-guided towards the
edge where the polarization and angular distribution are
measured.

II. EXPERIMENT

Rubrene powder was purchased from Acros Organics and
crystals with base centered orthorhombic structure’ were
grown by physical vapor transport with thicknesses of the
order of several um. The crystal space group is D%i and its
factor group is D,,. The unit cell with axes a=7.2 A, b
=144 A, c=26.9 A (we adopt this notation from Refs. 4 and
8 although different notations are found in the literature)
contains four molecules and is 2 times the primitive cell.

Images of the crystals were taken under a Leica PL in-
verted microscope fitted with a monochrome camera Axio-
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Cam MR (Zeiss) microscope. Absorbance spectra were taken
at room temperature using a Perkin-Elmer Lambda 900 spec-
trometer equipped with Glan-Taylor calcite polarizers. Re-
flectance and variable-angle ellipsometry measurements
were performed using a VASE ellipsometer from J.A. Wool-
lam Co. Inc. Polarized and angle-resolved photolumines-
cence (PL) spectra were taken by fixing a multimode optical
fiber on a rotating stage, 2 cm away from the crystal surface
and using a monochromator, a CCD detector, and a polariza-
tion filter to analyze the PL polarization state. The samples
were excited at normal incidence with a 3.0 eV semiconduc-
tor diode laser (the spot size is 1 mm?, the crystal area was
few tens of mm?, the distance of the excitation spot from the
edge was smaller than 1 mm).

III. RESULTS AND DISCUSSION

Rubrene molecules in the crystal present C,, symmetry
with the twofold axis of rotation along the short backbone
axis M. The molecular dipole-allowed excited states have
symmetry either A, or B, with dipole moments along M and
in the LN plane, respectively, where L is the long molecular
axis and N the normal to the backbone plane [Fig. 1(a)]. In
the crystal, the L axes lie in the ab plane (the most developed
face), the short axes M lie along c. Optical transitions in the
molecule were calculated using HyperChem (version 7.52,
Hypercube Inc.) with ZINDO/S which uses theoretically
based intermediate neglect of differential overlap (INDO)
parametrized to reproduce spectroscopic transitions with a
configuration interaction (CI) including all singly excited
configurations with 10 eV limit between the occupied and
unoccupied orbitals. The starting molecular geometry was
extracted from Ref. 8 followed by geometry optimization
performed using the restricted Hartree-Fock Austin model 1
(AM1) method. Since the same molecular geometry was as-
sumed for both ground and excited states, the calculated en-
ergies can be overestimated, but the order and polarization of
the transitions are provided, which are of special interest for
the comprehension of the crystal spectra. The calculated
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FIG. 1. (a) Oscillator strength of the calculated electronic tran-
sitions of the rubrene molecule. Inset: sketch of the molecule show-
ing the direction of the M, L, and N axes. Table: direction cosines
along M, L, and N of the four most relevant transitions. (b) Absor-
bance spectrum of rubrene in chloroform solution. (c) Near-normal
incidence reflectance spectra of a rubrene single crystal taken with
either a or b polarized light and the imaginary part of the refractive
index deduced from the normal-incidence absorbance spectra of a
5 pm rubrene single crystal taken with @ and b polarized light.
Inset: scheme of the electronic energy levels from the isolated mol-
ecule to the single crystal. (d) Absorbance spectra of a rubrene
single crystal at 10° and 20° angles of incidence with bc as plane of
incidence and p (bc) polarized light. Inset: view of the arrangement
of the molecules in the ab plane and of the ; angle between the a
axis and the molecular backbone.

strongest transitions [Fig. 1(a) and the table in the inset] are
at 2.83 eV (M polarized) and at 3.09, 4.48, and 4.66 eV (LN
polarized). In the crystal, the ab plane coincides with the
molecular mirror plane, so that the site group is again C,,.
The excited states at the center of the Brillouin zone can be
classified according to the irreducible representations of the
factor group D,;,. Dipole-allowed crystal excited states have
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By,, B,,, or B;, symmetry with transition dipole along c, b,
and a, respectively. Each A, excited state gives rise to a
dipole-allowed transition with ¢ polarization (B;, symmetry),
while B, transitions give Davydov components polarized
along a (B;,) and b (B,,)."°

Figure 1(b) shows the spectrum of rubrene in chloroform
solution with the same bands as reported in the
literature.''~!> The lowest peak in solution is measured at
2.35 eV, red-shifted with respect to the calculated energy in
vacuum (2.83 eV). This difference is attributed partially to
the effects of the environment (the solvent) and to the fact
that the calculated energy for the isolated molecule is over-
estimated. A further absorption band of rubrene in solution is
reported at about 4.1 eV in Ref. 15, corresponding to the
calculated one at 4.48 eV.

Figure 1(c) shows the reflectivity curves of a rubrene
single crystal taken at near-normal incidence for either a
or b polarized incident light, together with the imaginary
parts of the refractive indexes deduced by correcting the
transmittance 7,, measured at normal incidence by the re-
flectivity contribution R [T=T,/(1-R)] and multiplying
the corresponding absorbance (absorbance=-log7) by
N In 10/(47d), where \ is the wavelength of light and d is
the sample thickness. Above 3.6 eV, the spectrum is omitted
due to absorbance saturation. Both the a and b polarized
spectra of the single crystal taken at normal incidence show
vibronic progressions with main peaks at 2.50 eV, 2.67 eV,
2.86 eV. A weak shoulder is also detected centered at about
2.32 eV. We attribute these progressions to a and b polarized
excitonic transitions originating from the molecular transi-
tion at 3.09 eV with LN polarization [see inset of Fig. 1(c)].
Similarly, Mitrofanov et al.'® detected a vibronic series with
a weak absorption band at 2.32 eV and attributed it to the 0-0
transition of the progression. We underline the weak intensity
of this 0-0 band. As seen in the inset of Fig. 1(d), the mo-
lecular L axes lie in the ab plane at an angle 8, =31° (Refs.
7-9) with respect to the a axis. The transition moments of
the LN polarized molecular transitions are also symmetri-
cally oriented at an angle 8 with the a axis. From f3; and the
values shown in the inset table of Fig. 1(a), 8 is found 33°
for the transition at 3.09 eV. The polarization of the crystal
states is given by the sum and difference of the two non-
equivalent molecular transition moments.'® It follows that
allowed transitions in the crystal of LN origin are either a or
b polarized with intensity ratio cotan® 8. This ratio is mea-
sured to be about 1.7, so that 8 is 37°, in satisfactory agree-
ment with the predicted value of 33°. It can be seen that the
a and b structures are superimposed, i.e., the Davydov split-
ting is negligible, thus indicating weak intermolecular inter-
action and weak exciton delocalization.'” Figure 1(d) shows
a portion of the absorbance spectra of a rubrene crystal at
oblique incidence with bc as plane of incidence and p (bc)
polarized light. An emerging peak at about 2.35 eV is de-
tected. This peak does not coincide with any band in the
spectra of the single crystal taken at normal incidence. It is at
about the same energy as the lowest absorption peak of the
molecule in solution, and is attributed to the ¢ polarized tran-
sition in the crystal of M molecular origin in the presence of
weak intermolecular interactions.' We underline that the

245416-2



OPTICAL RESPONSE AND EMISSION WAVEGUIDING IN...

L @

o
~

Reflectance

o
)

o

N B
(= -]

¥ (degrees)

o

experimental
--------- generate

160
80 A
o
o
0
- <
N (b) 1-80
1 ) | 1 Il
1 I I K] I I I
(©)
11.6
i | =
L U 408 E
i P Lk B

2 24 26

Energy (eV) !

| I Mheee 27 ne 1"
1 | LI | 1 |

2 25 3 35 4 45 5 5.5

Energy (eV)

FIG. 2. (a) Near-normal incidence reflectance of a rubrene
single crystal taken with a and b polarized light. The extrapolated
reflectivity below 2.2 eV is shown with dotted lines. (b) Ellipsom-
etry angles ¢ and A as measured (continuous lines) or generated by
the fitting of the measured data (dotted lines) at different angles of
incidence from 20° to 65° on the ab face of a rubrene single crystal
using a plane of incidence which forms an angle £=33° to the ac
rubrene plane. Inset: sketch of the experimental configuration. (c)
Real and imaginary parts of the refractive indexes 7, i, and i1, of
rubrene single crystals obtained by the fitting of the ellispometry
data. Inset: imaginary parts on an enlarged scale.

lowest M polarized molecular transition gives rise to transi-
tions which are superimposed in solution and in the crystal.
The crystal transition can be discriminate with appropriate
polarization at oblique incidence.

To deduce the full dielectric tensor, reflectance [Fig. 2(a)]
and ellipsometry [Fig. 2(b)] measurements were performed.
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Besides weak structures at low energy, the near-normal inci-
dence reflectance spectra are dominated by a few bands
above 3.6 eV, while the increase in intensity below 2.2 eV is
due to the light reflected from the back sample surface.
These curves were used to determine, in first approximation,
the a and b optical functions using the Kramers-Kronig (KK)
relations'” by extrapolating the reflectivity at low energy by
the dashed lines in Fig. 2(a) and above E,,=5.5¢V by

E{’nax

R(E)=R(E pax ~» » With p adjusted such that Im(7) deduced
by the KK relations agrees with the values below 3.6 eV in
Fig. 1(c)."® Ellipsometry measurements were performed ro-
tating the crystal around the c axis [the plane of incidence
forming an angle ¢ with the rubrene ac plane, inset of Fig.
2(b)]. The ratios between the elements of the Jones matrix'?
Fop! 7 =tan(g)e™™ [Fig. 2(b), continuous lines], Fpsl Py and
7yl s were acquired. For simplicity, we considered the re-
gion below 4.4 eV. The data were analyzed with the program
WVASE 32 based on generalized ellipsometry.?’ The sample
is modeled as a biaxial bulk material with parametrized di-
electric functions along a, b, and ¢ given by Lorentz
oscillators.!”?! The energies of the a and b transitions below
3 eV were assumed fixed consistently with the crystal spec-
tra in Fig. 1(c). In addition, the optical functions deduced by
the KK relations were used to determine the starting values
of the other a and b free parameters before the fitting proce-
dure. The results of the fitting and the obtained optical func-
tions are shown in Figs. 2(b) and 2(c), respectively (& was
found at 33°, in agreement with the sample orientation dur-
ing the measurement). For the a and b polarizations, besides
the progressions at low energy, the intense transitions at
about 4 eV and at 3.75 eV, respectively, are attributed to
excitonic transitions separated by a Davydov splitting origi-
nating from the B, molecular transition at 4.48 eV. By con-
trast, the ¢ component shows a progression originating from
the lowest M molecular transition, whose first peak was
probed in Fig. 1(d). The isotropic optical functions reported
in Ref. 6 as deduced by ellipsometry measurements on ru-
brene films show intermediate values with respect to the
components of the full dielectric tensor here reported, as ex-
pected. In particular, the lowest peak in the imaginary part of
the optical function reported by Xie et al.® corresponds to the
¢ polarized band at 2.35 eV with similar absolute values,
while at higher energy the different optical responses along
the different crystallographic directions are mixed. We em-
phasize that, in a recent paper, Kiifer et al.?> showed that
rubrene crystals can be naturally oxidized with a depth pro-
file for the rubrene peroxide concentration. The relative con-
centration is found to be about 1% at a depth of 50 nm and
of the order of 0.1% at a depth of 150 nm. On the basis of
these findings, we have checked the changes in the ellipsom-
etry curves after adding a layer on top of the biaxial rubrene
crystal with thickness of 150 nm and optical properties de-
scribed by an effective-medium-approximation (EMA) as-
suming indicative values for the rubrene bulk component
(98%) and for void (2%). EMA layers including an artificial
fraction of void are typically used to simulate small varia-
tions of the refractive index.”? No significant differences are
observed in the ellipsometry data with or without the EMA
layer, the only effect being a slight variation in the fitting
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mean-squared error which changes from 2.47 (bulk) to 2.60
(bulk+EMA layer). For this reason, we believe that the pres-
ence of a surface-graded oxidized layer does not prevent the
determination of reliable optical functions of the rubrene
bulk.

In Fig. 3(a) we report the spectra of the emission propa-
gating along the a direction with the analyzer along either ¢
or b. The ¢ polarized intensity is about 3 times larger than the
b polarized one [inset of Fig. 3(a)]. Similar results are ob-
tained analyzing the emission propagating in the b direction
polarized in the ac plane. We conclude that the emission
from the crystal edges is polarized along c. The presence of
some a and b polarized emission from the crystal edge is
attributed to the irregular shape of the crystal border. The
inset of Fig. 3(a) shows an image of a rubrene crystal. It is
evident that there is no relevant surface emission and that
light is self-guided. This property was also evidenced by
exciting only the central part of the sample by a laser beam
(1 mm? spot size) and detecting the photoluminescence from
the crystal edges, 1-2 mm away from the illuminated re-
gion. At the edge, ¢ polarized light is emitted, together with
some unpolarized intensity diffused from the border and
clearly observed in the image in the inset of Fig. 3(a) taken
from the top. A detailed analysis of light propagation con-
firms that the ¢ polarized emitted radiation is confined inside
the crystal and self-guided to the edges. Indeed, on the basis
of the known dielectric tensor we found that the light propa-
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ized absorption transition.

Vl l
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gating inside the crystal at an angle to the surface-normal
greater than a limit value of about 42° is totally reflected
back into the sample for every polarization, every direction
of propagation, and in the whole PL spectral region. For
several directions of propagation, this limit angle is even
lower, so that, considering the typical angular distribution
from an emitting dipole,?* almost the whole emission is to-
tally reflected. We also calculated that emitted light can
couple to the crystal guided modes in the whole PL spectral
range.”> The intensity angular dependence confirms these
findings. Also for other molecular materials, self-waveguided
emission is reported in the literature, such as in the case of
octithiophene  crystals,”®  needle-shaped  crystals  of
sexiphenyl,?” and thiophene/phenylene crystals,?® In the case
of quaterthiophene crystals, this has been formally explained
on the basis of the known material dielectric tensor.”’
Figure 3(b) shows the PL spectra at a collection angle of
90° and 45° (0° corresponds to the emission in the normal
direction to the crystal surface). The PL intensity integrated
in the whole spectral range [Fig. 3(c)] increases from 20° to
90°, in agreement with the predicted distribution for a ¢ po-
larized dipole’* also indicated for comparison. At 45°, be-
sides the same PL peaks observed at 90°, a weak band is
observed at 2.17 eV, that results to be ¢ polarized from po-
larization analysis. The corresponding angular dependence in
Fig. 3(d) shows the trend predicted for a ¢ polarized emitting
dipole after reabsorption by a ¢ polarized resonant transition.
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Finally, we compare our findings with the recent results of
Najafov et al.’® and of Mitrofanov et al.'® In both papers, a
PL band is reported at 2.17 eV, together with a stronger
emission at lower energies. The former has been attributed to
the intrinsic excitonic emission of rubrene crystals, the latter
has been attributed to a possible self-trapped molecular ex-
citon by Najafov et al., as demonstrated by the difference in
the excitation spectrum with respect to the other PL bands
and by the overlap between the bands observed in the PL
emission and excitation spectra. The recent study of Mitro-
fanov et al.'® allowed to attribute this localized emission to
the oxidized component. Our results give further insight into
its ¢ polarization and the propagation properties. The PL
spectral features of rubrene correspond to the optical transi-
tions observed in the ¢ component of the dielectric tensor
and belong to a different series with respect to those ob-
served in normal-incidence absorption spectra. However,
both the ¢ transition of M origin and the a and b transitions
of LN origin contribute to the population of the emitting
level, as deduced by the continuous-wave excitation spec-
trum monitored at 2 eV shown in Ref. 30, where the differ-
ent mechanisms responsible for the population are also dis-
cussed.
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IV. CONCLUSIONS

The UV-VIS dielectric tensor of rubrene crystals is pro-
vided for the first time. The results give both experimental
evidence and formal analysis to show that (i) emission be-
longs to a series with different origin with respect to the
transitions which are probed in normal-incidence optical
measurements; (ii) weak intermolecular interactions are
found for the lowest optical transitions, thus determining a
weak exciton delocalization; (iii) the emission is self-guided
towards the edge where ¢ polarized light is detected with the
corresponding intensity angular distribution. In particular, we
underline that it is well established for organic slabs that the
thickness of the film is an important condition for waveguid-
ing assisting stimulated emission. In this work, we also evi-
dence the importance of polarization to get an effective self-
guiding. The full optical characterization and the
understanding of the intrinsic photo-excitation mechanisms
open new possibilities for applications of rubrene in light
emitting devices.
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