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The authors report on monolithic, light-emitting vertical microcavities based on an organic
semiconductor single crystal. The devices are realized by reactive electron-beam deposition of
dielectric mirrors and growth of tetracene crystals by physical vapor transport. The microcavities
exhibit optical cavity modes in the visible range �550–580 nm� with full width at half maximum
down to 2–3 nm, corresponding to a Q factor of about 200, and polarization-induced modal
splitting up to 20 meV. These results open perspectives for the realization of polarized-emitting
optoelectronic devices based on organic crystals. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2840153�

Low molar mass organic semiconductors in single crys-
tal form exhibit unequalled performances in terms of carrier
mobility and device reproducibility in organic electronics
with respect to their amorphous counterpart.1 Among organic
systems, polyacenes, such as tetracene �TCN�, are particu-
larly relevant because they form single crystals and can be
sublimated on a variety of substrates in thin film form.2–8

Recently, this led to measuring room temperature charge car-
rier mobility up to 1.6 cm2 /V s in high-quality TCN single
crystals,9 and to demonstrating organic light-emitting
transistors.10 The emission properties of TCN also attracted
special interest because of the observation of
superradiance,11,12 which is particularly favored in poly-
acenes due to the combined effect of the polarization of the
lowest energy optical transition and the spatial molecular ar-
rangement within the crystal.13 These findings make TCN
very promising for optoelectronic applications. Furthermore,
embedding these organic single crystals in periodic photonic
structures would allow one to further strengthen light-matter
interaction, to achieve high spectral selectivity through the
quantization of the electromagnetic field, and possibly to tai-
lor the emission spectrum by the resonances of confined op-
tical modes and optical transitions. In previous studies, for
instance, polarization mode splitting was observed in vertical
microcavities with inorganic materials,14–16 and amorphous
organics, such as dye-doped17 and conjugated polymers.18,19

However, the implementation of specific, gentle nanofabrica-
tion procedures of photonic nanostructures and microcavities
on organic semiconductor single crystals is a crucial prereq-
uisite in order to develop light-emitting device architectures.

In this letter, we demonstrate monolithic vertical micro-
cavities based on a TCN single crystal as active layer, clad
by dielectric distributed Bragg reflectors �DBRs� realized by
reactive electron-beam evaporation. The devices exhibit
single cavity modes in the range of 550–580 nm with a full
width at half maximum �FWHM� down to 2–3 nm, corre-
sponding to a Q factor around 200. The investigation of the
optical mode polarization leads to the observation of

polarization-induced splitting up to 20 meV at angles larger
than 30°.

TCN was purchased by Sigma-Aldrich and purified by
sublimation cycles. The purified powder was placed in a
glass crucible and heated at 170 °C in a system for the crys-
tal growth by the physical vapor transport method, using
nitrogen as gas carrier.20 The crystallographic system of tet-
racene crystals is triclinic �a=6.06 Å, b=7.84 Å, c
=13.01 Å, �=77.1°, �=72.1°, �=85.8°, Z=2�,21 as schema-
tized in the left inset of Fig. 1. The accessible crystal face is
along the ab plane and, typically, the crystal plates had lat-
eral dimensions up to 2–3 mm and thickness up to 500 nm,
measured by a digital surface profilometer. The normal PL
spectrum and the absorption spectrum taken at normal inci-
dence on the ab face and corresponding to the lower Davy-
dov component clearly show vibronic progression peaks at
539 and 566 nm, and at 442, 477, and 519 nm, respectively

a�Electronic mail: dario.pisignano@unile.it.

FIG. 1. Polarized absorption spectrum taken at normal incidence �dotted
line, left vertical scale� and PL spectrum �solid line, right scale� of TCN
single crystals. Left inset: arrangement of the TCN molecules in the unit cell
as viewed from the c* axis. Right inset: measured wavelength behavior of
the real �n, solid line, left scale� and imaginary �k, dotted line, right scale�
parts of the crystal refractive index.
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�Fig. 1�. The real part �n� of the crystal refractive index cor-
responding to the lower Davydov component is about 2 in
the wavelength region corresponding to the PL maximum
�right inset of Fig. 1�, with a negligible imaginary �k� part, as
determined by means of a VASE spectroscopic ellipsometer
�J.A. Woollam Co., Inc.� equipped with autoretarder and Xe
lamp.22 We focus on the polarization corresponding to the
lower Davydov component22,23 because we selected this po-
larization of the incident light when measuring the emission
spectra of the TCN crystal with and without the microcavity.
By maximizing the absorbance at normal incidence, this di-
rection of polarization was found to lie approximately along
the a axis, in agreement with the calculated direction
obtained from dipole lattice sums.22 The scheme of the
TCN-based microcavities is displayed in the inset of Fig. 2.
The bottom DBR, deposited onto Corning glass substrates at
260 °C, is composed by 8.5� /4 pairs of SiO2 �with thick-
ness, d1=88–90 nm� and TiO2 �with thickness,
d2=56–59 nm� layers as low- and high-refractive index me-
diums, respectively. For the realization of the microcavities,
TCN crystals were directly grown on the surface of the bot-
tom DBR, allowing all the subsequent sample handling and
measurements without any appreciable loss of adhesion from
the silica surface. The thickness of the grown crystals em-
bedded in the devices was comprised between 270 and
450 nm, roughly corresponding to the cavity length LC. The
top mirror, consisting of 10.5 periods of 67 nm TiOx and
95 nm SiOx layers, was subsequently evaporated on the TCN
crystal at low temperature �T�80 °C�, in order to avoid
damage of the underlying crystal.19,24 The lower deposition
temperature affects the refractive index of the resulting layer
�2.00 instead of 2.20 and 1.41 instead of 1.44, respectively,
for titania and silica at 550 nm�,24 and can consequently in-
fluence the microcavity losses. However, the refractive index
contrast achieved between the compounds evaporated at low
T is large enough to fabricate broadband DBRs. In these
experiments, the stop bands for the bottom and the top mirror
were measured to be 200 and 150 nm wide, respectively,
with reflectivity maxima larger than 99%. The normal inci-

dence transmittance through the mirrors and the microcavity
was measured by a double-beam Cary 5000 spectrophotom-
eter �Varian, Australia�, whereas angle-resolved transmission
measurements were performed by mounting the sample on a
rotation holder, and focussing the light from a W lamp on a
500 �m spot on the cavity surface. The cw-PL from the mi-
crocavity was measured by exciting the samples through the
bottom DBR by a laser diode ��=405 nm, Nichia, Japan�
and collecting the emitted light using an optical fiber and a
monochromator �iHR320, Jobin Yvon� equipped with a
charge-coupled device �Simphony, Jobin Yvon�. All the op-
tical measurements were carried out in ambient atmosphere
at room temperature.

Figure 2 presents a typical microcavity normal transmis-
sion spectrum, exhibiting a quality factor, Q�� /��, where
�� indicates the transmission peak FWHM �2–3 nm� for the
cavity mode resonance at �, in the range of 180–270. In
order to excite the PL from TCN crystal in the microcavity,
particular attention was paid to employ light polarized along
the direction of maximum absorbance at normal incidence.
We also checked that the bottom DBR of the monolithic
microcavity is not able to induce appreciable changes in the
direction of the excitation polarization. In Fig. 2, we also
compare the PL spectrum of TCN in the microcavity with
that of a crystal as deposited on the bottom DBR. The or-
ganic crystal exhibits a broad PL peaked at 539 nm with a
linewidth of about 40 nm, whereas the microcavity emission
is peaked at the resonance wavelength �550 nm� and signifi-
cantly narrowed, with a FWHM of 3 nm, indicating that a
spectral selection is induced by the resonator structure. These
architectures can be applied within light-emitting diodes
based on organic semiconductor crystals to enhance the lu-
minance and to narrow the emission spectrum thus improv-
ing the color purity. In addition, by virtue of the polarization-
maintaining DBRs, these devices can be effectively
modulated by all-optical gating, exploiting the dependence
of the TCN absorption on the incident polarization,22 which
can be controlled by external electro-optic modulators.

We studied the angular behavior of the cavity mode en-
ergy, finding an increase upon increasing the incidence angle
� according to the dispersion relation,25

E��� = E0�1 − sin2 �/neff
2 �−1/2, �1�

where neff and E0 indicate the effective refractive index of
the structure and the mode energy at normal direction, re-
spectively. The results obtained for a microcavity with TCN
thickness of 420 nm and an optical mode at 575 nm are
shown in Fig. 3. For �	30°, the photon resonant mode
splits in a twofold band, with an energy separation growing
nonlinearly up to 20 meV. By polarized angle-resolved mea-
surements, we found that the high-energy splitting peak is
transversal-electric �TE� polarized and the low-energy one is
transversal-magnetic �TM� polarized �inset of Fig. 3�. The
energies of the TM and TE resonance peaks shift from
2.15 to 2.45 eV and to 2.47 eV, respectively, for � increas-
ing from 0° to 55°, and from the angular dependence of the
two resonances, we extracted the effective refractive indexes
of the modes according to Eq. �1�, finding neff=1.73 and
1.69, respectively �fitting lines in Fig. 3�. The cavity-mode
frequency 
m of the TCN-based device is roughly

m���= �Lc
c���+LDBR���
s���� /Leff���, where 
c

=2�c /ncLc cos �c, with �c=arcsin�sin � /nc�, is the Fabry-
Perot frequency, LDBR is the penetration depth of light inside

FIG. 2. �Color online� Microcavity transmission at normal incidence
�dashed line, left vertical scale�, and normal PL spectra from a microcavity
�continuous line, right scale� and from a TCN crystal on a bottom DBR
�dotted line, right scale�. Inset: scheme of the TCN microcavity structure.
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the DBR, Leff is the effective cavity length, and 
s is the
central frequency of the DBR stop band. For low refractive
index contrasts, the polarization-induced splitting is con-
trolled by the mismatch between 
s and 
c: 
m

TM���
−
m

TE���=A�
s�0�−
c�0��sin2���, where A is a constant.
Consequently, for the TM mode to have lower energy with
respect to the TE, one needs 
s�
c which is the case of the
microcavity structure studied here, for which 
s�0�=3.4�c
�10−3 and 
c�0�=3.5�c�10−3 nm−1.

In summary, we fabricated monolithic, light-emitting
vertical microcavities based on an organic crystal semicon-
ductor. The device exhibited a Q factor around 200, emission
from the active layer, and polarization splitting up to 20 meV
at angles larger than 30°. The insertion of organic crystals in
vertical microcavities extends the potential of this class of
materials, opening the way towards the large scale integra-
tion of high-density light-emitting and modulation devices
on chip.
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