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We report on the realization of high-quality organic microcavities consisting of distributed Bragg
reflectors based on lithium fluoride~LiF! and tellurium dioxide (TeOx) deposited by thermal
evaporation. The materials are transparent in the range of 350 nm–5mm and have an evaporation
temperature of about 1000 K. The large difference in the refractive index~about 0.9 in the visible
and near-infrared range! allows one to obtain reflectivity higher than 99% over a spectral region
about 200 nm wide with a small number of periods. The mirror deposition technique is suitable for
the fabrication of organic quantum microcavities in a single deposition process. Three fully
evaporated organicl cavities with Phyrrometene 580 as the active material are described. The
cavities show aQ value of up to 300, good uniformity, and reproducibility. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1398323#

Organic semiconductors have recently attracted much at-
tention for application in electroluminescent devices such as
light emitting diodes~LEDs! and displays. Within this frame-
work organic microcavity structures have demonstrated their
utility to obtain full control of the emission energy, line-
width, intensity, and directionality of LEDs1–9 as well as to
obtain optical feedback in laser resonators.10,11 The com-
monly studied organic microcavities are realized by cladding
the active material between a distributed Bragg reflector
~DBR! and an evaporated metallic mirror,11–15 or by high
temperature mechanical pressing of two half DBR cavities.16

Moreover, in order to have a singlem-cavity resonance, the
cavity needs a DBR that has a stop band wider than the
luminescence of the organic~typically hundreds of nanom-
eters!. To satisfy such requirements DBRs of materials with a
high refractive index difference must be used. To date, many
different techniques and many different materials have been
used for wide bandwidth DBR deposition, such as
SiO2–SixNy by plasma enhanced chemical vapor depo-

sition ~PECVD!,8,12–14 CF–CF~Au! by sputtering,17 and
MgF2–ZrO2 by laser induced vapor deposition.18 These tech-
niques cannot be used in the presence of an organic active
material, thus requiring a complicated multistep process for
realization of the cavity.

In this letter we report on the realization of DBR dielec-
tric mirrors entirely based on low cost thermal evaporation of
lithium fluoride ~LiF! as the low refractive index material
and tellurium oxide (TeOx) as the high refractive index ma-
terial. This approach allows us to realize highly reproducible

and ultralow cost mirrors. The large difference in the refrac-
tive index of the two materials allows us to obtain reflectivity
better than 98% with a small number of periods, and to ob-
tain a wide stop band with a full width at half maximum
~FWHM! of about 200 nm. Moreover, this permits growth of
fully evaporated microcavities in a single step process.

As demonstrated, we have realized three differentl
quantum microcavities with Pyrromethene 580 as the active
material and increasing output coupler reflectivity. We ob-
tained a FWHM of the mode as low as 1.9 nm and a cavity
Q value of about 300 by using an eight period output cou-
pler. Angular dependent reflectivity is measured to probe the
cavity mode for different longitudinal wave numbers. The
cavity uniformity, probed by mapping the reflectivity in dif-
ferent positions across the sample surface, is very good, de-
spite the large sample dimensions~about 25 mm2! and the
absence of a rotating sample holder in the evaporation cham-
ber.

The DBRs are realized by thermal evaporation ofl/4
stacks of TeOx /LiF on a Corning 5049 glass substrate and
are designed to show a maximum reflectivity at 580 nm. The
refractive index of the two materials, determined by means
of transmittance and reflectance spectra, is about 2.25 for
TeOx and about 1.39 for LiF in the wavelength range of
interest. The materials are almost completely transparent in
the range from 330 nm to 5mm, thus they can be used for
realization of dielectric mirrors in the entire visible and in-
frared range. The evaporation temperature is 1140 K for LiF
and 1006 K for TeOx . The typical vacuum in the chamber
during the growth is below 831027 mbar. The thickness of
the layers is monitoredin situ by a quartz oscillator mi-
crobalance that maintains the growth rate almost constant ata!Electronic mail: marco.anni@unile.it
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0.5 A s21 to improve the film morphology. The reflectivity of
an eight period mirror is shown in Fig. 1~dashed line!, to-
gether with the theoretical spectrum~solid line! calculated by
the transfer matrix model. The maximum reflectivity value is
about 98.5%, and the stop band is 160 nm wide. These val-
ues are slightly lower than the theoretical ones because the
simulation does not take into account the absorbance of the
l/4 stacks.

As demonstrated we have realized three microcavities
with output couplers of increasing reflectance. The complete
structure of the three cavities is shown in Fig. 2. The bottom
mirror is the same for all the cavities and consists on 8
TeOx /LiF periods. Thel cavity is obtained by evaporating
200 nm of LiF on the bottom mirror, followed by a layer of
Phyrromethene 580 about 4 nm in thickness, and by a second
200 nm thick layer of LiF. This structure allows us to obtain
good overlap between the active material and the electric
field antinode placed at the center of the cavity.19,20 The
structure is completed by evaporation of the top mirror,
which consists of six, seven, or eight periods in the three
different samples, respectively. We stress once more that the
m cavities were grown very simply by a sequential evapora-
tion process in the same growth run. The substrate is kept at
room temperature during growth in order to avoid crystalli-
zation or eventual thermal degradation of the active material.

The spectral properties of the cavities were probed by

reflectance measurements. The reflectivity spectra of the
three cavities in the stop band spectral region are shown in
Fig. 3. Two main features can be observed in the spectra as
the output coupler reflectivity increases.

~1! The mode linewidth continuously decreases, from 2.7
nm for the six period top mirror to 1.9 nm for the eight
period top mirror due to rising of theQ value of the
cavity. TheQ values of the cavities are 215, 270, and
300 for the six, seven, and eight period output coupler,
respectively.

~2! The mode wavelength blueshifts, from 578 nm for a six
period top mirror to 560 nm for an eight period top mir-
ror. This is ascribed to cavity–mirror detuning, and is
due to systematic variation of the lambda layer thickness
arising from the nonuniform beam shapes over large ar-
eas, and to the phase matching effect inside the cavity,
induced by the detuning.

The cavities show a bright photoluminescence~PL! emis-
sion, illustrated in Fig. 4 for the highestQ-value cavity,
which demonstrates that the output coupler deposition does
not damage the organic active material.

Angle dependent reflectivity measurements were per-
formed to probe the spectral properties of the highest
Q-value cavity for different longitudinal wave vectors. The

FIG. 1. Reflectivity of an eight period LiF/TeOx DBR calculated by the
transfer matrix model~solid line! and experimental data from a real structure
designed with the same parameters as the simulation. The peak reflectivity is
98.5% and the stop band is 160 nm wide.

FIG. 2. Schematic layer structure of the three cavities realized using Pyr-
romethene 580 as the prototype organic material. The eight period bottom
mirror is the same for the three samples, whereas the top mirror period
number is varied between six and eight.

FIG. 3. Reflectivity in the DBR stop band of the three cavities with six,
seven, and eight period top mirrors. The spectra are shifted vertically for
clarity. The reflectivity maximum value is 99.8%, 99.86%, and 99.94% for
the six, seven, and eight output coupler cavities, respectively. The mode
FWHM is 2.7 nm in the cavity with a six period top mirror, 2.3 nm in the
cavity with a seven period top mirror, and 1.9 nm in the cavity with an eight
period top mirror, corresponding to cavityQ values of 215, 270, and 300,
respectively.

FIG. 4. PL spectrum~dotted line! and reflectivity spectrum~solid line! of
the eight period top mirror cavity for normal incidence. The stop band
FWHM is about 160 nm. Inset: Mode energy as a function of the angle of
incidence. The continuous line is the best fit curve to a photon-like disper-
sion curve.
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reflectivity spectrum of this cavity at normal incidence is
shown in Fig. 4 and it displays a maximum value of 99.94%
with a stop band FWHM of about 160 nm. The mode energy
as a function of the incidence angle is shown in the inset of
Fig. 4. As the incidence angle increases, the cavity mode
shows a blueshift due to the increasing photon longitudinal
wave vector. The angle dependence of the mode energy is
reproduced well by photon-like dispersion for a cavity with
mode energy at normal incidence ofE052.21260.001 eV
and an effective refractive index ofn51.45160.002. Then
value, slightly higher than the LiF one, is mainly due to the
presence of the organic layer whose refractive index, at the
wavelength of the cavity, is complex and almost higher than
the LiF value.

The uniformity of the cavity was checked by measuring
the reflectivity in different zones along the sample surface
~which has a circular shape 5.5 mm in diameter!. The mode
wavelength dependence on the position on the sample is
shown in Fig. 5. The maximum mode wavelength variation
is 2.4 nm, which is comparable with the mode linewidth.
Moreover, the mode wavelength does not show random os-
cillations around or at the average value, showing instead a
systematic redshift when moving across the sample from
right to left ~inset of Fig. 5! and a blueshift when moving in
the opposite direction. This is connected to the nonuniform
beam shape which induces systematic progressive variation
of the layer thickness along them-cavity area and it can be
removed by using a rotating sample holder to improve the
thickness uniformity during evaporation.

In conclusion, we have described an approach to realize
DBR dielectric mirrors based fully on thermal evaporation of
LiF and TeOx . This approach allows us to realize highly
reproducible, wide stop band, high reflectivity mirrors. The

wide stop band of our mirrors makes them particularly inter-
esting for application to organic microcavities, since it al-
lows one to obtain single peak luminescence despite the
commonly seen broad luminescence spectrum of organic
compounds. Moreover, the thermal evaporation technique is
particularly suitable for organic material deposition due to its
low cost, high controllability, and full compatibility with ac-
tive material deposition, which allows single step fabrication
of organicm cavities. Our approach was tested by realizing
high quality organic microcavities with mode linewidths as
small as 1.9 nm, aQ value up to 300, and excellent unifor-
mity over many mm2. These results are relevant for applica-
tion of LiF–TeOx DBRs in organic LEDs, flat panel displays,
and laser resonators.
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FIG. 5. Mode wavelength as a function of the position on the sample sur-
face. The mode FWHM is taken as the error bar. The overall maximum
variation of about 2.4 nm reflects the good uniformity of the sample despite
dimensions of about 25 mm2. Inset: Actual position of points a, b...,1 on the
sample surface.
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