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Controlled spontaneous emission of a tri „8-hydroxyquinoline … aluminum
layer in a microcavity
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Laboratoire d’électronique, d’optoe´lectronique et microsyste`mes, Unite´ associe´e au CNRS 5512,
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~Received 14 October 1998; accepted for publication 17 December 1998!

We report the fabrication of all-dielectric microcavities with a tri~8-hydroxyquinoline! aluminum
(Alq3) organic layer as the emitting layer. In a first step, we characterized the materials used in the
structures by ellipsometry, and ensured nondegradation of the organic material in the fabrication
process. Then, by angular-resolved photoluminescence, we investigated changes in the angular
emission pattern caused by the cavities and observed a sharply directed emission. We also
investigated the influence of the position of the radiative layer in the cavity on normal spontaneous
emission. We observed enhancements in spontaneous emission over 20 times higher than that of a
single Alq3 layer. These are the highest reported for organic material based microcavities. They are
mainly explained by the very small thickness of the Alq3 layer~20 nm[0.06l, l being the resonant
wavelength!, by high-quality low-loss dielectric mirrors as well as by the narrow collecting angle of
our experiment~63°!. This study corroborates analogous works and demonstrates the possibility of
controlling the spontaneous emission of an emitter by a microcavity. ©1999 American Institute
of Physics.@S0021-8979~99!06406-3#
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I. INTRODUCTION

The discovery of highly luminescent polymers1 and
small evaporated organic molecules, such as tr~8-
hydroxyquinoline! aluminum (Alq3),2 offered new opportu-
nities in the field of luminescent devices. Their electrolum
nescence properties and high quantum efficiency
extensively exploited for the realization of light-emitting d
odes~LED!3–7 despite some major drawbacks such as th
short lifetime. Their broad spectrum, spanning the visi
range, allows easy tunability for the production of multicol
pixels.8 Moreover, some molecules and blends~dye-doped
organic materials! even show more attractive properties su
as a lasing effect.9–12 From a practical point of view, they
offer a low-cost and relatively simple alternative to inorgan
semiconductors which require expensive and tim
consuming deposition methods for the production of LED

The optical properties of organic LEDs can be improv
by the use of light-confining structures, i.e., microcavitie
Like a filter, microcavities reduce the organic spectrum lin
width to the wavelength of the mode resonant along the n
mal axis. The intensity of this mode can be increased
decreased compared to the case of an organic layer witho
microcavity, depending on cavity design.

Purcell13 first predicted the spontaneous emission mo
fication of an emitter placed in a resonator. Extens
theoretical14–19 and experimental works followed.8,20–23It is
now established that luminescence is the consequenc
coupling between an emitter and a photon field at its lo
tion. The spontaneous emission rate of a dipole is descr
in the first-order perturbation theory by the Fermi gold
rule:

a!Electronic mail: jacques.joseph@ec-lyon.fr
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\2 u^ f ud.E~r !u0&u2, ~1!

where d is the dipole moment,E the electric field at the
dipole location, andr the electric field density of states;u0&
and u f & represent the system with the dipole excited and
photon in the cavity and the system with the dipole deexci
and one photon in the cavity, respectively. This equat
shows that by modifying the vacuum electric field at a dipo
position, one can modify the spontaneous emission of
dipole.

Controlling the vacuum electric field can be achieved
the use of a resonator, i.e., a Fabry–Pe´rot cavity. A cavity
modifies both the electric field and the density of states of
field at its location. The cavity mirrors introduce bounda
conditions on their surface so that the projection of the wa
vector of any lightwave existing in the cavity is a multiple
p/L, L being the distance between the two mirrors:

k cosu52pn/l cosu5mp/L, ~2!

where n is the refractive index of the material filling th
cavity, l the wavelength of the considered light,u the angle
between the wavevectork, and the axis normal to the cavit
surface.

Consequently, any electric field existing in the cavity h
a standing wave~sinusoidal! component along the axis nor
mal to the cavity. Hence, one can control the spontane
emission rate by controlling the position of the emitting lay
in the cavity: placing it at a maximum of the field will dras
tically enhance radiation, while placing it at a node of t
field will result in suppression of radiation. The other para
eter to be controlled is the field density of states. This can
done through control of mirror reflectivity and cavity thick
2 © 1999 American Institute of Physics
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nessL. High-reflectivity mirrors and small cavities~micro-
cavities! are required to achieve a strong radiative emissi

This article reports on the photoluminescence study
organic material based microcavities with dielectric mirro
So far, to our knowledge, all organic material based mic
cavities have been made with one metallic mirror. We sh
here the feasibility of microcavities with two dielectr
Bragg reflectors. Moreover, great attention was paid to
control of layer thickness. In order to quantify the modific
tion of emitted power according to the position of the em
ting layer in the structure, we used a layer of tri~8-
hydroxyquinoline! aluminum (Alq3) that was as thin as
possible. Its optical thickness was 0.06l, wherel is the reso-
nance wavelength along the normal to the cavity.

The structure and fabrication of the microcavities a
detailed in Sec. II. In Sec. III, the optical characterizations
materials and structures are detailed. In particular, the res
of photoluminescence experiments are reported. The ang
dependence of the emission spectrum is first pointed
Then, dependence of the power emitted along the direc
normal to the cavity is shown. These results are confron
with theoretical calculations.

II. MICROCAVITY DESIGN AND EXPERIMENTAL
PROCESS

Four microcavities, together with a noncavity contr
sample with a bare Alq3 layer on a silicon substrate, wer
made. Each structure was made of two distributed Br
reflectors~DBR! surrounding a 20-nm-thick Alq3 emissive
layer ~n51.72 atl5520 nm!. The position of the emissive
layer, measured from the surface of the lower Bragg refle
and namedd, was varied. Cavity thicknessL was held con-
stant with one or two SiO2 filling layers ~cf. Fig. 1!.

The DBRs were designed to offer maximum reflectiv
at l5520 nm. Lower and upper DBRs consist of four and
half pairs ofl/4 thickness TiO2 (n52.1,t562 nm!/SiO2 (n
51.43,t591 nm) layers. Silicon dioxide and titanium diox
ide films were deposited at low temperature~100 °C! by elec-
tron cyclotron resonance~ECR! plasma-enhanced chemica
vapor deposition~PECVD! using, respectively, O2 and
tetraethoxysilicate~TEOS! or titanium isopropoxide~TIPT!
as precursors.24

The thickness of each layer was controlled by means
an in situ ellipsometer. The evolution of the ellipsometr

FIG. 1. Microcavity structure and geometry of the photoluminescence
periment.
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parameters~c,D! during the growth was compared to a th
oretical prediction, coming from a custom-designed so
ware. This enabled us to monitor the deposition of each la
accurately. The details of this method are describ
elsewhere.25 The Alq3 layers were deposited by therm
evaporation at 1026 mbar pressure and at a rate of 1.5 Å
The thickness of Alq3 was measuredin situ by a quartz crys-
tal monitor and checked with a stylus profiler and ellipsom
ric measurements. As the Alq3 layers are somewhat fragile,
was necessary to check that the O2 plasma combined with a
deposition temperature of 100 °C did not modify the Al3

layer. Indeed, Alq3 layers were kept unmodified after pro
cessing the upper DBR as assessed by photoluminesc
tests. The use of an ECR plasma with low energy specie
probably the reason for this inoccuity.

Control samples of both upper and lower DBRs we
deposited on a Si substrate to measure their reflectivity s
tra. Spectrophotometer experiments also provided the re
tivity spectra of the cavities.

Emissions from the cavities and the noncavity cont
sample were characterized by photoluminescence~PL! ex-
periments. The wavelength of the excitation beam was
justed for each cavity to the wavelength corresponding t
reflectivity minimum of the upper DBR between 360 an
380 nm~in the Alq3 absorption range!. A Xe lamp coupled
with a monochromator provided the adjustable wavelen
excitation. The incidence angle was set to 45°~cf. Fig. 1!.
For quantitative measurements, all Alq3 layers had to receive
the same optical power. At this angle, the reflectors, wh
already offer minimum reflectivity at around 360 nm, ha
no greater reflectivity than that generated by the index
ference between air and Alq3 . It was then only to ensure tha
the incident light power was kept constant from one sam
to another.

The spectra presented here were obtained with the s
exciting power. The photoluminescence~PL! signal was col-
lected in air and at room temperature by an optical fib
placed on a turntable and sent to a monochromator equip
with a Si photodetector. The numerical aperture of the o
cal collecting system defines a photon collecting angle
63°.

III. RESULTS AND DISCUSSION

A. Optical characterization of materials

In order to design and model the structures accurat
we needed to know the material optical properties, i.e., th
refractive indices. The SiO2 index values used to design th
structures correspond to a mix of standard SiO2 from
literature26 and 7% of air in the Bruggeman effective m
dium approximation.27 The index values of TiO2 and Alq3

were obtained from spectroscopic ellipsometry experime
fitted with a model developed by Forouhi and Bloomer28 ~F.
B. model!. Our results corroborate ellipsometric experimen
by Celii et al. on Alq3 .29 To our knowledge, this is the firs
time this model has been applied to organic materials w
satisfactory results. Figure 2 shows the resulting dispers
curves for Alq3 . This model is based on the theory of two
level system-damped transition. In this context, both real

x-
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dexn and imaginary indexk can be expressed as Lorentzi
functions of energy transitionEt in the following forms:

k5
A~Et2Eg!2

Et
22BEt1C

, ~3a!

n5n~`!1
B0Et1C0

Et
22BEt1C

, ~3b!

where

B05
2A

A4C2B2 S 2
B2

2
1EgB2Eg

21CD
and

C05
2A

A4C2B2 S ~Eg
21C!

B

2
22EgCD .

This model introduces five parameters: parameter A
related to the position matrix element of the transition; B
proportional to the middle-band energy difference; C
linked to the damping factor of the transition;n(`) is the
asymptotic value of the real index whenEt tends to infinity
and Eg is band-gap energy. Table I sums up the values
these parameters obtained by a fit of the measured spectr
TiO2 and Alq3 . The value of Alq3 band-gap energy is o
particular interest. From Fig. 2, it can be considered as
minimum energy for whichk is not zero. The value of 2.54
eV, obtained from the fit, is in fair agreement with the val
of 2.7 eV reported by Burrowset al.30

FIG. 2. Indices of refraction of Alq3 obtained from spectroscopic ellipsom
etry and fitted by the F. B. model

TABLE I. Parameters resulting from the fit of the ellipsometric measures
the F. B. model for TiO2 and Alq3 .

Material A B C n(`) Eg (eV)

TiO2 0.46 7.41 0.91 1.96 3.08
Alq3 0.088 5.71 0.14 1.69 2.54
is

f
for

e

B. Passive optical characterization of the structures

Once material optical properties were known, the str
tures were made and characterized by spectrophotomete
periments ~passive characterization!. Figure 3 shows the
spectrum of the lower reflector control sample. The results
its modeling using a transfer matrix method31 are also plotted
for comparison. The spectrum exhibits a maximum of 86
reflection at 510 nm and a stop band of 100 nm. The sma
stop band of the model compared to the experimental
results from the spatial inhomogeneity of layers: the size
the spectrophotometer beam spot being large~833 mm!, the
collected signal is an average of signals from different zo
whose spectra are slightly shifted. Despite this fact, con
tency between the measured spectrum and the calcu
spectrum is correct.

The upper reflector control sample exhibits a spectr
similar to that of the lower reflector control sample. How
ever, it must be noted that the cavities defined by th
DBRs are not symmetric. Whereas the reflectivity value
the lower reflector is truly identical to that of the contr
sample and attains 86%, the reflectivity of the upper DBR
less than 86%, given the fact that the last interface of
mirror is not SiO2/Si but SiO2/air. This leads to upper mirro
reflectivity attaining 70% instead of 86%.

The theoretical and experimental reflectivity spectra
one microcavity are plotted in Fig. 4. Correlation betwe
them is good. The experimental spectrum reaches a re
tivity minimum at 515 nm~65 nm from one cavity to the
other! with a 13 nm full-width at half-maximum~FWHM!
while our transfer matrix based model predicts 10 nm. Go
consistency between the calculated and measured spec
the cavity, particularly at the resonant wavelength, confir
the accuracy of each previous DBR modelization. The sli
discrepancy between the calculated and measured FWH
can be explained by a small difference in optical indic
between the deposited materials and the data used to m
these and also a slight difference between experimental
theoretical thicknesses.

y

FIG. 3. Theoretical~dotted line! and experimental~solid line! reflectivity of
the lower reflector control sample.
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C. Active optical characterization of the structures

As mentioned in Sec. II, active characterization~i.e.,
dealing with the emission changes in the emitting layer! was
performed by photoluminescence experiments. Figure 5
resents the variation of the resonant wavelength with the
tection angle obtained from a microcavity with its emittin
layer 45 nm from the lower DBR. As expected from th
quantization equation of the wave vector normal compon
the variation follows a cosine law@cf. Eq. ~2!#. Figure 6
shows, for the same structure, the angle dependence o
515 nm wavelength radiation@Fig. 6~a!# and of the 500 nm
wavelength radiation@Fig. 6~b!#. In each case, the solid lin
is the result of a theoretical calculation and is normalized
the measured values. The angle reported in the figures is
angle inside the SiO2 cavity, which is related to the detectio
angle in air by the Snell–Descartes law. Our model is ba
on an ‘‘equivalent ideal metallic cavity.’’ This means th

FIG. 4. Theoretical~dotted line! and experimental~solid line! reflectivity of
a microcavity.

FIG. 5. Angle dependence of the resonant wavelength.
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instead of considering the whole real stack and perform
an exact calculation,19 we consider a homogenous cavi
with sharp reflecting interfaces, whose reflectivities a
known, and in which lies the thin Alq3 emitting layer.16 The
reflecting interfaces are separated by a distancee so that:

e5nL12l pen5m
l

2
, ~4!

whereL is the actual distance between the DBRs,n the re-
fractive index of the material in the cavity,l pen the penetra-
tion length of the light in the DBRs,m an integer, andl the
resonant wavelength along the structure normal axis.
penetration length in a Bragg reflector is obtained from
phase variation with a wavelength around that of maxim
reflectivity (lBragg):

16

S df

dl D
lBragg

5
4pneffl pen

l2 , ~5!

whereneff is the effective index of one period of the stac
According to this model, the penetration depth of t
TiO2/SiO2 mirrors equals 3l/4, resulting in a cavity thick-
ness of 4l/2, wherel is approximately 515 nm.

The 515 nm wavelength emission is resonant along
normal axis while the 500 nm is resonant at an angle
approximately 20°. The correlation between the predic
and measured angular diagrams is good for both wa
lengths. We establish, as in previous work on analog
structures,21,22 that a microcavity concentrates every em
sion of a given wavelength on a particular cone.

FIG. 6. ~a! Angular diagram of the emission at 515 nm,~b! angular diagram
of the emission at 500 nm. The computed diagrams~solid lines! are normal-
ized to the measured values~1!.
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The influence of the position of the Alq3 layer within the
microcavity is shown in Fig. 7. Figure 7~a! shows the PL
spectra of the cavities with the emitting layer 95 and 215
from the lower DBR along with the spectrum of a bare Al3

layer of identical thickness~magnified 10 times for compari
son!. Figure 7~b! actually reports the ratio of the power em
ted from each cavity along its normal axis at the correspo
ing resonant wavelength~l5515 nm! to the power emitted
under the same conditions by the noncavity control sam
as a function of the position of the Alq3 layer from the lower
DBR. The corresponding theoretical calculation is also p
ted. According to the Fermi golden rule, the variation of th
ratio is proportional to the square of the electric field inte
sity ~the density of states being constant!. The calculation
was carried out assuming that the dipoles of the emitt
layer are isotropically oriented.

Consistency between the model and the experimen
good for all the cavities but one. We have no definitive e
planation for this deviation. One hypothesis is the photod
radation of the Alq3 layer of this sample since this cavity wa

FIG. 7. ~a! PL spectra along the normal axis of a bare Alq3 layer ~310,
dotted line!, a cavity with its emitting layer 95 nm from the lower DBR
~solid line!, a cavity with its emitting layer 215 nm from the lower DBR
~solid line with 1 symbols!. ~b! Variation of the normal gain at 515 nm a
a function of the positiond of the emitting layer in the cavity.
-
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more widely used through our experiments. It should
pointed out that the normal spontaneous emission gain
ported here for the cavity with its emitting layer placed a
field maximum is among the greatest ever published8,21,22,23

for an organic material based microcavity~'20!. This results
mainly from both the very thin Alq3 layer, which prevents
the averaging of the coupling term (ud.E(r )u2) over a long
distance, and the small collecting angle of the optical fib

IV. SUMMARY

We have made organic material based microcavit
with all-dielectric reflectors and Alq3 as the emitting layer.
This study reports the optical characterization of the mat
als and demonstrates the feasibility of such structures,
especially the nondegradation of the organic layer in
plasma-enhanced chemical vapor deposition reactor. Th
structures can be of interest for the production of microcav
devices emitting light from both sides. The only change fro
the structures presented here would be the use of a g
instead of a silicon substrate.

The microcavities demonstrate the same effects
dielectric/organic/metal microcavities. They enable cont
of the resonant wavelength and that of the angular emis
pattern. Moreover, changing the position of the organic la
in the cavity results in modification of the normal spontan
ous emission as is predicted by the Fermi golden rule. O
results are in agreement with other works dealing with ana
gous structures based on different materials.20,23 However,
the results presented here are, to our knowledge, among
highest normal gains reported so far for organic mate
based microcavities. Consistency between the measurem
and the model possibly shows that the effects of a microc
ity on an organic layer can be predicted by a simple mod
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