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Controlled spontaneous emission of a tri  (8-hydroxyquinoline ) aluminum
layer in a microcavity
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We report the fabrication of all-dielectric microcavities with a&rhydroxyquinoling aluminum

(Alg3) 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 Alg; layer. These are the highest reported for organic material based microcavities. They are
mainly explained by the very small thickness of the Alayer (20 nm=0.06\, A being the resonant
wavelength, by high-quality low-loss dielectric mirrors as well as by the narrow collecting angle of

our experimen{=3°). This study corroborates analogous works and demonstrates the possibility of
controlling the spontaneous emission of an emitter by a microcavity19@9 American Institute

of Physics[S0021-897@9)06406-3

I. INTRODUCTION 2
I'=—[(f|d.-E(1)[0)[?, (1)
The discovery of highly luminescent polymérand

f}mdilcly e"?ﬁglfﬁgegl r;)]_rrgljarr:c Almolze%l#grsé d igCho aii—tr_l where d is the dipole momentE the electric field at the
n');'es qutﬁ'e f'(lald oful r%'ﬁesc(enctbgj,e icos The'\rNeISc?trolum'-dipOIe location, ang the electric field density of statelf)
es | : uml vices. ! uml and|f) represent the system with the dipole excited and no

nescence prope_r'ues and h'gh q.“a”t““.” eff|C|-er_1cy ."’“Bhoton in the cavity and the system with the dipole deexcited
extenS|ver3£a7><pI0|tgd for the reaﬁza’uon of light-emitting d".and one photon in the cavity, respectively. This equation
odes(L‘ED.) desp_|te Some major drawbacks such as t.he'rshows that by modifying the vacuum electric field at a dipole
short lifetime. Their broad spectrum, spanning the Vls'bleposition one can modify the spontaneous emission of this
range, allows easy tunability for the production of multicolordiloole '

pixels® Moreover, some molecules and blendye-doped .

organic materialseven show more attractive properties such Controlling the vacuum electric field can be achieved by
9 . 1o ) Ve prop the use of a resonator, i.e., a Fabryrd®eavity. A cavity
as a lasing effect:*? From a practical point of view, they

. ) . . ._modifies both the electric field and the density of states of the
offer a low-cost and relatively simple alternative to inorganic

. . ) ) . “field at its location. The cavity mirrors introduce boundary
semiconductors which require expensive and time-

consuming deposition methods for the production of LEDs conditions on Fheir surfacg S0 thgt the projec'tion of the wave
The optical properties of organic LEDS can be improvedveCtor of any lightwave existing in the cavity is a multiple of
; . ; . .. /L, L being the distance between the two mirrors:
by the use of light-confining structures, i.e., microcavities.
Like a filter, microcavities reduce the organic spectrum line-
width to the wavelength of the mode resonant along the nor-

mal axis. The intensity of this mode can be increased Ofynare ny s the refractive index of the material filling the

decreased compared to the case of an organic layer withoutyjry \ the wavelength of the considered ligiitthe angle

mlcrocaV|ty3, depending on cavity design. o _between the wavevectér and the axis normal to the cavity
Purcelf® first predicted the spontaneous emission modirface.

fication °f4_51‘g emitter placed in a resonatorb_zEsxtgnswe Consequently, any electric field existing in the cavity has

theoretical ~and experimental works followetf* #itis standing wavésinusoidal component along the axis nor-

now established that luminescence is the consequence Q) to the cavity. Hence, one can control the spontaneous

coupling between an emitter and a photon field at its locagmjission rate by controlling the position of the emitting layer

tion. The spontaneous emission rate of a dipole is describegl he cavity: placing it at a maximum of the field will dras-

in the first-order perturbation theory by the Fermi goldenjca iy enhance radiation, while placing it at a node of the

k cosf=2mn/\ cosd=m/L, 2)

rule: field will result in suppression of radiation. The other param-
eter to be controlled is the field density of states. This can be
¥Electronic mail: jacques.joseph@ec-lyon.fr done through control of mirror reflectivity and cavity thick-

0021-8979/99/85(6)/3032/6/$15.00 3032 © 1999 American Institute of Physics



J. Appl. Phys., Vol. 85, No. 6, 15 March 1999 Masenelli et al. 3033

Excitation PL ecmission parametersy,A) during the growth was compared to a the-
A =370 nm oretical prediction, coming from a custom-designed soft-
ware. This enabled us to monitor the deposition of each layer
accurately. The details of this method are described
elsewheré® The Alg; layers were deposited by thermal
evaporation at 10° mbar pressure and at a rate of 1.5 A/s.

Si0; filler L = constant The thickness of Algwas measureth situ by a quartz crys-
, tal monitor and checked with a stylus profiler and ellipsomet-
T102 - . .
ric measurements. As the Altayers are somewhat fragile, it
Si0; was necessary to check that the @asma combined with a

&\\\\\\\\\\\\\\\\\§ St substrate deposition temperature of 100 °C did not modify the Alq

FIG. 1. Microcavity structure and geometry of the photoluminescence ex—layer.' Indeed, Alg layers were kept unmodified aﬂer pro-
periment. cessing the upper DBR as assessed by photoluminescence
tests. The use of an ECR plasma with low energy species is
probably the reason for this inoccuity.

nessL. High-reflectivity mirrors and small cavitie@nicro- Control samples of both upper and lower DBRs were

cavitieg are required to achieve a strong radiative emissiondeposited on a Si substrate to measure their reflectivity spec-
This article reports on the photoluminescence study ofra. Spectrophotometer experiments also provided the reflec-

organic material based microcavities with dielectric mirrors.tivity spectra of the cavities.

So far, to our knowledge, all organic material based micro-  Emissions from the cavities and the noncavity control

cavities have been made with one metallic mirror. We ShOV\Samp|e were characterized by photoluminesce(ild ex-

here the feasibility of microcavities with two dielectric periments. The wavelength of the excitation beam was ad-

Bragg reflectors. Moreover, great attention was paid to thgusted for each cavity to the wavelength corresponding to a

control of layer thickness. In order to quantify the modifica- reflectivity minimum of the upper DBR between 360 and

tion of emitted power according to the position of the emit-380 nm(in the Alg; absorption range A Xe lamp coupled

ting layer in the structure, we used a layer of(&i with a monochromator provided the adjustable wavelength

hydroxyquinoling aluminum (Alg) that was as thin as excitation. The incidence angle was set to 4&F Fig. 1.

possible. Its optical thickness was ON)&vhere is the reso-  For quantitative measurements, all Alayers had to receive

nance wavelength along the normal to the cavity. the same optical power. At this angle, the reflectors, which
The structure and fabrication of the microcavities arealready offer minimum reflectivity at around 360 nm, have

detailed in Sec. II. In Sec. Ill, the optical characterizations ofno greater reflectivity than that generated by the index dif-

materials and structures are detailed. In particular, the resultgrence between air and Alqlt was then only to ensure that

of photoluminescence experiments are reported. The angulgfe incident light power was kept constant from one sample

dependence of the emission spectrum is first pointed outo another.

Then, dependence of the power emitted along the direction  The spectra presented here were obtained with the same

normal to the cavity is shown. These results are confrontedxciting power. The photoluminescen@®.) signal was col-

with theoretical calculations. lected in air and at room temperature by an optical fiber
placed on a turntable and sent to a monochromator equipped

II. MICROCAVITY DESIGN AND EXPERIMENTAL with a Si photodetector. The numerical aperture of the opti-

PROCESS cal collecting system defines a photon collecting angle of
+3°.

Four microcavities, together with a noncavity control
sample with a bare Alglayer on a silicon substrate, were
made. Each structure was made of two distributed Brag@ll. RESULTS AND DISCUSSION
reflectors(DBR) surrounding a 20-nm-thick Algemissive
layer (n=1.72 atA=520 nnj. The position of the emissive
layer, measured from the surface of the lower Bragg reflector In order to design and model the structures accurately,
and named], was varied. Cavity thicknedswas held con- we needed to know the material optical properties, i.e., their
stant with one or two Si©filling layers (cf. Fig. 1). refractive indices. The SiQindex values used to design the

The DBRs were designed to offer maximum reflectivity structures correspond to a mix of standard SifPom
at =520 nm. Lower and upper DBRs consist of four and aliteraturé® and 7% of air in the Bruggeman effective me-
half pairs of\/4 thickness TiQ(n=2.1,t=62nm/SiO, (n dium approximatiorf! The index values of TiQand Alg
=1.43t=91nm) layers. Silicon dioxide and titanium diox- were obtained from spectroscopic ellipsometry experiments,
ide films were deposited at low temperat(60 °C by elec- fitted with a model developed by Forouhi and Bloofié&F.
tron cyclotron resonancdeCR) plasma-enhanced chemical- B. mode). Our results corroborate ellipsometric experiments
vapor deposition(PECVD) using, respectively, © and by Celii et al. on Algs.?° To our knowledge, this is the first
tetraethoxysilicatd TEQS or titanium isopropoxidéTIPT)  time this model has been applied to organic materials with
as precursoré’ satisfactory results. Figure 2 shows the resulting dispersion

The thickness of each layer was controlled by means o€urves for Alg. This model is based on the theory of two-
an in situ ellipsometer. The evolution of the ellipsometric level system-damped transition. In this context, both real in-

A. Optical characterization of materials
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FIG. 3. Theoretica(dotted ling and experimenta(solid line) reflectivity of
Wavelength (nm) the lower reflector control sample.

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

B. Passive optical characterization of the structures

dexn and imaginary indek can be expressed as Lorentzian  Once material optical properties were known, the struc-

functions of energy transitiok;, in the following forms: tures were made and characterized by spectrophotometer ex-
A(E,— Eg)2 periments (passive characterizatibnFigure 3 shows the
“E2_BE.+C’ (33 spectrum of the lower reflector control sample. The results of
! ! its modeling using a transfer matrix metfiddre also plotted
BoEi+Co for comparison. The spectrum exhibits a maximum of 86%
n=n(e)+ m (3D reflection at 510 nm and a stop band of 100 nm. The smaller
stop band of the model compared to the experimental one
where results from the spatial inhomogeneity of layers: the size of
2A B2 the spectrophotometer beam spot being 1483¢3 mm), the
BO=—2( 5 +E4B— E§+ C collected signal is an average of signals from different zones
v4C-B whose spectra are slightly shifted. Despite this fact, consis-
and tency between the measured spectrum and the calculated
spectrum is correct.
Com 2A (E2+C)E—2E C). The upper reflector control sample exhibits a spectrum
JAC—B? 9 2 g similar to that of the lower reflector control sample. How-

ever, it must be noted that the cavities defined by these

This model mFr.oduces flve parameters: param.etelr A.I%BRS are not symmetric. Whereas the reflectivity value of
related to the position matrix element of the transition; B is . . ;
the lower reflector is truly identical to that of the control

proportional to the middle-band energy difference; C ISsample and attains 86%, the reflectivity of the upper DBR is

linked to the damping factor of the transition(«) is the ) :
asymptotic value of the real index whé&n tends to infinity Ie;s th'an 86%' given th? fac_t tha_t the last mterface_of the
irror is not SiQ/Si but SiG/air. This leads to upper mirror

and Eg is band-gap energy. Table | sums up the values of!

these parameters obtained by a fit of the measured spectra f&f1eCtVily attaining 70% instead of 86%.
TiO, and Algs. The value of Alg band-gap energy is of The theoretical and experimental reflectivity spectra of

particular interest. From Fig. 2, it can be considered as th@"€ microcavity are plotted in Fig. 4. Correlation between
minimum energy for whictk is not zero. The value of 2.54 them is good. The experimental spectrum reaches a reflec-

eV, obtained from the fit, is in fair agreement with the valuetivity minimum at 515 nm(£5 nm from one cavity to the
of 2.7 eV reported by Burrowst al° othep with a 13 nm full-width at half-maximun{FWHM)

while our transfer matrix based model predicts 10 nm. Good
consistency between the calculated and measured spectra of
TABLEL P . fina from the fit of the eli i ) the cavity, particularly at the resonant wavelength, confirms
- rarameters resutting from the it ot the lipSometric Measures bhe accuracy of each previous DBR modelization. The slight
the F. B. model for TiQ and Alg;. . )
© ® discrepancy between the calculated and measured FWHMs

Material A B C n(e) Eqy (eV) can be explained by a small difference in optical indices
Tio, 0.45 ) 091 1.96 3.08 between the depos!ted m_atenals and the data us_ed to model
Algs 0.088 5.71 0.14 1.69 254 these and also a slight difference between experimental and

theoretical thicknesses.
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100 .

instead of considering the whole real stack and performing
an exact calculatiof® we consider a homogenous cavity
with sharp reflecting interfaces, whose reflectivities are
known, and in which lies the thin Algemitting layer'® The
reflecting interfaces are separated by a distanse that:

80

60 —

R% e=nL+2Ipen=m%, (4)
40 —
wherelL is the actual distance between the DBRghe re-
fractive index of the material in the cavitl,, the penetra-
tion length of the light in the DBRan an integer, and the
resonant wavelength along the structure normal axis. The

penetration length in a Bragg reflector is obtained from the

300 400 500 600 700 800 phase variation with a wavelength around that of maximum
P . 6
Wavelength (nm) reflectivity ()\Bragg)-l

FIG. 4. Theoretica(dotted ling and experimentafsolid line) reflectivity of do¢ 477neﬁ| pen
a microcavity. TN =T 52z 5

dx A

)‘Bragg

C. Active optical characterization of the structures wheren, is the effective index of one period of the stack.

. . . o According to this model, the penetration depth of the
As mentioned in Sec. I, active characterizatidre.,  Ti0,/SiO, mirrors equals B/4, resulting in a cavity thick-

dealing with the emission changes in the emitting Iayeas  ness of 4/2, where\ is approximately 515 nm.

performed by photoluminescence experiments. Figure 5 rep-  The 515 nm wavelength emission is resonant along the
resents the Variation Of the resonant WaVelength W|th the dq'lormaj axis Wh||e the 500 nm is resonant at an ang'e Of
tection angle obtained from a microcavity with its emitting gpproximately 20°. The correlation between the predicted
layer 45 nm from the lower DBR. As expected from the and measured angular diagrams is good for both wave-
quantization equation of the wave vector normal componenfengths. We establish, as in previous work on analogous
the variation follows a cosine lacf. Eq. (2)]. Figure 6  structure€!?? that a microcavity concentrates every emis-

shows, for the same structure, the angle dependence of thgon of a given wavelength on a particular cone.
515 nm wavelength radiatidiFig. 6(@)] and of the 500 nm

wavelength radiatiofiFig. 6b)]. In each case, the solid line

is the result of a theoretical calculation and is normalized to
the measured values. The angle reported in the figures is the
angle inside the Si©cavity, which is related to the detection
angle in air by the Snell-Descartes law. Our model is based
on an “equivalent ideal metallic cavity.” This means that

Resonant wavelength (nm)

515 T

w |
—

0.75 0.25 0.
a)

510
506
500
485

490 -60° /< ) 60°

Cosine law

485

480 — -90° 90°

475 T T T T T T T T T

b)

Angle in the cavity (°)
FIG. 6. () Angular diagram of the emission at 515 nfh) angular diagram
of the emission at 500 nm. The computed diagr&sedid lines are normal-
FIG. 5. Angle dependence of the resonant wavelength. ized to the measured values).
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The influence of the position of the AJldayer within the

Masenelli et al.

more widely used through our experiments. It should be

microcavity is shown in Fig. 7. Figure(d shows the PL pointed out that the normal spontaneous emission gain re-
spectra of the cavities with the emitting layer 95 and 215 nnported here for the cavity with its emitting layer placed at a
from the lower DBR along with the spectrum of a bare Alg field maximum is among the greatest ever publi§féd®>3
layer of identical thicknesémagnified 10 times for compari- for an organic material based microcavity20). This results
son. Figure Tb) actually reports the ratio of the power emit- mainly from both the very thin Alg layer, which prevents
ted from each cavity along its normal axis at the correspondthe averaging of the coupling termd(E(r)|?) over a long

ing resonant wavelengtth=515 nnj to the power emitted distance, and the small collecting angle of the optical fiber.
under the same conditions by the noncavity control sample

as a function of the position of the AJdayer from the lower V. SUMMARY

DBR. The corresponding theoretical calculation is also plot-
ted. According to the Fermi golden rule, the variation of this
ratio is proportional to the square of the electric field inten-
sity (the density of states being constanthe calculation

We have made organic material based microcavities,
with all-dielectric reflectors and Algas the emitting layer.
This study reports the optical characterization of the materi-
als and demonstrates the feasibility of such structures, and
gespecially the nondegradation of the organic layer in a
Consistency between the model and the experiment iglasma-enhanced chemical vapor deposit?on reaqtor. Th'ese
Structures can be of interest for the production of microcavity

good for all the cavities but one. We have no definitive &X-yevices emitting liaht from both sides. The onlv chanae from
planation for this deviation. One hypothesis is the photodeg:- 99 : y g

. : ) . . the structures presented here would be the use of a glass
radation of the Alg layer of this sample since this cavity was . .
instead of a silicon substrate.

The microcavities demonstrate the same effects as
dielectric/organic/metal microcavities. They enable control
of the resonant wavelength and that of the angular emission
pattern. Moreover, changing the position of the organic layer
in the cavity results in modification of the normal spontane-
ous emission as is predicted by the Fermi golden rule. Our
results are in agreement with other works dealing with analo-
gous structures based on different mate&fs. However,
the results presented here are, to our knowledge, among the
highest normal gains reported so far for organic material
based microcavities. Consistency between the measurements
and the model possibly shows that the effects of a microcav-
ity on an organic layer can be predicted by a simple model.

layer are isotropically oriented.

Intensity (a.u.)

257

-4

20
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