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Spontaneous Emission of Organic Molecules Embedded in a Photonic Crystal
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We report on modification of the spontaneous emission of dye molecules embedded in a three-
dimensional solid-state photonic crystal exhibiting a stop band in the visible range. Molecules
embedded in artificial opal filled with a polymer show a dip in the fluorescence spectrum and
nonexponential spontaneous decay kinetics containing both accelerated and inhibited components
compared to the dye fluorescence in a reference polymer matrix. Results are interpreted in terms
of redistribution of the photon density of states in the photonic crystal. [S0031-9007(98)06494-1]

PACS numbers: 42.50.—p

The concept of the control of the spontaneous emission To date, studies of the effect of three-dimensional
by means of modification of the photon density of stategphotonic band gap structures on the spontaneous emission
in mesoscopic structures [1] has gained considerablm the visible range are restricted to experiments with
interest during the last decade [2]. The spontaneoudye molecules embedded in ordered aqueous suspensions
decay of visibly emitting species embedded in high-of polystyrene microspheres, where a slowing down of
O microcavities or dielectric slabs, or localized in thethe spontaneous emission was observed [10]. However,
vicinity of dielectric interfaces can be modified due a comprehensive experimental investigation of the same
to changes in the photon density of states (DOS) asystem [11] has shown that intermolecular interactions
compared to an infinite homogeneous medium, whictof dye molecules with polystyrene and a strong overlap
leads to changes in experimentally observed spontaneow$ absorption and fluorescence spectra were responsible
emission spectra and decay rates. The phenomenon if@a@ a major fraction of the change in the measured
subject of extensive theoretical investigations (see, e.glifetime. In the present Letter we report on the photonic
[3] and references therein). Experimental studies in thidand gap effect on the spontaneous emission of organic
field include, but are not limited to, investigations of molecules in a polymer matrix embedded in opal, which
the effect of inhomogeneous optical environments on thenanifests itself as a dip in the fluorescence spectrum and
spontaneous decay of organic molecules [4], rare-earthonexponential spontaneous decay kinetics.
ions and their organic complexes [5], and semiconductor Recently, we have proposed artificial opals as promis-
quantum wells [6] and nanocrystals [7]. ing structures for the photonic band engineering [12,13].

Another approach to the modification of the pho-These species are rigid solid-state colloidal crystals con-
ton DOS implies fabrication of structures consisting ofsisting of submicrometer-sized amorphous silica globules
microscopic light scatterers either arranged in a threewhose arrangement is favorable to the formation of a pro-
dimensional periodic lattice (photonic crystal) or ran-nounced pseudogap in the visible range extending over a
domly distributed in space. The ideas of the photoniaegion of angles which manifests itself in optical transmis-
band engineering were advanced a decade ago [8] arsibn and reflection experiments. The effect can be sub-
have been investigated extensively in a number of thecstantially enhanced by filling opals with highly refractive
retical studies [9]. With certain parameters of scattererdiquids and solids [12—14].

(size, shape, and dielectric function) and types of their Artificial opals are produced from a sol of highly
spatial arrangement (volume fraction and symmetry), comonodispersed porous spherical silica globules with the
herent effects in multiple light scattering can result indiameter ranging from 200 to 300 nm by means of the
either localization of light waves or the development ofhydrothermal treatment and annealing. Silica globules
a spectral gap within which the propagation of light isin opals form a self-organized close-packed arrangement
forbidden. These phenomena resemble well-known feasimilar to the face-centered cubic lattice (Fig. 1), a
tures of electrons in disordered and crystalline solids, resolid experimental evidence of which has been recently
spectively, except for the fact that the phenomena arpresented in Ref. [15]. Interconnected voids between
essentially quantum mechanical in the case of electronglobules constitute a three-dimensional network, thus
whereas they have a purely classical origin in the case giroviding a possibility to embed light-emitting species
electromagnetic waves. therein. We studied an opal sample filled with a solid
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FIG. 2. Optical transmission spectrum of opal sample with
voids filled with poly(methyl methacrylate).

Fluorescence experiments were carried out on an au-
’ : ; tomated laser fluorescence spectrometer with the sub-
o .. i nanosecond time resolution described in detail elsewhere
PB3859 28KY X2@.08K 1.580umB [19]. A TEA N, laser with the pulse duration of about
FIG. 1. Electron microphotograph of opal sample. White500 ps was usgd for e_XC|ta_1t|0n3i{7.1 nm. Fluorescence
rectangle in the upper panel bounds the area@fx 1.0 um2.  Was collected in the direction normal to the surface of the
An enlarged fragment of the area is presented in the lowesample within a solid angle di.097 sr. To ensure re-
panel. liable interpretation of time-resolved emission data, both
the conventional two- and three-exponential nonlinear fit-
ting method and the decay time distribution analysis tech-
solution of the 1,8-naphthoylené;Z2-benzimidazole nique (see, e.g., [20]) based on the numerical inversion of
(7H-benzimidazo[2,la]benzddisoquinolin-7-one) dye the Laplace transform were used in the analysis of fluores-
(referred to in what follows as NBIA) in poly(methyl cence decays. A model-free analysis of fluorescence decay
methacrylate) (PMMA). The sample was fabricated bytraces of NBIA embedded in the photonic crystal and refer-
impregnating opal with an NBIA solution in methyl ence polymer film was carried out using an efficient regu-
methacrylate with subsequent polymerization. An oparized method for the recovery of fluorescence decay time
tically thick (~0.5 mm) polymer film prepared from distributions recently proposed by one of us [21]. Fluo-
the same dye solution was used as a reference samphescence decay time distributions were computed subject
The resulting concentration of NBIA in PMMA was to non-negative constraints since no fluorescence buildup
about107> M. The polymer provides a reasonably high is expected in the system under investigation.
dielectric contrast between the filler and silica globules Fluorescence spectra of NBIA in a separately standing
(refractive index of1.490 for PMMA versus ~1.3 for  polymer film and polymer network filling voids in opal are
opal silica clusters [12,13]), and makes it possible tashown in Fig. 3a along with the fluorescence excitation
avoid undesirable interactions of dye molecules with thespectrum of NBIA in PMMA. Embedding the dye and
silica surface [16]. In nonpolar solvents, the NBIA dye polymer system in opal clearly leads to a modification of
has a high quantum yield [17] and a substantial Stoketghe spontaneous emission: a dip in the emission spectrum
loss that provides a weak reabsorption of fluorescences formed with the position close to that of the dip in the
The opal sample used in our experiments demonstratedaptical transmission spectrum of the opal sample. The
pronounced stop band in the region of 500 nm (Fig. 2)atio of emission intensities of systems with the modified
lying within the fluorescence emission band of NBIA. (opal sample) and “vacuum” (optically thick polymer
Thus, a photonic crystal was fabricated from a 3Dfilm) photon densities of states is shown in Fig. 3b.
polymer network with the volume filling fraction of about  Results of the analysis of fluorescence kinetics of
25% separated by nearly spherical silica globules with samples are presented in Fig. 4. We have found that
lower refractive index. Numerical simulations [18] have fluorescing impurities with characteristic decay times
shown that the network topology of the high-refractiveapproximately an order of magnitude shorter than the
material is favorable to the formation of gaps in the photorNBIA excited-state lifetime are present in the polymer and
DOS, which can lead to modification of the spontaneouspal. However, the substantial difference between the dye
emission of species embedded in the photonic crystal. and impurity lifetimes makes it possible to analyze the
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FIG. 4. Decay time distributions of NBIA fluorescence: (a) In
freestanding polymer film and (b) in polymer network filling
voids in opal. Results of (a) two- and (b) three-exponential
analysis of the same decay curves are shown by dotted
lines. Excitation wavelengti337.1 nm, emission wavelength
510 nm. Decay curves were recorded in 1000 time channels
with 0.1 ng'channel; 100 exponential terms with decay times
logarithmically spaced within the interval 0.05 to 50.0 ns were
excited-state decays of the dye even in the presence of tHféf!uded in the decay time distribution analysis.

fluorescing impurities.

The analysis of the fluorescence kinetics shows thaa photonic crystal, depending on the mutual position of
the excited-state decay of the NBIA dye is exponentiathe photonic band gap and fluorescence spectrum. Tak-
in the reference polymer film (Fig. 4a), whereas both acing into account that opal filled with the polymer shows an
celerated and inhibited decay components appear in thengular-dependent stop band, and dye molecules assume
spontaneous emission kinetics of dye molecules embedandom orientations and positions with respect to the ele-
ded in the opal sample (Fig. 4b). The nonexponential bementary crystal cell, the above considerations can well
havior of the excited-state decay of the dye embedded iexplain the observed nonexponential spontaneous emis-
the photonic crystal has a reasonable explanation in ternson decay of organic molecules embedded in the photonic
of a redistribution of the photon DOS. According to the crystal.
sum rule for the spontaneous emission rate derived for an Thus, we conclude that two competitive processes of in-
arbitrary optically inhomogeneous environment [22], thehibition and acceleration of the spontaneous decay result-
photonic crystal just redistributes the spontaneous radidng from a redistribution of the photon density of states
tion power over the spectrum and, we believe, over dicontribute to the observed fluorescence decay giving rise
rections. Indeed, numerical simulations [23] have showrio a nonexponential spontaneous decay kinetics of dye
that the radiation power of a dipole embedded in a phomolecules embedded in a photonic crystal. To observe the
tonic crystal undergoes a spectral and angular redistribypure inhibition of the spontaneous emission in a photonic
tion compared to the free space and depends strongly amystal, one should use narrow-band emitting species, e.g.,
the position and orientation of the emitter with respect torare-earth ions or semiconductor nanocrystals, to avoid ef-
an elementary crystal cell. In addition, the fluorescencédects connected with the redistribution of the photon DOS
spectrum of the dye used in the investigation is substaracross the spontaneous emission spectrum. In addition,
tially wider than the stop band. As has been shown irabsorption and emission spectra of decay inhibition probes
the theoretical investigation [24], either acceleration or inshould have a minimum overlap to avoid effects of mul-
hibition of the spontaneous decay of a molecule with diple reabsorption or reemission on the observed fluores-
wide spontaneous emission spectrum can be observed dence decay time. Experiments with probes of this type

FIG. 3. (&) Fluorescence emission spectrum of NBIA solution
in a PMMA polymer network filling voids in opal <), and
fluorescence excitation (- - -) and emission- ¢) spectra of
NBIA in a freestanding PMMA polymer film (impurity fluores-
cence subtracted). Fluorescence was excitedBatt nm, and
the excitation spectrum was detectedsé® nm. (b) Ratio of
fluorescence intensities of NBJ##MMA solid solution in the
opal sample and freestanding film.
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are in progress and will be the subject of our forthcoming10]
papers.

Fruitful discussions with Professor S. Ya. Kilin, Profes- [11]
sor A.N. Rubinov, and Dr. D.S. Mogilevtsev are appre-
ciated. The helpful assistance of Dr. N.V. Gaponenkao
with electron microscopy of opal samples and of A. M. [12]
Kapitonov and D. A. Yarotsky with optical transmission
measurements is acknowledged. The work was supportetgg,]
by the INTAS Project.

[14]
*Email address: petrov@ifanbel.bas-net.by
TEmail address: gaponen@imaph.bas-net.by

[1] E. M. Purcell, Phys. Rew69, 681 (1946).

[2] Photonic Bandgaps and Localizatiordited by C. M.
Soukoulis (Plenum Press, New York, 1993Jpnfined
Electrons and Photons: New Physics and Applications,
edited by E. Burstein and C. Weisbuch (Plenum Press,
New York, 1995). [17]

[8] W. Lukosz, Phys. Rev. B2, 3030 (1980); H. Khosravi

and R. Loudon, Proc. R. Soc. London Ser.483 337

(1991);436, 373 (1992).

K.H. Drexhage, in Progress in Optics, edited by

E. Wolf (North-Holland, Amsterdam, 1974), Vol. XlI;

A.N. Rubinov and V.. Nikolaev, Izv. Akad. Nauk SSSR,

Ser. Fiz.34, 1308 (1970); F. De Martini, G. Innocenti,

G.R. Jakobovitz, and P. Mataloni, Phys. Rev. L&,

2955 (1987).

R.E. Kunz and W. Lukosz, Phys. Rev.A, 4814 (1980);

F. De Martini, M. Marocco, P. Mataloni, L. Crescentini,

and R. Loudon, Phys. Rev. A3 2480 (1991); A.M. [20]

Vredenberg, N.E.J. Hunt, E. F. Schubert, D.C. Jacobson,

J.M. Poate, and G.J. Zydzik, Phys. Rev. Létl, 517

(1993).

Y. Yamamoto, S. Machida, and G. Bjork, Phys. Rev. A [21]

44, 657 (1991); C. Weisbuch, M. Nishioka, A. Ishikawa,

and Y. Arakawa, Phys. Rev. Le®9, 3314 (1992).

[7] V. Pellegrini, A. Tredicucci, C. Mazzoleni, and L. Pavesi,

Phys. Rev. B52, R14328 (1995); J.P. Reithmaier, [22]

M. Rohner, H. Zull, F. Schafer, A. Forchel, P. A. Knipp,

and T.L. Reinecke, Phys. Rev. Lefi8, 378 (1997).

E. Yablonovitch, Phys. Rev. Lett58 2059 (1987);

S. John, Phys. Rev. Leth3, 2486 (1987).

Special issue orPhotonic Band Structure$J. Mod. Opt.

41, No. 2 (1994)].

(15]

(16]

(18]
[4]

(19]

[5]

[6]

(23]
(8]

9]

(24]

80

J. Martorell and N. M. Lawandy, Phys. Rev. Leb, 1877
(1990).

B.Y. Tong, P.K. John, Y.-T. Zhu, Y.S. Liu, S.K.
Wong, and W.R. Ware, J. Opt. Soc. Am. B), 356
(1993).

V.N. Bogomolov, S.V. Gaponenko, A.M. Kapitonov,
A.V. Prokofiev, A.N. Ponyavina, N.I. Silvanovich, and
S. M. Samoilovich, Appl. Phys. &3, 613 (1996).

V.N. Bogomolov, S.V. Gaponenko, |.N. Germanenko,
A.M. Kapitonov, E.P. Petrov, N.V. Gaponenko, A.V.
Prokofiev, A.N. Ponyavina, N.I. Silvanovich, and S. M.
Samoilovich, Phys. Rev. B5, 7619 (1997).

A.M. Kapitonov, N.V. Gaponenko, V.N. Bogomolov,
A.V. Prokofiev, S. M. Samoilovich, and S.V. Gaponenko,
Phys. Status Solidi (a)65 119 (1998).

H. Miguez, F. Meseguer, C. Lopez, A. Mifsud, J. S. Moya,
and L. Vazquez, Langmuit3, 6009 (1997).

Y.H. Liu and W.R. Ware, J. Phys. Chen®7, 5980
(1993); Y.H. Liu, P. de Mayo, and W.R. Ware, J. Phys.
Chem.97, 5987 (1993)97, 5995 (1993).

L. M. Bolot’ko, N.A. Borisevich, and V.A. Tolkachev,
Zh. Prikl. Spektrosk18, 984 (1973) [J. Appl. Spectrosc.
(USSR)18, 714 (1973)].

K.M. Ho, C.T. Chan, and C. M. Soukoulis, Phys. Rev.
Lett. 65, 3152 (1990); E. N. Economou and M. M. Sigalas,
Phys. Rev. B48, 13434 (1993); R. Biswas, M. M. Sigalas,
G. Subramania, and K.-M. Ho, Phys. Rev &, 3701
(1998).

N.A. Nemkovich, A.S. Kozlovsky, A.N. Rubinov, and
Yu.V. Zvinevich, in Advances in Fluorescence Sensing
Technology I, edited by J.R. Lakowicz, Proc. SPIE
Vol. 2388 (SPIE, Bellingham, WA, 1995), pp. 347-355.
A. Siemiarczuk, B.D. Wagner, and W.R. Ware, J. Phys.
Chem. 94, 1661 (1990); D. M. Gakamsky, A.A. Goldin,
E.P. Petrov, and A.N. Rubinov, Biophys. Chead, 47
(1992).

E.P. Petrov, inProceedings of the Vth International
Conference on Methods and Applications of Fluorescence
Spectroscopy, Berlin, Germany, 199Kdoster, Berlin,
1997).

S. M. Barnett and R. Loudon, Phys. Rev. Létl, 2444
(1996).

T. Suzuki and P.K.L. Yu, J. Opt. Soc. Am. B2, 570
(1995).

D.S. Mogilevtsev and S.Ya. Kilin, inProceedings of
the European Quantum Electronics Conference, Hamburg,
Germany, 199QIEEE, Piscataway, NJ, 1996).



