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Modification of the spontaneous emission of dye molecules embedded
in artificial opals exhibiting stop bands in the visible range is observed.
Molecules embedded in artificial opals show dips in spontaneous emission
spectra and modified fluorescence decay kinetics. Results are interpreted in
terms of redistribution of  the photon density of states. Effects of the multiple
reabsorption and reemission of fluorescence photons and interaction of dye
molecules with the silica surface are discussed.

PACS numbers: 42.50.-p

1. Introduction

The concept of the spontaneous emission control by means of modification of
the photon density of states (DOS) in mesoscopic structures [1] has gained consid-
erable interest during the last decade [2, 3]. The phenomenon is a subject of exten-
sive theoretical investigations (see, e.g., [4–7] and refs. therein). Experiments in this
field include, but are not limited to, studies of modification of the spontaneous
emission in the vicinity of a dielectric interface [8], in dielectric slabs [9–13],
Fabri-Perot microcavities [14–17], semiconductor nanostructures [18, 19], liquid
microdroplets [20], water-in-oil micelles [21], phospholipid bilayers [22, 23], and
cell membranes [24].
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Another approach to the modification of the photon DOS implies fabrication
of optically inhomogeneous structures consisting of microscopic light scatterers ei-
ther arranged in a three-dimensional (3D) periodic lattice (photonic crystal) or ran-
domly distributed in space. The ideas of the photonic band engineering have been
advanced more than a decade ago [25, 26] and have been investigated in a number
of theoretical studies (see, e.g., [2, 3, 27, 28] and refs. therein). Depending on pa-
rameters of scatterers (size, shape, and dielectric function) and type of their spatial
arrangement (volume fraction and symmetry), coherent effects in light scattering
may result in either localization of light waves or the development of a spectral
range within which the propagation of light is forbidden (photonic band gap). These
phenomena are similar to well-known features of electrons in disordered and crys-
talline solids, respectively, except for the fact that in the case of electrons, the phe-
nomena are essentially quantum mechanical, whereas they have a purely classical
origin in the case of electromagnetic waves.

Until recently, studies of the effect of 3D photonic band gap structures on the
spontaneous emission in the visible range have been restricted to experiments with
dye molecules embedded in ordered aqueous suspensions of polystyrene micro-
spheres, for which a slowing down of the spontaneous emission has been reported
by Martorell and Lawandy [29]. However, a comprehensive investigation of the
same system carried out later by Tong et al. [30] has shown that intermolecular in-

Fig. 1.       Electronic microphotograph of opal sample. The scale of the image is given by
the row of dots in the lower black panel: neighboring dots are separated by a distance of
100 nm.
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teractions of dye molecules with the surface of polystyrene microspheres and a
strong overlap of absorption and fluorescence spectra of the dye were responsible
for a major fraction of the change in the measured lifetime. In our recent letter [31],
we reported on a modification of the spontaneous emission of dye molecules em-
bedded in polymer-filled artificial opal, which resulted in appearance of a dip in the
fluorescence emission spectrum and nonexponential spontaneous decay kinetics
containing both inhibited and accelerated decay components.

Artificial opals are rigid solid-state colloidal crystals consisting of submicro-
meter-sized amorphous silica globules. During the synthesis of opals, silica globules
are self-organized in the face-centered cubic (fcc) lattice (Fig. 1). A solid experi-
mental evidence in support of the fcc structure of opals has recently been presented
in ref. [32]. The fcc arrangement of silica globules is favorable to the formation of a
pronounced photonic stop band in the visible range which extends over a region of
angles and manifests itself in optical transmission and reflection experiments [33–
36]. Voids between globules constituting opal are interconnected and thus form a
three-dimensional network that can be filled with liquids and solids and provides an
opportunity to embed light-emitting species in opals [31, 34, 35]. The photonic stop
band in opals can be substantially enhanced by filling the network of interglobule
voids with high-refracting substances [33, 34, 36].

In this article, we present a more detailed account of our previous investiga-
tion of fluorescence of dye molecules in polymer-filled opal [31] and compare the
results with our experimental data on the fluorescence of dye molecules embedded
in dry opal samples.

2. Experimental

Artificial opals were synthesized from a sol of highly monodispersed porous
silica globules with the diameter ranging from 200 to 300 nm by means of hy-
drothermal treatment and annealing as described elsewhere [37].

Optical transmission of opal samples was measured on a CCD-array-based
spectrometer [38] modified for optical transmission measurements.

Two sets of fluorescence experiments were carried out in the present work. In
the first set, fluorescence of Rhodamine 6G (R6G) dye embedded in dry opal sam-
ples was investigated. The dye was introduced by impregnating opal samples with a
~10-4 M solution of R6G in ethanol and subsequent drying of the solvent at 40 ºC.
In the second set of experiments, we investigated fluorescence of  1,8-
naphthoylene-1´,2´-benzimidazole (7H-benzimidazo[2,1-a]benz[de]isoquinolin-7-
one) dye referred to in what follows as NBIA dissolved in poly(methyl methacryl-
ate) (PMMA) filling voids between the globules constituting opal. The sample was
fabricated by impregnating opal with an NBIA solution in methyl methacrylate with
the subsequent polymerization. An optically thick (~0.5 mm) polymer film prepared
from the same solution was used as a reference sample. The resulting concentration
of NBIA in PMMA was about 10-5 M.

Fluorescence spectra and intensity decays were measured on an automated la-
ser spectrometer described in detail elsewhere [39]. A TEA N2 laser was used for
excitation at 337.1 nm. Fluorescence was collected at different angles with respect
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to the normal to the surface of the sample within a solid angle of 0.09� sr. Fluores-
cence decays collected in 1000 time channels with 0.1 ns/channel were analyzed
using both the conventional one- to three-exponential nonlinear fitting method and
the decay time distribution analysis technique (see, e.g., [40, 41]). In the present
work the model-free analysis of fluorescence decay traces was carried out using a
regularized method proposed by Petrov [24, 42]. In the analysis, a fluorescence de-

cay is modeled by an exponential series ( ) ( )∑ =
−=

n

i ii tftI
1

exp   τ  with fixed decay

times 2i and varied pre-exponential factors fi. n = 100 exponential terms with decay
times logarithmically spaced within the interval 0.05…50.0 ns were included in the
analysis. In the present investigation, distributions of fluorescence decay times are
presented as plots of steady-state intensities fi 2i vs decay times 2i. Since no fluores-
cence build-up is expected in the system under investigation, fluorescence decay
time distributions were computed subject to nonnegative constraints.

3. Results and discussion

3.1. Experiments with dry opals

In the first set of experiments, we investigated fluorescence of Rhodamine 6G
(R6G) dye embedded in dry opal samples. Two opal samples were used in this in-
vestigation: one sample exhibited a stop band at ~550 nm, i.e. within the limits of
the R6G fluorescence spectrum, and another sample had a stop band located well to
the blue compared to the R6G spontaneous emission. The latter sample should not
affect the photon DOS within the spectral range of the dye fluorescence and there-
fore it is referred to as the “vacuum” sample. The spontaneous emission of R6G is
modified by the opal whose stop band overlaps the R6G spontaneous emission
spectrum, which manifests itself as a dip in the fluorescence spectrum of the dye
(Fig. 2). Since the stop band is angular-dependent, the position of the dip also de-
pends on the observation angle.

Fluorescence kinetics of R6G in the two opal samples was found to follow
closely the single-exponential decay law (Fig. 3). The fluorescence from the sample
whose stop band overlapped the dye emission (mean decay time =τ 4.9 ns) was
found to decay slower by a factor of ~1.5 than the fluorescence of R6G in the
“vacuum” sample ( =τ 3.3 ns). This can be attributed to the effect of the modified
photon DOS in the opal sample on the spontaneous emission rate. However, the
R6G dye is famous for its strongly overlapping absorption and fluorescence spectra.
This circumstance, especially at considerable concentrations of the dye, can result
in the multiple reabsorption and reemission of fluorescence, which leads to an in-
crease in the apparent fluorescence lifetime (see, e.g., [43]). Recall that the stop
bands in opals are due to the Bragg reflection of light from the periodically arranged
optical inhomogeneities. Therefore, the effective path length of fluorescence pho-
tons is larger in the sample whose stop band overlaps the dye fluorescence. This
leads to an increase in the probability of reabsorption of fluorescence photons by
unexcited dye molecules, and therefore is equivalent to an increase in the dye con-
centration in a homogeneous medium. It is therefore instructive to compare our re-
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sults with the results by Alfano et al. [44] who have observed an increase in the
fluorescence lifetime of R6G in ethanol from 3.1 ns at low concentrations
(� 10-5 M) to 4.8 ns at the concentration of 2.0·10-4 M. We should also mention that
different synthesis protocols were followed to produce opals with different positions
of optical stop bands, and thus the opal samples could have different properties of
the surface on the molecular scale. Therefore, different amounts of the dye could
have been adsorbed on the surface of silica globules in different opal samples.
Moreover, the state of the silica surface is known to affect substantially fluores-
cence lifetimes and quantum yields of dye molecules adsorbed [45], which also
cannot be ruled out in the case under consideration.
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Fig. 2    Fluorescence emission spectra of R6G dye molecules embedded in dry opal
samples. Panel (a): fluorescence spectra of R6G in opal sample with the stop band
overlapping the fluorescence band measured at different observation angles with respect
to the normal to the surface of the sample. Open squares show fluorescence spectrum of
the dye from the sample with the stop band located well to the blue from the fluorescence
band (“vacuum” spectrum). Panel (b): modified fluorescence emission spectra divided by
the “vacuum” spectrum.
Fig. 3.  Experimentally detected fluorescence decay kinetics of R6G dye molecules
embedded in dry opal samples band  (–�±� DQG IRU WKH VDPSOH ZLWK WKH VWRS EDQG ORFDWHG

outside the fluorescence emission band  (–|±�� DQG WKH DSSDUDWXV UHVSRQVH IXQFWLRQ RI WKH

fluorometer (- - -). Excitation wavelength 337.1 nm, emission wavelength 575 nm.
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Fig. 5.      (a) Fluorescence emission spectrum of NBIA solution in PMMA filling voids
in opal (–), and fluorescence emission (ÂÂÂ� DQG H[FLWDWLRQ �� - -) spectra of NBIA in a
free-standing PMMA film (impurity fluorescence subtracted). Fluorescence was excited
at 337.1 nm, and the excitation spectrum was detected at 500 nm. (b) Ratio of fluores-
cence intensities of the NBIA solution in PMMA in the opal sample and free-standing
film.
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Fig. 4.     Optical transmission spectrum of opal sample with interglobule voids filled with
poly(methyl methacrylate).
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Thus, in the experiments with R6G dye molecules embedded in dry opals, an
increase in the fluorescence lifetime of the dye in the sample whose photonic stop
band overlapped the fluorescence spectrum of R6G is attributed to a joint effect of
the modification of the photon DOS by the dielectric lattice and multiple reabsorp-
tion and reemission of fluorescence photons due to strongly overlapping absorption
and emission spectra of the dye.

3.2. Experiments with polymer-filled opals

To eliminate the effect of the multiple reabsorption and reemission of fluores-
cence photons on the fluorescence lifetime one should choose dye molecules with
the minimum overlap of fluorescence and absorption spectra. In addition, measures
should be undertaken to avoid uncontrollable interactions of dye molecules with the
silica surface. Therefore, one should use dye molecules with a substantial Stokes
loss which would be isolated from the silica surface. It has been found that the so-
lution of the NBIA dye in PMMA satisfies these criteria. The NBIA dye has a high
quantum yield and substantial Stokes loss in nonpolar solvents [46], and the PMMA
matrix isolates dye molecules from uncontrollable interactions with the silica and
provides an identical environment for dye molecules. In addition, the polymer pro-
vides a reasonably high dielectric contrast between the filler and silica globules: due
to the porous structure, silica globules have a refractive index of ~1.3 [33, 34],
whereas the refractive index of PMMA is 1.490.

Thus, a solid-state photonic crystal was fabricated by developing a 3D poly-
mer network filling voids between close-packed spherical globules with a lower
refractive index. Due to the fact that the globules form the fcc lattice, the volume
fraction of the high-refracting network is about 25%. Numerical simulations [47–
49] have shown that the network topology of the high-refractive material
constituting a photonic crystal is more favorable to the formation of gaps in the
photon DOS, and thus is more favorable to modification of the spontaneous
emission of species embedded in photonic crystals. Optical transmission
measurements show that the stop band formed in the polymer-filled opal manifests
itself as a dip in the optical transmission spectrum (Fig. 4) lying within the
fluorescence emission band of the NBIA band.

Fluorescence spectra of NBIA in a separately standing polymer film and
polymer network structure filling interconnected voids between globules constitut-
ing opal are presented in Fig. 5a along with the fluorescence excitation spectrum of
NBIA in PMMA. It is evident that the spontaneous emission is modified in poly-
mer-filled opal: a dip in the emission spectrum appears whose position is close to
that of the dip in the optical transmission spectrum of the polymer-filled opal sam-
ple. The ratio of emission intensities of the dye in systems with the modified (opal
sample) and “vacuum” (polymer film) photon densities of states is shown in
Fig. 5b.

Fluorescence kinetics of NBIA in the PMMA film and polymer-filled opal are
shown in Fig. 6. It has been found that the dye emission is contaminated by a rela-
tively short-lived (~1 ns lifetime) fluorescence coming from impurities in the
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polymer and silica, and therefore, the fluorescence decays should be analyzed care-
fully. The substantial difference between the dye and impurity fluorescence life-
times made it possible to extract information on the excited-state decay of the dye in
the samples. It should be noted that even a visual inspection of the fluorescence de-
cay traces shows that the fluorescence kinetics of the dye embedded in the photonic
crystal is more complex than the fluorescence kinetics of the reference polymer
film. Results of  a quantitative analysis of the fluorescence decay traces by the con-
ventional two- and three-exponential fitting and the decay time distribution tech-
nique are presented in Fig. 7 along with weighted residuals and their autocorrelation
functions [50] showing the goodness of fit by the decay time distribution model to
the experimental kinetics. The analysis shows that the excited-state decay of NBIA
is exponential in the reference polymer film (Fig. 7a), whereas both accelerated and
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Fig. 6.      Experimentally detected fluorescence decay kinetics of NBIA dye molecules in
the polymer-filled opal sample (–�±� DQG LQ WKH UHIHUHQFH SRO\PHU ILOP �±|±�� DQG WKH DSSa-
ratus response function of the fluorometer (- - -). Excitation wavelength 337.1 nm, emission
wavelength 510 nm.
Fig. 7.      Fluorescence decay time distributions of NBIA recovered from kinetics presented
in Fig. 5: (a) in a free-standing polymer film and (b) in polymer network filling voids in
opal. Results of (a) two- and (b) three-exponential analysis of the same kinetics are shown
by dashed lines. Insets show plots of weighted residuals (WR) and their autocorrelation
function (AC).



Modification  of  the  Spontaneous  Emission . . . 769

inhibited decay components have been found in the spontaneous emission kinetics
of dye molecules embedded in the polymer-filled opal (Fig. 7b).

This somewhat unexpected result gains a reasonable explanation in terms of a
redistribution of the photon DOS in the photonic crystal. According to the sum rule
for the spontaneous emission derived by Barnett and Loudon [51], any optically
inhomogeneous environment just redistributes  the spontaneous radiation power
over the spectrum and directions, which also applies to a photonic crystal. Indeed,
numerical simulations of the dipole emission in a photonic crystal [52] have shown
that the dipole radiative power undergoes a spectral and angular redistribution com-
pared to the free space and depends on the position and orientation of the emitter
with respect to an elementary crystal cell. In addition, one should take into account
the fact that the fluorescence spectrum of the dye used in the investigation is sub-
stantially wider than the photonic stop band. Theoretical investigations by
Mogilevtsev and Kilin [53] have shown that either acceleration or inhibition of the
spontaneous decay of a dye molecule with a wide fluorescence spectrum can be ob-
served in a photonic crystal with a band gap narrower than the spontaneous emis-
sion band, depending on the mutual spectral position of the band gap and the fluo-
rescence spectrum. In the system under investigation, the polymer-filled opal shows
an angular-dependent stop band, and since dye molecules embedded therein assume
random orientations, each molecule “senses” different photon density of states cor-
responding to its orientation and position with respect to the elementary crystal cell,
which explains the presence of both accelerated and inhibited components in the
spontaneous emission decay observed in the experiment.

Thus, two competitive processes of inhibition and acceleration of the sponta-
neous emission due to a redistribution of the photon density of states contribute to
the observed fluorescence kinetics of the NBIA dye embedded in an opal sample
filled with PMMA, which manifests itself as a nonexponential excited-state decay
of the dye.

4. Conclusions

In conclusion, we observed modification of the spontaneous emission of dye
molecules in artificial opals, which manifested itself as dips in fluorescence emis-
sion spectra and modification of the spontaneous decay laws.

The observation of the pure inhibition of the spontaneous emission is ex-
pected for narrow-band emitting species, e.g., rare-earth ions and semiconductor
nanocrystals, for which effects connected with the redistribution of the photon DOS
across the spontaneous emission band can be avoided. At the same time, spontane-
ous emission and absorption spectra of  photon DOS probes should have a mini-
mum overlap to avoid effects of multiple reabsorption and reemission of spontane-
ously emitted photons on the experimentally observed fluorescence decay time.
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