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Fluorescence lifetimes and linewidths of dye in photonic crystals

Mischa Megens, Judith E. G. J. Wijnhoven, Ad Lagendijk, and Willem L. Vos*
Van der Waals-Zeeman Instituut, Universiteit van Amsterdam, NL-1018 XE Amsterdam, The Netherlands†

~Received 30 November 1998!

We have measured spectrally resolved fluorescence lifetimes of dye incorporated in high-quality photonic
crystals, made of colloidal spheres. The emission spectrum shows a pronounced Bragg notch. In contrast, the
fluorescence lifetime does not depend on the interaction between light and the photonic crystal. The results are
explained with a simple model of an atom in a cavity. The effects of homogeneous and inhomogeneous
broadening of the emission spectrum of dye inside photonic crystals are discussed.@S1050-2947~99!03906-2#

PACS number~s!: 42.50.Ct, 42.70.Qs, 33.70.Ca, 33.50.Dq
tr
gt
tio
ll

ne
if-
io
is
o

s

-
av
-
n
c
n
o

re

o

s
th
d

id
i

n
s

ab
o
fe

nc
e

s-
ol-
ence
ol-
nt
life-
va-
uc-
ent
e

ces
ith
he-
nm

The
the
e-

ye
eres
h-
nts
or

on
s-
ize
be-
I. INTRODUCTION

Photonic crystals are three-dimensional periodic dielec
composites in which the refractive index varies on len
scales of the order of optical wavelengths. The propaga
of light in such photonic materials is analogous to the we
known wavelike propagation of electrons in a crystalli
structure@1#. The periodic structure gives rise to Bragg d
fraction, which is associated with stop gaps for propagat
in certain directions. In the direction of a stop gap light
excluded from the material. The situation is reminiscent
atoms or molecules in one-dimensional Fabry-Pe´rot cavities
@2–4#. A Fabry-Pe´rot cavity can modify the spontaneou
emission rate of atoms or molecules inside@2,4#. The main
difference between Fabry-Pe´rot cavities and photonic crys
tals is that photonic crystals act as three-dimensional c
ties. Ultimately, if light is very strongly coupled to a photo
nic crystal, a photonic band gap is expected, i.e., a freque
range for which no light can propagate in any direction. Su
a photonic band gap will lead to fundamental changes. O
of the most important consequences is that spontane
emission of excited atoms or molecules with a transition f
quency in the gap is inhibited@5#, which may serve as the
basis for lasers without threshold@6#.

Surprisingly, experimental studies of excited atoms
molecules in photonic crystals are scarce@7,8#, and impor-
tant aspects of spontaneous emission have not been
dressed, i.e., the spectral width of stop gaps or band gap
compared to the emission linewidth and the mechanism
is responsible for this linewidth. The relevance of line broa
ening becomes clear if one considers the emission linew
of atoms or molecules in a photonic band gap crystal
relation to the width of the gap. The linewidths of importa
systems such as efficiently radiating dyes or photolumine
ing semiconductors are generally very large, i.e., compar
to the width of the gap, which justifies the question
whether a photonic gap will ever cause any observable ef
on the radiative lifetime at all@9#. We will argue below,
however, that under specific conditions a wide luminesce
spectrum is actually an advantage rather than an obstacl
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observing radiative lifetime changes.
In this paper, we experimentally investigate the fluore

cence lifetime of dye in photonic crystals consisting of c
loidal spheres. We have studied the wavelength depend
of the lifetimes, for dye in spheres in crystals and in a c
loidal liquid. The emission spectra for crystals with differe
densities are very different, whereas the fluorescence
times are equal within experimental accuracy. This obser
tion indicates that the influence of the photonic band str
ture on lifetimes in these crystals is small. The appar
lifetimes in the colloidal liquid are slightly longer than in th
crystals due to extra optical path length.

II. EXPERIMENT

To experimentally realize spontaneously emitting sour
inside photonic crystals, we dope colloidal particles w
fluorescent dye. The structure of the crystals is drawn sc
matically in Fig. 1. We have synthesized spheres of 121
radius and a size variation of only 1.5%@10#. The dye is
homogeneously distributed in a layer inside the spheres.
density of rhodamine isothiocyanate dye molecules in
layer was intentionally kept below 0.5 mmol/l to avoid r
absorption and nonradiative transfer@11#. The low density of
dye has a negligible effect on the refractive index. The d
molecules are covalently attached to the silica in the sph
and covered by a 50 nm thick layer of silica, to avoid was
ing out by the suspending liquid. This arrangement preve
unwanted chemical interactions of the dye with the liquid

ic
FIG. 1. Schematic drawing of the structure of the colloidal cry

tals and of one individual colloidal sphere. The arrows symbol
fluorescent light, with wavelengths of the order of the distance
tween lattice planes. Note that all the spheres are dyed.
4727 ©1999 The American Physical Society
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4728 PRA 59MEGENS, WIJNHOVEN, LAGENDIJK, AND VOS
with particle surfaces@12#. The silica spheres~refractive in-
dex n51.45) are suspended in water (n51.33). From the
resulting colloidal suspension we grow large, highly orde
fcc crystals with the~111! planes parallel to the walls, a
revealed by our synchrotron small-angle x-ray diffracti
studies@13#. The spacing of the crystal planes varies w
height in the sample due to gravity. The spacing ranges f
206 to 221 nm, which corresponds to a density range
53–65 vol %. Higher up in the sample, the less dense co
dal liquid phase coexists. The samples are contained in
flat glass capillaries of 3 mm width and 0.3 mm intern
path length. The capillaries were mounted on a rotation st
to orient the crystals with the surface normal pointing to
detector. Fluorescence spectra were obtained by exciting
dye in the sample with less than 1 mW of power from a
argon ion laser operating at a wavelength of 488 nm;
spectra were collected with a prism spectrometer, equip
with a photomultiplier. The spectrometer has a resolv
power of 1 nm. We verified that the laser did not dama
the dye in the sample by measuring the fluorescence inten
as a function of time. Fluorescence lifetimes were obtain
using a time-correlated single photon counting techniq
@14#. For the lifetime measurements, the dye is excited a
wavelength of around 320 nm by a cavity-dumped Kit
Red dye laser, synchronously pumped by a frequen
doubled pulse-compressed mode-locked Spectra Phy
Nd31:YAG laser ~YAG denotes yttrium aluminum garnet!.
With this setup we achieve a time resolution of 55 ps.

III. RESULTS

We have obtained fluorescence spectra of dye in m
different photonic crystals. A typical example is shown
Fig. 2 and compared to the spectrum of dye in a colloi
liquid. The photonic crystal changes the fluorescence sp
trum of the dye considerably: the spectrum acquires a p
nounced stop gap. The stop gap is caused by the~111! crys-
tal planes. The crystal planes act as Bragg mirrors for
fluorescence of the internal sources, preventing part of
light from leaving the crystal. At fixed wavelength, the ass
ciated angular variations in intensity consist of cones
rected about the normal of the lattice planes. Such cones
familiar from x-ray fluorescence, where they are referred
as Kossel lines@15#. However, there is an important differ
ence between stop gaps for sources inside, such as K

FIG. 2. Fluorescence spectrum of dye in a colloidal crys
~solid curve! and in a colloidal liquid~dotted curve, offset!.
d
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lines or Bragg mirrors, and stop gaps for external sourc
the attenuation in the stop gap for internal sources is st
ingly reduced compared to transmission of light from outs
@16#. It turns out that the attenuation in the stop gap is
simple, unambiguous criterion for the attainment of a pho
nic band gap@16#. The appearance of a stop gap in the d
spectrum suggests that the photonic band structure m
also affect the radiative lifetime of the dye.

Figure 3 shows two typical time-resolved fluorescen
traces, one of dye in a colloidal crystal and one of dye in
colloidal liquid, measured at a wavelength of 577 nm, cor
sponding to the crystal’s stop gap. The measured fluo
cence intensities extend over three full decades. The fluo
cence decay is very close to single exponential, wh
indicates that unwanted nonradiative effects are effectiv
reduced by the low dye concentration and the protec
cover layer @11#. From the fluorescence decay curves w
have obtained lifetimes by calculating the average time
which a photon is detected. The lifetimes for the curves
Fig. 3 are both 3.5 ns, i.e., there is no large difference
lifetime for a crystal and a colloidal liquid. Figure 4 show
fluorescence lifetimes as a function of wavelength in the d

l FIG. 3. Time-resolved fluorescence of dye inside a photo
colloidal crystal of 65 vol %~solid curve! and in a colloidal liquid
~dotted curve, offset by a factor of 2!, at 577 nm wavelength. The
mean lifetimes of 3.5460.02 ns are indicated by straight lines.

FIG. 4. Excited state lifetime of dye inside photonic crysta
~open and solid circles, densities of 65 and 53 vol %, respectiv!
and in a colloidal liquid~triangles!, at various wavelengths in the
dye spectrum. The solid circles are an average of two meas
ments, indicated by error bars. The dotted curves are a guid
the eye.
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spectrum, for two photonic crystals with different densitie
and for a colloidal liquid. We will discuss fluorescence lif
times in the crystals first, later on we will come back to t
colloidal liquid. The densities of the crystals that we ha
used were 65 and 53 vol %. Due to the density difference
center wavelength of the stop gaps of the crystals differ:
the low-density crystal the stop gap is at 61769 nm, whereas
for the high-density crystal it is at 58262 nm. Since the stop
gap wavelengths of the two crystals differ, the densities
optical modes of the two crystals should also display diff
ent wavelength dependencies. This difference should bec
visible in the measured lifetimes. However, the measu
lifetimes in these crystals do not show a significant wa
length dependence. The variations in lifetime are on the
der of only 0.05 ns, or 2%. This observation shows that
influence of the photonic band structure on lifetime in the
crystals is surprisingly small, considering the large chan
in the spectra. Below we will resolve this seeming parad

IV. DISCUSSION

We can interpret the variation in lifetimes by compari
this variation to the width of the stop gaps of the crystals
simple model connects the lifetimes to the width of the s
gaps, and it explains why the photonic crystals under st
have only a small influence on lifetimes. In the direction o
stop gap, light cannot be emitted since the zero point fl
tuations are expelled from the photonic crystal by repea
reflection from the lattice planes. Since our crystals do
have a photonic band gap, light at a specific wavelengt
reflected only for certain directions, in the other directio
the emission persists. We expect that the relative chang
radiative lifetime of the fluorescent molecules is of the ord
of the solid angleV subtended by the Bragg reflection
compared to the full 4p solid angle which is available in th
absence of a crystal. For atoms in a Fabry-Pe´rot interferom-
eter the results of this approach are in excellent agreem
with the experiments of Heinzenet al. @2#. The lifetime
change for a stop gap at a specific frequency is

Dt

t
5

V

4p
54323

2p~cosu22cosu1!

4p
. ~1!

Here, u2 and u1 are the inner and outer half apex angl
of the Kossel cone. The factor of 4 is included because th
are four pairs of$111% planes, the factor of 2 accounts for th
two sides of the planes. The change in lifetime depends
the emission frequencies of the fluorescent molecules via
anglesu1 andu2 . To estimateu1 andu2 we have calcu-
lated the stop gap width using an extended version of c
ventional dynamical diffraction theory@15#. We have ex-
tended the theory to incorporate reflection at angles clos
backscattering, and we have refrained from the custom
approximation that the Kossel line occurs close to the c
ventional Bragg reflection. We consider here only polari
tion perpendicular to the scattering plane; this polarizat
gives the largest stop gaps. We will express the result
terms of the photonic strength parameterC @17#. It appears
that the solid angle contained in a stop gap is largest w
the full Kossel cone has just come into view close to norm
incidence on a set of planes, i.e., whenu250. This situation
,
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occurs when the frequency of the light is at the top of t
stop gap for normal incidence. The Kossel cone then exte
to u1 , which is determined by

tanu15A2C
11C

12C
'A2C. ~2!

The resulting change in lifetime is

Dt

t
54S 12

1

A112C~11C!/~12C!
D '4C, ~3!

where the factor of 4 is due to the four pairs of$111% planes.
The relative change in lifetime is directly related to the re
tive width of the stop gap in the spectrum. The relative sp
tral width Dv/v of the stop gap for transmission normal
the crystal planes is

Dv

v
5A11C2A12C'C. ~4!

We can obtain this width from, e.g., the fluorescence sp
trum in Fig. 2. However, one should realize that the width
the stop gap in the fluorescence spectrum is not exclusi
caused by the photonic band structure. The stop gap ma
broadened by structural defects@15,18#. Indeed the stop gap
in fluorescence spectra is usually wider than the peak in
flection spectra. The widths of observed reflection pe
agree well with theoretical calculations@18#. For our esti-
mate of the lifetime change@Eq. ~1!# we have used a stop ga
width of 2%, which corresponds to a change in radiat
lifetime of only 0.3 ns. The estimated radiative lifetim
change provides an upper bound for changes in fluoresc
lifetimes. This upper bound is consistent with the measu
variations int of the crystals in Fig. 4. Apparently a larg
change in fluorescence spectrum can coincide with an o
minor change in fluorescence lifetime, which resolves
paradox mentioned above.

The observed small change in lifetime contrasts with e
lier results. Martorell and Lawandy@7# found a change in
lifetime by a factor 1.8 for their crystals of polystyren
spheres in water with rhodamine dye dissolved in the liqu
It has been suggested that their large change in lifetime is
caused by photonic band structure but by other factors s
as chemical interactions and adsorption of the dye on
sphere surfaces@12#. To avoid such effects, we have car
fully synthesized spheres in which the dye is incorpora
and shielded inside, see Fig. 1. Petrovet al. @8# have mea-
sured fluorescence of dye in a polymer-filled opal. The de
curves were fitted with a distribution of lifetimes, in whic
the short lifetimes were about half as long as the long li
times. The nonexponential decay was attributed to a mo
fied density of optical modes while chemical or nonradiat
effects were not considered. The fluorescence lifetimes w
not spectrally resolved to demonstrate the variation in d
sity of optical modes with wavelength. In both of the prev
ous studies, the widths of the stop gaps of the samples ar
same as the width of the stop gaps of our crystals, hence
change of the radiative lifetimes should in all cases be si
lar to the data in Figs. 3 and 4.
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4730 PRA 59MEGENS, WIJNHOVEN, LAGENDIJK, AND VOS
We will now discuss the lifetimes that we measured in
colloidal liquid. We find that in the colloidal liquid, the fluo
rescence lifetimes are generally slightly longer than in
photonic crystals. This increase in lifetime is probably a
sult of random multiple scattering rather than the photo
band structure. Random multiple scattering can consider
increase the path length from dye to detector. If the lig
propagates diffusively through the sample, then the lengt
the traversed paths is proportional to the square of the di
placementd, s/ l 5(d/ l )2, wherel is the mean free path. Th
mean free pathl in the sample can be estimated from the M
scattering cross sections of the spheres and the densityn,
l 5(ns)2151062 mm. For displacementsd of the order of
the sample thickness, 0.3 mm, the resulting path lengths is
8.8 mm. Such a path length corresponds to a delay
0.04 ns, of the order of the observed difference in lifetim
between the crystals and the colloidal liquid.

Apart from the small systematic difference in lifetime
between the photonic crystals and the colloidal liquid, it a
pears that all the measured lifetimes show a common tren
their wavelength dependence. The excited state lifetimt
that we have measured corresponds to a transition ratet
which is a sum of both radiative and nonradiative transit
rates, 1/t51/t rad1nnonrad. The radiative decay rate can b
calculated with Fermi’s golden rule using the density of o
tical modes. It is through this density of modes that
strongly photonic crystal may influence the excited state l
time. Even without photonic crystal the density of modes h
a pronounced frequency dependence. In vacuum, the de
of modes per unit volumervac5v2/(p2c3) @19#. The transi-
tion dipole matrix element in Fermi’s golden rule contribut
yet another factorv to the transition rate@19#, hence we have
plotted a cubic function in Fig. 4 for comparison. The fr
quency dependence of the radiative transition rate expl
why the lifetime is shorter at short wavelengths, but the l
is clearly much too steep compared to the data. The leve
of the slope may be due to nonradiative decay. Nonradia
decay is expected to become faster towards lower frequ
cies@20#, hence the slope of the lifetimest in Fig. 4 is not as
steep as the cubic curve. The curve is still sloping upw
because the variation in density of statesrvac dominates the
nonradiative decay, since quantum efficiencies of dyes
high @21#.

Finally we want to point out that the phenomenon of li
broadening is pertinent to the determination of the density
hy
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modes via fluorescence lifetime measurements. There
two kinds of line broadening, each with a different effect
lifetimes. The two contributions to the total width of th
spectrum are called homogeneous linewidth and inhomo
neous linewidth@19,22#. The homogeneous linewidth is th
width of the spectrum of individual atoms or molecules. Th
width can be measured by techniques like spectral hole b
ing or photon echo@22#. The homogeneous linewidth can b
much larger than the natural linewidth due to interactio
with the environment, i.e., dephasing. The inhomogene
linewidth corresponds to the variation in center frequenc
of the atoms or molecules. Due to this variation, the to
spectral width of an ensemble of molecules is larger than
linewidth of an individual molecule. Measured fluorescen
lifetimes are inherently an average over a wavelength reg
corresponding to the spectrum of individual molecules, i
over the homogeneous linewidths@22#. Thus, to avoid aver-
aging out any changes in lifetime due to photonic band str
ture, it is desirable to have a homogeneous linewidth sma
than the width of peaks and valleys in the density of mod
However, one would also like to have a wide fluorescen
spectrum so the photonic band structure can be probe
various frequencies. These two requirements may seem
tradictory at first, but both conditions are satisfied at once
one uses a system with an inhomogeneously broade
emission spectrum, i.e., if one uses an ensemble of molec
with different center frequencies. Each molecule will pro
the density of optical modes within its own narrow homog
neous linewidth; the ensemble of molecules will reveal
density of optical modes over the whole wide inhomog
neously broadened emission spectrum. Organic fluores
dyes are especially suited as probes of the optical den
because of their large inhomogeneous broadening. The
mogeneous linewidth of the dye can be reduced by lower
the temperature@22#. Reducing the linewidth is profitable
since it increases the wavelength resolution when measu
the density of optical modes. Lowering the temperature a
reduces the nonradiative decay rate advantageously@20#.
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@9# A. Blanco, C. López, R. Mayoral, H. Miguez, F. Meseguer, A
Mifsud, and J. Herrero, Appl. Phys. Lett.73, 1781~1998!.

@10# A. van Blaaderen and A. Vrij, Langmuir8, 2921~1992!.
@11# A. Imhof, M. Megens, M. Engelberts, D. T. N. de Lang, R

Sprik, and W. L. Vos, J. Phys. Chem. B103, 1408~1999!.
@12# P. K. John, Y.-t. Zhu, Y. S. Liu, S. K. Wong, and W. R. War

J. Opt. Soc. Am. B10, 356 ~1993!; N. M. Lawandy,ibid. 10,



.

.

J

f

L.

-

,

PRA 59 4731FLUORESCENCE LIFETIMES AND LINEWIDTHS OF . . .
2144~1993!; M. Tomita, K. Ohosumi, and H. Ikari, Phys. Rev
B 50, 10 369~1994!.

@13# M. Megens, C. M. van Kats, P. Bo¨secke, and W. L. Vos, J
Appl. Crystallogr.30, 637 ~1997!; Langmuir13, 6120~1997!;
W. L. Vos, M. Megens, C. M. van Kats, and P. Bo¨secke,ibid.
13, 6004~1997!.

@14# M. Megens, R. Sprik, G. H. Wegdam, and A. Lagendijk,
Chem. Phys.107, 493 ~1997!.

@15# R. W. James,The Optical Principles of the Diffraction o
X-rays ~Ox Bow Press, Woodbridge, 1962!.

@16# M. Megens, J. E. G. J. Wijnhoven, A. Lagendijk, and W.
Vos ~unpublished!.

@17# W. L. Vos, R. Sprik, A. van Blaaderen, A. Imhof, A. La
.

gendijk, and G. H. Wegdam, Phys. Rev. B53, 16 231~1996!;
in Photonic Band Gap Materials~Ref. @1#!, p. 107.

@18# W. L. Vos, J. E. G. J. Wijnhoven, and M. Megens,Conference
on Lasers and Electro Optics~IEEE/LEOS, Piscataway, 1998!,
p. 361.

@19# R. Loudon,The Quantum Theory of Light~Clarendon Press
Oxford, 1983!.

@20# Organic Molecular Photophysics, edited by J. B. Birks~Wiley,
London, 1973!.

@21# F. J. Duarte and L. W. Hillman,Dye Laser Principles~Aca-
demic Press, San Diego, 1990!.

@22# M. D. Levenson and S. S. Kano,Introduction to Nonlinear
Laser Spectroscopy~Academic Press, San Diego, 1991!.


