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6 
Fluorescence lifetimes and linewidths 

of dye in photonic crystals 

6.1 Introduction 

One of the most important consequences of photonic band structures is that sponta
neous emission of excited atoms or molecules can be inhibited.' Surprisingly, ex
perimental studies of excited atoms or molecules in photonic crystals are scarce,2'3 

and important aspects of spontaneous emission have not been addressed, i.e. the 
spectral width of stop gaps or band gaps as compared to the emission linewidth and 
the mechanism that is responsible for this linewidth. The relevance of line broad
ening becomes clear if one considers the emission linewidth of atoms or molecules 
in a photonic band gap crystal in relation to the width of the gap. The linewidths 
of important systems such as efficiently radiating dyes or luminescing semiconduc
tors are generally very large, i.e. comparable to the width of a gap,4 which justifies 
the question of whether a photonic gap will ever cause any observable effect on the 
radiative lifetime at all. On the other hand, even weakly photonic crystals change 
the emission spectrum of embedded atoms or molecules considerably: the spec
trum acquires a pronounced stop gap. The appearance of a stop gap in the emis
sion spectrum suggests that the photonic band structure might also affect the radia
tive lifetime. To determine the influence of the photonic band structure on radia
tive lifetimes, we have experimentally investigated the excited state lifetime and its 
wavelength dependence for molecules in photonic crystals and in a non-crystalline 
reference sample. 

6.2 Experiment 

To experimentally realize spontaneously emitting sources inside photonic crystals, 
we used the dye-doped silica spheres described in chapter 4. Fluorescence lifetimes 
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of the dye in the crystals were obtained using a time-correlated single photon count
ing technique.5 The dye is excited in the UV at a wavelength of around 320 nm by 
the second harmonic of a cavity-dumped dye laser that uses Kiton Red as the active 
medium. The dye laser is synchroneously pumped by a mode-locked Nd3+:YAG 
laser. The UV excitation beam of < 1 ps pulses is focused onto the back of the 
sample, i.e. onto the side of the sample away from the detector. The power was 
always lower than 1 uW. The diameter of the beam is less than 0.5 mm at the sam
ple position. A lens images the fluorescence on the entrance slit of a Carl-Leiss 
prism monochromator. The spectrometer slits were set at 1 mm, which results in 
a resolving power of ~ 15 nm. A Hamamatsu R3809U Micro Channel Plate de
tector (MCP) detects the fluorescence. At a cavity dump rate of 40 kHz, the count 
rate on the MCP was at most a few kcounts/s. The MCP signal is amplified and 
fed to a constant fraction discriminator and time to amplitude converter (TAC). A 
photodiode monitors the incident beam for triggering the TAC. The time difference 
between the MCP signal and the excitation pulse is recorded by a multi-channel 
analyzer. With this setup we achieve a time resolution of around 55 ps (FWHM of 
scattered red light from the dye laser). 

The resulting time-resolved fluorescence data are plotted as histograms. We 
have adjusted the widths of the histogram bins to maintain a good signal to noise 
ratio at long times, exploiting the fact that decay curves are monotonously decreas
ing functions of time. This monotonous decrease suggests to use bins so wide that 
the random error in the bin heights is comparable to the difference between heights 
of consecutive bins. For the Poisson distributed noise of a single photon count
ing experiment, and a single-exponential decay curve with characteristic time x, 
the criterion leads to a straightforward recipe for the histogram bin width A at time 
t, specifically (A/x)3 = 2/[Nexp(—t/x)], where N is the total number of counts. 
We find it expedient to plot exponential data in this way since such a presentation 
emphasizes the information in the data since it averages out the noise; it is straight
forward to apply, and it has a clear basis. 

6.3 Results 

Figure 6.1 shows two typical time-resolved fluorescence traces, one of dye in a 
colloidal crystal and one of dye in a colloidal liquid, measured at a wavelength of 
577 nm, corresponding to the crystal's stop gap. The measured fluorescence in
tensities extend over three full decades. The fluorescence decay is very close to 
single exponential, which indicates that unwanted nonradiative effects are effec
tively reduced by the low dye concentration and the protective cover layer. From 
the fluorescence decay curves we have obtained lifetimes by calculating the aver-
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Figure 6.1 Time-resolved fluorescence of dye inside a photonic colloidal crystal 
of '65 vol% (—) and in a colloidal liquid (• • -, offset by a factor of 2), at 577 nm 
wavelength. The mean lifetimes of 3.54 ± 0.02 ns are indicated by straight lines. 
The narrow spike is the instrument response. 

age time at which a photon is detected. The lifetimes for the curves in Fig. 6.1 are 
both 3.5 ns, i.e. there is no large difference in lifetime for a crystal and a colloidal 
liquid. Fig. 6.2 shows fluorescence lifetimes as a function of wavelength in the dye 
spectrum, for two photonic crystals with different densities, and for a colloidal liq
uid. The emission spectrum of one of the crystals is included in the same figure for 
reference. We will discuss fluorescence lifetimes in the crystals first, later on we 
will come back to the colloidal liquid. The densities of the crystals that we have 
used were 65 and 53 vol%. Due to the density difference the center wavelength 
of the stop gaps of the crystals differ: for the low density crystal the stop gap is 
at 617 ± 9 nm, whereas for the high density crystal it is at 582 ± 2 nm. Since the 
stop gap wavelengths of the two crystals differ, the densities of optical modes of 
the two crystals should also display different wavelength dependencies. This dif
ference should become visible in the measured lifetimes. However, the measured 
lifetimes in these crystals do not show a significant wavelength dependence. The 
variations in lifetime are on the order of only 0.05 ns, or 2%. This observation 
shows that the influence of the photonic band structure on lifetime in these crys
tals is surprisingly small, considering the large changes in the spectra. Below we 
will resolve this seeming paradox. 
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Figure 6.2 (a) Excited state lifetime of dye inside photonic crystals with densities 
of'65 vol% (o) and 53 vol% (•), and in a colloidal liquid (A), at various wave
lengths in the dye spectrum. The solid circles are an average of two measurements, 
indicated by error bars. The dotted curves are guides to the eye. The emission spec
trum of the more dense (65 vol%) sample is shown in (b)for comparison. The open 
circles indicate wavelengths at which lifetime measurements were performed. 

6.4 Discussion 

We can interpret the variation in lifetimes by comparing this variation to the width 
of the stop gaps of the crystals. A simple model connects the lifetimes to the width 
of the stop gaps, and it explains why the photonic crystals under study have only 
a small influence on lifetimes. In the direction of a stop gap, light cannot be emit
ted since the zero point fluctuations are expelled from the photonic crystal by re
peated reflection from the lattice planes. Since our crystals do not have a photonic 
band gap, light at a specific wavelength is reflected only for certain directions, in 
the other directions the emission persists. We expect that the relative change in 
radiative lifetime of the fluorescent molecules is of the order of the solid angle Q 
subtended by the Bragg reflections, compared to the full 4rc solid angle which is 
available in the absence of a crystal. For atoms in a Fabry-Pérot interferometer the 
results of this approach are in excellent agreement with the experiments of Heinzen 
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et al..6 The lifetime change for a stop gap at a specific frequency is 

Ax Q. 27t(cos9_ — cos 9+) 

Here, 9_ and 9+ are the inner and outer half apex angles of the Kossel cone. The 
factor of 4 is included because there are four pairs of {111} planes, the factor of 
2 accounts for the two sides of the planes. The change in lifetime depends on the 
emission frequencies of the fluorescent molecules via the angles 9+ and 9_. To es
timate 9+ and 9_ we have calculated the stop gap width using an extended version 
of conventional dynamical diffraction theory.7 We have extended the theory to in
corporate reflection at angles close to backscattering, and we have refrained from 
the customary approximation that the Kossel line occurs close to the conventional 
Bragg reflection. We consider here only polarization perpendicular to the scatter
ing plane; this polarization gives the largest stop gaps. We will express the results 
in terms of the photonic strength parameter ^ 8 It appears that the solid angle con
tained in a stop gap is largest when the full Kossel cone has just come into view 
close to normal incidence on a set of planes, i.e. when 9_ = 0. This situation occurs 
when the frequency of the light is at the top of the stop gap for normal incidence. 
The Kossel cone then extends to 9+, which is determined by 

tan 9+ = ^2¥J±^ « s/W. (6.2) 

The resulting change in lifetime is 

— = 4 x ( 1 - /
 ] ) « 4T, (6.3) 

t V v/l+24'(l+4')/(l-xF)y 
where the factor of 4 is due to the four pairs of {111} planes. The relative change in 
lifetime is directly related to the relative width of the stop gap in the spectrum. The 
relative spectral width Aco/co of the stop gap for transmission normal to the crystal 
planes is 

— = v / l + x F - v / l - v P ~ v F . (6.4) 
co 

We can obtain this width from e.g. the fluorescence spectrum in the previous chap
ter. However one should realize that the width of the stop gap in the fluorescence 
spectrum is not exclusively caused by the photonic band structure. The stop gap 
may be broadened by structural defects.7'9 Indeed the stop gap in fluorescence spec
tra is usually wider than the peak in reflection spectra. The widths of observed re
flection peaks agree well with theoretical calculations.9 For our estimate of the life
time change (Eq. 6.1) we have used a stop gap width of 2%, which corresponds to a 
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change in radiative lifetime of only 0.3 ns. The estimated radiative lifetime change 
provides an upper bound for changes in fluorescence lifetimes. This upper bound is 
consistent with the measured variations in x of the crystals in Fig. 6.2. Apparently 
a large change in fluorescence spectrum can coincide with an only minor change in 
fluorescence lifetime, which resolves the paradox mentioned in the introduction. 

The observed small change in lifetime contrasts with earlier results. Martorell 
and Lawandy2 found a change in lifetime by a factor 1.8 for their crystals of poly
styrene spheres in water with rhodamine dye dissolved in the liquid. It has been 
suggested that their large change in lifetime is not caused by photonic band struc
ture but by other factors such as chemical interactions and adsorption of the dye on 
the sphere surfaces.10 To avoid such effects, we have carefully synthesized spheres 
in which the dye is incorporated and shielded inside. Petrov et al? have measured 
fluorescence of dye in a polymer-filled opal. The decay curves were fitted with a 
distribution of lifetimes, in which the short lifetimes were about half as long as 
the long lifetimes. The nonexponential decay was attributed to a modified den
sity of optical modes while chemical or nonradiative effects were not considered. 
The fluorescence lifetimes were not spectrally resolved to demonstrate the varia
tion in density of optical modes with wavelength. Surprisingly, life time changes 
were noted for wavelengths at the low frequency side of the stop gap, where 9+ = 0 
and Eq. 6.1 predicts no lifetime change. In both of the previous studies, the widths 
of the stop gaps of the samples are the same as the width of the stop gaps of our 
crystals, hence the change of the radiative lifetimes should in all cases be similar 
to the data in Figs. 6.1 and 6.2. 

We will now discuss the lifetimes that we measured in a colloidal liquid. We 
find that in the colloidal liquid, the fluorescence lifetimes are generally slightly 
longer than in the photonic crystals. This increase in lifetime is probably a result 
of random multiple scattering rather than the photonic band structure. Random 
multiple scattering can considerably increase the path length from dye to detec
tor. If the light propagates diffusively through the sample, then the length of the 
traversed path s is proportional to the square of the displacement d. In three di
mensions s/l = 3(d/l)2, where / is the mean free path. The mean free path / in 
the sample can be estimated from the Mie scattering cross section a of the spheres 
and the density n, I = {na)~] = 10 ± 2 um. For displacements d of the order of 
the sample thickness, 0.3 mm, the resulting path length s is 30 mm. Such a path 
length corresponds to a delay of 0.09 ns, of the order of the observed difference in 
lifetimes between the crystals and the colloidal liquid. 

Apart from the small systematic difference in lifetimes between the photonic 
crystals and the colloidal liquid, it appears that all the measured lifetimes in Fig. 6.2 
show a common trend in their wavelength dependence. The excited state lifetime x 
that we have measured corresponds to a transition rate 1 /x which is a sum of both ra-
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diative and nonradiative transition rates, 1 /x = 1 /xracj + «nonrad• The radiative decay 
rate can be calculated with Fermi's Golden Rule using the density of optical modes. 
It is through this density of modes that a strongly photonic crystal may influence 
the excited state lifetime. Even without photonic crystal the density of modes has a 
pronounced frequency dependence. In vacuum, the density of modes per unit vol
ume pvac = co2/(7rc3)." The transition dipole matrix element in Fermi's Golden 
Rule contributes yet another factor œ to the transition rate, ' ' hence we have plotted 
a cubic function in Fig. 6.2 for comparison. The frequency dependence of the ra
diative transition rate explains why the lifetime is shorter at short wavelengths, but 
the line is clearly much too steep compared to the data. The leveling of the slope 
may be due to nonradiative decay. Nonradiative decay is expected to become faster 
towards lower frequencies,12 hence the slope of the lifetimes x in Fig. 6.2 is not as 
steep as the cubic curve. The curve is still sloping upward because the variation in 
density of states pvac dominates the nonradiative decay, since quantum efficiencies 
of dyes are high.13 

Finally we want to point out that the phenomenon of line broadening is per
tinent to the determination of the density of modes via fluorescence lifetime mea
surements. There are two kinds of line broadening, each with a different effect on 
lifetimes. The two contributions to the total width of the spectrum are called homo
geneous linewidth and inhomogeneous linewidth.1 '-14 The homogeneous linewidth 
is the width of the spectrum of individual atoms or molecules. This width can be 
measured by techniques like spectral hole burning or photon echo.14 The homo
geneous linewidth can be much larger than the natural linewidth due to interac
tions with the environment, i.e. dephasing. The inhomogeneous linewidth corre
sponds to the variation in center frequencies of the atoms or molecules. Due to 
this variation, the total spectral width of an ensemble of molecules is larger than 
the linewidth of an individual molecule. Measured fluorescence lifetimes are in
herently an average over a wavelength region corresponding to the spectrum of in
dividual molecules, i.e. over the homogeneous linewidths. Thus, to avoid aver
aging out any changes in lifetime due to photonic band structure, it is desirable to 
have a homogeneous linewidth smaller than the width of peaks and valleys in the 
density of modes. However one would also like to have a wide fluorescence spec
trum so the photonic band structure can be probed at various frequencies. These 
two requirements may seem contradictory at first, but both conditions are satisfied 
at once if one uses a system with an inhomogeneously broadened emission spec
trum, i.e. if one uses an ensemble of molecules with different center frequencies. 
Each molecule will probe the density of optical modes within its own narrow ho
mogeneous linewidth; the ensemble of molecules will reveal the density of optical 
modes over the whole wide inhomogeneously broadened emission spectrum. Or
ganic fluorescent dyes are especially suited as probes of the optical density because 
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of their large inhomogeneous broadening. The homogeneous linewidth of the dye 
can be reduced by lowering the temperature.14 Reducing the linewidth is profitable 
since it increases the wavelength resolution when measuring the density of optical 
modes. Lowering the temperature also reduces the nonradiative decay rate advan
tageously.12 
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