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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 disd&ke60-294{0©9)03906-2

PACS numbg(s): 42.50.Ct, 42.70.Qs, 33.70.Ca, 33.50.Dq

[. INTRODUCTION observing radiative lifetime changes.
In this paper, we experimentally investigate the fluores-

Photonic crystals are three-dimensional periodic dielectricence lifetime of dye in photonic crystals consisting of col-
composites in which the refractive index varies on lengthloidal spheres. We have studied the wavelength dependence
scales of the order of optical wavelengths. The propagatioff the lifetimes, for dye in spheres in crystals and in a col-
of light in such photonic materials is analogous to the well-loidal liquid. The emission spectra for crystals with different
known wavelike propagation of electrons in a crystallinedensities are very different, whereas the fluorescence life-
structure[1]. The periodic structure gives rise to Bragg dif- times are equal within experimental accuracy. This observa-
fraction, which is associated with stop gaps for propagatioriion indicates that the influence of the photonic band struc-
in certain directions. In the direction of a stop gap light isture on lifetimes in these crystals is small. The apparent
excluded from the material. The situation is reminiscent oflifetimes in the colloidal liquid are slightly longer than in the
atoms or molecules in one-dimensional FabryePeavities ~ Crystals due to extra optical path length.
[2-4]. A Fabry-Peot cavity can modify the spontaneous
emission rate of atoms or molecules ins[@4]. The main Il. EXPERIMENT
difference between Fabry-Re cavities and photonic crys-
tals is that photonic crystals act as three-dimensional cavi- To experimentally realize spontaneously emitting sources
ties. Ultimately, if light is very strongly coupled to a photo- inside photonic crystals, we dope colloidal particles with
nic crystal, a photonic band gap is expected, i.e., a frequencdjuorescent dye. The structure of the crystals is drawn sche-
range for which no light can propagate in any direction. Suctinatically in Fig. 1. We have synthesized spheres of 121 nm
a photonic band gap will lead to fundamental changes. Ong&adius and a size variation of only 1.5p40]. The dye is
of the most important consequences is that spontaneod®mogeneously distributed in a layer inside the spheres. The
emission of excited atoms or molecules with a transition fre-density of rhodamine isothiocyanate dye molecules in the
quency in the gap is inhibitef5], which may serve as the layer was intentionally kept below 0.5 mmol/I to avoid re-
basis for lasers without thresholé]. absorption and nonradiative transféd]. The low density of

Surprisingly, experimental studies of excited atoms ordye has a negligible effect on the refractive index. The dye
molecules in photonic crystals are scaf@e8], and impor- molecules are covalently attached to the silica in the spheres
tant aspects of spontaneous emission have not been a@nd covered by a 50 nm thick layer of silica, to avoid wash-
dressed, i.e., the spectral width of stop gaps or band gaps &g out by the suspending liquid. This arrangement prevents
compared to the emission linewidth and the mechanism thatnwanted chemical interactions of the dye with the liquid or
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 OO0 O
relation to the width of the gap. The linewidths of important
systems such as efficiently radiating dyes or photoluminesc- 0.0 O O O
ing semiconductors are generally very large, i.e., comparable /\/\'
to the width of the gap, which justifies the question of
whether a photonic gap will ever cause any observable effect
on the radiative lifetime at al[9]. We will argue below, Q Q Q Q
however, that under specific conditions a wide luminescence

spectrum is actually an advantage rather than an obstacle for
P y 9 4—242 nm—»

FIG. 1. Schematic drawing of the structure of the colloidal crys-

* Author to whom correspondence should be addressed. Electronials and of one individual colloidal sphere. The arrows symbolize

address: wvos@phys.uva.nl fluorescent light, with wavelengths of the order of the distance be-
TURL: http://www.wins.uva.nl/research/scm tween lattice planes. Note that all the spheres are dyed.
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FIG. 2. Fluorescence spectrum of dye in a colloidal crystal FIG. 3. Time-resolved fluorescence of dye inside a photonic

(solid curve and in a colloidal liquid(dotted curve, offsat colloidal crystal of 65 vol %(solid curve and in a colloidal liquid
(dotted curve, offset by a factor ofj,2at 577 nm wavelength. The

with particle surface§12]. The silica spheregefractive in- mean lifetimes of 3.540.02 ns are indicated by straight lines.
dex n=1.45) are suspended in waten=1.33). From the
resulting colloidal suspension we grow large, highly orderedines or Bragg mirrors, and stop gaps for external sources:
fcc crystals with the(111) planes parallel to the walls, as the attenuation in the stop gap for internal sources is strik-
revealed by our synchrotron small-angle x-ray diffractioningly reduced compared to transmission of light from outside
studies[13]. The spacing of the crystal planes varies with[16]. It turns out that the attenuation in the stop gap is a
height in the sample due to gravity. The spacing ranges frorimple, unambiguous criterion for the attainment of a photo-
206 to 221 nm, which corresponds to a density range ofic band gagd16]. The appearance of a stop gap in the dye
53-65 vol %. Higher up in the sample, the less dense colloispectrum suggests that the photonic band structure might
dal liquid phase coexists. The samples are contained in longlso affect the radiative lifetime of the dye.
flat glass capillaries of 3 mm width and 0.3 mm internal  Figure 3 shows two typical time-resolved fluorescence
path length. The capillaries were mounted on a rotation stagiéaces, one of dye in a colloidal crystal and one of dye in a
to orient the crystals with the surface normal pointing to thecolloidal liquid, measured at a wavelength of 577 nm, corre-
detector. Fluorescence spectra were obtained by exciting tr&ponding to the crystal’s stop gap. The measured fluores-
dye in the sample with less than 1 mW of power from a cwcence intensities extend over three full decades. The fluores-
argon ion laser operating at a wavelength of 488 nm; th&ence decay is very close to single exponential, which
spectra were collected with a prism spectrometer, equippe'kﬂldicates that unwanted nonradiative effects are effectively
with a photomultiplier. The spectrometer has a resolvingeduced by the low dye concentration and the protective
power of 1 nm. We verified that the laser did not damagecover layer[11]. From the fluorescence decay curves we
the dye in the sample by measuring the fluorescence intensifjgve obtained lifetimes by calculating the average time at
as a function of time. Fluorescence lifetimes were obtainedvhich a photon is detected. The lifetimes for the curves in
using a time-correlated single photon counting techniquéig. 3 are both 3.5 ns, i.e., there is no large difference in
[14]. For the lifetime measurements, the dye is excited at difetime for a crystal and a colloidal liquid. Figure 4 shows
wavelength of around 320 nm by a cavity-dumped Kitonfluorescence lifetimes as a function of wavelength in the dye
Red dye laser, synchronously pumped by a frequency-
doubled pulse-compressed mode-locked Spectra Physics 3.8
Nd®*:YAG laser (YAG denotes yttrium aluminum garnet
With this setup we achieve a time resolution of 55 ps.

Ill. RESULTS

We have obtained fluorescence spectra of dye in many 3.6

different photonic crystals. A typical example is shown in
Fig. 2 and compared to the spectrum of dye in a colloidal
liquid. The photonic crystal changes the fluorescence spec-
trum of the dye considerably: the spectrum acquires a pro-
nounced stop gap. The stop gap is caused by1h# crys- 3.4
tal planes. The crystal planes act as Bragg mirrors for the
fluorescence of the internal sources, preventing part of the

light from leaving the crystal. At fixed wavelength, the asso- g, 4. Excited state lifetime of dye inside photonic crystals
ciated angular variations in intensity consist of cones di-open and solid circles, densities of 65 and 53 vol %, respeclively
rected about the normal of the lattice planes. Such cones agd in a colloidal liquid(triangles, at various wavelengths in the
familiar from x-ray fluorescence, where they are referred tajye spectrum. The solid circles are an average of two measure-
as Kossel line§15]. However, there is an important differ- ments, indicated by error bars. The dotted curves are a guide to
ence between stop gaps for sources inside, such as Kosset eye.

Lifetime (ns)

550 600 650 700
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spectrum, for two photonic crystals with different densities,occurs when the frequency of the light is at the top of the
and for a colloidal liquid. We will discuss fluorescence life- stop gap for normal incidence. The Kossel cone then extends
times in the crystals first, later on we will come back to theto 6, , which is determined by

colloidal liquid. The densities of the crystals that we have

used were 65 and 53 vol %. Due to the density difference the 1+¥

center wavelength of the stop gaps of the crystals differ: for tanf. = \/2¥ 1—v V2w, 2

the low-density crystal the stop gap is at 61 nm, whereas

for the high-density crystal it is at 582 nm. Since the _sFop The resulting change in lifetime is
gap wavelengths of the two crystals differ, the densities of

optical modes of the two crystals should also display differ- 1
ent wavelength dependencies. This difference should become 27 _ 4 1 ~4¥, (3
visible in the measured lifetimes. However, the measured T V1+2¥(1+W¥)/(1-W)

lifetimes in these crystals do not show a significant wave-

length dependence. The variations in lifetime are on the orwhere the factor of 4 is due to the four pairs{f 1} planes.
der of only 0.05 ns, or 2%. This observation shows that theThe relative change in lifetime is directly related to the rela-
influence of the photonic band structure on lifetime in thesetive width of the stop gap in the spectrum. The relative spec-
crystals is surprisingly small, considering the large changegral width Aw/w of the stop gap for transmission normal to
in the spectra. Below we will resolve this seeming paradoxthe crystal planes is

Aw
IV. DISCUSSION _ N g
| o | o VT oVImE =T @
We can interpret the variation in lifetimes by comparing
this variation to the width of the stop gaps of the crystals. AWe can obtain this width from, e.g., the fluorescence spec-

simple model connects the lifetimes to the width of the stop[rum in Fig. 2. However, one should realize that the width of
gaps, and it explains why the photonic crystals under Stud¥he stop gap in the fluorescence spectrum is not exclusively

have only a small influence on Iifetimes. In the directipn of acaused by the photonic band structure. The stop gap may be
stop gap, light cannot be emitted since the zero point flucﬁ‘
I

. . tural defe¢tkb,18. Indeed the st
tuations are expelled from the photonic crystal by repeate roadened by structural defe¢ §. Indeed the stop gap

flection f the lat | Si fals d fluorescence spectra is usually wider than the peak in re-
refiection from the lattice planes. since our Crystals do Nokq g spectra. The widths of observed reflection peaks

have a photonic band gap, light at a specific wavelength i!<5;1gree well with theoretical calculatio48]. For our esti-

reflected only for certain directions, in the other directionsmate of the lifetime changéq. (1)] we have used a stop gap

thzletr.msslllfor:. pers:(s;crs]. \]{\l/e expecttthatl thelrelgtlv?t%han%e idth of 2%, which corresponds to a change in radiative
radiative lireime of the fiuorescent molecules 1S of the Oordel;rayime of only 0.3 ns. The estimated radiative lifetime

of the solid anglefl subtgnded by t.he _Bragg_ reflegtlons, change provides an upper bound for changes in fluorescence
compared to the full 4 solid anglg which IS a"f”‘"ab'e in the lifetimes. This upper bound is consistent with the measured
absence of a crystal. For atoms in a FabryePenterferom-  ,;iavions inr of the crystals in Fig. 4. Apparently a large
%ange in fluorescence spectrum can coincide with an only
minor change in fluorescence lifetime, which resolves the
paradox mentioned above.
The observed small change in lifetime contrasts with ear-
A7 _ £:4X2X2”(C050*_C°S‘9+) (1) lier results. Martorell and Lawand}7] found a change in
T 4w 4 ' lifetime by a factor 1.8 for their crystals of polystyrene
spheres in water with rhodamine dye dissolved in the liquid.
Here, _ and 6, are the inner and outer half apex anglesit has been suggested that their large change in lifetime is not
of the Kossel cone. The factor of 4 is included because thereaused by photonic band structure but by other factors such
are four pairs of111} planes, the factor of 2 accounts for the as chemical interactions and adsorption of the dye on the
two sides of the planes. The change in lifetime depends osphere surfacegl2]. To avoid such effects, we have care-
the emission frequencies of the fluorescent molecules via thielly synthesized spheres in which the dye is incorporated
anglesd, and#_. To estimated, and #_ we have calcu- and shielded inside, see Fig. 1. Petmval. [8] have mea-
lated the stop gap width using an extended version of consured fluorescence of dye in a polymer-filled opal. The decay
ventional dynamical diffraction theorjl5]. We have ex- curves were fitted with a distribution of lifetimes, in which
tended the theory to incorporate reflection at angles close tthe short lifetimes were about half as long as the long life-
backscattering, and we have refrained from the customartimes. The nonexponential decay was attributed to a modi-
approximation that the Kossel line occurs close to the confied density of optical modes while chemical or nonradiative
ventional Bragg reflection. We consider here only polariza-effects were not considered. The fluorescence lifetimes were
tion perpendicular to the scattering plane; this polarizatiomot spectrally resolved to demonstrate the variation in den-
gives the largest stop gaps. We will express the results igity of optical modes with wavelength. In both of the previ-
terms of the photonic strength paramefe{17]. It appears ous studies, the widths of the stop gaps of the samples are the
that the solid angle contained in a stop gap is largest whesame as the width of the stop gaps of our crystals, hence the
the full Kossel cone has just come into view close to normakhange of the radiative lifetimes should in all cases be simi-
incidence on a set of planes, i.e., when=0. This situation lar to the data in Figs. 3 and 4.

with the experiments of Heinzert al. [2]. The lifetime
change for a stop gap at a specific frequency is
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We will now discuss the lifetimes that we measured in amodes via fluorescence lifetime measurements. There are
colloidal liquid. We find that in the colloidal liquid, the fluo- two kinds of line broadening, each with a different effect on
rescence lifetimes are generally slightly longer than in thdifetimes. The two contributions to the total width of the
photonic crystals. This increase in lifetime is probably a re-spectrum are called homogeneous linewidth and inhomoge-
sult of random multiple scattering rather than the photonicneous linewidt19,22. The homogeneous linewidth is the
band structure. Random multiple scattering can considerablyidth of the spectrum of individual atoms or molecules. This
increase the path length from dye to detector. If the lightwidth can be measured by techniques like spectral hole burn-
propagates diffusively through the sample, then the length dihg or photon ech$22]. The homogeneous linewidth can be
the traversed path is proportional to the square of the dis- much larger than the natural linewidth due to interactions
placement, s/l = (d/I)2, wherel is the mean free path. The with the environment, i.e., dephasing. The inhomogeneous
mean free pathin the sample can be estimated from the Mielinewidth corresponds to the variation in center frequencies
scattering cross sectiom of the spheres and the density  of the atoms or molecules. Due to this variation, the total
|=(no) " 1=10=2 um. For displacements of the order of  spectral width of an ensemble of molecules is larger than the
the sample thickness, 0.3 mm, the resulting path lesgsh linewidth of an individual molecule. Measured fluorescence
8.8 mm. Such a path length corresponds to a delay difetimes are inherently an average over a wavelength region
0.04 ns, of the order of the observed difference in lifetimescorresponding to the spectrum of individual molecules, i.e.,
between the crystals and the colloidal liquid. over the homogeneous linewidtf22]. Thus, to avoid aver-

Apart from the small systematic difference in lifetimes aging out any changes in lifetime due to photonic band struc-
between the photonic crystals and the colloidal liquid, it ap-ture, it is desirable to have a homogeneous linewidth smaller
pears that all the measured lifetimes show a common trend ithan the width of peaks and valleys in the density of modes.
their wavelength dependence. The excited state lifetime However, one would also like to have a wide fluorescence
that we have measured corresponds to a transition rate 1gpectrum so the photonic band structure can be probed at
which is a sum of both radiative and nonradiative transitionvarious frequencies. These two requirements may seem con-
rates, 1#=1/rq+ Nnonrag- The radiative decay rate can be tradictory at first, but both conditions are satisfied at once if
calculated with Fermi’s golden rule using the density of op-one uses a system with an inhomogeneously broadened
tical modes. It is through this density of modes that aemission spectrum, i.e., if one uses an ensemble of molecules
strongly photonic crystal may influence the excited state lifewith different center frequencies. Each molecule will probe
time. Even without photonic crystal the density of modes hasghe density of optical modes within its own narrow homoge-
a pronounced frequency dependence. In vacuum, the densingous linewidth; the ensemble of molecules will reveal the
of modes per unit volump, .= w?/(72c®) [19]. The transi-  density of optical modes over the whole wide inhomoge-
tion dipole matrix element in Fermi’s golden rule contributesneously broadened emission spectrum. Organic fluorescent
yet another factow to the transition ratg19], hence we have dyes are especially suited as probes of the optical density
plotted a cubic function in Fig. 4 for comparison. The fre- because of their large inhomogeneous broadening. The ho-
quency dependence of the radiative transition rate explaingogeneous linewidth of the dye can be reduced by lowering
why the lifetime is shorter at short wavelengths, but the linethe temperaturg¢22]. Reducing the linewidth is profitable
is clearly much too steep compared to the data. The levelingince it increases the wavelength resolution when measuring
of the slope may be due to nonradiative decay. Nonradiativéhe density of optical modes. Lowering the temperature also
decay is expected to become faster towards lower frequerieduces the nonradiative decay rate advantage$26ly
cies[20], hence the slope of the lifetimesin Fig. 4 is not as
steep as the cupic_ curve. Thg curve is still slqping upward ACKNOWLEDGMENTS
because the variation in density of stapgg. dominates the
nonradiative decay, since quantum efficiencies of dyes are This work is part of the research program of the “Stich-
high[21]. ting voor Fundamenteel Onderzoek der Matef@OM),”

Finally we want to point out that the phenomenon of linewhich is financially supported by the “Nederlandse Organi-
broadening is pertinent to the determination of the density ofatie voor Wetenschappelijk Onderza@RWvO).”
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