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Modified spontaneous emission spectra of laser dye in inverse opal photonic crystals
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We have observed strongly modified spontaneous-emission spectra from laser dye in photonic crystals made
of inverse opals in titania (Ti9). We identify stop bands with large relative widths of 15%, comparable to the
dyes’ emission spectrum, and 75% attenuation of the emission strength. For a wide range of angles, two stop
bands are simultaneously manifested; their angle-dependent frequencies display an avoided crossing that is
corroborated by reflectivity experiments. The edges of the stop bands agree well with band-structure calcula-
tions, but differ from simple Bragg diffraction as a result of multiple wave coupling. The strongly reduced
dispersion of the Bloch modes likely causes a significant change in the density of states.
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Photonic crystals are receiving intense scrutiny, not onlystrongly with light that the propagation of light is inhibited
as regards the novel physics they embgdy?], but also as for more than 55% of all directionjsl7]. Here, we investi-
the underlying architecture for all-optical microchip3]. gate spontaneous emission of laser dye inside such crystals
Widely pursued to control the atom’s spontaneous-emissioand identify a mechanism by which the directional properties
rate[1,4], photonic crystals are periodic dielectric compos-0f the spectrum are modified. For emission in directions
ites that control light propagation by Bragg diffractipfij, =~ nearly normal to th¢111) lattice planes, we observe single
since the periodicity of the refractive-index variations is onBragg stop bands. For emission directions between 25° and
the order of the wavelength of lighi6,6]. The achievement 55°, however,dual stop bands are observed in the emission
of a full photonic band gap, a range of frequencies for whichspectra, with unprecedented large widths of 15%. The angu-
the Bragg diffractions simultaneously inhibit light propaga- lar dependence of the central frequencies of these stop bands
tion for all directions and polarizations, is thaison d'@re  display an avoided crossing, characteristic of coupled modes.
for three-dimensional photonic crystals. Photonic band-gaghis behavior agrees with complementary reflectivity results
crystals will not only influence emission spectra but, as thd18] and with theoretically calculated dispersion curves. It
density of states vanishes inside such gaps, also emissi@ppears that the emission spectra are strongly modified by
rates; intricate dynamics are expec{@]. Even in the ab- simultaneous diffraction fronil11) and(200) crystal planes.
sence of photonic band gaps, important advances in the coifhe avoided crossing is a manifestation of three-dimensional
trol of emission have already been made in two-dimensionatonfinement, since the first Brillouin zone of an fcc crystal is
structures, producing, for example, efficient miniature lasergully enclosed by th&€111) and(200 Bragg planes and their
[9]. symmetry-related equivalents. Multiple diffraction results in
Previous studies of embedded dy&8,11] and semicon- Bloch modes with little dispersion, which is the basis for the
ductors[12] in three-dimensional weakly photonic crystals formation of photonic band gaps. Such modes likely cause
have revealed modified emission spectra. The luminescensignificant changes in the density of states, thus paving the
was inhibited in particular directions, forming stop gapsway to novel quantum optical effecf8].
whose frequencies depend on angle, in accordance with The photonic crystals studied here are fcc crystals of air
Bragg diffraction by a single set of lattice planes. No signifi- Spheres in titanigsee Fig. ], with lattice parameters varying
cantly altered emission lifetimes have been observed, howbetweena=480 and 510 nm, and a dielectric contrast rang-
ever, because the densities of states are hardly modifigdg from 6.25 to 6.5; for a detailed description and charac-
[13,14. The observed minor changes in lifetime agree wellterization, see Refl16]. The samples have overall dimen-
with the few percent reduction in total solid angle for light sions on the order of millimeters and are composed of a
propagation due to Bragg diffractiqid1], as a result of the number of high-quality crystal domains with diameters as
low dielectric contrasts involved and the crystals’ weak in-large as 50um. To incorporate the dye, the air-sphere crys-
teraction with light. tals were immersed in a dilute solution of Nile BI[E9] in
Recently, novel photonic crystals have been developeéthanol (-70 wmol/l) for 24 h to promote the adsorption of
from materials with high dielectric constarjtk5,16. These dye molecules at the TiGair interfaces of the voidésee
so-called air-sphere crystals, or inverse opals, interact sbig. 1), and then rinsed and dried. To ensure emission from
solely internal sources, the dye adsorbed near the external
sample surface was first selectively bleached by illuminating
*Present address: Zenastra Photonics Inc., Ottawa, Canada K13e photonic crystal with an intense laser be@vmavelength

4J8; email address: henry.schriemer @zenastra.com N=514 nm) at the Bragg angle; see Rf1].
TPermanent address: Department of Physics, University of Tor- The optical setup used to measure emission spectra is
onto, Toronto, Canada M5S 1A7. shown in Fig. 1. The dye inside the crystals was excited with
*Email address: wvos@wins.uva.nl a p-polarized laser beam incident at angles away from the
SURL: www.thephotonicbandgaps.com Bragg angle(for A\=514 nm), and focused te30 wm in
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FIG. 1. Right: scheme of the optical setup. A pump beam (
=514 nm), focused by lens, excites the dye inside the photonic
crystal. Emitted light is collected at an angteto the normal of the
sampleli.e., normal to thg111) lattice plane$by lensesL,, L,
and apertures\;, A,, dispersed by a grating spectrometer, and
detected with a photomultiplier tud®MT). Left: scanning electron
micrograph of a typical surface of an inverse opal in Ji€howing
the hexagonal arrangemefit1l plang of air spheres §=501
+=7 nm). Dark circles are windows that connect the air spheres tc
the next lattice plang16].

Relative

diameter. The sample was mounted in a goniometer to acr
quire emission as a function of detection angldrom the
normal to the(111) planes. Fore=0°, the(111) planes are

1 i 1 i ] i
normal to the detection axis of the spectrometer. The align .
ment of the laser beam on the sample was monitored throug 14000 16000 1 BDDP
a microscope. Due to spectrometer grating efficiencies, prin 5
cipally the p-polarized component was detected by the pho- FFEQUEHCY (Gm )

Steps, with an angular resoluion of 5+, Due 1o the very fow F1G: 2 (Colon (A) Normalized emission specta as a fncion
. . of frequency in wave numbers for Nile Blue in a titania inverse opal
concentration of adsorbed dyestimated at- 10> molecules _ o . : :

- ; (a=501 nm).(B) Relative intensities, obtained from the spectra in
per air spherg and concomitant low quor_esqence, severgI(A). Red curves are obtained at an angle 0°, green curves at
spectra were averaged and smoothed, yielding an effective_ 25°, blue curves at=45°, and magenta curves at=60°.
spectral resolution of-100 cm *. Detector dark count and cojored arrows are center frequenciesfand S, stop bands.
stray light background have been subtracted. The measurggfiectivity data in(B) are shown fora=0° and 45°(dashed and
intensities of all spectra recorded at the various angles havgshed-dotted curye
been adjusted to overlay their low- or high-frequency ranges,
where no crystal effects are observed, to correct for thesample faces with the focused pump beam, the spectral line
angle-dependent variation in detection efficiefty]. Tech-  shapes were found to be well reproduced on the same sample
niques for measuring reflectivity are described in Refsfor all angles. Experiments on crystals with a lattice param-
[17,18,2Q. eter of 480 nm revealed emission spectra with stop bands

The emission spectra at select detection angles for a crysentered at 15500 cnt at «=0° and band frequencies in-
tal witha=501 nm are presented in FiglAQ). For emission creasing with angle, which confirms that the observed fea-
directions in excess of 6JFig. 2(A) magenta curve appre- tures are indeed a photonic crystal effect. It is readily appar-
ciable modification of the spectral line shape ceased, and thent that the relative width of the stop band is very broad
high-frequency edge of the emission spectrum has the sanfd w/w=15%), so broad that it is comparable to the broad
characteristic spectral shape as seen at low detection anglegectral range of the dye; the large width is a signature of a
between 0° and 25°. This implies that the-60° stop band photonic crystal that strongly interacts with light.
of the crystal does not overlap the emission spectrum of the We extract the stop bands, i.e., the directional emission
dye. In comparison, at=0° [Fig. 2A) red curvd, the pho-  properties, by exploiting data from one and the same sample,
tonic crystal greatly suppresses emission over a wide spectréilus avoiding uncertainties in comparing samples. If there is
range, from 14000 to 16 500 cm. With increasing emis- negligible stop-band overlap, dividing the emissionatby
sion angle, the low-frequency components of the emissiothe emission atv, gives the stop band ai, for values less
spectra recover, and the frequency range of suppressed emiban unity, and the stop band @} is found from the inverse
sion moves toward high frequencies, as expected for photgatio. For example, since the blue edges of the emission
nic crystal stop bands due to a single Bragg diffraction. Itspectra are the same at=0° and a,=60°, their stop
was demonstrated that the line shape was independent of thands will clearly not overlapFig. 2(A), red and magenta
pump intensity, and that the emitted intensity was linear withcurves, respectivelyas is indeed demonstrated by the ratios,
the pump power; hence lasing or amplified spontaneoushown in Fig. ZB) (red and magenta curves, respectiyely
emission effects can be excluded. By discretely traversinghat quantify these stop bands. For overlapping stop bands,
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the low- and high-frequency edges are extracted separately __22000F ~ i
by dividing «; spectra by, spectra ;< a») until the edge e I 3
ratios converge. The low-frequency edge of thestop band o §® z: ¥

is obtained by dividing ther; spectrum by emission spectra 3 18000 F S, IE’
for increasingu,; the line shape of the ratio will converge as 3 }1‘? £
the difference betweer; and a, increases. Similarly, the ?-; cast S gwn T
high-frequency edge at, is obtained by noting the conver- i R

gence of the inverse ratio as is decreased. While we noted 14000F ww™" ]
weakly sample-dependent emission line shajple® to dif- 0 30 60

ferences in doping conditiopsthe line-shape ratios are

o (degrees)

sample independent, hence the stop bands are unambigu-
ously determined. Figure(B) clearly demonstrates that the

Frztl?lts?glrcofp reg:;?g:ﬂté/ng?g;?(?sfr:e sstgggg attenuation on th and upper edges, respectively, of Biestop band; the triangles and

Naively, one would expect the emission to completelymverted triangles are the lower and upper edges, respectively, of the

) stop band. The dashed curves are frequencies calculated from the
vanish at the center of a stop band. We observe, however, %1' P | quenct .

. R otonic band structures using the plane-wave expansion method,
a,tte,nuat'on up t(_) 75% near the center O_f the gapa0®. and the dotted curve is the center frequency assuming sihii
Limited attenuation has been seen previoydl9—12, and  pgaqq diffraction.
was attributed to diffuse scattering by intrinsic defects near
the external crystal-air interfadd 1]. The pertinent mecha- multiple domaing[17]. We show representative reflectivity
nism in the present case is related: since the mean-free patfsults in Fig. 2B): for a=0° (dashed curvea single stop
|~15 wm[21] is much smaller than the 200 um sample band is revealed, and fow=45° (dash-dotted curyea
thickness, light propagates diffusively in the bulk of the double stop band is again found, in agreement with the emis-
samples. Diffuse light emanating from a depthl from the ~ Sion data. There are minor differences between the reflectiv-

crystal-air interface propagates ballistically to the interface!ty and emission data; e.g., in the angular range where the

but may be redirected to the detector by scattering from inf’“’c’id‘:"d crossing sets in or the bandwidth over which the

trinsic defects. Sincé is larger than the attenuation length ggﬁzgﬂ iﬁlée;inpg:?;gnggénebl\gg?cl)% ggﬁ:jesi?n%?gg;g:]eaer%em
lf%rh? ;i%?te(jrgzagizlllB i(styE:?dllli// lgr?agl;; c;tztetr?ugt.eS(EZ%/]v)ﬁile reflectivity, confirming that the avoided crossings observed
B 1

light scattered atg<z<| reveals a stop band. This simple gytgﬁoigﬁirégg;g?dmed emission spectra are indeed caused
model predlct_s a total attenuation in the stop band of about Figure 3 shows the frequencies of the stop bands as a
50% to 80%, in agreement with our observations. function of & by delineating upper and lower edges by their
At low emission anglege.g., ata=0°, Fig. 2B), red  fy| widths at half maxima(FWHM, solid symbols In the
curvel, single broad stop bands are revealed. Interestingly, &bsence of crystal imperfections such as strain, the FWHM
higher angles there appears to be a transitiondoublestop  of reflectivity or emission stop bands are heuristic but reli-
band: the first clear evidence of this is far=25° at able measures of the widths of stop gaps in dispersion rela-
~18000 cm! [Fig. 2B), green arrowp We denote the tions [11,17. The central frequenciesnot shown and
lower-frequency stop bands 84, and the higher-frequency widths were obtained by fitting Gaussian functions to the
stop bands byS,. With increasing angle, this second stop data in Fig. 2B); the widths of the double gaps at higher
band becomes more apparent wHig decreases in ampli- emission angles are unambiguously determined from a two-
tude. The intensity ratio forw=45° [Fig. 2(B), blue arrow$  Gaussian fit. For comparison, we have also plotted in Fig. 3
shows evidence of ars, feature at 17000 cm' and a the angular dependence of the central frequency for Bragg
strong$S, feature at 18700 ci'. By a=60°, theS, band  diffraction by a single set of111) planes(dotted curve We
has vanished and the low-frequency edgeSptas moved find that, for emission angles up to 30°, the center of the
beyond 18500 cm® (black arrow, leaving the spectrum measuredS; stop band agrees very well with the simple
essentially unsuppressed. It is clear that the observed ph8ragg behavior. Neaw=30°, there is a marked departure
nomena cannot be explained by simple Bragg diffraciin ~ from simple Bragg diffraction, with a depression 8f to
but are likely a coupled wave phenomenon. lower frequencies and the appearance of a higher-frequency
To further investigate whether the light emitted by inter- stop bands,.
nal sources indeed probes the photonic band structure, we Since the emission stop bands agree well with reflectivity
have performed reflectivity experiments on the same samplegsults, we have performed plane-wave band-structure calcu-
using externally incident plane waves, since this techniquéations (see Refs[5,6]) to investigate the angle-dependent
readily identifies the central frequencies and widths of stogeatures. The crystal is described by a position-dependent
bands[17,18. To facilitate direct comparison, we represent dielectric functione(r) based on experimental observations
the reflectivity dateR as 1- BR, where is a scaling con-  of the structure of the crysta[46,18,2Q. The model consists
stant accounting for differences in probe geometries an@f overlapping shells of dielectric material (TjD with in-
physical properties. The maximum reflectivity at normal in- ner radiusR=a/(2+/2), outer radius 1.0R, and cylindrical
cidence was limited to 20%, due to the use of a large prob&indows of radius 0.B connecting neighboring air spheres
beam (500um) that samples grain boundaries between(cf. Fig. 1). The frequencies of the Bloch modes are calcu-

011801-3

FIG. 3. Angular dependence of the stop band edges, determined
E(rom spectra as in Fig.(B). The squares and circles are the lower
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lated as a function of wave vector, with the latter converteddirections simultaneouslyi.e., all angles in Fig. B Re-

to angle using momentum conservation parallel to thecently, complex reflectivity features have been observed
sample surface; the dashed curves in Fig. 3 show the resuli the frequency range where fcc crystals will develop
The two curves that start at=0° are the mixed000) and  a photonic band gaf20,22, which has been interpreted as

(111) modes that bound th@11) Bragg diffraction stop gap. a complex multiple Bragg diffraction phenomeng0].

Itis clear that the calculated modes agree very well with therhe identification of relevant spectral features by us is
edges of the emission stop bafgl. The intermediate and thys an important step towards the understanding of

highest frequency modes agree well with the edges o8fhe emjssion spectra in the frequency range of a photonic band
stop band. The observed avoided crossing behavior is due Ej%ip.

the (200) Bloch mode(which decreases in frequencthat

mixes with the(000) and(111) modes. This has also recently We thank Judith Wijnhoven for preparing the crystals, Mis-

been observed in reflectivify 8]. It is clear that in the range cha Megens and Rudolf Sprik for discussions, and Ad La-

of the avoided crossing, the intermediate mode is repelled bgendijk for continuous support. This work is part of the re-

the outer two ones and becomes nearly dispersionless. Thégarch program of the *“Stichting voor Fundamenteel

is expected to lead to a modification of the density of state©nderzoek der Materié~OM),” which is supported by the

in this particular frequency range. “Nederlanse Organisatie voor Wetenschappelijk Onder-
A photonic band gap in strongly interacting photonic zoek” (NWO). H.M.v.D. thanks Ad Lagendijk for making

crystals can be regarded as fully dispersionless modes for diis stay possible with support from NWO.
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