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Directional Fluorescence Spectra of Laser Dye in Opal and Inverse Opal Photonic Crystals
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We have investigated the fluorescence from R6G dye molecules embedded in fcc photonic crystals with a
large range of lattice parameters. Both polystyrene opals and alumina inverse opals are studied, allowing us
to compare direct and inverted structures. We observe clear stop bands in the fluorescence spectra, whose
center positions, widths, and depths are analyzed and compared to stop bands from reflectivity measurements.
In the frequency range of first-order stop gaps, the measured stop band centers and widths agree well with
theoretical predictions. The depths are interpreted in terms of the mean free path (disorder) and the Bragg
attenuation length (order). We observe intriguing enhanced emission at the blue side of the stop bands, which
is attributed to the escape of diffuse light from the photonic crystal (related to both order and disorder). We
perform the first experiments in the range of second-order stop gaps, which is the regime where the photonic
band gap is anticipated. We observe complex multiple-Bragg features that correlate favorably with reflectivity
peaks.

I. Introduction polystyrene opals and inverse alumina opals. Inverted opals,
consisting of interconnected air spheres in a solid semiconductor
backbone (air-sphere crystals), have proven to be most effective
photonic crystald?

In general, Bragg resonances are characterized by three
different quantities: the central position, width, and amplitude
of the spectral feature. The spectral position, i.e., the center
wavelengthl. where the stop band appears, is determined by
the lattice spacing and the average refractive ifd@®teviously
several groups determined the spectral position of the stop band.
They embedded light sources like dye molecdfe$? semi-
conductorg?2and rare earth ioA32%in artificial and inverse
opals and measured the modified emission.

e An important quantity is the spectral width of the stop band
A, conveniently characterized by the full width at half-
aximum (fwhm). The relative widthAA/A.) is proportional
0 the photonic interaction strengf of a photonic crystal (see
ref 24). An optimum for the relative width and therefore for
the photonic strength was found as a function of the density of
scatterers. The relative width is not only determined by photonic
strength; also, disorder can contribute to broadening of the stop
band. Nevertheless, careful reflectivity experiments have con-
firmed that such broadening can be made negligible (see ref
25).

The amplitude is the third characteristic feature and the least
studied of all. Interestingly, photonic crystals can not only
attenuate light emission but also enhance it. Megens'étaire
the first to interpret attenuation of light emission in stop bands
in, e.g., laser action of dye in photonic materiisSince a in optically thin crystals._They concluded that _defects near _the
pr;ot(.)n.i'c band gap appears when stop bands are present in al?ample §urface are g:rumal fpr the understandmg of the limited
attenuation. For optically thick crystals (thicker than a mean

directions S|multa_neously, Itis essenna_l to investigate the angle'free path), Schriemer et # proposed to describe the attenuation
dependent behavior of stop gaps. In this paper we discuss angle-

dependent effects in emission experiments on dye-dopedOf light emissionA as

Photonic crystals are three-dimensional dielectric structures
with a periodicity comparable to the wavelength of light.
Because of the periodic variation of the refractive index, the
crystals possess unusual optical properties that affect the
propagation and the emission of light. The main goal of the
field is the achievement of a photonic band gap: a frequency
range for which light cannot propagate in any direction because
of Bragg diffraction*? In the exciting case of a photonic band
gap the emission by light sources in photonic crystals is
completely inhibited.

The spontaneous emission of light sources embedded in
photonic crystals can be strongly modified in either an angle-
dependent or an angle-independent manner. Changes in th
lifetime or in the total emitted power of sources are angle-
independent effects. These effects are caused by a modified loca
density of states that depends sensitively on the emission
wavelength and on the position of the source, but not on the
emission directiod=> Inhibition of total emission was first
reported in refs 6 and 7: titania inverse opals doped with laser
dye showed a broadband 5-fold reduction of vacuum fluctua-
tions. Recently, even control of the radiative lifetime of quantum
dots in photonic crystals was demonstrated.

In contrast, angle-dependent modification results from scat-
tering of the emitted light that propagates through the complex
anisotropic photonic crystal structuteln particular, Bragg
diffraction by lattice planes is observed as a stop band in the
emission spectrurtf. Such control of propagation plays a role
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Figure 1. Schematic of the position of a standing wave in either an
opal or an inverse opal. The standing waves are represented as
horizontal gray bars. (a) At a certain wavelengti, the standing wave

is mainly in the high index materiahign. This corresponds to a position  Figyre 2. Schematic of the optical setup. An argon laser< 514
in the opal at the equato_r and in the inverse opal at the pol_e. (t_’) Ata nm) was focused on the (111) surface of the photonic crystal to excite
wavelengthlio, the standing wave is mainly inow. Here the light is the internal dye molecules. Part of the dye fluorescence of the excited
in the opal ma_lnly_ at the pole_s_ and in the inverse opal mainly at the light was collected in reflection at an angleaway from the surface
equator. Considering the position of the dye, at the equator, the pole, normal. Lens | was used to focus the pump beam on the sample,
or evenly distributed, it can be concluded that the enhancement is notyile L, and Ly respectively collimated and focused the emitted light
caused by standing wave effects. on the spectrometer. With aperturgthe angular spread of the emitted
light could be adjusted. The photons were detected with a photomul-
light in the photonic crysta® The Bragg lengthlgragy = tiplier tube (PMT) via a prism spectrometer. The PMT was protected
20/ is the distance that light can penetrate into a photonic against direct reflected laser light by a 530 nm cutoff filter (OG530).
crystal in the bkl] direction of a stop ga@’ A short Bragg length . ) )
is found for strongly photonic crystals since the light is strongly Measurement using crystals with a lattice parameter tuned such
Bragg attenuated. The mean free path is the average distancéhat the second-order Bragg diffraction is in the emission range
light propagates before it is being diffused by disorder. The ©Of our emission source. o
mean free path is inversely proportional to the concentration of _ N this paper, we investigate angle-dependent emission of
scattering defects and their scattering cross section. For aRhodamine 6G laser dye (R6G) in opals as well as inverse opals.
constant mean free path stronger photonic crystals show moreDYes are favorably since they exhibit broad emission spectra,
attenuation, since their Bragg length is shorter. Typical values &€ bleachabl& and have high quantum efficiencies. We
of Isragd! are between 0.2 and 0.5, corresponding to attenuationscharacterize stop bands by their center position, width, and
in the stop band of 5080%19.28 .ampllt.ude. By comparing direct and inverse structyres, we
While many experiments have demonstrated attenuation of Nvestigate standing wave effects. We explore photonic crystals
emission, enhanced emission has never been reported in 3[3/_V|th second-order Bragg diffraction using emission from internal
photonic crystals. The ability to enhance emission in certain lght sources.
directions could become useful for creating efficient light
sources. Theoretically, Galstyan e€&have predicted enhance-
ment near the edges of the stop bands. They proposed a model The crystals were prepared via self-organization of colloidal
where standing wave effects determine enhancements either apolystyrene particles, followed by infiltration of the precursor
the red part 4hign) Or at the blue side{,w) of the stop band of alumina. After calcination a high-quality inverse opal was
(see Figure 1), similar to X-ray standing waves in condensed produced. For more details about the preparation see also refs
matter3® The effects are related to the well-known phenomenon 32—34. The crystals, opals, and inverse opals were doped with
that near a stop gap light is concentrated in the high index laser dye, Rhodamine 6G, by soaking the crystal in a dilute
material at long wavelengths and in low index material at short ethanol solution (1% or 1075 M). The concentration of the
wavelengths. In this paper we investigate emission from both dye solution was kept low to prevent reabsorption of light and
polystyrene opals and inverse opals of alumina. In this way we nonradiative transfer. The R6G molecules were absorbed either
are in an excellent position to compare direct and inverted on the surface of the polystyrene spheres or on the inner surface
structures and elucidate possible standing wave effects. of the backbone of the air spheres. The polystyrene opals
The photonic band gap for face-centered-cubic (fcc) crystals consisted of nominally = 131+ 3 nm spheres (denoted first-
will occur in the wavelength range of the second-order Bragg order samples) or = 238 + 2 nm spheres (denoted second-
diffraction. Here the density of states varies much more than atorder samples), as was measured with scanning electron
the first-order Bragg condition, and this provides a strong microscopy (SEM). These radii were used in interpreting our
motivation for investigating emission from fcc crystals at higher measurements although the sample nomenclature follows the
order Bragg diffraction. The interaction between light and matter nominal values. The alumina inverse opals consisted of air
is stronger in these samples since light propagation is signifi- spheres witli = 169+ 3 nm and were made from a polystyrene
cantly influenced by more than one set of lattice planes. This template withr = 213 nm.
results in a complex combination of several diffraction peaks, The setup used to measure the emission spectra is displayed
as opposed to first-order stop gaps. Previously, second-orderin Figure 2. The dye inside the crystal was excited with a
reflectivity was observed from inverse titania op#shut continuous wave (CW) laser bearh<€ 514 nm, from a Lexel
emission from samples with a stop gap at second-order Braggargon laser) with low power, i.e., less than 0.1 mW, to prevent
diffraction was never investigated. Here we present such ableaching of the dye and luminescence of polystyrene. The

II. Experimental Section
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Figure 3. Emission of R6G compared with band structure calculations of the doped photonic crystals used in the experiments. The polystyrene
opal withr = 131 nm has a stop gap width of 6.5%; the alumina inverse opalrwitti69 nm has a stop gap width of 5.5%. The polystyrene opal

with r = 238 nm has a first-order stop gap in the infrared and a complex dispersion relation in the emission range of R6G. Consequently, a clear
stop gap cannot be appointed; however, it is expected to appear in the hatched area between the arrows. The R6G spectrum displayed in this plot
is taken from R6G dye adsorbed on a polystyrene opal with no Bragg attenuation in the emission range of R6G.

amount of bleaching at this power was negligible since there first-order stop gap of the polystyrene opal witlk= 238 nm
was no intensity drop after illuminating a particular spot for appears in the infrared, but the second-order bands coincide well
more than 4 h. The pump beam was focused with len®la with the R6G emission spectrum. The second-order stop gap is
spot size of approximately 50m in cross section and impinged  quite compleX! and is placed between the 5th and 16th band,
on the sample with an angle away from the Bragg angle to since the slope of these bands is comparable to the slope at
establish a sufficient penetration depth of the pump light into low frequencies. The stop gap is marked with two arrows.
the crystal. The emitted fluorescence from the dye was collected A 1. Emission of R6G in Opals with First-Order Stop Gap.
at a detection angle. with respect to the normal of the (111)  Emission spectra of R6G adsorbed in a polystyrene opal with
planes of the sample. & = 0°, the surface of the crystal was  r = 131 + 3 nm are displayed in Figure 4a. The spectra were
perpendicular to the detection angle. Subsequently, the light wascollected at different detection angles and overlapped in the long
collimated with lens k and focused with Lon the spectrometer  \yavelength limit (650 nm) where no photonic crystal effects
slit. The aperture A determined the angular spread of the are apparent. This is done to correct for the variations in
collected light to +5°. The photons were detected by a detection efficiency at different angles. Correction factors for
photomultiplier tube (PMT) that was prOteCtEd against direct Over|apping were a|WayS less than 2, and dhe 0° Spectrum
reflected laser light by a color filter (OG530) placed in front of  \yas not scaled. From the spectra it is clear that the emission of
the Carl Leiss spectrometer. The OG530 filter cuts off the light ReG is suppressed over a wide spectral range. Especialty the
below A = 530 nm. Detector dark counts with typlC&' values = 0° spectrum shows a strong|y modified spectrum, i_e_,
below 200 counts/s are obtained by averaging the Signal Obtaineq;uppression in a range from 575 to 625 nm. At a Wa\/e]ength
below 520 nm and are subtracted from each spectrum. Theof 600 nm there is a clear attenuation. This wavelength is exactly
emission spectra were recorded between 503 and 815 nm. Theyt the position where the stop gap is expected on the basis of
slit widths of the spectrometer were set to 0.1 mm. With these calculations using Bragg'’s la#. With increasing angle the
settings a spectral resolution o4 nm was achieved. center position of the first-order Bragg diffraction shifts to
To ensure only emission from internal light sources, the dye shorter wavelengths. At = 30° the attenuation has moved to
molecules on the outer surface were selectively bleached by; = 575 nm, and the emission starts to recover at the red part
illumination with an intense laser beam under the Bragg atgle. of the fluorescence spectrum. The= 40° spectrum is strongly
The Bragg angle was determined by rotating the sample until modified at the blue part, and at the emission maximum of R6G
the reflection was strongest. During bleaching the laser beam (), = 550 nm) the emission is intensely reduced.oAt= 60°
was not focused and roughly illuminated the whole sample. The the attenuation has moved past= 500 nm, and the R6G
power of the unfocused beam was 50 mwW, yle'dlng an intensity Spectrum is unaffected as can be seen in Figure 4a.
drop of a factor of 2 in half an hour. Reflectivity measurements 14 \isualize the stop bands, the measured spectra are
were done on the same samples as in emission, with reflectivity ., ;.malized to a carefully chosen reference sample: a polysty-

methods outlined in ref 31. In the experiments, the beam size rgne opal with a smaller lattice parameter. The stop band of
was about 50gum in diameter on the sample. this sample is at shorter wavelengths where R6G does not emit.
Importantly, such a sample exhibits the same chemical properties
as the photonic sample. The reference sample used for the
The frequencies of the stop gaps in the-L directior?® normalization consisted of spheresref 63 nm and was doped
obtained from band structure calculations are plotted in Figure with a similar dye concentration. The spectrum of this sample
3% and compared to the emission of R6G. From this graph it is was measured at = 0° with a low power excitation source (a
clear that the first-order stop gaps of the polystyrene opal with pulsed LED), and therefore scaling by a factor 8 was necessary.
r = 131 nm and the alumina inverse opal with= 169 nm In Figure 4b the resulting intensity ratios of the spectra are
occur in the red part of the R6G emission spectrum. The displayed, which are scaled to unity in the long wavelength limit
expected stop gap widths are respectively 6.5 and 5.5%. Theabove 650 nm. The spectral position and width of the stop bands

I1l. Results
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= 20°, green lineo. = 30°, blue linea. = 40°, and the cyan linet = emission ata 600 Thlsf angle-independent effect was
60°. The o = 60° spectrum is unaffected by the stop gap since the aitributed to a modified density of states of the strongly photonic
first-order Bragg diffraction is moved out of the emission spectrum of titania inverse opals. We do not observe a similar pronounced
R6G. (b) Intensity ratios of the emission of R6G in a polystyrene opal density of states effect for direct polystyrene opals, which is
with sphere size = 131 nm. The spectra plotted in (a) are divided by due to the lower refractive index contrast and difference in

the 0" spectrum of @ = 63 nm reference sample. The width and depth - strycture when comparing polystyrene opals to titania inverse
of the attenuation at = 0° are marked with black dots. The result of opals

an external reflectivity measurement far= 0° is also included and ) ) o
shows an excellent match with stop bands from the emission experi- ~ The relative widths of the stop bands are an indication of the

ment. photonic strength of the crystal and can be deduced from Figure
4b by measuring the full width at half minimum. Two circles

are clearly seen and shift toward the blue with increasing angle. atA = 578 and 621 nm mark the width in tle= 0° spectrum
At o = 0° the center wavelength of the stop band is at 600 nm, in Figure 4b. The half-minimum appears at 0.79 at both sides.
as marked in the graph with a circle. The emission stop band is The relative width of thex = 0° spectrum was found to be
compared to complementary reflectivity measurements (in 7.2%. The relative widths of the stop bands at higher angles
Figure 4b as a magenta line) performed with externally incident have comparable values between 7.1 and 7.2%. The relative
plane waves. The reflectivity peak of the polystyrene opal is as width of the reflectivity peak is measured to be 6.9%, in
high as 50% and has the center positiomat 598 nm, in complete agreement with the above values observed in the
excellent agreement with the position of the observed stop bandemission experiment. This agreement in relative widths is
measured in the emission experiments. It is clear that not only expected since the stop band in both reflectivity and emission
the position but also the shape of the stop band and theexperiments is determined by the outer crystal planes near the
reflectivity peak match excellently. surface. Band structure calculations predict a relative stop gap

The maximum attenuation in the stop band is 43%. Emission width of 6.5%. This is slightly lower than observed in our
spectra taken at angles= 20°, 3¢°, and 40 also show strong experiments, and the minor discrepancy is due to the presence
inhibition, with attenuations between 38 and 43%. These valuesof unavoidable defects that are not taken into account in the
are in good agreement with the 50% reflectivity measured with calculations.
the external light source. Although the attenuations are intense, The half-minima and the center positions of the stop bands
the emission does not completely disappear in the stop band.are plotted as a function of detection angle in Figure 5. This
This will be discussed in more detail in the Discussion. data set starts at5° due to a small angular offset during

It is remarkable that there is an increase at the blue side of alignment. The data are connected with lines. The relative width
the spectrum; i.e., the intensity ratios are above unity in Figure from band structure calculations is displayed as a vertical gray
4b. Fora. = 0° the intensity ratio reaches a value of 1.3 below bar. As a comparison, the center position of the stop gap as

A =575 nm. Similar results are observed éo= 20° and 30. predicted from first-order Bragg diffraction is plotted as the gray
The normalized spectrum takenat= 40° does not show this  curve. The average refractive indexnrg,y = 1.44, calculated
enhancement since the stop band has moved bglew530 with the known filling fraction ¢ = 74% v/v) and refractive
nm where the color filter cuts off the light. The = 60° index of polystyrenerolystyrene= 1.59) as a volume averaged

spectrum is more or less featureless. The strongly enhancedndex, which agrees within 0.7% with the MaxwelBarnett
emission at the blue side of the stop band is observed here foraverage. Refraction of the light that exits the sample surface
the first time in 3D photonic crystals. It can be related to the has been taken into account through Snell's law usjpng The
diffuse propagation and internal refraction of the emitted light. assumed sphere size is the one that is measured with 6EM,
This will be discussed further in the Discussion. The intensity 131 nm. The SEM margin of3 nm translates into a center
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12000 visualize the present stop bandsince a spectrum of a sample
m (a) with a smaller lattice parameter was not available. The attenu-
8 10000 . ations shift toward the blue with increasing angle. The maximum
B soool [0 suppression for the. = 0° spectrum is 67% compared to 43%
O —10° for the polystyrene opals. The polystyrene opals have less
"; 6000 | _2°: photonic strength and hence a longer Bragg attenuation length
= — 3 than the alumina opals. We can estimate the expected attenuation
c foor N, in the experiment based on eq 1. The mean free path for
D 2000 | polystyrene opals was measured tol be 15 um.?® The mean
£ free path of inverse opals was measured for titania and turned
0 L : . - out to bel ~ 15 um.26 The alumina inverse opal exhibits the
15 (b)|{1s same structure factor as the titania inverse opal since it is also
o an air-sphere structure. Therefore, we can estifrfatealumina
s —0° 2 with the model of refs 26 and 37, whelré] 1/(m — 1)2 This
= —10°l} = yields a value of ~ 60 um for alumina compared tb~ 15
P —20 © um for titania, since the mean free path is longer in a photonic
g —30° é’ crystal with a low index contrast, all structural parameters being
L os ; {os equal.
= . Sincelgragg 0 1/ and W (= Al/A¢) can be deduced from
Coa reflectivity measurements (not described here), the Bragg
00— Iaﬁci i = =00 attenuation length is estimated to bg.gg = 13 um. Taken

together this results in an attenuatidr= 1 — 13/60= 78%,
Wavelength (nm) in agreement with the observed attenuation~67%. This
Figure 6. (a) Emission spectra of R6G adsorbed on the inner surfaces agreement confirms our assumptions and demonstrates the
of an inverse opal of alumina. The air-sphere sizeé s 169 nm. simple models folgragg |, and eq 1 to be accurate.

Attenuations in the emission of R6G are clearly seen over a wide range. Th . tt tion in Fi 6b 4 2t 608
The luminescence of bare alumina, measured from a nonphotonic air- € maximum atlenuation in Figure appear.

sphere crystal, is represented by the magenta line. (b) Intensity ratiosNM (marked in _the graph \_Nith a circle), and this_ p(_)sition can
of the emission of R6G in an inverse alumina opal with spherersize be compared with reflectivity data taken from a similar sample

= 169 nm. The ratios are obtained by referencing the spectra in (a) to made from a template with the same sphere size. The reflectivity
the 60 spectrum. The reflectivity peak measuredrat 0° (magenta peak of an inverse alumina opal with= 169 nm is plotted in

line) matches well with the position of the stop band. Figure 6b. The center position of the peak isiat 598 nm

and slightly shifted, 10 nm, compared to the value observed in
the emission measurements. As was concluded from detailed
reflectivity measurements (not described here), this is not

ncommon for the alumina inverse opals where on similar

amples center positions were found varying from 558 to 613

nm. This variance is probably caused by differences in shrinkage
during preparation resulting in smaller or larger air spheres,

) ) e which is found even for crystals made from the same template.
Stop Gap. Figure 6a displays the emission spectrum of R6G )
in an alumina inverse opal with air-sphere size- 169 + 3 Also on the inverse opals we observe enhancement at the

nm. The spectra are collected at different detection angles andP!U€ Side of the stop band. This increase is even larger than on
are overlapped in the long wavelength limit at 700 nm. he the polystyrene opals and exceeds an intensity ratio of 1.5. It is

= 30° spectrum is not scaled. The emission is clearly reduced interesting to remark that enhancement is found at the same

over a large wavelength range; especially e 0° spectrum spectral position relative to the stop band for both direct and

is suppressed over a wide spectral range reaching from 570 tgnverted photonic crystals.

650 nm. With increasing angle the stop band shifts to shorter ~ The relative widths of the stop bands are directly proportional
wavelengths. At = 30° the decrease in emission has moved to the photonic strength of the crystal. The fwhm is marked in
to A = 550 nm, and the red part of the R6G emission spectrum Figure 6b, with two circles at wavelengths of 586 and 630 nm.
starts to recover. At = 60° the stop band has completely ~The half-maximum is at 0.66 at both sides. The relative widths

moved outside the emission region of R6G and results in an Of the attenuations in the inverse alumina opals vary between
unaffected spectrum. The = 60° spectrum plotted in Figure 6.1 and 7.2%. These widths can be compared with the predicted
6a disp|ays an extra humpbt: 590 nm that is probab|y caused value of 5.5%. The S|Ight deviation from the measured value is
by alumina. The luminescence of the pure alumina backbone, POssibly due to a mismatch in the filling fraction of alumina in
measured on an undoped sample with same pump power, coveréhe crystals and the filling fraction used for band structure
the range from 520 to 750 nm. The luminescence observed atcalculations.
long wavelengths (beyond 700 nm) seen in all the spectra is The relative width obtained in external reflectivity measure-
also due to luminescence of alumina. Importantly, the alumina ments is broader and gives a value of 10.4%. This deviation in
luminescence does not influence the ability to extract stop bandswidth is attributed to the presence of disorder caused by different
since Bragg diffraction influences both the R6G emission and shrinkages. The shrinkage during calcinatior-®5% and can
the alumina luminescence. vary throughout one sample, hence creating different sphere
The alumina inverse opals clearly show more intense attenu-sizes in different areas. In the reflectivity measurements a wide
ation in the stop bands compared to the polystyrene opals. Thisbeam is used and therefore many areas are averaged, and the
can be seen in Figure 6b where the intensity ratios of the spectradifferences in sphere sizes can cause broadening. On other
are displayed. The spectra are divided by the §@ectrum to alumina samples with similar sphere sizes relative widths of

position margin of£14 nm; thus, the theory agrees well with
our experiments.

The measurement of stop bands from polystyrene opals with
first-order Bragg was repeated on three samples, and all agreeésJ
well with each other regarding center position, relative width,
and depth of the stop band.

B.2. Emission of R6G in Inverse Opals with First-Order
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displayed. The center, upper, and lower wavelength at half- figyre 8. (a) Emission spectra of R6G adsorbed in a polystyrene opal
height are plotted as a function of detection angle. The gray with sphere size = 238 nm. The second-order Bragg diffraction of

curve without symbols is the calculated center position assumingthis sample coincides with the emission range of R6G. (b) Intensity
single (111) Bragg diffraction; the width of this calculated stop ratios obtained by referencing the spectra plotted in (a) to a polystyrene

opal with a smaller sphere size € 63 nm). The position as well as
the shape of the reflectivity peak matches excellently with the
attenuation att = 0°.

gap is plotted as a vertical gray bar just belaw= 0°. The
average refractive index is estimatedmnag, = 1.084, from an
estimated filling fraction ofp ~ 11% and the refractive index
of alumina, Naumina= 1.76. The curve of the calculated stop moved toward the blue. Ait = 20° the emission at the red
gap starts at a slightly lower value, i.e. Aat 598 nm compared part of the R6G spectrum partly recovers. A narrow attenuation
to 608 nm for the measured wavelength. This can be caused byis observed atl = 560 nm. Beyonda. = 20° the sharp
a difference in sphere size since the sphere size is determinedittenuations are not visible anymore. Obviously, the attenuations
by measuring air spheres with an electron micrograph. For the do not simply shift with cost as seen in experiments with first-
alumina air spheres that were measured on a similar sample a®rder samples.
the sample used for the emission measurements, a deviation in To highlight the stop band features in the spectra, we divide
sphere size of-3 nm was found in the SEM measurement. Such the spectra of Figure 8a by the spectrum of a reference sample
a variation can cause a shift in center wavelengti=o0 nm, with a sphere size af = 63 nm. The Bragg diffraction of this
which agrees well with the measured value. This variation is reference sample appears far below 300 nm and therefore
indicated in Figure 7 as error bars on the curve of Bragg's law will not influence the R6G emission spectrum. The resulting
and matches very well with the measured value. intensity ratios are plotted in Figure 8b and show strong
C.3. Emission of R6G in Opals with Second-Order Bragg modulations over the whole emission range of R6G. The
Stop Gap. In Figure 8a the emission spectra of R6G in a intensity ratio of thea = 0° spectrum shows a strong
polystyrene opal witlh = 238+ 2 nm are displayed. To allow  suppression from 625 to 525 nm. At= 598 nm, corresponding
subsequent intensity normalization, the spectra are over-to a reduced frequency/4 of 1.12, the emission is attenuated
lapped atl chosen at 660 nm (the = 20° spectrum is not by 53%. This attenuation has a sharp triangular shage=at
scaled). This wavelength is chosen since band structure cal-600 nm. Two less intense attenuations are observed at a
culations revealed that the density of states in this range wavelength of 562 and 550 nra/{ = 1.22); here the emission
closely resembles the free space value. It can be seen in Figurés decreased with respectively 52 and 46%. In the= 15°
8a that the emission of R6G is modified over a wide range spectrum the attenuations that are seen irthe0° spectrum
reaching from 625 to 570 nm, which is almost the complete have slightly moved;-7 nm, toward the blue. The attenuations
emission range of R6G. Particularly the= 0° spectrum shows  appear at wavelengths 569 and 556 nm compared to 562 and
a strongly altered emission with a large decreasg &t 598 550 nm in theo. = 0° spectrum. Thex = 40° and 60 spectra
nm. Also at the peak emission, = 562 nm, clear suppres- are not attenuated, but rather enhanced. ¥ ke40° spectrum
sion is observed. At the blue side of the emission spec- has a maximum value of 1.45 at= 585 nm whereas the =
trum, aroundl = 550 nm, the intensity is reduced as well. This 60° spectrum increases to as much as 1.9 at this wavelength.
is clearly different from the first-order samples where no The features in thee = 40° and 60 spectra are very similar:
decrease in emission was observed below wavelengths of 560at 4 = 585 nm an intense enhancement and a 550 nm a
nm. With increasing angle the inhibition of emission becomes strong attenuation.
less, resulting in an increase in intensity at all wavelengths  For comparison, the reflectivity of a similar sample with same
compared to thet = 0° spectrum. In ther = 15° spectrum the sphere size is plotted in Figure 8b. The reflectivity ratio is scaled
attenuations that are seen in the= 0° spectrum have slightly  with a factor 3 for clarity. It can be seen that the center position
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of the main reflectivity peak coincides perfectly, within 3 nm, photonic crystal and should therefore be examined before
with the position of the sharp triangular attenuation in tfhe 0 excluding them. For our fcc-packed crystals the longest grating
spectrum. The reflectivity signal observed between 570 and 545spacingd is given byd = (3/8)2a., whereag is the known
nm is not distinguishable in separate peaks, but the position lattice parameter. For the polystyrene opals with radius 238 nm
matches well with the observed attenuations in the emission the first-order grating mode appears at maximum 412 nm. This
spectrum. In recent reflectivity experiments on thin opal films is far to the blue compared to the emission range we explored.
by Galisteo-Lopez et afé one reflectivity peak has been Therefore, grating modes can be excluded.
observed at reduced frequenci@s = 1.1 and a double peak We have observed that the shape and position of the
at 1.2. The occurrence of these features agrees with ourattenuations change with increasing detection angle and cannot
reflectivity data. Interestingly, the shapes and positions of thesebe explained by simple Bragg diffraction. Since the band
three reflectivity peaks correlate very well with our increased structure calculations already showed a complex collection of
attenuation bands. bands and not a distinct stop gap, it is a challenge to interpret
The first interpretation of second-order diffraction features the observed features. It is clear that further theoretical
in fcc photonic crystals was carried out by Vos and van D¥iel.  interpretation in this area is necessary and an important subject
They studied second-order Bragg diffraction of titania inverse for further research. Our experiments on emission from photonic
opals with angle-resolved reflectivity and compared their results Crystals with second-order Bragg diffraction are a first step to
with band structure calculations: as opposed to simple Bragg €lucidate emission in the case of a photonic band gap, since
diffraction for first-order samples, light Bragg diffracts from  for fcc crystals the photonic band gap will appear at this second-
many lattice plane simultaneously in second-order samples. Thisorder Bragg. This again illustrates the importance of investigat-
results in spectral positions of stop gaps that hardly vary with ing higher order Bragg diffraction.
detection angle. Indeed, in our emission experiments the spectral
position of the measured stop bands change moderately withlV. Discussion: Enhanced and Attenuated Fluorescence
angle; fromo. = 0° to oo = 40° nearly the complete emission
spectrum of R6G ranging from 525 to 625 nm is modified. This . . o . »
angle-independent width is supplementary evidence for the increase in emission at the blue side of the spectrum; i.e., there

. is more emission at shorter wavelengths in a given direction
strong photonic character of these second-order polystyrenethan is expected on the basis of the emission properties of R6G.

opals. In two recent papers, it has been proposed that theThis increase in intensity is seen in both first-order samples;
complex transmission or reflectivity features in opals at high i y_ S ples,
the polystyrene opal with = 131 nm and the alumina inverse

frequencies are due to a decreased coupling of light to light .
mo?jes with a low dispersioi$:3°Recently inpneglr-fielolgopticalg opal withr = 169 nm. For the polystyrene _opal _the enhancement
: ’ can be seen in the. = 0° spectrum in Figure 4b. The

experiments Flck et al. investigated the coupling of light into wavelength region over which the emission is attenuated ranges
opal photonic crystals, and they observed intricate spatial from 575 to 625 nm. Belov = 575 nm, however, the intensity

patterns that shift with frequency due to the presence of the ratio exceeds unity and reaches a value of 1.3. In the alumina

secqnd-order stop barfel. . o inverse opals (see Figure 6b), an enhancement of 1.6 is observed.
Itis clear that the shape of the modified emission spectra of s hhenomenon can be explained with the so-called escape
R6G is completely different from the modified emission spectra ,nction of diffuse light, a model developed by ref 28. In
of R6G in polystyrene opals with first-order Bragg diffraction.  egsence, if transport of light in certain directions is limited due
In second-order Bragg diffraction a series of attenuat|ons_ at i internal Bragg diffraction, the chance of escaping in the other
several wavelengths are seen, as opposed to the clear singl@yisting angles is enhanced. Previously enhancement effects
stop band in first-order Bragg diffraction. This difference can \yere observed in angle-resolved transmission experiments with
clearly be seen in the photonic band structures where the first- gyiernal light beam&3:3” however, we report here for the first
order gap of the = 238 nm sample in thE—L direction shows  {ime enhancement of internal light sources. It appears that in
one clear stop gap (see Figure 3). The second-order Braggrea| photonic crystals light is multiply scattered due to unavoid-
diffraction, however, that appears at shorter wavelengths is agple disorder. Exactly this diffuse light transport can theoretically
complex sum of band structures that do not form a single gap. eyplain the enhancement. We expect disorder present in the
We expect the stop gap to be between the 5th and 16th bandsamples used in our emission experiments to cause similar
since these bands have slopes similar to the dispersion of 8ynenomena as in the transmission experiments; since the
homogeneous medium with an index equal to the average gmjssion of R6G in certain directions is suppressed due to
refractive |nde?(. This interpretation has recently also been takeninternal Bragg diffraction, the R6G emission in other directions
by ref 38. In Figure 3 this area is hatched and marked with two s jncreased. In our experiments the enhancement is seen in both
arrows. direct opal and indirect inverse opal structures at the blue side
The attenuation observed in these second-order Bragg samplesf the stop band.
is larger (53%) than the attenuation found in the first-order  As discussed above, one proposed mechanism for enhanced
samples where the maximum attenuation was found to be 43%.emission was the formation of standing waves at the edges of
If we assume the mean free path in opals to be the same forstop gapg? However, we argue that standing waves cannot be
first- and second-order opai&we find that the Bragg lengthis  responsible for the enhancement reported here. Figure 1 shows

shorter for the second-order opal (see also eq 1). This isa schematic of standing waves in eith@fign Or Nw. At
consistent with the width of the attenuated emission, which is Wave|engthslhigh and /’LIOW the Standing wave is respective|y

much broader for the second-order Bragg diffraction, and thus mainly in the high index materiaingn and in the low index
indicates a larger photonic strength. materialniow. At nigh this corresponds to a position in the opal

It can be speculated whether the features at 600, 562, at the equator and in the inverse opal at the pole. At wavelength
and 550 nm in Figure 8 are a result of surface grating modes asiow the light is in the opal mainly at the poles and in the inverse
was first explored in 2D photonic crystals by Labilloy et*tal.  opal mainly at the equator. If we then make three assumptions
These grating modes can influence the optical properties of theconsidering the position of the adsorbed dye molecules, it can

A remarkable feature in the observed intensity ratios is the
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Figure 9. Cartoon of a light source emitting at constant wavelength '§ \°\.
Jem in photonic crystals with one set of crystal planes. (a) Light is > 10 e enhancement
emitted at a wavelength.m below the stop band wavelengthc), The = 10r
light can be diffracted from the lattice planes, and light can be inhibited ‘g
and enhanced in certain directions. (b) The emission is in the stop band @ -/' e
wavelengthlem = Ac. Inhibition takes place, and therefore enhancement ‘E 0.5
can occur in other directions. (c) If light is emitted with a wavelength -_—
longer thani, the light will not experience Bragg diffraction and no
enhancement and attenuation are observed. 0.0 . . . .
-10 0 10 20 30 40
be ruled out that the enhancement is caused by standing wave External angle (degrees)

effects. (1) If dye is mostly present at the poles, enhancement
¥V?lljr|g/ bre Obserlvedt ftohr Orpzlswatvthler?h:ﬁ VY; Velenf@t'ﬁvx atnd the first-order polystyrene opal plotted as a function of angle. The lines
0 erse opals at tne re avelength sidggf) of the stop are guides to the eye. At = 40° the data point for enhancement is

gap. (2) If the dye is mostly present at the equator, enhance-mjssing since here’ the light is cut off by the filter. Error bars are
ment would be observed for opals at the red wavelength comparable to the symbol size.

(Anign) and for inverse opals at the blue wavelength side
(liow) Of the stop gap. (3) Assuming the dye is evenly dis- Internal angle (degrees)
tributed on the surface of the spheres, it is not immediately 0 9 19 28
obvious at which wavelength enhancement occurs. Still, if an 2.0 — T T T
opal would show enhancement at the blue side, an inverse opal
will then show enhancement at the red side. Or conversely, if ’\.
the opal enhances at the red side, the inverse opal has en- 15r T
hancement at the blue side. In any case, we observe the en-
hangement only at '[hPT blue side of the stop gap for bqth direct 1ol
and inverse opals, in disagreement with all three scenarios above. ’ —=— attenuation

]
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Figure 10. Intensity ratios of the attenuations and enhancements of

Therefore, we rule out that the enhancement is caused by
standing wave effects.

Why enhancement is only present at the blue side of the
0° stop gap can be schematically illustrated with Figure 9. A
light source in a photonic crystal is emitting &, Note that 0.0 L \ . .
the light is diffuse in the bulk of the sample. When light is 0 10 20 30
emitted at a wavelength in the stop band wavelength & External angle (degrees)

Ao), it is diffracted from lattice planes and less light is de- Figure 11. Intensity ratios of observed attenuations and enhancements
tected ata. = 0°. The diffracted light has a higher probabil- inan alumina inverse opal. Strong angle-dependent behavior is apparent
ity to escape at other angles, causing enhancement at Certairwhel’e the_ amOl:mt of enhancement and attenua_tion d(_ecrea_se with angle.
wavelengths. When the stop band wavelength is shifted An intensity ratio for the e_nhancementcat: 30° is lacking since the
toward longer wavelengthsidn < Ac), the emitted light light is cut off by a color filter.

Aem iS not Bragg diffracted from lattice planes at= 0° but
encounters Bragg diffraction at higher angles. Because of the
Bragg attenuation at these high angles, more light is detected
in the allowed directions, e.ga = 0°. When the stop band
wavelength is shifted toward a shorter wavelendi & Ao),
however, the emitted lightem will not experience internal
diffraction, also not at higher angles, and no enhancement will
be observed. These three situations for one and the same angl

e.g.,a. = 0°) are exactly what is observed in the data in Figures . ; f . )
(e.g. ) y ¢ more obvious (see Figure 11). The resulting difference in

4b and 6b. behavior between the opals and i Is is clear f
To investigate the enhancements of the alumina inverse opals ehavior between the opals and INVerse opais IS clear from a
and the polystyrene opals, we compared the amount of attenu-comparison of Figures 10 and 11. From these figures, it is also

ation and enhancement as a function of angle (see Figures 1@Pparent that'the observed enhancement is angle-dependent, in
and 11). The internal angles are displayed at thextagis. In agreement with ref 28.

Figure 10 the intensity ratios of the first-order polystyrene opal
are displayed (cf. Figure 5). The attenuations are slightly above
0.50, and the enhancements are-&t25. The attenuations and We have shown that the polystyrene opals and alumina
enhancements are more or less constant with angle. In Figureinverse opals are efficient photonic crystals. The attenuations
11, the intensity ratios of the inverse alumina sample are seen in the direct and indirect structures could be well explained
displayed, and correlation between enhancement and attenuationvith different mean free paths and Bragg attenuation lengths.
is more pronounced, i.e., large enhancement correlations withWe are the first to explore emission experiments with second-
strong attenuation. In the = 0° spectrum of the alumina inverse  order photonic crystals and demonstrated strongly modified

Intensity ratio

opal, the intensity ratio is below 0.40 and the enhancement is
1.6. A larger variation is seen in the attenuations and enhance-
ments as a function of angle. Here it is clearly seen that with
increasing angle the attenuation decreases and also the enhance-
ment lowers. The changes of these spectral features are expected
at the same internal angles. Since the opals have a higher average
éefractive index than the inverse opals, the changes occur at
smaller external angles for the inverse opals and are therefore

V. Conclusions
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emission spectra from these crystals. The first-order samples,
opals as well as inverse opals, displayed strongly attenuated
emission as well as increased emission at the blue side of the
stop band. This enhancement was qualitatively explained with g
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