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ABSTRACT: Spectral and directional reshaping of fluores-
cence from dye molecules embedded in self-assembled hybrid
plasmonic—photonic crystals has been examined. The hybrid
crystals comprise two-dimensional hexagonal arrays of dye-
doped dielectric nanospheres, capped with silver semishells.
Comparing the reshaped fluorescence spectra with measured
transmission/reflection spectra and numerical calculations

“
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reveals that the spectral and directional reshaping of fluorescence is the result of its coupling to photonic crystal Bloch

modes and to void plasmons localized inside the silver caps.
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Purcell effect

An important aim of contemporary nanophotonics is to
route and manipulate light by using nanometer length
scale structures made of dielectric, metallic or hybrid materials.
Such architectures create a structure-defined complex dielectric
environment that interacts with electromagnetic waves in
various ways, depending on the specific configuration of the
nanostructures. For example, light can be localized in a
subwavelength volume close to nanometallic objects like
noble metal nanoparticles due to the collective oscillations of
electrons known as nanoparticle plasmons (sometimes also
called localized surface plasmons)." Another example is a
photonic crystal (PC), which is an architecture with spatially
periodic variation of the dielectric permittivity. Light within a
certain frequency range cannot propagate in a PC due to the
opening of a photonic bandgap.”~* When two-dimensional
(2D) PCs are made of noble metal, the periodically modulated
complex dielectric function of the metallic structures allows for
the excitation of surface plasmon polaritons (SPPs) propagating
along the metal—dielectric interface®™” due to the diffractive
coupling into these modes, which is otherwise forbidden for flat
films due to wave-vector mismatch between the photons and
the SPP. Such structures show distinct dispersive features in
their transmission® and reflection’ spectra.

If light emitters, such as quantum dots, dye molecules, or
conjugated polymers are placed in the vicinity of metallic
nanostructures, fluorescence and the resonant modes of the
system start to interact. As a result, the optical properties of
light emitters can be influenced in many aspects. For example,
the fluorescence lifetime can be manipulated'® and the emission
can be spectrally reshaped"' ™" or spatially redirected."*”"
Similar ways to manipulate fluorescence have also been shown
with dielectric PCs: the lifetime of fluorescence,” the spectral
shape,12 and also the direction of emission'** can be altered.
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Moreover, the optical feedback provided by the dielectric PC*'
or periodic metallic gratings®»*®> may initiate amplified
stimulated emission and lasing.

Plasmonic photonic devices can be used in the field of
photovoltaics, + metamaterials,>>*° waveguiding,27 and biosens-
ing,”® and actually large area structures are necessary for many
real life photonic and optoelectronic applications. Unfortu-
nately, up to now many plasmonic structures with precise
geometry are mostly fabricated using electron beam or focused
ion beam lithography. These techniques, nevertheless, are also
characterized by high cost, complicated, and slow manufactur-
ing processes and limited sample area. In order to overcome
these shortcomings, nanosphere lithography (NSL) has been
used to fabricate large area grating-like plasmonic structures.”
Specifically, NSL is a lithographic technique using self-
assembled opal-based colloidal PCs as templates to produce
plasmonic architectures. Plasmonic structures prepared by the
NSL approach can be regular arrays of metallic pyramids,*
spheres,”" and nanodisks® on various substrates. Combined
with electrochemical deposition, an array of voidlike nano-
cavities can be fabricated using hexagonal crgstals of nano-
spheres as sacrificing templates on a gold film.*® Their optical
properties are usually characterized by both, the excitation of
nondispersive localized surface plasmon resonances (LSPRs),
and traveling SPPs, which can be excited via momentum
transfer of a reciprocal lattice vector.”** Because of that, the
latter are sometimes also called Bragg plasmons.

In this Letter, we report for the first time the measurement of
the transmission, reflection and fluorescence emission spectra
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from the same sample. The samples are 2D hexagonal
plasmonic-photonic crystals, self-assembled from dye doped
polystyrene (PS) spheres on glass substrates, which are
optionally capped with plasmonic silver shells (Figure 1 a,b).
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Figure 1. (a) Schematic of the hybrid plasmonic—photonic crystals.
(b) Upper left panel: the Brillouin zone of the hexagonal lattice; SEM
images of the hexagonally packed monolayer of dye-doped (PS)
spheres coated with silver caps viewed from the top (left and right
lower panels) and a closer look under 45° (upper right panel). Metal
pyramids on the glass substrate are indicated by the white triangle in
the upper right panel. (c) Schematics of the experimental setup for
angle-resolved fluorescence measurement and transmission/reflection
measurements.

Other than in traditional NSL, we do not remove the
fluorescing spheres. As a result, we can investigate the spectral
and directional reshaping of the fluorescence by the Bloch
modes of the PC without silver capping. After the optional
evaporation of a semitransparent 40 nm silver layer forming
silver caps on the spheres,>> " we can study an additional
coupling of the fluorescence to the void plasmons inside the
caps. In total, our structure forms a hybrid of fluorescing
species, and a hexagonal dielectric PC made of PS spheres
sustaining distinct Bloch modes.**® The interconnected silver
nanocaps support the Bragg modes of traveling surface
plasmons as well as LSPRs.*~*!

Because the substrate is glass and the silver caps are
semitransparent, we can study both the reflection and the
transmission spectra of the hybrid samples. This allows us to
deduce in detail which spectral and directional reshaping of
fluorescence is due to a coupling of the fluorescent emission to
the PC Bloch modes, to the Bragg plasmons, and to the
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localized void plasmons inside the silver caps. We find a
dispersive coupling of the fluorescence to the PC Bloch modes
(which are also present in the samples without silver caps) and
a distinct nondispersive coupling to the void plasmons in the
Ag caps. However, a coupling of fluorescence to Bragg
plasmons seems to be weak in our samples. Previously, it has
been shown that the reflection spectra of metal-capped
nanosphere PCs differ greatly when collected from the metal
coating side or from the substrate side.*” We now find that also
the fluorescence couples to the PC Bloch modes and the LSPR
in a very different way, depending on whether the emission
takes place into the half space above or below the substrate.
Finite difference time domain (FDTD) simulations of the
LSPRs in the metallic caps and frequency domain simulations
of the Ag-capped PCs (full-fledged periodic structure) support
our conclusions.

Previous studies lack the full flexibility to measure
fluorescence emission, transmission, and reflection on one
and the same sample. Lopez-Garcia et al.*® reported directional
reshaping of fluorescence from dye-doped PCs of PS spheres
on a flat gold layer. No metallic caps were applied and the
sample was not transparent, so no comparison of the
fluorescence and the transmission spectra could be made.
Sugawara et al.** reported on the strong coupling of void-
LSPRs, Bragg plasmons, and molecular excitations on a
nontransparent sample. A similar structure was investigated
by Jose et al.** They observed an enhancement of the excitation
of the fluorophores rather than a manipulation of the emission.
But again, no transmission spectra could be retrieved because of
the use of nontransparent samples.

Our hybrid plasmonic—photonic crystals containing green
dye molecules were fabricated by the following procedures
(Figure 1a): A hexagonally packed 2D PC of PS spheres loaded
with dye molecules (Thermo-Scientific, Waltham, MA, USA,
sphere diameter d = 390 nm; dye, “Firefli* Fluorescent Green”)
was deposited on a glass substrate using self-assembly as
reported elsewhere.*® The extinction and emission spectra of
the dye molecules in a PS film and in PS spheres are shown in
the Supporting Information (Figure S1). A silver film of 40 nm
nominal thickness was evaporated on the freshly crystallized 2D
PC. The typical sample size was about 2—4 cm” The
geometrical parameters (the diameter of the PS spheres and
the thickness of the Ag film) are carefully chosen, so that the
optical responses of the hexagonal structures can match the
emission band of the dyes. The metal film acquires the shape of
caps on top of the spheres as shown in Figure 1b. These silver
caps are partially connected with each other, forming a 2D
periodic array of semishells with a hexagonal lattice. In addition,
a small amount of silver was evaporated on the glass substrate
through the interstices between the spheres, forming a regular
array of silver pyramids. Two reference samples, an
unstructured dye-doped PS film (henceforth denoted as
unstructured film), and a hexagonally packed monolayer of
dye-doped PS spheres without silver coating (henceforth called
bare PC) were prepared and compared with the silver coated
PC (Ag-capped PC). The unstructured film (thickness ~3 pm)
was made by dissolving the dye-doped PS spheres using
toluene, and then spin-coating the dissolved solution on a glass
substrate.

The angle-resolved transmission and reflection (T/R)
measurement of the samples were performed using a setup
previously reported®”** (see Figure 1c, lower scheme). Samples
were illuminated by white light from a tungsten light source
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that is collimated to 1 mm in diameter. The T/R spectra were
acquired under s- and p-polarized light, defined as the electric
field being perpendicular or parallel to the plane of incidence,
respectively. Angle-resolved T/R is measured at distinct angles
0 to the sample normal using a spectrometer (B&W TEK,
BRC112E-V). @ is varied from O to 80° with a step size of 5°.
Angle-resolved fluorescence spectra were taken using a similar
setup shown in the upper scheme of Figure lc. A pulsed diode
laser (Picoquant, LDH-D-C-405, A, = 404 nm, 70 ps
pulsewidth) was used to excite the dye molecules from the
glass substrate side with a fixed angle of incidence a = 5° to the
sample normal. A 1/4 waveplate is used to convert the linearly
polarized laser beam to a circularly polarized one in order to
equally excite all the dye molecules with different orientations.
The angle-resolved fluorescence into the air side of the samples
as well as through the glass substrate side is collected at
different angle O (with respect to the sample normal, as for the
T/R measurements). Unless otherwise indicated, a polarization
analyzer is placed in front of the spectrometer, in order to pick
the s- or p-polarizations of the fluorescence emission.

The fluorescence spectra normal to the surface (6 = 0°
unpolarized) from the unstructured film, the bare PC, and the
Ag-capped PC are shown in Figure 2a. In all cases the excitation
beam impinges through the glass substrate and the emission
normal to the substrate is collected toward the air side. In case
of the unstructured film and the bare PC samples, the
fluorescence spectra do not depend much on the direction of
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Figure 2. (a) Fluorescence emission of dye molecules measured at 6 =
0° (normal to the surface, unpolarized) for samples of an unstructured
PS film (black dashed), a bare 2D photonic crystal of dye doped PS
spheres without metallic caps (red), and of the Ag-capped photonic
crystal into the air side (transmitting the Ag caps) (green) and into the
glass substrate side (blue). (b) Normalized fluorescence spectra from
(a), same color coding. Schemes above the graph visualize the
directions of excitation and detection.
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the fluorescence, that is, whether it is taken toward the air side
or through the glass side. Hence, we only show the fluorescence
to the air side in case of the unstructured film and the bare PC
sample. However, in case of the Ag-capped PC sample, a major
difference is observed for these two normal emission directions
and hence, spectra for both normal directions are shown (see
schemes above the graphs of Figure 2). The fluorescence of the
unstructured film exhibits an emission from roughly 450 to 650
nm. The unknown density of dye molecules in the unstructured
film makes it impossible to directly compare the fluorescence
intensity of the unstructured film with the intensities of the
other two samples. However, the fluorescence intensities of the
bare PC and the Ag-capped PC can be directly compared. We
find that (1) the fluorescence from the Ag-capped PC is much
weaker for both directions as compared to the fluorescence
from the bare PC and (2) the fluorescence from the Ag-capped
PC directed toward the glass side is higher than the
fluorescence toward the air side of the sample. The peak-
normalized fluorescence spectra of all samples are compared in
Figure 2b, where a clear spectral reshaping of the emission from
both PC samples (bare PC and Ag-capped PC) can be
observed. The peak-normalized fluorescence spectra of the PC
samples exhibit specific features at particular vibronic sidebands
of the dye molecules, a clear indication of a Purcell type effect.
In the case of the Ag-capped PC, this spectral reshaping differs
for the two counter-propagating emission directions.

In order to gain insight not only in the spectral reshaping of
the fluorescence emission but also in the directional reshaping,
we measured the emission as a function of wavelength, angle,
and polarization (see Figure 1c for the setup). We denote the
fluorescence intensity as I,,(4,0) in case of the unstructured
film, I,c(4,0) for the sample of bare PC and IAng(/l,G) for the
Ag-capped PC sample. We then normalize the angularly and
spectrally resolved fluorescence from the bare PC and from the
Ag-capped PC to the fluorescence from the unmodified film
and we end up with a quantity that we call the spectral
fluorescence reshaping factor F (calculated separately for each
polarization)

Lc(4, 6)

) IAch(/L o)
Iy (4, 0)

Fc(4, 0) = ER)

Fygoc(, 0) =
(1)

Figure 3a shows the angular dependence of the exper-
imentally obtained reshaping factors of the fluorescence
emission from a bare PC sample to the air side of the sample,
F,;, for the angular range 0° < 6 < 80° and for s- and p-
polarization. It is clearly seen that the fluorescence from the
bare PC is dispersively reshaped. Specifically, the fluorescence
reshaping factor peaks at 4 = 485 nm when 8 = 0° for both
polarizations. This maximum is rather narrow and it redshifts
rapidly with increasing detection angle. The dispersions for s-
and p-polarization are slightly different; specifically the p-
polarized fluorescence shows the steeper dispersion. The angle-
resolved transmission spectra of the bare PC sample are shown
in Figure 3d. For each incidence angle 6, the transmission
spectrum of the structure is normalized to its respective values
at A =900 nm (where diffractive effects are almost negligible).*’
This normalization factors out the systematic increase of
reflection toward higher @ and enhances the spectral features
that are of interest in our studies. It has been reported that the
optical transmission of a bare PC at normal incidence exhibits a
minimum;>® it is at the spectral position 1 = Dn,, where
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Figure 3. Comparison between the experimental fluorescence and reflection/transmission. Fluorescence reshaping factors for s- and p-polarizations
for the bare PC sample (a), for the Ag capped PC sample to the air side (b), and to the glass substrate side (c). The zero-order normalized
transmission spectra for s- and p-polarized light of the bare PC (d) and the Ag-capped PC (e) are compared to their counterparts, the fluorescence
(a) and (b). The normalized reflection of the Ag-capped PC from the glass side (f) is compared with the fluorescence into the glass side (c). All
color-coded intensity plots are experimentally obtained. Black lines in (a—d) are the calculated dispersions of Bloch modes propagating in the PC.
Panels (e) and (f) contain the calculated dispersions of plasmonic Bragg modes propagating at the air—silver caps interface (yellow line) and the
silver caps—PS spheres interface (black lines). The dotted line in panel (c) indicates the nondispersive feature in fluorescence spectra.

nee = 1.42 is the effective refractive index of the PC slab
(calculated as in the reference*®), and D = ( \/ 3/2)d is the
period of the hexagonal lattice (d is the diameter of the sphere).
This minimum is due to the coupling into optical eigenmodes
or Bloch modes of the 2D PC when the first order diffracted
waves propagate in the plane of the PC (similar to Wood
anomalies). A minimum of the normalized transmission at 6 =
0° is experimentally observed at A = 485 nm, which agrees well
with the calculated result, 1 = 479 nm, where D is 338 nm.
These in-plane diffraction resonances are angularly dispersive,
which can be seen from the dispersive behavior of the minima
in the transmission spectra for both polarizations (Figure 3d).
Similar to the fluorescence emission (Figure 3a), there is a
difference between the dispersions of transmission minima
under s- and p-polarized light. This is because when an oblique
incident beam illuminates a PC, waves with s- and p-
polarizations may preferentially couple into different PC
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Bloch modes propagating in the plane of the structure. The
angular dispersions of the in- Elane diffraction resonances can be
calculated using the formula®®

A= gd(\/nesz — sin’ O sin® @ — sin @ cos @)

@)

where ¢ is the azimuthal angle with respect to the I'-M
direction of the hexagonal lattice (upper left panel of Figure
1b). As our bare PC has macroscopic domains (right lower
panel of Figure 1b), all azimuthal angles ¢ are typically present
within the area of the incident beam spot. However, s- and p-
polarized waves may preferentially couple to modes of specific
azimuthal orientations. The best fit of dispersion using eq 2
results in azimuthal angles ¢ = 120.5° for s- and ¢ = 141° for p-
polarizations (black lines in Figure 3d). These numbers are
guidelines only, as the true position of the maximum is a result
of azimuthal averaging of coupling efliciencies, which may even

dx.doi.org/10.1021/nl3035114 | Nano Lett. 2013, 13, 378—386



Nano Letters

I:air

I:glass

JUBWdIURYUT 3IUDISAION|S

450 550

600

Wavelength (nm)

500 550 600

Wavelength (nm)

Figure 4. Experimental (a,b) and theoretical (c,d) spectra of the fluorescence reshaping factors. Measured fluorescence of the Ag-capped PC sample
for p-polarization in the angular range (0—30°) to the air side (a), and to the glass substrate side (b). The fluorescence enhancement simulated at
angles (0, 15, and 30°) for p-polarized emission to the air side (c) and to the glass substrate side (d). See main text for details. The arrows in (b,d)
indicate the nondispersive feature, which is absent in (a,c). Vertical dashed lines in (c,d) label the spectral positions of 500 and 585 nm. The
corresponding magnitudes of fluorescence enhancement (black crosses) are used in Figure S, right panels.

change with the angle of incidence 6. The obtained theoretical
dispersion curves are also plotted on the map of the
fluorescence reshaping factor (black lines in Figure 3a). It is
evident that the maxima of the fluorescence reshaping factors
follow the dispersion of the in-plane PC modes. This matching
strongly suggests that the fluorescence is coupled to the PC
Bloch modes.'**>* The mechanism of this coupling can be
understood by the increase of the local density of optical states
into which the excited dye molecules could decay radiatively.

In the following, we will focus on the discussion about the
fluorescence reshaping in the Ag-capped PC sample. As
discussed before in the case of the normal direction of emission
(Figure 2b), the fluorescence from a Ag-capped PC to the air
side is more pronounced around 520 nm but less pronounced
at 570 nm as compared with the fluorescence toward the glass
substrate. Figure 3b,c shows the angularly resolved spectra of
the reshaping factors of fluorescence toward the air side (F,;)
and to the glass substrate side (Fy,), respectively. The
maximum of F,; is observed at A = 500 nm for € = 0°. As
opposed to the clearly dispersive behavior of reshaping maxima
in a bare PC sample (Figure 3a), the dispersion of F,; of the
Ag-capped PC sample can only be well resolved from 0 to 10°
and completely vanishes beyond 6 = 20° (Figure 3b). In
contrast, Fy, exhibits two pronounced features for both
polarizations (Figure 3c): the first one is dispersive, that is, the
maximum appears at short wavelength (~490 nm) for normal
emission, and red shifts for larger angles; the second is a
nondispersive feature, that is, the maximum is centered at 575
nm and is traceable within an angle range of 0 to 50° (dashed
line in Figure 3c). As for a bare PC, the dispersion of the
fluorescence from the Ag-capped PC sample exhibits different
dispersive behavior for s- and p-polarizations. Both follow the
dispersive lines of the bare PC (Figure 3d), which are replotted
as black lines in Figure 3 b,c for clarity.

The p-polarized spectra of F and Fy,, of fluorescence
measured from the Ag-capped PC are shown in Figure 4 (a and
b) for 0° < 6 < 30°. The dispersive maximum at the interval
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A, (around 500 nm) exists for both directions of fluorescence
emission. In contrast, the nondispersive feature (labeled by an
arrow at the spectral range A4,) is only observed in the case of
fluorescence emitted to the glass side. Numerical simulations
reveal similar features. Figure 4c,d shows the simulated
fluorescence enhancement for p-polarization at 8 = 0, 15, and
30° to the air side and to the glass side of the Ag-capped PC
sample, respectively. Numerical fluorescence enhancement is
defined as a ratio between the calculated intensity of emission
from randomly oriented incoherent dipoles in a Ag-capped PC
and the emission of the same dipole ensemble in vacuum. The
dipole emission intensity at a specific fluorescence angle 6 and
an azimuthal angle ¢ with respect to a hexagonal lattice is
calculated using the principle of reciprocity. Details and further
discussion can be found in the Supporting Information, section
“Modeling of fluorescence intensity”. One can see that the
fluorescence enhancement is typically larger than 1, especially
for the fluorescence to the glass side (Figure 4c,d). The
experimental reshaping factors have lower absolute values,
mainly because they are normalized to the fluorescence from
flat dye doped PS films, which are significantly thicker than the
PS-spheres monolayer. Theoretical fluorescence enhancement
to the air side at 6 = 0° (Figure 4, black curve) has a maximum
around 500 nm, which flattens out and red shifts with
increasing € in reasonable agreement with the experimental
findings (Figure 4a). Similarly to the experimental reshaping
factors, the fluorescence enhancement into the glass side
(Figure 4d) shows an additional maximum at around $90 nm
irrespective of the fluorescence angle 6.

As reported before,* transmission spectra of Ag-capped PCs
are identical no matter from which side the transmitted light is
collected, whereas the reflection spectra detected from the
metal coated side and from the glass substrate side are
completely different. Similar behavior of directionally depend-
ent reflectance has also been reported recently in vertically
asymmetrically stacked metamaterials.”® In our fluorescence
experiment, the embedded dye molecules emit light inside the
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Figure S. Left column: Calculated intensity enhancement in a single silver coated PS sphere on a glass substrate at the plane of the mid cross-section
of the sphere for wavelength 500 nm (upper panel) and 585 nm (lower panel), corresponding to the dispersive (475—525 nm) and nondispersive
(560 nm < A <600 nm) spectral range, respectively. The angular dispersions of the fluorescence intensity, integrated over the corresponding spectral
intervals A4, (475—52S5 nm) and A4, (560—600 nm) are shown in the upper and lower lines of polar plots, respectively. The first column of polar
plots corresponds to the unstructured (thick) film (green symbols: measured data, black dots: calculated Lambertian emission). The second column
corresponds to the plain PC and the third column to the Ag capped PC. As indicated in the upper middle polar plot, each of the plots is organized as
follows (clockwise): upper left quadrant, s-polarized fluorescence into the air side; upper right, p-polarized to air side; lower right, p-polarized to glass
side; lower left, s-polarized to glass side. In the last two columns of polar plots, black crosses (right half-plane, p-polarization) and dotted circles (left
half-plane, s-polarization) correspond to the normalized values of the simulated fluorescence enhancement at SO0 nm (upper plots) and 585 nm

(lower plots).

concave voids of the silver caps. As a result, the fluorescence
collected at the air side of the Ag-capped PC must penetrate
through the corrugated silver film, while the fluorescence
detected at the glass substrate side interacts with the
electromagnetic waves of the mirror dipoles in the Ag layer.
The emitted photons in the two antiparallel directions
experience different optical paths, and we now want to
compare them with the optical path in transmission and
reflection upon glass-side illumination (see schematics above
Figure 3e(f). Therefore, we compare the features of the
reshaping factor of fluorescence toward the air side (Figure 3b)
with the transmission spectrum (Figure 3e), and the reshaping
factor of fluorescence toward the glass substrate (Figure 3c)
with the normalized reflection from the substrate side (Figure
3f). T/R spectra on an extended wavelength range as well as
reflection spectra on the air side of the Ag-capped PC can be
found in the Supporting Information (Figure S2).

The transmission spectra of the Ag-capped PC exhibit
maxima®>® at the spectral positions of the Bragg plasmons of
the 2D lattice of silver caps, that is, traveling SPP modes that
are excited via a reciprocal vector of the hexagonal lattice.”
There are two sets of Bragg plasmon bands:*” one is excited at
the interface between the spheres and the Ag layer and another
is excited at the air—silver interface. The dispersions of these
two sets of SPP bands are calculated using eq 2 replacing the
feg with the refractive index of the SPP: ngpp = [SAngielectric/ (SAg
+ Egicteatric) )%, where €pg is the permittivity of silver and and
Egiclectric 15 the permittivity of the dielectric (either air or an
effective medium consisting of PS spheres and air). As shown in
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Figure 3e, the Bragg plasmon band dominates the transmission
spectra of the Ag-capped PC sample. Similar to the case of a
bare PC, the dispersion of the Bragg plasmon band on the Ag-
capped PC sample is also polarization-dependent (as discussed
in more detail in the Supporting Information). In addition,
Bragg plasmon bands that appear as dispersive minima can be
observed in the reflection spectra of Ag-capped PC (Figure 3f).
Surprisingly, we find that the spectral reshaping of fluorescence
in the Ag-capped PC (Figures 3b,c) is completely insensitive to
the Bragg plasmon modes (Figures 3e,f) but partially relates to
the bare PC modes (Figure 3d). Therefore, we replot these
modes in Figure 3b,c but not the plasmonic Bragg modes
shown in Figure 3e,f. This observation is in contrast to some
earlier findings'"'"*'>*' on light emitters in the vicinity of
periodic plasmonic structures. However, one should note that
in studies where the coupling of fluorescence to Bragg plasmon
modes was reported, the plasmonic—photonic crystals have
been homogeneously covered with fluorophores. In our case,
the dye molecules are confined within each nanosphere, that is,
the spatial distribution of dye molecules in the Ag-capped PC
sample also obeys a hexagonal pattern. In other words, the
majority of the dye molecules are located in the spatial regions
where the PC Bloch modes propagate, and only a small fraction
is in the immediate vicinity of the Ag—PS—spheres interfaces,
where Bragg plasmon modes dominate. As the diameter of our
spheres is larger than the typical normal spatial extension of
plasmonic modes,'*'® the coupling of fluorescence to the PC
Bloch modes dominates, while coupling to the plasmonic Bragg
modes is minor. Coupling of emission from a single dipole into
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a bare PC and into a Ag-capped PC is modeled and further
discussed in the Supporting Information (Figure S3).

The additional nondispersive maximum in the fluorescence
reshaping factor at 575 nm, which is present in the fluorescence
into the glass side (Figure 3c) but not into the air side (Figure
3b), suggests some interaction of the fluorescence with a
nondispersive localized plasmon. Moreover, the nondispersive
maximum can only be seen in the fluorescence through the
glass substrate, correlating this feature to the asymmetric
configuration of the silver caps. FDTD calculations of the
intensity enhancement in a single silver-coated sphere
(IE/IEy”) (that is the local field intensity normalized by the
incident intensity) are shown in the left column of Figure S for
two different wavelengths, 500 and 585 nm. In this simulation,
the normally incident plane wave illuminates the sample from
the substrate, mimicking the dye molecules emitting from the
void side of the silver cap. At A = 500 nm, that is, in the spectral
range of the dispersive feature (A4, in Figure 4), the field is
only moderately enhanced inside the void. On the contrary, at
A = 585 nm in the spectral position within the nondispersive
feature (A4, in Figure 4) the intensity is strongly enhanced, as
a dipole void plasmon resonance is formed inside the silver cap.
In both calculations, we assumed an electric-field orientation
parallel to the glass plate, that is, we numerically probed the
longitudinal void plasmon mode,*****" sometimes also called
the transverse mode in order to distinguish from the axial mode
which is in the blue side of the spectrum.>*** The cap-shaped
plasmonic resonator can facilitate the relaxation of excited dye
molecules to specific vibrational ground states if the
corresponding transition is in resonance with the LSPR."?
LSPRs could also be excited on the array of Ag pyramids
formed on the substrate of the Ag-capped PC samples.
However, according to Haynes et al.** and our own numerical
calculations (Figure S4 in the Supporting Information), the
nanoparticle plasmons related to Ag pyramids have neither
spectral nor spatial overlap with the dye molecules confined in
the PS spheres. Thus we can conclude that the coupling to the
void plasmon is responsible for the nondispersive spectral
reshaping of fluorescence in the Ag-capped PC sample,
providing a directional decay channel for the excited dye
molecules in the void. Summing up, the spectral reshaping of
the fluorescence from the Ag-capped PC is the result of a
coupling to both the PC modes of the bare PC made of the
dielectric PS spheres and the void plasmon modes in metallic
semishells. These two couplings reshape the fluorescence at
different spectral intervals. However, no pronounced coupling
of fluorescence to the Bragg plasmon modes was observed in
our hybrid samples.

Finally, we will now examine the polar pattern of
fluorescence emission for both spectral intervals, the one
which couples to the PC modes and the one which couples to
the LSPR of the Ag void plasmons. In the polar plots of Figure
S, we investigate both spectral regions (upper and lower lines of
polar plots) for all three samples: the unstructured film (left
column of polar plots), the bare PC (central column), and the
Ag-capped PC (right column). The angular distribution of the
fluorescence intensity for these two bands is calculated using
the following formula

[ 1, 0)da
10, )sin(0)da do

1(6)
(3)
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where 4, and A, refer to the starting and end wavelengths of the
emission band. In our experiment, the first emission band A4,
from A, = 475 to A4,= 525 nm, corresponds to the dispersive PC
modes, while the second band A4, taken from 560 to 600 nm,
corresponds to the localized plasmonic void mode. The
fluorescence of the unstructured film exhibits the same
directionality as the Lambertian distribution predicts (black
dots in the polar plots) for both AA; or A, This good
agreement between the calculation and experimental data
manifests that the film sample is indeed completely
unstructured. With the hexagonally packed bare PC, nano-
structuring greatly alters the angular distribution of the
fluorescence in the spectral region A/}, where a pronounced
forward beaming effect is observed. For the spectral region A/,
the whole emission remains essentially Lambertian even though
the influence of the dispersive diffraction resonances can still be
seen at particular angles, that is, @ = 20° for p-polarization and 6
= 30° for s-polarization (refer to Figure 3a). The fluorescence
intensity is uniformly distributed to the air side and to the
substrate side. However, when the silver caps are introduced,
the directionality of the fluorescence is significantly modified.
The modifications are manifold: (1) much less fluorescence
goes into the air side passing through the silver caps; (2) in the
dispersive band A/;, a pronounced polarization dependence of
the directional emission is found; and (3) emission toward the
substrate is dominant for the nondispersive band A4,, as the
fluorescence is coupled to the void plasmons.

To compare experimental angular emission with theoretical
predictions, we can use the simulated fluorescence enhance-
ment spectra (Figure 4). Black crosses in Figure 4c,d indicate
the simulated fluorescence enhancement for p-polarization at
different angles 8 = 0, 15, and 30°. The fluorescence
enhancement exhibits various magnitudes at 4 = 500 nm
(which is representative of the dispersive band A4,) and 4 =
585 nm (within the nondispersive band A4,). In order to
visually compare the angular variation of simulated fluorescence
enhancement with the experimental directionality, we scale the
magnitudes of the calculated fluorescence enhancement at all
angles, that is, @ = 0, 15, 30, and 60° (not shown in Figure 4) by
a common factor, which fits the experimental value to the glass
side at € = 0° exactly. The values at the air side are scaled with
the same factor. This is done separately for each polarization
and wavelength range. We then add these scaled values as black
dotted circles and crosses to the corresponding experimental
polar plots in Figure 5. The calculated angular distributions
(black symbols) coincide very well with the experimental ones
(red and blue symbols). For example, for the Ag-capped PC
(the right set of plots), at @ = 15° for p-polarized fluorescence
to the glass side (165° on the plots) one can see a slight dip in
emission at A = 500 nm but small maximum for 4 = 585 nm.
Both of these features are nicely reproduced by the simulations.
Only in the case of fluorescence to the air side of a Ag-capped
PC at 4 = 585 nm, the experimental intensity is higher than the
simulated one, probably because the perfectly shaped Ag caps
used in the simulations provide a better confinement of the
fluorescence toward the glass substrate, while roughness on the
air-side of the deposited Ag caps may contribute to the
additional scattering of the fluorescence intensity toward the air
in the experiments. Taking into account the structure’s
imperfections, the agreement between the theory and the
experiment for the spectra (Figure 4) as well as the
directionality (Figure S) is quite remarkable.
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In conclusion, we have designed and fabricated hybrid
plasmonic-photonic crystals containing dye molecules by
evaporating a metal film on a hexagonally close-packed
monolayer of dye-doped nanospheres prepared by colloidal
self-assembly. Fluorescence emitted from the dye molecules is
reshaped spectrally and directionally both by the coupling of
the emission to PC Bloch modes and to the void plasmon
modes localized in the silver caps. No coupling of the
fluorescence to Bragg plasmon modes has been found. Because
of the semitransparency of our sample, the reshaped emission
can be detected from both sides of the sample, exhibiting
different directionalities in the spectral intervals corresponding
to the PC modes and void plasmons, respectively. As a result,
the directionality of the fluorescence emitted from the Ag-
capped PC is frequency and polarization dependent.

These unique optical properties can be applied in many
fields. One possibility would be the design of light-emitting
devices that allow tunable directional lighting. For this
application, our self-assembled Ag-capped PCs are advanta-
geous over some conventional PC structured LEDs>>** for the
following reasons: (i) the relatively inexpensive and large-area
fabrication process allows for mass-production and (ii) the
coexistence of PC Bloch modes and void plasmon modes
facilitates the directional sorting of fluorescence. As in our case,
these works discuss both spectral and directional reshaping of
the emission. However, none of these papers addresses the role
of plasmonic modes and their interplay with the emission.

The Ag-capped PCs are also applicable in photovoltaics, e.g,,
using a process reverse to light emission, the semitransparent
structures can be used to enhance light harvesting efficiency in
solar cells. Additionally, Ag-capped PCs embedded with high
quantum yield fluorophores, in combination with powerful
pump lasers can become a good testing ground for plasmonic
nanolasers. Here, the desired spectral intervals and preferable
lasing modes can be fine-tuned via tailoring the geometrical
parameters of the structure.

B ASSOCIATED CONTENT
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The optical properties of dyes, the T/R spectra, the modeling
of fluorescence intensity, and the additional discussion
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Optical properties of the green dye molecules

The extinction and fluorescent emission spectra of the dye molecules (“Firefli*
Fluorescent Green”, Thermo Scientific) are shown in Figure S1. The extinction of
dyes in polystyrene (PS) nanospheres suspended in water solution (Figure S1a) shows
broader tails than the extinction of the same dyes in a PS film (Figure S1b) due to Mie

scattering from the spheres at this spectral interval.
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Figure S1. Extinction and fluorescence spectra measured from (a) a water suspension

of green dye-doped PS spheres and from (b) a green dye-doped PS film.



Transmission and reflection spectra of the Ag-capped PC sample

Figure S2 shows the normalised transmission and reflection spectra over an
extended wavelength range between 450 to 900 nm. The reflection is shown for both
directions — into the air and the glass substrate side. The intensity plots are measured
data while the black and yellow lines indicate calculated dispersion of the Bragg

plasmons.

The dispersion of the main transmission maximum for s-polarisation (Figure S2a,
left panel) can be calculated from the Eqn. (2) of the main text, using n.s of the Ag-
PC Bragg plasmon and the azimuthal angle ¢ = 110° (black dashed curve). The main
transmission maximum for p-polarisation (Fig. S2a, right panel) initially follows the
same dispersion curve, but at higher incidence angles (8> 45°) it crosses over to the
Ag-air Bragg plasmon with ¢ = 154° (yellow curve). In addition, the transmission for
p-polarisation has a secondary maximum, with a dispersion that can be described by
the Ag-PC Bragg plasmon mode with ¢ = 143° (black solid curve). This mode is not
observed experimentally for s-polarisation. As in the case of a bare PC, the azimuthal
angles are rough guidelines. However two things can be noted here. First, two of the
obtained azimuthal angles are close to those used for the transmission of bare PC in
Figure 3d. Second, (especially at a larger angle € > 45°) p-polarised light tends to
couple to the Bragg plasmons that propagate more collinearly with the incident wave
(¢ is closer to 180°). Conversely, s-polarised light preferentially couples into Bragg
plasmons with a wavevector almost perpendicular to that of incident wave (¢ is closer
to 90°). This tendency is natural. Indeed, Bragg plasmons are p-polarised with respect

to the plane defined by their propagation direction and the surface normal. At oblique



incidence, roughly speaking, both p- and s-polarised light better couple into those
Bragg plasmons, which propagate collinearly with the direction of the dominant
component of the electric field. The coupling strength of incident radiation to Bragg
plasmons can (in principle) be obtained from the solution of 3D vector Maxwell

equations for this complex structure.
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Figure S2. Normalised transmission (a) and reflection spectra collected from the
silver side (b) and the glass substrate side (c) of the sample. The calculated
dispersions of Bragg plasmon bands at the interface between the PS nanospheres and
silver caps with an azimuthal orientation of ¢ = 143° and ¢ = 110° at the hexagonal
lattice are plotted with black solid lines and black dashed lines, respectively. The
yellow lines indicate the Bragg plasmon bands at the air-silver interface with the

azimuthal orientation of ¢ = 154°.



Numerical Simulations

For the calculation of the local field distribution, i.e., the field enhancement |E | / |E0|

or the field |E| within the structure, four sets of simulations where performed with
two independent programs, but the same modelling parameters: we assume PS-

spheres with a radius Rgphere = 195 nm and Eng = 2.6, Ag-caps with a thickness of

heap(Ag) = 40 nm and use tabulated optical properties from Johnson & Christy'. The
sharp metallic edges were smoothened with a radius of curvature of 5 nm to avoid

singularities.

Single isolated Ag capped PS-spheres (Figure 5 in the main text, left column) and
the single dipole emission within the periodic structures (Figure S3) were simulated
using Lumerical Solutions, Vancouver, Canada, which uses a Finite Difference Time
Domain (FDTD) algorithm. Full-fledged periodic structure upon plane wave (PW)
illumination (Figure S4) and the calculated fluorescence enhancement (Figures 4 c,d
and numerical data points in the angular diagrams of the Figure 5 from the main text)
were modelled with the CST Microwave Studio (Darmstadt, Germany), using a
frequency domain solver with adaptive tetrahedral mesh and Floquet boundary

conditions.



Modelling of the fluorescence intensity

Figures 4 (c¢) and (d) in the main text show simulated spectra of fluorescence
enhancement, that is the ratio between the fluorescence intensity from dyes in our
structure and in vacuum. Such a modelling in different directions and spectral ranges
is nontrivial. The density of optical states and the radiative decay rate strongly depend
on the dipole position and orientation within the structure.” Thus, proper comparison
with the experiment should include averaging over positions and orientation of many
incoherent dipoles. This is computationally challenging, as individual dipoles break

the periodicity of the structure, requiring a large computational domain.

To come around this problem, we adopt the approach based on the reciprocity*
using the software of CST Microwave Studio. More detailed description of this
procedure will be reported elsewhere. In short, the argument goes as follows. Due to
reciprocity principle, the power P,(Q)dQ) emitted by the dipole d into the
polarisation o, direction (denoted as €2) and solid angle dQ is related to the local field
E_, which is created at the dipole position by an incident plane wave of the same
polarization o coming from the emission direction Q2. The emitted power is a scalar
quadratic in d. In a homogeneous space, the dipole emission is p-polarised in dipole-
observation plane with sin® @ dependence with respect to dipole axis. In other words,
it obeys the following expression:

P, x|d-E,| (S1)
This expression remains valid when E_ is the field induced by the incoming plane

wave at the dipole position within the structure. Incoherent averaging over the dipole
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orientation reduces to cos’ @ =1/3 and decouples the d and E_ vectors. The average

? where & =E_/E, is the dimensionless vector of

emission becomes P,(Q) oc d’ |£a
field enhancement and E, being the amplitude of the incoming plane wave. The

emission of homogeneously distributed incoherent dipoles is proportional to the
integral of this expression over the volume. It is convenient to normalise it to the

fluorescence into direction Q in the same homogeneous medium (where the

enhancement |£a| =1):

P,(Q 1
P, (QlE|=D) V¥

j &, Q) av (S2)

Vv

The integration includes only the regions where the dyes are present. This approach
relates fluorescence intensity to the PW irradiation results. It requires only
calculations for one unit cell and includes both orientational and spatial averaging. As
a trade-off, multiple PW-irradiation runs are needed to collect the angular emission
diagram. The obtained expression assumes homogeneous distribution and excitation
of dyes within the volume. Otherwise an excitation factor proportional to the intensity
enhancement on the excitation wavelength (and angle of incidence) should be added
under the integral in the Equation (S2).” Saturation of the excitation may further

influence the situation.

Figure 4 (c and d) shows the p-polarised fluorescence enhancement into the angles
0= 0°, 15° and 30°, calculated from the Equation (S2). These angles refer to vacuum
values where the fluorescence is registered. Each curve is averaged over three
azimuthal angles with respect to the crystal structure, i.e., ¢ = 0°, 15° and 30° (the
influence of ¢ is in the range of several percent). Figure 4c refers to the fluorescence

7



to the air side, while Figure 4d refers to the fluorescence to the glass side. The
normalisation is to the fluorescence of the same set of incoherent dipoles in
homogeneous air. In doing so, we took into account Fresnel reflection losses and
change in solid angle at the (thick) glass/air interface (calculated from the Snell’s

law). In addition, we multiplied the glass-side integral (S2) by ng, ~ 1.47, as a dipole

in glass emits stronger than a dipole in the air. The change of the homogeneous
reference medium (e.g., PS) decreases all fluorescence enhancements by the
corresponding refractive index n. Comparison of the absolute numbers with the
experiments is complicated by the different amount of dyes and excitation intensities
in bare or Ag-capped PC structure and the reference film. For example, strong
increase in experimental fluorescence reshaping factors at short wavelengths is an

artefact due to the ratio of two small numbers at the rim of the emission spectrum.



Single dipole field distribution in the bare PC and the Ag-capped PC

00000 0LV

141

Figure S3. (a) Field distribution |E| of a single dipole emitter in a bare PC (left

panels) and a Ag-capped PC (right panels) at 4 =500 nm (upper panels) and
A =590 nm (lower panels). As shown in the schematics on top, the dipole is
positioned at the centre sphere of the PC, along the I'-M direction of the reciprocal
lattice of a hexagonal pattern. Figure (b) illustrates the field distribution |E| of a

single dipole in the same structures as in (a), but with different dipole location, i.e.,

shifted 150 nm towards the Ag caps. The scale bar in each panel is 1 pm.



In experiments, many dye molecules with various dipole orientations are uniformly
distributed within each PS sphere. Such a complex configuration can hardly be
modelled by any simulation tool. We therefore calculate the emission pattern of only
a single dipole in a bare PC or a Ag-capped PC. By varying the position of the dipole

along the film normal, changes in coupling of the dipole radiation to various optical
modes within the structures could be revealed. Figure S3 shows the local field |E| ofa

single dipole emitter positioned inside the central sphere of a hexagonal array of
23x33 PS spheres (with or without Ag-caps) for two distinct wavelengths
A=500nm and A=590nm , which correspond to the dispersive and the non-

dispersive bands A4, and AA, labelled in Figure 4. The dipole is oriented along
I'—=M direction of the reciprocal lattice and the field |E| is shown in the plane

defined by the I' — K direction and the film normal. Perfectly matched layers (PMLs)
were used on all boundaries of the computational domains simulated with the

Lumerical Solutions software.

When the emitter is placed in the centre of the central sphere (Figure S3a), a clear
coupling to the PC Bloch modes is observed in all cases, i.e., the electric fields extend
horizontally along the array of spheres in both the bare PC and the Ag-capped PC for
both 4 =500 nm and A =590 nm. However, in the Ag-capped PC (right panels of
Figure S3a), the fields are confined within several spheres from the emitter, and are
mostly localised inside the Ag-capped central sphere. In addition, the directional
pattern of the field at the air side is different from that at the glass side. Specifically,

in the case of 4 =500 nm (upper right panel of Figure S3a), the field extending to the

air is weaker and is limited to a small solid angle, while the field extending to the
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glass side shows two main oblique lobes, resembling the angular pattern of the field
for the bare PC (upper left panel of Figure S3a). These features correlate with the
directionality diagram shown in the upper right plot of the Figure 5 of the main text.

In contrast, the dipole field at the glass side of the Ag-capped PC at A =590 nm

(lower right panel of Figure S3a) exhibits a much narrower angular distribution.

Figure S3b shows the field distribution of an off-centre dipole in the central sphere
of the bare PC and the Ag-capped PC. In this case, the dipole is positioned at 150 nm
above the sphere centre (see the schematics of Figure S3b), i.e., near the field
maximum for the void resonance of the silver shell. As in the case of the centred
dipole (Figure S3a), electric fields in the Ag-capped PC are mostly confined inside
the Ag cap for both wavelengths. However, the field pattern (right panels of Figure
S3b) from the Ag-capped PC shows a much better beaming effect to both the air and
the glass side, sharply contrasting with the divergent field pattern (left panels of

Figure S3b) from the bare PC.

The comparison between Figure S3a and Figure S3b shows that the off-centre
dipole position (150 nm above the sphere centre; right panels of Figure S3b) causes
better localisation of fields within the Ag-cap void. The light from the centred dipole
(right panels of Figure S3a) couples better to the propagating modes of the array of

spheres, especially at 4 =500 nm within the dispersive band A4, . For both dipole

positions, only a small fraction of field is distributed near the array of Ag caps. This
confirms the experimental findings (Figures 3b,c and Figures 4a,b) that only the

coupling of fluorescence to void plasmon modes and to PC Bloch modes is observed,
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because the coupling strength to the Bragg plasmons is much weaker in comparison to

the coupling to void plasmon and to PC Blcoh modes.

Field distribution in the Ag-capped PC upon PW illumination

The Figure S4 shows the local field enhancement | El /] E0| in the structure along the
propagation direction and in the cut plane transverse to the propagation direction, at

150 nm from the spheres’ centres. This is within the caps, close to the point of

maximal intensity of the void plasmon.

JuaWdURYUI P34
JuaWdURYUI P34

Figure S4. Field enhancement |El/| Eol for linearly polarised plane waves (A = 585
nm, amplitude E() normally incident on the periodic Ag-covered PC from the glass

side (a), and the air side (b).

Comparison between the Figures S4a and S4b reveals significant enhancement of
the electric field inside the PS spheres, when illuminated from the glass side at the
585 nm emission band. This good reciprocal coupling between the light in the spheres
and plane waves in the glass elucidates why fluorophores placed inside the capped PS

spheres strongly fluoresce into the glass side of the sample. As explained in the main
12



text, this can be attributed to the excitation of the non-dispersive void plasmon of the
silver cap (which exists in the same spectral range) by the incident light. Interestingly,
this resonant feature is excited much more prominently upon irradiation from the
glass side then upon irradiation from the air side. This happens both for the isolated
PS sphere with a single Ag cap (Figure 5, left column), and for the full periodic
structure including also the Ag pyramids on the glass support in the interstices
between the spheres (Figure S4). Note that hot spots at the tips of the pyramids are
spatially well separated from the dye-doped spheres and therefore do not directly
influence the reshaping of the fluorescence emission. Further calculations reveal that
their resonances typically lie at A>600 nm, and are sensitive to the fine details of their

geometry.
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