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Abstract:

Spectral and directional reshaping of fluorescefiten dye molecules embedded in
self-assembled hybrid plasmonic-photonic crystals bheen examined. The hybrid crystals
comprise 2-dimensional hexagonal arrays of dye-dapelectric nanospheres, capped with
silver semi-shells. Comparing the reshaped flu@ese spectra with measured
transmission/reflection spectra and numerical datmns reveals that the spectral and
directional reshaping of fluorescence is the restilits coupling to photonic crystal Bloch

modes and to void plasmons localised inside thversdaps.
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An important aim of contemporary nanophotonicoisaute and manipulate light by using
nanometer length scale structures made of dieteatnetallic or hybrid materials. Such
architectures create a structure-defined complekediic environment that interacts with
electro-magnetic waves in various ways, dependingthe specific configuration of the
nano-structures. For example, light can be loddlisea sub-wavelength volume close to
nano-metallic objects like noble metal nanoparsictkie to the collective oscillations of
electrons known as nanoparticle plasmons (sometitsescalled localised surface plasmahs).
Another example is a photonic crystal (PC) whiclamsarchitecture with spatially periodic
variation of the dielectric permittivity. Light witn a certain frequency range cannot propagate
in a PC due to the opening of a photonic bandgaihen 2-dimensional (2D) PCs are made of
noble metal, the periodically modulated compleXatiic function of the metallic structures
allows for the excitation of surface plasmon patars (SPPs) propagating along the
metal-dielectric interface’ due to the diffractive coupling into these modésal is otherwise
forbidden for flat films due to wave-vector misntatoetween the photons and the SPP. Such

structures show distinct dispersive features iir thensmissiorf and reflectiof spectra.

If light emitters, such as quantum dots, dye mdescor conjugated polymers are placed in
the vicinity of metallic nanostructures, fluorescerand the resonant modes of the system start
to interact. As a result, the optical propertieBgift emitters can be influenced in many aspects.
For example, the fluorescence lifetime can be maatpd® and the emission can be spectrally
reshapetf ™ or spatially redirectet!.™*° Similar ways to manipulate fluorescence have also
been shown with dielectric PCs: the lifetime ofoflescencé, the spectral shagéand also
the direction of emissidf®® can be altered. Moreover, the optical feedbackiged by the
dielectric PG or periodic metallic gratings** may initiate amplified stimulated emission and

lasing.



Plasmonic photonic devices can be used in the @iélphotovoltaic$* metamaterial§>?®
waveguiding’ and bio-sensing and actually large area structures are necessamyany real
life photonic and optoelectronic applications. Utidioately, up to now many plasmonic
structures with precise geometry are mostly fabedasing electron beam or focused ion beam
lithography. These techniques, nevertheless, aeddaracterised by high cost, complicated
and slow manufacturing processes and limited samap@. In order to overcome these
shortcomings, nanosphere lithography (NSL) has lbeed to fabricate large area grating-like
plasmonic structures. Specifically, NSL is a lithographic technique ugpigelf-assembled
opal-based colloidal PCs as templates to prodwsnic architectures. Plasmonic structures
prepared by the NSL approach can be regular apaysetallic pyramids> spheres! and
nanodisk¥ on various substrates. Combined with electro-chahieposition, an array of
void-like nanocavities can be fabricated using yexal crystals of nanospheres as sacrificing
templates on a gold filn? Their optical properties are usually characteribgdboth, the
excitation of non-dispersive localised surface plas resonances (LSPRs), and travelling
SPPs, which can be excited via momentum transfereciprocal grating vectdr* Because of

that, the latter are sometimes also called Braggmbns.

In this letter, we report for the first time the aserement of the transmission, reflection and
fluorescence emission spectra from the same sanile. samples are 2D hexagonal
plasmonic-photonic crystals, self-assembled fromdlyped polystyrene (PS) spheres on glass
substrates, which are optionally capped with plagmsilver voids (Figure 1 a,b). Other than
the traditional NSL, we do not remove the fluoragcspheres. As a result, we can investigate
the spectral and directional reshaping of the #goence by the Bloch modes of the PC without
silver capping. After the optional evaporation cfeami-transparent 40 nsilver layer forming

silver caps on the spher&s®’we can study an additional coupling of the fluoeexe to the
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void plasmons inside the caps. In total, our stmectorms a hybrid of fluorescing species, and
a hexagonal dielectric PC made of PS spheres simgadlistinct Bloch mode%*® The
interconnected silver nanocaps support the Bragteshof travelling surface plasmons as well

as LSPRS>#

Because the substrate is glass and the silverazamemi-transparent, we can study both the
reflection and the transmission spectra of theidydamples. This allows us to deduce in detail
which spectral and directional reshaping of fluosgge is due to a coupling of the fluorescent
emission to the PC Bloch modes, to the Bragg plasnamd to the localised void plasmons
inside the silver caps. We find a dispersive caupbf the fluorescence to the PC Bloch modes
(which are also present in the samples withoutesilvaps) and a distinct non-dispersive
coupling to the void plasmons in the Ag caps. Hosvea coupling of fluorescence to Bragg
plasmons seems to be weak in our samples. Preyjaublas been shown that the reflection
spectra of metal-capped nanosphere PCs differlgnehen collected from the metal coating
side or from the substrate sitfeWe now find that also the fluorescence coupletheoPC
Bloch modes and the LSPR in a very different waapethding on whether the emission takes
place into the half space above or below the satestFinite difference time domain (FDTD)
simulations of the LSPRs in the metallic caps aratjdency domain simulations of the

Ag-capped PCs (full-fledged periodic structure)mup our conclusions.

Previous studies lack the full flexibility to measuluorescence emission, transmission and
reflection on one and the same sample. Lopez-Geataié” reported directional reshaping of
fluorescence from dye-doped PCs of PS spheresflah gold layer. No metallic caps were
applied and the sample was not transparent, scomparison of the fluorescence and the

transmission spectra could be made. Sugawara “atreported on the strong coupling of
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void-LSPRs, Bragg plasmons and molecular excitat@mna non-transparent sample. A similar
structure was investigated by Jose éf dlhey observed an enhancement of the excitation of
the fluorophores rather than a manipulation ofeimession. But again, no transmission spectra

could be retrieved because of the use of non-teaegp samples.

Our hybrid plasmonic-photonic crystals containimgemn dye molecules were fabricated by the
following procedures (Figure 1a): A hexagonallylgat 2D PC of PS spheres loaded with dye
molecules (Thermo-Scientific, Waltham, MA, USA, sph diameterd = 390 nm, dye:
“Firefli* Fluorescent Green”) was deposited on asyl substrate using self-assembly as
reported elsewhef®.The extinction and emission spectra of the dyeemues in a PS film and

in PS spheres are shown in the supporting infoonagiFigure S1). A silver film of 40 nm
nominal thickness was evaporated on the freshlgtaliised 2D PC. The typical sample size
was about 2-4 cfn The geometrical parameters (the diameter of tBespheres and the
thickness of the Ag film) are carefully chosen,tlsat the optical responses of the hexagonal
structures can match the emission band of the dyesmetal film acquires the shape of caps
on top of the spheres as shown in Figure 1b. Téiés® caps are partially connected with each
other, forming a 2D periodic array of semishellsrma hexagonal lattice. In addition, a small
amount of silver was evaporated on the glass satbsthrough the interstices between the
spheres, forming a regular array of silver pyramidsgo reference samples, an unstructured
dye-doped PS film (henceforth denoted as unstredtdiim), and a hexagonally packed
monolayer of dye-doped PS spheres without silvatiog (henceforth called bare PC) were
prepared and compared with the silver coated PGcggped PC). The unstructured film
(thickness ~3 um) was made by dissolving the dygeddS spheres using toluene, and then

spin-coating the dissolved solution on a glasstsates
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Figure 1 (a) Schematic of the hybrid plasmonic-phat crystals. (b) Upper left panel: the
Brillouin zone of the hexagonal lattice; SEM imagéshe hexagonally packed monolayer
of dye-doped (PS) spheres coated with silver cagyged from the top (left and right lower
panels) and a closer look under 45° (upper rigmepa Metal pyramids on the glass
substrate are indicated by the white triangle enupper right panel. (c) Schematics of the

experimental set-up for angle-resolved fluorescencmeasurement and
transmission/reflection measurements.



The angle-resolved transmission and reflection Y Tfieasurement of the samples were
performed using a setup previously reportef (see Figure 1c, lower scheme). Samples were
illuminated by white light from a tungsten lighttsoe which is collimated to 1 mm in diameter.
The T/R spectra were acquired under s- and p-geldtight, defined as the electric field being
perpendicular or parallel to the plane of incidenoespectively. Angle-resolved T/R is
measured at distinct anglésto the sample normal using a spectrometer (B&W TEK
BRC112E-V).4 is varied from O to 80° with a step size of 5°.ghairesolved fluorescence
spectra were taken using a similar set-up showthernupper scheme of Figure 1c. A pulsed
diode laser (Picoquant, LDH-D-C-40&%,. = 404 nm, 70 ps pulsewidth) was used to excite the
dye molecules from the glass substrate side witted angle of incidence = 5° to the sample
normal. A A/4 waveplate is used to convert the linearly polarieser beam to a circularly
polarised one, in order to equally excite all tlye dholecules with different orientations. The
angle-resolved fluorescence into the air side ef samples as well as through the glass
substrate side is collected at different afeith respect to the sample normal, as for the T/R
measurements). Unless otherwise indicated, a patson analyser is placed in front of the

spectrometer, in order to pick the s- or p-poldiase of the fluorescence emission.
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Figure 2 (a) Measured fluorescence emissia#h=a0° (normal to the surface, unpolarised) of
dye molecules in samples of an unstructured PS (iashed black), a bare 2D photonic
crystal of dye doped PS spheres without metallps aed), and of the Ag capped photonic
crystal into the air side (transmitting the Ag cafigeen) and into the glass substrate side
(blue). (b) Normalised fluorescence spectra fromgame colour coding. Schemes above the

graph visualise the directions of excitation antédigon.

The fluorescence spectra normal to the surfése @°, unpolarised) from the unstructured
film, the bare PC and the Ag-capped PC are showigure 2a. In all cases the excitation beam
impinges through the glass substrate and the emmigsdrmal to the substrate is collected
towards the air side. In case of the unstructuteddnd the bare PC samples, the fluorescence
spectra do not depend much on the direction offltr@escence, i.e., whether it is taken
towards the air side or through the glass side celewe only show the fluorescence to the air
side in case of the unstructured film and the P&@eample. However, in case of the Ag-capped

PC sample, a major difference is observed for th@senormal emission directions and hence,
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spectra for both normal directions are shown (sberaes above the graphs of Figure 2). The
fluorescence of the unstructured film exhibits amssion from roughly 450 to 650 nm. The
unknown density of dye molecules in the unstructuibn makes it impossible to directly
compare the fluorescence intensity of the unstredtéilm with the intensities of the other two
samples. However, the fluorescence intensitieheflare PC and the Ag-capped PC can be
directly compared. We find that (1) the fluoreseefrom the Ag-capped PC is much weaker
for both directions as compared to the fluorescéraa the bare PC and (2) the fluorescence
from the Ag-capped PC directed towards the glatesisihigher than the fluorescence towards
the air side of the sample. The peak-normalisedrélscence spectra of all samples are
compared in Figure 2b, where a clear spectral ppspaf the emission from both PC samples
(bare PC and Ag-capped PC) can be observed. Thenoemalised fluorescence spectra of the
PC samples exhibit specific features at particullaronic sidebands of the dye molecules, a
clear indication of a Purcell type effect. In cade¢he Ag-capped PC this spectral reshaping

differs for the two counter-propagating emissiorediions.
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Figure 3 Comparison between the experimental feemece and reflection/transmission.
Fluorescence reshaping factors for s- and p-peal#oiss for the bare PC sample (a), for the
Ag capped PC sample to the air side (b) and tagthss substrate side (c). The zero-order
normalised transmission spectra for s- and p-ps#drilight of the bare PC (d) and the
Ag-capped PC (e) are compared to their counterptrés fluorescence (a) and (b). The
normalised reflection of the Ag-capped PC from gtass side (f) is compared with the
fluorescence into the glass side (c). All coloude intensity plots are experimentally
obtained. Black lines in (a-d) are the calculatispersions of Bloch modes propagating in the
PC. Panels (e) and (f) contain the calculated dsspes of plasmonic Bragg modes
propagating at the air—silver caps interface (yellme) and the silver caps—PS spheres
interface (black lines). The dotted line in pang&l ihdicates the non-dispersive feature in

fluorescence spectra. 11



In order to gain insight not only in the specteghaping of the fluorescence emission, but
also in the directional reshaping, we measureeithission as a function of wavelength, angle
and polarisation (see Figure 1c for the setup). déaote the fluorescence intensity as

lim (A,6) in case of the unstructured film,,. A @, for the sample of bare PC and
| p(gpoc(4,6) for the Ag-capped PC sample. We then normaliseatigularly and spectrally

resolved fluorescence from the bare PC and fronAtireapped PC to the fluorescence from
the unmodified film and we end up with a quantithieh we call the spectral fluorescence

reshaping factoF (calculated separately for each polarisation):

FPC(A,Q):%; Fagec(4,6) :IlAg’%(j,;)

1)

Figure 3a shows the angular dependence of the iexgraally obtained reshaping factors of
the fluorescence emission from a bare PC sampleet@ir side of the samplds,,, for the
angular range0° < 8<8(° and for s- and p-polarisation. It is clearly sé®at the fluorescence
from the bare PC is dispersively reshaped. Spadlfidhe fluorescence reshaping factor peaks
at A = 485 nm wherd = 0° for both polarisations. This maximum is ratih@rrow and it
redshifts rapidly with increasing detection andibe dispersions for s- and p-polarisation are
slightly different; specifically the p-polarisedufirescence shows the steeper dispersion. The
angle-resolved transmission spectra of the baresaMple are shown in Figure 3d. For each
incidence anglé, the transmission spectrum of the structure isnatised to its respective
values at = 900 nm (where diffractive effects are almost igle).*’ This normalisation
factors out the systematic increase of reflectmmards highe® and enhances the spectral

features that are of interest in our studies. $tteen reportédithat the optical transmission of
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a bare PC at normal incidence exhibits a minimutheispectral positiom = D [h,, , where

nett = 1.42 is the effective refractive index of the §1b (calculated as in the refereffjeand

D :gd Is the period of the hexagonal latticeg the diameter of the sphere). This minimum

is due to the coupling into optical eigenmodes locB modes of the 2D PC when thédkder
diffracted waves propagate in the plane of the $@ifar to Wood anomalies). A minimum of
the normalised transmission &=0° is experimentally observed &t 485 nm, which agrees
well with the calculated resuld = 479 nm, wherd® is 338 nm. These in-plane diffraction
resonances are angularly dispersive, which carebe Bom the dispersive behaviour of the
minima in the transmission spectra for both po#ims (Figure 3d). Similar to the
fluorescence emission (Figure 3a), there is amdiffee between the dispersions of transmission
minima under s- and p-polarised light. This is seawhen an oblique incident beam
illuminates a PC, waves with s- and p-polarisatimay preferentially couple into different PC
Bloch modes propagating in the plane of the strectlihe angular dispersions of the in-plane

diffraction resonances can be calculated usindaimula*®

A= gd Eﬁ\/njff —sin® @sin’ ¢ —sindcosp (2)

whereg is the azimuthal angle with respect to Ik direction of the hexagonal lattice (upper
left panel of Figure 1b). As our bare PC has mampi domains (right lower panel of Figure
1b), all azimuthal angleg are typically present within the area of the iecidbeam spot.
However, s- and p- polarised waves may preferénttaluple to modes of specific azimuthal
orientations. The best fit of dispersion using Egesults in azimuthal angleg =12(5° for s-
and ¢ =142 for p- polarisations (black lines in Figure 3dheBe numbers are guidelines
only, as the true position of the maximum is a Itesli azimuthal averaging of coupling

efficiencies, which may even change with the amjlencidenceé. The obtained theoretical
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dispersion curves are also plotted on the mapeofltiorescence reshaping factor (black lines in
Figure 3a). It is evident that the maxima of theofescence reshaping factors follow the
dispersion of the in-plane PC modes. This matcktnongly suggests that the fluorescence is
coupled to the PC Bloch mod&s*°The mechanism of this coupling can be understgod b
the increase of the local density of optical stamés which the excited dye molecules could

decay radiatively.

In the following, we will focus on the discussiohaait the fluorescence reshaping in the
Ag-capped PC sample. As discussed before in the aihthe normal direction of emission
(Figure 2b), the fluorescence from a Ag-capped & e air side is more pronounced around
520 nm but less pronounced at 570 nm as compairtbdting fluorescence towards the glass

substrate. Figure 3b and 3c show the angularlylvedaspectra of the reshaping factors of

fluorescence towards the air sidg,() and to the glass substrate sidig,(;), respectively. The
maximum of F,, is observed at = 500 nm for 8 =0°. As opposed to the clearly dispersive

behaviour of reshaping maxima in a bare PC sanfjigife 3a), the dispersion df,, of the
Ag-capped PC sample can only be well resolved f@Smo 10° and completely vanishes

beyond =20 (Figure 3b) In contrast, F. . exhibits two pronounced features for both

polarisations (Figure 3c): the first one is dispgxsi.e., the maximum appears at short
wavelength (~490 nm) for normal emission, and taftssfor larger angles; the second is a
non-dispersive feature, i.e., the maximum is cehéte575 nm and is traceable within an angle
range of 0 to 50° (dashed line in Figure 3c). Assfbare PC, the dispersion of the fluorescence
from the Ag-capped PC sample exhibits differentpeisive behaviour for s- and
p-polarisations. Both follow the dispersive lindste bare PC (Figure 3d), which are replotted

as black lines in Figures 3 b,c for clarity.
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Figure 4 Experimental (a,b) and theoretical (co¢ctra of the fluorescence reshaping
factors. Measured fluorescence of the Ag cappeddd@ple for p-polarisation in the angular
range (0-30°) to the air side (a), and to the gkdsstrate side (b). The fluorescence
enhancement simulated at angles (0°, 15° and 80p}polarised emission to the air side (c)
and to the glass substrate side (d). See mairicegetails. The arrows in (b,d) indicate the
non-dispersive feature, which is absent in (a,@rtidal dashed lines in (c,d) label the
spectral positions of 500 nm and 585 nm. The cparding magnitudes of fluorescence

enhancement (black crosses) are used in Figurght panels.

The p-polarised spectra df,, and F

qass Of fluorescence measured from the Ag-capped PC
are shown in Figure 4 (a and b) f6f <8 <3(C°. The dispersive maximum at the interndh,
(around 500 nm) exists for both directions of flegrence emission. In contrast, the

non-dispersive feature (labelled by an arrow asfectral rangeAA,) is only observed in case

of fluorescence emitted to the glass side. Numiesioaulations reveal similar features. Figures
15



4c and 4d show the simulated fluorescence enhamtdorep-polarisation a# = 0°, 15° and
30° to the air side and to the glass side of thec&gped PC sample, respectively. Numerical
fluorescence enhancement is defined as a ratioeleetwhe calculated intensity of emission
from randomly oriented incoherent dipoles in a Ageed PC and the emission of the same
dipole ensemble in vacuum. The dipole emissiomaitg at a specific fluorescence anghe
and an azimuthal anglewith respect to a hexagonal lattice is calculatgidg the principle of
reciprocity. Details and further discussion carfdaend in the supporting information, section
‘Modeling of fluorescence intensity’. One can séattthe fluorescence enhancement is
typically larger than 1, especially for the fluoreace to the glass side (Figure 4c,d). The
experimental reshaping factors have lower absehitees, mainly because they are normalised
to the fluorescence from flat dye doped PS filmbjclw are significantly thicker than the
PS-spheres monolayer. Theoretical fluorescenceneehzent to the air side & =0° (Figure

4c, black curve) has a maximum around 500 nm, wiiiattens out and red-shifts with
increasing @ in reasonable agreement with the experimentairfgel(Figure 4a). Similarly to
the experimental reshaping factors, the fluoress@amhancement into the glass side (Figure

4d) shows an additional maximum at around 590 mesjrective of the fluorescence andle

As reported befor& transmission spectra of Ag-capped PCs are idéntizanatter from
which side the transmitted light is collected, wdaes the reflection spectra detected from the
metal coated side and from the glass substrateasedeompletely different. Similar behaviour
of directionally dependent reflectance has alsonbeeported recently in vertically
asymmetrically stacked metamaterifisn our fluorescence experiment, the embedded dye
molecules emit light inside the concave voids @f siiver caps. As a result, the fluorescence
collected at the air side of the Ag-capped PC mpasttrate through the corrugated silver film,

while the fluorescence detected at the glass satbsside interacts with the electromagnetic
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waves of the mirror dipoles in the Ag layer. Theiteed photons in the two antiparallel
directions experience different optical paths, ael now want to compare them with the
optical path in transmission and reflection upaasgtside illumination (see schematics above
Figures 3e and 3f). Therefore, we compare the featof the reshaping factor of fluorescence
towards the air side (Figure 3b) with the transimisspectrum (Figure 3e), and the reshaping
factor of fluorescence towards the glass subs{ftrire 3c) with the normalised reflection
from the substrate side (Figure 3f). T/R spectraanrextended wavelength range as well as
reflection spectra on the air side of the Ag-capp¥cl can be found in the supporting

information (Figure S2).

The transmission spectra of the Ag-capped PC exmilskim&>® at the spectral positions of
the Bragg plasmons of the 2D lattice of silver ¢aps, travelling SPP modes which are excited
via a reciprocal vector of the hexagonal latfidhere are two sets of Bragg plasmon bahds
one is excited at the interface between the splag@she Ag layer, and another is excited at the

air-silver interface. The dispersions of these sets of SPP bands are calculated ukigg2

gAg |:t‘dielectric

replacing then,, with the refractive index of the SPR,, = , Where &, is

gAg + gdielectric

the permittivity of silver, ands, is the permittivity of the dielectric (either amr an

ielectric
effective medium consisting of PS spheres and Agshown in Figure 3e, the Bragg plasmon
band dominates the transmission spectra of theapged PC sample. Similar to the case of a
bare PC, the dispersion of the Bragg plasmon banthe Ag-capped PC sample is also
polarisation-dependent (as discussed in more detdik supporting information). In addition,
Bragg plasmon bands that appear as dispersive @aicaim be observed in the reflection spectra

of Ag-capped PC (Figure 3f). Surprisingly, we fitindit the spectral reshaping of fluorescence

in the Ag-capped PC (Figures 3b,c) is completeBensitive to the Bragg plasmon modes
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(Figures 3e,f), but partially relates to the bafe fAodes (Figure 3d). Therefore, we re-plot
these modes in Figure 3b and 3c but not the plaenByragg modes shown in Figures 3e and
3f. This observation is in contrast to some eatfiedings****>**on light emitters in the
vicinity of periodic plasmonic structures. Howevene should note that in studies where the
coupling of fluorescence to Bragg plasmon modes weg®rted, the plasmonic-photonic
crystals have been homogeneously covered withdplwres. In our case, the dye molecules
are confined within each nanosphere, i.e., theiapdistribution of dye molecules in the
Ag-capped PC sample also obeys a hexagonal paltteother words, the majority of the dye
molecules are located in the spatial regions wtieed?C Bloch modes propagate, and only a
small fraction is in the immediate vicinity of th&g-PS-spheres interfaces, where Bragg
plasmon modes dominate. As the diameter of ourreghie larger than the typical normal
spatial extension of plasmonic mofes, the coupling of fluorescence to the PC Bloch nsode
dominates, while coupling to the plasmonic Braggle®is minor. Coupling of emission from
a single dipole into a bare PC and into a Ag-capp@ds modelled and further discussed in the

supporting information (Figure S3).

The additional non-dispersive maximum in the flsoence reshaping factor at 575 nm,
which is present in the fluorescence into the gkde (Figure 3c) but not into the air side
(Figure 3b), suggests some interaction of the #8scence with a non-dispersive localised
plasmon. Moreover, the non-dispersive maximum ¢dy loe seen in the fluorescence through

the glass substrate, correlating this feature @catfymmetric configuration of the silver caps.
FDTD calculations of the intensity enhancement sirgle silver coated spher¢m2/|E0|2)

(that is the local field intensity normalised byetincident intensity) are shown in the left
column of Figure 5 for two different wavelength®05 m and 585 nm. In this simulation, the

normally incident plane wave illuminates the sampten the substrate, mimicking the dye
18



molecules emitting from the void side of the sileap. AtA = 500 nm, i.e., in the spectral range
of the dispersive featured(, in Figure 4), the field is only moderately enhahaeside the
void. On the contrary, at = 585 nm, the spectral position within the non-drspre feature
(AA, in Figure 4), the intensity is strongly enhancasla dipole void plasmon resonance is

formed inside the silver cap. In both calculationg assumed an electric field orientation
parallel to the glass plate, i.e. we numericallyhad the longitudinal void plasmon mot&®**
sometimes also called the transverse mode in tod#stinguish from the axial mode which is
in the blue side of the spectrdfit’ The cap-shaped plasmonic resonator can facilitee
relaxation of excited dye molecules to specificratlbnal ground states if the corresponding
transition is in resonance with the LSPRLSPRs could also be excited on the array of Ag
pyramids formed on the substrate of the Ag-cappgeddmples. However, according to Haynes
et al®® and our own numerical calculations (Figure S4ha supporting information), the
nanoparticle plasmons related to Ag pyramids haher spectral nor spatial overlap with the
dye molecules confined in the PS spheres. Thusaweanclude that the coupling to the void
plasmon is responsible for the non-dispersive sgleceshaping of fluorescence in the
Ag-capped PC sample, providing a directional dedtegnnel for the excited dye molecules in
the void. Summing up, the spectral reshaping ofltleeescence from the Ag-capped PC is the
result of a coupling to both the PC modes of the IR made of the dielectric PS spheres and
the void plasmon modes in metallic semi-shells.sEh&o couplings reshape the fluorescence
at different spectral intervals. However, no prammed coupling of fluorescence to the Bragg

plasmon modes was observed in our hybrid samples.
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Figure 5 Left column: Calculated intensity enhanestin a single silver coated PS sphere on
a glass substrate at the plane of the mid crosmseaf the sphere, for wavelength 500 nm
(upper panel) and 585 nm (lower panel), correspantb the dispersive (475 — 525 nm) and
non-dispersive (560 nmXx<600 nm) spectral range, respectively. The anglifgoersions of
the fluorescence intensity, integrated over theresponding spectral intervaldi;
(475-525 nm) andX, (560-600 nm) are shown in the upper and lowesslioepolar plots,
respectively. The first column of polar plots cepends to the unstructured (thick) film
(green symbols: measured data, black dots: cadmilaambertian emission). The second
column corresponds to the plain PC and the thihdngo to the Ag capped PC. As indicated in
the upper middle polar plot, each of the plotsriganised as follows (clockwise): upper left
guadrant: s-polarised fluorescence into the ae,sigper right: p-polarised to air side, lower
right: p-polarised to glass side, lower left: sggied to glass side. In the last two columns of
polar plots, black crosses (right half-plane, papishtion) and dotted circles (left half-plane,
s-polarisation) correspond to the normalised valwdsthe simulated fluorescence

enhancement at 500 nm (upper plots) and 585 nne(lplots).

Finally, we will now examine the polar pattern didrescence emission for both spectral

intervals, the one which couples to the PC moddstamone which couples to the LSPR of the
20



Ag void plasmons. In the polar plots of Figure & mvestigate both spectral regions (upper
and lower lines of polar plots) for all three saewplthe unstructured film (left column of polar

plots), the bare PC (central column) and the AgedpPC (right column). The angular

distribution of the fluorescence intensity for theés/o bands is calculated using the following
formula

["102.6)d1

€)= j j | (A ,ae) &in@)dAdo

®3)

where A, and A, refer to the starting and end wavelengths of théssion band. In our
experiment, the first emission badll,, from A, = 475 to A,= 525 nm, corresponds to the

dispersive PC modes, while the second band taken from 560 to 600 nm, corresponds to
the localised plasmonic void mode. The fluoresceari¢ke unstructured film exhibits the same
directionality as the Lambertian distribution piedi(black dots in the polar plots) for both
AA, or AA,. This good agreement between the calculation apéramental data manifests
that the film sample is indeed completely unstrredu With the hexagonally packed bare PC,
nanostructuring greatly alters the angular distidyuof the fluorescence in the spectral region
AA,, where a pronounced forward beaming effect ismfese For the spectral regioAA,, the
whole emission remains essentially Lambertian @henigh the influence of the dispersive
diffraction resonances can still be seen at pddaiangles, i.e..f =20° for p-polarisation and

6 =30° for s-polarisation. The fluorescence intensityimsformly distributed to the air side
and to the substrate side. However, when the silyes are introduced, the directionality of the
fluorescence is significantly modified. The modifions are manifold: (1) much less
fluorescence goes into the air side passing thrabglsilver caps; (2) in the dispersive band

AA,, a pronounced polarisation dependence of the taired emission is found, and (3)
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emission towards the substrate is dominant for ribe-dispersive bandAA,, as the

fluorescence is coupled to the void plasmons.

To compare experimental angular emission with tbtecal predictions, we can use the
simulated fluorescence enhancement spectra (F@umBlack crosses in Figure 4 (c and d)
indicate the simulated fluorescence enhancemerg-flarisation at different anglés= 0°,
15°, and 30°. The fluorescence enhancement exkiitsus magnitudes dt= 500 nm (which
is representative of the dispersive bafid,) andA = 585 nm (within the non-dispersive band
AA, ). In order to visually compare the angular vaoatiof simulated fluorescence
enhancement with the experimental directionalitg, seale the magnitudes of the calculated
fluorescence enhancement at all angles, #es 0°, 15°, 30° and 60° (not shown in Figure 4)
by a common factor, which fits the experimentalweaio the glass side & = 0° exactly. The
values at the air side are scaled with the samwrfathis is done separately for each
polarisation and wavelength range. We then adetbesled values as black dotted circles and
crosses to the corresponding experimental polas pio Figure 5. The calculated angular
distributions (black symbols) coincide very welltlvithe experimental ones (red and blue
symbols). For example, for the Ag-capped PC (thetrset of plots), &t = 15 for p-polarised
fluorescence to the glass side (1@ the plots) one can see a slight dip in emisaioh=
500 nm, but small maximum fer= 585 nm. Both of these features are nicely reprediby
the simulations. Only in the case of fluorescercéhe air side of a Ag-capped PC At
585 nm, the experimental intensity is higher thiaa simulated one, probably because the
perfectly-shaped Ag caps used in the simulationsvige a better confinement of the
fluorescence towards the glass substrate, whilghmess on the air-side of the deposited Ag

caps may contribute to the additional scatterintheffluorescence intensity towards the air in
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the experiments. Taking into account the structui@perfections, the agreement between the
theory and the experimental spectra (Figure 4)akasg the directionality (Figure 5) are quite

remarkable.

In conclusion, we have designed and fabricated idlylptasmonic-photonic crystals
containing dye molecules by evaporating a metah fibtn a hexagonally close-packed
monolayer of dye-doped nanospheres prepared byidall self-assembly. Fluorescence
emitted from the dye molecules is reshaped spéctatl directionally both by the coupling of
the emission to PC Bloch modes and to the voidhptessmodes localised in the silver caps. No
coupling of the fluorescence to Bragg plasmon moldas been found. Because of the
semi-transparency of our sample, the reshaped iemisan be detected from both sides of the
sample, exhibiting different directionalities iretlspectral intervals corresponding to the PC
modes and void plasmons, respectively. As a rethdt,directionality of the fluorescence

emitted from the Ag-capped PC is frequency andrgation dependent.

These unique optical properties can be appliedanynields. One possibility would be the
design of light emitting devices that allow tuneadirectional lighting. For this application,
our self-assembled Ag-capped PCs are advantagemussome conventional PC structured
LEDs ***3for the following reasons: (i) the relatively in@nsive and large-area fabrication
process allows for mass-production; (ii) the castatice of PC Bloch modes and void plasmon
modes facilitates the directional sorting of fluszence. As in our case, these works discuss
both spectral and directional reshaping of the simis However, none of these papers

addresses the role of plasmonic modes and thenpiaty with the emission.
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The Ag-capped PCs are also applicable in photoeslt&.g., as a reverse process of light
emitting, the semi-transparent structures can kd ts enhance light harvesting efficiency in
solar cells. Additionally, Ag-capped PCs embeddéti Wwigh quantum yield fluorophores, in
combination with powerful pump lasers can becomgoad testing ground for plasmonic
nano-lasers. Here, the desired spectral intervalgoaeferable lasing modes can be fine-tuned

via tailoring the geometrical parameters of thacttire.
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