
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry C

www.rsc.org/materialsC

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Emitters as probes of a complex plasmo-photonic mode
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We report on the experimental observation of an asymmetric wavelength-dependence of the emission rate enhancement in a

two-dimensional plasmo-photonic crystal. This feature strongly contrasts with the traditional Lorentzian line shape exhibited at

a resonance by the Purcell factor. The unusual dispersive behavior is shown to be reproducible for different combinations of

emitters and structures measured in different geometries. It is further retrieved from finite-difference time-domain simulations

and is dominantly attributed to the fact that a hybridized mode, resulting from the coupling of a Bragg and a surface plasmon

polariton modes, is coupled to the emitters. Further studies of the emission detuning by hybrid plasmonic/photonic structures are

expected to benefit many related fields and notably sensing and bio-sensing technologies.

1 Introduction

The spontaneous decay rate of a quantum emitter is strongly

altered by its surrounding environment. The Purcell effect1

represents the maximum spontaneous rate enhancement for an

ideal coupling between a single emitter and a cavity mode, i.e.,

a perfect spectral, spatial, and polarization matching1. A spec-

tral mismatch between the dipole frequency and the cavity reso-

nance reduces the decay rate according to the usual Lorentzian

line shape. It is one of the most fundamental effects investi-

gated in quantum electrodynamics. Owing to recent advances

in nanotechnology, tremendous applications have emerged and

numerous fundamental studies have arisen in order to push the

reachable limits of this factor. The control of spontaneous

emission by manipulating optical modes with photonic crystals

(PCs) has been predicted and achieved in various structures 2–6.

One has recently seen the advent of nano-lasers7, plasmonic

antenna for light8,9, plasmon based nano-lasers10,11, enhanced

single-photon sources12.

A hybrid optical nano-cavity, consisting of a photonic crystal

coupled to a metal surface separated from the PC by a nano-

scale air gap, has been shown to open up opportunities for

various applications in enhanced light-matter interactions13.

When two-dimensional (2D) photonic crystals are made of no-

ble metal (thereby avoiding oxidation), the periodically modu-

lated complex dielectric function of the metallic structures al-

lows for the optical excitation of surface plasmon polaritons

(SPPs). These SPPs propagate along the metallodielectric in-

terface due to diffractive coupling14,15. Quantum emitters lo-

cated in the vicinity of such 2D metallic PCs will experience

the Purcell effect16–18. Their emission can also be spectrally

reshaped19 or spatially redirected20,21. Such plasmo-photonic

systems can also be used in bio-sensing22,23, photo-voltaic and

photo-catalytic devices24,25.

Actually, structures possessing a large area are beneficial to

real life photonic and opto-electronic applications. Nanosphere

lithography (NSL) has been used to fabricate large plasmo-

photonic structures26–30. In NSL, convective self-assembly

(CSA) produces arrays of colloidal spheres as templates for

2D plasmo-photonic architectures. Their optical properties are

usually characterized by the excitation of i) non-dispersive lo-

calized surface plasmon polaritons modes (LSPPs), ii) photonic

modes as the Rayleigh-Wood mode and iii) traveling SPPs,

which can be excited via momentum transfer of a reciprocal

lattice vector, the so-called Bloch-SPP or Bragg-plasmon (BP)

mode18,31–34.

In this paper, we use NSL to engineer 2D hybrid colloidal

crystals, here after named 2Dhcc structures. Owing to experi-

mental and numerical observations of the UV-visible spectra,

we assign unambiguously the transmission maximum of the

structure to a BP mode. After dispersing a solution of quan-

tum dots with their emission spectrum spectrally overlapping

the BP mode of the 2Dhcc structure, we show that the aver-

age emission rate enhancement < F > exhibits an asymmet-

ric (non Lorentzian) dispersive behavior with an increase (de-

crease) of < F > as a function of wavelength while reaching

(passing over) the BP peak. This asymmetric spectral detuning

between the emitter and the BP resonance is further retrieved

from numerical simulations of the emission rate enhancement.

It is explained in terms of hybridized mode and spatial averag-

ing, bringing the system far from the Purcell regime. While the

absolute values of < F > are not as spectacularly large as those

reported for other structures35, the observed behavior is well re-

produced for different combinations of emitters and structures,

pointing to the robustness of our approach.
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3 RESULTS AND DISCUSSION

2 Materials and methods

Latex micro-spheres [diameters D = 457 nm and D = 505 nm,

2.5% solids (w/v) aqueous suspensions] were supplied by Poly-

sciences. Au (99.999%, 3mm x 6mm) was purchased from

Neyco. CdSe@ZnS quantum dots suspended in toluene with

emission peaks at either 570 nm, 610 nm and 640 nm were

supplied by Aldrich. Glass plates with a size of 2X2 cm2

and a thickness of 5 mm were carefully cleaned and treated

with UV-ozone for 30 min. Then an opportune ratio of Tri-

ton 10−3 (mass) in water/polystyrene (PS) micro-spheres was

deposited on the glass surface and dried under a tilt angle of

approximately 10o under controlled conditions of temperature

and humidity (T = 293 K, H = 65 %). After formation of large

areas of well-ordered mono-layers of latex nano-spheres, the

substrates were covered with 50 nm of gold by using a Boc-

Edwards Auto306 evaporator. The thickness was controlled

by an in-situ mounted quartz crystal micro-balance. Then a

20 µl volume of QDs solution (1 % v/v in either water or

toluene/ethanol) were randomly spread (drop casted) on the

gold coated mono-layers. We estimated that ≈ 104 QDs were

deposited on each gold coated PS bead. The AFM image of

drop casted QDs on a similar hybrid plasmonic-photonic struc-

ture is published elsewhere18.

Scanning electron micro-graphs (SEM) were recorded on a

field-emission scanning electron microscope (FESEM, JEOL

JSM-6700F). The transmission spectra of the plasmo-photonic

crystals were measured on the whole visible range, collecting

the signal from a large (3 mm) area owing to a white light illu-

mination lamp (fiber coupled white light HL-2000-HP-FHSA,

Ocean Optics) used in combination with a spectrometer (fiber

spectrometer USB2000 + VIS-NIR, Ocean Optics). The spon-

taneous emission properties of the various quantum dots were

recorded with a spectral- and time- resolved set-up consisting

of a streak camera (HAMAMATSU Streak Scope C10627) pre-

fitted with a spectrograph (Princeton Instruments) with a 150

gr/mm choice of the grating. The excitation light was the fre-

quency doubled output of the λ = 1030 nm wavelength, 10

MHz repetition rate, 300 fs line width pulses delivered by a

diode-pumped Ytterbium femtosecond oscillator from Ampli-

tude systems (t-Pulse 200). The beam was collimated to a 1.5

mW, 100 µm diameter spot to excite the emitters in the targeted

nano-structure prior to focus the 530nm long-pass filtered emis-

sion intensity on the entrance slit of the spectrograph.

The transmission (T), reflection (R) and absorption (A) spec-

tra, the modes and the local density of states of the 2Dhcc struc-

tures have been simulated by solving Maxwell equations using

the three-dimensional finite-difference time-domain (FDTD)

method, as implemented in the freely available MEEP software

package36. By Fourier transforming the response to a short,

broadband, spatially extended Gaussian pulse in the far-field

of the structures and normalizing with the response of a refer-

ence (the glass substrate) for the same excitation conditions, a

single simulation yielded the T, R, A spectra over a wide spec-

trum of frequencies. The resonance modes were obtained by

sending a narrow-band, frequency gated, and spatially extended

Gaussian pulse in the far-field of the structure and recording

the three components of the electric field in time. Finally, in

order to compute the emission rate enhancement of the emit-

ters on the nano-structures, we performed Fourier transforms of

the response to an impulsive point-dipole TM-polarized source.

We then normalized this response with the one obtained for a

point-dipole source located near the substrate in the same exci-

tation conditions. In all types of simulations, the wave-vector

is normal to the substrate’s surface; periodic boundary condi-

tions were implemented laterally while perfectly matched lay-

ers were implemented longitudinally, in the propagation direc-

tion. The dielectric permittivities of the glass substrate and the

PS spheres were taken as 2.3 and 2.5, respectively. The dielec-

tric permittivity of gold was specified by using a sum of Drude

and Drude-Lorentz terms, according to the work performed by

Rakic et al.37

3 Results and discussion

Mono-layers of polystyrene (PS) beads of either 457 nm or

505 nm have been self-assembled in a compact hexagonal lat-

tice onto a glass substrate according to well-reported proce-

dures27–29. Subsequently, these structures have been coated

with a 50 nm thick layer of gold, forming 2-dimensional hybrid

colloidal crystals (2Dhcc, Figure 1: the middle inset shows a

scheme of the engineering process). This manufacturing tech-

nique, called Nano-Sphere Lithography, is known to allow for

the easy, inexpensive fabrication of high quality, large (cm2)

surface areas. Figure 1 exhibits such a large area of 100µm

X 100µm with a single crystalline plane of coated beads. As a

close inspection reveals, a single crystalline orientation is found

from the top left of the figure to the bottom right. If some very

slight grooves are frequently visible between two adjacent lines

of beads (either caused by attractive capillary forces acting at a

late stage of drying or by the presence of a tiny or a big bead

slightly disturbing the arrangement, see the bottom left inset

recorded at larger magnification), they do no reach the state of

dislocations, or grain boundaries, as there are no orientation

changes between adjacent domains.

The UV-visible-near IR optical properties of these 2Dhcc

structures have been extensively studied in the litera-

ture18,31–33. Here, we aim to focus specifically on the BP mode,

and investigate in detail its action on the emission of quantum

weakly-coupled excitons. In order to precisely locate the reso-

nance wavelength of this mode, we firstly performed transmis-

sion and reflection measurements. Figure 2a shows such spec-

tra for a structure based on D = 457 nm diameter PS beads.

The absorption spectrum, also shown in Fig. 2a, has been ob-
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3 RESULTS AND DISCUSSION

Fig. 1 SEM micrograph of the 2D hybrid colloidal crystal (2Dhcc)

recorded at low magnification (the scale bar is 100µm long). The

bottom left inset shows a portion of this micrograph obtained at larger

magnification (scale bar of 1µm). The bottom right inset shows a

tilted SEM view, evidencing the formation of a single monolayer

during this assembling process. The middle inset shows a scheme of

the manufacturing process, consisting in the convective self-assembly

(CSA) of an hexagonal mono-layer of polystyrene (PS) beads onto a

glass substrate, followed by the evaporation of a thin metal layer (50

nm) and the deposition of CdSe@ZnS quantum emitters.

tained by applying the usual formula A(λ ) = 1−T (λ )−R(λ ).
In excellent agreement with the literature34, a major peak is

observed in transmission at 610 nm, which is attributed to the

BP mode. On the long wave side of this peak, a significantly

reduced transmission, associated with an absorption maximum,

is noticed, which can be assigned to a LSPP mode. In order to

assess the quality of our samples (in addition to the SEM in-

spection performed in Fig. 1) and the spectral measurements,

we performed FDTD simulations of transmission (T), reflec-

tion (R), and absorption (A) spectra. These far-field spectra are

shown in Fig. 2b (dashed, dash-dotted, and dotted lines, respec-

tively). Clearly, the matching of the Bragg-plasmon resonance

wavelength is good between simulations and experiments. The

transmission maximum is recovered, centered at 595 nm and

coincides with the minimum absorption. This contrasts with the

simultaneous observation of transmission and absorption max-

ima in extraordinary transmission of hole arrays38. Concerning

the LSPP resonance wavelength, we observe a slight discrep-

ancy between simulations and experiments, which might orig-

inate from an imperfect coverage of the gold over-layer in the

experiments, as compared to the ideal simulated case.

The simulated Hy and Ez near-field patterns at the transmis-

sion maximum, TM-excited at normal incidence, are shown as

insets of Fig. 2a. The Hy field is directly transmitted through

the structure. The field distribution suggests that an interfer-

ence mechanism (like in planar thin films) contributes to the

transmitted band. The Ez map exhibits a periodic pattern in the

x direction, indicative of a propagative mode in the plane of

the array, with z-polarized light propagating along the x direc-

tion. The distance between the two lobes, about half the sphere

diameter, together with the large spatial extension, support the

propagative nature of this mode. The same Ez map reveals a

symmetric coupling between the outer and inner surfaces of the

shells, again characteristic for long-range propagative modes.

These features ascertain the Bragg-plasmon character of the

maximum transmission peak34,39. The significant reduction of

the transmission on the long wave side (Fig. 2b) coincide with

an absorption maximum at 660 nm, which further signals the

attribution of this mode to a LSPP34.

BP

Fig. 2 Experimental (a) and simulated (b) transmission (T, red

dashed), reflection (R, green dash-dotted) and absorption (A, blue

dotted) spectra of the 2Dhcc structure coated with a gold thin layer.

The reflection spectrum of the bare PS monolayer assembled on the

glass substrate is shown for comparison (solid black line). The insets

in b) are the Hy and Ez near-field patterns of the 2Dhcc structure

TM-excited at the 595 nm wavelength of the BP mode. Light is

propagating from top to bottom (z-direction).

Let us now proceed to the investigation of the emission prop-

erties of QDs spread onto the structure and spectrally overlap-

ping the BP mode. We aim to observe the spectral detuning of

the emission rate enhancement between the emitter and BP res-

onances. An obvious way to achieve this is to i) disperse onto

the structure QDs possessing an emission spectrum slightly de-

tuned (on the long wave side) with respect to the transmission

maximum, at normal incidence; ii) rotate the sample so that

the maximum transmission peak is brought trough the emis-

sion spectrum of the emitters. Indeed, owing to an increase of

the incidence angle, the main transmission peak is expected to

shift to the long wave side, going all the way through the other

edge of the emission spectrum, according to the Bragg-plasmon

law31,40(Eq. 1).

λ =

√
3D

2
(
√

εe f f (λ )+ sin2θ) (1)
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3 RESULTS AND DISCUSSION

where D = 457nm is the diameter of spheres, εe f f is the ef-

fective permittivity expressed by the plasmonic-dielectric inter-

face mixing rule 1
εe f f (λ )

= 1
εAu(λ )

+ 1
εdielectric

21, in which εdielectric

is defined on a filling factor basis εdielectric = εPS f +εair(1− f )
as estimated in ref.31.

The 610 nm maximum CdSe@ZnS emitter has precisely

its emission spectrum slightly red-shifted with respect to the

maximum transmission of the BP mode, at normal incidence

(Fig. 4a). Figure 3b shows the 2D (x- and y-axis: spectral

and temporal dimensions, respectively) fluorescence diagram

measured for such λmax = 610 nm CdSe@ZnS emitters de-

posited on the 2Dhcc structure at an incidence angle θ = 60◦

(inset). We retrieve the total decay profile, Fig. 3a, by pro-

jecting this 2D plot on the y-axis. The decay profiles are ob-

tained as a function of wavelength by dividing the x-axis in

5 nm range windows and projecting the resulting diagrams on

the y-axis. We then determine the average decay times by per-

forming stretched exponential fits16 on all 5 nm wavelength

-resolved decay profiles. The profiles shown in Fig. 3c provide

a direct comparison of the decay rates exhibited by the emitters

deposited on either the glass substrate (reference, blue circles)

or the structured sample (red triangles), in the selected wave-

length range 620 nm < λ < 625 nm. The estimated average

decay times are < τ >= 9.16±0.07 ns and < τ >= 4.87±0.05

for the emitters in the reference (solid blue line) sample and in

the structure (dashed red line), respectively.

�� �� ��

Fig. 3 Experimental fluorescence decay profile (a) obtained by

projecting on the time axis the fluorescence diagram (b) of emitters

deposited onto the gold 2Dhcc structure measured at an oblique

incidence θ = 60◦. c) Decay profiles, for the selected 620−625 nm

wavelength range, of emitters deposited either on the glass substrate

(blue circles) used as a reference or on the structured sample (red

triangle). The lines are the best fits of a stretched exponential function

convoluted with the instrumental response function of the setup.

In order to determine the average emission rate enhancement

< F > of the CdSe@ZnS quantum dots deposited on the struc-

ture, we have divided the decay rates of the quantum emitters

on the 2Dhcc structures Γ
2Dhcc with respect to the same respec-

tive emitters deposited on glass Γ
glass, according to Eq. 241.

< F >=
Γ

2Dhcc

Γglass
(2)

A < F >≃ 2 has been determined for these emitters de-

posited on the 2Dhcc structure within the selected wavelength

range and incidence angle. This way, we determined the av-

erage emission rate enhancements for all types of emitters in-

vestigated in this paper, in wavelength ranges of 5 nm across

their emission spectra. Figure 4a shows the transmission spec-

tra of the structure at different incidence angles for unpolarized

light. With an increase of θ , the main transmission peak (BP)

is indeed red-shifted and its intensity decreases. Considering

the coupling condition with a reciprocal vector of an hexago-

nal structure31 and taking into account the gold dispersion, we

estimated the BP resonance wavelength by resolving eq. 1. It

shifts from 595 to 680 nm.

Fig. 4 a) Experimental transmission spectra (lines) of the 2Dhcc

structure for different incidence angles and unpolarized incident light.

The symbols indicate the predicted wavelengths of the BP

resonances. The shaded area represents the spectral emission range of

the used QDs. b) Average emission rate enhancement of the 610 nm

maximum CdSe@ZnS emitters as a function of wavelength for

different incidence angles.

Figure 4b shows the wavelength-dependent evolution of the

average emission rate enhancement. At θ = 60o incidence an-

gle, for which the emission spectrum of the considered emitters

is on the blue side of the BP mode, < F > rises as a function of

wavelength. Then, as the angle θ is progressively reduced close

to 0, dragging the transmission maximum to the short wave side

through the emission spectrum, the slope of <F > as a function

of wavelength decreases progressively prior to be slightly neg-

ative at θ = 0. As a whole, very interestingly, we do observe an
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3 RESULTS AND DISCUSSION

asymmetric dispersive behavior of the emission rate enhance-

ment with a relatively steep rise of < F > while approaching

the BP resonance and a smooth decline once passed.

To further demonstrate such observation of an asymmetric,

non Lorentzian spectral detuning between the dipole emitter

and the BP resonance frequencies, we performed additional

measurements. On the one side, we manufactured 2Dhcc struc-

tures based on larger PS beads of diameters D = 505 nm. After

gold deposition, we dispersed a solution of 610 nm maximum

CdSe@ZnS quantum emitters onto the structure. Because of

the larger lattice parameter, the whole transmission spectrum

of the structure is shifted to the long wave side so that the emis-

sion spectrum of the quantum dots lies on the blue side of the

BP mode. Figure 5 shows the numerically (a) and experimen-

tally (c) obtained spectra, with (red up triangles) or without

(black solid line) emitters deposited on top of the structure (c),

together with the emission spectrum of the latter (b). Clearly,

the matching between the simulated and experimental spectra is

good with a transmission maximum (absorption minimum) lo-

cated at 650, 680 nm, respectively. The deposition of the quan-

tum dots on top of the structure did not modify significantly the

transmission spectrum (red curve compared to the black one

in Fig. 5c), preserving the spectral matching of the short wave

side of the BP mode and the QDs emission spectrum. After

measurement of < F >, according to the procedure here above

described and use of Eq. 2, we observe an increase of < F >

as a function of wavelength while reaching the BP resonance

mode from the short wave side (Fig. 5d), in full agreement with

the results shown in Fig. 4b.

On the other side, we have dispersed 570 and 640 nm emis-

sion maxima CdSe@ZnS quantum dots on top of the initial

2Dhcc structures (with PS beads of 457 nm diameter). These

two types of quantum dots have been chosen since their emis-

sion spectra cover nicely one or the other side of the BP

mode. Figure 6a shows the < F > obtained at normal inci-

dence for each of these emitters (λmax = 570 nm, blue squares;

λmax = 640 nm, red circles). Very remarkably, the wavelength-

dependent < F > again exhibits a clear asymmetric profile.

In an attempt to understand the origin of the asymmetric line

shape, we performed FDTD simulations of the photonic lo-

cal density of states (LDOS) and emission rate enhancement

F for single emitters in 4 different configurations. According

to ref.36, the LDOS in the direction l ∈ x,y,z is

Dl(x0,ω) =
4

π
ε(x0)Pl(x0,ω), (3)

where Pl(x0,ω) is the power radiated by an impulsive dipole

current source J = elδ (x− x0)p(t), located at x0, ε(x0) is the

dielectric constant at this point and el is the unit vector in the

direction l.

In the FDTD model here employed, accumulating the

Fourier transform Êl(x0,ω) of the field generated at x0 by the

Fig. 5 FDTD simulated transmission (T), reflection (R) and

absorption (A) spectra (a) and experimental transmission spectra (c)

of the 2Dhcc structure based on the CSA of 505 nm diameter beads.

In c, the red dashed-dotted curve is the spectrum with emitters

randomly spread on top of the structure while the black solid line is

the spectrum of the bare structure. Emission spectra (b) of the 610

nm maximum emission CdSe@ZnS quantum dots spread onto either

a glass substrate (black solid line) or the 2Dhcc structure (red

dashed-dotted line) and the corresponding experimentally obtained

< F > (d). The shaded areas represent the spectral emission range of

the used QDs.

impulsive broadband dipole current source yielded the com-

plete LDOS spectrum Dl(x0,ω) = − 2
π ε(x0)

Re[Êl(x0,ω) p̂(ω)∗]
|p̂(ω)|2 at

x0 in a single calculation. In each chosen configuration, we

computed the LDOS twice, the impulsive dipole current source

mimicking the quantum emitter being close to either the 2Dhcc

structure or the glass substrate taken as a reference. The emis-

sion rate enhancement F is finally obtained by dividing the

LDOS in the structure with the LDOS in the reference, eq. 441.

Fl(x0,ω) =
D2Dhcc

l (x0,ω)

D
glass
l (ω)

(4)

The 4 configurations we have chosen are to locate a single

quantum emitter at 10 nm far from the structure/substrate ei-

ther in front of a sphere or just in between two adjacent spheres,

where the metallic half-shells meet. In each case, we have con-

sidered two different polarizations of the emitters: l ∈ x,z, with

x in the plane of the substrate and z normal to it.

Figure 6b shows the wavelength-dependent emission rate

enhancement for emitters located and polarized in either one

of the 4 configurations here above mentioned (−, |: x and z

polarizations in front of a sphere; o− o, o|o: x and z polar-

izations in between two spheres) for the 2Dhcc structure. As

expected, the location of the emitter and its polarization matter.

The largest F have been obtained for the emitter located in be-

tween the metallic half-shells, with F of the x-polarized emitter

overwhelming by almost one order of magnitude the one of the
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4 CONCLUSION

��

Fig. 6 Experimentally (a) and numerically (b) determined (average

< F >) emission rate enhancements F of emitters deposited on the

2Dhcc structure. The blue squares and red circles correspond to the

measured < F > of the CdSe@ZnS quantum dots with emission at

λmax = 570 and λmax = 640 nm, respectively, deposited randomly on

the structures (a). Red dotted, green dashed-dotted, black solid and

blue dashed lines pertain to the simulated F of a single emitter

located at 10 nm in front of the air-2Dhcc boundary either in the −, |,
o−o, or o|o configuration (b).

z-polarized emitter. The x-polarization of the emitter at this lo-

cation is indeed normal to the half-shell boundaries, a situation

well known to lead to an optimized coupling between the dipole

and the plasmon resonances. The simulated T, R, A spectra

have shown that the BP mode occurs at λ = 595 nm. The max-

imum F , which is located at precisely the same wavelength,

thus marks equally well the BP resonance. For all considered

configurations, F rises abruptly towards the maximum and de-

creases more smoothly after passing it, in an asymmetric way,

dissimilar to the traditional Lorentzian spectral detuning gener-

ally expected between the emitter frequency and the resonance

frequency of a single cavity1.

It is noteworthy to note here that the numerically obtained F

dispersion profiles (Fig. 6b) agree well, qualitatively (in shape

and not in absolute values), with the experimentally measured

< F > (Figs. 6b, 4b and 5c). Several reasons can be invoked

to explain the discrepancy between these exhibited asymmetric

profiles and the expected traditional Lorentzian detuning. The

Purcell factor generally reported in the literature1 is based on

the assumption that the emitter is at the field maximum (both

spectrally and spatially) and that the dipole moment orienta-

tion is parallel to the field at this point. Moreover, there is an

implicit assumption that the emitter couples to a single mode

only. These requirements are not fulfilled in our numerical im-

plementation. Indeed, the emitters are placed at positions that

agree with the experimental conditions (10nm far from the sur-

face). They neither are located at positions of field maximum

nor have a polarization strictly parallel to the field. Furthermore

and most importantly, the simulations are not performed in the

single mode regime. Other modes (e.g. LSPP) are spectrally

close and the Bragg-plasmon mode in itself consists in the hy-

bridization between a plasmonic and a photonic mode. Such a

hybridized mode is likely to influence the emission properties

of a quantum emitter weakly coupled to it in a way different as

would do a traditional single cavity mode.

Experimentally, the situation is complicated by the fact that

many emitters are measured simultaneously. Indeed, in the

experiments, the emitters are spread onto the samples from a

solution. They are thus dispersed everywhere on the sample

with their dipole moments randomly oriented. The measure-

ments thus lead to an emission rate enhancement < F > aver-

aged over spatial positions and polarizations, where quasi-static

corrections add in an asymmetry that is well beyond the Pur-

cell factor regime. The emission rate enhancement determined

theoretically F and experimentally < F > are thus not strictly

comparable and an averaging process, depending on all posi-

tions, dipole moment orientations and emission frequencies of

the N emitters must be considered. This explains the quantita-

tive differences observed in Fig. 6b between the amplitudes of

the experimental < F > and simulated F .

4 Conclusion

In conclusion, we have designed several types of hybrid

metallo-dielectric structures, by combining commensurate PS

colloidal mono-layers and gold over-layers. Specific plasmo-

photonic modes appear, which are well-signaled in the UV-

visible transmission spectra. The proper assignment of these

modes has been performed owing to extensive comparison of

the experiments with FDTD simulations. Focusing specifically

on the Bragg-plasmon (BP) mode of the various structures, we

have measured and simulated the wavelength-dependent emis-

sion rate enhancement F of emitters spread on top of the struc-

tures.We found truly appealing the fact that both numerical and

experimental findings reveal that the spectral dependence of F

is non Lorentzian. The dominant aspect of this behavior has

been attributed to the fact that a hybridized mode, not a pure

single mode, is affecting the emission properties of the quan-

tum emitters. The full understanding of emission detuning by

hybrid plasmonic/photonic structures exceeds pure academic

interest and would provide benefits in many related fields. No-

tably, a full understanding would require a more detailed study

in order to correlate not only spectral overlapping but mainly

spatial overlapping, which in turn plays the fundamental role

in most light matter interaction mechanisms. We consider sin-

gle molecule spectroscopy35 as the most suitable technique to

reach this goal. Furthermore, these studies could lead to ad-

vancement in sensing and biosensing technologies, with the

observation of a F asymmetric dispersion profile as a potential

sensing trace of a hybridized mode.
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