www.nature.com/scientificreports

scientific reports

W) Check for updates

The role of Rayleigh

anomalies in the coupling
process of plasmonic gratings
and the control of the emission
properties of organic molecules

Sarah Hamdad™, Amadou T. Diallo, Mahmoud Chakaroun & Azzedine Boudrioua

We report the investigation of the influence of periodic metallic arrays on the emission properties of
organic emitters. Beforehand, the study of the coupling process between nanoparticles through the
analysis of the extinction spectra related to Rayleigh anomalies indicate the crucial role of those latter
in defining the nature of the excited grating modes. The obtained results emphasis that Rayleigh
Anomalies can be considered as the intermediate between individual plasmonic and collective
photonic responses. Thereafter, the experimental and numerical studies of the lattice modes and
their associated effects on the lifetime and emission directivity of nearby emitters indicate that
tuning the geometrical grating parameters offers a possibility to select a particular coupling process
from a localized effect to a far field response. Depending on the coupling strength, the emission can
be strongly altered by increasing the density of states or providing diffractive orders. Eventually,
this study reports that the Rayleigh Anomalies play the role of an excitation source which drives the
nanoparticles to act as a set of diffractive objects for shaping the emission to be highly directive.

Over several years, a high attention has been given to coupled metallic nanoparticles (NPs) in one (1D) and two-
dimensional (2D) arrays'?. Several studies have been reported on their collective mode properties®®. Specially,
many works have shown the possible high-energy confinement and electric field enhancement using plasmonic
arrays’~. The excited modes are sensitive to several parameters, such as the polarization and the angle of the
incident light, the geometrical grating parameters, and the refractive indices of the surrounding media. Besides,
the interactions between NPs can have an important impact on the performances of optical devices where they are
used. In the particular case of light sources, these interactions are crucial as NP gratings drastically influence the
emission features of nearby emitters. Indeed, depending on several coupling parameters, the plasmonic effects'’
can enhance or quench the emission of active molecules. Nanoparticle arrays exhibit also Rayleigh anomalies"!,
which are associated to a diffractive phenomenon at a grazing angle in the plane of the structure. They appear on
the extinction spectra as sharp peaks, and particularly depend on the angle of the incident wave, the index of the
surrounding medium and the grating period'"'?. Physically, they are due to the appearance or disappearance of a
diffraction order, which corresponds to a modification from an evanescent to a propagating mode and vice versa.
It has been shown that for short grating periods, when the spectral detuning between the localized surface
plasmon resonance (LSPR) and the Rayleigh anomalies (Ag,) is large, the grating exhibits only localized plas-
monic feature. However, when the lattice constant is chosen comparable to Ag,, the structures sustain the so-
called surface lattice resonances (SLR), mixed modes sharing both plasmonic (LSPR) and photonic properties'’.
These SLR are long living modes, delocalized on several grating cells. They appear as narrow resonances with high
quality factors indicating the low losses experienced by these hybrid states. The presence of the Rayleigh Anoma-
lies in the structure appears to be a necessary condition to excite the SLR modes. At these specific wavelengths,
NPs participate to collective diffraction phenomena where the energy is distributed in the plane of the array.
Actually, two regimes have been distinguished'*: purely plasmonic one in which the mode intensity is con-
fined near the nanoparticle and a hybrid one, in which the surface mode propagates over the structure resulting

Laboratoire Physique des Lasers, CNRS (UMR7538), Université Sorbonne Paris Nord, Sorbonne Paris Cité,
93430 Villetaneuse, France. *'email: sarah.hamdad @univ-paris13.fr

Scientific Reports |

(2022) 12:3218 | https://doi.org/10.1038/541598-022-07216-1 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-07216-1&domain=pdf

www.nature.com/scientificreports/

Organic medium

Ag-NP
X
—
1Y
ITO
6006000000000800000V000(
Glass (0000000000000600000004
o

Figure 1. The studied sample and a SEM image of the realized Ag nanoparticle grating at a period of 280 nm.

from a coherent scattering of light in the array. These excited SLR modes have been described as mixed modes
of localized plasmons vibrations combined with diffracted grazing waves'®.

Furthermore, the lattice mode locally affects the surrounding medium and leads to a modification of the free
space properties. For instance, several studies showed the impact of metallic nanoparticles on the spontaneous
emission rates of emitters placed in their vicinity'®-'#: the excitation of surface plasmons can provide new chan-
nels for emitters to decay'®?. Substantial enhancement of the decay rate of fluorescent dye molecules nearby
nano-antenna structures as well as spectral changes have been reported'*?!. Moreover, the presence of ordered
metallic nano-structures can change the directivity of the emitted power*>?. For instance, periodic metallic
set of shallow grooves were found to modify the emission directivity of fluorescent molecules; and, depending
on the aperture size relative to the surface plasmon wavelength, the emission can be enhanced or cancelled in
well-defined directions.

However, although, the literature is quite extensive on this subject, there are still many aspects to study and
to thoroughly understand. For instance, a deep understanding of the coupling mechanisms between NPs is still
required. The impact of varying the inter-particle strengths, the evolution from near to far field interactions, and
the origin of the transition from a purely plasmonic to the regime dominated by diffractive effects has not been
clearly defined. The control of these phenomena represents an efficient tool to select a particular optical response
in the near or far field zone*, which in turn greatly influences the emission properties of nearby emitters. More
specifically, the role of the Rayleigh Anomalies (RA) as key features and their impacts on the grating responses
should be clearly understood. Several works on this subject continue to provide debate and controversy.

In this context, the aim of our work is to study the role of Rayleigh Anomalies (RA) in the coupling process
between Ag-NPs in periodic grating and their influence on the optical properties of nearby organic molecules.
The first part of this report deals with the study of Ag square array properties as a function of inter-particle
distance. We numerically and experimentally study different lattice regimes by varying the grating period. We
particularly evidence the optical features associated to the localized and far field effects and analyse the origin of
the transition that leads to the generation of hybrid responses. The second part focuses on the coupling between
NP gratings and organic emitters. We study the coupled NP-emitter system under optical pumping regime by
considering various periods of Ag arrays. Lifetime measurements and emission pattern characterizations have
been performed. Moreover, the spatial evolutions of the diffraction orders associated to the arrays have been,
experimentally and theoretically, studied. In fact, to the best to our knowledge, the spatial evolutions of the
delocalized modes have not been reported yet, in the case of metallic gratings.

Results and discussion

Metallic nanoparticle gratings. The typical device studied consists of a substrate of glass covered by a
thin layer of an indium-tin oxide (ITO) of 140 nm thickness, on which a square array of silver nano-cylinders,
with a diameter of 100 nm and a height of 35 nm, spatially extended on an area of 50 x 50 pm, is fabricated and
uniformly covered by a passive thin organic layer of 100 nm 4,4',4"-Tris[phenyl(m-tolyl)amino]triphenylamine
(m-MTDATA).

The periodic structures have been realized using electronic beam lithography technique (EBL). The param-
eters are chosen in order to obtain grating resonances situated in the visible spectrum; wavelengths of interest
as they match the emission of the most known organic active media. It is worth noting that the use of silver is
related to its lowest optical damping properties in the visible spectrum compared to the other noble metals®
and, the possible tuning of the resonance at the wavelength of interest. Figure 1 displays a general scheme of the
studied nanostructures as well as an SEM image of 280 nm-Ag square lattice.

The optical extinction responses of the gratings have been studied by varying the inter-particle distance p from
200 to 480 nm by a step of 20 nm , under a normal incidence impinging from the substrate side. Figure 2 presents
a map of the experimental extinction spectra related to these gratings, obtained by using a supercontinuum light
source for the excitation and an Ocean Optics 2000+ for the spectral analysis. We mainly observe two principal
branches. In order to analyze these results, we also report the (£ 1, 0) Rayleigh anomalies (equivalent to the (0,
+ 1) orders) associated to the ITO substrate and the organic layer, which are associated to a diffractive phenom-
enon at grazing angles in the plane of the periodic array. In the particular case of a square array under a normal
excitation, these Rayleigh anomalies are given by the positions of /g4 following the equation'"'*:
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Figure 2. Extinction map intensity for Ag nanocylinders with a diameter of 100 nm as a function of the period
and wavelength, and the corresponding (+ 1, 0) Rayleigh anomalies orders in the media of the structure. The
color bar on the right represents the extinction intensity.

p is the grating constant,ng the refractive index of the medium where the diffraction occurs and n and m are
integers which define the diffraction order.

It should be noted that we observe crossing points between the upper branch and the RA;o (& 1.0) and RA,,,
(£ 1.0) at p = 380 nm and p = 430 nm respectively, which will be discussed below.

For a better insight of the grating behavior, let us consider three main zones following the array period:
p <280nm,280nm < p < 430nmand p > 430 nm.

For the periods p < 280 nm, the upper branch (UB) shows a well-defined broad resonance peak at a wave-
length of 670 nm. However, this peak is red shifted and becomes narrow when the period increases above 280 nm.
As it will be stated below, we sustain that this branch gives the evolution of the resonance peak from a purely
LSPR to an SLR one. Whereas, the lower principal branch (LB) varies in the reverse way, i.e. from an SLR to an
LSPR peak. We notice that the beginning of the SLR-LB branch, for p < 280 nm, completely merges with the
Rayleigh anomaly in the organic medium RA,,, (& 1.0). It is worth noting that for p < 280 nm, the extinction
spectra exhibit a broad peak with a FWHM (Full Width at Half Maximum) of nearly 49 nm at a wavelength of
Arspr = 670 nm, corresponding to the dipolar LSPR of an isolated Ag-NP. In this zone, the spectral detuning
between the LSPR and the RA,,, (& 1.0) is large leading to a dominant plasmonic responses for these arrays.

As the inter-particle distance increases, for 280 nm < p < 430 nm, the LSPR mode is strongly modified with
a significant shift to the red range of the visible spectrum and an important reduction of the FWHM to 22.6 nm.
In addition to that, the width of the SLR-LB branch increases from 9 to 16.6 nm, and its spectral detuning from
the RA,,, (£ 1.0) becomes more pronounced. In fact, up to p = 430 nm, we observe a strong localization of the
mode associated to this branch. Besides, in this period range, we can clearly observe the appearance of a second-
ary branch as the inter-particle distance increases. As shown on the extinction spectra, the intensity of the related
peak is too weak to be observed on the map. This peak is strongly intensified within the zone of the anti-crossing
between the two principal branches. This effect can be attributed to a partial coupling of the LSPR to the RA
excited in the ITO medium. In fact, we can observe on the extinction map that this effect appear when the dis-
persion of the RA ¢ (£ 1.0) cross the main LSPR branch (the first crossing point on the map) at nearly 380 nm.

These behaviors of the branches suggest an effective energy transfer from the LSPR mode to the narrow
resonance peaks in the presence of RA,,, (+ 1.0) and RAyo (& 1.0). These Rayleigh anomalies appear to play
the same role of coupling the NPs in the gratings, which leads to the excitation of the two SLR modes, in the
organic and the ITO media, respectively. However, as shown on Fig. 2, the efficiency of the excitation of the
second SLR in the ITO substrate is lower than that of the SLR in the organic medium. Thereby, we can conclude
that the collective coupling of the LSPR modes in these structures occurs preferentially in the organic medium.

Finally, for the third zone (p > 430 nm), we observe that the resonance peak of the UB becomes thinner
(FWHM = 20.4 nm) with an SLR-like behavior whereas the peak of the LB becomes broader (FWHM = 51 nm)
with an LSPR-like behavior.

In order to pursue our analysis, we report on Fig. 3 the quality factor Q of the main two peaks (LSPR-UB
and SLR-LB) as a function of the grating period. The quality factor is related to the FWHM of the resonance
peak, which is directly connected to the losses including metal damping, scattering and absorptions. It is very
consistent to consider the evolution of Q related to the three zones previously discussed. We can observe that
the quality factor of the LSPR-UB mode increases versus the grating period, whereas it decreases in the case of
the SLR-LB mode. One can, therefore, consider that the reduction of the quality factor associated to the SLR
indicates a stronger damping effect, which might result from a higher localization of the field. On the other hand,
the increase of the LSPR quality factor is synonymous of a reduction of damping as the period increases. Thus,
we can speculate that this reversed behavior observed indicates that the energy is partially converted between
the initial localized LSPR mode and the excited SLR mode.
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Figure 3. The quality factor associated to the principal resonance (LSPR-UB) and the excited narrow peak
(SLR-LB) as a function of the period. Three zones can be distinguished p <280 nm, 280 nm < p <430 nm and
p>430 nm.

More interestingly, the two curves intersect at the particular period of 430 nm (quality factor of 32). For
this period, and as shown on Fig. 2, the LSPR branch intersects the theoretical Rayleigh anomaly in the organic
medium.

This analysis suggests that the quality factors of the LSPR-UB and SLR-LB branches is notably related to Ray-
leigh anomalies of the structure. Furthermore, we can speculate that the observed spectral changes are related to
the existence of couplings that strongly alter the spectral characteristics of the main LSPR mode. The first zone
(p < 280 nm), the LSPR-RA,, detuning is large which results in an array response dominated by the plasmonic
feature?. The second zone (280 nm < p < 430 nm) corresponds to a low detuning between the LSPR and the
RA. In this period range the spatial and spectral overlap of the plasmonic mode with the diffractive grazing
orders lead to the excitation of the hybrid lattice modes SLR. In fact, the induced SLR modes can be described as
resulting from the coupling between a continuum energy state of the broad LSPR with the discrete state related
to the Rayleigh anomaly®. In the third zone (p > 430 nm), the initially LSPR mode penetrates the zone of the
Rayleigh anomalies and an inverted trend is observed: the initial LSPR follows the dispersion of the Rayleigh
anomalies in contrary to the peak of the SLR branch that exhibits a large resonance.

In other words, the obtained results emphasis the crucial role of the Rayleigh anomalies, which can be con-
sidered as the intermediary between individual plasmonic modes and collective photonic responses. In fact, the
Rayleigh anomalies can be considered as a means of coupling between the LSPR and SLR modes. They allow
the in-plane coupling between the dipolar moments of individual NPs? and offer the possibility to excite mixed
modes, the so-called hybrid SLR, which combine the high scattering cross-section of the LSPR modes, with the
high quality factors of the diffractive orders to shape the spectral linewidth. In short, the Rayleigh Anomalies
define the grating responses. This statement is in agreement with already reported results'*.

Nanoparticle grating: emitter coupling. This part of the work deals with the interaction between NP
gratings and organic emitters. We are interested in the study of the influence of Ag-NP arrays on the emission of
nearby organic emitters as a function of the grating period. We particularly investigate the role of the Rayleigh
anomalies on the variation of the fluorescent lifetime and radiative emission patterns of the optically excited
organic molecules. For that, we used an active organic layer of a guest host system of tris-(8-hydroxyquinoline)
aluminum(Alq3) matrix doped with dichloromethane (DCM) emitters with a rate of 2% (Alq3:DCM) deposited
on glass/ITO/grating substrates. These molecules have an intrinsic peak emission centered at 620 nm, in the
spectral range of the resonances under study.

As a matter of fact, we carried out fluorescent lifetime measurements of the Alq3:DCM guest host system,
deposited on NP gratings previously studied, using a time correlated single photon counting technique?®®. The

Fig. 4 presents the obtained enhancement decay factor (1 - %) for Alg3:DCM system as a function of the

grating period. Again, the same three zones discussed above can be considered.

This ratio gives the Purcell factor F, which quantifies the modification of the local density of states induced
by the presence of a cavity. In fact, the modifications of the decay rates can be explained in terms of local density
of states (DOS). Slight changes in the environment lead to a modification of the number of the accessible states
in which the emission can occur®.

As a recall, the decay rate of an isolated emitter, in a free space, is given by

_ L s ®)
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Figure 4. The evolution of the enhancement factors associated to the dye molecules Alq3: DCM as function of
the period. Three zones can be distinguished p <280 nm, 280 nm < p <430 nm and p>430 nm.

where 7. is the radiative lifetime (without the plasmonic structure) of the free space, u;; the transition dipole
moment and w the frequency of the emitted light. The presence of a plasmonic structure in the vicinity of the
emitter modifies the decay rate as™:

2
1 ZZMZ-J-Q

— 3
Teav goh V 3)

Yeav =

Teav s the radiative lifetime in the presence of the plasmonic structure, Q the quality factor, V the mode vol-
ume, a factor that take into account the orientations of the dipole moments.

The enhancement factor is a good indicator of the dominant effect produced by the NPs on the emission
process of the organic molecules. Thereby, regardless the period, in the presence of metallic gratings, the decay
factor of the organic molecules is enhanced compared to that of the sample without NPs. More precisely, in
the case of short grating periods with p < 280 nm, the enhancement factor reaches nearly 32% at p = 210 nm.
Whereas, in the range of periods 280 nm < p < 430 nm the enhancement factor decreases to ~ 17% and finally
on the third period range with p > 430 nm the factor decreases to ~ 4% at p = 455 nm.

Thus, it is suggested that NP-gratings dominated by the LSPR response (in the case of short periodicities and
high LSPR-RA detuning) strongly modify the dynamics of the decay of the emitters. The obtained results are in
agreement with other reports'”'®. In contrast to that, for grating periods exhibiting SLR modes, the modifica-
tion is lower which point out that the hybrid modes do not drastically affect the decay dynamics of the organic
molecules.

These results emphasize that the Rayleigh anomalies do not influence the decay of the molecules, which is
a near field process. Thereby, the structures with dominant LSPR responses locally modify the density of state
(DOS) by adding new vacant states. The NP arrays act as a set of uncorrelated metallic nano-cavities that provide
new decaying channels in their near field zones: the small modal volumes associated to the highly confined LSPR
modes ensure high decay rates for the coupled emitters. Therefore, these latter can efficiently radiate into the
LSPR modes that owns to faster decay dynamics and reduced lifetimes.

Besides, it is worth noting that in a guest-host system the emission results from a Forster energy transfer
between the Alg3 donor molecules and DCM acceptor molecules®’. It has been reported that the LSPR effect
can enhance the transfer mechanism when the Plasmon resonance is located on the overlap range between the
spectra of the emission of the donor and that of the acceptor absorption. However, in this study the LSPR is
located at 670 nm, far from the emission spectrum of the Alq3 centered at 540 nm and the absorption spectrum
of the DCM molecules occurring around 470 nm. Furthermore, although the hybrid SLR modes appear in this
wavelength range, no particular effect is obtained on the emission lifetimes for this grating regime.

At this stage of the discussion, it is important to indicate that reduced lifetime does not necessary means
an increase of the number of the emitted photons. In fact, the presence of the plasmonic structure provides
two additional decay path associated to two competing processes: the first one is the radiative decay due to the
coupling of the excited states to the bright LSPR modes of the Ag-NPs, and the second process is related to the
quenching of the excited states mainly caused by coupling into high order plasmons modes (dark modes). These
phenomena very likely determine the overall emission features. Another additional decay channel related to the
presence of the SLR modes should be considered.

To go further in our study, we concentrate on the investigation of the emission pattern versus the grating
period.
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Figure 5. A scheme of the Fourier imaging setup.
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Figure 6. Fourier imaging of organic molecules optically pumped on top of metallic nanoparticles arrays of
various periods.

Study of the radiation pattern. Here, our goal is to gain more insight on the impact of the Rayleigh
anomalies on the emission properties of the molecules, we studied the radiation pattern of the previous samples
by using Fourier imaging technique™. A scheme of the setup is presented in the Fig. 5.

The performed measurements are shown in Fig. 6. It should be noted that the presence of black ring in the
images below is a specificity of the used objective which allows a phase contrast characterization.

We notice that for the sample without NP array, the emission pattern is uniform and does not exhibit any par-
ticular directionality as expected for dispersed emitters on top of a plane surface. A similar behavior is observed
in the case of molecules on top of the grating with p = 200 nm. However, the emission intensity of this latter is
clearly lowered compared to the sample without grating. As mentioned in the previous section, at short periodici-
ties the grating modes are dominated by the LSPR feature. Thereby, the reduction of the emitted photons can be
attributed to the damping process associated to the localized feature of the LSPR modes.

Up to a period of p ~ 300 nm the emission shows high intensities at well-defined directions that strongly
depend on the grating period. We observe appearance of lobes. These features result from the geometrical
arrangement of the NPs in the gratings®?*. They are diffracted orders associated to the in-plane wave-vectors
kg, that can be studied using the well-known diffraction condition of a 2D grating:

%d,// = kinc)) + G (4)

%im—, /, is the in plane incident wave vector and G the reciprocal lattice vector.

The scheme of the diffracted wave-vector and the typical recorded angular map are presented in Fig. 7.

For periods ranging from p ~ 300 to 340 nm, we observe four lobes on the emission maps that correspond
to the first diffracted orders (+1; 0), (0; +1), (—1; 0) and (0; —1). These orders experience the same evolutions
when the period increases, which is the result of the square symmetry of the gratings. Therefore, we will focus
on the study of a single order (+1; 0).

The components of the diffracted in plane wave vectors associated to this order are given by the following
equations:
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Figure 7. Scheme of the diffracted wave-vector and the typical recorded angular map.

2 . 2 . 2
kayjx = Tnd sin 6y cos gy = Tnim sin Ojpc COS Yine + 7 (5)
2w ) . 2 . .
kd//,y = Tnd sinf; sin g = Tn,-m sin Bj,c sin @iy (6)

A is the emission wavelength of the Alq3:DCM molecules, n;,. and ny are the refractive index associated to the
incident and diffraction medium, p is the period of the grating, 0;,. and @i, are the out of plane and the in plane
incident angles and 6, and ¢, are the out of plane and in plane diffracted angles, respectively.

Because nj,c = ng = 1,7 the refractive index of the organic medium; we rewrite the system associated to
the (+1; 0) order as:

A
sin 67 cos ¢ = sin Bjyc COS Yine + — 7)
png

sin O sin ¢4 = sin Bj,. sin Py, (8)

For this study, we also distinguish three sub-domains of periodicities to describe the evolution of the emission
pattern of the studied samples. The first one corresponds to the periods ranging from p ~ 300 to 340 nm with
the appearance of four lobes on the maps. The second one is defined from p = 380-420 nm and show a strong
modification of the intensity distribution in the plane of the gratings. And finally, a third domain associated to
p = 440 nm, which is characterized by a significant lowering of the directional features.

Initially, on the first domain, the (41; 0) mode show an important variation of the diffracted angle 6,
mainly around the in-plane direction ¢4 ~ 0. We note that in this case, the gratings have periods > 4/n, ;
with 4/ng ~ 358nm corresponding to the excitation of (41; 0) Rayleigh anomalies at ¢; = 0 under a normal
incidence 0;, = 0.

In the second domain, the condition p < 4/n,is verified. We observe a strong variation of the in-plane dif-
fracted angle ¢ and the emergence of two lobes for each order. In particular, at a fixed 6, the increase of the
period leads to a higher separation between these lobes at well-defined angles +¢,.

The transition between these two grating domains, from 340 to 380 nm, occurs at p = A/n; ~ 358 nm, which
related to the condition of excitation to the (+1; 0) Rayleigh anomalies.

From these results, one can conclude that the Rayleigh anomalies are at the origin of the observed spatial
features. We believe that Rayleigh anomalies impose the excitation condition, which can be given by the fol-
lowing equation:

A

. A
[sin Oinc €OS Yine| =1 — I?d 9)

For instance, we report in the Table 1 the experimental in plane diffracted angles ¢4 ¢x, compared to those
calculated using the previous equation ¢ 4.

A very good agreement is obtained between the theoretical and experimental data, which confirms the validity
of the previous equation and sustain our analysis.

In particular, these results show that periodic metallic structures are not equivalent to conventional gratings.
Under specific conditions, they can exhibit diffraction modes. More precisely, they show that Rayleigh anoma-
lies are at the origin of the coupling mechanism between the NPs as they determine the diffraction direction by
defining the excitation condition for this set of the metallic nanoparticles to act as a diffraction grating.

Finally, the third domain corresponds to periods p > 440 nm. In this range, a significant lowering of the
directional features is observed; the diffracted modes are strongly damped and for a further increase of the period,
we find almost a uniform distribution. This behavior can be attributed to a reduced collective effect, which can be
explained by the fact that in this period range, the Rayleigh anomalies are no more excited following the direction
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Period (nm) | @gexp(®) | @a,m(°)
380 +26 +27.3
395 +35 +35.2
415 +43 +43.2
420 +45 +44.9

Table 1. Diffracted experimental and theoretical in plane angles as a function of the grating period.
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Figure 8. Illustration of the coupling between an emitter and a periodic grating of metallic NPs. Two
mechanisms occur due to the presence of the LSPR and SLR connected by the Rayleigh anomalies.

of 4 = 0and, thus, the previous condition is no more fulfilled. As a consequence, the absence of the Rayleigh
anomalies leads to the disappearance of a collective coupling between the NPs. This confirms the important role
of Rayleigh anomalies in the shaping of the directivity of the emission.

Finally, from the previous discussions, we suggest the diagram presented in Fig. 8 as a general view of the
different coupling mechanisms between emitters and NPs-grating. Indeed, similarly to what has been suggested
for the coupling between emitters and an isolated NP'°, we can consider the existence of two channels: LSPR
and SLR. Both channels influence the radiative and non-radiative decay dynamics of the emitter. In particular,
our results show that the LSPR effect contributes more efficiently to reduce the fluorescent lifetime of nearby
emitters. However, the SLR modes that appears as the result of a coupling between the LSPR and the Rayleigh
anomalies, strongly influence the directivity of the emission. Besides, the enhancement of the emitted power can
be attributed to the combination of two effects: an enhanced plasmonic electrical field and the improvement of
the spatial coherence of the emitted light by the excitation of diffractive modes. Furthermore, these effects are
fully generated by the presence of Rayleigh anomalies in the spectral range of the main LSPR resonance.

To conclude, we report the investigation of Ag-ordered nanoparticles of square lattice and their influence
on the optical properties of organic emitters under optical excitation. We particularly point-out the existence of
two regimes: that of short periods with a dominant localized LSPR modes and the that of long periods result-
ing from the excitation of collective SLR modes. The transition from a regime to another is determined by the
presence of the Rayleigh anomalies.

We study the coupling between the NP gratings and organic emitters by performing lifetime measurements
and emission pattern characterizations. The obtained results emphasis the crucial role of the Rayleigh anoma-
lies, which can be considered as the intermediary between individual plasmonic modes and collective photonic
responses. In fact, the Rayleigh anomalies can be considered as a means of coupling between NPs as they define
the excitation condition for which these NPs can coherently diffract the incident light.

Therefore, using metallic nanoparticle gratings permit to enhance, mold and reshape the emission of organic
emitters with controllable spectral and spatial features, which is particularly crucial to develop efficient organic
devices. Our work continues by considering the same phenomena in the case of organic light emitting diodes
(OLED) and, thus, the influence of electrical pumping of such systems.

Materials and methods

Electronic beam Lithography. The technique is a based on the use of a focused beam of electrons to finely
scan a substrate covered by an electron-sensitive resist to create various patterns*%. The focused beam changes
the solubility of the film which enables a selective removal of the resist. The choice of the technique is due to the
fact that it provides a high degree of control and allows a precise fabrication of nano structured surfaces with
desired size, shape, particle orientation and inter-particle distances well below the diffraction limit of the light.
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Extinction measurements. The obtained periodic structures have been optically characterized by per-
forming transmission measurements using a microscope coupled to a 2000 Ocean Optics spectrometer. The
samples have been excited using supercontinuum white light laser, the transmitted responses have been collected
by an objective lens of 0.6 NA coupled to spectrometer working on the visible range.

The extinction map is obtained by considering the ratio of the transmission spectrum of the reference struc-
ture T (Glass/ITO/Organic layer) to those associated to the metallic gratings T'. In this case, the maximum on
extinction map (given by the red color) corresponds to a loss of the signal that is only due to the presence of the
gratings. In fact, the reflection and scattering losses associated to the sample are already contained within the
transmission of the reference sample Tj.

Time-correlated single photon counting (TCSPC).  The radiative lifetime of excited dyes on top of the
different lattices have been measured by using time correlated single photon counting technique®. The concept
is based on a repetitive timed registration of single photons by multiple cycles of excitation and emission. The
decay profile is reconstructed by collecting the single photon events over many cycles. The measurements are
obtained as histogram representing the photon arrivals per time with the time reference corresponding to the
excitation pulse.

In this study, we use a laser beam pulse with an excitation wavelength at 405 nm and a repetition rate of
1 MHz to excite the Alq3 matrix.

Fourier imaging. This technique® allows the characterization of the emission directivity as it provides the
angular power distribution. The setup consists of using a pump laser of 405 nm focused on the sample using an
objective lens of NA = 0.6. The emitted light from the sample is shaped using a set of optical lenses and recorded
using a charge coupled device (CCD), which is precisely positioned to give the image of the field intensity at the
back focal plane of the objective lens.

The obtained maps give the angular power distribution in the polar coordinates (6, ¢). The radius gives the
elevation angle 6, whereas ¢ represents the azimuthal angle.The numerical aperture (Omax ~ 36°) of the objective
represents the maximum angle that can be detected on the CCD. Besides, we must point out the appearance of
a dark ring in all the images.

This is a characteristic of the entrance lens due to the dimensions of the objective used that allows a phase
contrast characterization, which blocks the light in the crown delimited by the angles 6; ~ 14°and 6, ~ 20°.

In order to calibrate our setup, we used a small source (typically a compact red laser diode illuminating a
pinhole of 5 um of diameter) placed on a goniometer and considered as the excited sample. For each defined
angle at the entrance of the objective lens, we determine the pixel location at the camera placed at the Fourier
plan. In this way, we were able to precisely define the different angles on the maps.

Spectral and lifetime measurements. A typical normalized emission spectrum of Alq3:DCM organic
layer on top of a glass/ITO substrate without NPs is presented below.
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The decay lifetime measurement curves with and without nanoparticle gratings are displayed below. The
measurements have been performed using the same experimental conditions and a pump source of 405 nm at a
frequency of 1 MHz. For the detection, we used a spatial filter operating at 520 nm and a single photon counter
to collect the emitted photons. The calculated lifetimes have been obtained by fitting the curves assuming a
single exponential decay.
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