Light: Science & Applications (2013) 2, e66; doi:10.1038/1sa.2013.22
© 2013 CIOMP. All rights reserved 2047-7538/13

o)

www.nature.com/Isa

ORIGINAL ARTICLE

Plasmonics for solid-state lighting: enhanced excitation
and directional emission of highly efficient light sources

Gabriel Lozano', Davy ] Louwers>, Said RK Rodriguezl, Shunsuke Murai'”>, Olaf TA Jansen?,
Marc A Verschuuren” and Jaime Gémez Rivas'*

Light sources based on reliable and energy-efficient light-emitting diodes (LEDs) are instrumental in the development of solid-state
lighting (SSL). Most research efforts in SSL have focused on improving both the intrinsic quantum efficiency (QE) and the stability of
light emitters. For this reason, it is broadly accepted that with the advent of highly efficient (QE close to 1) and stable emitters, the
fundamental research phase of SSL is coming to an end. In this study, we demonstrate a very large improvement in SSL emission (above
70-fold directional enhancement for p-polarized emission and 60-fold enhancement for unpolarized emission) using nanophotonic
structures. This is attained by coupling emitters with very high QE to collective plasmonic resonances in periodic arrays of aluminum
nanoantennas. Our results open a new path for fundamental and applied research in SSL in which plasmonic nanostructures are able to

mold the spectral and angular distribution of the emission with unprecedented precision.
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INTRODUCTION

Light-emitting diode (LED) technology is reaching the maturity phase
necessary to replace the more than 100-year-old technology of incan-
descent lamps. It has been said that LED-based sources will light up the
world." During the past 10 years, developments in materials have
opened the door for white LEDs, in which several wavelengths com-
bine to mimic the solar spectrum. Following the classification pre-
sented by Pimputkar et al.,' there are two main routes to achieving
white light using LEDs. The first is to mix the light from individual
electrically driven LEDs that emit the primary colors, i.e., red, green
and blue.” The current absence of high-efficiency green LEDs limits
the applicability of this approach to the generation of white light.” The
second and more extended path consists in using a material, usually
known as ‘phosphor’, which absorbs a significant fraction of the light
emitted by an electrically driven ultraviolet or blue LED and re-emits
at a longer wavelength. Mixing the non-absorbed blue light with the
emission provides a spectrum that is perceived as white by the human
eye.* Most of the research on solid-state lighting (SSL) has, thus far,
focused on the development of light emitters with high internal
quantum efficiency (QE)® and light extraction mechanisms using
dielectric structures® to meet the requirements for general illumina-
tion applications. Although SSL sources are efficient, their angular
emission profiles are usually Lambertian. Depending on the applica-
tion, this may result in the need for secondary optics, which are fre-
quently bulky and lossy and degrade the total system efficiency.

Metallic nanoparticles provide unique ways of manipulating light at
length scales smaller than the wavelength. These nanostructures are
known as optical antennas or nanoantennas because of their resonant
behavior at optical frequencies, which can be tuned by varying their
sizes and shapes.””"! This behavior is achieved through the excitation
of surface plasmons, which are strong optical resonances based on
coherent oscillations of the free electrons in the metal nanoparticles,
driven by the electric field oflight."? In recent years, the field of surface
plasmon polariton optics or plasmonics has shifted from a domain in
which fundamental insights were developed into a discipline that has
become relevant to applications.13 However, to date, no cutting-edge
applications of plasmonic structures are able to compete with state-of-
the-art SSL technologies. One major problem of metals is the inherent
losses associated with their conductivity. In the specific case of light
emission, plasmonic resonances’ ability to enhance the fluorescence of
nearby emitters depends strongly on the efficiency of the emitter and
on its location in respect to the metal/dielectric interface.'* The lower
the QE, the higher the enhancement factor that can be achieved using
plasmonic nanostructures.’>™'° For high QE emitters, losses in the
metal lead to a reduction of this efficiency, limiting the enhancement
factor.®®2%22 To minimize this effect, most researchers use noble
metals such as gold or silver, as these metals support localized surface
plasmon resonances and exhibit the lowest damping. A major dis-
advantage is that these materials are expensive and difficult to process.
Moreover, local field enhancements associated with localized surface
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plasmon resonances lie on near-field interactions that extend only a
few tens of nanometers away from the metal surface. Therefore, almost
no benefit can be attained using localized resonances when dealing
with highly efficient emitters distributed over large volumes, such as
those that are interesting for use in lighting applications.****

In this article, we demonstrate how plasmonics can enhance the
performance of close-to-one QE dyes employed in SSL. In contrast
to the previous studies investigating emitters and metallic structures,
we focus here on improving the emission of already efficient emitters
beyond the limit imposed by near-field effects. We make use of arrays
of metallic nanoantennas that sustain collective plasmonic resonances.
This allows us to shape the angular pattern of the emission, beaming
most of the light into a very narrow angular range in a defined di-
rection. We have investigated the emission characteristics of the plas-
monic array using a laser and a Lambertian-like standard LED as
sources of blue light. A 60-fold unpolarized emission enhancement
compared with a planar layer of dye molecules of similar thicknesses is
achieved in the forward direction at a certain emission energy when
using a collimated laser source. This enhancement reaches a factor of
70 for p-polarized emission. The integrated enhancement over the
emission spectrum of the dye reaches a factor of 14 in the forward
direction. In the case of LED excitation, despite the total enhancement
factor being reduced, the high directionality of the emission remains
unaltered with a 20-fold enhancement in a direction close to the nor-
mal. This directional enhancement is explained as the combination of
an increased efficiency in the excitation of the dye and an enhanced
spatial coherence, which is accomplished by coupling this dye to
extended plasmonic modes in the array, and the subsequent out-coup-
ling to free-space radiation. We have realized large periodic arrays of
aluminum particles using an imprint lithography technique, which
allows the inexpensive and high-quality fabrication of plasmonic
structures over large areas. Nanoplasmonics, therefore, offers a new
platform on which to develop the next generation of SSL devices.

MATERIALS AND METHODS

Sample fabrication

A schematic of the investigated structure is presented in Figure 1a, and
a scanning electron micrograph of the aluminum particles arranged in
a square lattice is displayed in Figure 1b. Aluminum is a non-noble,
inexpensive metal that presents low absorption losses at visible fre-
quencies and has good heat-dissipation properties. Furthermore, itis a
non-toxic, corrosion-resistant and lightweight material. The alumi-
num nanoantenna arrays were fabricated by substrate conformal
imprint lithography in combination with reactive ion etching onto a
fused silica substrate.”® The combination of aluminum and an imprint
lithography technology allows the high-quality fabrication of plasmo-
nic patterns with nanometer resolutions. This technology is ready to
be applied to a large area using standard inexpensive processes, as has
quite recently been demonstrated in the field of photovoltaics.”®
Polymers, appropriately doped with dye molecules and emitting in
the visible part of the spectrum, provide stable sources of light for the
large-area SSL. The absorbance and photoluminescence (PL) spectra
of the dye employed in this investigation (Lumogen F Red 305, BASF)
are presented in Figure 1c. This dye is well suited to SSL applications
because of its bright PL in the visible spectrum with a very high QEina
polymer matrix (~99% at a very low concentration forming a thin
layer, ~85% at 3 wt-%) and good stability. A 10 cm X 10 cm plasmonic
structure was made of slightly tapered cylindrical aluminum particles,
D=140 nm in diameter and #=150 nm in height, arranged in a
square array with the lattice constant =400 nm. A d=650 nm-thick
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Figure 1 (a) Sketch of the sample consisting of a thick layer of fused silica
(substrate), a periodic array of aluminum particles (plasmonic array) and a layer
of dye molecules embedded in polystyrene (emitting layer). (b) Top view of a
scanning electron micrograph of aluminum particles arranged in an ordered
periodic lattice. Scale bar indicates 500 nm. (¢) Normalized photoluminescence
(red curve) and normalized absorbance (black curve) spectra of the dye
(Lumogen F Red 305, BASF). (d) Scheme depicting the different angles involved
in the experiments. PL, photoluminescence.

polystyrene layer containing dye molecules at a concentration of
3 wt-% was applied over the array by spin coating.

Optical measurements

The variable angle extinction and photoluminescence directional
enhancement (PLDE) spectra of the luminescent structure were mea-
sured. The extinction is defined as 1 — To, with T, being the zero-order
transmittance normalized by the transmittance through the fused
silica substrate and a polystyrene/dye layer. The PLDE is defined for
each angle of emission as the PL of the dye layer on top of the array of
aluminum particles normalized by the emission of the same layer on
top of the flat substrate. The PLDE is, therefore, the most relevant
quantity in this investigation, representing the improvement to the
light emission introduced by the plasmonic structure. To measure the
optical extinction of the plasmonic structure, a collimated beam of
light from a halogen lamp illuminated the sample, which was rotated
by an angle 6;, with respect to the normal around the x-axis while
keeping a fiber-coupled spectrometer fixed in the forward direction.
For the PLDE measurements, the red dye was excited at a power level
far below saturation using blue light (2.76 eV, 450 nm) from either a
multimode continuous wave laser 0.01 eV (2 nm) full-width half-
maximum or a high-power blue standard LED (full-width half-
maximum=0.1 eV) characterized by a Lambertian-like emission pat-
tern 5 cm behind the sample. The emission was collected using a fiber-
coupled spectrometer, which was rotated by an angle 0,,,, with respect
to the normal toward the sample (see Figure 1d for a schematic rep-
resentation of the set-up).

Finite-difference time-domain (FDTD) numerical simulations

A three-dimensional FDTD model was set up with Bloch boundary
conditions on the horizontal edges and PML-absorbing boundaries on
the vertical edges. The dispersion of the metal is fitted using a Drude
model. The incident fields are broadband constant transverse wave-
number pulses. The spectra are obtained using Fourier transforms of
the time-domain near-field responses that are normalized to the incid-
ent pulse.
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Lifetime measurements

A series of fluorescent lifetime measurements was conducted using a
streak camera (Hamamatsu 5680) synchronized with a femtosecond
laser (Spectraphysics Tsunami). A pulse-picker and a second har-
monic generator (Spectraphysics 3980) were used to enable the excita-
tion of the dye with 2.76 eV pulses at a 2 MHz repetition rate.

RESULTS AND DISCUSSION

Figure 2a presents the measured p-polarized extinction of the inves-
tigated structure as a function of the energy of the incident radiation
and the angle that forms the incident wave-vector with the normal
toward the sample (6;,). The PLDE measurements are displayed as a
function of the photon energy of the p-polarized emitted radiation
and the emission angle 0., in Figure 2b. All the features observed in
PLDE are correlated with those shown in the extinction measure-
ments. Most of the dispersive features observed in the experiment
can be associated with electromagnetic surface modes supported by
periodic metallic structures.”” They appear as narrow bands of high
extinction that follow the dispersion of the Rayleigh anomalies, i.e., the
energy at which a diffracted order radiates in the plane of the array;
these bands are known as surface lattice resonances (SLRs).?*>* SLRs
are, therefore, the result of the enhanced radiative coupling of loca-
lized surface plasmon polaritons in the individual particles by means

689

Plasmonics for solid-state lighting
G Lozano et al

of in-plane diffracted orders. SLRs can be described as quasi-bounded
surface modes in the array and have a propagation length of several
unit cells.”* From the conservation of the parallel component of the
wave-vector at the surface of the array, we have + k)4 = kj; £ G, where
+ ky4 and ky; are the parallel components of the diffracted and inci-
dent wave vectors, respectively; G = (G,,G,) =[(2n/a)p,(2n/a)q] isa
reciprocal lattice vector; and p and g are the pair of integers defining a
diffracted order. Rayleigh anomalies of beams diffracted by the square
array of particles are plotted as colored curves in Figure 2a and 2b.
They correspond to the onset of (=1,0) and (0,*1) diffracted orders,
calculated assuming that the array is embedded in a homogeneous
medium, with refractive indexes of 1.47 (gray curves), 1.52 (purple
curve) or 1.55 (green curves). These values are obtained by fitting the
Rayleigh anomalies to the maxima in the extinction spectrum, mea-
sured at 6;,=0". In these experiments, the particle array is not homo-
genously surrounded by the same dielectric. The particles are on a
fused silica substrate with a lower refractive index (1.46) than the
polystyrene layer (1.59), which has a finite thickness of 650 nm.
Numerical simulations reveal that the different refractive index layers
surrounding the array and the finite thickness of the polymer layer
modify the distribution of the local field intensities around the par-
ticles (see Supplementary Information). The intensity extends farther
into the substrate for the resonance at 2.11 eV than for the resonances
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Figure 2 (a) Extinction of p-polarized light as a function of the photon energy and the angle of incidence 6, of a layer of dye deposited on top of the investigated array of
aluminum particles. (b) p-polarized directional emission enhancement as a function of the photon energy and the emission angle 0, measured on the same structure
excited with a 2.76 eV continuous wave laser at 0,=0". Gray, purple and green curves correspond to the Raleigh anomalies calculated for the beams diffracted in a
medium with refractive indexes of 1.47, 1.52 and 1.55, respectively. (c) Extinction and (d) PLDE as a function of photon energy measured at 6,,=0and 0,,=0" (e, f)
Simulated spatial distribution of the near-field intensity enhancement in a plasmonic array of antennas on a substrate covered by a polymer layer. The color plot
indicates the intensity enhancement of the plane intersecting the antennas at y=0in a unit cell of the array. The simulations consider a plane wave incident normal to
the array with a photon energy of (e) 1.85eV and (f) 2.04 eV. The antenna and the different dielectric interfaces are outlined using gray curves. (g) Digital photographs
taken from the unpolarized emission from the dye layer deposited on top of the plasmonic structure (left) and from the same layer deposited on a dielectric substrate
(right) at O, of ~0°. PLDE, photoluminescence directional enhancement.
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at 2.04 eV and 2.00 eV, whose field intensities are primarily concen-
trated in the dye-doped layer. The difference in field intensity distri-
bution causes a difference in the effective refractive index of these
modes and the concomitant energy shift. The blue-shift of the
2.11 eV mode is consistent with its higher field intensity in the lower
refractive index substrate compared to the modes observed at 2.04 eV
and 2.00 eV. It should be noted that this multilayer structure can
support index-guided modes coupled to free-space radiation by the
array of nanoparticles and, consequently, with a similar dispersion to
the SLRs. For simplicity, we have limited the analysis of the extinction
and luminescence measurements to SLRs in homogeneous media in
which index-guided modes do not exist.

SLRs can couple very efficiently to radiation because of their hybrid
plasmonic—photonic characters. Excited emitters in the proximity of
the array can decay into SLRs, which radiate into free space, enabling
the control of the spontaneous emission.”*> We would like to note
that similar results may be attained using dielectrics with tailor-made
polarizability, as suggested by previous theoretical investigations
regarding titania nanoparticles arranged in one-dimensional arrays.*®
In particular, the bands of maximum PLDE follow the dispersion of
the SLRs associated with the (—1,0) and (0,%=1) diffractive orders.
Figure 2b shows that a many-fold enhancement of the fluorescence
takes place on the narrow bands between 0.,,=0° and 0.,,=10". We
achieve a maximum PLDE of 72 times at 0.,=1.5" and 2.01 eV.
Comparable features and enhancement values can be observed for s-
polarized emission because of the square symmetry of the array (see
Supplementary Information). This remarkable enhancement of the
emission occurs close to the normal with respect to the surface. The
enhanced and directional emission of the emitters, which are already
close to unity efficiency, demonstrates that arrays of nanoparticles can
be integrated into lighting devices as efficient and compact secondary
collimating optics. Moreover, the ability to tune the dispersion of SLRs
by varying the shape and dimensions of the nanoparticles, the lattice
structure and the period of the array opens the possibility of fully
controlling the emission of the different light emitters integrated in
plasmonic-based LEDs. This demonstration of the PLDE of highly
efficient emitters contradicts the idea that plasmonic structures are
detrimental to the performance of devices using high QE emitters
because of inherent Ohmic losses in metals.”’° To facilitate further
investigation of how the plasmonic array enhances and shapes, the
fluorescence of the emitting layer, cuts of the spectra presented in
Figure 2a and 2b at 0=0"are displayed in Figure 2c and 2d. Two types
of resonances with different line widths can be observed in the mea-
sured extinction spectrum: (i) a broad resonance centered at 1.85 eV,
which is attributed to localized surface plasmons in individual par-
ticles and (ii) three narrow peaks at 2.00 eV, 2.04 eV and 2.11 eV,
associated with collective lattice modes. Note that the luminescence is
significantly enhanced only at these narrow resonances. Specifically,
the solid black curve in Figure 2d depicts three peaks, corresponding to
58-fold, 50-fold and 7-fold PLDEs. It is noteworthy that the localized
character of the broad resonance centered at 1.85 eV merely leads to a
weak PLDE factor of 4.

To further describe the origin of the spectral features associated with
the different plasmonic resonances, in Figure 2e and 2f, we perform
numerical three-dimensional FDTD simulations of the spatial distri-
bution of the total electric field intensity enhancement—i.e., near-field
intensity normalized by the incident intensity—at two different fre-
quencies: 1.85 eV and 2.04 eV, respectively. The simulated extinction
at 0;,=0°and the near-field intensity of the resonances at 2.00 eV and
2.11 eV are provided in the Supplementary Information. We consider
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a plane wave incident to be normal to the array. A small tapering of the
aluminum particles was included in the model to account for their
actual shapes. The simulation in Figure 2e, which depicts a side view
(see Supplementary Information for a top view) of a unit cell of the
array, indicates that the broad extinction peak corresponds to an in-
plane dipolar resonance. The field is primarily enhanced in the prox-
imity of the particles, as expected for a localized surface plasmon
polariton. A major drawback inherent to the use of localized surface
plasmon resonances to enhance light-matter interactions is that the
emitters need to be accurately positioned with nanometric precision in
the region in which the largest electromagnetic enhancement occurs.'”
This characteristic, together with the fact that dye layer extends over a
thickness of 650 nm on top of the particle array, leads to the weak
PLDE associated with the localized surface plasmon resonance. In
contrast, the narrow extinction peak at 2.04 eV corresponds with
the collective plasmonic mode associated to the SLR. The field
enhancement of this resonance, as shown in Figure 2f, extends over
amuch larger distance in the space between the nanoantennas,’> lead-
ing to the enhancement of the dye emission from larger volumes. This
enhanced emission from large volumes is critical for real SSL applica-
tions in which a specific fluorescence count rate must be reached.

To present a clear visual effect of the enormous PLDE attained when
using an array of nanoparticles, Figure 2g shows images, taken with a
digital camera, of the unpolarized emission from a dye layer deposited
onto a flat dielectric substrate, labeled ‘planar’, compared with the
emission from a similar layer but coupled to an array of metallic
particles, labeled ‘plasmonic’. The former refers to the common con-
figuration used in LED devices.*® From this point on, we will present
the results for the unpolarized emission, as polarization dependency is
generally undesirable in SSL devices.

The total PLDE is the result of phenomena taking place at the
excitation and emission frequencies of the dye. On the one hand,
the absorption efficiency of the dye can be increased by a resonant
enhancement at the excitation frequency when the system is optically
pumped. On the other hand, in a plasmonic system, the emission is
influenced by the modified local density of the optical states and by the
out-coupling of the emission to free space.*"** To investigate the
contribution of the resonant pump enhancement, we have measured
the PLDE spectra for unpolarized emission as a function of the excita-
tion angle, fixing the detector at 0,,,=55% i.e., at an angle at which no
plasmonic resonance occurs at the emission frequency. Figure 3a dis-
plays the PLDE integrated between 1.75 eV and 2.15 eV as a function of
x> showing a ~sixfold overall fluorescence enhancement when the
dye molecules are excited at 0.,=0". This enhancement is halved when
Ocx is 10° As noted in the Supplementary Information, the relative
contribution of the pump enhancement attained at a different 0
from the PLDE is roughly proportional to how much blue light is
extinct as a function of 6;,. The large enhancement at normal inci-
dence is attributed to a higher order SLR and, in particular, to that
associated with the (—1,1) diffracted order. As discussed below and in
view of the numerical simulations and PL lifetime measurements, this
~sixfold enhancement can primarily be attributed to a resonant
enhancement of the excitation of the dye at the frequency of the pump.

Three-dimensional FDTD simulations of the PLDE were performed
to separate the contribution of the emission from that of the pump.
According to the reciprocity theorem and assuming a set of isotrop-
ically oriented dipoles, the PLDE is obtained as the ratio of the inte-
grated electric near-field intensity in a unit cell, computed in a
structure with and without metallic particles and calculated for a plane
wave illumination along the angle of emission at which the PLDE is
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Figure 3 (a) PLDE integrated between 1.75 eV and 2.15 eV as a function of the
excitation angle when the detector is fixed at 0.,,=55". (b, ¢) Calculated PLDE
using FDTD as a function of energy and 6,,,,, with and without the consideration of
resonant excitation at the pump frequency, respectively. FDTD, finite-difference
time-domain; PLDE, photoluminescence directional enhancement.

evaluated.*’ The results for the unpolarized emission are displayed in
Figure 3b. The number of bands obtained from the simulation, their
spectral positions, the dispersion and the PLDE values are in good
agreement with the measurements. In Figure 3¢, we present numerical
simulations that do not consider any resonant enhancement at the
pump frequency, providing a maximum enhancement of ~12 times.

To examine the angular modification of the emission by the plas-
monic structure in more detail, in Figure 4a, we present the PL inte-
grated throughout the emission spectrum of the dye (between 1.75 eV
and 2.15 eV), normalized by the integrated PL measured from a planar
polymer/dye structure of the same thickness at 0,,,=0°. We compare
the angular distribution of the emission measured from the plasmonic
(dashed blue curve) to the planar (solid red curve) structures. The
emission of the planar sample resembles a Lambertian radiator.
However, the plasmonic structure significantly enhances the emission
within a narrow angular window, demonstrating the beaming of the
emitted light. The integrated directional enhancement over the emis-
sion spectrum reaches a factor of 14 in the forward direction. SLRs
extend laterally over several unit cells of the array and extend for
distances of several microns.’® Therefore, coupling emitters to SLRs
yields a source with an increased spatial coherence: the emission from
single dye molecules couples to surface modes in the particle array,
which becomes the emission coupled out by the array and interferes
constructively in the forward direction.

We have performed extinction and PLDE experiments on a random
array of aluminum particles with the same particle density as the
periodic array (see Supplementary Information). The emitter layer

doi:10.1038/Isa.2013.22
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Figure 4 (a) Integrated PL between 1.75eVand 2.15eV, measured as a function
of the emission angle from the emitting layer deposited on top of a flat dielectric
substrate (solid red curve), from a similar layer on top of the periodic array of
aluminum particles (dashed blue curve) and on top of aluminum particles
arranged in a disordered lattice (solid gray curve). These results are normalized
by the PL integrated into the same spectral range and measured from the dye
layer deposited on top of a flat dielectric substrate at 0., =0 (b) Normalized
luminescence decay measured from the emitting layer deposited on top of a flat
dielectric substrate (solid red curve), of the periodic array of aluminum particles
(dashed blue curve) and of the aluminum particles arranged in a random fashion
(solid gray curve). The decays are single-exponential with a decay rate of
»=0.18 ns~ ! for the flat dielectric substrate and y=0.21 ns~! for both the peri-
odic and random arrays. PL, photoluminescence.

and the particle dimensions are the same, but because of the lack of
periodicity, the random array sustains localized surface plasmon
polaritons in the individual particles but not extended SLRs.** The
solid gray curve in Figure 4a represents the angular dependence of the
PL integrated throughout the emission range and normalized to the
emission of the polymer/dye layer at 0.,,=0°. We observe only a two-
fold emission enhancement, primarily because of the increased scat-
tering of the blue pump. The emission of the random array shows a
Lambertian dependence. These measurements demonstrate the large
impact that periodicity in the particle array exerts on the directional
enhancement of the emission. The twofold integrated enhancement is
seven times lower than that obtained from the periodic structure close
to the forward direction, indicating the stronger effect of collective
SLRs versus localized resonances in the modification of the emission.

To complete the description of the modified emission coupled to
nanoparticle arrays, we have determined the decay rate of dye mole-
cules covering plasmonic arrays of particles. Figure 4b displays the
time-resolved fluorescence of a layer with the same concentration
and the same thickness but deposited on a dielectric substrate (solid
red curve), the ordered particle array (dashed blue curve) and the
disordered array (solid gray curve). By comparing the dashed blue
and solid gray curves in Figure 4b, it is clear that a nearly identical
decay rate enhancement is present independently of the particle order-
ing, compared to the dye-doped polymer layer without metallic part-
icles. According to the classification of light sources provided in Ref.
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45, the dye molecules employed in our investigation can be considered
as constant power sources because of their very high QE. Constant
power sources are not influenced by a change in the LDOS, and the
total emitted power scales linearly with the total absorbed power. For
this reason, the total decay rate enhancement experimentally observed
may be attributed to a non-radiative decay channel introduced by the
metal rather than by the SLRs in the array. It has been argued that
because the presence of metallic particles near emitters introduces a
non-radiative decay channel,”*® the primary effect on the high QE
emitters is the reduction of their efﬁciency.s‘l’36 Therefore, the
observed decay-rate enhancement can be attributed to the quenching
of the emission. This quenching is considered a major drawback in
realistic applications. However, our decay-rate measurements show a
reduction in QE of only 15% but a maximum 60-fold and an inte-
grated 14-fold directional enhancement in the forward emission di-
rection. Based on these results, we infer that the maximum ~60-fold
directional enhancement measured for the unpolarized emission may
be approximately expressed as the product of a factor of ~6 due to
pump enhancement and a factor of ~10 due to emission enhance-
ment.

Having discussed how plasmonic structures can boost the perfor-
mance of a thin layer of luminescent material, we take a step forward
toward their integration into SSL applications. Figure 5a displays the
emission characteristics of the plasmonic structure when pumping
with a standard high-power Lambertian-like blue LED. The main
difference between the measurements presented in Figures 2a and 5a
is found on the excitation source, i.e., the LED has a shorter coherence
length and a broader angular radiation pattern than the laser.
Regardless of the excitation source, it is observed that the features in
the PLDE dispersion diagram remain unaffected because they are
determined by the dispersion of the SLRs at the emission energies.
However, the total enhancement factor is lower for the case of the LED
excitation because of the non-collimated illumination of the nanopar-
ticle array, which leads to the less efficient pump enhancement of the
dye and, therefore, a lower integrated PLDE. Figure 5b displays the
angular dependence of the PLDE measured at 2.01 eV. In spite of the
lower emission enhancement achieved using LED illumination, the
PLDE reaches a factor of 20 in the forward direction. These results
further support the integration of plasmonics into lighting applica-
tions that require control over the directionality of the emission. The
plasmonic antenna array acts as efficient integrated optics for the beam
collimation.
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Figure 5 (a) PLDE spectra of a layer of dye molecules on top of an array of Al
antennas as a function of the emission angle, 0., obtained by exciting the dye
with a blue LED. (b) PLDE versus 0., at 2.01 eV. LED, light-emitting diode; PLDE,
photoluminescence directional enhancement.
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CONCLUSIONS

In summary, we have demonstrated that plasmonics provides a reli-
able platform for state-of-the-art lighting applications. We have fab-
ricated a large-area periodic array of aluminum particles or
nanoantennas using an imprint lithography technique. This array
significantly increases the emission of a layer of high-QE dye mole-
cules deposited on top. The enhancement of the unpolarized emission
reaches a factor of 60 at certain frequencies in the forward direction
and a factor of 14 when integrated over the entire emission range. The
emission’s directional enhancement is explained as a combination of
the resonant excitation of the emitters and the enhancement of their
spatial coherence, which leads to a highly directional emission. This
behavior is the result of the emission of the dye into collective plas-
monic resonances that result from the coupling of localized surface
plasmon polaritons to diffracted orders in the array. Collective reso-
nances or surface lattice resonances have a large spatial extension,
enhancing the emission in defined directions. In addition, we have
investigated the combination of these structures with high-power
standard blue LED sources, showing that the plasmonic structure acts
as an integrated optical component to shape the emission pattern of
the dye layer. The combination of plasmonics and LEDs will pave the
way for a new generation of SSL devices, as the appropriate design of
the array will allow us to tailor the directionality, polarization and
color of the emission with unprecedented accuracy.
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