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Diffractive arrays of metallic nanoparticles act as nanoantenna phased
arrays that enhance emission from thin phosphor layers in defined
directions, and therefore offer new prospects for solid-state lighting.
The solid-state lighting revolution—the rapid replacement of
incandescent lamps with more efficient light sources—has been
made possible by the introduction of white LEDs.1 LEDs can
be used to produce white light via two different approaches.
In the first approach, several LEDs emit different color light,
which is combined at the correct intensities to produce white
light. This method is limited by the low quantum efficiency (QE)
of green LEDs and the temperature dependence of red LEDs.
Therefore the second approach, which uses high-efficiency UV
or blue LEDs to excite luminescence of a high-QE material
(a phosphor), is more widely used. Much effort is now being
dedicated to the development of stable phosphors with the
highest possible QE.
Secondary optics (i.e., lenses and mirrors) are important parts
of LEDs that are used to couple the light emitted from the
devices and to beam this light in defined directions. Intensive
research is currently focused on single or few emitters,
low-QE emitters, and/or IR emitters that are coupled to gold
nanoantennas. However, nanoantennas with those characteristics have limited use for solid-state lighting applications, which
require the redirection of sufficient light emission from high-QE
emitters at visible wavelengths.
We have recently demonstrated new methods to improve
the emission characteristics of phosphors (i.e., spectrum and
direction), by combining them with arrays of metallic nanoparticles. The nanoparticles support localized surface plasmon resonances, which are the result of coherent oscillation of electrons in
the structure. These optical resonances, together with the small
nanoparticle dimensions (few tens to hundreds of nanometers),
allow the arrays to act as antennas for light.2 We have used
arrays of silver and aluminum nanoparticles, coupled to phosphors that have been developed for white LEDs, to make large

Figure 1. (a) Scanning electron microscope image of the top view of a
silver (Ag) nanorod array. (b) A schematic side view of the sample. The
nanoantenna array sits on top of a cerium-doped yttrium aluminum
garnet (YAG:Ce) layer and was synthesized on a silica (SiO2 ) glass
substrate. Si3 N4 : Silicon nitride.
directional enhancements of the phosphors’ emissions, as well
as to make strong modifications of their absorption and
emission spectra.3, 4 These nanoparticle arrays share some similarities with antenna phased arrays, which beam electromagnetic waves in directions that are defined by the interference of
radiation from elements in the array.
A scanning electron microscope image of a silver nanoparticle array is shown in Figure 1(a). This array was fabricated
using substrate-conformal imprint lithography.5 The separation
distance between the nanoparticles in the array is on the order
of visible light wavelengths, thus making the array a diffraction grating. A schematic cross section of the phosphor and
the antenna array is shown in Figure 1(b). The antenna array
is on top of the light-emitting layer of cerium (Ce3C )-doped
yttrium aluminum garnet (YAG:Ce). This important luminescent material was synthesized using the sol-gel method on a
silica (SiO2 ) glass substrate.6 This sample supports collective
hybrid plasmonic-photonic modes that are known as surface
lattice resonances. These result from the diffractive coupling
of localized surface plasmons in the individual particles. The
hybrid plasmonic-photonic modes are characterized by a field
enhancement that extends over volumes larger than those associated with the localized surface plasmons of the individual
nanoparticles. The sample can also support guided modes in the
Continued on next page
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Figure 2. (a) Extinction (as the color scale) of a silver nanoparticle array on top of a YAG:Ce layer, as a function of the wavelength and the angle
of incidence (inc ). The incident light is polarized along the y-axis, i.e., parallel to the short axis of the nanorods. The extinction is defined as
1 T where T is the 0th -order transmittance. The inset shows a schematic illustration of the experiment, where E is the electric field. (b) Emission
spectrum (polarized along the y-axis) of the YAG:Ce, as a function of the wavelength and the angle of emission, with respect to the normal to the
surface (em ). The inset shows a schematic illustration of the experiment. (c) Emission spectrum for a control YAG:Ce layer without a nanorod
array. deg: Degrees. cps: Counts per second.

YAG:Ce layer that can couple to free-space radiation via scattering from the nanoantenna array.
As shown in Figure 2(a), the extinction of the spectrum
produced from our nanoparticle array varies with the light’s
angle of incidence. We observe a broad and angle-independent
extinction band at about 540nm, which is due to the localized
surface plasmons of the nanoparticles. We also see sharp and
dispersive bands with high extinction. These bands correspond
to the extinction of surface lattice resonances and the coupling
of incident light to the fundamental guided mode of the YAG:Ce
layer. We used a blue (442nm) laser to excite the YAG:Ce layer
and measured the emission spectrum—see Figure 2(b)—as a
function of the emission angle. Our measurements on a control sample without the array—see Figure 2(c)—display a broad
yellow emission that is typical of YAG:Ce. The emission spectrum from our sample, however, is very different from that of the
control. The emission intensity is greater and the spectral shape
is significantly modified. The shape of the emission spectrum
is similar to that of the extinction. This is because the excited
YAG:Ce decays by emitting light into the modes of the array,
which are coupled to free-space radiation in certain preferential
directions that define the mode dispersion. The extinction and
emission of light from our nanoparticle array are analogous to
the receiving and radiating of electromagnetic waves by an
antenna.
We have also investigated arrays of aluminum and gold
nanoparticles, combined with quantum dots and polymer films
that contain fluorescent organic dye molecules. An aluminum
array with dye molecules, illuminated by a blue laser, is shown
in Figure 3.7 The white light corresponds to the emission of the

Figure 3. Photograph of a sample that consists of a periodic array of
aluminum nanoparticles and an emitting layer containing dye molecules. A blue laser beam is incident from the backside and creates a
bright spot on the sample. The multiple spots are due to the diffraction
of the array. The insets compare the emission intensity at the irradiation spot. The sample with the nanoantenna array is much brighter
than the control sample without the array.

dye, combined with the fraction of unabsorbed blue light. The
multiple bright spots arise from the diffraction orders of the
array that are trapped and guided in the glass substrate.
Continued on next page
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The emission intensity of the dye—with a high QE of 0.85—is
enhanced up to 70 times in the forward direction by the nanoparticle array. The emission directionality also can be precisely
controlled by the pitch of the array.8
We have developed new metallic nanoantenna arrays and
demonstrated their performance. These samples can be used to
enhance the emission of phosphors in defined directions and
therefore improve the efficiency of white LEDs. To achieve even
greater enhancement of phosphors, we now plan to further
optimize the geometries of our antennas and the thickness of the
phosphor layers.
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