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Abstract

We design, fabricate and analyze a nanostructured plasmonic light emitting diode

(LED) that simultaneously increases the modulation speed and radiative efficiency,
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compared to conventional LEDs and unpatterned plasmonic LEDs respectively. Our
structure, optimized to ensure its integrability with electrical contacts, couples an In-
GaN/GaN blue LED with a Ag nanohole grating. Through spatio-temporally resolved
photoluminescence measurements, we determine a 40-fold decrease in spontaneous emis-
sion lifetime, which sets an upper bound to the direct modulation bandwidth in the GHz
regime. Additionally, through careful optimization of the plasmonic nanohole grating,
we demonstrate a 10-fold increase in outcoupling efficiency relative to an LED with
an unstructured plasmonic film. Our work bridges the plasmonic metamaterial and
[II-nitride semiconductor communities, laying the groundwork for high-speed, high-
efficiency blue plasmonic LEDs for applications in visible light communication and
beyond.

Keywords: Plasmonics, photonics, LED, optical communication, visible light communi-

cation, high-speed.

The widespread adoption of visible light communication (VLC) systems based on light emit-
ting diode (LED) transmitters requires the simultaneous increase in efficiency and speed
of the optical source.? Efficiency is measured by the external quantum efficiency (EQE)
neor,> while speed is quantified by the 3dB modulation bandwidth fs;5.% Most research
on the indium gallium nitride (InGaN) system, suitable for blue and green emission, has
focused on improving the EQE because this metric, and its dependence on the injection
current density J;,;, is one of the most important factors for the growth of LEDs as an
illumination source for general lighting purposes.® While the market for lighting exceeds
many billions of dollars and general illumination accounts for 20% of U.S. electrical energy
consumption,® the modulation rate of LEDs is poised to grow in importance due to the need
to couple information processing with illumination. An LED with f335 ~ GHz, incorporated
as the light source in an optical transceiver, can enable a plethora of VLC applications: from
chip-to-chip wireless communications in data centers to smart automotive lighting, from safe
and RF interference-free wireless local area networks in hospitals and offices to underwa-

ter optical communications for the exploration, inspection and maintenance of offshore oil
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fields.1? Therefore, strategies that advance efficiency and speed simultaneously are much
sought after.

Plasmonic and hyperbolic metamaterials (MMs) have gained much attention over the
past decade because of their ability to dramatically enhance light-matter interaction.® The
increased photonic density of states provided by metals, which can be further enhanced and
wavelength-tuned with hyperbolic media,® enables the controlled reduction of the sponta-
neous emission lifetime 7, of a quantum light source (fluorescent molecule, quantum dot,
quantum well, nitrogen-vacancy center in diamond?), essential for high-speed devices. Life-
time reductions of 10 to 100 times relative to the vacuum have been reported using various
realizations of plasmonic and hyperbolic MMs.® ! In most cases, however, unpatterned struc-
tures demonstrated to increase the emission speed suffer from low radiative efficiency, and
the mechanisms leveraged to overcome such limitations, including surface texturing!? or the
use of nanoparticles in lieu of patterned films,'® hinder their integrability with electronics.
On the other hand, metallic nanostructured films known to enhance the emission efficiency of
LEDs!*!® have not been simultaneously optimized to yield an improved speed performance.
Therefore, to enable electrically-driven LED sources for fast optical transmitters, a design is
needed that enhances modulation speed while preserving at the same time a high radiative
efficiency.

The recent demonstration of a light-emitting hyperbolic metasurface, based on nanostruc-
tured silver (Ag) and indium gallium arsenide phosphide (InGaAsP) quantum wells,'? shows
that III-V compound semiconductors are a promising candidate for simultaneously efficient
and fast LEDs. Moreover, the anisotropic polarization response observed in the metasurface
can boost the transmission rate of LEDs used in VLC by introducing an additional degree of
freedom (light polarization) for encoding information. However, VLC requires translation of
this technology to visible frequencies. Designs that simultaneously yield improved speed and
light output at blue wavelengths have been evoked, but they remain the subject of theoretical

studies. 16
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In this work we experimentally demonstrate a novel plasmonic LED (PLED) configura-
tion, incorporating a Ag nanohole grating within an InGaN/GaN LED. The PLED exhibits
a simultaneous increase in efficiency and speed, compared to conventional LEDs with and
without unpatterned plasmonic inclusions, respectively. Through spatio-temporally resolved
photoluminescence (PL) measurements, we determine a 40-fold decrease in spontaneous emis-
sion lifetime, which sets an upper bound to the modulation bandwidth in the GHz regime.
Additionally, through careful optimization of the plasmonic nanohole grating, we demon-
strate a 10-fold increase in outcoupling efficiency relative to a flat plasmonic film. The
present study bridges the plasmonic metamaterial and III-nitride semiconductor communi-

ties, laying the groundwork for high-speed, high-efficiency blue LEDs for VLC applications.

PLASMONIC LED DESIGN

We consider a PLED system formed by an InGaN/GaN LED and a nanostructured Ag plas-
monic film. The LED consists of an nGaN layer grown on a sapphire substrate, followed by
an InGaN /undoped GaN multiple quantum well (MQW) heterostructure and a pGaN layer,
as detailed in the Materials and methods section. A PLED design simultaneously capable of
high-speed and efficient operation must synthesize a fundamental dichotomy between plas-
monic and electronic requirements. On the one hand, the near-field coupling between the
MQW emitting region and the pGaN/Ag interface, which supports surface plasmon polari-
tons (SPPs),!7 is maximized as their distance is minimized. Such distance, coinciding with

the pGaN layer thickness ¢,gqn, should be shorter than the SP penetration depth in GaN,

)\ 6/ “ _ 6/
tptas = ooy [ 2N~ A9 1\,72 49~ 37 nm, (1)
27 €GaN

where \g = 450 nm, and €',y €'y, are the real parts of the permittivity at Ag in the pGaN

given by!8

and Ag layers, respectively.®?° On the other hand, to maintain proper electronic transport,
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the pGaN layer should be thicker than the p-side depletion width of the diode, given by?2!

telec = 2 ~ 70 nm, 2
: \/qNA(NA+ND) @)

where V,; = 3.3 V is the built-in voltage, Np ~ 6 x 10'® ecm™2 and Ny ~ 5 x 107 cm™3
are the carrier concentrations in the nGaN and the pGaN, respectively (see Materials and
methods section), and ¢ = 1.6 x 107! C is the fundamental charge. The built-in voltage
is given by Vi; = (kgT/q) In[(NaNp)/n?|, where kgT = 0.026 eV at room-temperature and
n; ~ 2.25 x 10719 ¢cm™3 is the intrinsic carrier concentration.??

To circumvent this inherent conflict, past authors have experimentally explored a design
with Ag nanoparticles embedded in undoped GaN,?! or theoretically envisioned a device
based on side-emitting microtubules.'® We instead propose patterning nanoholes through

the pGaN layer to the MQW region, followed by coating the holes with a thin Ag film

(a)

Figure 1: (a) Schematic of the LED with the nanopatterned plasmonic film. Bottom to top:
nGaN layer (grey), three InGaN quantum well (blue) - GaN quantum barrier (dark grey)
pairs, pGaN (violet). The thin bilayer deposited above the pGaN surface and inside the
holes is made of Ni (ochre) and Ag (silver gray). (b) Ultra-high resolution scanning electron
microscope (UHR SEM) cross section of the cleaved sample, in a region without gratings.
The different components of the structure are highlighted in false color on the left.
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(Fig. 1(a)). Our solution leverages the nanostructured nature of the Ag film, necessary to
outcouple SPPs into the far field. Our design divides the PLED in two vertical volumes:
a “plasmonic” one, occupied by the nanoholes, where the MQW-Ag film distance can be
arbitrarily controlled, and an “electronic” one, free from nanoholes, where the diode behav-
ior is preserved. While such general approach conveniently enables a plasmonic-electronic
tradeoff, a geometric optimization of the nanoholes is still required, to maximize SPP exci-
tation and outcoupling. Three hole parameters control the interaction between the MQW
and the nanopatterned Ag film: hole diameter dj, hole pitch p; and hole depth d.,. For
the present study we select, aided by numerical optimization, a value for d; and one for py,
which ease PLED fabrication while still supporting MQW-nanostructure coupling, and we
experimentally optimize dg.,. We expect a further enhancement of the PLED performance
once, based on the results of this work, d;, and p; are also experimentally optimized.

To understand the role of de,, we fabricate, atop an InGaN/GaN LED chip with pGaN
thickness t,qon = 130 — 140 nm (Fig. 1(b)), six 6 pm x 6 pm gratings (labeled “II” to “VII”),
all with identical hole diameter d;, = 120 nm and pitch p, = 300 nm. d., is increased
by a constant step from a value smaller (grating II) to a value larger (grating VII) than
tpcan, in the approximate range 100 — 200 nm. After nanohole milling, accomplished via
focused ion beam (FIB), a 2 nm Ni adhesion layer followed by a 20 nm Ag layer is deposited
everywhere on the sample (Materials and methods section). In the following we show through
experimental characterization and numerical verification that the outcoupling exhibits a non-
monotonic dependence on hole depth, and we determine the value of d.;;, that maximizes
the excitation and far-field scattering of SPPs. This optimized efficiency, in addition to the
high-speed capability and sufficient pGaN thickness for diode behavior, makes our PLED

design viable for practical VL.C applications.

RESULTS AND DISCUSSION
Static and spatio-temporally resolved photoluminescence. The static PL spectrum

of the PLED is collected with the standard micro-PL setup detailed in the Materials and
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Figure 2: Comparison between control LED and PLED. (a) Photoluminescence intensity
spectra and (b) time resolved photoluminescence at the vacuum wavelength Ay = 450 nm.
In (b), the circles and squares represent experimental data points, while the solid curves are
mono-exponential fits to the data.

methods section. Fig. 2(a) compares the PL emission from a control LED, consisting of
the identical III-nitride heterostructure with neither nanostructuring nor metal, with the
one from a non-structured area of the PLED, where only a flat Ag film is present. The
PLED gratings cannot be individually probed with our micro-PL setup, as the size of the
excitation beam is much larger than their area. With respect to the control LED, the
PLED emission exhibits a slight red-shift and a decrease in intensity. The red-shift may be
attributed to small local variations in the LED structure and composition, resulting in an
emission wavelength gradient of few nm, as well as to local heating and to energy mismatch
between the MQW emission and the surface plasmon resonance. The intensity decrease may
be traced to quenching effects, induced on the GaN surface by the Ni hard mask strip off
via Ni etchant (Materials and methods section). We observe that, for the patterned areas,
another source of quenching is the surface damage caused by FIB milling. The kinetic energy
transfer from the Ga™ ions to the LED crystal lattice generates a thin (few nm) damaged
amorphous layer on the etched surface, which can be removed by post-FIB wet etching in a
heated KOH solution.?*25

Because the PL peak of the PLED occurs at A\ = 450 nm, this is the chosen detection
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wavelength for the following spatio-temporally resolved PL characterization. By means of
the setup described in the Materials and methods section, we perform a raster scan of the
PLED area occupied by the gratings, detecting at each step the PL lifetime and intensity.
The lifetime values measured in the grating regions are comparable for all gratings, regard-
less of their hole depth. This indicates that, at A\g = 450 nm, the convolution of the different
Purcell factor contributions, resulting from the interaction between the emitters space dis-
tribution and the metallic inclusions, yields a net Purcell factor that stays approximately
constant across the hole depths. The hole pitch, identical for all gratings, plays indeed a
dominant role in controlling the lifetime reduction,® while the depth mainly impacts the
efficient outcoupling of SPPs into the far field, as we demonstrate later. A representative
decay curve of the PLED, measured on grating 11, is compared in Fig. 2(b) with that of the
control LED: the respective lifetimes are 7prrp = 0.08 ns and 7.,,; = 3 ns, corresponding to
an almost 40-fold shortening.

The relation of measured PL lifetime to modulation bandwidth is a complicated function
that depends on the optical, electrical, and thermal properties of the LED, which are influ-
enced by device geometry and packaging. However, the maximum modulation bandwidth
may be easily found through a rate equation model derived for cavity-based LEDs.26 The

frequency response H is given by

H(w) = — = 1 3)

o (1) (14 52)

where w is the angular frequency (w = 27f) and I' is the modal confinement factor. The

1

cavity and spontaneous emission decay rates, 7. and v,,, are respectively 7. = 7, " and

%p = 7_5?01 = Yrad + Yn—rad;s (4)

where 7, is the lifetime of photons in the cavity, 75, is the spontaneous emission lifetime, and

Yrad a0d Y, _rqq are the rates at which electron-hole pairs entering the active region recombine
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radiatively and non-radiatively. In the absence of a cavity, the quality factor Q = w/~., is
determined by the natural linewidth of emission, which corresponds to the full-width at half-
maximum (FWHM) of the PL spectra of Fig. 2(a). From Fig. 2(a), 7. ~ [¢/(430 nm—c/(455
nm)] = 3.9 x 107 s, which is much smaller than 7,, of the order of tens of ps. Hence the
frequency response is limited by <. Then, in this limit, we can write the maximum 3dB

modulation bandwidth f},, as

V3

27T7'eff‘

(5)

fédB = max|fzp] =

where T.p; = 74,/2.5 is the differential carrier lifetime.?"?® The experimentally measured
lifetimes imply that the PLED can achieve a 3dB bandwidth of about 8.5 GHz. We note that
the modal confinement factors of the control LED and the PLED are essentially identical,
so that the I' term has a negligible effect on the comparison.

The high-speed potential of the PLED can be fully harnessed only if effective light out-
coupling is provided. In order to identify the best extraction geometry, we study the impact
of the hole depth on PL intensity. Fig. 3 presents the spatial mapping of PL across the six
nanohole gratings. As can be inferred from the color contrast, all the nanostructures pro-
vide an enhanced outcoupling compared with the neighboring unpatterned areas. However,
the monotonic increase in de, from the first (grating II) to the last (grating VII) grating
results in a non-monotonic PL trend. The intensity is comparable for gratings II, III, and
IV, reaches a maximum at grating V, then becomes smaller for gratings VI and VII. The
maximum signal detected at grating V is about 10 times the signal detected away from the
gratings on the flat Ag film.

Structural analysis of the plasmonic LED. To understand the origin of this behavior,
and explain how the MQW-nanostructure interaction is controlled by the hole depth, we
conduct a cross-sectional analysis of the best performing grating (grating V), and of the

two gratings with depths immediately smaller and larger (grating IV and VI, respectively).
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Figure 3: PL intensity mapping at Ay = 450 nm of different PLED geometries. (a) SEM
image of the six nanohole gratings, milled with increasing hole depth from left to right. (b)
Spatially resolved PL intensity of gratings II through IV, and (c) of gratings V through VII.
PL intensity is plotted on a logarithmic scale and is normalized to the minimum, which
occurs between gratings IT and III.

The details of two cross-sectioned nanoholes of gratings IV, V and VI, highlighted by a
blue frame in Figs. 4(a), (b) and (c), are presented in Figs. 4(d), (e) and (f) respectively.
By effect of photoablation, not only on the top surface, but also at the bottom of the
nanoholes has Ag either sublimated of melted and reaggregated in small inclusions, as the
brightest features in Figs. 4(d) and 4(e) indicate. For each of the three gratings, we image at
240,000x magnification the cross-sectioned nanoholes, and measure the separation between

their bottom and the pGaN surface. Within the limits imposed by image resolution and
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Figure 4: (a) Back-scattered electrons (BSE) SEM image (52° tilt) of a portion of grating IV,
(b) V and (c) VI, cross-sectioned via FIB to measure the hole depth. The cut area and its
surroundings show the damage caused to the grating region by the PL mapping. A Pt film
(bright volume on the grating) was deposited via electron-assisted chemical vapor deposition
(CVD) prior to the cut, to protect the grating surface and ensure optical contrast for the
hole cross-section. (d) BSE SEM detail (52° tilt) of the hole cross-section of grating IV, (e)
grating V and (f) grating VI. Due to the aspect ratio larger than 1:1, the Pt coating only
partially fills the holes, leaving voids at the bottom.

contrast, we determine the hole depths of gratings IV, V and VI to be in the range 145-155
nm, 165-175 nm and 180-185 nm, respectively. It is impossible to discern in the BSE SEM
pictures the pGaN, MQW and nGaN regions; however, we know that the pGaN thickness is
tpcan = 130 — 140 nm, and the MQW thickness is 36 nm (Materials and methods section).
Recalling that the Ag film thickness is 20 nm, we conclude that the PL intensity is maximized
when so is the overlap between the Ag nanodisk inclusions at the bottom of the holes and
the MQW volume.

To gain further insight in our result, we study the MQW-nanostructured plasmonic film
coupling by means of 3D finite element simulations (Comsol Multiphysics). The periodicity
of the grating is modeled with periodic boundary conditions. The unit cell of the grating,

with side p, = 300 nm, contains a GaN block, patterned with a nanohole with fixed diameter
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dp, = 120 nm and variable depth d;.;,. The GaN surface and the bottom of the hole are coated
with a 20 nm Ag film; the permittivities of GaN and Ag are taken from ! and,?° respectively.
The MQW emission is modeled with an electric dipole, fixed at a vertical distance d.s = 140
nm from the GaN surface, and at a horizontal distance d., = 10 nm from the hole. To
reproduce our experimental study, we progressively vary d.;., from a smaller value than d.
to a larger one, leaving all other geometrical parameters unaltered, and collect the power
emitted by the dipole-nanostructure system through the bottom of the simulation domain.
In analogy with the PL intensity plots of Fig. 3, we define radiative enhancement (RE)
as the collected power normalized to the power detected in the absence of nanostructures,
namely for a dipole embedded in a bulk GaN block with a flat Ag film on top. In Fig. 5(a),
the radiative enhancement is plotted as a function of the hole etching depth d..,. Each
data point is obtained from an equally weighted average over the three Cartesian dipole
orientations. The trend resembles our experimental findings: the largest RE is observed at
the depths dger, = 150, 155 and 160 nm, which maximize the horizontal overlap between the
dipole and the Ag nanodisk inclusion. We notice that the magnitude of the enhancement
is smaller than the one experimentally detected. This quantitative discrepancy originates
from our modeling of the PLED, based on material (permittivity values taken from literature
rather than experimentally determined), structural (replacement of the exciton distribution
within the entire MQW volume with an individual 1D dipole, and of the LED layers with a
homogeneous GaN volume, neglecting the effects of stress and strain and the perturbation of
crystalline order induced by ion milling; simulation focused on the dipole emission, neglecting
any excitation efficiency considerations) and operational (power detection angle limited by
the use of a unit cell) approximations. Nonetheless, the qualitative picture confirms and
strengthens the interpretation of our results. Fig. 5(b) compares the power distribution of
the simulated dipole-nanostructure system at three different etching depths and for the three
Cartesian dipole orientations. At d.;., = 120 nm and dg;.;, = 180 nm, when the etching depth

is respectively shorter and larger than d.,, the emitter-Ag nanodisk coupling is limited. At
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deter, = 160 nm instead, when the nanodisk is next to the dipole, the gain-mode overlap is
maximized, resulting in increased emission.

Discussion. By separating the device volume in “plasmonic” and “electronic” domains, our
PLED design enables a simultaneous increase in modulation speed and output intensity,
while still preserving an effective diode structure. Spontaneous emission lifetime, which sets
the optical limit for the direct modulation bandwidth, can be tuned via the hole grating
geometry. A shorter lifetime can be achieved with a shorter grating pitch;® the diameter

does not play a significant role for shallow holes, while for deep ones a larger radius implies a
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Figure 5: Simulated interaction between a quantum emitter (point dipole) and a Ag plas-
monic grating in GaN. The hole diameter and pitch (d;, = 120 nm, p;, = 300 nm), the
plasmonic film thickness (¢4, = 20 nm) and the emitter position (emitter-GaN surface ver-
tical distance d.; = 140 nm, emitter-hole horizontal distance d.;, = 10 nm) are fixed, while
the etching depth d. of the holes is varied across a range of values smaller, equal to and
larger than d.s. (a) Radiative enhancement as a function of the etching depth of the holes.
The values are representative of an isotropic dipole (average over the three Cartesian dipole
orientations). (b) Magnitude of the Poynting vector in the xz cross-sectional plane bisecting
the unit cell of the grating, for the three Cartesian dipole orientations at selected hole depths
(deter, = 120, 160, 180 nm). The dipole position is indicated by a blue square.
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reduced lifetime.?? Interdependence exists, however, between the grating geometry and the
pGaN layer thickness. As pointed out earlier, t,5,n needs to be at least larger than the
depletion width of the LED, in order to grant a satisfactory carrier injection into the MQW.
On the other hand, an arbitrary increase in t,q,n faces nanofabrication limitations. We
demonstrated that, to maximize light extraction, the bottom of the nanoholes should reach
below the vertical location of the MQW, such that the overlap between the plasmonic film
and the emitting volume reaches a maximum. By constraining the hole depth, ¢,¢,n imposes
a practical limit also on the hole diameter and pitch. Depth:diameter aspect ratios larger
than 1.5:1 make it progressively harder to ensure the structural integrity of the grating (i.e.
to define straight hole walls and sharp edges, which becomes critical as the pitch is decreased
since nearest neighbor holes can collapse into each other) and the filling of the nanoholes
with plasmonic inclusions. Therefore, the balance between modulation bandwidth, internal
quantum efficiency and injection efficiency of the PLED can be controlled with the above-
discussed parameters, keeping in mind their strong interplay.

In order to enable direct current modulation, electrical contacts with a ground-signal-
ground (GSG) topology, supporting high-speed operation through the minimization of ca-
pacitive effects, need to be integrated in the PLED. Our choice of a transparent sapphire
substrate (Materials and methods section) allows light emission from the bottom of the
PLED chip: therefore, a Au pGaN contact can be deposited on top of the plasmonic grating,
and further increase radiation extraction by acting as a mirror. Alternatively, a transparent
indium tin oxide (ITO) contact can be adopted if top emission is preferred. If a contact is de-
posited directly on the plasmonic grating, the filled holes volume becomes a preferential path
for current, due to its larger conductivity compared to pGaN. The poor injection efficiency
of the “electronic” regions and the shorting of the “plasmonic” ones hamper the functioning
of the PLED. A remedy consists in coating a thin (few nm) oxide insulation layer inside the
nanoholes prior to the plasmonic film deposition. In this way, the Ag inclusions still over-

lap horizontally with the MQW volume, but the current flow is confined to the “electronic”
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regions with a proper diode structure. To obtain a conformal protection of the bottom and
the internal walls of the nanoholes, a SiOy or Al;O3 layer can be grown by atomic layer
deposition (ALD). This step however needs to be followed by directional dry etching of the
surface of the PLED, to remove the oxide coating from the top of the “electronic” regions
which otherwise cannot be effectively contacted.

An alternative approach to the integration of plasmonic nanostructures in InGaN/GaN

2l consists in inserting Ag nanoparticles into the LED

LEDs, experimentally explored in,
structure. The inconvenience of this method is that it requires breaking the vacuum in the
growth chamber to e-beam evaporate the metallic particles, which can result in the incorpo-
ration of impurities within the heterostructure. In addition, the roughness induced by the
particles propagates to the upper layers grown on top of them, with obvious consequences for
the lattice cristallinity both in the MQW and in the pGaN. Our design instead preserves the
planarity of the LED structure, and utilizes a plasmonic grating whose geometry can be ac-
curately and reproducibly controlled. In view of mass producing the PLED, low throughput
techniques such as FIB (which can also cause ion implantation in the LED crystal lattice)
or e-beam lithography are not a convenient choice to inscribe a nanohole grating. Large-
scale, large-area alternatives, such as nanoimprint lithography (NIL) or direct laser writing
lithography3® can enable high throughput fabrication.

The PLED design detailed in this work enables the implementation of blue LED trans-
mitters in VLC systems. To increase the number of wavelength channels, it is either possible
to engineer the InGaN emission (limitedly to the UV-blue-green spectral region) or to re-
sort to a different semiconductor platform (for the red-infrared region). However, owing to
its fixed plasmonic properties, Ag effectively enhances the modulation bandwidth only at
blue frequencies. Substitution of the Ag thin film with a multilayer hyperbolic MM allows
tuning the wavelength of maximum lifetime reduction across the rest of the light spectrum.
For example, a Ag/Si multilayer red-shifts the plasmonic resonance monotonically with the

amount of Si, allowing peak bandwidth enhancements at green and red frequencies.®3!
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The density of information of a monochromatic PLED channel can be increased by en-
coding in the emitted light two different polarizations. To this end, the nanohole grating can
be replaced with chiral plasmonic metasurfaces, patterned with spiral features that induce a
right-handed or a left-handed circular polarization.3?3* Compared with linear polarization,
circular polarization exhibits a higher degree of persistence in scattering environments,?>
and is therefore more suited for VLC. Not only spin angular momentum (right- or left-
handedness) can be encoded with plasmonic metasurfaces, but also and most importantly
orbital angular momentum (OAM), related to the helicoidal shaping of the emitted wave-
front.36 OAM is associated with a quantum number which can assume any integer value
from 0 to infinity, providing for a given light frequency a number of information channels

that is, in principle, unlimited.

CONCLUSIONS

In conclusion, the present work introduced a novel plasmonic LED design that combines a
blue InGaN/GaN LED with a nanostructured film, consisting of a nanohole grating coated
with a thin Ag layer. By decoupling the device volume into “plasmonic” and “electronic”
regions, the PLED is simultaneously capable of increased modulation speed, compared to
a conventional LED, and increased light output, compared to a plasmonic LED with a flat
Ag film, while preserving an effective p-i-n junction structure. In order to optimize light
extraction, we fabricated six plasmonic gratings with identical pitch and hole diameter, and
variable hole depth. Time-resolved photoluminescence measurements at the peak emission
wavelength Ao = 450 nm predicted an almost 40-fold enhancement in the limit 3dB modu-
lation bandwidth for all the gratings. A spatial mapping of the PL intensity at \g = 450
nm, combined with a cross-sectional analysis of the fabricated structures, revealed that light
extraction is maximized when the Ag nanodisk inclusions inside the holes overlap with the
MQW volume, rather than sitting above or below it. This finding is corroborated by 3D
numerical simulations, showing an identical trend for a dipole-plasmonic nanohole system.

We discussed the mutual influence between the pGaN thickness and the grating geometrical
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parameters, and how the introduction of an insulation layer inside the nanoholes is required
to enable effective electrooptical performance. Our study paves the way for a practical imple-
mentation of plasmonically-enhanced high-speed, high-efficiency incoherent sources in VLC
systems. Future work will include the design, optimization and testing of electrical contacts
suitable for high-speed modulation. We will also extend the PLED design to green and red

wavelengths by replacing the Ag film with a properly chosen multilayer hyperbolic MM.
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MATERIALS AND METHODS

LED growth. The GaN LED was grown on a double side polished (DSP) c-sapphire wafer,
of diameter 2 in and thickness 300 pm, with a 3 x 2-in Thomas Swan /Axitron close-coupled
showerhead (CCS) metal-organic chemical vapor deposition (MOCVD) system. The LED
structure, from the substrate upwards, consists of a 1 pm undoped GaN buffer layer and a
600 nm Si-doped nGaN layer (Np ~ 6 x 10'® cm™3), followed by 3 InGaN /undoped GaN
(2 nm/10 nm) quantum well/quantum barrier (QB) layers.?” The MQW active region is
capped with a Mg-doped pGaN layer (N4 ~ 5 x 10" ecm™2), whose thickness varies across
the wafer between 130 and 140 nm. The growth temperature of the InGaN layer was ad-
justed to 730°C to tune the emission wavelength to about 450 nm. The wafer was annealed
inside the MOCVD chamber at 750°C under Ny flow to activate the Mg dopants in the pGaN
layer.

Patterning of plasmonic grating. The growth wafer was diced into 1x1 cm? samples and
subsequently coated with a 10nm Ni sacrificial mask by e-beam evaporation (Temescal BJD
1800, rate = 2 A /'s), to protect the LED surface. Six 6 um x 6 pm gratings were patterned
on the LED with a focused ion beam system (FEI Scios DualBeam FIB/SEM). Each grating
consists of a 20 x 20 array of holes, with pitch 300 nm and hole diameter 120 nm, etched

with a Ga ion beam at a voltage of 30 kV and a current of 1.5 pA. What differentiates the
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gratings is the hole etching depth, varied from values smaller to larger than the pGaN layer
thickness. Once the patterning was complete, the Ni mask was wet etched in Ni etchant,
and a Ni adhesion layer (2 nm, rate = 0.2 A /s) followed by a Ag plasmonic film (20 nm,
rate = 0.5 A /s) was deposited on the gratings by e-beam evaporation.

Static photoluminescence. The PL spectra of Fig. 2(a) were measured with a micro-PL
system. The excitation light, generated by a mercury lamp (X-cite 120 Q), was filtered at 405
nm (405/10 nm bandpass filter, Semrock Brightline) and focused on the sample. The emit-
ted light was collected with a 50x, 0.55 NA objective (Zeiss Epiplan Neofluar) and spectrally
analyzed by a Czerny-Turner spectrograph (Andor Shamrock 303i): after entering a 20 pm
aperture, radiation was spatially separated by a blazed diffraction grating (150 lines/mm,
blaze wavelength A, = 500 nm), and detected with a charge-coupled device (CCD) camera
(Andor Newton). A dichroic beam splitter (405 nm, Semrock Brightline) and a long-pass
filter (409 nm, Semrock Brightline) ensured that the portion of the excitation light reflected
off the sample was removed from the analyzed signal.

Spatio-temporally resolved photoluminescence. Spatially- and temporally-resolved
PL was measured by first illuminating the sample with a femtosecond Ti:sapphire laser
(Spectra Physics Mai Tai) of 800 nm wavelength, 80 MHz repetition rate, and 100 fs pulse
width. Due to two-photon absorption, the sample fluoresced at wavelengths between 400 and
500 nm. Fluorescence at the emission wavelength of 450 nm was collected through the bot-
tom of the sample with a 20x, 0.45 NA objective, then sent to a monochromator (Horiba) and
finally detected with an electrically cooled photo-multiplier tube (PMT). The Ti:sapphire
laser was synched (TB-01 Pulse Converter Module) with a time-correlated single-photon
detector (Horiba High Throughput TCSPC controller) providing 27 ps timing resolution.
The beam position relative to the sample was controlled by moving the sample stage with a
two-axis piezo-electric motor (Mad City Labs NanoDrive) with an 800 nm step size. Align-
ment of the pump beam and sample was achieved with a microscope (Olympus 1X81) and

a complementary metal-oxide-semiconductor (CMOS) camera (uEye).
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Cross-sectional analysis. After completing the PL characterization, and repeating it to
confirm its result, we deposited a thick (several hundreds of nm) Pt layer on a portion of
the grating via the electron-assisted CVD capability of our FIB tool. The function of this
coating is twofold: to protect the grating surface during the cut, and to ensure optical con-
trast with the InGaN/GaN heterostructure by filling the nanoholes. We then defined by
means of FIB a vertical cross section along the hole diameter. We observe that, despite a
preliminary optimization of the electron deposition current, the larger than 1:1 aspect ratio
of the nanoholes forbids Pt from filling them completely. This however does not prevent the
identification of their bottom with sufficient accuracy for depth measuring purposes. We also
notice that the repeated raster-scanning of the grating area with the two-photon excitation
beam caused a progressive damage to the Ag film, manifest both outside of the patterned
region, where the Ag film results thinned, and inside such region, where the film has almost

completely disappeared.
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