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Progress with GaN-based light emitting diodes (LEDs) that incorporate nanostructures is reviewed, especially the re-
cent achievements in our research group. Nano-patterned sapphire substrates have been used to grow an AIN template layer
for deep-ultraviolet (DUV) LEDs. One efficient surface nano-texturing technology, hemisphere-cones-hybrid nanostruc-
tures, was employed to enhance the extraction efficiency of InGaN flip-chip LEDs. Hexagonal nanopyramid GaN-based
LEDs have been fabricated and show electrically driven color modification and phosphor-free white light emission because
of the linearly increased quantum well width and indium incorporation from the shell to the core. Based on the nanostruc-
tures, we have also fabricated surface plasmon-enhanced nanoporous GaN-based green LEDs using AAO membrane as a
mask. Benefitting from the strong lateral SP coupling as well as good electrical protection by a passivation layer, the EL
intensity of an SP-enhanced nanoporous LED was significantly enhanced by 380%. Furthermore, nanostructures have been
used for the growth of GaN LEDs on amorphous substrates, the fabrication of stretchable LEDs, and for increasing the
3-dB modulation bandwidth for visible light communication.
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1. Introduction

Gallium nitride (GaN) is an extremely promising direct
wide bandgap semiconductor material for optoelectronics,!!!
and it has been developed significantly during the past 20
years. In the early 1990s, after the achievement of high qual-
ity GaN growth using an AIN or GaN nucleation layer!>!
and p-type conductivity,’’! Nakamura er al. developed the
GaN-based blue LED with quantum well structure!*! and
successfully fabricated the first white LED.!! Since then, nu-
merous researchers started to pay attention to III-nitride-based
LEDs because of their advantages in the applications of full-
color display, solid state lighting, etc. The luminous effi-
cacy increased continuously, which boosted the revolution in
illumination and other cutting edge applications. Recently,
with the demonstration of 303 Im/W, another significant LED
milestone was announced for high power white LEDs by
Cree. Ltd.U’! In the same year, the Nobel Prize for physics
was awarded to Isamu Akasaki, Hiroshi Amano, and Shuji
Nakamura for their invention of efficient blue light-emitting
diodes, which have enabled bright and energy-saving white
light sources. ¥

The external quantum efficiency of LEDs is given by a
product of the internal quantum efficiency (IQE) and the light
extraction efficiency (LEE). The internal quantum efficiency
is determined by crystal quality and epitaxial layer structure.
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Although the native substrates are available for nitrides, due
to the limited availability and relatively high cost of suffi-
ciently large single GaN crystals for use as substrates, most
GaN-based LEDs are grown on foreign substrates, such as sap-
phire and SiC. During the last two decades, lots of technology,
including nanostructures, has been focused on improving the
material growth and device fabrication to enhance the internal
quantum efficiency as well as the extraction efficiency.

In this paper, we provide an overview of the current appli-
cation of nanostructures in the GaN-based LED, including: 1)
the nanostructures to improve the crystal quality and, in so do-
ing, enhance the internal quantum efficiency; 2) the nanostruc-
tures to modify the surface/interface morphology to decrease
the internal reflection and increase the extraction efficiency;
3) one-dimensional nanostructures; and 4) surface plasmon
LEDs. At last, we will attempt to highlight the perspective
of nanostructures beyond illumination, especially for cutting
edge applications.

2. Application of nanostructures to III-nitride
LEDs

2.1. Nanostructures to improve internal quantum effi-
ciency

The large lattice constant mismatch (15%) between sap-
phire and GaN leads to a high dislocation density (10' cm~2)
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in the GaN epitaxial film. These high defect densities can
reduce charge carrier mobility, minority carrier lifetime, and
thermal conductivity, and hence, degrade device performance.
Implementation of epitaxial lateral overgrowth (ELOG) sig-
nificantly decreases the dislocation density to 107 cm=2.1%]
With ELOG technology, parts of the highly dislocated GaN
are masked with a dielectric mask and the threading dislo-
cations are prevented from propagating into the over-layer.
Hence, GaN layers grown above the opening keep the same
threading dislocation density as the template, at least dur-
ing the early stages of growth. In addition, coalescence
boundaries are formed due to mis-registry between two lat-
erally growing fronts, and voids are normally formed above
the mask. Tilting and dislocations are also generated among
the coalescence regions. Although this technique improves
the crystal quality of the overgrown layer, it inherently suf-
fers from inevitable growth interruption, in which an SiO; or
SiN, mask must be deposited after a 1-um—-2-pm thick GaN
layer growth.[!%!1] This two-step metal—organic chemical va-
por deposition (MOCVD) growth process is complicated and
time consuming, and not suitable for commercial application.
Moreover, mask-related drawbacks also induce possible impu-
rity contamination and strain in the subsequently grown layers.

In order to overcome the problems induced by ELOG,
patterned sapphire substrates (PSS) technology without mask,
and with no suspension during growth, have been widely pro-

posed afterwards.!?]

Using PSSs may not reduce the dislo-
cation density to the magnitude that ELOG can achieve, but
there is no contamination from the dielectric mask, and the
growth process can be simplified to one step, which is suitable
for mass production. In addition, the external efficiency can
be enhanced based on the effect of optical reflection from the
side edge of the etched sapphire substrate. Many kinds of pat-

terns have been formed, such as lens-shaped, hemispherical,
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grooved, volcano-shaped, cone-shaped, by methods of pho-
tolithography, electron beam lithography (EBL), laser treat-
ment, etc. If the pattern size is nanoscale, the LEDs grown
on nano-patterned sapphire substrate (NPSS) provide better
LEE more efficiently because NPSS has a much higher den-
sity of patterns, which can increase the chance of light scat-
tering. The highly ordered nanoscale patterns in a PSS may
induce the photonic crystal effect as well, which can further
enhance the LEE.[!3) In addition, the dislocation density that
develops during overgrowth will be lower. Figure 1 shows
schematics of the overgrowth process, the formation of dislo-
cations, stacking faults, and voids at the initial stage of epi-
taxy, as well as the potential mechanisms for minimization of
threading dislocations. 14!
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Fig. 1. Schematics of (a) the overgrowth process and the formation of dislo-
cations, stacking faults, and voids at the initial stage of epitaxy, and (b) four
mechanisms that might account for the reduction of the TDD.[14]
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Especially for the deep UV LEDs, the coalescence of an
AIN buffer layer upon PSS needs to be 10 um, which signif-
icantly increases the growth time and cost. To achieve high
light output power along with a thinner coalescence thickness,
NPSS has been used for nanoscale ELO of an AIN template
layer in our group to fabricate DUV LEDs.[!>19] Figure 2
shows the process flow chart for nano-patterned sapphire sub-
strates and the corresponding SEM images.
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Fig. 2. The process flow chart for nano-patterned sapphire substrates, and the corresponding SEM images.
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With NPSS, the coalescence thickness of AIN film can be
as little as 3 pm, as shown in Fig. 3(a). The full width at half-
maximum (FWHM) values of (002) and (102) reflections are
69 arcsec and 319 arcsec, respectively, as shown in Fig. 3(b).
The corresponding screw and edge dislocation densities are
calculated to be 1.0x107 cm? and 1.2x10° cm?. This indi-
cates that the AIN material quality is much better than AIN
grown on flat sapphire substrate, which has (002) and (102)
XRCs of 126-arcsec and 573-arcsec FWHMs. An enhance-
ment of IQE by 43% was measured by temperature-dependent
photoluminescence. The 282-nm DUV-LED fabricated on this
AIN/NPSS template has reached light-optput power (LOP) of
3.03 mW and external quantum efficiency (EQE) of 3.45% at
current 20 mA, which is 98% higher than that achieved on the
conventional AIN/FSS template, as shown in Fig. 3(c).
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Fig. 3. (a) A cross-sectional SEM image of AIN grown on NPSS. (b)
X-ray rocking curves of (002) and (102) diffractions for the AIN films
grown on the NPSS. (c) LOP-I-EQE curves of the deep-UV LEDs
grown on NPSS and FSS.

2.2. Nanostructures to improve light extraction efficiency

Following rapid development in material growth meth-
ods, such high values of internal quantum efficiency have been

obtained that little room is left for further improvement. In
order to further enhance the luminous efficacy, researchers
have paid lots of attention to enhance the extraction efficiency.
As for the GaN-based LEDs, considering the large difference
of refractive index between GaN (n = 2.5) and the air in-
terface, the critical angle for the light escape cone is only
about 23°. Most of the light generated in the LED will be
trapped by total internal reflection and cannot be extracted
to the outside. Common techniques of boosting light extrac-
tion from an LED chip include geometrical chip shaping;!!”]
surface/interface morphology modification on n-GaN,!!3! p-
GaN!'"1 or ITO transparent conductive layer;>'~23 microlens
array;[?Y! integration of photonic crystal (PhC) structure; 2434
etc.

2.2.1. Surface roughening

In 2004, Fujii et al.!'® reported a roughened surface of n-
side-up GaN-based LEDs using photo-electro-chemical (PEC)
etching. The output power of an optimally roughened surface
LED is two to threefold better than that of an LED without
surface roughening. In 2005, Huang et al.!'! developed an
InGaN/GaN LED with a nano-roughened top p-GaN surface
using an Ni nano-mask and laser etching. The light output of
the InGaN/GaN LED with a nano-roughened top p-GaN sur-
face is 1.55 times that of the conventional LED. However, the
disadvantage of this surface roughening approach is the dif-
ficulty in controlling the process. Furthermore, the plasma
etching of the top p-GaN contacting layer will lead to dam-
age and significantly degrade electrical and optical properties
of the device due to increased Ohmic contact resistance and
leakage currents.

Instead, using an SiO,/polystyrene (PS) microlens array
on the top surface of the LEDs has been reported®"! to signif-
icantly increase the external quantum efficiency of the devices
by 219%. The refractive indices of PS and SiO, microspheres
are 1.58 and 1.46, respectively. The use of these arrays al-
lows the photons emanating from the quantum well (QW) to
scatter out from the LEDs structure with a larger “effective”
photon escape cone and reduction of the Fresnel reflection. In
addition, surface roughening or patterning of the indium tin
oxide (ITO) current spreading layer have been demonstrated
as an alternative method for improving light extraction effi-
ciency without degrading electrical properties.!?!=23 Besides
that, owing to the increasing demand for raw materials, espe-
cially indium, scientists also search for alternatives to indium
tin oxide, such as carbon nanotubes, graphene, metal nanowire
networks as transparent conductive electrodes. Details can be
found in Ref. [35].

In addition, the extraction efficiency of LEDs has been
reported to be determined by the nano-cone density*®! of the
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surface. LEDs with an integrated textured surface can increase
the angular randomization of photons at the emission surface
and result in a large enhancement of light output power.!37-3!
We have also fabricated InGaN flip-chip light-emitting diodes
with hemisphere-cones-hybrid combined nanostructures. The
light output power shows an enhancement factor of 1.9 at 350-
mA injection current.3% Figure 4 shows schematic diagrams
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(iii) ICP/RIE etching

of the fabrication process [(i)—(v)] for nano-textured flip-chip
LEDs. The finite-difference time-domain (FDTD) simulation
shows that the distinct light scattering behavior of the inte-
grated surface is due to the combination of diffraction of waves
at the nano-cones edges and complicated interference of waves
within the hemispheres and nano-cones, as shown in Figs. 4(c)
and 4(d).
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Fig. 4. (a) Schematic diagrams of fabrication process for nanotextured flip-chip LEDs. (b) Light-output power of the nanotextured flip-chip LEDs
as a function of chemical etching times, with the corresponding SEM images of nanotextured n-GaN surface shown in the background. (c) FDTD
simulation results of wave propagating through an individual hemisphere surface feature and (d) an individual hemisphere-cones-hybrid surface
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Fig. 5. (a) Measured transmission spectrum, with reference to a GaN LED as-grown sample; Measured and normalized angle-resolved
PL spectrum for (b) as-grown sample and (c) PBG structure; (d) Results of FDTD simulation, showing energy flux distribution across

the HE array structure. 2!
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2.2.2. Photonic crystals

Photonic crystals are dielectric perturbations on the nano-
scale intended to control the way of light propagation in the
medium. The integration of photonic crystal within LEDs can
also provide a solution to enhance the light extraction.**! Fu-
jita et al.>! demonstrated the simultaneous inhibition and re-
distribution of spontaneous light emission in photonic crystal.
Fu et al.'*%! demonstrated the existence of a photonic band
gap from the PhC structure, as shown in Fig. 5. The enhance-
ment of the light extraction is due to strengthening of coupling
modes by the diffractive nature of light emission from the PhC
structure. A transmission dip was identified, and a threefold
enhancement in light extraction was achieved, as determined
from the measured angular photoluminescence emission pat-
tern, which is correlated well with the results simulated by the
FDTD method.

In 2009, Wierer et al.'”’! reported the IIl-nitride pho-
tonic crystal LEDs with high light extraction of 73% emit-
ting at 450 nm, a significant step forward in high-performance
LEDs for solid-state lighting applications. However, the pho-
tonic crystal structure is normally fabricated by electron beam

40-47]

lithography, *®3# nano-imprint lithography! or holo-

48491 These methods are costly and com-

graphic lithography. !
plex to operate.

Considering mass production and cost, nanosphere
lithography (NSL)P%>* has been proposed as an efficient
technique to form the PhC nanostructures and increase the ex-
traction efficiency of GaN-based LEDs by our group.[>>-8!
The nanosphere array can be simply coated by spin-coating or
vertical deposition, producing two-dimensional close-packed
hexagonal monolayer. Afterwards, the self-assembled sphere
array can serve as an etch mask for pattern transferring to
form periodic arrays with air-holes or pillars. Recently, with
multiple-exposure, a more pronounced enhancement has been
demonstrated. >

Aside from the increase of light emission, photonic crys-
tals can also be used to design emission at a particular an-
gle. For example, for non-polar GaN-based LEDs incor-
porated with the PhCs, due to the combined effect of the
polarization-preserving and directional extraction properties
of the photonic-crystals, polarized light has been demonstrated
with higher brightness.®°! This will be desirable for LCD dis-
plays and polarized back-light sources in high efficiency TV
displays and cell phones. There are also some other nanos-
tructures to enhance light extraction efficiency; the details can

be found in the review article.[0!]

2.3. Nanorod LEDs

The work on GaN and InGaN one-dimensional (1D)
nano-materials was initiated in the late 1990s.[92-%41 Tn 2004,
high-brightness and high-efficiency light-emitting diodes

with dislocation-free InGaN/GaN multiple quantum well
(MQW) nanorod arrays (NRAs) grown by MO-HVPE were
demonstrated. %] Compared to conventional planar LED het-
erostructures, the use of 1D nanorods offers several extraordi-
nary advantages, such as reduced dislocation densities, [00:671
polarization fields,®8! and enhanced light output efficiency
due to the large surface-to-volume ratios, as well as com-
patibility with low cost, large-area Si substrates.!°®! Further-
more, it was demonstrated that multicolor emission can also
be achieved by varying nanorod diameters, composition and
morphologies or external electrical field.!”%7?! In addition, the
defect-free nanowires also significantly reduce the Auger re-
combination and droop effect.[73:74]

GaN-based nanorod LEDs can be fabricated by either top-
down or bottom-up approaches. The fabrication of GaN-based
LED using a top-down method®®7! is normally formed by
dry etching, but top-down etching-induced sidewall damage
will create a large amount of defects and leakage currents
that limit the light output power. Therefore, a passivation
process should commonly be considered. Chiu et al.!”! re-
ported the fabrication of InGaN/GaN nanorod LEDs using in-
ductively coupled plasma reactive-ion etching (ICP/RIE) via
self-assembled Ni nanomasks followed by a photo-enhanced
chemical (PEC) wet oxidation process. The electrolumines-
cence spectrum shows more efficiency and a 10.5-nm blue-
shifted peak with respect to the as-grown LED sample, indi-
cating a strain relaxation effect. Huang’s group!®® demon-
strated the InGaN/GaN MQW light-emitting diodes with a
self-organized nanorod structure. The nanorod array was re-
alized by lithography of surface patterned silica spheres fol-
lowed by dry etching. A layer of spin-on glass (SOG) was
used for the purpose of the electric isolation of each of the
parallel nanorod LED units. Both the EL and Raman spec-
troscopy showed a strain relaxation of the nanostructures.

Bottom-up fabrication is another alternative method for
nanorod LEDs. Many kinds of growth methods are used for
the growth of nitride 1D nanorod arrays, including hydride va-
por phase epitaxy (HVPE), molecular beam epitaxy (MBE)
and MOCVD. Kim et al.!% reported MO-HVPE grown high-
brightness and high-efficiency LEDs with dislocation-free In-
GaN/GaN MQW nanorod arrays.
phire substrate were buried in spin-on glass (SOG) to isolate

Nanorod arrays on sap-

the individual nanorods and bring p-type nanorods in contact
with p-type electrodes, as shown in Fig. 6. Due to the ab-
sence of dislocations and the large surface areas provided by
the sidewalls of nanorods, both internal and extraction effi-
ciencies were significantly enhanced. At 20-mA current, the
MQW nanorod array LEDs emit about 4.3 times more light
than conventional LEDs, even though overall active volume of
the MQW nanorod array LEDs is much smaller than that of
conventional LEDs.
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Fig. 6. Schematic diagram and SEM image of cross-sectional MQW NRA LED structures and electroluminescence (EL) characteristics of In-

GaN/GaN MQW NRAs LEDs.[0%]
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Fig. 7. (a) TEM cross-section of a single nano-pyramid white LED. (b) For the cross-section cut along the ridges, the normalized TEM-EDX
line scan analysis was carried out perpendicular to the QW, as indicated in the lines a (blue) and b (yellow), representing the middle position of
the upper part and the lower part of the nanopyramid, respectively. (c) Monochromatic CL images at the given wavelength as on the images. (d)
EL emission spectra of the LEDs. The inset shows the current—voltage (/-V') characteristic and photography of light emission for the LEDs. (e)
Far-field distribution of light energy for the nanopyramid white LED and (f) the flat-top LED.

However, as the principal technique for the growth of
[II-nitride films and devices, MOCVD offers the advantages
to open possible compatibility with thin film technology and
In 2003, gallium ni-
tride nanowires were first synthesized via MOCVD with

scale up to wafer scale production.

catalyst, [ but as for the device application, a problem with

catalytic processes is that the metal catalyst will inevitably in-
corporate into the nanowire, which may be prohibitive for de-
vice applications. In order to solve this problem, vertically
aligned and faceted GaN nanorods with controlled diameter
were grown without a catalyst by Deb ez al.”’! and Hersee et

[78]

al.,'"® respectively.
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In the bottom-up method employing MOCVD, core/shell
nanostructures are usually obtained. Qian et al.l”! fabri-
cated core/multishell nanowire LEDs with an n-GaN core
and In,Ga;_,N/GaN/p-AlGaN/p-GaN shells in 2005. Elec-
troluminescence measurements demonstrated that in forward
bias the core/multishell nanowires function as light-emitting
diodes, with tunable emission from 365 nm to 600 nm and
high quantum efficiencies. Afterward, they demonstrated the
laser behavior of individual MQW nanowire structures by op-
tical excitation with In composition-dependent emission from
365 nm to 494 nm.3% Besides the composition, the color of
the core/shell GaN-based LEDs can also be simply controlled
in the full visible-color range from red to blue by adjusting the
forward bias.

Hexagonal nanopyramid is a core/shell nanostructure,
which can be formed during bottom-up growth. The advan-
tage of this low-dimensional structure, with semi- and non-
polar facets, is to enhance internal quantum efficiency. Our
research group!®!! has fabricated highly ordered hexagonal
nanopyramid light emitting diodes with InGaN/GaN quan-
tum wells grown on nano-facets, demonstrating an electrically
driven phosphor-free white light emission, as shown in Fig. 7.
The results show that both the quantum well width and in-
dium incorporation increased linearly along both the {1011}
planes toward the substrate and the perpendicular direction to
the {1011} planes.

To evaluate the effect of nanopyramid structures on
the light extraction of the nanopyramid white LEDs, three-
dimensional (3D) FDTD simulations were carried out to nu-
merically predict the light output power and far-field emission
patterns, 82! as shown in Figs. 7(e) and 7(f). The conventional
LEDs with a flat surface present a far-field pattern with per-
fect circular symmetry due to the fact that the total internal
reflection occurs at the GaN/air interface. Besides, as the light
escapes from a very small angle, only a small part of the sur-
face allows light to emit out. The inner and outer radiation
ring caused by the Fabry—Perot effect is ascribed to the direct
emission from the InGaN MQWs and the reflection from the
bottom reflecting boundary, respectively. In contrast, when
the nanopyramid structures have been formed at the surface,
a radiation pattern with hexagonal symmetry is accompanied
by the light spreading over the entire surface, which indicates
that the light escape cone is significantly broadened.

Other details regarding to GaN-based nanorods for solid

state lighting can be found in the review article.!

2.4. Surface plasmon LEDs

Plasmon is the quantum of plasma oscillation, and surface
plasmons (SP) are confined upon a surface with the bulk plas-
mon energy as an upper energy limit. Surface plasmon can
greatly enhance the photon density of states of the electron—

hole pairs and improve the competitiveness of radiative re-
combination to the non-radiative recombination. Numerous
experiments have been conducted to increase the quantum ef-
ficiency by surface plasmon—photon coupling. 3> Tn 2004,
Okomoto et al. ' improved the internal quantum efficiency of
the InGaN/GaN quantum well ~ 7 times using the Ag film to
41%, which created the application of surface plasmon on the
GaN-based LEDs. The principle of light emission enhance-
ment using the surface plasmon is that when the electron—hole
pairs are close to the surface of metal materials, the coupling
between electron—hole pairs and surface plasmon occurs if en-
ergy matches. Then the energy of the electron—hole pairs spon-
taneously emits to the surface plasmon modes, as

b= (- Ela)*p(ho), m

where d is the momentum of electron—hole pairs, a is the lo-
cation of the quantum well related to the metal/semiconductor
interface, E(a) is the electric field strength at location “a,” and
p(ho) is the density of states of the surface plasmon. As the
spontaneous recombination rate of the electron—hole pairs is
proportional to the density of states of the surface plasmon,
which is far greater than that of the dielectric, enhancement of
spontaneous recombination rate is expected.

However, some requirements must be met if we want to
effectively make use of the surface plasmon for the GaN-based
LEDs. First of all, the electron-hole pairs need to be within
the near field of the metal area, because the surface plasmon
exists just at the surface of the metal materials and decays
exponentially with distance. But the thickness of the p-GaN
is hundreds of nanometers due to the low hole concentration,
which prevents direct coupling between electron—hole pairs in
the quantum region and metal materials at the p-GaN surface.
Secondly, the electron—hole pairs should be energy-matched
to the surface plasmon. In addition, the intrinsic absorption
loss of the surface plasmon should be low enough. Thus, the
core issue of fabricating the surface plasmon-enhanced GaN-
based LED is to put the energy-matched and low-absorption
metal materials close to the quantum well region, but without
optical-electrical performance degradation. There are three
commonly used approaches, which are the thin p-GaN ap-
proach, the metal embedded approach, and the top-down ap-
proach.

At an earlier stage, the approach with a thin p-GaN layer
was proposed. 3871 In this case, the thickness of the p-GaN
layer was reduced from the conventional 200 nm to 80 nm,
and the metal nanoparticles were then deposited on the sur-
face to enable coupling with the quantum well underneath
the p-GaN layer. With that approach, the structure of the de-
vice is simple, but the hole-injection is still limited by the de-
pletion width of the p-side in the p—n junction, the coupling
distance cannot be further reduced. In order to decrease the
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SP coupling distance, the approach with embedded metal has
been used,!®8°2] wherein the metal nanoparticles are embed-
ded above the p-GaN/MQWs or below the n-GaN/MQWs in-
terface. This method can result in an SP coupling distance of
10 nm and a thick enough p-GaN hole-injection layer, but the
side effect is that the small size of the metal particles caused
by high temperature regrowth leads to a low SP scattering effi-
ciency. In addition, the devices suffer a serious degradation of
optical—electrical performance because of both the poor crys-
tal quality of epilayers grown on the metallic layer and the
metal diffusion to MQWs at high temperature. Recently, a
more flexible SP coupling based on top-down processing tech-
nology has been reported.[3-%3! The p-GaN layer with a two-
dimensional nano-hole array structure is fabricated using a dry
etching mask, followed by metal deposition into the bottom of
holes. It is roughly 30 nm—40 nm above the MQWs for SP
coupling. With this method, the metal incorporation is inde-
pendent of epitaxial growth, which can effectively prevent the
quality deterioration of the material caused during the growth.

“source

SP field in MOQWs

Furthermore, the surface plasmon resonant energy and scatter-
ing efficiency of metal particles can be easily manipulated us-
ing different mask morphologies. However, the devices have
large leakage currents because of the short distance between
hole-bottom and MQWs, which not only seriously deterio-
rates the optical performance, but also limits a further de-
crease of the distance between the hole-bottom and MQWs.
We have overcome the leakage current issue by depositing 15-
nm Al,O3 passivation!”®! on the pore wall for electrical pro-
tection, and then we extended the pore to the quantum well
region for the closer coupling. Figure 8 shows SEM images
of a nanoporous LED before and after Ag deposition. Fur-
thermore, numerical simulation results show that the SP field
of Ag nanorods can laterally penetrate into the MQWs region.
In this region, the electron—hole pairs can be strongly coupled
with SP, which leads to a great increase of the radiative recom-
bination rate caused by the extremely high density of states of
the SP.

Fig. 8. (a) Top view SEM image of nanoporous LED before Ag deposition. (b) Cross section of nanoporous LED with Ag nanorods. (c) The
SP field distribution of Ag nanorods simulated by FDTD. (d) SEM image of the Ag nanorods array separated from nanoporous LED.

Figure 9(a) shows the EL spectrum of the nanoporous
LED with and without Ag nanorods. After filling the Ag
nanorods into the nanoporous LED, a 380% enhancement in
the EL peak intensity and an obvious blue shift of 5 nm were
observed. In order to distinguish the influence of the light
extraction from the SP coupling, we also prepared a series
of corresponding nanoporous control LEDs, which have the
same surface structure of pore morphology, passivation layer
thickness, and Ag nanorod morphology as the SP-enhanced
nanoporous LED, but a thicker p-GaN layer with 360 nm.

In this case, Ag nanorods are located at 100 nm above the
MQWSs, and no SP coupling would be expected because of the
large coupling distance. Figure 9(b) shows the EL enhance-
ment spectrum of the nanoporous control LEDs, which is al-
most flat with the value of about 1.4 in the range of wave-
lengths from 500 nm to 600 nm, indicating that no SP cou-
pling was achieved, and this EL intensity enhancement is at-
tributed only to the light extraction enhancement. The EL en-
hancement spectrum of the SP-enhanced nanoporous LEDs is
also shown in Fig. 9(b), which corresponds to the total en-
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hancement factor of SP coupling and light extraction. A peak
enhancement factor of 4.8 was observed at 553 nm. Extract-
ing the EL enhancement spectrum of the corresponding con-
trol LEDs, the IQE enhancement spectrum of SP-enhanced
nanoporous LED can be achieved. A maximum IQE enhance-
ment factor of 3.6 was observed at 550 nm, which is very close
to that of the dipole resonance of the silver nanorods. This in-
dicates that the IQE enhancement is attributed to the coupling
between SP and MQWs.
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Fig. 9. Electroluminescence spectra (a), optical images (inset), and

EL enhancement factors (b) of nanoporous LEDs with and without Ag
nanorods.

3. Beyond illumination
3.1. Visible light communication

The rapid improvement in the efficiency of solid-state
lighting has already stimulated its application for general in-
door lighting. However, beyond illumination, GaN-based
LED lighting can simultaneously be used for communica-
tions, offering the possibility of wireless broadcasting within
aroom. At the moment, commercial modulation bandwidth of
blue GaN-based LEDs is roughly about 20 MHz, which still
strongly limits the visible light communication. There are two
approaches to increase the modulation speed of an LED. The
first one is to increase the carrier concentration in the active
region. Increasing the dopant concentration further improves
the device speed but introduces too many non-radiative recom-

bination centers, which severely limit the internal efficiency.
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Fig. 10. (a) SEM image of the nanorod array covered by the etched
SOG. (b) The optical 3-dB bandwidth modulation as a function of injec-
tion current density for the nanorod LED without Ag Nps and nanorod
LED with Ag Nps.

Improving the B constant through the Purcell effect is an
effective solution to reach modulation speeds without sacri-
ficing luminous efficacy. It has been reported®”-%%! that lo-
calized surface plasmons (LSP) can effectively increase the
carrier spontaneous emission rate (the radiative recombination
constant B), an effect attributed to the new energy transition
channel of electron-hole pairs in LEDs created by the QW-
SP coupling. Since the density of states of the SP mode is
quite large, the QW-SP coupling rate will be very fast, and
thus increase the spontaneous emission rate and decrease the
carrier recombination time accordingly. Fluorescence lifetime
measurements on emitters of plasmonic nano-antennas reveal
enhancements of the spontaneous emission rate even exceed-
ing 1000 times.[®1 However, due to the lack of the effective
surface plasmon coupling approach, only slight improvements
in the spontaneous emission rate of electrical devices were
achieved. Since the SP is an evanescent wave that exponen-
tially decays with the distance from the metal surface, nanos-
tructures need be used to modulate the distance of LSP-MQW
coupling. Recently, Nami et al. investigated the modulation
response of Ag-clad flip-chip GaN/InGaN core-shell nanowire
LEDs using FDTD; with the calculated Purcell factor being
57 for the designed structure, the maximum 3-dB modulation
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bandwidth reached about ~ 30 GHz.['%9 Even so, it is still
challenging for fabrication of electrical injected SP-LED to in-
crease the modulation bandwidth. Recently, we also fabricated
nanorod LEDs with Ag nanoparticles; The 3-dB modulation
bandwidth is enhanced by a factor of 2 at 57 A/cm? compared
with LEDs without surface plasmons, which is mainly due to
the SP-MQW effective coupling, as shown in Fig. 10.

3.2. Stretchable LEDs

Currently most of the GaN-based LED devices are typi-
cally produced on sapphire substrates and the LEDs may be
transferred to more thermally conducting, but rigid and planar
substrates. The realization of stretchable LEDs will not only
permit significantly more durable devices to be fabricated, it
will also enable conformal bonding to arbitrary non-planar
surfaces and moving parts, which will be useful for applica-
tions in robotics, textiles, medical devices, and for integration
into electronic-skin applications.

In 2010, transferable gallium nitride (GaN) thin films
and LEDs were grown successfully on graphene layers by us-
ing zinc oxide nanowalls as an intermediate layer.'"!1 Weak
binding or van der Waals forces between adjacent layers
in multilayered graphene or boron nitride allows easily me-
chanical release of the GaN LEDs and transfer to the target
substrate.[19%193] Because of the high growth temperature of
group III nitrides and the requirement of single-crystalline
growth, the key technology for flexible/stretchable inorganic
LED:s is the transfer of GaN grown on single-crystalline sub-
strates onto flexible or stretchable substrates. In most cases,
a sacrificial layer is employed that is selectively wet-etched,
leaving the overlying LED structure that had been tentatively
fixed by an anchoring layer during the selective wet etch-
ing. The LED structure is then transferred to other flexi-
ble or stretchable substrates such as polyimide, PET or poly-
dimethylsiloxane (PDMS)[!194-196] and the final devices are

fabricated using insulating and metalizing processes.

3.3. Growth on amorphous substrates

Due to the insensitivity of GaN to dislocation density,
GaN-based LEDs on sapphire or SiC substrate have been de-
veloped significantly over the past 20 years. However, the ap-
plication of InGaN LEDs is limited to small devices because
their fabrication process involves epitaxial growth of InGaN
by MOVPE on single-crystal wafers. If using a low-cost epi-
taxial growth process, such as sputtering on large-area sub-
strates, we can fabricate large-area InGaN light-emitting dis-
plays. Therefore, in order to create larger, cheaper, and ef-
ficient flat light sources, the fabrication of high-performance
GaN-based LEDs on amorphous glass substrates has drawn
a lot of attention as well. Nanostructures have been used

again to determine the surface energy and grow the high qual-

ity GaN.!'07-1191 High-quality-undoped and Mg-doped GaN-
based coaxial nanorod heterostructures were fabricated us-
ing GaN catalyst-free MOCVD and a local micro-heating
method on amorphous soda-lime glass substrates.'%”] Choi
et al.'"% have fabricated nearly single-crystalline GaN LEDs
using SiO; patterns with Ti coating. Recently, axis-oriented
GaN films were grown using multilayer graphene buffer layers
on amorphous substrates by pulsed sputtering deposition.[!1°]
The successful fabrication of full-color InGaN LEDs on amor-
phous substrates by sputtering indicates that the technique is
very promising for future large-area light-emitting displays on

amorphous substrates.

4. Conclusion

Over the past 20 years, GaN-based LEDs have been de-
veloped significantly. Many kinds of nanostructures have been
used to improve the crystal quality, the internal quantum effi-
ciency, and the extraction quantum efficiency of a nitride epi-
layer grown on lattice mismatched substrate. In this paper,
we survey the status of GaN-based LEDs incorporating nanos-
tructures, especially the recent achievements in our research
group. We have used NPSS for nanoscale epitaxial lateral
growth of AIN template layer for deep-UV LEDs. The 282-nm
DUV-LED has reached LOP of 3.03 mW and EQE of 3.45%
at 20-mA current, 98% higher than that on the conventional
AIN/FSS template. For surface nano-texturing, hemisphere-
cones-hybrid combined nanostructures have been employed to
enhance the extraction efficiency of InGaN flip-chip LEDs and
an efficiency enhancement factor of 1.9 at 350 mA have been
observed. In pursuit of mass production and cost effectiveness,
nanosphere lithography has been used to form the photonic
crystal nanostructures and increase the extraction efficiency of
GaN-based LEDs. As for the core/shell nanostructures, hexag-
onal nanopyramid GaN-based LEDs have been fabricated.
With increasing quantum well width and indium incorpora-
tion linearly from the shell to the core, LEDs show an electri-
cally driven color modification and phosphor-free white light
emission. As for surface plasmon LEDs, we fabricated surface
plasmon-enhanced nanoporous GaN-based green LEDs using
AAO membrane as a mask. Benefitting from the strong lat-
eral SP coupling between Ag nanorods and MQWs, as well
as good electrical protection by a passivation layer, the EL
intensity of SP-enhanced nanoporous LED was significantly
enhanced by 380%.

With the dramatic achievements in the luminous efficacy
of GaN-based LED, researchers have already started to trans-
fer their attention to more flexible, novel, and cutting edge ap-
plications. For example, due to the insensitivity of GaN to
dislocation density, the use of nanostructures can effectively
modify the surface energy and prepare single crystalline layers
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on amorphous or polycrystalline substrates. We can even fab-
ricate the GaN-based LEDs on stretchable substrates, which
will stimulate applications in robotics, textiles, medical de-

vices, and integration into electronic-skin application. In addi-

tion,

nanostructures are also helpful to enhance the Purcell ef-

fect, increase the radiative recombination rate and 3-dB mod-

ulation bandwidth for the application of visible light commu-

nication.
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