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Abstract—The enhanced light extraction and collimated
output beam profile from GaN-InGaN vertical-injection
light-emitting diodes (VI-LEDs) are demonstrated utilizing
high-aspect-ratio nanorod arrays. The nanorod arrays are pat-
terned by self-assembled silica spheres, followed by inductively
coupled-plasma reactive ion etching. The fabricated nanorod
arrays not only provide an omnidirectional escaping zone for
photons, but also serve as waveguiding channels for the emitted
light, resulting in a relatively collimated beam profile. The light
output power of the VI-LED with nanorod arrays is enhanced by
40% , compared to a conventional VI-LED. The measured far-field
profiles indicate that the enhancement is mainly along the surface
normal direction, within a view angle of 20°.

Index Terms—Beam shaping, GaN, high-aspect-ratio nanorod
arrays, vertical-injection light-emitting diodes (VI-LEDs).

I. INTRODUCTION

VER the past decade, IIl-nitride-based light-emitting

diodes (LEDs) have been extensively studied due to
widely tunable emission wavelengths ranging from ultravi-
olet to blue/green. High-efficiency white light LEDs using
GaN-InGAN and phosphors have also received much interest
for their potentials in a variety of applications, such as back
lights for cell phones [1], outdoor displays [2], and most im-
portantly, replacing incandescent or fluorescent mercury (Hg)
and xenon (Xe) lamps for general lighting devices. However,
a majority of applications are currently hindered by the low
extraction efficiency and Lambertian-like radiation profile of
conventional GaN-InGaN LEDs. A typical view angle of a
conventional LED is about 120°, which is not preferable for
applications such as mobile phone cameras, pocket lamps,
and vehicle head lamps. Hence, it is essential to develop
high-efficiency LEDs with directional radiation profiles for
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next-generation lighting devices. Over the past few years, var-
ious techniques have been proposed to enhance light extraction
efficiency of conventional LEDs, such as patterned sapphire
substrates [3], roughened or patterned LED surfaces [4], [5],
and the incorporation of highly reflective omnidirectional
reflectors [6]. However, some of the proposed techniques could
deteriorate the electrical properties of conventional LEDs due
to the thin p-GaN top layer, limiting the depth of surface
textures to ~200 nm.

In this research, we proposed a novel vertical-injection
LED (VI-LED) structure, where fabricating nanorod arrays
with heights over 1 pum is possible [7], [8]. The fabrication
of VI-LEDs, which combines wafer bonding and laser lift-off
(LLO) techniques, results in a thick n-GaN top layer, providing
an excellent platform to fabricate high-aspect-ratio nanorod ar-
rays. The nanorod arrays are patterned by uniformly spun silica
spheres, followed by inductively coupled-plasma reactive ion
etching (ICP-RIE). The technique is relatively cost-effective
for mass production, compared to that involving electron-beam
lithography [9]. The fabricated nanorods resemble cone struc-
tures, which not only provide an omnidirectional escaping
zone for photons [10], but also serve as wave-guiding channels
for the emitted light, resulting in a relatively collimated beam
profile.

II. EXPERIMENTS

The fabrication schematics of a GaN-InGaN VI-LED with
self-organized nanorod arrays are illustrated in Fig. 1. First, a
conventional LED structure was grown on a c-plane sapphire
substrate by metal-organic chemical vapor deposition. As
shown in Fig. 1(a), the epitaxial LED structure consisted of
a 30-nm-thick low-temperature grown GaN buffer layer, a
2-pm-thick undoped GaN, and a 2-pm-thick heavily doped
n-type GaN, followed by 20 pairs of InGaN-GaN multiple
quantum-wells (MQWs) with a total thickness of 0.2 pm, and
a 0.2-pum-thick p-type GaN layer. A layer of indium—tin—oxide
(ITO) with a thickness of 240 nm was then deposited on p-GaN,
followed by the electron-beam deposition of Ti—-Al-Ti—Au with
a total thickness of 2 pm for adhesion and as a reflective mirror
after wafer bonding. Next, as illustrated in Fig. 1(b), the wafer
bonding process began with the deposition of bonding metals
comprising Cr-Pt—Au = 50 nm/50 nm/2000 nm on both
the LED structure and the silicon wafer. These two wafers
were immediately placed in contact with each other using a
designed fixture to ensure uniform pressure across both wafers,
followed by oven annealing at 350 °C for 30 min in the ni-
trogen ambient. Since silicon has a higher thermal conductivity
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Fig. 1. Fabrication schematics of a GaN-InGaN VI-LED with self-organized
nanorod arrays: (a) the epitaxial structure, (b) wafer bonding and LLO pro-
cesses, (¢) nanorod fabrication involving self-assembled silica spheres as litho-
graphic and etch masks, and (d) the fabricated device schematic.

(~1.457 W/cm °C) than that of sapphire (~0.35 W/cm °C) at
room temperature, the host Si substrate also functions as a heat
sink. After wafer-bonding, the sapphire substrate was removed
by an LLO process using a KrF excimer laser (Lambda Physick
LPX200) at 248-nm wavelength with a pulsewidth of 25 ns; the
laser output power and beam spot size were 10 mW and 1 mm
x 1 mm, respectively [11]. The undoped GaN was also removed
by ICP-RIE. Subsequently, the mesa with an area of 1 x 1 mm?
was defined by using standard photolithography and dry
etching, and then passivated with SiN,. As shown in Fig. 1(c),
the fabrication of nanorod arrays employed self-assembled
silica nanospheres as the lithographic and etch masks, which
provide greater etching selectivity to n-GaN layer than other
polymers. The silica spheres were first suspended in deionized
(DI) water diluted in a solution of surfactant at a volume ratio
of 5:1, and then spin-coated on the n-GaN surface, followed
by heating treatment for adhesion. The surfactant can lower the
surface tension and then help the particles spread across the
GaN surface. The coated sample was then etched by ICP-RIE,
using Cl; and Ar as the etch gases at a fixed flow rate of 45 and
30 sccm, respectively. The device was immersed in DI water
with sonification for 3 min to remove silica particles, followed
by surface passivation with silicon dioxide (SiO2) for electric
isolation. Finally, a bonding pad comprised of Cr—Pt—Au was
deposited by electron-beam evaporation on the back side of Si
substrate. The fabricated GaN-InGaN VI-LEDs is illustrated
in Fig. 1(d).

III. RESULTS AND DISCUUSION

Fig. 2(a) shows the field-emission scanning-electron micro-
graph (SEM) of the spin-coated silica spheres on GaN. The
closely packed silica nanospheres have a mean diameter of
100 nm with a uniformity of better than 1%. The cross-sectional
SEM image of the fabricated nanorod arrays patterned by silica
spheres is shown in Fig. 2(b). These nanorods are vertically
aligned to the surface normal of GaN and uniformly distributed
over the entire surface. Moreover, the dense nanorod arrays
exhibit uniform dimensions with a base diameter of 200 nm
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Fig. 2. Field-emission scanning-electron micrographs (FE-SEM) of (a) the
densely packed silica spheres on GaN, showing a mean diameter of ~100 nm
with a uniformity of better than 1%; (b) the cross-sectional view of the
fabricated nanorods with a base diameter of 200 nm and a height of 1.3 pm,
similar to cone structures.
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Fig. 3. Voltage and light output intensity versus forward current characteristics
for a conventional GaN-InGaN VI- LED (without nanorods) and the VI-LEDs
with nanorod arrays. The inset shows the uniform light emission from the
VI-LEDs with nanorod arrays at a driving current of 350 mA.

and a length of 1.3 yum, which resemble cone structures. Since
the dimensions of nanorods are comparable to the emission
wavelength, the spatially varied rod profiles can enhance optical
transmission by collectively functioning as a gradient index
layer, similar to that of a zero-order grating [12]. The enhance-
ment in light extraction is also verified by finite-difference
time-domain (FDTD) calculations.

The forward current—voltage (I-V') characteristics at room
temperature for VI-LEDs with and without nanorod arrays are
plotted in Fig. 3. The measured forward voltages at an injection
current of 350 mA for VI-LEDs with and without nanorod ar-
rays are 4.69 and 4.50 V, respectively. The slightly increased for-
ward voltage for the VI-LEDs with nanorod arrays is attributed
to the reduced lateral-current spreading on n-GaN, giving rise
to a slightly increased resistivity. Nonetheless, both /-V curves
are nearly identical, indicating the negligible impact of nanorod
arrays. Fig. 3 also shows the corresponding light output inten-
sity versus forward current (L—I) characteristics. At an injection
current of 350 mA, the light output power of the VI-LEDs with
nanorod arrays is ~316 mW, approximately enhanced by 40%
compared to that without nanorods, ~226 mW. The peak emis-
sion wavelength is the same as that of a conventional VI-LED,
occurring at 465 nm. The inset of Fig. 3 demonstrates the uni-
form illumination from the VI-LEDs with nanorod arrays at a
driving current of 350 mA under an optical microscope.

The measured far-field emission profiles are shown in
Fig. 4(a) for VI-LEDs with and without nanorod arrays. As seen
in Fig. 4(a), the emission from VI-LEDs with high-aspect-ratio
nanorods is mainly enhanced along the surface normal view
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Fig. 4. (a) Measured and simulated emission profiles of a GaN-InGaN
VI-LEDs with and without nanorod arrays, where the snap shots of simulated
wave propagation are shown in (b) and (c), respectively.

angle of +30°. The integrated intensity is improved by a factor
of 38% within a view angle of 20°. A two-dimensional FDTD
method with perfectly matched layer boundary within a con-
dition is employed to investigate the emission characteristics
from high-aspect-ratio nanorod arrays. The simulated far-field
patterns are plotted in Fig. 4(a) for comparison. Fig. 4(b) and (c)
show the snap shots of wave propagating across a GaN—air in-
terface and an interface with nanorod arrays, respectively. The
time-varying current-excited radiation source is placed ~2 pm
below the GaN-air interface. The dimensions of nanorods
are extracted from the SEM picture shown in Fig. 2(b). As
shown in Fig. 4(a), a conventional GaN-air interface results
in Lambertian-like radiation patterns with a view angle at the
full-width at half-maximum of ~120°. The radiation pattern
from the nanorod arrays is relatively collimated, ~100°. As
shown in Fig. 4(c), the nanorods suppress the total internal
reflection at GaN-air interface, effectively reducing the energy
confined in GaN slab. The light extraction enhancement is due
to similar mechanisms provided by other surface roughness
techniques. However, as shown in Fig. 4(c), the nanorods also
act as waveguiding channels for the emitted light, resulting in a
relatively collimated radiation pattern. Calculations show that
the height of nanorods to be at least a few wavelengths long
to provide a sufficient guiding effect. Moreover, the closer the
nanorod array to MQWs, the better the directionality. How-
ever, the distance in this device is limited to ~1 pm, which is
optimized for current spreading.

IV. CONCLUSION

In summary, the GaN-InGaN VI-LEDs with
high-aspect-ratio nanorod arrays are demonstrated by
using self-organized silica spheres for patterning, followed by
ICP-RIE. The output power of a VI-LED with nanorod arrays
is improved by 40% due to enhanced light extraction. Based

on the measured far-field profiles, the enhancement is mainly
along the surface normal direction, within a view angle of
20°. We believe that VI-LEDs with high-aspect-ratio nanorod
arrays offer a viable solution for efficiency enhancement and
radiation profile shaping, suitable for applications in solid state
lighting and displays.
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