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A method for enhancing the light-extraction efficiency of GaInN light-emitting diodes �LEDs� by
complete elimination of total internal reflection is reported. Analytical calculations show that GaInN
LEDs with multilayer graded-refractive-index pillars, in which the thickness and refractive index of
each layer are optimized, have no total internal reflection. This results in a remarkable improvement
in light-extraction efficiency. GaInN LEDs with five-layer graded-refractive-index pillars, fabricated
by cosputtering TiO2 and SiO2, show a light-output power enhanced by 73% and a strong side
emission, consistent with analytical calculations and ray-tracing simulations. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3041644�

One of the fundamental problems facing light-emitting
diodes �LEDs� is the occurrence of trapped light inside the
LED, confined by total internal reflection �TIR�.1 Light inci-
dent on a planar semiconductor-air or semiconductor-
encapsulant interface is totally internally reflected if the
angle of incidence is larger than a particular angle called
critical angle �c, resulting in a significant reduction in light-
extraction efficiency. In order to extract more light from
LEDs, efforts have been ongoing for several decades that
included wet-chemical texturing of a LED surface,2–6 em-
ploying periodic photonic crystals,7,8 planar graded-
refractive-index �GRIN� antireflection coatings,9 patterning
of sapphire substrates,10 and shaping of LED chips.11

Wet-chemical texturing of an N-face GaN �0001̄� surface
of vertical-structured LEDs is known to be very efficient in
enhancing light extraction and, hence, is widely used in high-
power commercial LEDs.4,5 However, KOH-based wet-
chemical etching needs additional process steps such as
deposition and removal of a protection layer covering the
Ohmic contact to n-type GaN. In addition, due to crystal-
plane-dependent etching rates,3 it is very difficult to form
nonrandom, optimized, or designed features. The application
of photonic crystals to LEDs has been studied extensively to
improve the light-extraction efficiency. However, fabrication
of submicron patterns by lithography and plasma dry etching
is costly, and the etching process could damage the surface
of GaN.

In this work, an effective light outcoupling method for
LEDs employing micropatterned GRIN pillars is presented.
Analytical calculations and ray-tracing simulations show that
with optimized GRIN pillars on GaInN LEDs, no-TIR can be
achieved along with a 145% increase in light-extraction ef-
ficiency. The experimental increase in light-output power of
GaInN LEDs with GRIN pillars is as high as 73%, mediated
by enhanced light extraction through the side walls of the
GRIN pillars as well as reduced Fresnel reflection for light

transmitted through the top surface of the GRIN pillars.
Let us consider an optical ray entering into a pillar with

refractive index n1 and impinging on the pillar’s top surface,
as shown in Fig. 1�a�. If the ray does not fall within the
escape cone, defined by the critical angle �c=arcsin�nair /n1�,
it is reflected back into the semiconductor by TIR. If an
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FIG. 1. �Color online� Schematic of �a� one-layer and �b� multilayer GRIN
pillars on a semiconductor. �c� Schematic of the surfaces, both top and side
wall, of the six-layer GRIN pillar through which each light ray incident at
various angles into the pillar gets extracted. �d� Calculated light-extraction
efficiency of pillars with various numbers of GRIN layers.
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additional layer-2 with refractive index n2, slightly lower
than n1, is formed on the pillar, the ray is refracted, rather
than reflected, enters layer-2, and may fall within the escape
cone of the side wall and thus may be extracted into air. By
adding consecutive layers in which the refractive index of
each layer is step graded such that n1�n2�n3¯ �nair, as
shown in Fig. 1�b�, so that the critical angle between con-
secutive layers is complementary to the critical angle of the
side wall, TIR can be completely avoided.

In order to realize an array of multilayer GRIN pillars
with no-TIR and to maximize light-extraction efficiency, sev-
eral geometric conditions need to be considered: �i� the
thickness of each layer should have a minimum value to
prevent a light ray from bouncing off the top surface back
into the semiconductor without reaching the side wall; �ii�
the refractive index of each layer needs to be chosen such
that TIR does not occur at the top surface and the side wall;
�iii� the light extracted through a pillar could re-enter another
neighboring pillar if the height of each pillar is large com-
pared to the spacing between them; �iv� since the light inci-
dent on the top surface of the semiconductor between two
pillars could get reflected back by TIR, the area of this sur-
face should be minimized. Considering these requirements,
an optimum layer sequence of GRIN pillars is determined for
a pillar diameter of 1 �m on a semiconductor with a refrac-
tive index of 2.47 surrounded by air. We find that a six-layer
GRIN pillar with optimized layer thicknesses and refractive
indices completely avoids TIR. Figure 1�c� shows the top
and side-wall surfaces of the six-layer GRIN pillar, through
which light rays incident at any angle on the pillar get ex-
tracted. For example, a light ray entering into the pillar with
incident angle of 40° will be extracted through the side wall
of layer-4. Figure 1�d� shows light-extraction efficiency of
GRIN pillars with various numbers of layers, from one layer
to six layers, as a function of angle of incidence. As the
number of GRIN layers increases, light rays with a wider
range of incident angles can be extracted through the side
wall of the pillar, and eventually a light ray entering into the
pillar with any angle of incidence gets extracted with the
six-layer design. In addition, light extraction through the top
surface as well as the side wall of the pillar increases with
increasing number of GRIN layers due to reduced Fresnel
reflection,9 resulting in a remarkable improvement in total
light-extraction efficiency.

Monte Carlo ray-tracing simulations are performed using
the LIGHTTOOLS modeling software. Three LEDs are simu-
lated: �i� a reference LED without pillars, �ii� a LED with
one-layer pillars with the same refractive index as that of
GaN, and �iii� a LED with optimized five-layer GRIN pillars.
In the simulation, pillars with 2 �m diameter and 1 �m total
height are separated by 2 �m spacing over an n-type GaN
side of a thin-film GaInN LED emitting at 460 nm
�1�1 mm2, 3 �m thick� with a planar Ag reflector on
p-type GaN. Figure 2 shows the simulated far-field emission
intensity of the three LEDs. The LED with five-layer GRIN
pillars shows a 145% increase in light extraction compared
to a 40% increase shown by single-layer pillars in compari-
son with the reference LED. Note that the emission through
the pillar side wall is much more enhanced than the top emis-
sion, consistent with the theoretical calculations shown in
Fig. 1.

In order to experimentally demonstrate the viability of
the GRIN pillars, thin-film GaInN LEDs emitting at 460 nm

were fabricated. The GaInN LED structure was grown by
metal-organic vapor phase epitaxy on a c-plane sapphire sub-
strate and consists of a 3-�m-thick n-type GaN buffer layer,
an n-type GaN lower cladding layer, a GaInN /GaN multiple
quantum-well active region, a p-type AlGaN electron block-
ing layer, and a p-type GaN upper cladding layer. For elec-
trical isolation, a square-shaped mesa structure is obtained by
inductively coupled plasma etching down to the sapphire
substrate, followed by deposition of a 400-nm-thick SiO2
passivation film by plasma-enhanced chemical vapor deposi-
tion. Prior to the metal deposition on p-type GaN, the
samples were dipped in HCl solution for 1 min to remove
surface oxide layers. A 300-nm-thick Ag-based reflective
Ohmic contact was deposited on p-type GaN by an electron-
beam evaporation system, followed by rapid-thermal anneal-
ing at 550 °C for 1 min under air to form a low resistance,
highly reflective Ohmic contact to p-type GaN.12,13 Then, a
Ni /Au conductive seed layer was deposited on an entire wa-
fer, followed by the electroplating a 40-�m-thick Ni layer. A
KrF excimer laser was used for a laser lift-off process to
separate the GaN from the sapphire substrate. The separated
nitrogen-face GaN was etched to expose the n-type GaN
layer, on which a Cr /Au Ohmic contact was deposited. Ar-
rays of pillar patterns with various sizes �2�2, 5�5, and
10�10 �m2� and spacings between pillars �2 and 5 �m�
were formed on an array of 1�1 mm2 LEDs along with
reference LEDs by standard photolithography. Then a five-
layer GRIN film was deposited by cosputtering TiO2 and
SiO2 sputtering targets, in which the refractive indices of the
composite materials, �TiO2�x�SiO2�1−x, are precisely tuned to
desired values by adjusting the electrical power for two sput-
tering targets.14 As shown in Table I, both the thickness and
the refractive index of each layer are well controlled to val-
ues close to calculated target values. Figure 3 shows a scan-
ning electron micrograph of the LED with five-layer GRIN

FIG. 2. �Color online� Calculated far-field emission intensities from LEDs
using ray-tracing simulation.

TABLE I. Designed and measured thicknesses and refractive indices of
five-layer graded-refractive-index pillars deposited by cosputtering of TiO2

and SiO2.

Layer
Materials deposited

by cosputtering

Designed Measured

Thickness
�nm�

Refractive
index

Thickness
�nm�

Refractive
index

1 TiO2 331 2.47 415 �2.47
2 �TiO2�x�SiO2�1−x 317 2.26 282 2.34
3 �TiO2�x�SiO2�1−x 297 2.02 282 2.02
4 �TiO2�x�SiO2�1−x 269 1.76 267 1.75
5 SiO2 219 1.45 238 �1.45
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pillars with a 2�2 �m2 size and 2 �m spacing.
The angular-dependent electroluminescence intensity of

63 representative LED chips with different pillar sizes and
spacings was measured using a blue-enhanced Si p-i-n pho-
todetector. The relative light-output power of the GaInN
LEDs with GRIN pillars is significantly higher than that of
the reference LEDs, as shown in Fig. 4�a�. At an injection
current of 20 mA, the enhancement in the light output of the
LEDs with 5�5 �m2 area and 2 �m spacing GRIN pillars
shows the highest improvement of 73%. Based on our simu-

lation, LEDs with 2�2 �m2 area and 2 �m spacing GRIN
pillars were expected to show the best result; however, the
improvement is less than expected. This is possibly attrib-
uted to a reduction in the actual height of 2�2 �m2 pillars
due to less materials being deposited through relatively nar-
row photoresist openings during the cosputtering. Figure
4�b� shows the far-field emission intensity of a reference
LED and a LED with GRIN pillars. The emission through
the side wall of GRIN pillars is much more enhanced, con-
sistent with analytical calculations and ray-tracing simula-
tions shown in Figs. 1 and 2, respectively. It is anticipated
that the light output of the GaInN LEDs with GRIN pillars
can be further increased by optimizing the shape and size of
the pillars and the spacing between them.

In summary, a promising method for enhancing the
light-extraction efficiency of GaInN LEDs by completely
eliminating TIR was introduced and demonstrated. Analyti-
cal calculations and ray-tracing simulations show that
multilayer GRIN pillars, in which the thickness and refrac-
tive index of each layer are optimized, on top of a GaN-
based LED result in a remarkable improvement in light ex-
traction through the pillar side walls as well as the top
surface. Five-layer GRIN pillars were fabricated by cosput-
tering TiO2 and SiO2 on top of GaInN LEDs emitting at
460 nm. It is experimentally shown that the enhancement in
the light output of the GaInN LEDs with 5�5 �m2 area and
2 �m spacing GRIN pillars is as high as 73%. The strong
side emission is consistent with our expectations made by
theoretical calculations and ray-tracing simulations.
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FIG. 3. Scanning electron micrograph of the LEDs with five-layer GRIN
pillars with 2�2 �m2 area and 2 �m spacing.

FIG. 4. �Color online� �a� The improvement in light-output power of the
GaInN LEDs with GRIN pillars in comparison with that of the reference
LEDs. �b� Measured far-field emission intensity from LEDs.
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