
Chapter 2
Background

2.1 LED Efficiency

It is well-known that the performance of a LED is governed by the wall-plug
efficiency defined as the ratio of total optical output power from emitter to the
electrical input power. It indicates how efficiently the electrical power can be
converted into optical power and mathematically expressed as the product of four
factors, electrical efficiency, injection efficiency, internal quantum efficiency, and
light extraction efficiency.

gwall ¼ gele � gEQE ¼ gele � ginj � gint � gextraction ð2:1Þ

The electrical efficiency is primarily limited by ohmic losses and driver losses
and shows how the energy can be acquired from the power source to drive an
operating LED. The product of remaining parts is regarded as the external quantum
efficiency (EQE) which indicates the portion of photons emitted from the devices
injected carrier.

2.1.1 Injection Efficiency

Prior to electron-hole recombination, an injection of electron-hole pair into the
active layer are necessitated. The injection efficiency is defined as the proportion of
injected electrons being able to reach the active region. The injection efficiency can
be expressed as:

ginj ¼
Jp

Jp þ Jn þ Js
ð2:2Þ
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where Jp is the minority carrier hole diffusion current, Jn is the minority carrier
electron diffusion current, and Js is the space charge recombination current in p-n
junction.

2.1.2 Internal Quantum Efficiency

During radiative recombination, an electron from the conduction band directly
combines with a hole in the valence band to generate a photon. However, the
non-radiative recombination indeed competes with radiative recombination under
practical conditions. Such unwanted processes occur via the Auger processes or the
defect levels to produce heat or phonons [1]. Internal quantum efficiency (IQE) is
the fraction of electron–hole pairs in the active region that can recombine radia-
tively to produce photons.

gint ¼
Pint=ðhmÞ

I=e
ð2:3Þ

where P is the optical power emitted from the active region.

2.1.3 Light Extraction Efficiency

In an ideal scenario, all photons generated at the active region are expected to
escape from the LED and enter into free space, achieving unity extraction effi-
ciency. However, in real situation, emitted light may be partially reabsorbed by the
LED substrates, active layer, semi-transparent current spreading film, metallic
contacts, bonding wires, etc. The light extraction efficiency (LEE) is typically
defined as the portion of light generated in the active region that can emit into free
space

gext ¼
P=ðhmÞ
Pint=ðhtÞ ð2:4Þ

where P is the optical power emitted from the active region into free space.

2.2 Strategies for Light Extraction

The growing demand for blue light LEDs has also prompted for devices with
maximal external quantum efficiency (EQE), which is determined by both internal
quantum efficiency (IQE) and light extraction efficiency (LEE). With the rapid and
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massive improvements of growth techniques, epitaxial structures and crystal
quality, the IQE has been greatly enhanced to more than 80 % [2]. However, the
extremely low extraction efficiency (<10 %) is still one of the major bottlenecks
restricting the performance of LEDs [3], attributed to absorption of substrate,
current spreading layer, ohmic contacts and bonding wire, as well as the main
challenge of total internal reflection, thus implying that there is still plenty of room
for improving the LEE. In the following parts, the influence of total internal
reflection is discussed. Numerous approaches aiming to extract optically guided
light from devices and suppress total internal reflection are highlighted, including
surface roughening, microLEDs, geometrical shaping, and photonic crystal. These
methods rely on the formation of nonparallel surfaces to minimize reflections and
reduce reabsorption loss, albeit at different dimensional scales.

2.2.1 Total Internal Reflection

Owing to high refractive index contrast at semiconductor/air interface, majority of
photons emitted from the active region are remained trapped. The light trapping
phenomenon is known as total internal reflection (TIR), strictly limiting the light
extraction efficiency of LED (Fig. 2.1). According to Snell’s law, TIR occurs when
light rays strike on the flat-top semiconductor/air interface with incident angle
greater than critical angle

hc ¼ sin�1 nair
nsc

� �
ð2:5Þ

where nair and nsc are the refractive indexes of air and semiconductor. Photons
outside of the escape angle are likely to be reabsorbed after multiple reflections. In
particular, the refractive index is about 2.45 for III-nitride semiconductor and the
light extraction angle (escape angle or escape cone) is about 23.5°. TIR resulting
from the narrow escape cone prevents the photons from escaping from the semi-
conductor. Moreover, the light extraction efficiency of the top emission surface can
be roughly estimated as

Fig. 2.1 Depicts how the emitted light remains trapped within the device
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gext ¼
Z hc

0
Tf ðhÞaðh; dÞ sin hdh ð2:6Þ

where Tf(θ) is the Fresnel transmission coefficient function and α(θ,d) is the
absorption coefficient function. The flat-top emission surface of the conventional
LEDs is found to be as low as 4 % [4] while the overall extraction efficiency is
strictly limited to around 12 %.

2.2.2 Surface Roughing

A popular, cost effective and practical approach is to roughen the surface of LED
chip via natural chemical etching. Common roughening techniques, including
photo-electrochemical chemical etching and wet etching, are capable of developing
high-density randomly oriented miniature facets/features on the LED surface [5–8].
The processed surface can randomize the path of trapping and significantly increase
the probability for light striking the boundary at an angle close to normal. Surface
roughing technique can possibly produce about a factor of enhancement in the light
output power and effectively scatter the trapped light outside the LED devices
(Fig. 2.2).

2.2.3 MicroLEDs

When emitted, light incidents upon the boundary at angle an greater than critical
angle; it suffers total internal reflection and become laterally guided modes, which

Fig. 2.2 Roughened surface of GaN surface etched by PEC Method. Reprinted from Ref. [5] with
permission from AIP Publishing LLC
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can either be reabsorbed or escaped from the edges of LED. To increase the
changes for light to be extracted into free space before reabsorption, microLEDs
provide additional photon escape pathways through the peripheries of microstruc-
tures [9–11]. The interconnected microstructures are generally formed by dry
etching process so as to remove the material between the microelements, thus
significantly increasing the exposed sidewalls [12]. The enhancement in light
extraction is attributed to the increased surface area especially the etched sidewall
and the CCD images shown in Fig. 2.3, clearly indicate that higher brightness is
observed along the edges of microstructures.

2.2.4 Geometrical Shaping

For a conventional LED with cubical geometry, a light ray reflected from one face
is likely to hit another parallel facet and bounce around inside the LED chip until it
is reabsorbed. One way to overcome this problem is to change the shape of the LED
die by creating beveled sidewalls such that the facet pairs are no longer parallel and
possibly alter its propagation direction of reflected light [13, 14]. C.C. Kao et al.
demonstrated the light output power of a nitride-based LED with 22° undercut
sidewall LED was enhanced by 70 % [15]. Moreover, Wang et al. reported various
polygonal LEDs shaped with laser micromachining (Fig. 2.4) and proved that LEDs
with polygonal geometries increases the light extraction compared to conventional
rectangle LEDs [16].

Fig. 2.3 Optical microphotographs showing emission regions of the a large-area, b microdisk,
and c microhexagon LEDs. Reprinted from Ref. [9] with permission from AIP Publishing LLC
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2.2.5 Photonic Crystal

Photonic crystals (PhCs) [17, 18], with unique capabilities of being able to control and
manipulate the propagation of light, have been widely adopted in diverse optoelec-
tronic and photonic applications, including laser resonant cavities [19], high-speed
optical fiber transmission [20], and polarization filtering [21]. The incorporation
of 2-D PhCs onto the surfaces of nitride-based LEDs enable strong interaction of
the guided modes and has also been demonstrated to effectively promote light
extraction efficiency [22, 23]. Such ordered periodic nanostructures (Fig. 2.5),

Fig. 2.4 Optical microscopy images of polygonal LED chips. Reprinted from Ref. [16] with
permission from AIP Publishing LLC
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with the ability of manipulating spontaneous emission, can be extremely useful for
extracting guided modes to air, thus enlarging the escape cone.

The light extraction behaviors of 2-D PhC can be explained by the dispersion
diagrams showing normalized frequency versus in-plane wave vector. As illustrated
in Fig. 2.6, the green solid line in the band structure, namely the light line, rep-
resents a dividing line between guided and leaky modes. With the presence of PhC,
band folding will occur at the Brillouin zone edges and guided modes are folded
above the air light line, meaning that the guided modes can radiate out form the
device. The radiative modes located at the region above the light line corresponds to
leaky modes in which the optical mode leaks energy into the surrounding air as it
propagates down the waveguide. For the frequency bands that are below the light
line, they are the guided modes and do not leak energy as they propagate.
Therefore, the light extraction enhancement originates from the coupling of leaky
modes above the light line of the band structure. In addition, PhC can also act as

Fig. 2.5 Hexagonal air-hole array patterned by electron-beam lithography (right). Reprinted from
Ref. [18] with permission from AIP Publishing LLC

Fig. 2.6 Band diagram illustrating the band folding effect (left) and band structure of
well-designed PhC (right)
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2-D diffraction gratings in slabs to extract guided modes to the air and to redirect
the emission directions.

With a well-defined periodic arrangement and with sufficiently large refractive
index contrast between GaN and ambient, a photonic bandgap (PBG) may be
established, which forbids the propagation of light within a specific range of fre-
quencies dependent on the dimension and pitch of the array, as illustrated in
Fig. 2.6. The PBG can thus be exploited for suppressing lateral wave-guiding and
possibly redirect a significant proportion of trapped photons for extraction, over-
coming one of the major limitations of nitride LEDs.

2.3 Lasing Mechanisms

Generally, an optical cavity or resonator, which comprises of two or more mirrors,
is capable of confining and storing light at certain resonance frequencies such that a
standing wave is established within the cavity. Various optical resonator configu-
rations are depicted in Fig. 2.7. The most common one, so called Fabry–Pérot (F-B)
resonator [24, 25], comprises two parallel planar mirrors and forces the light to
bounce back and forth within them. Those mirrors can be formed by periodic
dielectric mirror such as distributed Bragg reflector (DBR) to confine light with
desired frequency in a particular direction. The resonant mode occurs when an
integral multiple of half-wavelengths fit into the cavity spacing of length.

Whispering-gallery (WG) mode [26, 27] is mostly constructed within the cir-
cular, hemispherical, or even elliptical cavities. When light is propagating around
the edge of cavity, it will be totally reflected at boundary of resonator and confined
a closed circular path. Thereby, the confined ray propagates around the inside rim of
a resonator with its incident angle greater than the critical angle. In order to obtain
constructive interference, the propagation path per cycle, which is approximately
equal to the circumference of resonator, should be an integer multiple of wave-
length of light.

Two-dimensional (2-D) photonic crystals (PhCs) with defects are also used to
make microcavities [28, 29]. The periodic dielectric structure exhibits photonic
bandgaps which are able to suppress the propagation of light with the bandgap
frequency ranges. A defect in the 2-D periodic PhCs can be designed as a missing
element in an air-hole array. For the wavelengths overlapping with the PBG, the
periodic structure surrounding the defect acts as the reflector, so that light is trapped
within the defect. The defect is then regarded as a microcavity resonator and
possibly provides extremely small mode volume and high Q-factor exceeding 105,
but the main challenge for such cavities are the difficulty for its precise design and
fabrication.

Those optical resonators are the common light-confinement mechanisms adopted
for semiconductor lasers. The optical path lengths of such cavities, dependent on
the vertical heights of F–P cavities, or lateral dimensions of WG circular cavities
and photonic bandgap (PBG) structures, are crucial factors determining the lasing
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characteristics. To confine propagating photons in controllable and predictable
manner, these optical cavities are usually designed to be of the order of the
wavelength or even at subwavelength scales.

2.4 Quality Factor and Loss of a Resonant Cavity

The quality factor (Q factor) is a key figure of merit for resonator and defined as the
fraction of the energy stored in a cavity to the energy dissipated per cycle. For
example, high value of Q factor corresponds to a low rate of energy loss relative to
the stored energy of a resonator. The value of Q factor can be simply calculated by
measuring the spectrum of the resonant mode

Fig. 2.7 Schematic diagrams depicting three common light-confinement mechanisms: a Fabry–
Pérot, b whispering-gallery, and c 2-D photonic crystal defect cavities
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Q ¼ k
Dk

ð2:7Þ

where k is the resonant wavelength, and Dk is the full-width-at-half-maximum
(FWHM) of the resonant peak. An ideal cavity/resonator offers an infinite value of
Q factor, meaning that there is no energy dissipated per cycle. In practical appli-
cations, a resonant cavity always experiences the energy losses comprising of
material absorption loss, scattering loss, radiation loss, and coupling loss. The sum
of the first three loss mechanisms is referred to as the intrinsic loss of a resonator
while the overall Q factor can be determined by the individual loss terms:

1
Q

¼ 1
Qabs

þ 1
QS

þ 1
Qrad

þ 1
QC

ð2:8Þ

where Qabs corresponds to the light absorption of the material; QS is related to the
scattering loss due to surface inhomogeneities and contaminants; Qrad is the radi-
ation loss originated from the escape of light energy through a curvature surface;
and QC is the loss induced by a waveguide coupling. Scattering loss can be reduced
by improving the fabrication process to minimize the resonator surface roughness.
Radiation loss strongly depends on the size of a resonator and can be reduced by
increasing the cavity size. It is also worth noting that when the resonator size is
larger than some certain dimension, the radiation loss will become negligible
compared to other loss mechanisms.

2.5 Nanosphere Lithography

As the characteristic length scales of PhCs structures and the dimension of res-
onators are of the order of the wavelength, nanopatterning techniques are involved
during fabrication of short-wavelength optoelectronic devices, often increasing
manufacturing costs. Unlike conventional AlInGaP emitters which can be pro-
cessed by standard microlithographic techniques, the blue/UV PhC and cavities
require further dimensional shrinkage in order to fulfill constraints associated with
short-wavelength light interaction, so that traditional optical patterning techniques
are no longer able to offer the required resolutions due to the diffraction limit. While
direct-write techniques such as electron-beam lithography (EBL) [18, 30] and
focused ion beam (FIB) milling [31, 32] are capable of producing arbitrary 2-D
feature accurately down to the nanometer scale, they also each have their own
drawbacks. The nanofabrication methods are summarized in Table 2.1. High
equipment cost and time-consuming point-by-point processing and thus low
throughput make large-volume manufacturing impractical. To overcome such
limitations, a high-throughput yet low-cost approach is introduced that is particu-
larly suitable for the processing of hard nitride semiconductors: nanosphere
lithography (NSL).
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2.5.1 Overview

Nanosphere lithography (NSL) [33] is an inexpensive and ultra-efficient nanopat-
terning technique with attractive abilities of producing well-ordered periodic arrays
over large areas with minimal processing time. With wide ranges of
commercially-available sphere dimensions from hundreds of micrometer down to
tens of nanometers, the spheres can self-assemble into mono- and multi-layers of
periodically ordered array (Fig. 2.8). Nanospheres have previously found uses in
technologies such as catalysis, biochemical devices, cell cultures, surface-enhanced
Raman spectroscopy, and sensing application. In the field of optoelectronics,
ordered periodic structures based on nanospheres may be used as PhCs to manip-
ulate the flow of light; in particular, 3-D PhCs [34–36] which can interact with light
in both the vertical and lateral directions. In this chapter, we shall mainly focus on
lithographic processes for generating 2-D monolayers of silica spheres which serve
as high etch selectivity masks for GaN materials during dry etch, with the target of
producing various 2-D regular nanostructure arrays on the surface of the wafer. We
shall first discuss the fundamental steps in the formation of self-assembled ordered
monolayer in hexagonal-close-packed (HCP) arrangement for pattern transfer.

2.5.2 Process Development

The formation of an ordered HCP monolayer over large areas on a substrate is
commonly achieved via one of the three coating strategies including vertical

Table 2.1 Comparison of
nanofabrication methods

EBL FIB NSL

Etch selectivity Low N/A High

Equipment cost High High Low

Preparation time Long Long Short

Fig. 2.8 FE-SEM images of a multilayers and b monolayer of spheres
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deposition, dip-coating, and spin-coating, as illustrated in schematic diagrams in
Fig. 2.9. The successes of these strategies are dependent on various factors deter-
mining quality of the coated monolayer. If the processing conditions are subopti-
mal, the spheres will simply aggregate to form undesirable clusters, or spread out
loosely without any particular order. Due to the low-withdrawal speed in
dip-coating and slow evaporation rate in vertical deposition, long processing time
(of the order of hours) may be required to establish a monolayer over
centimeter-scale areas. Moreover, it is often difficult to maintain precise control of
the ambient conditions, such as temperature, humidity, and pressure which strongly
affect the evaporation rate. On the other hand, the spin-coating method, which is
mainly governed by rotation speed, concentration, size of spheres, and wettability
of substrate, is a more reliable method with distinct advantages of higher throughput
and better reproducibility. The areas of close-packed monolayer are typically of the
order *cm2, while the equipment cost of spin-coating technique is low. When
these parameters are fine-tuned, monolayer arrays of close-packed nanospheres over
centimeters can be obtained within a matter of minutes.

Uniform silica nanospheres are initially diluted in deionized water to produce the
optimal volume concentration of *2 %. The diluted colloidal suspension is then
mixed with sodium dodecyl sulfate at a volume ratio of 10:1. Introduction of a
surfactant lowers the surface tension of the colloidal suspension and thus facilitates
the spreading of nanosphere to prevent particle agglomeration or aggregation. The
well-mixed colloidal suspension is then carefully dispensed onto the sample surface
by mechanical micropipetting or other means. Optimized rotational speed is nec-
essary to balance the centrifugal force with the solvent capillary force. During
spin-coating, the excess suspension is gradually flung off and spheres spread lat-
erally, self-assembling into a monolayer of hexagonal-close-packed array across the
sample. The coated spheres then act as a lithographic mask and the pillar pattern is
transferred to the wafer by inductive-coupled plasma (ICP) etching. The etched

Fig. 2.9 Schematic diagrams showing various nanosphere coating procedures, including a vertical
deposition, b dip-coating, and c spin-coating
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sample is finally immersed in deionized water under sonication to remove the
spheres, leaving behind a nanopillar array. The resultant HCP nanopillar array after
etching is shown in Fig. 2.10.
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