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Fabrication and investigation of semipolar {10-11} InGaN/GaN

nanopyramid light emitting diode

Student : Yi-Chen Chen Advisor : Hao-Chung Kuo
Chi-Wai Chow

Institute of Electro-Optical Engineering
National Chiao Tung University
Abstract

In this study, we presented high performance green emission semipolar {10-11}
GaN-based nanopyramid light emitting diodes (LEDs) grown on c-plane sapphire
substrate by selective area epitaxy (SAE).

The transmission electron microscopy (TEM) images suggest that the SAE can
suppress the threading dislocation density in the semipolar {10-11} multiple quantum
well (MQWs). Besides, from power dependent PL measurement, the internal electric
field (IEF) of semipolar MQWs was reduced, and the internal quantum efficiency
(IQE) was improved. Moreover, time-resolved PL (TRPL) measurement shows the
radiative recombination lifetime of semipolar MQWs was shorter than that of c-plane
MQWs. These results could strongly confirm the reduction of quantum confined Stark
effect (QCSE) by using semipolar MQWs.

Finally, the L-1-V curves of green, olivine and orange emission nanopyramid
LEDs were investigated by electroluminescence (EL) measurement. And the EL peak
shift and emission behavior could be referred to the spatial distribution of

nanopyramid, which was investigated by by cathodoluminescence (CL) measurement.
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Chapter 1. Introduction

1.1 Development Characteristic of I11-Nitride Light-Emitting Diodes
1.1.1 Wide bandgap Il1-nitride Materials

The Ill-nitride materials have attracted much attention due to its tremendous
potential for fabricating light emitting diodes (LEDs) with a full color application.
The bandgap of the wurtzite polytypes of IlI-nitrides material cover a very wide range,
from 0.7 eV for InN to 6.1 eV for AIN, which represents the emission wavelength
from infrared (IR) region to deep ultraviolet (UV). Figure 1.1-1 shows the bandgaps

of various alloys of 111-Nitrides [1].
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Figure 1.1-1 Bandgap energy versus lattice constant of 111-V nitride

semiconductors at room temperature.



With such wide emission wavelength range, Ill-nitrides materials is promising
for applying in the applications of optoelectronic devices such as flat panel display,
competing storage technologies, automobiles, general lighting and biotechnology, and
so on [2-4].

With some unique properties, the Ill-nitride semiconductor material is not only
suitable for lighting source in short wavelength in visible region but also
high-speed/high-power electron device [5]. For instance, it has high bond energy
(~2.3 eV), high-saturation velocity (~2.7 x 104 cm/s), high-breakdown field (~2 x
106 V/cm), and strong excitonic effects (>50 meV) [6-7].

Although Il1-nitride semiconductors are suitable for applying in high efficiency
lighting devices, they also have some inherent drawbacks to deteriorate the lighting
efficiency like internal piezoelectric field and spontaneous polarization at
heterointerface leading to the quantum confined Stark effect (QCSE) and causing
charge separation between electrons and holes in quantum wells [8-9]. Even though, it
is still worth to devote more effort to overcome such problems for its great potential
in solid state lighting and some groups had indeed succeeded in solving parts of this

problems.

1.1.2 History of GaN-based LEDs
Light Emitting Diodes (LEDs) are solid state devices which emit light when

electrical current passes through them. In LEDs made of semiconductors, the color of



the light depends on the bandgap of the semiconductor material, proceeding from red
through orange, yellow, green, blue and violet as the gap increases.

The first blue light-emitting diode (LED) using IlI-Nitrides materials was
fabricated by J. I. Pankove et al. [10] with an metal-i-n structure in 1972. Since that,
related research is going on continually. However, progresses have been limited
because of highly background n-type concentration resulting from the native defects
commonly thought to be nitrogen vacancies and residual impurities such as Si and
oxygen acted as an efficient donor, poorly conducting p-type GaN, and the lack of
appropriate substrates for epitaxial growth. Until late 1980s, H. Amano et al. [11, 12]
discovered a very useful application of a low-temperature buffer layer and developed
low-energy electron beam interaction (LEEBI) techniques to obtain better GaN
epilayer and conductive p-type GaN, initiated a new strong interest in this research
field. Finally, the first GaN-based blue LED constructed of a real p-n junction was
achieved, which had greatly improved in the device performance. However, the
acceptor concentration of p-type GaN is still too low such that the application of these
materials is still unreliable. After that, in 1992, S. Nakamura et al. [13] achieved better
conductive p-type GaN material by introducing a simple thermal annealing procedure
in nitrogen ambient (= 750 ‘C). Afterward Nakamura and Mukai [14] succeeded in
growing high-quality InGaN films that emitted strong band-to-band emission from
green to UV by changing the indium content of InGaN with a two-flow MOCVD

method. Nowadays, Most of IlI-Nitride based light emitting devices uses InGaN as



active layer instead of GaN because the difficulty of fabricating high efficiency GaN
based light emitting devices. Adding a small amount of indium into the GaN is very
important to obtain a strong band-to-band emission at RT. The based design of GaN

LEDs is shown in Figure 1.1-2.

p-electrode ITO
Ay

p-GaN

MQWs
n-GaN ectrode

Sapphire

Figure 1.1-2 The schematic drawing of InGaN LED.

1.2 Nonpolar and Semipolar I11-Nitride Light-Emitting Diodes: Achievements
and Challenges
Current commercially available I11-nitride based optoelectronic devices typically
consist of epitaxial multilayer thin films grown along the polar ¢ direction of the
wirtzite crystal structure. As the spectral range of light emission was extended from
blue to green or red, we encountered a problem in luminescence efficiency

(Figure 1.2-1).
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Figure 1.2-1 The external quantum efficiency (EQE) bench mark of 111-V

semiconductor among visible light region.

Figure 1.2-1 shows the external quantum efficiency (EQE) bench mark with
different emission peak wavelength. The EQE drastically decreases from UV to green
and from red to green, which is so-called efficiency green gap. There are many factors
have effect on EQE from fabrication flow chart of LED:

NEeQE = NIQE X MExt X NElect (1.2-1)
where ngqp is the EQE, 1,9 is the internal quantum efficiency (IQE), ng,. is the
light extraction efficiency, ng.c: is the electrical loss.

Table 1.2.1 shows the standard red, green and blue LEDs efficiency of 12 mil
chip size at injected current 20 mA with carrier density about 2x10%" cm™. If the IQE

of green LED could be improved the realization of full collar LED is very promising.
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NEQE NioE NExe NElect

53 % 80 % 70 % 95 %
23 % 30 % 80 % 95 %
SYR 75 % 80 % 95 %

Table 1.2-1 The efficiency of 12 mil standard red, green and Blue LED at injected

current 20 mA with carrier density about 2x10'" cm™.

As has been reported [15], due to the strong polarization field caused by the
strained InGaN layer in the c-plane, the Quantum Confined Stark Effect (QCSE) is
induced which distort the energy band diagram. Therefore, it reduce the wave
function overlap between the electron and hole as well as the radiative recombination.
Moreover, the large blueshift of peak emission wavelength with increasing bias due to
the carrier-induced screening of the polarization field could be observed.

To eliminate these polarization effects, growing devices on the nonpolar plane
has been demonstrated. Figure 1.2-2 shows the stimulation band diagram of polar and

nonpolar QWs [16].
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Figure 1.2-2 The QW structures on (a) polar and (b) nonpolar orientations

and their band diagrams.

In 2006, Romanov et al. [17] calculated polarization charge density in InGaN
QWs as a function of tilt angle of the growth plane with respect to the c-plane (Figure
1.2-3). Notice that semipolar planes provide a reasonable approach to reduce the
polarization field. For blue or green LEDs, UCSB has already used nonpolar m-plnae

and semipolar {10-11} GaN substrate to enhance the EQE (Figure 1.2-1).



1.3 Motivation

LEDs [20-22].
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Figure 1.2-3 The polarization charge density as a function of tilt angle of the

growth plane with respect to the c-plane in different In composition InGaN QWs.

To date, tremendous efforts have been made to solve QCSE obstacle by using the
nonpolar InGaN/GaN structure grown on various substrates [18]. However, the
heteroepitaxy of nonpolar GaN still suffers from highly threading dislocation density
(TDD), and the ideal solutions for the green efficiency gap is still lacking [18-19].

GaN based nanorod LEDs is an attractive approach towards achieving high efficiency

GaN based nanorod LEDs possess lower extended defect, accommodate the
large lattice mismatch between sapphire substrate and GaN epilayer [23-25], and

highly light extraction structure properties [20-21].
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The nano-fabrication technology can attract such considerable interest and be
widely used in optoelectronic and electronic devices because it has large different
optical and electrical properties with those in the bulk materials. It is also reported
that nano-fabrication technology device had great potential for better quantum
confinement and strain relaxation effect [26].

GaN nanorods technology is one of the famous nano-structure which has been
produced by various fabrication methods. In 1997, Han et al. first proposed
synthesizing GaN nanorods by using carbon nanotubes as templates [27]. The
dimension of the synthesized GaN nanorods could be up to 25 um in length and
ranging from 4 to 50 um in diameter. However, it is not a simple method for produce
GaN nanorods.

The growth of single-crystal GaN nanorods by hybrid vapor-phase epitaxy [28]
has been developed by Kim et al. A mask-free simple process by inductively coupled
plasma-reactive ion etching (ICP-RIE) dry etching to fabricate GaN nanorods was
proposed by Yu et al. [29]. The growth of GaN nanorods by using ferrocene as the
catalyst, so-called vapor—liquid-solid (VLS) mechanism, was also demonstrated [30].
Fabrication of GaN nanorods by e-beam patterning and ICP etching was proposed by
Chen et al. [31].

With the rapid development of the nano-structure fabrication techniques, these
technologies had also been used in GaN devices. Johnson et. al demonstrated a single

GaN nanowire lasing phenomenon in [32]. It is the first demonstration of single GaN



nanowire laser. Han et. al. performed the photoconduction studies on GaN nanowire
transistors under UV and polarized UV illumination in 2004 [33]. Besides, Kim et. al.
demonstrated a high brightness LEDs by fabricating high quality, dislocation-free
InGaN/GaN nanorods [34]. In 2006, Son et. al. demonstrated a UV photodetector by
using a single GaN nanorod with p-n junction [35]. With the following literatures, we
could know that GaN nano-stucture have played an important role in optoelectronic
and electronic devices, such as laser, LED and photo detector.

We choose nano imprint lithography (NIL) technique to form the nanorod
structure [36]. And Semipolar {10-11} nanopyrimids will generate by using a
combination of selective area growth (SAG).

The nano-pyramidal geometry on GaN nanorod which the InGan/GaN QWs are
placed promotes significantly greater strain relaxation in the InGaN layer and
combines the epitaxial lateral overgrowth (ELO) technique to eliminate the TDs [37].
From our previous report, the internal electric field (IEF) of MQWSs which grown on
{10-11} surface was much smaller than on conventional c-plane and the radiative
recombination rate also became much faster [38-39]. It implies that semipolar {10-11}
plane has a great potential as a growth surface to develop high indium composition
LEDs and overcome the efficiency green gap of IllI-nitride light-emitting diodes. In
this work, we report the electrical characterization and optical performance of green,
olivine and orange emission of {10-11} semipolar nanopyramid LED on GaN
nanopillar arrays.
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Chapter 2. Experimental Instruments and Methods
2.1 Transmission electron microscope (TEM)

TEM is a method of imaging where a beam of electrons are directed through a
sample after which they are scattered into discrete diffracted beams. The diffracted
electron beams are then focused in the back focal plane of the objective lens. TEM
may have two modes. When operated in diffraction mode, the diffraction lens is
focused on the back focal plane to produce a diffraction pattern. For the imaging
mode, the diffraction lens is focused on the first image plane to produce a magnified
image. In addition, the beam may be allowed to pass through the sample to obtain a
bright-field image however the diffracted beams produce a dark-field image.

The ray diagram (Figure 2.1-1) shows (a) imaging projecting a diffraction
pattern and (b) projection of an image onto a viewing screen. The interaction of the
electron beam with crystalline material tends to be by diffraction. The orientation of
the planes of atoms in the crystal to the electron beam changes the intensity of
diffraction. TEM equipment often uses a goniometer to allow the sample to be tilted
to a range of angles to obtain specific diffraction conditions. Diffracted electrons are
also selected using different apertures. The intensity of diffraction is a maximum at
the Bragg angle, although a variation of diffraction intensity occurs with deviation
from the Bragg angle. This also depends on the thickness of the specimen. The thinner

the crystal sample, the further the crystal may deviate from the Bragg condition.
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Figure 2.1-1 Ray diagram showing two basic operations of TEM.

When crystal planes are almost parallel to the electron beam they are close to
fulfilling Bragg’s Law. The majority of electrons are diffracted when the electron
beam strikes one set of lattice planes exactly at their Bragg angle and only a few will
pass through the sample undeviated. If the planes are exactly at the Bragg condition,
strong diffraction will occur and the bright field image will appear dark. This
variation with diffraction is shown with bend contours which are a feature of bending
of the crystal planes. Dark contour images correspond to regions at the Bragg angle,

while light contours result in the regions not strongly diffracting.
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2.2 Photoluminescence spectroscopy (PL)

Photoluminescence characterization equipment generally uses the PL method to
obtain the wavelength and intensity of the semiconductor material being analyzed. PL
is the process of optical absorption of electrons in solids between an initial energy
state Ej and a final energy state E: Excitation of an electron to E; will leave E;
unoccupied creating a hole. Absorption creates electron-hole pairs while luminescence
is the process which occurs when electrons in excited states drop to a lower level
emitting a photon Aw as shown in Figure 2.2-1. The electron-hole recombination
creates a photon which is also known as a radiative transition. Direct gap materials are

good light emitters and their optical properties are analyzed using this technique.

Conduction
band

ha)L

Figure 2.2-1 Interband transitions in photoluminescence system.

Photons are absorbed using an excitation source which is typically a laser. The
frequency of the source hw,; must be greater than the energy gap Egy. The result is
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that electrons are injected into the conduction band and holes into the valence band.

Electrons and holes are initially created in higher states within these bands but
will rapidly relax to the bottom of their respective bands reaching their lowest energy
state. Relaxation occurs by emitting phonons, for energy loses from the higher states,
which obeys the conservation laws. The difference in energy between the two bands is
Ey which is the energy gap, also known as the band gap. Luminescence occurs close
to the band gap Eg, near k = 0. After excitation, both electrons and holes relax to their
lowest energy states by emitting phonons.

PL spectroscopy has been used as a measurement method to detect the optical
properties of the materials because of its nondestructive characteristics. PL is the
emission of light from a material under optical excitation. The laser light source used
to excite carriers should have larger energy band gap than the semiconductors. When
the laser light is absorbed within the semiconductors, it would excite the carriers from
the valence band to the conduction band. Then, it produces the electrons in the
conduction band and the holes in the valence band. When the electron in an excited
state return to the initial state, it will emit a photon whose energy is equal to the
energy difference between the excited state and the initial state, therefore, we can
observed the emission peak from PL spectrum.

The photoluminescence spectroscopy is the optical measurement to examine the
quality and optical characteristic of material. First, when we analysis a new compound
semiconductor, we can use PL measurement to know the band gap of the new material.
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Second, the intensity of PL signal is contributed to the amount of radiative
recombination in the materials. Therefore, PL measurement can be used to understand
the material quality and the recombination mechanisms of the materials.

The carrier recombination processes occur in many ways in order to reach the
equilibrium. Those processes can be divided into radiative recombination and
nonradiative recombination. We can recognize the radiative recombination easily at
low temperature by PL measurement, since it would not be influenced by the thermal
energy. If there are some defect energy level existed in energy band gap of
semiconductor, they could also contribute to radiative recombination process.
Therefore, we could observe the multiple emission peaks in the PL spectrum, and the
intensity of the emission peaks is related to the contribution of the individual radiative

recombination process.

2.2.1 Power dependent and temperature dependent PL

For excitation power and temperature dependent PL measurement, the laser
source used in this research is femto-second-pulse Ti:sapphire. The output laser
wavelength could be tuned to be around 760-820 nm by adjusting the internal
resonant length and gain profile. A frequency doubler and tripler crystal is setup at the
laser output optical path. Here, we adopted the doubler crystal to have a wavelength at
around 380-410 nm could be obtained. It is specifically important in avoiding the
absorption of GaN material itself and ensured most of the injected laser photons could
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excited the photons inside the MQWSs. We note that this assumption essential while
we predicted the injected carrier density. The tuned the 380-410 nm laser was then
incident into the sample surface vertically. The sample was mounted in a closed-cycle
He cryostate with a temperature controller which could be precisely controlled in the
temperature region around 15 to 300 K. By the temperature controller with a set of
wire heater, we could perform a serious of temperature-dependent experiments from
15 to 300 K. The luminescence signal dispersed through a 0.55-meter monochromator
was detected by the photomultiplier tube (PMT). The setup detail of temperature

dependent PL is shown in Figure 2.2-2 and Figure 2.2-3.
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Figure 2.2-2 The schematic of PL measurement system.
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Figure 2.2-3 The picture of PL measurement system.

After the facility setup, we are then starting the optical experiments. A filter and
a power meter were placed before sample chamber to modify and control the laser
output power. By rotating the filter, we could vary the excitation power changing from

5x10° mW to 80 mW.

2.2.2 Time-resolved PL (TRPL)

For TRPL measurement, the laser source was same as for excitation power and
temperature dependent PL measurement, which delivers ~150 fs laser pulses at the
repetition rate of 76 MHz. And use time-correlated single photon counting (TCSPC)

to calculate carrier lifetime.
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TCSPC is based on the detection of single photons of a periodic light signal, the
measurement of the detection times, and the reconstruction of the waveform from the
individual time measurements [40-43]. TCSPC makes use of the fact that for
low-level, high-repetition rate signals the light intensity is usually low enough that the
probability to detect more than one photon in one signal period is negligible. The

situation is illustrated in Figure 2.2-4.

Excitation pulse sequence, repetition rate 80 MHz

a LT

100ns

Fluorescence signal (expected)

b ANPGRS NAUAR

N 5T EE S & 'E . ||

=

Figure 2.2-4 Detector signal for fluorescence detection at a pulse repetition rate
of 80 MHz.

Fluorescence of a sample is excited by a laser of 80 MHz pulse repetition rate (a).
The expected fluorescence waveform is (b). However, the detector signal measured by
an oscilloscope has no similarity with the expected fluorescence waveform. Instead, it
consists of a few pulses randomly spread over the time axis (c). The pulses represent
the detection of single photons of the fluorescence signal. Please note that the photon
detection rate of (c) is about 107 s-*, which is on the order of the maximum possible
detection rate of most detectors. Thus, the fluorescence waveform (c) has to be

18



considered a probability distribution of the photons, not anything like a signal
waveform. Moreover, Fig. 21 shows clearly that the detection of a photon in a
particular signal period is a relatively unlikely event. The detection of several photons
in one signal period is even less likely. TCSPC therefore neglects the detection of

several photons per signal period. The principle is shown in Figure 2.2-5.
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Figure 2.2-5 Principle of TCSPC.

As shown above in Figure 2.2-4, the detector signal consists of a train of

randomly distributed pulses corresponding to the detection of the individual photons.
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There are many signal periods without photons, other signal periods contain one
photon pulse.

When a photon is detected, the arrival time of the corresponding detector pulse in
the signal period is measured. The events are collected in a memory by adding a ‘1’ in
a memory location with an address proportional to the detection time. After many
signal periods a large number of photons has been detected, and the distribution of the
photons over the time in the signal period builds up. The result represents the
‘waveform’ of the optical pulse. (Please note that there is actually no such waveform,
only a distribution of the photon probability, see Figure 2.2-4.) The setup detail of

TRPL is shown in Figure 2.2-2.

2.3 Electroluminescence spectroscopy (EL)

Electroluminescence (EL) is an optical phenomenon and electrical phenomenon
in which a material emits light in response to an electric current passed through it, or
to a strong electric field. This is distinct from light emission resulting from heat
(incandescence), chemical reaction (chemiluminescence), sound (sonoluminescence),
or other mechanical action (mechanoluminescence).

Electroluminescence is the result of radiative recombination of electrons and
holes in a material (usually a semiconductor). The excited electrons release their
energy as photons - light. Prior to recombination, electrons and holes are separated
either as a result of doping of the material to form a p-n junction (in semiconductor
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electroluminescent devices such as LEDs), or through excitation by impact of
high-energy electrons accelerated by a strong electric field (as with the phosphors in
electroluminescent displays).

Figure 2.3-1 shows the schematic of electroluminescence measurement systems.
A set of instruments including CW current source Kiethley 238, a microscope to
observe the patterned electrode of sample surface, three axial stages for probe and
fiber to detected the light output, and then the light detected by a 0.32 m
monochromator (Jobin-Yvon Triax-320) with 1800, 1200, and 300 grooves/mm
grating and the maximum width if the entrance slit was 1 mm. Figure 2.3-2 shows the

photograph of electroluminescence measure system.
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Figure 2.3-1 The schematic of EL measurement system.
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Figure 2.3-2 The picture of EL measurement system.

2.4 Scanning Electron Microsope-Cathodoluminescence (SEM-CL)

The electron microscope uses electromagnetic lenses to focus the beam to
produce an image. However, SEM and TEM differ in the way images are produced
and magnified. SEM is used to view the surface or near surface of a sample, whereas
TEM provides information of the internal structure of thin specimens. The scanning
electron microscope as the name suggests scans across the specimen by the scan coils.

As the sample is scanned by the electron beam as shown in Figure 2.4-1, it emits
electrons and electromagnetic radiation. A detector counts the low energy secondary

electrons (< 50 eV) or other radiation emitted. The image is produced by two
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dimensional intensity distributions by scanning a cathode ray tube (CRT) spot onto a
screen and modulating the brightness by the amplified current from the detector.
Three dimensional samples change the way electrons are emitted and results in the

appearance of a three dimensional image. Resolutions less than 1 nm may be

achieved.
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Figure 2.4-1 Schematic diagram of a scanning electron microscope.
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Chapter 3. Sample structure and fabrication

In this chapter, we illustrate the fabrication flow charts of semipolar {10-11}
nanopyramids LED. Moreover, the Crystalline quality analysis will be discussed by

transmission electron microscope (TEM) measurement.

3.1 Fabrication of GaN nanopyramids with semipolar {10-11} InGaN/GaN
MQWs

The GaN-based material was grown by a low pressure Metal-Organic Chemical
Vapor Deposition (MOCVD) system. A 2 um thick GaN layer was first grown on a
2-inch C-plane (0001) sapphire substrate. The GaN contained 1 um undoped GaN and
1um n-type GaN and were grown at 1150°C and 1160°C, respectively.

The nanorod patterns were formed by nano imprint lithography (NIL) technique.
First, a 400 nm SiO; layer and a 200 nm polymer layer were deposited as the masks
during the process. Then a patterned mold was placed onto the dried polymer film.
Under a high pressure, the substrate was heated over the glass transition temperature
(Tg) of the polymer. After that, the substrate and the mold were cooled down to room
temperature to release the mold. After generating narorod patterns on the polymer
layer, the patterns were then transferred into SiO, layer by reactive ion etching (RIE)

with CHF3/O, mixture, and into GaN layer by inductively coupled plasma etching
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(ICP) with Cl/Ar mixture. The mask layers were removed at the end of processes.

Figure 3.1-1 shown the flow chart of nano imprint lithography (NIL).
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Figure 3.1-1 The flow chart of nano imprint lithography (NIL).

Before the regrowth process, the sample was passivated with porous SiO, at
sidewall. The pyramid shape n-type GaN structures were regrowth on the top of GaN
nanopillars at 730°C by using a combination of selective area growth (SAG). The 450
nm height pyramids contain 10-pair Ing3Gag;N/GaN (3nm/8nm) multiple quantum
wells (MQWs), which support the emission around 500 nm wavelength. The

fabrication procedure was shown in Figure 3.1-2.
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Figure 3.1-2 lllustrations of fabrication process of nanopyramid MQWs. (a) GaN
template contained 1 pm undoped GaN and 1pm n-type GaN. (b) A 400 nm SiO,
layer and a 200 nm polymer layer were deposited. (c) Nanorod patterns were
formed by nano imprint lithography (NIL) technique. (d) Passivated with porous
SiO; at sidewall. (e) Schematic structure of GaN-based nanorod structure with
the regrowth of semipolar {10-11} GaN pyramids and 10-pair Iny3Gaog7N/GaN

(3nm/12nm) MQWs.
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The diameter and the pitch of GaN nanorod was 350 nm and 750 nm,
respectively. And the etch depth of the nanopillars is approximately 1 pm. Figure
3.1-3 shows the angle-view SEM images of (a) GaN nanorod. (b) GaN nanorod with
sidewall passivation. (c) GaN nanopyramids with semipolar {10-11} Ing3Gag7N/GaN

MQW.

Figure 3.1-3 The angle-view SEM images of (a) GaN nanorod arraays. (b)
GaN nanorod with sidewall passivation. (¢) GaN nanoarrow arrays with

semipolar {10-11} Ing3Gag;N/GaN MQW.
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Finally, the complete epitaxial structure then underwent a standard four-mask
LED fabrication processing with ITO current spreading layer and Ni/Au contact metal
depositions, into an LED structure with a mesa size of 300x300 pum?®. Figure 3.1-4

shows the illustration of nanopyramid LED device.

MQW: Ing 3Ga, ;N/GaN (3 nm/ 12 nm) x 10 pairs

: p-GaN: 200 nm
.n-GaN: 600 nm

n-GaN: 1 um

u-GaN: 1 um

Sapphire

Figure 3.1-4 Illustration of nanopyramid LED device.

3.2 Crystal quality analysis of the semipolar {10-11} InGaN/GaN multiple
guantum wells (MQWSs)
The TEM measurement was used to confirm the quality of semipolr {10-11}
MQWs (Figure 3.2-1). The angle between the MQW:s and c-plane was 62°, and the
inclined surface was the semipolar {10-11} facet. There existed air voids around GaN
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nanorods can act as waveguides that improve light extraction [44]. Figure 3.2-1 (b)
shown TEM enlarge view of semiolar {10-11} MQWs. The interface of MQWSs was
smooth and the thickness of InGaN well and GaN barrier from apex to bottom of the

nanopyramid were nearly uniform, which were 2 and 8 nm, respectively.

Figure 3.2-1 The TEM images of (a) GaN nanorod with semipolar nanopyramids.

(b) Enlarge view of semiolar {10-11} MQWs.

The mechanism of reduce threading dislocation density (TDD) in semipolar
{10-11} MQWs was shown in Figure 3.2-2. First, threading dislocations in bulk
c-GaN were suppressed by nano imprint lithography (NIL). Moreover, threading

dislocation was bended by epitaxy lateral overgrowth (ELO) process. Finally,
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reduction of threading dislocation density (TDD) in MQWs can be observed in

Figure 3.2-1.

(@)

(b)

Nanorod
Lateral
overgrowth

Figure 3.2-2 The mechanism of reduce threading dislocation density (TDD) in
semipolar {10-11} MQWs by (a) nano imprint lithography (NIL) and (b) epitaxy

lateral overgrowth (ELO).



From the result of TEM measurement, the SAE is a promising technique to

fabricate high crystalline quality semipolar {10-11} MQWs.

3.3 Spatial resolved cathodoluminescence (CL) of nanopyramid structure

To investigate the Indium content distribution on the nanoryramids surface, the
scanning electron microscope (SEM) and spatial resolved cathodoluminescence (CL)
measurement was applied.

Figure 3.3-2 (a) shows the top view SEM image of the semipolar MQWs. The
diameter of GaN nanopyramid is around 300 nm. And the CL spectrum was shown in
Figure 3.3-1. To investigate the spatial distribution of emission wavelength, we
collected the emission signal at fixed emission wavelength, which were 460, 480, 500,
520, 540, 560 and 580 nm, respectively (Figure 3.3-2 (b)~(h)). The peak emission
wavelength at about 500 nm, corresponding to the PL measurement, came from the
sidewall facets of pyramids. As shown in the figures, the emission wavelength became
longer from base region to the apex of pyramid, which was dominated by gas phase
diffusion process under our growth condition [45-46]. These results shown that higher

Indium content was formed by the geometrical structure and growth condition.
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Figure 3.3-1 Top view CL spectrum of semipolar MQWs.
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(g) CL@560 nm

(h) CL@580 nm

Figure 3.3-2 (a) Top view SEM image. CL emission signal at fix emission
wavelength (b) 460 nm, (c) 480 nm, (d) 500 nm, (e) 520 nm, (f) 540 nm,

(g) 560 nm and (h) 580 nm, respectively.
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Chapter 4. Optical Analysis of Polar and Semipolar MQWs

In this chapter, in order to identify the reduction of quantum confined Stark
effect (QCSE), we estimated the magnitude of internal electron field (IEF) and the
internal quantum efficiency (IQE) of semipolar and c-plane MQWSs (same emission
wavelength about 500 nm) by measuring the power dependent photon luminescence
(PL) at low (20K) and room temperatures, investigated energy band diagram of
semi-polar and c-plane QW structure by simulation, and discussed the carrier dynamic

by time-resolved photoluminescence.

4.1 Investigation of internal electron field (IEF)
To identify the reduction of QCSE for the semipolar MQWSs, we estimated
discuss the internal electric field (IEF) of the c-plane and the semipolar MQWs by

measuring the power dependent photon luminescence (PL) at T=15 K.

4.1.1 Introduction

Several research groups have reported that the internal electric field existed (IEF)
in InGaN/GaN QW structures [47-49]. This internal electric field tilts the potential
band across the QW, resulting in a redshift of wavelength and spatial separation of
electrons and holes. This is called the QCSE.

The QCSE is most often studied by the photoluminescence (PL) spectroscopy.
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The magnitude and penetration of the electric field is determined by the total band
bending, the carrier density, and the dielectric constant. In a PL experiment, free
carriers are generated close to the surface by the exciting light (typically a laser), and
are separated by the built-in surface field, which results in a reduction of the initial
electric field. By varying the excitation power, the electric field “felt” by the QW’s is
modified and consequently, the PL peak position is shifted as described by the QCSE.
When the excitation power is low, the electric field in the sample is high, therefore,
the energy of the PL peak is significantly shifted from its theoretical (zero field) value.
As the excitation power is increased, the internal field is reduced, thus the PL peak
moves towards the hypothetical “no field” position. As the internal field tends
towards the flat-band condition with increasing light output power, the increase in the
PL peak energy is reduced. For most samples, therefore, we expect to see a power
dependent PL spectrum, characterized by an increase in the energy of the PL peak
with excitation power, and a saturation of the PL peak position at high power as the

surface field tends towards the flat-band condition.

4.1.2 Calculation

In the following, we shall derive an expression for the internal field-induced PL
peak shift in terms of the built-in electric field, the excitation intensity, and the
temperature.

The magnitude of the surface electric field in a semiconductor can be calculated
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using the model developed by Kanata et al. [50]:

Fy= (D12 (4.1-1)
where F; is the surface electric field, V is the equilibrium surface voltage, p is
the net charge density, &€ is the low-frequency dielectric constant, and &, is the
permittivity of free space.

Now, we consider the energy band diagram of a p-n junction under the exciting
light, shown in Figure 4.1-1(a). It is assumed to have ideal I-V characteristics. The
equivalent circuit is shown in Figure 4.1-1(b), where a constant current source is in

parallel with the junction. The source I, results from the excitation of excess carriers

by the exciting light; I is the diode saturation current, and R; is the load resistance.
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Figure 4.1-1 (a) Energy band diagram of a p-n junction under exciting light.

(b) Idealized equivalent circuit.
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The I-V characteristics of such a device are given by
I=1,(e?*¥T —1) -1, (4.1-2)
Under steady-state conditions, an expression for the surface voltage Vg in the

presence of photoinduced current is given by [51]

Vs =Vs £ In(bN + 1) (4.1-3)
where Vg, is the surface potential (in the dark), k is the Boltzmann constant, T is
the absolute temperature, e is the electronic charge, N is the excitation rate of free

carriers per unit area, and b is an intensity-independent constant given by:

b= exp () (3%) (@10
where A is the modified Richardson constant. The surface potential, Vg, , has been
measured by a number of research groups and its value as a function of temperature
may be obtained from Ref. [52].

The parameter N is determined by the excitation intensity P [50]:

N~ 22020 (4.1-5)
where g is the quantum efficiency (which is of the order of unity), R is the
reflectivity coefficient of the material which, for GaN, we took as R = 0.15, and hv
is the photon energy of the exciting light (hv = 3.1 eV).

Using Equation (4.1-1), (4.1-3)-(4.1-5), we can calculate the internal electric

field F as a function of the incident illumination, P:

1/2

_ F2,kTIn{[bPg(1-R) /hv]+1})
eVgo

F, = (F%, (4.1-6)

Assuming that the electric field is constant over the undoped QW region, it is
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this electric field which, by way of the QCSE, modifies the PL emission originating
from QW’s. As we see from Equation (4.1-6) the internal field is a nonlinear function
of the excitation intensity.

The internal field-induced PL peak shift may be calculated by using the
Hamiltonian of the perturbation model. Let us consider an electron, with charge e
and effective mass m*, in an infinite quantum well of width L in the presence of the
surface electric field Fg along the direction of the well, z. (The direction is
perpendicular to the material layers.) The origins of distance and of electrostatic

potential are chosen at the center of the well (Figure 4.1-2).
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Figure 4.1-2 The infinite quantum well.

The Hamiltonian of the problem is therefore
H=H,+ |e|Fsz (4.1-7)
where H, is the zero-field quantum well Hamiltonian. The spectrum of H, is given

by

h2m2

0 _
En T 2mrL2

n? n=1,2,... (4.1-8)
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For weak fields, such that

K22
2m*L2

le|FL «

(4.1-9)

a second-order perturbation calculation gives for the energy shift of the ground state

[53]
ym"e?Fs"L*
AE® = _¢ meT = —CF* (4.1-10)
with
c=5ye, =L (5_1) (4.1-11)
w6 “P=1(4p2_1)5 = 2472 \ 52 '
therefore

1 (15 ) m*e?L* (4.1_12)

T 24m2 \m2
Using Equation (4.1-3)-(4.1-6), the PL peak energy at a temperature T, in the
presence of an internal electric field Fy, and an illumination intensity P, may be

written as

2 —_—
Ep,=Ey—C (Fgo _ F5kTin{[bPg(1 R)/hv]+1})

oo (4.1-13)
where Ep; is the PL emission energy from the QW under illumination, E, is the
energy of the PL peak assuming zero internal electric field, and Fg, is the built-in

field under zero illumination intensity. Note that a number of other effects were not

included in our model (we neglected the two-dimensional nature of the system, carrier
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distribution in the barriers and the wells, excitonic and nonradiative recombination
channels, possible recombination coefficient change due to separation of the carriers

in wells, etc.).

4.1.3 Experimental result and discussion

We measured the excitation power dependent PL at low temperature (T=15 K)
for the semipolar and the c-plane MQWs, and the excitation power was changed from
5x10° mW to 80 mW. Figure 4.1-3 shown the PL peak emission energy with
different excitation power at low temperature (T=15 K) for c-plane and semipolar
MQWs, respectively (symbols), and the internal electron field (IEF) fitting result from
Equation (4.1-13). The peak emission wavelength was about 500 nm and the blue

shift with increasing excitation power for both of the MQWs.
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Figure 4.1-3 The PL peak emission energy with different excitation power for the
semipolar and c-plane MQWs (symbols) at T=15 K. The solid lines are the

internal electron field (IEF) fitting results from Equation (4.1-13).

For both of the MQWs in the low excitation power region, the emission peak
blue shifts significantly, which can be assigned to band filling effect of localized state.
After filled the localized state, the blue shift of both LEDs may be explained by the
carrier screening of the QCSE resulted from piezoelectric fields [54-55]. It can clearly
be seen that the blueshift of semipolar LED is only about 70 meV, which is much
smaller than that of 200 meV in the c-plane LED’s. This phenomenon indicated the
internal electric field (IEF) in semipolar MQWSs was much smaller than that in the
c-plane LED. By fitting the experimental data with equation 4.1-13, the internal
electric field (IEF) of the MQWs was found to be remarkably reduced from 1.7 to 0.5
MV/cm as changing the growth plane from c-plane to semipolar plane.
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4.2 Property of the internal quantum efficiency (IQE)

We have demonstrated the reduction of the internal electric field (IEF) in the
semipolar MQWs. According to the theory of QCSE, the wave function overlap
between electron and hole will be enhanced, thus internal quantum efficiency (IQE)
will be improved. In this section, we analysis the IQE properties with the semipolar

and the c-plane MQWs.

4.2.1 Theory and measurement of IQE

The active region of ideal LED emits one photon when one electron injected.
Each charge quantum-particle (electron) produces one light quantum-particle (photon).
Thus the ideal active region of an LED has a quantum efficiency of unity. The internal

quantum efficiency (IQE) is defined as:

number of photons emitted from active region per second _ Ip/EpL

Mint =~ imber of electrons injected into LED per second Igx/EEx (4.2-1)
where Ip; and Igy are PL intensity and excitation intensity, respectively. Ep; and
Egx are PL photon energy and excitation photon energy, respectively. C is a
constant affected by mostly carrier injection efficiency by laser, light extraction and
correction efficiency of PL, and does not depend on either excitation power density or
measurement temperature.

From the theoretical of carrier dynamics, we can assume that the IQE is 100% at

low temperature (LT). In order to cancel the constant C, we divide the IQE at RT by

the IQE at LT, consequently, the IQE of the LED at room temperature (RT) can be
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rewrite as:

(C IPL/EPL)
(1’ ) _ IEX/EEX RT — (IPL)RT — IR;T
intJRT <C IPL/EPL> UpL)it Io
Igx/EEX) T

(4.2-2)

In the light of equation (4.2-2), we measured the excitation power dependent PL
intensity at low and room temperature, and then the IQE curves as a function of
excitation power and temperature can be obtained.

By rotating the filter, we can vary the excitation power changing from 5x107
mW to 80 mW. We note in every PL measurement setup, the diameter of laser spot
may have different spot size. Therefore, though we can plot the relationship between
the injected power and the efficiency, it will be more convenient for comparison and
reflect the influence of the carrier density more clearly, if we can transfer the power
intro carrier density. To do that, we can follow the equation below to transfer our

injected power to carrier density (n):

P
n=
(M) x@XdgctiveXf

X exp(_aGaNdGaN) X [1 - exp(_aInGaNdactive)] X (1 - R)

(4.2-3)

The injected carrier density is determined primarily by the power of pumping
laser (P), the energy of injected photon (hv), the spot size of pumping laser (¢), the
thickness of GaN and active region (dgan, dactive), the repetition rate of pumping
laser (f), the absorption efficiency of GaN and InGaN (@gan: Xingan), and the
reflectance of pumping laser (R), as expressed by the following equation. We

choosegp = 50 um, dgoy = 120 nm, dgepive = 60 nmand 30 nm (semipolar and
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c-plane), aj,gen = 10° cm™, f =76 MHz and R = 0.1 and 0.4 (semipolar and
c-plane) to calculate the injected carrier density in our samples. Here we ignore the
absorption of GaN since the energy of pumping photons is less than its energy

bandgap, i.e. agay = 0.

4.2.2 Experimental result and discussion

Figure 4.2-1 and Figure 4.2-2 shown the IQE with different injected carrier
density of the semipolar and c-plane MQWs. The IQE at injected carrier density about
3x10"" cm™ (same carrier density with 12 mil chip size at 20 mA ) of the semipolar
and c-plane MQWs was 44% and 28%, respectively. It was enhance about 57 % from
the c-plane to the semipolar MQWSs. This result evinced that the QCSE of the
semipolar MQWs was much smaller than the c-plane MQWSs, which was consistent

with the internal electric field fitting result.
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To further confirm the reduction of the QCSE, the simulated of the energy band
diagram was used. According to the parameters, we obtained the simulated energy
band diagram (Figure 4.2-3). The energy band was much less distorted when the
growth plane changed from c-plane to semipolar. And the wavefuction overlap of the
c-plane and the semipolar quantum well (QW) are 60 % and 94 %, respectively. That
is, the wavefunction overlap was enhanced about 57 % which agrees with the

enhancement of IQE value mentioned above.

GaN 'InGaN' GaN GaN :InGaN:GaN

A\
A\

-2.5 |-

1 1 1
-4.0 -2.0 0.0 2.0 4.0 -4.0 -2.0 0.0 2.0 4.0
z(nm)

Figure 4.2-3 The simulated energy band diagram from the internal electron field

fitting results of (a) c-plane and (b) semipolar QW, respectively.

From the simulation result, it can be further clarified that the semipolar MQWSs
had smaller QCSE than the c-plane MQWs. And the internal electric field has been
greatly supressed on the semipolar surface, which alleviated the distortion of band
diagram as well as the QCSE. Thus, the IQE can be improved.
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4.3 Carrier dynamic of multiple quantum wells (MQWSs)

Once the wave function overlap between electron and hole is enhanced, the
transition probability of carriers in quantum well, which is associated with radiative
recombination lifetime, is expected to be increased. . In this section, the radiative
recombination lifetime was be qualitatively determined by time-resolved

photoluminescence (TRPL).

4.3.1 Analysis of carrier lifetime
All experiment data were fitted by a combined exponential and stretched

exponential line shape [56-58]:

I(t) = 1;(0)exp ( ) + 1,(0) exp (— é)ﬁ (4.3-1)

Y,
71
where I(t) is the PL intensity at time ¢, B is the dimensionality of the localized
centers [59-61], and T; and T, represent the initial lifetimes of the carriers.
Normally, the fast decay term T, is used represent Tp; since the PL intensity is
limited by the fast decay component [62].
The carrier lifetime in a semiconductor is related to nonradiative recombination
centers, as illustrated in Figure 4.3-1. If the radiative lifetime is denoted as t, and

the nonradiative lifetime is denoted as t,. , then the total probability of

recombination is given by the sum of the radiative and nonradiative probability:

1142 (4.3-1)
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Figure 4.3-1 Illustration of radiative and nonradiative transition in a

semiconductor.

The relative probability of radiative recombination is given by the radiative
probability over the total probability of recombination. Therefore, the internal
quantum efficiency (IQE) can be expressed in terms of the radiative and nonradiative

lifetimes [63-64]:

1
. (4.3-2)
nlnt - 1 - Tr_1+Tm~_1 :
TpL

The IQE gives the ratio of the number of light quanta emitted inside the
semiconductor to the number of charge quanta undergoing recombination. Note that
not all photons emitted internally may escape from the semiconductor due to critical
angle and reabsorption mechanisms.

By using the above equation, the internal quantum efficiency is determined by
the competition between radiative and nonradiative recombination processes. In this

material system, the radiative recombination rate is affected by the QCSE and exciton
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localization effects.
At low temperature (regard as absolute 0 K), the carriers have no kinetic energy
that the nonradiative probability is equal zero. The Equation (4.3-1) can be rewrite as
Tp, = T, (4.3-3)
However, as the temperature increases to room temperature (T=300 K), both of
radiative and nonradiative processes have to be taken into account. To separate the
Tp, INto T, and t,, , Using Equation (4.2-2) and (4.3-2) we can get the equation

like this:

|
T, = —Tp, (4.3-4)
Ipr

And the t,, can be calculate from Equation (4.3-1).

4.3.2 Experimental result and discussion

Figure 4.3-2 shown the TRPL spectrum of c-plane and semipolar MQWs at low
temperature (LT) and room temperature (RT). From Equation (4.3-1), the Tp, can
be calculated, as shown in Figure 4.3-2. It can be seen that the lifetime of the
semipolar MQWs was faster than the c-plae MQWs at both of LT and RT, which
means the carrier recombination probability of the semipolar MQWs was greater, that
was consist with the results of IQE measurements.

Combining the results of IQE from PDPL measurements, we can calculate t,

and t,, at room temperature from Equation (4.3-4), as shown in the Table 4.3-1.
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Figure 4.3-2 The TRPL spectrum of c-plane and semipolar MQWs at low

temperature (LT) and room temperature (RT).

C-plane Semipolar
LT (15 K) 1 (ns) 35.84 0.22
lo/lrT 5.00 3.84
RT (300K) |  tpL(ns) 8.11 0.09
T (NS) 40.55 0.34
Tnr (NS) 10.13 0.12

Table 4.3-1 The calculation result of z,, and t,,, from TRPL measurement.
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Generally, ,, is smaller than z, at RT, as a result, the ratio of 7, and t,, is
very important. The smaller t,./t,, ratio meansthe higher radiative recombination
property. The t, of the c-plane MQWSs was about 4 times longer than the t,,.. While
for the semipolar MQWs, the magnitude was decrease to about 3 times. Therefore, the
radiactive process was more comparable with nonradiactive process for semipolar
MQWs.

From the optical experiment results, the semipolar MQWs can reduce the
internal electron field (IEF) as well as the QCSE. Moreover, the wave function
overlap between electron and hole can be enhanced, which increase the IQE and the
radiative recombination time. These results were encouraging for developing high In
composition green emitters by using semipolar {10-11} surface as a growth plane by

SAE has great potential to solve the efficiency green gap of Il1-nitride light emitters.
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Chapter 5. Electrical Property of I11-nitride LED

In this section, we fabricated semipolar nanopyramid LED on GaN nanorod. The
emission color of nanopyramid LED from olivine to orange were investigated. The
following were the current-dependent electroluminescence (EL) spectrum behavior

analysis of these samples.

5.1 Device performance of green nanopyramid LED

The background of Figure 5.1-1 shows a photograph of green nanopyramid LED
at a forward current of 1=50 mA. A uniform emission distribution was observed over
the entire chip area. The light output power density L (the solid dots) and the bias
voltage V (the square dots) versus the forward current | of nanopyramid LED was
shown in Figure 5.1-1. The electric properties were comparable with conventional
c-plane LEDs [65]. Since the tatal active area of nanopyramid LED is estimated to be
two times larger than planer c-plnae LED, the forward current should be doubled for
comparing these two LED under the same current density. The output powers were
measured with a calibrated integrating sphere. The light output power density of
nanopyramid LED was 1500 mW/cm? at 40 mA [66-67]. The forward voltage (V) at
40 mA and series resistances (Rs) of nanopyramid LED are 3.61 V and 3.2 Q,

respectively.
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Figure 5.1-1 (Color online) The light output power density (m\W/cm?) versus
forward current and current versus voltage of nanopyramid LED. Background:

A photograph image taken under an injection current of 50 mA.

Figure 5.1-2 (a) shown the EL emission spectrum of nanopyramid LED with
different injected current at room temperature. There were two emission peaks in the
spectrum, the Peak 1 was about 500 nm and Peak 2 was about 560 nm under high
injected current. From spatial resolved CL measurement result (Figure 3.3-2 (d) and
(9)), the long wavelength at 560 nm was emitted from the apex of pyramids, and the

short wavelength at 500 nm was emitted from the sidewall facets of pyramids.
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Figure 5.1-2 (a) The EL emission spectrum with different injected current at

room temperature. (b) The two peaks wavelength shift from EL spectrum.
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By analyzing the EL spectrum, the current-dependent peak shifts were derived
and as shown in the Figure 5.1-2 (b). There were two phenomenon in the figure can
be observed. One was there existed only Peak 2 at very low current injection (<10
mA). Another was both peaks had strong blue shift in low injected current region, and
become stable after 40 mA.

Red color emission can be observed at injection current was 10 mA, the
corresponding emission wavelength was about 620 nm. Color change to olivine when
increased the injection current to 30 mA, there were two dominate peaks can be
observed, one was around 510 nm and 570 nm. After lager the injection current to 100
mA, the emission color changed from olivine to cyan, and the peak wavelength were
490 and 550 nm, respectively. EL luminescence images and the corresponding
spectrum were shown in Figure 5.1-3 (a)~(c) and Figure 5.1-4. The dash lines were

the result of Gauss multiple peaks fitting.
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(b) 30 mA

Figure 5.1-3 The photograph images taken under injection current of

(@) 10 mA, (b) 30 mA and (c) 100 mA.
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Figure 5.1-4 The EL spectrum under forward current of 10 mA, 30 mA and
100 mA, respectively (solid line). The results of Gauss multiple peaks fitting

(Dash line).

From these results, we supposed a current injection model of the nanopyramid
structure. By equation of charge density:

p=—2 (5.2-1)

4mr?

the smaller radius of curvature, the more current crowed. Therefore, from the
measurement results by spatial resolved CL in Figure 3.3-2, the current was crowded
at the apex of pyramids under very low current situation. Because of the current
spreading layer (ITO), carriers injected into the pyramids uniformly when increase the
injected current. Consequently, from Figure 5.1-4, the Peak 1 and Peak 2 ratio

enlarged with injected current can be observed. These were the evidence of why only
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Peak 1 can be observed under injected current lower than 10 mA and the main
emission wavelength at 500 nm appeared in high injected current region. The
schematic diagram of nanopyramid under different injected current was shown in

Figure 5.1-4.

L

Figure 5.1-5 The schematic diagram of nanopyramid LED under (a) very low

and (b) high injected current.
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Moreover, Figure 5.1-2 shown both peaks had strong blue shift in low injected
current region, and saturate in high injected current region. The longer wavelength of
both emission peaks at low injected current were emitted from localize states. And the
significant blue shift was due to carrier filling in localized states. After filling of
localized states, the peak emission wavelength was very stable which indicated the
reduction of QCSE in semipolar MQWSs. Worth a mention, the emission color would
be very stable under normal operation current by using nanopyramid LED. The peak
wavelength only made a 5 nm blue shift from 40 mA to 200 mA and stabilized at 495
nm, which evinced the low IEF properties of semipolar MQWSs. Worthy of mention,

the peak shift of conventional c-plane green LED was as large as 12 nm [68].

5.2 Device performance of olivine nanopyramid LED

As reducing 20°C (T4= 680°C) of growth temperature of MQWSs, the emission
color became olivine. The background of Figure 5.2-1 shows a photograph of olivine
nanopyramid LED at a forward current of 50 mA. The light output power density L
(the solid dots) and the bias voltage V (the square dots) versus the forward bias
current | of nanopyramid LED was shown in Figure 5.2-1. The light output power
density of nanopyramid LED was 1300 mW/cm? at 40 mA. The forward voltage (V)
at 40 mA and series resistances (Rs) of nanopyramid LED are 2.84 V and 3.5 Q,

respectively.

59



3.0x10° PR L SEEREEE C AR
S e L-lcuive, @ | & 4 |
& M s |2V curve
O 2510 FEEEEEEERE F S
= : 5

2.0x10° JEREEEEERRERERN o S
E Y 4
> | &
2 15x10° JEEEEEEEr g B SN S o
n ; 3 S
c ; =
O 1.0x10° BF AREEEC sy LRt 5 9
(@] : >
o [ ]
O 5.0x10° L S . B 1
% g
a oo BEZ S I s el

0 20 40 60 80 100 120 140 160 180 200

Current (mA)

Figure 5.2-1 (Color online) The light output power density (mW/cm?) and
forward voltage versus forward current of nanopyramid LED. Background: An

electrical luminescence image taken under injection current 50 mA.

Figure 5.2-2 (a) shown the EL emission spectrum of nanopyramid LED with
different injected current at room temperature. There are two emission peaks in the
spectrum, the Peak 1 and Peak 2 were 550 and 580 nm under high injected current.
The localized state filling effect was dominated below 40mA, and emission peak
became stable after 40 mA. The IEF could be remarkably suppressed at such long

emission wavelength.
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Figure 5.2-2 (a) The EL emission spectrum with different injected current at

room temperature. (b) The peak wavelength shift from EL spectrum.
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5.3 Device performance of orange nanopyramid LED

As further reduced the growth temperature of MQWs about 20°C (Ty= 660°C),
the emission became orange color. The background of Figure 5.3-1 shows a
photograph of orange nanopyramid LED at a forward current of 200 mA. The light
output power density of nanopyramid LED was 900 mW/cm? at 20 mA as shown in
the Figure 5.3-1. The forward voltage (Vi) at 20 mA and series resistances (Rs) of

nanopyramid LED are 2.22 V and 5.3 Q, respectively.
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Figure 5.3-1 (Color online) The light output power density (m\W/cm?) versus
forward current and current versus voltage of nanopyramid LED. Background:

A photograph image taken under an injection current of 200 mA.
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Figure 5.3-2 (a) shown the EL emission spectrum with different injected current
at room temperature. There are two emission peaks in the spectrum, the Peak 1 was
about 600 nm and Peak 2 was about 640 nm under high injected current. The emission
peaks of green, olivine and orange nanopyramid LEDs change with the same
tendency comparing as increasing the forward current which evinced the QCSE could
be greatly suppressed on semipolar surface at long emission wavelength region and

the emission wavelength could even been pushed as long as 640 nm.
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Figure 5.3-2 (a) The EL emission spectrum with different injected current at

room temperature. (b) The peak wavelength shift from EL spectrum.
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The characteristics of EL emission have been clearly described. From the EL
measurement results, the nanopyramid LED with green, olivine and orange emission
can be successful developed. Moreover, the nanopyramid structure had better In
incorporation efficiency compared with c-plane. These results are encouraging to

develop full color emitters by IlI-nitride {10-11} semipolar nanopyramid LEDs.
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Chapter 6. Conclusion

In the first part, the fabrication of green emission semipolar {10-11} GaN-based
LED on GaN nanopyramid template was given. The threading dislocation density
(TDD) in semipolar MQWs was reduced through bending by epitaxy lateral
overgrowth (ELO), which was shown in TEM images. The thickness of the quantum
well and quantum barrier were uniform on the incline facet. Moreover, the longer
emission signal was observed from the apex of pyramid by cathodoluminescence (CL)
measurements, which shown that higher Indium content was formed by the
geometrical structure and growth condition.

In the second part, we investigated the quality of semipolar {10-11} InGaN/GaN
MQWs by photoluminescence measurements. Comparing with the c-plane MQWs,
the internal electric field (IEF) of semipolar MQWs was drastically decreased from
1.7 MV/cm to 0.5 MV/cm. And the IQE enhancement was about 40% from c-plane to
semipolar MQWs. From TRPL measurement, the radiative recombination lifetime of
semipolar MQWs was shorter than that of c-plane MQWSs. Moreover, semipolar
MQWs had smaller ratio of z,/t,, at room temperature, which evince that radiative
recombination process is more comparable with nonradiactive process. These results
can confirm the reduction of QSCE by using semipolar {10-11} MQWs.

In the third part, we used current dependent EL measurement to analysis the
performances of green, olivine and amber emission nanopyramid LEDs. The L-I-V
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curves and photograph images of emission were given. And the emission wavelength
shift behavior was discussed. The light output power density of green nanopyramid
LED is as high as 1500 mW/cm? at 40 mA and the electrical properties are
comparable with conventional c-plane LEDs. It could be clearly seen that the peak
wavelength only made a 5 nm blue shift from 40 mA to 200 mA and stabilized at 495
nm, which evinced the low IEF properties of semipolar MQWs. Besides, the light
output power of olivine and orange LEDs were around 400 and 200 mW/cm?. The
leakage became pronounced from green to orange emission, which resulted from poor
crystalline quality as growing the orange emission MQWs at lowest temperature than
others. It is worth noting that the emission peak can be pushed as long as 640 nm in
the orange nanopyramid LED.

In summary, we successfully demonstrate the high quality green emission
semipolar {10-11} GaN-based nanopyramid LED, which has great potential to

develop high efficiency full color I1I-nitride light emitters.
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