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1. Introduction

1.1 Advantages of the I11-nitride Material System

In the past decades, the semiconductor technology has fundamentally changed our daily lives.
Nowadays, the semiconductor devices and components are almost indispensible in every field,
such as economy, education, industry, entertainment and so on. The materials supporting the
tremendous industry are silicon, which is used for the fabrication of the integrated circuits, and
111-V compound semiconductors such as GaAs, which is usually used in telecommunication based
on optical fiber network. The emerging Ill-nitrides material system, which includes GaN, InN,
AIN as well as their alloys has gained much research interest from worldwide. This material
system has many distinct properties. Il nitrides are wide, direct bandgap semiconductors. The
bandgap energy of their alloys covers a wide range from 0.7 eV for InN and 3.4 eV for GaN to 6.1
eV for AIN at room temperature, corresponding to a spectrum from near infrared until deep
ultraviolet. This makes it very suitable for short wavelength optoelectronic devices, such as
ultraviolet or blue light emitting diodes and laser diodes.” Besides, The physical and chemical
properties of the Il1-nitrides are very stable. The strong chemical bonds of the nitrides makes the
material very resistant to high temperature and chemical corrosion.*® GaN and AlGaN have very
high breakdown voltage and high electron velocity. The breakdown field for Si is 2x10° V//cm, for
GaAs 4x10° V/cm, and for GaN it is 3x10° V/em.*® The Monte Carlo simulated peak electron
velocity in GaN is close to 3x10” cm/s and the saturation velocity is 1.5x10" cm/s, considerably

higher than the values for Si and GaAs.® The different peak and saturation velocities are due to
1



the intervalley transfer of carriers. Moreover, I1I-nitrides and their alloys could form p-n junctions
and heterostructures such as InGaN/GaN multiple quantum wells (MQWSs), GaN/AlIGaN MQWs
and superlattices. These structures makes it possible to fabricate modern semiconductor devices

such as light emitting diodes, ™ laser diodes,**™¥ and high electron mobility transistors.*>®

1.2 Advantages of the Nitride-based LEDs

Among the applications of nitride semiconductors, light emitting diodes are now enjoying the
largest application and a very rapid growing market. Not only short wavelength LEDs such as blue,
violet, ultraviolet LEDs could be fabricated with Ill-nitride materials, but also white LEDs for
general illumination could be realized by combine the blue LED with yellow phosphors.
Compared to the traditional light source such as incandescent lamps or fluorescent lamps, the
nitride based LEDs, which is also mentioned as solid state lighting, have a lot of advantages. First
and foremost, the nitride based LEDs have a much higher energy conversion efficiency. At present,
the commercial white LED lamps have reached a luminous efficacy of about 150 Im/W.* The
consumed energy is just 1/5 of the incandescent lamps and 1/2 of the fluorescent lamps. A high
luminous efficacy over 300 Im/W with good color rending has been theoretically predicted.zo)
Since lighting consumes about 22% of the generated electricity, and two-thirds of that
energy is wasted as heat during the light generation process, the energy saving would

be substantial. Besides, energy saving will also help improve the environment since

lower energy consumption results in less emission of CO, and other waste such as
2



SO, from the power plants. Compared with fluorescent lamps, nitride-based LEDs don’t contain
poisonous chemicals such as mercury. The nitride based LEDs have a much smaller volume, so
apparatus with LEDs as the light source would have less weight and a much compact volume. The
life time of LEDs is about 50000 hours in contrast to the life time of 2000 hours for incandescent
lamps and 10000 hours for fluorescent lamps, respectively. Nitride based high-efficiency light
emitting diode has already been widely used as traffic signals, large panel display, indoor and

outdoor illumination, backlighting of LCDs, the headlights of vehicles, and so on.

1.3 Critical Issues for Improving the LED Efficiency

Despite the great success of the nitride based LEDs, there are still some fundamental factors
that restrains the LED efficiency. Firstly, due to the lack of lattice-matched templates, the GaN
material was grown on foreign substrates such as sapphire or silicon carbide. In a long history,
single crystal GaN film could not be obtained due to the large lattice and thermal mismatch
between GaN and the foreign substrates. In 1989, Akasaki and Amano et al. reported for the first
time high-quality single crystal GaN film with mirror-like surface by introducing a
low-temperature AIN buffer layer.*?? Although single-crystal GaN films grown on c-plane
sapphire templates with low-temperature buffer technology still exhibit a typical dislocation
density in the range of 10°~10' cm™, highly efficient nitride based short-wavelength light

emitting diodes have been successfully realized and commercialized.



Table 1.1 Lattice and thermal expansion mismatch between GaN
and various candidate substrates.?

Material Lattice constant | Coefficient of Lattice Thermal
(A) thermal mismatch of | mismatch with
expansion GaN on GaN (%)
(10K) material (%)
GaN a=3.189 5.59 - -
c=5.185 3.17
AIN a=3.111 4.20 24 25
c=4978 5.30
Si(111) a=5.430 3.59 -16.9 54
Aer = 3.840
Zn0O a=23.24% 5.2065 1.8 7
c=15.2065
Sapphire a=4.758 7.50 16 -34
c=12.99 8.5
Ay = 2.747
6H-SiC a=3.080 42 35 25
c=15.120

To further improve the device performance, various methods have been studied to improve the
GaN crystal quality. It was reported that by intentionally prolong the three dimensional growth,
the dislocation density could be reduced.”*?® However, with longer three dimensional growth
time, the time needed for island coalescence will be accordingly longer, therefore, there is a
tradeoff between the crystal quality and film thickness. Epitaxial lateral overgrowth (ELO) was
another effective way to drastically reducing the dislocation density.?’*? This technology uses
micro scale dielectric patterns as growth mask. At the overgrown “wing” region, the dislocation
density could be drastically reduced.®” However, at the window region, the dislocation from the
underlying template will penetrate into the regrown film, and at the coalescence front at the center
of “wing” region, new dislocation will be generated. Therefore, ELO will form periodic low
dislocation density and high dislocation density regions, which leads to a limited size of applicable
low dislocation area. An attempt to solve the problem of non-uniform dislocation distribution in

ELO is to use the nanoscale ELO (NELO).**® Due to the nanoscale spacing of the mask, the
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distribution of the dislocations would become more uniform and high-density dislocation
assembly in the microscale ELO would be eliminated. While the dislocation filtering is still
effective for dislocation reduction, new dislocation bending mechanism was also reported for
NELO. However, NELO technology will also introduce new dislocations at the coalescence front.
Therefore, the dislocation reduction will not be as effective when the dislocation density of the
template is quite low (~10° cm?).*® Besides, the NELO will also require a thicker film for
coalescence when the spacing of the mask window is larger, sometimes the full coalescence will
be very difficult.*” Patterned sapphire substrate (PSS) technology has become quite mature and
has been adopted by many LED epi-wafer companies. PSS is a desirable technology because it
can not only reduce dislocation density but also improve the light extraction efficiency.'**“%
Compared with the ELO technology, PSS method is more cost-effective since it does not require
another regrowth step. Hydride vapour phase epitaxy (HVPE) is a technology to grow high-quality
thick GaN substrates.***® Dislocation reduction in this technology was based on the fact that the
dislocation density became lower with increasing growth thickness due to dislocation annihilation.
By growing to a thickness of 100-300 pm, GaN substrate with dislocation density typically
between 10° and 10” cm 2 could be obtained.*” The critical issue for GaN substrates by HVPE is
the relatively high cost.

Another factor that restrains the LED performance is the spontaneous and piezoelectric

polarization induced quantum confined quantum stark (QCSE) effect, which causes the separation



of the electron and hole wave functions in the multi-quantum wells and results in a reduced
radiative recombination rate.***” According to the theoretical calculation, the QCSE effect could
be almost eliminated when growing MQWSs on nonpolar planes such as (1-100) or (11-20) planes,
and the piezoelectric field could also be reduced to 40% in value when growing MQWSs on

semipolar planes such as the (1-101) plane compared with the (0001) orientation.*®*¥
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Fig. 1.1 Calculated longitudinal piezoelectric field in strained GaNgglng ;N

on GaN as a function of the polar angle from (0001)."®

LED grown on nonpolar or semipolar GaN substrate has been reported by many groups.5°'54)

However, the nonopolar or semipolar GaN films are very expensive and has very limited size,
which makes it less likely for mass production. An alternative way to derive nonpolar or semipolar
planes is to implement the nanostructures. Nonpolar (1-100) and semipolar (1-101) planes are
usually observed when growing GaN nanorods or nanopyramids.55'57) By growing MQWs on such

templates with nanostructures, it’s also possible to reduce QCSE. Besides, due to the nanoscale



size, strain relaxation was usually observed for the nanostructures.®®*% Strain relaxation will lead
to a reduction of piezoelectric field and hence a further reduction of the QCSE.

Due to the high refractive index of GaN (~2.5), the total reflection angle into the air is only
23.5°. The fraction of light that is emitted into the escape cone is about~0.04 .50 A large portion of
the emitted light is confined inside the LED chip and after repeated reflections eventually been

absorbed and dissipated as heat.
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Fig. 1.2 Schematic of light trapping inside a LED chip.

The LED external quantum efficiency is calculated as:

External quantum efficiency = internal quantum efficiency (IQE) x light extraction efficiency
(LEE)

For nitride based highly efficient blue LED, the IQE could be around 90%. A main factor
limiting the device performance is the light extraction efficiency. There are a lot of reports on
improving the LEE, for example, by surface roughening or texturing,el'ss) by using microscale or
nanoscale structures such as nanopillar or nanoporous templates,“’ﬁs) or by using patterned

sapphire substrates.*8*"



1.4 Organization of This Thesis

In this thesis, aiming at the above mentioned critical issues, we designed and studied several

novel nanostructures which has the potential to improve the LED performance.

In Chapter 2, the metalorganic vapour phase epitaxy (MOVPE) growth system and the common

characterization systems were introduced.

In chapter 3, first, the nanoscale patterning with nanoimprint was introduced. Then, the

fabrication processes of the nanohole-patterned SiO, mask as well as the the nanohole-patterned

GaN templates were introduced.

In chapter 4, we propose a novel thermal etching process for nanoporous template fabrication.

Compared with common nanostructures fabricated by dry etching, the thermal etching method

was dislocation sensitive, which could greatly increase the crystal quality. Meanwhile, dense

embedded voids with lengths more than 1 um were formed, which could greatly enhance the light

extraction efficiency. The applications of the nanoporous templates to overgrown GaN as well as

InGaN/GaN MQWs were characterized in detail. However, the QCSE could not be reduced by

such structure since the MQWs were still grown on the coalesced planar c-plane surface.

In chapter 5, MQWSs were directly grown on the semipolar (1-101) planes of the GaN

nanopyramids to reduce the QCSE. Until now, in all the reported GaN nanopyramid based LEDs,

unlike the microscale pyramids, the size of the nanopyramids was restricted by the mask window.

We realized highly uniform nanopyramid arrays with controllable size while abnormal island was

completely suppressed. This technology is expected to have a much faster coalescence of p-GaN
8
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layer and thus a reduced serial resistance of the nanopyramid based LED. A larger light emitting

area and a better crystal quality are also expected. The structural and optical properties were

characterized and discussed in detail. However, just like the other reported nanostructures, the

indium composition distribution was not uniform on the nanopyramids. Besides, by forming a flat

p-GaN surface, the light extraction efficiency by such nanostructure will be minimized.

In Chapter 6, we report the results of InGaN/GaN MQWs as well as LEDs grown on regular

nanohole-patterned GaN templates. The MQWs were directly grown the strain relaxed nanohole

template. This structure showed greatly improved light extraction efficiency due to forming

distinct nanostructures. The structural and optical properties of the samples were investigated in

detail.

In Chapter 7, we summarize the results and suggest the future work. A overview of the content

in each chapter is illustrated in Fig. 1.3. The schematic cross-sectional images of crystal structures

studied in this thesis are shown in Fig. 1.4.
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2. Metalorganic Vapour Phase Epitaxy and Characterization Systems

2.1 MOVPE Growth System

In this research, we used an MOVPE equipment for nitride growth. Samples were grown in a
horizontal MOVPE reactor made by EpiQuest, Inc. Figure 2.1 shows the growth chamber and the
loadlock chamber that are connected with a transfer gate. The loadlock chamber configuration
decreases the possibility of contaminating the growth chamber when setting samples into the
chamber. During growth the chamber pressure was controlled manually by a valve and the
chamber pressure was constantly monitored. The growth pressure could be varied from about 100

Torr to 760 Torr when using the standard flow rates.

Growth

chamber

Fig. 2.1 Photograph of the growth chamber and the loadlock chamber.

The schematic of the MOVPE system is shown in Fig. 2.2. Trimethalgallium (TMG),

Trimethalaluminum (TMA), Trimethalindium (TMI), and Triethalgallium (TEG) are used as 1|
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precursors, ammonia with purity of 5N is used as the V precursor. Bis-ethylcyclopentadienyl
magnesium (EtCp,Mg) was used as the dopant for p-GaN growth, and (CHs),Si was used as
dopant for n-GaN growth. Purified hydrogen and nitrogen were used as the carrier gas. The Il
precursors and ammonia are introduced into the growth chamber separately to avoid the parasitic
reaction. The precursors were mixed just before reaching the susceptor. This is realized by
optimizing the flow rates of the MO pushing line and ammonia pushing line. The Ill-line and
V-line could both be introduced into the chamber or be directed to a bypass line by switching the
valves. When switching the flows into the growth chamber, a dummy line with the same flow rate
is always used in order to keep the flow inside the chamber stable. This machine is initially
designed for atomic layer deposition of Il1-nitrides, therefore the valves controlling the precursors
into the growth chamber have a very high switching speed of 0.1 s. There are three gas flows
introduced into the flow channel: the ammonia flow is at the bottom to make more efficient
decomposition of the ammonia. At the middle it is the I11-line flow. The n and p dopants are also
introduced from the IlI-line. At the top there is a sub-flow to “press” the precursors, making them
more effectively react on the susceptor. The susceptors are coated with BN or SiC, and the
susceptor temperature is detected by a thermal couple right beneath the susceptor and controlled
by PID control. There are susceptors for 1 piece 4” wafer or 3 pieces of 2” wafers. Still we can use
even smaller pieces of templates (a quarter of 2” wafer or 1x1 cm?) for growth along with dummy
templates.
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Fig. 2.2 A schematic of the MOVPE system.

Some of the samples were also grown by MOVPE with a showerhead configuration. The

showerhead structure is shown in Fig. 2.3.

Fig. 2.3 (a) photograph of the showerhead structure, (b) photograph of the surface of the

showerhead structure.

2.2 Introduction of Nitride Growth Process

Typical growth process for the GaN templates used in this research are shown in

Figure 2.4.
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Fig. 2.4 Typical growth process of the GaN templates.

Growth conditions for GaN templates are summized in Table 2.1. 0.2° off cut c-plane sapphire
substrates (Namiki Precision Jewel Co., Ltd.) were used. The steps including high temperature
(HT) cleaning, low temperature (LT) nucleation, annealing of LT buffer layer, and HT GaN
growth are crucial for high quality GaN films.%? The growth process of the undoped GaN
template using the showerhead structure is similar to that of the side flow structure. The undoped
GaN templates are generally n-type with a background elctron of ~3x10'® cm™, which may be

3)

caused by nitrogen vacancies  or unintentioally incorporated impurities such as oxygen.“’
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Table 2.1 Typical growth condition for GaN templates.

LT GaN buffer HT GaN
Temperature ('C) 550 1100
Pressure (Torr) 500 500
NH; flow rate (scem) 5000 5000
TMG Flow rate (sccm) 6 20
V/III ratio 7145 2144
Growth time (min) 7 60

For the growth of InGaN/GaN MQWs, to effectively incorporate indium, nitrogen is usually used

as the carrier gas instead of hydrogen. A large ammonia flow could be used to suppress the

decomposition of InGaN. The typical InGaN growth temperature used in this research was

between 730~800 °C. Different growth temperatures of the InGaN quantum well and the GaN

barrier layer were sometimes used in previous reports to improve the barrier crystal quality. In our

experiment, a higher barrier growth temperature didn’t show obvious improvement of the crystal

quality, which might be due to the decomposition of the InGaN wells. Therefore, a constant

temperature is used for InGaN well and GaN barrier growth. A typical InGaN/GaN MQWs growth

process is shown in Fig. 2.5. The coresponding growth parameters are listed in Table 2.2. Here we

used a relatively high growth rate for the InGaN quantum wells. In order to keep a blue emission

with a wavelength around 450 nm, decreasing the growth rate will lead to a lower indium

incorporation, which requires to decrease the growth temperature to keep the indium composition

almost the same. Although the InGaN well growth condion was not fully optimized, we found this

condtion gave an intense photoluminescence (PL) emission and satisfied our experimental porpose
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for comparison of the different templates. Before regrowth of the MQWSs, the fabricated templates

were thermal cleaned at 950 °C for 5 min to remove possible contaminations or surface impurities

such as oxygen. No higer thermal cleaning temperatuer was used in order to prevent the

deformation and desorption of the nanostructures.
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Fig. 2.5 Typical growth process of InGaN/GaN MQWs.

Table 2.2 Typical growth condition of InGaN/GaN MQWs.

TEG (pumol/min)
TMI (umol/min)
TMIATEG+TMI)
NH; (SLM)
Growth Temp. ('C)
Pressure (Torr)

Process Time (min)

15.56 15.56
- 10.38
- 0.56
8 8
760 760
500 500
6 1

22



The growth conditions of the p-GaN, n-GaN, and AlGaN electron blocking layer were
investigated using the showerhead configuration.

The growth condition of n-GaN was based on the undoped GaN growth condition. Highly
conductive n-GaN layers with an electron concentration of 3.72x10*® cm™ and a mobility of 217
cm?/V/s at room temperature were obtained with a (CHs),Si/TMG flow rate ratio of 8.2x10™.

For AlGaN growth, growth pressure is an important factor. In our experiment, we found it very
difficult to incorporate the aluminum when using a pressure of 200 Torr, which was the growth
pressure for GaN template. When the growth pressure was decreased to 100 torr, the aluminum
was successfully incorporated. This is attributed to a decrease of parasitic reaction, i.e. vapor
phase reaction of the precurors before reaching the sample surface, which has been reported in the
literature.>” With a TMA/(TMG+TMA) mol fraction of 0.25, AlGaN film with an Al composition
ratio of 10% was obtained.

For p-GaN growth condition investigation, we decreased the growth temperature to 950~980 °C,
which is the typical p-GaN growth temperature for the LED strucuture. The lower growth
temperature is used to protect the underlying InGaN quantum wells from decomposition. When
the growth was conducted at 200 Torr, we found it very difficult to incorporate magesium, which
is very similar to the case of AlGaN growth at 200 Torr. When the growth pressure was reduced to
100 Torr, Mg incorporation was obviously improved, which suggested that probably parasitic
reaction resulted in the poor magnesium incorporation at the pressure of 200 Torr. The
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incorporated Mg concentration could be roughly estimated by the peak position of the PL
spectrum.? For highly Mg doped GaN films (Mg concentration > 1x10*° cm™®), the GaN bandedge
emission usually disappears and another broad blue emission peak at about 430 nm arises.®*% This
blue emission peak might be related to the transitions from a deep donor to the shallow Mgg,
acceptor.“) Comparing the room temperature PL spectra of the p-GaN layers in Fig. 2.6, we found
a high-concentration Mg incorporation at a EtCp,Mg flow rate larger than 90 sccm at a pressure of

100 torr.
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Fig. 2.6 Room temperature PL spectra of the p-GaN layers
with different EtCp,Mg flow rate at a pressure of 100 Torr.

Secondary ion mass spectrometry (SIMS) of this sample in Fig. 2.7 showed a Mg concentration
of 3x10™ cm™. However, including this sample, no p-type conductivity was observed for any of
the p-GaN films by Hall measuement. In the SIMS result, we found a drastic increase of carbon
concentration when we started to grow p-GaN layer at a lower temperature of 960 °C, which

suggested a great impact of the growth temperature on the film properites. Comparing the Hall
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measurement results of the undoped GaN films grown under 1100 °C and 960 °C, we found a
much larger background electron concentration (>1X 10" c¢m™) in the film grown at the lower
growth temperature compared with a concentration of 3 10*® cm™in the film grown at the higher
temperature. To confirm whether the high background electron concentration should account for
the difficulty in getting p-type GaN, we performed p-GaN growth at elevated temperatures. Two
magnesium-doped GaN films were grown at 1025 °C and 1050 °C while keeping other parameters
the same as the sample in Fig. 2.7. Although the sample grown at 1025 °C still showed n-type
conductivity, the sample grown at 1050 °C showed p-type conductivity with a hole concentration
of 4.98X 10" cm™ and a mobility of 7.2 cm?\Vs. Therefore, the difficulty in realizing p-GaN in
our experiment was confirmed to result from the high backgound electron concentration at growth
temperatures lower than 1050 °C. However, the origin of the high background eletron

concentration is still unclear. Further optimization of the p-GaN growth condition is required.
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Fig. 2.7 SIMS depth profile of H, C, Si concentrations (a) and Mg concentration (b)

of the p-GaN film with a EtCp,Mg flow rate of 90 sccm.
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2.3 Characterization Systems

For Il1-nitride epi-layer characterization, several common characterization systems are used.

PL spectra were measured by a micro PL system using a 325 nm He-Cd laser source. A compact
micro PL system with a excitation wavelength of 405 nm was also used for LED structure
measurement. Another 405 micro PL system with tunable excitation power was set up for internal
quantum efficiency measurement using the method proposed by Dai et al.® The excitation power
could be varied automatically by switching the neutral density filter, and the integrated PL
intensity is automatically calculated by the software.

X-ray diffraction (XRD) is an effective and indispensible way for nitride epi-layer
characterization. The XRD equipment (SmartLab, Rigaku) uses a 2-bounce Ge (220) crystal
monochromator and a 2-bounce Ge (220) analyzer to improve the resolution. AuK, target (A =
1.280100 A) is used here instead of the more commonly used CuK, target (A = 1.54056 A), so the
diffraction angle may be different from some other reports. The crystal quality of the GaN
template was characterized by the full width of half maximum (FWHM) of the rocking curve scan
of the (002) and (102) planes. The FWHM of the (002) is related to the screw dislocation density
and that of the (102) plane is related to a combination of the screw and edge dislocation
densities.™® The barrier and well thickness of InGaN/GaN multiple quantum wells grown on
c-plane as well as the In composition was derived by the (002) 26-w scan followed by simulation
using the software provided by Rigaku assuming the fully strained state of the InGaN quantum

wells and the AlGaN electron blocking layer. The thickness as well as the aluminum composition
26



of the AlGaN electron blocking layer could be derived in a similar way. The strain state of the
MQWs was characterized by reciprocal space mapping of the asymmetrical reflection of the (105)
plane.14'15)

The surface roughness of the samples are characterized by atomic force microscope (AFM)
(Nanocute, SII NanoTech, Inc.). Unlike the conventional AFM equipment, the laser is integrated
inside the probe, so no special adjustment of the laser is required. The probe-sample contact was
also controlled automatically by the piezoelectric effect of the probe. Therefore, the measurement
is quite automatic and convenient. In this research, the surface roughness of the GaN films and
MQWs was characterized by root mean square (RMS) value. By comparing the number of surface
step terminations, a rough comparison of the dislocation density of the GaN films could be
made.’®*” The pit density and surface roughness are important values to judge the crystal quality
of the MQWs.

Cathodoluminescence (CL) measurement is an important tool for nitride material
characterization. In this research, panchromatic CL images were used to directly measure the
dislocation densities of the GaN films.’*'® The CL spectrum of the MQWSs could be used to
determine the crystal quality and indium content. The monochromatic CL images of the MQW:s on
nanostructures were measured to investigate the microscale origins of light emission at different
Wavelengths.zo) The indium composition distribution could also be deduced.

The strain state of the nanostructures such as the nanoporous template was characterized by
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Raman measurement. The raman measurement equipment (inVia Raman microscope, Renishaw)
utilizes a 532 nm laser source. The resolution of Raman spectrum is 1.5 cm™. A better resolution
could be obtained by fitting the spectra with a commercial software provided with the equipment.
Before measurement, the equipment is calibrated with a standard silicon sample. A nearly strain
free bulk GaN substrate was usually used as a reference. The strain state of the GaN film was

reported to be related to the peak position of the E,""

mode of the Raman spectrum. A redshift
from the peak position of strain free state stands for a compressive stress which was usually
observed in GaN grown on sapphire substrates; while a blueshift stands for a tensile stress which
presents in GaN grown on silicon substrates 2D The strain relaxation of the GaN film could be
calculated by the equation

A ®= Kra 203,

where kg » = 4.2 cm™ GPa™ is the Raman factor, o, is the biaxial stress, and U@is the

Raman shift of the Eghish mode.2V
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3. Nano-patterned Mask Fabrication

3.1 Nanoimprint Process

For the nanopattern fabrication for nitride growth, several methods have been developed.
Electron beam lithography (EBL) can be used to design arbitrary nanopatterns with very high
resolution.™? Lift-off method could also be combined with EBL to fabricate other hard etching
masks such as nickel, by which the etching selectivity to GaN could be greatly increased.
However, the EBL is usually very time consuming and the patterned area is usually quite limited,
which limits its application to mass production. Spontaneously formed nanoscale Ni particles by
rapid thermal annealing has also been reported for nanopattern fabrication.*¥ With this method,
large scale nanopatterns could be fabricated. However, the distribution of Ni particles is random,
and the size and shape of the nanoparticles could not be well controlled, which makes it not
suitable for regular pattern fabrication. In this research, nanoimprint lithography (NIL) was used
for nanopattern fabrication. Nanoimprint, invented in 1995 by Stephen Y. Chou,is a
high-throughput, low-cost nanoscale patterning method.” Compared to the above mentioned
methods, the NIL technology could fabricate nanopatterns on a very large scale. The nanopatterns
could be precisely transferred from the molder to the resist. Very regular patterns could be
fabricated with high reproducibility.

In this research, all the nanopatterns were processed by a thermal nanoimprint process. The
nanoimprint equipment X500 made by SCIVAX was used. The nanoimprint molder with nanohole

pattern was made of silicon and processed by EBL. The patterned area of the molder was 4 inch in
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diameter. The nanohole pattern is illustrated in Fig. 3.1.

000000
OO0 CO00
900000

Fig. 3.1 Schematic of the nanohole-pattern distribution

on the silicon molder.

The nanoholes are regularly distributed in a hexagonal geometry. The hole diameter and pitch

was 230 and 460 nm, respectively. The height of the nanopattern was 200 nm. The thickness of the

resist required for such pattern could be easily calculated by keeping constant the resist volume

before and after NIL. The calculated thickness is about 150 nm for the nanohole pattern. With this

thickness the nanopattern will have maximum height and the least residual resist. Then the

nanopattern was transferred to a film (ZF 16-100, Zeon Corporation) by a thermal nanoimprint

process. The films are used as the direct molders for nanopattern fabrication on the wafers. Before

the NIL process, the silicon molders are processed with a release agent (Optool HD-2100Z,

Daikin Industries, Ltd.) for better demolding. This could also protect the nanopatterns on the

molder. After pattern formation, the film was coated with ~20 nm nickel by sputtering to increase
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the hardness and lifetime of the film mask. Then the film is also processed with a release agent

(Optool HD-1100Z, Daikin Industries, Ltd.) for better demolding. One film could be used for

about 10 times or even more with good precision as suggested by the equipment vendor. This

greatly increases the lifetime of the silicon molder.

The nanoimprint resist was injected using a syringe capped with a filter to prevent small

particles. There were two types of thermal resist used in this research. One was MTR-01 provided

by MARUZEN PETROCHEMICAL CO., LTD. The other was NXR-1025 provided by Nanonex.

For MTR-01, a 3000 rpm spin coating rate was used. After that, the sample was heated in a

vacuum oven at 100 °C for 30 min and 200 °C for 20 min for dehydration and finally naturally

cooled down to room temperature. For the second resist, a 3500 rpm spin coating rate was used.

Then the sample was heated with a hot plate at 150 °C for 5 min. In both cases, the thickness of

the resist was about 150 nm.

The configuration of the nanoimprint parts is illustrated in Fig. 3.2. There was a 8 inch silicon

wafer at the upper stage. On the lower stage, one 8 inch silicon wafer was bonded with another 6

inch wafer on top of it. A carbon sheet between the two silicon wafers on the lower stage was used

as a “cushion” to prevent the silicon wafer from cracking during the high-pressure pushing process.

The silicon wafers with very flat surface was used to obtain a uniform imprint pressure as well as

good thermal conductivity. The sample and film mask was placed face-to-face. The upper and

lower stages were heated to process temperature during the imprint process, and the cooling of the
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stages could be either water cooling or air cooling. The water cooling has much fast cooling speed
compared with air cooling. However, if the cooling speed is too high, then the automatic stage
control speed, which was used to keep the pressure constant, may not be able to follow the thermal
contraction of the resist. Therefore, we used air cooling at high temperatures to keep a good shape
of the pattern. After the temperature is decreased, then water cooling is used for a fast cooling
speed.

8” Si

6” Graphite

6” Si
@® 130 mm film mask

Wafer with resist

4” Graphite
I 8 Si
Fig. 3.2 The configuration of the nanoimprint parts.

(a)

Molder

Resist

substrate

(b)

(c)

Fig. 3.3 Typical thermal nanoimprint process.
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The typical thermal nanoimprint process is illustrated in Fig. 3.3. The process steps of a typical

nanoimprint recipe are as follows:

1)

2)

3)

4)

5)

6)

Pressurizing: to lower down the upper stage to the position ready for chamber sealing and

evacuation.

Vacuum: pump down the chamber pressure from atmosphere by -70 KPa to evacuate the

air. Without this step, small air bubbles might present between the sample and the film

mask. In such case uniform nanopatterns could not be fabricated.

Pressurizing: to make the film mask just start to contact with the sample surface by exerting

a small load. In this step the upper stage position is controlled with a relatively fast speed to

save the process time.

Heating: the sample was heated to the glass-transition temperature of the resist provided by

the vendors. For MTR-01, the process temperature was 155 °C, and for NXR-1025, the

process temperature was 120 °C.

Pressurizing: during this step, the nanopattern on the film mask was transferred to the resist

by pressing the film mask towards the resist with a uniform high pressure. In this research,

a high pressure of 8~11 MPa was used.

Cooling: The resist was cooled down to make the resist pattern solid. For MTR-01, air

cooling was used to decrease the temperature to 125 °C before taking out the sample.

However, for NXR-1025, a lower cooling temperature (~40 °C) was found to obviously

35



improve the quality of the nanopattern. Therefore, water cooling was used to decrease the

temperature to about 40 °C.

7) Demolding: chamber vent to atmosphere and the upper stage moves upward to the origin

position automatically. The film mask automatically detaches from the sample.

The SEM images of the fabricated nanoimprint patterns were shown in Fig. 3.4.Very regularly

distributed nanohole patterns were transferred from the film molder to the resist with high

precision. The depth of the nanoholes in the resist was about 125 nm, and the residual resist at the

bottom of the nanoholes was about 25 nm.

5-5200 3.0kV 0.6mm x30.0k SE 2011/09/07 21:31

Fig. 3.4 (a) Plan-view and (b) cross-sectional view SEM images of the nanoholepattern formed
on the resist after NIL.

3.2 Fabrication of the nanohole SiO, mask

The nanohole-patterned SiO, mask used in chapter 4 and chapter 5 was fabricated as follows. 2

inch GaN template with a thickness of 2 um grown by MOVPE was used for the process. After

standard sample cleaning procedure (acetone, methanol, and pure water in ultrasonic for 5 min and
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nitrogen blow dry), a SiO, layer with a thickness of 45 nm was deposited on the template by

sputtering. The RF power of the sputtering process was 200 W and 20 sccm Ar gas was introduced.

The sputtering rate was 2.2 nm/min. Then a thermal nanoimprint process was used to form the

nanohole patterns on the resist, followed by a dry etching process to transfer the nanohole pattern

from the resist to the SiO, mask. A reactive ion etching equipment (RIE-10NR, Samco) was used

for SiO, dry etching. The maximum process area was 8 inch in diameter. Within this area, the

etching rate was quite uniform. CF, with a flow rate of 20 sccm was used as the etching gas. The

radio frequency (RF) power was 70 W and the chamber pressure was 5 Pa. The etching time was 4

min 30 sec. Here we used a relatively low RF power to reduce the physical bombardment of the

resist and increase the chemical etching effect. This is used to increase the etching selectivity and

achieve a largest possible etching depth. High etching selectivity is not essential for this SiO,

pattern, but more important in fabricating the GaN nanohole template in chapter 6. This etching

condition will result in a slightly taped side wall due to the increased isotropic chemical etching.

We didn’t calculate the average etching rate, since the nanoscale pattern may cause a non-constant

etching rate. Instead, we directly investigated different etching times and checked the etching

result by SEM to investigate the optimal process time. After the dry etching process, the residual

resist was removed by oxygen plasma ashing. This fabrication process is illustrated in Fig. 3.5

with an SEM image of the fabricated SiO, nanohole mask.
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Fig. 3.5 The fabrication process of the SiO, nanohole mask and an SEM image of the

fabricated mask.

3.3 Fabrication of the GaN nanohole template

The process flow of the the GaN nanohole templates used in chapter 6 was also illustrated in

Fig. 3.5. Silicon-doped 2 inch GaN template with a thickness of 3 um grown by MOVPE was

used for the process. After standard sample cleaning, a SiO;, layer with a thickness of 100 nm was

deposited on the template by sputtering. The RF power of the sputtering was 200 W and 20 sccm

Ar gas was introduced resulting in a sputtering rate of 2.2 nm/min. Then a thermal nanoimprint
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process was used to form the nanohole patterns on the resist. The nanohole pattern was transferred

from the resist to the SiO, mask by RIE. The etching condition was the same as that mentioned

previously except a longer process time of 6 min. Here 100 nm thick SiO, was used in order to get

a SiO; nanohole pattern with maximum etching depth. Although relatively lower RF power was

used to increase the etching selectivity of resist to SiO,, after 6 min etching, the resist was almost

totally etched. The etched SiO, thickness is about 85 nm, leaving about 15 nm residual SiO,

remained in the hole region. In this way, we got the maximum possible etching depth.

Subsequently the sample was loaded into an inductively coupled plasma (ICP) etching chamber

(CE-300IN, ULVAC) for GaN dry etching. Pure Cl, was used as the etching gas. The flow rate

was 30 sccm, and the chamber pressure was 5 mTorr. The antenna power was 150 W and the DC

power is 10 W. The high vacuum atmosphere leads to a very anisotropic etching. A low DC power

of 10 W was used to reduce the surface damage. The average etching rate for a planar GaN

template was about 55 nm/min. However, the nanoscale pattern may cause a non-constant etching

rate. We directly investigated different etching times and checked the etching result by SEM. We

adjusted the etching time until the SiO, mask almost etched away but still a little thickness 10~15

nm left. In this way, we got the maximum GaN etching depth while keeping the c-plane surface

away from dry etching damage. By 8~10 min dry etching, nanohole pattern with a depth of

400~500 nm could be fabricated.
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4. GaN Overgrowth on Thermally Etched Nanoporous Templates

4.1 Background

In recent years, the nanostructures have been intensively studied for Ill-nitride growth. The
nanostructures were reported to effectively improve light extraction efficiency as well as crystal
quality.l'e) There are generally two categories considering the use of the nanostructure for nitride
growth. One is to use nanostructures as templates for GaN film overgrowth. GaN was grown on
such templates until a flat surface was achieved. Then InGaN/GaN MQWs or full LED structure
could be grown on the coalesced film.”® The other is to directly grow InGaN/GaN multiple
guantum wells on the nanostructures. For the former case, the nanostructure is used for dislocation
reduction as well as light extraction efficiency improvement. The latter case makes the full use of
properties of the nanostructures. There might be larger light emitting area, and nonpolar and
semipolar planes could be realized.>® Therefore the QCSE effect could be suppressed leading to a
higher internal quantum efficiency. However, this approach usually results in poor electric
properties by introducing a larger serial resistance to the LED device. In this chapter, we report on
a novel thermal-etching method for the fabrication of nanoporous templates. The direct growth of
MQWs on nanostructures will be discussed in chapter 5 and 6. To fabricate large-scale nanoporous
GaN templates, inductively coupled plasma (ICP) dry etching using an anodic aluminum oxide
nanohole mask and electrochemical etching methods have been reported.***™” However, the
limited selectivity of ICP dry etching makes deep-hole fabrication quite difficult. Long time dry
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etching will introduce damage to the surface of the nanostructures. By electrochemical etching,
dense nanoscale voids with very small size could be formed in the GaN template.lo) In these
processes, GaN etching is carried out outside the growth chamber. Recently, Yeh et al. reported
hydrogen etching of GaN templates in a hydride vapor phase epitaxy (HVPE) reactor for patterned
structures.? Long nanopores with very small diameters were observed in the experiment. Such
in-situ method offers a possibility to integrate the nanostructure fabrication with the growth
process. However, the control of pore diameters was not reported. In addition, GaN overgrowth in
their report showed little improvement in crystal quality. Until now, thermal etching in an MOVPE
reactor for the fabrication of nanoporous structures has not been reported. Thermal etching in an
MOVPE chamber for nanostructures is promising because almost all commercial LED wafers are
produced by MOVPE. Here, we report on a thermal-etching method for the fabrication of
nanoporous templates. This method shows the capability of fabrication very deep nanoporous
templates with tunable diameters. This method is also dislocation sensitive, which may make it

more effective in dislocation reduction.

4.2 Thermal Etching Process for Fabrication of Nanoporous Templates

To fabricate the nanohole template by thermal etching, the GaN nitride templates with SiO,
nanohole mask pattern was fabricated by nanoimprint and followed by RIE dry etching. The
detailed process was introduced in Chapter 3. Two kinds of GaN templates grown by MOVPE

were used for experiments. One had a high dislocation density of 3x10° cm™ with a film thickness
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of 1 um. The other had a low dislocation density (4x108 cm™) with a film thickness of 2 pm. After
dry etching, the residual resist was removed by oxygen plasma ashing. Then the templates was
cleaned and loaded to an MOVPE chamber. A pulsed etching process consisting of 60 periods of
pulsed steps was used. The etching process was carried out at 1060 °C at a pressure of 130 Torr.
TMG and ammonia were alternately introduced with durations of 5 and 10 s, respectively. There
was a 2 s purge after each pulse. The flow rates were 50 pmol/min for TMGa and 2500 sccm for
NH; with hydrogen as the carrier gas. The total hydrogen flow rate was 6.5 standard liter per
minute (SLM). The parameters for this thermal etching process is summarized in Table 4.1. The

pulsed gas flow is illustrated in Fig. 4.1.

Table 4.1 Thermal etching condition for nanoporous
GaN template.

TMG (umol/min) 50 (5s)

NH;j (sccm) 2500(10 s)
Purge Time 2s
Pressure (Torr) 130

Temperature ("C) 1060

Period 60
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Fig. 4.1 Pulsed gas flow of the thermal etching process.

Actually at the beginning, this pulsed process was intended for nanostructure growth. However,
no GaN growth was observed after this process. In contrast, deep and dense voids were observed
(Fig. 4.2 (a)). Inclined-view and plan-view SEM images of the 2-um-thick sample after thermal
etching are shown in Figs. 4.2 (a) and 4.2(b), respectively. Yeh et al. reported on the hydrogen
etching of a bare GaN template in an HVPE reactor and formed a nanostructure. However, the
diameter of the etched pores are small, the control of the pore diameter was not reported. Larger
pore diameter would improve the functions of such templates such as light scattering effect and

dislocation reduction effect.

sample after thermal etching.
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After the thermal etching process, the SiO, mask was removed by HF. The plan-view SEM

image of the etched sample after SiO, removal is shown in Fig. 4.3.

Fig. 4.3. Plan-view SEM image of the etched sample after SiO, removal.

The SiO, nanohole mask stayed intact during this thermal etching process. Long and dense
voids were formed in the GaN template after etching. Some of the voids were even etched from
the surface down to the sapphire substrate. Under our etching conditions, the etching rate was
rather anisotropic. The etching rate along the c-plane was much higher than that of the sidewall.
Except the merged voids, the lateral diameter of a relatively large void was about 230 nm,
however, the length could be as long as 1400 nm. If we consider the lateral etching depth of one
side wall to be 115 nm, then the etching rate of the ¢ plane was more than 10 times higher than
that of the side wall. The void density was estimated to be approximately 1x10° cm™, whereas the
SiO, nanohole density was 5.5x10% cm™ One can see that there were also many etched voids

under the mask, whereas the window area was only partially etched. However, this does not
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necessarily mean that the mask cannot protect the underlying GaN template from decomposition.

To demonstrate this, We also used a GaN template without a mask in the same etching process for

comparison. The etched GaN template exhibited a roughened surface throughout the sample

caused by thermal etching (Fig. 4.4). However, no nanoporous structure was observed. Actually,

the thickness of the sample was obviously reduced. We consider that this is because the etching

effect was so strong that the decomposition of GaN occurred everywhere resulting in a low

etching selectivity. Without the protection of SiO, mask, due to a larger surface energy of the

nanostructure, the decomposition will be even faster than the planar region. This prevent the

formation of similar nanoporous structure.

Fig. 4.4 Plan-view SEM image of a planar GaN template without
SiO, mask after the same etching process.

We also observed that in some defective areas where the nanohole window failed to develop,

which resulted in a large-area (several micrometers in diameter) continuous SiO, mask, the
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underlying GaN was completely protected (Fig. 4.5). Therefore, it appears that the nanohole mask

was essential for fabricating nanoporous templates.

Fig. 4.5 Inclined view SEM image of a defective area where

the nanohole window failed to develop.

The nanoporous structure indicates that the template was selectively etched, and the void
density was on the same order as dislocation density. We suppose that this thermal etching process
might be dislocation-sensitive. Dislocation-sensitive etching has been used for etch pit density
measurement and in-situ etching by SiH,.**** Besides, dislocation-sensitive dry etching of GaN
film has also been reported. * The formation of the nanoporous structure could be explained as
follows. Under the mask, the GaN etching rate was markedly reduced, only spots with a low
bonding energy where dislocations were located tended to decompose. The products of
decomposition could escape through the interface of the GaN template and the SiO, mask when
the escaping path was small, one example is the nanohole mask. If the escaping path was too long,
then the products of decomposition could not escape efficiently, the decomposition will be
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suppressed, just like where the nanohole mask window failed to develop. In some nanohole

window region, if a threading dislocation happened to exist, then it will be easily etched leaving a

large nanohole. However, if there happened to be no dislocation, then the GaN would be of high

quality and very difficult to decompose. In such window region, deep nanoholes were not formed.

Besides, the Ga atoms in the etching products may react with nitrogen atoms in the window region

again resulting in the redeposition of GaN. Sometimes this will lead to the formation of

nanostructures, which will be shown later. However, when the etching rate was high in the

window region, very few nanostructures could emerge from the mask window.

We also investigated the functions of each precursors in this pulsed etching process. Figure 4.6

shows the same pulsed etching process but without the TMG flow. It was found that a similar

structure could still be formed without a TMG flow, which means that TMG does not seem to be

essential in this process.

Fig. 4.6 Cross-sectional view SEM image of a GaN template after the thermal
etching process without a TMG flow.
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However, when the ammonia flow was introduced continuously instead of a pulsed

supply, even without a TMG flow, GaN nanopyramids were spontaneously formed in

every nanohole as well as a few larger islands on the micrometer scale. The SEM

images are shown in Fig. 4.7.

Illlilllllll
1.00um

Figs. 4.7 (a) Cross-sectional view and (b) inclined-view SEM images of a GaN

template after the thermal etching with continuous NHs flow.

NH,

Etching GaN redeposition
products /

S§i0, mask

Fig. 4.8 The mechanism of spontaneous formation of GaN nanopyramids by thermal etching.

The formation of nanopyramids might be due to mass transport of etching products

from the voids. As illustrated in Fig. 4.8, when there were defective areas in the SiOs
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mask, the dislocations beneath the defective SiOz mask area might have a long

distance to the nearest mask window. The escaping path for the etching products

between the SiO2-GaN interface to the window region was long and the etching

process was suppressed. However, for the normally fabricated nanohole mask, the

dislocations had a very short escaping path for the etching products, therefore, the

etching process could continue. The etching products escaped from the short escaping

path and encountered the NHs at the mask window region. Due to the reduced

etching effect by using a continuous NHs flow, GaN redeposition rate became larger

than the etching rate at the window region, which was in contrast to the pulsed NHs

case. This resulted in the formation of GaN pyramids although no TMG flow was

introduced. Under continuous NHs flow, the diameter of the pores became very small

(~20 nm), and extremely large aspect ratio was achieved. The side walls of the pores

were very smooth and straight. No such structure was reported in the literature.

Comparing the structure with the pulsed etching case, we conclude that the ammonia

could very effectively protect the nonpolar side walls and promote anisotropic etching,

while the hydrogen will cause isotropic etching, making pores with large diameter.

The etched structure evolution versus etching time was also investigated. The inclined view

SEM images of nanohole templates after 6 min, 13 min and 20 min etching were shown in Fig. 4.

9 (a)-(c). When the etching time was 6 min, the etching process had just started, there were small
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nanoscale voids emerging from the surface. At some locations voids with larger diameter were

observed. This might be because a dislocation happened to exist in a nanohole window. When the

etching time increased to 13 min, very dense voids were formed in the whole sample with large

length reaching the GaN and sapphire interface. The diameter was also increased. When the

etching time further increases to 20 min, the length of the voids stayed the same since it has

already reached the sapphire template. However, laterally the diameter of the voids continuously

grew and the voids even started to merge and form larger voids. Templates with larger voids were

expected to be more effective in dislocation reduction, strain relaxation as well as light extraction

efficiency improvement. However, with increasing larger void size, the structure will become

more fragile both mechanically and thermally, making it difficult for high temperature regrowth.
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S-5200 5.0kV -0.2mm x15.0k SE 2012/05/15 24

Fig. 4. 9 The inclined view SEM images of the nanohole templates
after (a) 6 min, (b) 13 min and (c) 20 min pulsed thermal etching.

The room temperature PL spectra of the GaN template of high dislocation density and the
fabricated nanoporous structure are shown in Fig. 4.10. The nanoporous GaN exhibited a fivefold
increase in intensity. On the other hand, the peak wavelength showed a 2 nm redshift from 361 to
363 nm. The increased intensity is due to the improved light extraction caused by the scattering

effect of the nanoporous structure and the better coupling of the incident light due to reduced light
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reflection at the sample surface. The redshift can be associated with the relaxation of compressive

stress. 29

30000 . . . : . :

2umGaNdummy
nanoporousGaN
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Fig. 4.10 Room temperature PL spectra of the GaN template of high
dislocation density and the fabricated nanoporous structure.

To confirm the strain relaxation of the nanohole template, a comparison of the Raman spectra of
the nanoporous template and the GaN template was carried out (Fig. 4.11). The peak position of
the E,"9" mode was shifted from 569.1 to 567.2 cm™, while the peak position of a strain-free GaN
substrate reference was 567.3 cm™, which indicates a nearly complete strain relaxation of the
nanohole sample. The strain relaxation was calculated to be 0.45 GPa using the formula A ® =

KRra, 20a in chapter 2.
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Fig. 4.11 Raman spectra of the nanoporous template and the GaN template.

4.3 GaN Film Overgrowth on Nanoporous Templates

To demonstrate possible applications of such nanoporous templates, GaN films were overgrown

on such nanoporous templates. After removing the SiO, mask using buffered fluoric acid and

sample cleaning, the nanoporous template was used for overgrowth.

S-5200 5.0kV -0, 1mm x4.00k SE 2012/05/22 20:44 10.0um

Fig. 4.12 (a) Cross-sectional view and (b) inclined view SEM images of the GaN film
overgrown on the nanoporous template at 1090 °C.

When the growth temperature was set to 1090 °C under a chamber pressure of 500 torr with a

NH; flow rate of 5000 sccm, which was a proper growth condition for high temperature GaN
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temperature growth, we found that no nanostructures could be observed after growth (Fig. 4.12).

The film thickness showed large fluctuations and there were random islands formed on the surface.

We believe this was caused by the deformation and decomposition of the nanoporous template

during temperature ramping.

To suppress the decomposition of the nanoporous template, we adjusted the growth process and

growth condtion. For GaN regrowth on the nanohole template, no intentional thermal cleaning

step was used in order to prevent the decomposition. The growth temperature was decreased to

1060 °C. A chamber pressure of 200 Torr was used, and the NH3 flow rate was also increased to

7000 sccm leading to a /111 ratio of 4300. The detailed growth condition is listed in Table. 4.2.

Table. 4.2 Condition for GaN overgrowth on nanoporous template.

20

7000

4288

200

1060

920

Large ammonia flow rate and low growth pressure was intended to protect the nanohole

template from decomposition at high temperature. Large ammonia flow is a common approach to

prevent InGaN decomposition during InGaN well growth. High growth pressure in hydrogen
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ambient will enhance the etching effect and promote GaN decomposition.” Previously it has been
reported by Hiramatsu et al. that large V/III ratio and low growth pressure will promote the GaN
lateral growth, while the opposite direction will promote vertical growth rate.*® Therefore, such
growth condition could also promote the lateral growth rate and result in a faster coalescence.
Plan-view and cross-sectional view SEM images of a nanoporous template after temperature
ramping was shown in Fig. 4.13(a) and 4.13(b), respectively. It was observed that after
temperature ramping there was no strong decomposition and deformation of the nanostructure.
However, locally convex shapes formed on the surface. A lot of the voids seemed distributed along

their boundaries.

Fig. 4.13 (a) Plan-view and (b) cross-sectional view SEM images of a nanoporous template after
temperature ramping.

The SEM images of a nanohole template after 15 min regrowth growth were shown in Fig. 4.14.

The growth thickness was around 500 nm. It’s found that during the initial growth on the nanohole

template, there were no local large islands formed as nuclei. On the contrary, the regrowth was

quite uniform across the sample surface. The growth showed a very fast coalescence. A large
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portion of the nanoholes disappeared from the surface after growth, while only some nanoholes

with small diameter remains. From the cross sectional view, high-density embedded voids with

quite large diameters were observed. Some of the voids were as long as 1.5 um. From the SEM

images, we confirmed that the template was well protected from decomposition during the

regrowth.

L
S-5200 5.0kV 0.8mm x10.0k SE 2012/05/15 22:53 5.00um

Fig. 4.14 (a) Plan-view and (b) cross-sectional view SEM images of a nanoporous template after
15 min regrowth.

Subsequently, a 3 um GaN layer was grown using the same growth condition. As is mentioned
previously, two kinds of GaN templates were used for experiments. One had a high dislocation
density of 3x10° cm™ with a film thickness of about 1 um. The other had a low dislocation density
(4x108 cm®) with a film thickness of about 2 pm. For the template with high dislocation density,
the cross-sectional and plan-view SEM images of the overgrown sample are shown in Figs 4.15(a)
and 4.15(b), respectively. Embedded high-density nanoscale voids could still be observed after the

overgrowth, and complete coalescence was achieved after 3 um growth.
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Figs 4.15 (a) Cross-sectional and (b) plan-view SEM images of the nanoporous template after

3pm overgrown.
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Fig. 4.16 Room temperature PL spectrum of the overgrown GaN film.

The room temperature PL spectrum of the overgrown GaN film is shown in Fig. 4.16. The peak
intensity of the PL spectrum showed five-fold increase compared with that of 5 um dummy, which
was grown in parallel. This was attributed to the improvement of the crystal quality which was

confirmed by XRD measurement later as well as a great enhance of the light extraction efficiency
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by strong scattering effect of the embedded nanoholes. However, in contrast to the nanohole
template, the overgrown GaN film showed a slight blue shift (0.7 nm) of the PL peak, which
implied a rebuilt compressive strain. The strain state was confirmed by Raman spectra, which is

shown in Fig. 4.17. Indeed the strain was rebuilt after overgrowth since the E,"%"

peak position of
the nanoporous sample was almost the same as that of the planar samples. A similar phenomenon

was also reported by Tang et al. for GaN overgrowth on a nanocolumn template,lg) which was

probably due to the large thermal mismatch between the overgrown GaN layer and the sapphire

Substrate.
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Fig. 4.17 Raman spectra of a 2 pm GaN template, a 5 pm GaN template after
overgrowth, and a GaN template overgrown on a nanoporous template.

From X-ray rocking curve (XRC) data shown in Table 4.3, we found that for the

sample with a high threading dislocation density of 3xX10° cm2, the crystal quality

was greatly improved by overgrowth. The XRC full widths at half maximum
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(FWHMs) for the (002) and (102) planes were reduced from 326 and 882 arcsec to 203
and 464 arcsec, respectively. The dislocation density was reduced to about 4x108 cm™?2

as determined by panchromatic CL measurement.

Table 4.3 XRC FWHMs of (002) and (102) planes for the 2 um GaN template,
overgrown 5 um GaN and the nanoporous sample.

2 pm GaN template 326 882
Overgrown 5 pm GaN 245 839
‘GaN on nanoporous template 203 464

[nm] : [nm]
(a) (b)

5 um GaN dummy: RMS 0.23 nm Overgrown GaN: RMS 0.16 nm

Fig. 4.18 2X2 um AFM scan of the overgrown 5 um GaN and the nanoporous
sample.

The surface morphology was measured by AFM (Fig. 4.18). The overgrown GaN showed

obviously improved surface flatness. The 2X2 um root mean square (RMS) value was reduced

from 0.23 nm to 0.16 nm, and the atomic steps was quite clear.
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To confirm the dislocation reduction effect for GaN templates with high dislocation density, the

thermal etching and GaN overgrowth was also performed using MOVPE with a showerhead

configuration.

GaN templates grown under the showerhead configuration generally have a larger dislocation

density than the GaN templates grown by side-flow configuration. A larger TMG flow rate and

higher growth temperature were used. The GaN template growth condition is listed in Table 4.4.

The XRC FWHM of the (002) plane was 486 arcsec, and the (102) FWHM was too weak to be

determined.

Table 4.4 Typical growth condition for GaN template on sapphire substrate with the
showerhead configuration.

HT GaN
30

5000
1456
200

1100

The thermal etching condition is listed in Table 4.5. A similar pulsed thermal etching process

without TMG flow was used. Similar structure could also be easily realized, suggesting the

thermal etching method is suitable for different equipments. The fabricated nanoporous template is

shown in Fig. 4.19.
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Table 4.5 Thermal etching condition for nanoporous
GaN template using a showerhead configuration.

TMG (pmol/min) 0 (5s)

NH3 (sccm) 1500 (10 s)
Purge 2s
Pressure (Torr) 100

Temperature (°C) 1150

Period 60

S-5200 5.0kV 0.2mm x15.0k SE 2013111 5-6200 5.0k 0.6mm.x10.0k'SE 2013/11/2)

Fig. 4.19 (a) Cross-sectional and (b) plan-view SEM images of the nanoporous
template after thermal etching with a showerhead configuration.

For GaN overgrowth, another growth process was attempted. First, the GaN growth was

initiated at 950 °C for 10 min without intentional thermal cleaning step. The lower growth

temperature was intended for a better protection of the nanohole template from decomposition.

Then the growth temperature was further ramped to 1100 °C, which was the optimal growth

temperature for high temperature GaN. The growth time was 60 min with a thickness of about 1.8
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um. During the regrowth, a planar sample was also grown in parallel for comparison. The XRC
FWHMs of the (002) and (102) planes of the overgrown nanohole sample were measured to be
428 and 728 arcsec, respectively, much smaller than the values 481 and 924 arcsec of the planar
sample. Another sample grown on a nanoporous template with the initial growth at 950 °C for 20
min showed even lower XRC FWHMSs of 383 and 613 arcsec for the (002) and (102) planes. The
XRD results are summarized in Table 4.6. The plan-view and cross-sectional view SEM images of
the nanoporous template after overgrowth (950 °C 20 min) are shown in Fig. 4.20. Full
coalescence and flat surface was achieved after the overgrowth. In the cross-sectional view image,
very dense embedded voids as long as 1.8 um were observed. The heights of the voids were quite
uniform which implied little decomposition or deformation of the nanoporous template during the

regrowth process.

Table 4.6 XRC FWHMs of (002) and (102) planes for the samples grown
with a showerhead configuration.

2 pm GaN template 486 —
planar sample 481 924

(950 °C 10 min)

Nanoporous template 428 728

(950 °C 10 min)

Nanoporous template 383 613

(950 °C 20 min)
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S-5200 5.0kV 0.5mm x1.50k SE 2013/12/19 1§ S-5200 5.0kV 0.2mm x5.01k SE 201312118

Fig. 4.20 (a) Plan-view and (b) cross-sectional view SEM images of the nanoporous template
after overgrowth (950 °C, 20 min).

However, for GaN templates with a higher quality (TDD, 4x10% cm), little
improvement could be observed. The TDD was still about 4x108 cm2 after overgrowth

as shown in Table 4.7.

Table 4.7 XRC FWHMs of (002) and (102) planes for overgrown 5 pm GaN
and the nanoporous sample using the high quality GaN template.

Overgrown 5 pm GaN
i 237 3719

GaN on nanoporous template S5 o

The PL intensity of the sample grown on a nanoporous template fabricated from low-dislocation
density GaN template showed a two-fold increase compared to the 5 um planar control sample
(Fig. 4.21). This enhancement is not as strong as the template with higher dislocation density. This
increase in PL intensity is mainly attributed to the strong scattering effect of the embedded
nanoscale voids while the contribution from crystal quality improvement is trivial. One possible

explanation is because the coalescence introduced dislocation density is on the same
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order of that of the template. The dislocation densities of 4X108 cm2 were determined

by counting the dark spots in cathodeluminescence images and may be

underestimated owing to the limited resolution of the images.

14000 - ) T T T T T T .
12000 Control Sample :
— Porous |
10000
8000
6000

4000

PL Intensity (a.u.)

2000

300 350 400 450 500
Wavelength (nm)

Fig. 4.21 PL spectra of overgrown 5 pm GaN and the nanoporous
sample using the high quality GaN template.

4.4 Properties of InGaN/GaN MQWs Grown on Nanoporous Templates

To assess the effect of such a structure on LED performance, following the GaN overgrowth
(side flow), three-period Ing;GaggN/GaN multiple quantum wells (MQWSs) were deposited on the
coalesced GaN film. For comparison of the properties of the MQWs, high quality GaN templates
were used. The crystal quality was unchanged after overgrowth according to the XRC results in
Table 4.4. The plan-view and cross-sectional view SEM images of MQWSs grown on the
nanoporous template were shown in Fig. 4.22. From the cross-sectional view, we confirmed
high-density nanoscale voids after regrowth. The same structure was also grown on a planar GaN
template sample for comparison. The growth condition of the MQWSs was listed in Table 4.8.
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InGaN well and the GaN barrier had thicknesses of 4.5 and 15 nm, respectively. The thickness of

the GaN cap layer was 30 nm.

$-5200 5.0kV 0.6mm x25.0k SE 2012/08/27 S-5200 5.0kV -0.1mm x18.0k SE 2012/08

Fig. 4.22 (a) Plan-view and (b) cross-sectional view SEM images of MQWSs grown

on the nanoporous template

Table 4.8 Growth condition of the InGaN/GaN MQWs.

TEG (umol/min) 15.56 15.56 15.56
TMI (pumol/min) 1038
TMIATMG+IMI) 04

NH, (SLM) 8 8 8
Carmicr Gas Ny Ny Nz
Growth Temp. (°C) 760 760 760
Pressure (torr) 500 500 500
Process Time (min) 6 1 12

The plan-view SEM image of a planar sample without the nanoporous structure was shown in
Fig. 4.23. Comparing the two plan-view images, it was found that the pit density of the MQWs,
which is usually related to the dislocation densities of the underlying GaN, were almost the same.
This is in agreement with the conclusion that the crystal quality stayed almost the same after

overgrowth.
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Fig. 4.23 Plan-view SEM image of MQWSs grown on a planar sample.
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Fig. 4.24 PL spectra of the MQW:s on the nanoporous GaN template and a planar template.

The PL spectrum of the MQWSs on the nanoporous template in Fig. 4.24 showed the same peak

position as that of the control sample, but the intensity showed a 100% increase. It was believed

that this enhancement of PL intensity was mainly due to the increased light extraction efficiency

caused by the scattering effect of the underlying nanoporous structure. The two insets show

different PL patterns, both of which are in focus and were recorded by a CCD camera. The

enlarged emitting area confirms the scattering effect of the nanoporous template.
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4.5 Summary

In this chapter, we reported a new thermal etching method in an MOVPE reactor for the
fabrication of nanoporous templates. The nanoporous template showed dense voids with a density
of approximately 1 X 10° cm™. The thermal etching process was quite anisotropic. The etching rate
of the c-plane could be more than 10 times higher than that of the side wall. The nanohole SiO,
mask was found to be essential in this process. If there was no SiO, mask on the GaN template or
if there was no nanohole windows on the SiO, mask, the nanoporous structure could not be
formed. Compared to the pulsed etching process, the nanoholes fabricated with continuous NH;
flow showed much smaller lateral diameter and the side wall of the voids became very smooth,
implying that NH; could effectively protect the side wall while the hydrogen carrier gas promoted
the isotropic etching. When continuous NH; flow was introduced, nanopyramids were
spontaneously formed in every mask window even without introducing a TMG flow. The
formation of nanopyramids was explained by the mass transport process. The fabricated
nanoporous template showed almost full strain relaxation and a five-fold increase in PL intensity
compared with a planar GaN template. By adjusting the regrowth parameters, we suppressed the
decomposition and deformation of the nanoporous templates during GaN regrowth. GaN films
overgrown on the nanoporous templates fabricated from GaN templates with high dislocation
density showed a five-fold increase in PL intensity. Besides, the crystal quality as well as surface
flatness were also obviously improved. For nanoporous templates fabricated from high quality

GaN template, however, the crystal quality was not obviously improved, the twofold increase in
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PL intensity compared with the planar template was mainly attributed to the improved LEE. The

dislocation reduction and embedded void formation were also confirmed by using a showerhead

configuration. InGaN/GaN MQWSs grown on the nanoporous templates that fabricated from high

quality GaN templates showed a twofold increase in PL intensity, which was also mainly

attributed to the improved LEE.
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5. InGaN/GaN Multi-quatum Wells Grown on GaN Nanopyramids

5.1 Background and Motivation

In chapter 4, we discussed using nanoporous GaN template for GaN overgrowth. In this chapter,
we focus on directly growing InGaN/GaN multiple quantum wells on the nanostructure. This
makes the full use of properties of the nanostructures. One fundamental issue that limit the
efficiency of nitride-based LED is the strong piezoelectric polarization induced QCSE.™?
Nonpolar or semipolar planes have been reported to eliminate or greatly reduce the QCSE in the
quantum wells.*® While nonpolar and semipolar GaN substrates that sliced from GaN bulk
usually have very limited size and are quite expensive, semipolar planes and nonpolar planes were
often observed when growing nanostructures.”'” Besides, LEDs grown on the nanostructures
usually have larger light emitting area compared with the conventional planar LEDs. Strain
relaxation effect and improved light extraction efficiency have also been reported for these
nanostructures.**™

Despite of these advantages, high-efficiency LEDs based on the nanostructures are still
difficult to realize. Nanorod and nanopyramid structures have been successfully grown by
selective area growth (SAG) by many groups. However, the coalescence and planarization of
p-GaN surface, which is usually required for standard LED fabrication process, requires a thick
p-GaN Iayer.g‘”) This substantially increases the resistance of LED device. In particular, for

nanopyramid structure, the so-called “self-limiting” phenomenon was reported.’**® After GaN

nanopyramid formation in the mask window region, the pyramids will stop growing and remain
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the size restricted by mask window. Moreover, non-uniform growth with large islands formation
have also been observed.'” These phenomena make the surface planarization quite difficult.
Compared with a planar structure, a much thicker p-GaN layer is required for an LED grown on a

nanopyramid structure.

®

o W

Fig. 5.1 Partially coalesced p-GaN after 30 min growth

on a GaN nanopyramid template.*”

To achieve a flat surface by a thin p-GaN layer, reducing the spacing between pyramids by

uniformly increasing the pyramid size is desirable. Besides a faster coalescence, such structure has

an even larger light emitting area and the crystal quality may also been improved by lateral

overgrowth. The concept is shown schematically in Fig. 5.2.
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(a) [pGaN |y

InGaN/GaN MQWs
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(b) p-GaN -~

InGaN/GaN MQWs
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Fig. 5.2 (a) Conventional GaN nanopyramid based LED structure; (b) GaN Nanopyramid
based LED structure proposed in this work.

In this research, the size of nanopyramids was successfully controlled by using relatively low

growth temperature and nitrogen as carrier gas. MQW structure was subsequently grown on the

nanopyramids. The structural and optical properties of such structure were investigated.

5.2 Growth of GaN Nanopyramids

The GaN templates with SiO, nanohole mask pattern was fabricated by nanoimprint and

followed by RIE dry etching. The detailed process is introduced in Chapter 3. The residual resist

was removed by oxygen plasma ashing. After cleaning, the template was loaded into an MOVPE
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chamber for nanopyramid growth.

When the nanopyramids were grown under high temperature typically between 950~1100 °C,
which was the growth temperature used in almost all the researches in the literature, the so-called
“self-limited growth” was dominant in the growth.>'® As an example, Figure 5.3 shows an
inclined-view SEM image of GaN regrowth on a SiO,-nanohole-patterned GaN template. The
growth was performed at 1060 °C for 8 min. The flow rates of TMG and NH;z were 103 umol/min
and 5 SLM, respectively. The nominal growth rate on a planar template was 33 nm/min. Hydrogen
was used as the carrier gas. We observed a lot of randomly distributed large islands in micro scale,
which we called abnormal growth. Meanwhile, there were also a lot of small nanopyramids

emerged from the nanohole mask window. The growth of pyramids was not uniform.

$-5200 5.0kV -0.1mm x25.0k SE 2012/04/16

Figure 5.3 shows an inclined-view SEM image of GaN regrowth
on a SiO,-nanohole-patterned GaN template.

Growth conditions were also investigated using sapphire substrate with SiO, nanohole mask. As

an example, Fig. 5.4 shows a plan-view SEM image of GaN regrowth at 950 °C for 15 min. The
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growth was initiated by a low temperature nucleation layer using condition for the growth of

planar GaN templates. It was observed that even when grown under a lower temperature of 950 °C,

the pyramid growth was still not uniform. Abnormal large islands formed while a lot of

nanopyramids stayed the size restricted by the mask window.

S v ;“ ".—’. A .
SE5200 5.0kVAD.9mni X10.0k s&&ﬁffﬂa

Fig. 5.4 plan-view SEM image of GaN regrowth on a sapphire substrate

with SiO, nanohole mask.

Because the number of dangling bonds of the semipolar {1-101} planes are small, these planes
are very stable during growth.™®*% In particular, when growing nanopyramids by SAG, the very
small surface area of the nanopyramids results in very few atomic steps to accommodate adatoms.
Therefore, the adatoms have a large diffusion length and a very short dwell time on these
nanoscale planes. Once the nanopyramids with six {1-101} planes were formed, the growth would
stop and such structure remained very stable under a large range of growth conditions.*®

To suppress the abnormal large islands as well as overcome the “self limiting growth”, we tried

special growth conditions: the growth condition used for the GaN barrier of the InGaN/GaN
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MQWs. This was based on the observation that when growing InGaN/GaN MQWSs on

nanopyramids, the MQWs seemed uniformly grown on the nanopyramids. Nitrogen was used as

carrier gas instead of hydrogen, and the growth temperature was decreased, which reduced the

diffusion length as well as desorption rate of the adatoms.

For nanopyramid growth, TEG, TMI, and ammonia were used as precursors. Nitrogen was used

as the carrier gas. After thermal cleaning at 950 °C for 5 min, first, GaN pyramid was grown at

800 °C for 60 min. The flow rates of TEG and ammonia was kept at 15.56 pmol/min and 8 SLM,

respectively. The growth pressure was kept at 500 torr. A plan-view SEM image of the sample

after regrowth is shown in Fig 5.5.

Fig 5.5 GaN pyramid was grown on a SiO, nanohole patterned
GaN template at 800 °C in a N, ambient.

Nanopyramids were observed in every nanohole mask windows. The size of the pyramid was

no longer restricted by the mask window but obviously larger than the window size. The size of

the pyramids became so large that the pyramids already contacted with each other and completely
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covered the SiO, mask. Therefore, this growth condition indeed could be used to overcome the

self-limiting growth. The pyramid size could be tuned by growth parameters. Moreover,

throughout the whole sample, no abnormal large islands were observed, which means under such

growth condition the pyramid growth was very uniform. However, we found many randomly

grown GaN particles between the pyramids.

In order to suppress the random growth, two approaches were attempted. One was to introduce

a small amount of hydrogen during the growth. Figure 5.6 shows the plan-view SEM image of the

sample grown with 100 sccm hydrogen flow into the growth chamber. In the image we could see

that the random growth was successfully suppressed. The pyramids showed quite uniform size

which was obviously larger than the mask window. However, we observe that some pyramids

showed not smooth surface. There seemed to be “steps” on the surface. The formation mechanism

of these steps was still not clear. We suppose it was probably related to the etching effect of the

hydrogen, which makes the dwell of the adatoms on the pyramid surface not uniform.

' A,
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Figure 5.6 Plan-view SEM image of the GaN nanopyramids

grown with 100 sccm hydrogen flow.
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The other approach to suppress the random growth was to elevate the growth temperature, from
800 °C to 850 °C in our experiment. The plan-view SEM image of the sample grown at 850 °C
was shown in Fig. 5.7. The random growth was successfully suppressed by the higher growth
temperature. Very regular nanopyramid arrays with uniform size were obtained. No abnormal
large islands were observed. Both the “self limiting growth” as well as abnormal large islands

were successfully suppressed.

[1100]

[1120]

Fig. 5.7 Plan -view SEM image of the GaN pyramids grown
at 850 °C in a N, ambient.

5.3 Growth and properties of MQWs on GaN nanopyramids

Five-period InGaN/GaN quantum wells were subsequently grown at 760 °C, followed by a GaN

cap layer. The TEG and TMI (only for quantum well growth) flow rates were 15.56 and 10.38

pumol/min, respectively. The growth time for InGaN quantum well and GaN barrier were 1, 6 min,

respectively. Figure 5.8 show plan-view and cross-sectional SEM images of 5 period InGaN/GaN

MQW:s grown on the nanopyramids.
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Figure 5.8 show plan-view and cross-sectional SEM images
of 5 period InGaN/GaN MQWs grown on the nanopyramids.

The spacing between adjacent nanopyramids became so small that the pyramids started to

coalesce. The coalescence process was initiated by forming small crystalline as “bridges” when

the spacing became small enough. The thicknesses of the InGaN quantum wells as well as the

GaN barrier were measured by TEM (Fig. 5.9). Although the MQW growth condition should

result in an InGaN quantum well and barrier thickness of 4.5 and 15 nm on planar templates, the
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MQWSs grown on the semipolar (1-101) planes showed a thickness of only 1.2 and 8 nm,

respectively. This confirmed the much lower growth rate on the semipolar planes.

8.0nm

20 nm

Fig. 5.9 TEM result of the MQWSs grown on the semipolar
(1-101) planes of the GaN pyramids.

In both Fig. 5.7 and Fig 5.8(a), two different shapes of pyramids could be observed. One shape

was hexagonal pyramids with six fold symmetry (shape 1). The other shape also has six side

planes. However, three planes were not fully developed. The three larger facets exhibited an angle

of around 62° to the c-plane surface, which was the often reported (1-101) planes. The other three

smaller facets exhibited an angle of around 73°, which was ascribed to (2-201) planes. Pyramids

of this shape has a threefold symmetry and a triangle shaped apex (shape 2).
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Fig. 5.10 Room temperature PL spectrum of MQWSs grown on the nanopyramids.

The room temperature PL spectrum of MQWSs grown on the nanopyramids is shown in Fig.
5.10. Two peaks originating from MQWs could be observed. By curve fitting, we derived one
peak with higher intensity centered at 2.76 eV with a FWHM of 294 meV, and another peak at
2.41 eV with lower intensity has a FWHM of 268 meV. To clarify the origin of peak emission, CL
measurement was carried out. Figure 5.11(a) shows the monochromatic CL spectrum of MQW:s
grown on the nanopyramids. The two peaks in PL spectrum were also observed in the CL
spectrum. Figures 5.11 (b) and 5.11(c) show a plan-view SEM image and a plan-view

monochromatic CL image at a wavelength of 530 nm of the same location.
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Figure 5.11 (a) Monochromatic CL spectrum of MQWs grown on the GaN
pyramids, (b) plan-view SEM image and (c) plan-view monochromatic CL
image at a wavelength of 530 nm of the same location.
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The emission at 530 nm was only observed from the apexes of some pyramids. Comparing Figs.

5.11 (b) and 5.11(c), a relation between light emitting pyramids and pyramid shape could be

observed. All the light emitting pyramids exhibited a triangle shaped apex, which means the

emission at 530 nm wavelength originated from the apexes of the pyramids with a threefold

symmetry. The monochromatic CL image at 460 nm along with the corresponding SEM image are

shown in Figs. 5.12(a) and 5.12(b), respectively. In contrast to the CL image at 530 nm, the CL

image at 460 nm showed a uniform emission intensity for all the pyramids in the whole area,

which implied a quite uniform spatial distribution of the indium composition corresponding to the

wavelength of 460 nm.

AUXT- 20031 W11 Smm 1

Figure 5.12 (a) plan-view monochromatic CL image at a wavelength of 460 nm
(b) plan-view SEM image of the same location.

A detailed structure of the MQWSs grown on nanopyramids was studied by transmission electron

microscopy (TEM) measurement. Figure 5.13(a) shows a high-angle annular dark-field scanning

TEM (HAADF-STEM) image of the cross section of MQWSs grown on the nanopyramids.

Surprisingly, we observed an embedded void in every nanopyramid. Figure 5.13(b) shows a bright
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field TEM (BFTEM) cross-sectional image with a larger magnification. From Fig. 5.13(b), we

found that new dislocations were generated at the regrowth interface. Besides the dislocations

filtered by the SiO, mask, the dislocations that penetrated from the underlying template through

mask window terminated at the bottom of voids along with the new generated dislocations.

Almost no threading dislocations could be observed either above the voids or outside of the mask

window area, which means an improved crystal quality by lateral overgrowth.

( b) Stacking faults

Figure 5.13 Cross-sectional HAADF-STEM image (a) and cross-sectional bright field
TEM image with a larger magnification (b) of the of MQWSs grown on the nanopyramids.
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The formation of new dislocations at the regrowth interface might be due to the relatively low

growth temperature and using nitrogen as the carrier gas, which resulted in a very limited

diffusion length. The adatoms could not dwell at the thermodynamically most stable sites.

Moreover, the growth rate by SAG was promoted compared with on a planar sample. Therefore, at

the initial growth stage, layer by layer growth was not achieved, which might be responsible for

the formation of new dislocations at the interface. The formation of embedded voids inside

pyramids could also be explained by the reduced diffusion length of adatoms. Because of selective

area growth, there was a larger vapor phase precursor concentration at the window edge. Besides,

there were also a large amount of adatoms supplied by surface diffusion from the mask to the edge

of mask window, whereas at the center of window area the adatoms were provided by bare vapor

phase diffusion. Higher precursor supply at the window edge caused the ridge growth as shown in

Fig. 5.14. Due to the reduced diffusion length, the adatoms at the edge of mask window could not

effectively migrate to the center region. This resulted in a much faster growth rate at the edge than

at the center region. As the growth proceeded, the height of the GaN grown at the edge became

larger than the center. When the growth fronts of the edges merged, the concave center stopped

growing, and an embedded void formed. This process is schematically illustrated in Fig. 5.14.
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Fig. 5.14 Schematic of the embedded nanohole formation process.

Although there were very few threading dislocations at the top and the laterally grown region,

stacking faults were usually observed. In particular, at the apexes of some pyramids, high-density

stacking faults were clearly observed, whereas in some other pyramids stacking faults were not

observed at the apexes, as shown in Fig. 5.13(b). Interestingly, it was found the pyramids with

high-density stacking faults at the apex always exhibited an asymmetric shape, whereas the

pyramids free of stacking faults showed a symmetric shape. Although at present there is no direct

evidence, it’s very likely the pyramids with stacking faults exhibited a shape of threefold

symmetry and the pyramids without stacking faults at the apex exhibited a shape of six-fold

symmetry (Fig. 5.15).
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Sample 1

Fig. 5.15 Correlation between the pyramid shape and the high-density stacking faults at the apex.

In such case, the abnormal shape of the pyramids with threefold symmetry might be due to the
formation of high-density stacking faults. The PL emission with longer wavelength at the apexes
with a triangle shape might be tentatively explained by higher In incorporation rate caused by the
stacking faults. The stacking faults could provide more kinks on the semipolar surfaces for
capturing the adatoms. From Fig. 5.7 we found that during GaN nanopyramid growth and before
the MQW structure was grown, pyramids with threefold symmetry had already formed, whereas
in Fig. 5.13(b) the starting position of stacking faults was also clearly observed to be inside the
GaN nanopyramids. Since such stacking faults was not reported previously in pyramid structures
grown at high temperature in a hydrogen ambient previously,” the formation of stacking faults
may be due to lower growth temperature and the nitrogen ambient. The same shapes have also
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been reported by J. R. Chang et, al. when grew MQWs on GaN nanorods fabricated by top-down

dry etching.?” 1.

H. Wildeson et, al also reported planar defects at some of the nanopyrmid
apexes.“) We believe that the stacking faults formation might not be a particular case but a quite
typical phenomenon when growing the apex of the nanopyramid structures under nitrogen ambient
and relatively low growth temperature, especially when growing InGaN/GaN MQW:s on this kind
of nanostructures.

To confirm the fast coalescence using this approach, we continued to grow a 20-nm thick

Alg2GaggN electron blocking layer followed by a 300 nm p-GaN layer on the nanopyramids after

the growth of MQWs. The p-GaN growth condition was listed in Table 5.1.

Table 5.1 Growth condition of p-GaN layer on the nanopyramids.

TMG (sccm) 15
EtCp,Mg (sccm) 60
NH, (SLM) 5
Growth Temp. (C) 940
Pressure (torr) 200
Process Time (min) 12
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Fig. 5.16 (a) Plan-view and (b) cross-sectional view SEM images of
300 nm p-GaN grown at 940 °C on nanopyramids after MQW growth.

The plan-view and cross-sectional view SEM images of the sample after p-GaN growth are

shown in Figs. 5.16(a) and 5.16(b), respectively. Full coalescence was achieved after growth.

However, there were many pits on the p-GaN surface. From the cross-sectional view image we

could observe the profile of the GaN pyramids. The coalescence was indeed achieved at the

targeted p-GaN thickness.

The p-GaN growth condition was further adjusted to suppress the pits and improve the surface
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flatness. The growth temperature was raised to 1000 °C since higher growth temperature enhances
lateral growth.?? The plan-view and cross-sectional view SEM images after p-GaN growth are

shown in Fig. 5.17.

S-5200 5.0kV 0.6mm x10.0k SE 2013/0321

Fig. 5.17 (a) Plan-view and (b) cross-sectional view SEM images of
300 nm p-GaN grown at 940 °C on nanopyramids after MQW growth.

Full coalescence was achieved although a few small pits could be observed on the surface. This
is in contrast to the partial coalescence after ~500 nm p-GaN growth.* This might be due to an
imperfection of the SiO, nanohole mask. However, at some occasional locations, random growth
was observed as shown in Fig. 5.18(a). This is probably because the random growth was not
completely suppressed at 850 °C (Fig. 5.18(b)). The random growth could be suppressed by

further optimizing the growth temperature.
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Fig. 5.18 (a) Random growth observed after p-GaN growth
(b) Occasional random growth observed after MQW growth.

Until now we used quite slow growth rate for GaN nanopyramid growth. However, similar

structure could also be obtained with a higher growth rate at a higher growth temperature using

nitrogen as carrier gas. Moreover, for application purpose, the new dislocations generated at the

regrowth interface and the embedded nanoscale voids need to be eliminated. We did some further

investigation of the growth condition with the showerhead configuration. Since the embedded

voids and the new dislocation generation was not observed when growing pyramids at high

temperature and hydrogen ambient, we tried a strategy to grow the nanopyramid “cores” using
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hydrogen as the carrier gas first, and then switch to nitrogen ambient to uniformly enlarge the

pyramid size. In the experiments, TMG was used instead of TEG and the Ga source supply was

changed from 15.56 to 52 pmol/min. Therefore, the growth rate was greatly elevated. The

nanopyramid core was first grown at a temperature of 980 °C in an hydrogen ambient for 8 min.

Then the carrier gas was switched to nitrogen for 10 min growth, the other growth condition was

kept the same. The plan-view SEM image of the sample was shown in Fig. 5.19.

Fig. 5.19 Plan-view SEM image of GaN nanopyramids
grown with a high growth rate.

Similar nanopyramid arrays were obtained with this high growth rate. No abnormal large

islands were observed. However, there were “steps” on the pyramid surface, which was very

similar to the previous case when a small amount of hydrogen was introduced. This might be due

to more efficient NH3; decomposition at high temperature, which generated more hydrogen.

5.4 Summary

In this chapter, InGaN/GaN MQWs grown on GaN nanopyramids were studied.
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Unlike previous reported nanopyramids which had sizes restricted by the mask

window, we successfully grew size-controllable nanopyramids by using lower growth

temperatures and nitrogen as the carrier gas instead of hydrogen. The pyramid size

was highly uniform and the abnormal growth of large islands was successfully

suppressed. The nanopyramids exhibited two types of shapes, one had a six-fold

symmetry and the other showed a threefold symmetry. There were two PL emission

peaks from MQWs grown on the nanopyramids. The longer-wavelength peak

originated only from the apexes of pyramids with threefold symmetry, where

high-density stacking faults were observed. The high-density stacking faults might be

responsible for the higher indium incorporation at the triangular apexes of the

pyramids. In every nanopyramid an embedded void was observed. The formation

mechanism was explained by a higher growth rate at the edge than at the center of

the window region caused by SAG and the small diffusion length. After 300 nm p-GaN

growth following the growth of MQWs, fully coalesced flat p-GaN surface was

achieved, confirming the fast coalescence by this method.
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6. LED Structure Grown on Nanohole-patterned Templates

6.1 Background and Motivation

In recent years, nanostructures such as nanorod and nanopyramid structures have been
intensively studied by many groups for nitride growth.“’ In chapter 4 by thermally etched
nanoporous templates, the dislocation density of the GaN template was reduced and the light
extraction efficiency was also greatly improved. However, the QCSE in the MQWs could not be
effectively reduced since the MQWSs were grown on coalesced planar c-plane surface. The MQWs
directly grown on nanorod or nanopyramid structures take advantage of the nonpolar (1-100) or
the semipolar (1-101) planes. MQWSs grown on these planes could not only greatly reduce the
QCSE leading to a better internal quantum efficiency but also achieve a larger light emitting area.
However, just as the MQWs grown on the nanopyramids in chapter 5, MQWSs grown on these
nanostructures usually exhibit a quite broad spectrum, which is caused by the different growth
rates and indium incorporation at different locations of the nanostructures.>® Moreover, directly
forming good ohmic p-contact on such nanostructures is quite difficult due to the textured surface.
LEDs grown on nanostructures with flat surface by p-GaN coalescence have been reported.
However, the coalescence usually required a thick p-GaN Iayer,2’3’7) which resulted in a large
serial resistance. In chapter 5 we proposed an approach to effectively control the nanopyramid size
and surface planarization with reduced p-GaN thickness was realized. However, the expected light
extraction efficiency will also be minimized by forming a flat surface. In this chapter, we designed

a new nanohole-patterned GaN template for improving the light extraction efficiency. MQWSs as
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well as LED structures were grown on the nanohole-patterned templates. Compared with the

nanorod or nanopyramid structures, continuous c-plane surface remains after regrowth on a

nanohole template. The light emission is quite uniform on the c-plane surface. The p-contact on

flat c-plane surface might be easier to fabricate than on sharply textured semipolar (1-101) planes.

An improved current spreading is also expected with respect to the isolated nanorod structure. The

nanohole template is partially strain relaxed or even strain free at the surface, providing a

possibility to reduce the QCSE. High light extraction efficiency can be preserved even after

growing p-GaN layer by forming distinct nanostructures.

6.2 Growth of MQWSs on Nanohole Patterned Templates

2-inch GaN template of 3 um thickness was used for the nanohole template fabrication. The

nominal diameter and center-to-center spacing of the holes were 230 and 460 nm, respectively.

The etching depth was about 500 nm. The details of the fabrication process was described in

chapter 3. Plan-view and inclined-view SEM images of the nanchole template were shown in Fig

6.1(a) and 6.1(b), respectively.

S-5200 5.0kV 0.8mm x25.0k SE 2012/08/2:

Fig. 6.1 (a) plan-view and (b) inclined-view SEM image of a fabricated nanohole template.
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Strain relaxation in MQWSs could reduce the strain induced QCSE and improve the radiative

recombination rate. The strain state of the nanohole template was characterized by Raman spectra,

The Ramn spectra after curve fitting is shown in Fig. 6.2. The peak positions of the GaN E,

high

mode were 569.1, 568.4, and 567.5 cm™ for a planar GaN template, a nanohole GaN template, and

a bulk GaN substrate (spectrum not shown here), respectively.
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—— Planar GaN template
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Raman shift (cm'1)

Fig. 6.2 Fitted Raman spectra of a planar GaN template and

a GaN nanohole template.

The 0.7 cm™ difference in peak position between the nanohole template and the planar GaN

template corresponds to a stress relaxation by ~0.17 GPa, while the total stress of the planar GaN

template was 0.38 GPa according to Ref. 8. Due to the limited etching depth, there was still a quite

thick GaN film underneath the nanohole arrays. The strain relaxation might be underestimated

because the Raman measurement adopts a 532 nm wavelength laser which has a deep penetration

depth in the GaN film. The spectrum of the nanohole sample also includes signal from the
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underlying GaN film. Besides the commonly used Raman spectrum, the peak position shift of
GaN bandedge emission in PL spectrum has also been reported for strain characterization.*'%
Compared with Raman measurement, the PL measurement has a much shorter penetration depth
due to the stronger absorption of the light with a shorter wavelength, therefore most of the signal
should be from within the nanohole etching depth. The PL spectra were measured with a 325 nm
He-Cd laser and the spectra were shown in Fig. 6.3. The peak wavelengths were 364.2, 365.0,

365.0 nm for the planar GaN template, the nanohole template and the bulk GaN substrate,

respectively.

T ¥ T ¥ T ; T ¥ T
Nanohole sample
—— Planar sample
1.2x10° |- Bulk GaN

1.4x10°

1.0x10° |
8.0x10* [
6.0x10" |
4.0x10* |

2.0x10* |

PL Intensity (arb. units)

0.0

350 353 355 358 360 363 365 368 370 373 375 378 380
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Fig. 6.3 PL spectra of a planar GaN template, a nanohole template,
and a bulk GaN substrate.measured with a 325 nm He-Cd laser.

Several planar and nanohole samples were measuered. The peak wavelengths of planar sample
were mostly at 363~364 nm, while all the nanohole templates showed a peak at 365 nm. The
redshift of the nanohole template might be associated with the relaxation of compressive stress. A
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rough estimation of the in-plane stress was also conducted using the PL peak shift and a linear
proportionality factor of 20 meV GPa™.*Y The derived stress 0.37 GPa of the planar GaN template
agreed well with the value of 0.38 GPa calculated by the Raman spectra. The peak wavelength of
nanohole sample was the same as the bulk GaN substrate, which implied an almost complete
strain relaxation at the surface of the nanohole template. The PL intensity of the nanohole template
also showed a four-fold increase compared with the planar GaN template, which was attributed to
the increased light extraction efficiency.

After removing the residual SiO, by hydrogen fluoride and standard surface cleaning, the
nanohole template was loaded into an MOVPE chamber for regrowth. Five-period InGaN/GaN
quantum wells were grown on the nanohole template. TEG, TMI were used as the Il precusors
and ammonia were used as the V precursor. Nitrogen was used as the carrier gas. First the
nanohole template was thermal cleaned at 950 °C for 5 min. Then the temperature was decreased
to 760 °C for MQW:s growth. The regrowth started by growing a GaN barrier. After MQW growth,
finally the sample was capped with a GaN layer of 15 nm. The flow rates of TEG and TMI (only
for quantum well growth) were 15.56 and 7.78 umol/min, respectively. A large NH; flow rate of 8
SLM was used to prevent InGaN decomposition. Figure 6.4 shows the plan-view SEM images of

the nanohole sample after MQW growth.
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Fig. 6.4 Plan-view image (a) and plan-view image with larger magnification (b) of 5-period
InGaN/GaN MQWs grown on a nanohole template.

MOV -0 1y e 26, 0K % S-5200.5,0kV -D.1mm x100k SE 2012/08/7
\Fig. 6.5 Cross-sectional view (a) and cross-sectional view with larger magnification (b) of

5-period InGaN/GaN MQW:s grown on a nanohole template.

The cross-sectional view SEM images are shown in Fig. 6.5. The shape of the holes was
changed from round shape to hexagonal, and very smooth crystal planes were formed, which
implies a recovery of surface damage caused by dry etching. According to the previously reported
results,>® the newly formed crystal planes were assigned as the {1-101} semipolar planes. The
development of semipolar planes were accompanied by a decrease of both c-plane area and

nanohole diameter. The diameter of the nanohole reduced from 255 nm to 157 nm, and the spacing
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between edges of adjacent nanoholes reduced from 157 and 78 nm. From the cross-sectional view
image, we found that the MQWs were clearly observed on flat c-plane area but hard to discern on
the semipolar planes or sidewalls. This was due to much lower growth rates on the semipolar and
nonpolar planes. Similar results have also been reported for MQWSs grown on other
nanostructures.>® From the sample surface, some pits could be observed including some
line-shaped “pits”. It was reported previously that the pits on the surface of InGaN/GaN MQWs
were related to the threading dislocations of the underlying GaN layer. However, at this point it
was not clear whether the formation of pits on the nanohole template could be explained in the
same way. The PL spectrum of MQWs grown on the nanohole template was shown in Fig. 6.6.

The PL spectrum of a planar control sample grown in parallel was also shown for comparison.
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Fig. 6.6. PL spectra of MQWSs grown on the nanohole template

and a planar GaN template.

The PL intensity of the nanohole sample showed a two-fold increase compared with the planar

sample. Compared with the planar sample, the spectrum of the nanohole sample showed a slight
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red shift of peak position and a little broader FWHM. The FWHM of the nanoporous sample and

the planar sample were 51 and 45 nm, respectively. The PL peak of the nanohole sample deviated

from the Gaussian curve. Such broader peak of the nanohole sample might be due to a larger

indium composition fluctuation compared with the planar sample. The integrated PL intensity of

the nanohole sample was 2.5 times as that of the planar sample. Because the PL intensity of the

nanohole GaN template showed even higher enhancement (~4 times enhancement) as shown in

Fig. 6.3 compared with a planar GaN template due to the improved LEE, it’s not likely that the PL

intensity enhance of the MQWs was due to an improvement of the internal quantum efficiency,

but probably also due to the improved LEE.

Sometimes much more dense pits on the MQW surface could be observed. The sample shown

in Fig. 6.7 was grown using the same growth condition mentioned above. It’s not likely the dense

pits was formed due to the threading dislocation of the underlying GaN since the quality of the

nanohole templates were almost the same. The origin of this phenomenon is still not clear at

present. We suppose this might be because at the initial growth stage, layer-by-layer growth was

not realized as a result of the very low diffusion length of the adatoms under such growth

condition.
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Fig. 6.7 Dense pits observed on the MQW surface due to a changed growth condition.

The spectrum of MQWSs grown on the nanohole template with dense pits showed a 43%

increase in integrated PL intensity compared with a planar sample as shown in Fig. 6.8. Although

there were dense pits on the surface, the sample showed similar PL spectrum and intensity as the

previous sample with flat c-plane surface. The spectrum of the nanohole sample also showed a

broader peak and a slight redshift. Regarding the rougher surface of the nanohole sample, we

suppose the slightly broader peak for the nanohole sample was probably due to a larger indium

composition inhomogeneity in the MQWSs grown on the nanohole template.
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Fig. 6.8 PL spectra of MQWSs grown on the nanohole template
with dense pits and on a planar sample.
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From the previous reports, for MQWSs on strain relaxed templates fabricated by top-down dry
etching including nanohole structure, a blueshift of the PL peak position was usually
observed.*™ This is caused by a reduction of internal electric field in the quantum wells, which
results in an increase in bandgap energy. On the other hand, the strain relaxation by nanostructures
was also reported to improve indium incorporation efficiency.lS) Therefore, a redshift in PL
spectrum would be expected. To clarify the origin of this redshift, XRD (002) 26-» scan and
reciprocal space map (RSM) of the asymmetric (105) reflection was used to study the structural
properties of the MQWSs. From the RSM of (105) asymmetric reflection in Fig. 6.9, we confirmed

that the MQWs were coherently grown on the nanohole template.

0.340.35 0.36 037 D.38

7] W

Fig. 6.9 XRD RSM of the asymmetric (105) reflection

of MQWSs grown on the nanohole template.
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It was reported that to relax the strain a certain thickness of mismatched layer was required.le)

Despite the nanoscale dimension of the nanohole template, the thickness of the InGaN wells was

only around 5 nm, the strain relaxation might be very limited within such small thickness. In

addition, compared with the lattice mismatch between InGaN well and the GaN template, the

lattice constant change of GaN due to strain relaxation was quite small, therefore, the strain

relaxation inside the InGaN well should be quite limited. Therefore, according the XRD result, it

seems that strain relaxation played a minor role in the increase of PL intensity.

By fitting (002) 26-» scan curve in Fig. 6.10 with a commercial software, the respective well

widths and indium composition ratios of 5.15 nm, 8.9% and 6.7 nm, 6.2% for the control sample

and the nanohole sample were obtained.

T i T

planar sample
—— Nanohole sample
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Fig. 6.10 (002) 26-w scans for MQW:s on a planar template and a nanohole template.
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The slight redshift of PL peak in Fig. 6.8 was probably due to a wider InGaN well. The faster
growth rate might be caused by a larger average concentration of precursors at the surface of the
nanostructure. Surprisingly, we derived a lower indium composition for the nanohole sample
although both higher growth rate and strain relaxation should promote the indium incorporation
rate. At present the reason is not clear, one possible explanation is because of a faster desorption
rate of indium on the nanostructures due to a higher surface energy. Similar phenomenon was also
observed when growing (10-11) plane semipolar GaN on Si stripes.”)

To study the origin of the light emission, CL measurement was carried out. Figures 6.11(a)
showed the CL spectrum of MQWSs on the nanohole template. Figures 6.11(b)-(e) were
monochromatic CL images acquired at 390, 420, 460 and 480 nm, respectively. It could be clearly
observed that a weak emission at around 400 nm was from the semipolar planes whereas the
dominant broad peak originates from the emission of the c-plane MQWSs. MQWSs grown on
nanostructures such as nanopyrmid or nanorods often exhibited a broad peak. At different
locations, the quantum well thickness and In composition were different. However, in the
nanohole sample, the dominant light emission came from MQWSs grown on c-plane, and in the

range of the dominant peak, the spatial distribution of the emission wavelength was quite uniform.
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Figures 6.11 (a) CL spectrum of MQWs on the nanohole template.
(b)-(e) monochromatic CL images acquired at 390, 420, 460 and 480 nm.

6.3 LED Structure Grown on the Nanohole Templates

For LED structure, a 20 nm thick undoped Al ,GaggN layer and a p-GaN layer with a thickness
of 130 nm was grown after the growth of MQWs. The chamber pressure was 250 Torr and the
growth temperature was 940 °C. The same structure was also grown on a planar GaN template in
parallel for comparison. A schematic of the LED structure is shown in Fig. 6.12(a). The plan-view

and cross-sectional view SEM images of a full LED structure grown on the nanohole template are
109



shown in Figs. 6.12(b) and 6.12(c), respectively.
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Fig. 6.12 (a) Schematic of the LED structure, (b) plan-view and (c) cross-sectional view SEM
images of the LED structure grown on the nanchole template.

After growth, two types of nanostructure arrays were observed. At the p-GaN surface, very
regular inverted-pyramid shaped arrays with smooth inclined crystal planes formed. The diameter
of the inverted pyramids was about 360 nm. After growth the nanoholes were still not completely
buried but leaving pores with a diameter of about 20 nm. The diameter of the pores could be
adjusted by changing the growth time. The continuous c-plane area remained after growth.
Another nanoscale embedded void array formed under the inverted-pyramid array. Actually there

was an embedded void under every inverted pyramid. The height of the voids was around 480 nm.

The c-plane MQWSs were between these two arrays. This distinct structure could greatly improve

the light extraction efficiency by strong scattering effect.
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There were two critical factors that affect such distinct structure. The size of the embedded

voids was strongly dependent on the nanohole etching depth. Figure 6.13 showed a cross-sectional

view SEM image of a LED structure grown on a nanohole template with smaller depth (~350 nm).

The size of the embedded voids became much smaller.

Fig. 6.13 Cross-sectional view SEM image of a LED structure
grown on a nanohole template with smaller depth (~350 nm).

The thickness of p-GaN layer is the other factor. If the thickness of the p-GaN layer is too thick,

then the inverted pyramids on the top p-GaN layer would be completely filled up and the p-GaN

will form flat surface. Figure 6.14 showed such case. The p-GaN layer was a little thicker (~150

nm). Part of the inverted pyramids were buried.
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Fig. 6.14 Thicker p-GaN layer (~150 nm). Part of the
inverted pyramids were buried.

In such case, the light extraction efficiency would be degraded. Figure 6.15(b) showed the
panchromatic CL image of the partially flattened sample in Fig. 6.14. A corresponding SEM image
at the same location is shown in Fig. 6.15(a). It could be observed clearly that the flat area had a

lower intensity which was due to a lower light extraction efficiency.

Fig. 6.15 (a) SEM image (b) panchromatic CL image of the same location in the partially

flattened sample.

LED device was fabricated with the standard device fabrication process for planar LEDs.

Although the almost fully coalesced p-GaN layer was expected to facilitate direct fabrication of
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electrode without a planarization step with spin on glass, however, the fabricated LED device

exhibited a large leakage current and the light emission was quite weak. In order to clarify the

poor performance of the LED device, TEM measurement was carried out. Figure 6.16 (a) shows a

cross-sectional view bright field TEM image. The MQWs on the c-plane are not clear which

implies poor crystal quality of the MQWSs. From the HAADF STEM image in Fig. 6.16(b), the

dislocations inside the MQWs could be more clearly observed.

Fig. 6.16 (a) BFTEM image (b) HAADF STEM image of the LED structure grown on the
nanohole template.

From the TEM images, we also found that there were also some metal deposited onto the

sidewalls of the embedded voids during TEM sample preparation by focused ion beam. This might

be because the voids were not completely embedded but left with small pores. This means it’s also

likely that during p-electrode fabrication, the metal Ni could also penetrate through pores and

deposit on the sidewalls of the voids. In that case, even if the contact area is quite small, the
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p-electrode will directly contact with the n-GaN. Besides the poor crystal quality of the MQWs,

the p-electrode might also account for the large leakage current and weak light emission.

To improve the MQW crystal quality and control the nanohole diameter, we tried to initiate the

regrowth by a high temperature GaN in hydrogen ambient. In Chapter 5, when growing

nanopyramids in a nitrogen ambient, new dislocations generate at the regrowth interface were also

observed. Therefore, starting the regrowth by low temperature with nitrogen carrier gas may

generate new dislocation and degrade the crystal quality. By adjusting the high temperature GaN

thickness, we may control the nanohole diameter to become sufficiently small before p-GaN

growth. In that way, the p-GaN layer and the p-electrode will not contact with the underlying

n-GaN. The growth was performed with the showerhead configuration. The regrowth was initiated

by grown a silicon doped GaN layer at 1050 °C for 13 min in hydrogen ambient, the growth

thickness was about 230 nm. Figure 6. 17(a) shows a plan-view image of the nanohole template

after the high-temperature GaN growth. We found that the nanohole hole diameter became smaller

and the c-plane area was extended. The regrowth temperature is a important factor for structure

control. If the regrowth is initiated at 950 °C with other parameters kept the same, the semipolar

planes will extend and the c-plane area decreases, as shown in Fig. 6.17(b).
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Fig. 6. 17 Plan-view image of the nanohole template after growing a silicon doped GaN layer at
1050 °C (a) and 950 °C (b) for 13 min.

Then five-period InGaN/GaN quantum wells were grown. The thicknesses for the quantum well

and barrier were 3.7 and 9.5 nm, respectively. The chamber pressure was 200 Torr and the growth

temperature was kept at 780 °C for MQW:s growth. The plan-view and cross-sectional view SEM

images of the nanohole sample after MQW growth were shown in Figs. 6.18(a) and 18(b),

respectively.

S-5200 10.0kV 0.6mm x10.0k SE 2013710/ S-5200 10.0kV 0.1mm x26.1k SE 2013/10/0
Figs. 6.18 (a) plan-view and (b) cross-sectional view SEM images of the MQWSs grown on the
nanohole template.
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Two nanostructure arrays were also observed. However, the surface was partially flattened and

the size of the remaining holes was also small. The room temperature PL spectra of the MQWSs

grown on the nanohole sample and on a planar control sample were shown in Fig. 6.19. Despite of

a reduced light emitting area, the spectrum of MQWs grown on the nanohole template showed a 4

fold increase in integrated PL intensity and exhibited a broader peak. Compared with the 2.5 fold

increase reported previously, the more enhanced PL intensity might be related to a better crystal

quality caused by the initial high-temperature growth. Moreover, the pit density became lower and

the line-shaped “pits” were not observed. The full width at half maximum of the PL spectra for the

planar sample and nanohole sample were 21 and 47 nm, respectively. A slight shift of the peak

position from 455 to 464 nm was also observed, which is in agreement with the previous results.
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Fig. 6.19 Room temperature PL spectra of the MQWSs grown

on the nanohole sample and on a planar control sample.
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For the LED structure, following the MQW growth 20 nm thick undoped Al 15GaggsN layer
and a p-GaN layer with a thickness of 140 nm was grown at a growth temperature of 950 °C. The
embedded void array and the inverted pyramids on the surface were observed (Fig. 6.20).
Compared with the sample after MQW growth, the sample after p-GaN growth had dedper

inverted pyramids on the surface.
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Fig. 6.20 (a) plan-view and (b) cross-sectional view SEM images of the LED structure grown on

the nanohole template.

The PL spectra of the LED structures grown on a nanohole template and on a planar template
were shown in Fig. 6.20. A 405 nm laser was used as the excitation source. As high as 3.5 times
increase in integrated PL intensity was observed for LED grown on the nanohole template
compared with that grown on a planar sample owing to a much improved light extraction

efficiency.
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Fig. 6.21 Room temperature PL spectra of the LED grown

on the nanohole sample and on a planar control sample.

To confirm the increased PL intensity was mainly due to the greatly enhanced light extraction
efficiency, the internal quantum efficiency of a LED structure grown on a nanohole template was
measured and compared with a planar LED grown in parallel. The IQE was measured using a 405
nm PL system with variable excitation power. The calculation is based on the theoretical model
proposed in Ref. 18. In bulk semiconductors, the main carrier-recombination mechanisms are
Shockley—Read—Hall nonradiative recombination An, bimolecular radiative recombination Bn?,
and Auger nonradiative recombination Cn®, where A, B, and C are the respective recombination
coefficients and n is the carrier concentration. The Auger recombination was not considered in our
experiment due to the weak excitation condition. The generation rate G and the IQE at steady state
can be expressed as

G=An+Bn’>, (1)

IQE = Bn?/(An + Bn?) = Bn/G, )
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and the integrated PL intensity can be expressed as

lpL :TIBHZ: @)
Where n is a constant determined by the volume of the excited active region and the total
collection efficiency of luminescence. By eliminating n in Egs. (1) and (3), the generation rate
could be expressed as

_i| 1/2.|.1|

\/H_B PL n PL (4)

On the other hand, the generation rate G can be also calculated from experimental parameters

using

G =P, (I-R)all/(A ,Ihv) =P (1-R)al(A,h V), (5)

SpOt aser
where P IS the excitation power of the laser source, R (17%) is the reflection at the sample
surface, | (15 nm) is the total thickness of the InGaN QWSs, Agp: (12.56 um?) is the area of the

laser spot on the sample surface, hv (3.07 eV) is the energy of a 405 nm photon, and a (5.4 umfl)

is the absorption coefficient of the InGaN well at 405 nm.
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Fig. 6.22 Excitation power as a function of Ip_ for (a) the nanohole sample and (b) the planar
sample.
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The experimental results for excitation power as a function of Ip_ is shown in Fig. 6.22(a) and
6.22(b) for the nanohole sample and the planar sample, respectively. The carrier generation rate of
the nanohole sample and the planar sample obtained using Eq. (5) as a function of Ip_ is shown in

Fig. 6.23. The corresponding graphs ploted in logarithmic coordinates are shown in Fig. 6.24.
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Fig. 6.23 Calculated carrier generation rates for (a) the nanohole sample
and (b) the planar sample.
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Fig. 6.24 Carrier generation rates for (a) the nanohole sample and (b) the planar

sample as a function of PL intensity in logarithmic coordinates.

Using Eqg. (4) to fit the experimental data, we then obtain the coefficients P;=A (Bn)’”2 and
P,=1/n. Eliminating A from P;=A (Bn) “? and Eq. (1) we get
G =PR./nVBn+(/Bn)?, (6)
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By solving Eq. (6) for B¥?n and inserting into Eq. (2), the IQE is obtained. If one assumes a
value of B at room temperature of 1x10*° cm®/s, the value of carrier concentration n can also be
obtained. In Fig. 6.25, the measured IQE is plotted as a function of carrier concentration n for the
nanohole sample and the planar sample. The planar sample showed a higher internal quantum
efficiency than the nanohole sample at a carrier concentration of 4x10™ cm™. The crystal quality
of the MQWs grown on the nanohole template was affected by this nanostructure and was not as
good as the planar sample. Therefore, the great enhancement of the PL intensity for the nanohole

sample was due to the great improvement of the light extraction efficiency.
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Fig. 6.25 Calculated IQE plotted as a function of carrier concentration n for (a) the nanohole

sample and (b) the planar sample.

6.4 Simulation of the light extraction efficiency

The LEE of the nanostructures was simulated with a commercial software Poynting (Fijutsu).

This software was based on the finite difference time domain (FDTD) method. Software such as

LightTools could not be used for the simulation here since only geometric optics is considered.

When the size comes to the nanoscale, the same scale of the light wavelength, the diffraction
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effect could not be neglected. The structure of the simulation is based on the LED structure shown
in Fig.6.12.

Four types of LED structures were simulated: a conventional planar LED, a LED structure with
embedded voids, a LED structure with inverted pyramids on the top surface and a LED structure
with both embedded voids and inverted pyramids.

Due to the limited volume of the memory, the simulated size was choose to be 4x4 pm?
Generally, the simulated structures consist of a 200 nm p-GaN layer, a 20 nm AlGaN electron
blocking layer, a 25 nm InGaN layer, a 750 nm n-GaN layer and a sapphire substrate of 500 nm
thickness. The p-GaN and n-GaN layer was set to have the same refractive index of 2.47. A InGaN
layer with a thickness of 25 nm, which is equivalent to the total thickness of the InGaN quantum
wells, was used instead of the MQWs for simplicity. The refractive indices of the InGaN layer and
the AlGaN layer were set to be 2.8 and 2.4, respectively. The light absorption inside the chip was
neglected. To save the memory volume, a n-GaN thickness of 750 nm and a sapphire thickness of
500 nm was used, which was much less than the real thickness of 430 pum. This would not
obviously degrade the simulation results since the total absorption boundary condition was used in
this simulation. On the contrary, we found that when a larger thickness was used, the accuracy
would decrease because a larger portion of the light will be absorbed by the sidewalls due to the
total absorption boundary condition. The embedded voids had a length of 480 nm and a width at
the center of 250 nm. The inverted pyramids were set to have a depth of 260 nm and a diameter of
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360 nm. Both the embedded voids and the inverted pyramids were distributed in a hexagonal array
with a pitch of 460 nm. There was a embedded void under every inverted pyramid. A cubic light
source with a small lateral size of 5 nm was set at the center of the InGaN layer. The wavelength
was set to be 450 nm and the light emission duration was 30 fs. The grid was set to have a
maximum size of 10 nm and a minimum of 5 nm. Such grid parameters were selected to save the
memory volume and simulation time while keeping a sufficient accuracy for our simulation
purpose. Plan-view and cross-sectional view images of the simulated LED structure with both

embedded voids and inverted pyramids were shown in Fig. 6.26(a) and 6.26(b), respectively.
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Fig. 6.26 (a) Plan-view and (b) cross-sectional view images of the simulated
LED structure with both embedded voids and inverted pyramids.
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The electromagnetic field distributions of the simulated structures at 11.25 fs were shown in
Figs. 6.27(a)-(d). From the electromagnetic field distribution, we found that the light extraction
was obviously enhanced by the nanostructures. The light propagation from the top surface was
much enhanced by the inverted pyramids. On the other hand, the embedded nanoholes were more

effective for light extraction from the bottom side.
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Fig. 6.27 The electromagnetic field distributions of the simulated structures at 11.25 fs.
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Fig. 6.28 The output power of light emission measured from the top surface (a)
and the bottom of the four LED structures (b).

The output power of light emission measured from the top surface and the bottom of the four
LED structures were shown in Figs. 6.28(a) and 6.28(b), respectively. We found the output power
from the top surface and bottom side were both enhanced by the nanostructures. The LED
structure with inverted pyramids had a larger output power from the top surface than the LED

structure with embedded voids. On the other hand, the LED structure with embedded voids
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showed a larger output power from the back side than the LED with inverted pyramids. However,

from both the top surface and the backside, the LED structure with both inverted pyramids and

embedded voids showed the largest output power. The light extraction efficiency of the up and

bottom directions exhibit as large as 2.2 and 3.5 times enhancement compared with the planar

sample, respectively. The measured PL intensity enhancement is even slightly higher than the

simulated value, probably due to an extra factor of better light coupling of the incident light at the

nano-patterned surface. The calculated output power is small owing to the small sizes of the light

source and simulated area as well as the short light emission time of 30 fs. This simulation result

showed the great advantage of the LED structure grown on the nanohole templates in improving

the light extraction efficiency.

6.5 Summary

In this chapter, InGaN/GaN MQWs grown on regular nanohole-patterned

templates were studied. The nanohole template was measured to be almost

completely strain relaxed. The integrated PL intensity of MQWs grown on a nanohole

sample showed a 4-fold increase compared with a planar sample. The MQWs were

coherently growth on the nanohole template. The slight red shift and the broader

peak in PL spectrum were attributed to a thicker InGaN well width and a larger

indium inhomogeneity. The light emission mainly came from the MQWs grown on

c-plane, and the spatial distribution of the emission intensity and wavelength were
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quite uniform. Two sets of nanoscale inverted pyramid and embedded void arrays

were formed at the same time after growing the LED structure on a nanohole

template. As high as 3.5 times increase in integrated PL intensity was observed for

LED structure grown on a nanohole template compared with a planar sample owing

to a much improved LEE. Although QCSE might be reduced by the strain relaxed

nanohole template, the IQE of the nanohole based LED was measured to be lower

than that of a planar LED, which implied a lower crystal quality of the MQWSs grown

directly on the nanohole template. This confirms that the great enhance of the PL

intensity for the nanohole samples was attributed to the great improvement of the

LEE. By simulation of the nanostructures with a FDTD software, it was confirmed

that the distinct nanostructures exhibited the largest LEE compared with

conventional nanostructures with only embedded voids or only inverted

nanopyramids on the surface.
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7. Conclusions and Prospects for Future Work

7.1 Conclusions

A novel thermal etching process in an MOVPE reactor for nanoporous template fabrication was
proposed. This method shows the capability of fabrication very deep nanoporous templates with
high density. This method is also threading sensitive, which may make it more effective in
dislocation reduction. The diameter of the nanoscale pores could be tuned by the etching condition.
Continuous NH; flow would greatly increase the aspect ratio of the anisotropic etching while
pulsed NH; flow would laterally increase the pore diameter. The nanoporous template showed a
nearly complete strain relaxation and a fivefold increase in PL intensity. The threading dislocation
density after overgrowth was greatly reduced for the GaN template with poor crystal quality. The
surface flatness of the GaN layer overgrown on the nanohole template was also obviously
improved. However, little crystal quality improvement was observed for the high-quality GaN
template. MQWs grown on a nanoporous template fabricated from the high-quality GaN template
were used to assess the effect on LED performance. Owing to the increased light extraction
efficiency caused by the nanoporous structure, MQWSs grown on an overgrown nanoporous
template exhibited a twofold increase in PL intensity.

Regularly distributed nanopyramid arrays were grown by selective area growth. We
successfully suppressed the “self limiting growth™ reported previously. Pyramid size was not
limited by mask window but could be controlled by growth parameters. The pyramids exhibited

uniform size and no abnormal large islands were observed throughout the whole sample. Distinct
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nanostructures were observed for nanopyramids. In every nanopyramid an embedded void was

observed, which was explained by different growth rates at the edge and center of the window

region caused by SAG and a low diffusion length. Two PL emission peaks from MQWs grown on

the nanopyramids were observed. The longer wavelength peak originated only from the apexes of

pyramids with a shape of threefold symmetry. The formation of pyramids of threefold symmetry

might be related to the high-density stacking faults formed during the growth according to the

TEM analysis. This approach has potential merits such as fast p-GaN coalescence, larger light

emitting area, as well as dislocation reduction by lateral overgrowth. This research could be used

for realizing nanopyramid based high-efficiency LEDs in the future.

MQWs as well as full LED structures grown on regular nanohole-patterned templates were

studied. The nanohole template was measured to be almost completely strain relaxed. The

integrated PL intensity of MQWSs grown on a nanohole sample showed a 4-fold increase compared

with a planar sample. The light emission mainly came from the MQWSs grown on c-plane, and the

spatial distribution of the emission intensity and wavelength was quite uniform. Two sets of

nanoscale inverted pyramid and void arrays were formed at the same time after growing the

LED structure on a nanohole template. As high as 3.5 times increase in integrated PL intensity

was observed for LED structure grown on a nanohole template compared with a planar sample

owing to a much improved light extraction efficiency. This study suggests the nanohole-patterned

template as an promising nanostructure for realizing high efficient LEDs.
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7.2 Future Work

For GaN templates with high dislocation density, the dislocation density could be greatly

reduced by GaN layer overgrowth on the thermally etched nanoporous template. However, for

high-quality GaN templates, the dislocation reduction was not obvious. The origin of this

difference is still not clear. A further study of the dislocation reduction mechanism and a

comparison between GaN templates with different dislocation density are required in the future.

This may lead to an optimization of the nanoporous structure for high-quality overgrown GaN

layers.

The thermal etching conducted inside the MOVPE chamber offers a possibility to integrate the

nanoporous template fabrication with the crystal growth process. GaN overgrowth could be

performed directly after the thermal etching process without removing the SiO, mask. This will

not only reduce the complexity of the regrowth step but may also provide a further dislocation

reduction. Previously GaN overgrowth with nanoscale patterned dielectric mask has been reported

for effective dislocation reduction. However, we found the coalescence of the overgrown GaN

was very difficult despite of the nanoscale pattern. The growth condition optimization is required

in the future.

We have successfully suppressed the “self-limiting” growth during GaN nanopyramid growth.

The size of the nanopyramid array was uniform throughout the whole sample and could be well

controlled by growth parameters. Using the present growth condition, however, we found
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embedded nano voids inside every pyramids. Besides, there were also new dislocations generated

at the regrowth interface. These issues might be solved by first growing a nanopyramid “core”

with hydrogen as carrier gas at a higher temperature. The growth condition optimization is

necessary.

For MQW and LED structures grown on the GaN nanohole templates, greatly enhanced PL

intensity was observed and was attributed to the improved light extraction efficiency. LED devices

based on the GaN nanohole template have also be fabricated and tested. However, the

electroluminescence showed quite weak output power possibly due to the poor quality of the

p-GaN layer. The optimization of the LED growth condition and demonstration of LED device

requires further study in the future.
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