





Figure 1.7: The enhancement in the active region area as a function of the nanowire radius with
different heights compare to a planar LED on the same substrate footprint area.

of indium (In) incorporation during In,Ga; «N/GaN (x= mole fraction of In) core-shell growth as

a result of the small dimensions of the nanowires [99].

The small dimension of nanostructure-based emitters also paves the way to improve the
radiative efficiency via the Purcell effect. Edward Purcell in 1946 realized that the rate of
spontaneous emission could be modified when an emitter is placed inside a cavity [100]. The
Purcell effect states that the enhancement in the emission rate for maximum coupling is directly

proportional to the quantity Q/V, as
3 (A\3 .0
h=wm() @
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Where F,, is the Purcell enhancement factor, 4 is the free-space wavelength, n is the refractive
index, Q is the quality factor, and V is the mode volume. Nanostructure-based emitters with
dimensions in the range of the emission wavelength are potential candidates to shrink the mode
volume accompanied by a moderate Q parameter. Reduction of the mode volume results in
higher spontaneous emission rate via the Purcell effect, and higher radiative rate of

nanostructure-based LEDs.

Due to all mentioned advantages of nanostructures, especially nanowires, vast numbers
of papers have been published over the past two decades. The number of papers based on
nanowires increased exponentially, with most of the activities and development happening in the

last ten years (Fig. 1.8).
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Figure 1.8: Increase in the number of publications on nanowire related topics from 1996-2016
(Source, ISI; keyword, nanowires).

Among all nanostructure-based LEDs, GaN/InGaN core-shell nanowire-based LEDs
using bottom-up SAG are the most common, benefiting from lower threading dislocation
densities, higher active region area, and possibility of the growth of quantum wells on nonpolar

m-plane side walls.

1-5 A brief history of selective-area growth of GaN/InGaN core-shell

nanowire-based LEDs

The first demonstration of SAG growth of GaN/InGaN core-shell LEDs, was performed
by W. Bergbauer et.al in 2010 [94]. A continuous-flow MOCVD was used to grow nitrogen
polar GaN nanowires on sapphire, with diameters ranging from 200 nm to 500 nm. Five pairs of

quantum well/barrier were grown around the GaN nanowires cores, and a peak of
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photoluminescence (PL) of 420 nm was achieved. A 95 nm thick p-type GaN was grown around
the active region. Although, a cross-sectional bright-field TEM micrograph of the nanowires
showed smooth and perfect side walls, a significant defect-related yellow-band emission for
nanowire-based LEDs in the PL spectra is indicative of low-quality, and dim quantum wells. The
internal quantum efficiency (IQE) and current-voltage (1-V) plot for the LEDs were not reported
for these LEDs. After that, it was in 2013, when S. Albert et.al [101] reported SAG growth of
GaN/InGaN core-shell LEDs. In their work, molecular beam epitaxy was used to grow GaN
nanowire with diameter ranging from 200 nm to 500 nm on GaN-buffered Si (111). A peak PL
of 540 was reported, and a peak IQE of 37% was achieved as the In/Ga ratio changed during the
QW growth. However, the electrical characteristics including 1-V and L-1-V were not reported.
The first demonstration of electrically injected GaN/InGaN core-shell nanowire-based LEDs was
performed by C. G. Tu et.al in 2014 [95]. They used MOCVD selective-area growth on c-plane
GaN on c-plane sapphire to grow patterned array of GaN nanowires with diameter of ~500 nm
and the height of ~650 nm. Three pairs of quantum well/barrier were grown around the GaN
nanowire cores, followed by a 150 nm of p-GaN layer on the side walls. A peak PL of 485 nm
was demonstrated from nonpolar QWs on the side walls, and a peak IQE of 21% was achieved.
Although, a high device series resistance of 336 Q was reported, a turn-on voltage of ~3 V was
achieved for the nanowire-based LEDs. M. S. Mohajerani et.al, performed a thorough study of
optical properties of SAG grown GaN/InGaN core-shell nanowire-based LEDs in 2016 [102]. In
their study, MOCVD SAG was used to grow GaN nanowires with a diameter of 800 nm, and a
height of 12 um on a 5.5 um thick c-plane GaN on c-plane sapphire. One quantum well was
grown around the GaN nanowire, followed by ~500 nm of p-GaN. A peak PL at 423 nm, was

shown at 20 K, and an IQE of 8% was reported. A significant change in peak CL was observed

14



at the side walls of the nanowires, ranging from 406 nm to 430 nm, which is a clear indication of
different indium incorporation along the side walls of the nanowires. In 2016, T. Schimpkea et.al
from OSRAM also reported the highest performing SAG grown GaN/InGaN core-shell
nanowire-based LED [96]. They have used MOCVD to grow GaN nanowires on c-plane GaN on
c-plane sapphire, with a diameter of 800 nm and a height of ~10 um. Multiple quantum well
were grown around the nanowires, followed by a p-GaN layer. A peak PL wavelength of 445 nm
was shown, and an IQE of 58% was reported. This value for IQE was the highest reported 1QE
for SAG GaN/InGaN core-shell nanowire-based LEDs. I-V and L-J-V (light, current density,
voltage) plots were reported and a peak external quantum efficiency of 10% was achieved. A

summary of reported IQEs for GaN/InGaN core-shell nanowire-based LEDs is shown in figure
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Figure 1.9: A brief history of 1QEs reported for SAG of GaN/InGaN core-shell nanowire-based
LEDs.
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1.9.

1-6 Motivation for selective area growth of GaN nanowires and advantages

Several techniques have been reported in the literature for the growth of GaN nanowires.
They can be categorized into three main approaches: 1) catalyst-assisted, 2) catalyst-free
selective area growth (SAG) using in-situ deposition of a dielectric layer, and 3) catalyst-free
SAG using ex-situ deposition of a dielectric layer. In the catalyst-assisted approach, a vapor-
liquid-solid (VLS) technique can be used in either MOCVD [103,104] or in the laser assisted
catalytic growth technique [105]. In-situ catalyst-free SAG can be done using molecular beam
epitaxy (MBE) [106] or MOCVD [107]. Ex-situ catalyst-free SAG may also use either MBE
[108-110] or MOCVD [111-114]. The catalyst-assisted VLS growth technique using MOCVD
does not enable well-controlled GaN nanowires and the metal catalyst is often incorporated as a
deep level impurity [115]. Among catalyst-free techniques, the ex-situ approach is best suited to
increase the homogeneity of the nanowires since the in-situ technique results in poor uniformity
in the position and dimension of the nanowires. In the case of the ex-situ technique using MBE,
the growth of core-shell QWs is limited by a shadowing effect [63,116]. Using the MOCVD ex-
situ catalyst-free technique, the geometry of the nanowires is well controlled with a dielectric
mask, the shadowing effect is absent, and no metal catalyst incorporates into the GaN. Therefore,
the MOCVD ex-situ catalyst-free technique is promising approach for growing controlled arrays
of uniform and high-quality GaN nanowires. To realize the fundamental requirements to ensure
high reproducibility and continual optimization of the growth methods, a detailed study of the
influence of the MOCVD growth conditions, and mask geometry is required. In addition, precise
control on nanostructure properties including position, density, diameter, height and formation of

different crystallographic planes are required to achieve uniform arrays of nanowires. This
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uniformity is essential for obtaining consistent optical and electrical properties required for wafer

scale nanowire-based opto-electronic devices.
1-7 Scope of this dissertation

This dissertation mainly focuses on the design, selective-area growth, fabrication, and
characterization of GaN/InGaN core-shell nanowire-based LEDs. Particular emphasis is placed
on selective-area growth and fabrication techniques, understanding the effect of different growth
parameters on the nanowire’s morphology and electro-optical and RF characterization. The

dissertation is divided into six chapters:

Chapter I: The present chapter has given a general introduction on advantages and issues
related to Ill-nitride materials. A brief historical view of the development of IlI-nitride
semiconductors is given, and the obstacles pertaining to the conventional planar structures are
discussed. Based on particular advantages of nanostructures, a new path to overcome challenges
related to planar structures is given. A brief history of selectively grown GaN/InGaN core-shell
nanowire-based LEDs is provided, which shows the performance of these types of devices has
improved significantly, but still more detailed studies need to be done to improve the

performance of these devices further.

Chapter I11: In this chapter MOCVD-SAG of nanostructures is discussed, and a systematic
study of the influence of the different growth conditions on the geometry of the nanostructures is
reported. This study opens a new window towards precise control of the nanostructure

morphology, which is an important key for optimization of such devices.

Chapter I11: The third chapter discusses the growth of core-shell InGaN quantum wells

around the nanostructures, and a study of indium incorporation for the active region. In this
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chapter a thorough study of the influence of the mask geometry and nanostructures morphology
on indium incorporation is presented. This section provides a path towards multi-color
monolithically integrated LEDs based on nanostructures, which is extremely difficult for planar

structures.

Chapter 1V: Electrically injected GaN/InGaN core-shell nanowire-based LEDs are
presented in this chapter. Scanning transmission electron microscopy (STEM) was performed to
characterize the growth of thin films, including quantum wells, barriers, and electron blocking
layers (EBL). Micro-photoluminescence (p-PL), internal quantum efficiency, low temperature,
and room temperature time-resolved PL, and far-field emission pattern of the device are given.
Radiative and nonradiative lifetimes are decoupled and presented. A detailed study of the carrier
dynamics of devices is reported in this chapter. Electrical properties including J-V, L-J-V, and
external quantum efficiency are reported. RF characteristics of the device are given and an

equivalent circuit model is proposed for the device.

Chapter V: This chapter presents a theoretical study of nanoemitters, and their interaction
with metals. Several plasmonic structures are proposed and their optical properties are given.
This chapter also provides a thorough study of the Purcell effect, and its calculation method. The
finite-difference time domain method is applied to calculate the Purcell enhancement factor, for a

various types of nanowire LEDs.

Chapter VI: This chapter talks about the most important findings of this dissertation, and

provides a path towards future work in this field.
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Chapter 2

Selective-area growth using MOCVD

2.1 MOCVD system Veeco-p75

This section provides some information about our metalorganic chemical vapor
deposition (MOCVD) equipment. MOCVD vertical rotating disc reactors (RDR) are widely used
for large-scale production of GaN-based semiconductor devices including light-emitting diodes
(LEDs) and field-effect transistors (FETs). In RDRs, wafer rotation provides an effective
averaging of the deposition rate distribution, this results in highly uniform growth of epitaxial
layers. The details of RDR technology can be found elsewhere [1]. We use a Veeco-p75 system,
which is a commercial Veeco vertical turbo disc reactor, with a rotation speed of up to 1500 rpm.
This reactor is a vertical high-speed RDRs with a 75 mm disc diameter, where ammonia and
alkyls diluted in nitrogen and/or hydrogen carrier gas are delivered into the growth chamber by a
flow flange gas injector. The flow flange has three different zones: one hydride zone and two
alkyl zones. This allows separate reactant delivery, which prevents a premature reaction between
the precursors. The two alkyl supply zones enable a more efficient way to control flow and layer
uniformity [2]. Using a Veeco-p75, it is possible to grow epitaxial layers with pressures ranging
from 20 Torr to 500 Torr, and growth temperatures up to 1200°C. This MOCVD reactor was
utilized to grow all Ill-nitride materials in this dissertation including GaN templates, GaN
nanostructures, InyGa;«N/GaN multiple quantum well/barrier, AlyGa;«N, and p-GaN layers for
planar and 3D structures. Typical group Il precursors including trimethylgallium (TMGa),
triethylgallium (TEGa), trimethylindium (TMiIn), and trimethylaluminum (TMAI) have been
used with a combination of group V sources -ammonia (NH3) -to grow GaN templates, quantum
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Figure 2.1 (a) Veeco-p75 MOCVD reactor, (b) load lock and transfer arm, (c) and growth chamber.
wells/barriers, and GaN nanowires. Silane and biscyclo pentadienyl magnesium (CP,Mg) have
been used as n-dopants and p-dopants respectively. Figure 2.1, shows the reactor used for
material growth, including load lock, transfer arm, susceptor stage, and the growth chamber. The
load lock configuration enables samples to be moved toward the growth chamber using a transfer
arm. This prevents contamination of the reactor by atmospheric particles during the loading
process. This is an easy and effective way to prevent O, contamination of the chamber and

maintain a stable humidity inside the chamber.

2.2 Processing steps required for nanowire template preparation using electron-beam

lithography

To leverage the Purcell effect and enhance the spontaneous emission rate, nanoemitters
with a small mode volume and a moderate Q parameter are required (Eg. 1.1). Electron-beam
lithography is a feasible way to pattern dielectric thin films with a resolution of 10 to 20 nm
[3,4]. Electron-beam (e-beam) patterning, accompanied with selective-area growth (SAG), is a
potential way to reduce the size of the nanoemitters below 100 nm. This section provides
experimental techniques required for e-beam patterning and SAG of GaN nanowires. The growth

of GaN nanowires was carried out on a selectively patterned c-plane GaN template on c-plane
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sapphire. Processing steps required for e-beam patterning and SAG of GaN nanowires are given
in this section. Initially, a 2-um-thick GaN layer doped with silicon (n-GaN) was grown on a 2
inch, single-side-polished sapphire substrate. A thin (less than 10 nm) low temperature GaN
buffer layer was grown on sapphire before the growth of the GaN template. A conventional
method of continuous mode MOCVD and typical group Il (TMGa) and group V (NHs)
precursors was used to grow the GaN template. The GaN template growth was carried out at the
pressure of 500 Torr at the growth temperature of 1090°C, with a group V to group Il ratio
(/111 ratio) of 3200. The rotation speed was held at 1500 rpm during the growth. The wafer was
then cleaned in piranha solution (mixture of sulfuric acid and hydrogen peroxide 4:1) and 25 nm
of SiNy was deposited using chemical vapor deposition (CVD) at 300°C (Samco PD-10). The
sample was cleaned and 90 nm of PMMA (495PMMA-C2) was deposited on it followed by 10
nm of gold. This layer plays an important role in the performance and reproducibility of e-beam
patterning. After e-beam patterning (hexagonal symmetry) the gold layer is removed using gold
etchant-TFA. The sample is then developed in cold methyl isobutyl ketone (MIBK): isopropyl
alcohol (IPA) (1:3). Subsequently, Cl,-based reactive-ion etching (RIE) is used to pattern arrays
of circular apertures. During these processing steps, many challenges had to be overcome.
Patterning SiNx for apertures with 40 nm diameter was the main challenge. A thin layer of
PMMA is required to reduce the aperture sizes, however using RIE, the etch rate of PMMA is 3
times faster than SiNy. This results in removing the whole PMMA before etching the dielectric.
Hence, 90 nm thick PMMA is required to be able to etch 30 nm of SiNy. Using 90 nm of PMMA
and 30 nm of SiNy, we were able to make apertures in the SiNy with 40 nm in diameter. E-beam
irradiation shape and dose were other parameters that needed to be optimized to achieve

consistent and repetitive apertures. Figure 2.3 shows two different levels of irradiation doses
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Figure 2.2: Processing steps for nanowire template using e-beam lithography. (1) 2 um GaN template
grown on Sapphire, (2) Deposition of 25 nm of SiN, using plasma-enhanced chemical vapor
deposition, (3) Deposition of 90 nm PMMA and 10 nm gold, and e-beam patterning, (4) Gold
removal, (5) Develop in cold MIBK:IPA 1:3, (6) Reactive ion etching, (7) Piranha cleaning, (8) E-
beam nanowire template.
with targeted and resulted aperture shapes. It is shown that, to get circular apertures with
diameters ranging from 25-30 nm, a rectangular shape pattern with a side length of 16 nm or a
hexagonal shape pattern with a diagonal length of 30 nm are required accompanied with a higher
(4000 pc/cm?) or lower (3000 pc/cm?) e-beam irradiation dose, respectively. Removing the
PMMA using piranha was another challenge (see figure 2.3). This issue was solved using

piranha cleaning in a sonication machine, with only one sample in each cleaning process (see

figure 2.4). Finally, we were able to optimize the e-beam parameters, PMMA thickness, and
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