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ABSTRACT

Molecular Beam Epitaxy-Grown InGaN Nanowires and Nanomushrooms
for Solid State Lighting
Anwar A. Gasim

InGaN is a promising semiconductor for solid state lighting thanks to its bandgap which
spans the entire visible regime of the electromagnetic spectrum. InGaN is grown
heteroepitaxially due to the absence of a native substrate; however, this results in a
strained film and a high dislocation density—two effects that have been associated with
efficiency droop, which is the disastrous drop in efficiency of a light-emitting diode
(LED) as the input current increases. Heteroepitaxially grown nanowires have recently
attracted great interest due to their property of eliminating the detrimental effects of the
lattice mismatch and the corollary efficiency droop. In this study, InGaN nanowires were
grown on a low-cost Si (111) substrate via molecular beam epitaxy. Unique
nanostructures, taking the form of mushrooms, have been observed in localized regions
on the samples. These nanomushrooms consist of a nanowire body with a wide cap on
top. Photoluminescence characterization revealed that the nanowires emit violet-blue,
whilst the nanomushrooms emit a broad yellow-orange-red luminescence. The
simultaneous emission from the nanowires and nanomushrooms forms white light.
Structural characterization of a single nanomushroom via transmission electron
microscopy revealed a simultaneous increase in indium and decrease in gallium at the
interface between the body and the cap. Furthermore, the cap itself was found to be
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indium-rich, confirming it as the source of the longer wavelength yellow-orange-red
luminescence. It is believed that the nanomushroom cap formed as a consequence of the
saturation of growth on the c-plane of the nanowire. It is proposed that the formation of
an indium droplet on the tip of the nanowire saturated growth on the c-plane, forcing the
indium and gallium adatoms to incorporate on the sidewall m-planes instead, but only at
the nanowire tip. This resulted in the formation of a mushroom-like cap on the tip. How
and why the indium droplets formed is not entirely clear, but a localized temperature dip
may have been the cause. Ultimately, the simultaneous growth of nanowires and
nanomushrooms on the same substrate may pave the way to the development of a
phosphor-free, efficient, inherent white LED.
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Chapter I: Introduction
In this chapter, a brief history of lighting and the advent of light-emitting diodes
and their potential for solid state lighting will be discussed. The focus will then
shift to InGaN nanowires, their promising properties for the development of a
low-cost white light-emitting diode, and the common growth techniques that
have recently been developed.
The incandescent lamp, since its invention in 1879, has been ubiquitous in domestic and
industrial applications. The principle of operation of an incandescent lamp, as its name
suggests, is based on incandescence: the emission of light through the heating of a body.
A small tungsten filament, enclosed by glass, is heated to a high temperature until it emits
radiation within the visible regime; unfortunately, most of the emitted radiation remains
in infrared, rendering the incandescent lamp highly inefficient. Increasing the temperature
of the filament would result in more visible light being emitted. However, higher
temperatures will also cause the tungsten to evaporate, making this solution impractical
and limiting the maximum efficiency of the incandescent lamp.
Fluorescent lamps, which first appeared in the 1950s, offer greater efficiency, and
have displaced incandescent lamps in office buildings and public places. However, they
have been unable to completely displace incandescent lamps domestically because of one
major factor: the color rendering index (CRI). The CRI describes the ability of a light
source to render the true colours of objects that are illuminated by that source1. The CRI
of a source is measured by comparing it to the CRI of a reference, usually a planckian
black-body radiator (e.g. the sun). The CRI of an incandescent lamp is close to 100,
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which is considered ideal. Fluorescent lamps, on the other hand, typically achieve a
comparatively low CRI of 60-852.
The emission of light in a fluorescent lamp is achieved through inelastic
scattering: electrons emitted from an electrode collide with the mercury atoms in a vapor
held within the tube. This excites the electrons in the mercury atoms, which subsequently
relax and release ultraviolet (UV) photons. The UV photons are then absorbed by
phosphors and reemitted as visible radiation. The processes of inelastic scattering and
phosphor conversion limit the maximum efficiency of the fluorescent lamp. Furthermore,
the mercury in fluorescent lamps results in disposal issues: it has been found that the
mercury in disposed sources gets recycled through the air, water, and soil and ultimately
passed back into the food chain3.
To summarize, the maximum efficiency of both incandescent and fluorescent
lamps is limited by fundamental factors. Therefore, it is necessary to find a technology
that does not suffer from such fundamental limitations. That technology is the light
emitting diode4.

1.1 Solid State Light Sources
Solid state lighting is based on the use of white light-emitting diodes (LEDs) for
illumination. The first visible LED was developed in 1962 by Nick Holonyak Jr, in which
red light was emitted from a GaAsP p-n junction5. This result ushered in the era of LEDs,
as various companies began mass-producing red GaAsP-based LEDs for the market.
Consequently, these devices began to revolutionize many applications, from traffic lights
to automotive headlights. The red devices were soon accompanied by orange, yellow,
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blue, and green LEDs. Eventually, white LEDs became available in the market. However,
the most promising application for white LEDs—solid state lighting—remained out of
reach. This has become a major issue since around 20% of the world’s energy is
consumed by lighting, and much of that is wasted as heat due to the inefficiencies of
incandescent and fluorescent sources. A solid-state lighting revolution, in which the
archaic sources are replaced with white LEDs, could cut the energy consumed by 50%,
greatly reducing the associated annual emission of carbon dioxide6.

1.2 LED Material Systems
There are four material systems that are utilized in the development of LEDs. Figure 1
highlights the four material systems and compares their luminous efficacy to that of
conventional light sources. Luminous efficacy is a photometric unit. Normally,
electromagnetic radiation is measured in radiometric units such as the number of photons
emitted, their energy, and the optical power (usually called the radiant flux).
However, human eyes are only sensitive to a certain range in the electromagnetic
spectrum: the so-called visible regime, which roughly spans

to

nm. Therefore,

defining the efficiency of a lamp in terms of the radiant flux introduces ambiguity, since
an incandescent lamp, for example, emits a large number of photons in infrared, which
our eyes cannot see. Therefore, we cannot characterize the emission of an incandescent
lamp in terms of radiant flux, since we would essentially be taking into account all the
invisible infrared photons. Thus, in order to correctly characterize the light emitted from
a lamp as perceived by the human eye, it is necessary to use a different set of units—the
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photometric units—which take into account our eye’s sensitivity to a certain regime in
the electromagnetic spectrum.

Figure 1. A comparison between the competing LED material systems and the conventional
incandescent and fluorescent sources. The colour of each line reflects the colour of the
emitted light. It can clearly be seen that the luminous efficacy of laboratory white LEDs
exceeds that of conventional light sources. This figure has been adapted from7.

Lumens are the units of luminous flux: a photometric quantity. A monochromatic
source that emits ⁄
luminous flux of

watts of radiation at a wavelength of

nm is said to emit a

lumen. The luminous efficacy is defined as the ratio of output

luminous flux (lumens) to input power (watts). From the definition of the lumen, it is
clear that an ideal source would emit

lumens per watt.
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As shown in Fig.1, the first material system used for LED development was the
GaAsP/GaP system, which emitted red light5,8. However, the lack of a native substrate
resulted in a high heteroepitaxial defect density, making GaAsP-based devices inefficient.
A significant improvement in the efficiency of red LEDs was achieved with the use of the
AlGaAs/GaAs system, which could be grown on a native GaAs substrate9.
Currently, AlGaInP is employed in the fabrication of high efficiency
red/orange/yellow LEDs. AlGaInP can be grown lattice-matched on a GaAs substrate or
on a native GaP substrate10. The AlGaInP/GaP material system not only offers the highest
efficiencies but also offers great flexibility in the development of different colour LEDs.
However, all three material systems described up until this point have been utilized in the
development of longer wavelength visible LEDs. This left a large gap for a material
system that could be utilized for the production of violet/blue/green LEDs. InGaN/GaN,
the fourth and arguably most important material system, filled the gap.
GaN has a bandgap of
bandgap of

and thus emits at UV. InN, on the other hand, has a

and emits at infrared. This makes the ternary compound InGaN very

special: it is capable of emitting light at any colour in the visible regime. Since
yellow/orange/red LEDs were already available, it was hoped that InGaN could be used
for the development of blue/green LEDs. In particular, the desire to combine blue and
green LEDs with red LEDs in a red-green-blue (RGB) TV display drove most research
efforts on GaN in the late 1960s.
Intensive research on GaN-based devices started in 1969 when the first singlecrystalline film was grown by Maruska at RCA laboratories11. Following this, Pankove,
also working at RCA laboratories, started studying GaN’s luminescence properties12.
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Soon after, the RCA team demonstrated electroluminescence with the first GaN-based
light-emitting device, which was a metal/insulator/semiconductor (MIS) junction13.
However, the MIS device was very inefficient at emitting light. A p-n junction was
needed in order to develop an efficient LED. Despite many efforts, all attempts at p-type
doping failed11, and consequently, all the research efforts of the RCA team (and everyone
else) on GaN were brought to a halt.
Almost two decades following the RCA team’s work, research on GaN resumed
in Nagoya University, Japan. P-type conduction in GaN was finally achieved by Hiroshi
Amano et al. using low-energy electron beam irradiation to activate the Mg acceptors,
which allowed for the fabrication of the first ever GaN p-n junction14, shown in Figure
2(a). Subsequently, Shuji Nakamura, working at Nichia Chemical, demonstrated the
highest quality GaN single-crystalline film grown on a sapphire substrate by utilizing a
buffer layer15. Building upon both these breakthroughs, Nakamura et al. elucidated the
mechanism by which the Mg acceptors were activated16. This culminated in the first ever
demonstration of an efficient blue LED, which was a double heterostructure LED based
on a smaller bandgap InGaN active layer sandwiched in between GaN barrier layers17, as
shown in Figure 2(b).
Following the development of blue LEDs, green LEDs were demonstrated by
growing an InGaN film in the active layer with a higher indium composition. With this,
all three primary LED colours became available: blue, green, and red. The research focus
then shifted to the development of a white LED.
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Figure 2. A 3D model of (a) the first GaN p-n junction and (b) the first bright blue LED.
The arrows in (a) denote the low energy electron beam irradiation treatment which was
applied to create the first p-type doped GaN film.

1.3 Crystal Structure of GaN
The III-nitrides have a hexagonal crystal structure known as wurtzite. The wurtzite cell is
a hexagonal prism. The length of a side of the hexagonal base is known as the “a” lattice
constant. The height of the hexagonal prism is the “c” lattice constant. III-nitride layers
are usually grown along the c-axis. In this growth configuration (where the c-axis is
parallel to the z-axis), the side planes of the hexagonal cell are the
while the top plane is called the

̅

m-planes,

c-plane.

The asymmetrical wurtzite crystal, which is shown in Figure 3, results in very
strong polarization fields along the c-axis. Additionally, the polarization increases from
GaN to InN to AlN18. Therefore, when these compounds are grown in layers to form
devices, large sheets of interface charges are induced at the interfaces between the
different layers. These interfaces charges result in a slope in the conduction band in the
active region as one side is pulled up while the other is pulled down. The consequences
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of this phenomenon on the performance of GaN based devices will be discussed in a
subsequent section.

Figure 3. A 3D model of the GaN crystal19, showing (a) a side view of the crystal and its
tetrahedral bonding and (b) a top-down view of the crystal, showing the clear hexagonal
shape formed by the Ga and N atoms. The side planes of the hexagon are known as the mplanes, while the plane of the hexagon is the c-plane.

1.4 White Light LEDs
The first white LED consisted of a blue InGaN LED with a yellow phosphor that
absorbed a fraction of the blue photons and re-emitted them as yellow photons. Blue and
yellow, which are complementary colours, are perceived as white light by human eyes
when they are mixed together at the correct ratios20. However, this phosphor-coated
white LED (PC-LED) suffers from multiple problems. First, it is difficult to find a
phosphor that can be excited by the LED’s blue photons and reemit them as yellow
photons while allowing a certain fraction of the blue photons to pass. Furthermore, such a
phosphor must remain stable under different temperatures in order to maintain the CRI,
which is difficult to achieve21. Finally, a phosphor-based LED will always suffer from
inherent losses in the phosphor conversion mechanism.
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Another type of PC-LED is the GaN UV LED with red, green, and blue
phosphors, which absorbed the UV photons and reemit them as visible radiation.
Although this type of PC-LED results in a more natural white light, it is less efficient
because of greater losses in the phosphor conversion mechanism.
The third type of white LED is formed through a combination of red, green, and
blue LEDs. The blue and green LEDs are based on InGaN, while the red LED is based on
AlGaInP. This RGB-LED offers the highest efficiency out of the three types since the
inherent phosphor-related losses are eliminated. Figure 4 shows the basic structure of the
three different types of white LEDs.

Figure 4. The three major types of white LEDs: (a) a GaN UV led with red, green, and blue
phosphors, (b) a blue InGaN LED with a yellow phosphor, and (c) a combination of red,
green, and blue LEDs.

The UV LED with three phosphors is the least efficient, but offers a natural white
light. In contrast, the blue LED with a yellow phosphor offers the lowest cost but a low
CRI as well. The RGB-LED is the most efficient and has the highest CRI22. However, the
RGB-LEDs face many challenges—one of which is the maintenance of a stable white
light. The red and green/blue LEDs are based on different material systems, and so their
emission characteristics vary greatly over time. This can alter the CRI drastically. A
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solution—albeit costly—for mitigating this issue is the employment of an electronic
feedback system which monitors the properties of the emitted white light. However, the
use of such a system results in increased costs, which have hampered (and will continue
to hamper) the adoption of white LEDs by consumers, especially when the white LEDs
are compared to the much cheaper incandescent and fluorescent sources. Table 1
summarizes the discussion by comparing the different types of white LEDs in terms of
the major parameters that they are measured by.

Type of LED

Luminous
Efficacy

CRI

CostEffectiveness

Blue LED
with a yellow phosphor

Good

Average

Lowest cost

UV LED with red, green, and blue
phosphors

Average

Good

Low cost

RGB-LED

Excellent

Excellent

Expensive

Table 1. A direct comparison between the three competing types of white LEDs, in which
the three most important parameters for a white LED are compared.

Clearly, both the PC-LEDs and the RGB-LED suffer from multiple issues that
have prevented them from penetrating the lighting market. Consequently, some
researchers have recently shifted their focus to the development of an inherent white LED
that emits white light from the material level23,24. Such a device eliminates both the need
for a lossy phosphor and the need for a costly electronic feedback system. Therefore, an
inherent white LED would offer the advantages of high efficiency and low cost.

25
Before moving on, it should be mentioned that all GaN based devices, which are
fundamental in PC-LEDs, RGB-LEDs, and inherent white LEDs, suffer from efficiency
droop25. This is the drop in efficiency that occurs as the device is operated at high input
drive currents. Nonetheless, any white LED that is to be used for solid-state lighting must
be driven at high input currents in order to provide enough light to illuminate a room26.
This makes efficiency droop a fundamental barrier that has limited the impact of all white
LEDs. Since an inherent white LED would also be based on the InGaN/GaN material
system, the issue of efficiency droop must first be addressed in order to reap the benefits
such a device offers. Before discussing how this issue can be resolved, an introduction on
efficiency droop will be presented.

1.5 Efficiency Droop
Efficiency droop is the drop in efficiency that occurs at high drive currents27. In other
words, the quantum efficiency peaks at a low current (typically a few A/cm2); as the
current is increased further, the rate of radiative recombination is reduced while nonradiative recombination becomes more dominant, and so the efficiency decreases. This
points to the presence of a non-radiative recombination mechanism that grows more
dominant with higher currents. Although multiple mechanisms for efficiency droop have
been proposed, there remains no consensus on its exact cause. Research has shown that
either one or a combination of the following is the cause of droop:
Electron leakage: The III-nitrides are very unique: unlike other conventional
III-V compounds, the III-nitrides have very large spontaneous and piezoelectric
polarizations. In fact, ab initio studies have shown that the piezoelectric constants in III-
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nitrides are

times larger than those found in other conventional III-V compounds18.

Furthermore, the polarization increases from GaN to InN to AlN18.
In most GaN based-devices, the active regions are usually InGaN quantum wells
(QWs), while AlGaN or GaN form the barrier layers. This causes a polarization
mismatch between the layers, which engenders sheet charges at the interfaces. These
charges create a slope in the conduction band of the active region, promoting the leakage
of electrons from one side to the other as they “slide” down the potential slope26.
Another effect, which is related to the large polarization charges in the III-nitrides,
is the leakage of “extra” electrons from the n-side to the p-side of the device. This is
caused by the fact that the electron mobility is significantly higher than the hole mobility
in InGaN. This necessitates the use of an electron blocking layer to prevent excess
electrons from leaking into the p-side of the device. Unfortunately, the electron blocking
layer, which normally contains aluminium, introduces polarization charges at the
interface, resulting in a slope in the conduction band26.
Dislocation density: A study demonstrated that the dislocation density in the
active layer does not affect the efficiency droop28. It was shown that for a sample with a
high dislocation density, the peak efficiency was low but the droop was less pronounced.
In contrast, for a sample with a low dislocation density, the peak efficiency was high but
the droop was more pronounced. This leads to the surprising result that a high dislocation
density is not directly linked to droop—but it does not rule out an indirect link.
Auger Recombination: During Auger recombination, the energy loss created by
the recombination of an electron-hole pair is transferred to a third carrier instead of to the
generation of a photon. Thus, Auger recombination occurs when conduction electrons (or
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holes) collide with one another and then recombine. Therefore, Auger recombination is
expected to increase as the temperature increases.
However, it has been established that efficiency droop decreases with
temperature, contradicting the Auger recombination proposal29. A recent study has found
a solution to this contradiction by suggesting an Auger process that does not depend on
the temperature is the cause of droop30. The process, called density-activated defect
recombination, proceeds as follows: at certain threshold current densities, the electronelectron interactions are strong enough to cause electrons to overcome the energy barrier
to non-radiative centers, causing the electrons to recombine non-radiatively. At
subthreshold current densities, the electrons lack the energy to reach the non-radiative
centers and so the Auger effect is weak.

1.6 Eliminating Droop
The debate on the exact cause of droop remains on-going; however, multiple solutions
that eliminate or alleviate droop have been proposed. One of the most promising is the
growth of one-dimensional nanowire structures instead of conventional planar thin films
on a foreign substrate. In the case of planar films, lattice-mismatched heteroepitaxial
growth results in the formation of dislocations. Furthermore, the heteroepitaxial layer is
strained. These two effects result in a higher defect density and a large strain-induced
polarization in the layer—two effects which have been linked to droop.
Unlike planar films, nanowires are not constrained laterally during growth, which
allows them to relieve strain via lateral relaxation31. This prevents the formation of misfit
dislocations

during heteroepitaxial growth

on a lattice-mismatched substrate.
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Furthermore, the relaxed nanowires eliminate the strain-induced polarization. Thus, the
defect-free and strain-free nature of the nanowires excludes two of the major droopcausing mechanisms that have been proposed: density-active defect recombination and
electron leakage. In fact, it has recently been shown that InGaN nanowire LEDs grown
on a silicon substrate did not suffer from efficiency droop32, even up to large current
densities of 1200 A/cm2. How exactly the one-dimensional nanowire structure eliminates
the efficiency droop effect may not be entirely clear, but this result has established InGaN
nanowires as one of the frontrunners to the realization of inherent white LEDs.

1.7 The Growth of III-Nitride Nanowires
Although the growth techniques discussed in this section are relevant to all III-nitride
nanowires, the focus will be on GaN nanowires. GaN nanowires can be fabricated via
two methods: the first is a “top-down” approach, where a thin film is selectively etched to
form nanowires via either conventional lithography33 or wet-chemical etching in the
presence of UV light34. All “top-down” techniques result in a rough nanowire surface that
causes unwanted degradation in the electrical properties of the nanowires. Therefore,
most research efforts have focused on the “bottom-up” approach. The bottom-up
approach revolves around the growth of isolated nanowires on a substrate. This approach
results in a much smoother nanowire surface. The first demonstration of bottom-up
growth of nanowires utilized a foreign catalyst—often a liquid metal droplet (e.g. gold)35
to drive the uniaxial growth of a nanowire.
The metal droplet is dropped onto the substrate surface in the presence of vapors
that carry the atoms that are to form the nanowire. The atoms in the vapors are captured
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by the droplet, alloying with it until it is saturated. The droplet effectively acts as a
collector: the collected atoms diffuse towards the interface between the droplet and the
substrate—the most energetically favourable site for atom incorporation. The atoms then
incorporate at that interface, forming a crystal beneath the droplet. Thus the droplet is
lifted up as crystal growth proceeds beneath the droplet. This growth process is known as
vapor-liquid-solid (VLS) growth mechanism, and is shown in Figure 5.
The presence of a foreign catalyst is believed to introduce deep states into the
bandgap—although a detailed study is required to confirm this. A growth method that
does not utilize a foreign catalyst is preferred. Such a catalyst-free growth method was
first demonstrated in the late 1990s through the use of MBE36,37.

Figure 5. A schematic of the VLS growth mechanism: a liquid droplet is used to capture
atoms from the vapors. The atoms subsequently incorporate at the interface between the
droplet and the substrate, which is energetically favourable. This anisotropy drives the
uniaxial growth of nanowires.

Figure 6 shows a schematic of a typical MBE system. The growth chamber is
maintained at an ultra-high vacuum. Multiple cells contain ultrapure elemental sources
(such as Ga, In, As, Mg, Al, etc.) that are thermally evaporated to form atomic/molecular
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beams. The ultra-high vacuum environment ensures that the mean diffusion length of the
evaporated atoms is much larger than the chamber, resulting in atomic/molecular beams.
It is this combination of ultra-high vacuum environment and ultra-pure elemental sources
(e.g. 99.9999% gallium) that ensures the growth of a high quality and contaminant free
single crystal.
The InGaN nanostructures that were studied throughout the course of this thesis
were grown via catalyst-free MBE growth. Unlike VLS growth, the MBE growth of GaN
nanowires is driven by anisotropy in the adatom diffusion kinetics38. The catalyst-free
growth of nanowires can be divided into two stages: nanowire nucleation and steadystate nanowire growth. Due to the large lattice mismatch between GaN and silicon, the
adsorbed gallium atoms (adatoms) do not form a layer but nucleate in islands instead.
These islands eventually become stable and form spherical caps. The spherical caps relax
into a nanowire-like morphology which is energetically favourable39. Once a nanowirelike morphology is established, the second stage, which is the steady-state growth of a
nanowire, proceeds because of the following anisotropic properties of the GaN crystal:

1. The gallium flux incident upon the top of the nanowire, which is the
c-plane, is 5 to 6 times greater than the flux upon the sidewalls, which are the
̅

m-planes38.

2. The sticking coefficient of the gallium adatoms on the c-plane is higher than the
sticking coefficient on the m-planes40.
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Figure 6. A schematic of the MBE system. A substrate is placed on the substrate
holder/heater inside a growth chamber maintained at ultra-high vacuum. Cells are used to
store the pure atomic elements, which are thermally evaporated to form beams. Cell
shutters are used to accurately control the atomic beam flux exiting each cell and thus
control the growth rate.

In order to promote the uniaxial growth of GaN nanowires (instead of planar
films), the growth conditions must be tweaked to promote the growth of well-separated
nanowires. This can be achieved in an MBE system through the employment of nitrogenrich conditions (low III/V ratio) and a high substrate temperature during growth37. The
reason these two conditions promote nanowire growth is as follows:

1. Low substrate temperatures cause the sticking coefficients of gallium adatoms
on both the c-plane and m-planes to be unity. Higher temperatures, on the other
hand, reduce the sticking coefficients on both planes by different factors,
introducing an anisotropy in the sticking coefficients that promotes uniaxial
nanowire growth.
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2. A low III/V ratio ensures that a small number of gallium adatoms reach the
surface. On the other hand, a high III/V ratio results in the saturation of gallium
adatoms upon the c-plane of the nanowire, preventing them from getting
incorporated. Consequently, lateral growth on the m-planes, which have a larger
surface area, is promoted.

Figure 7 shows a diagram of the two processes that drive the uniaxial growth of
nanowires: the larger flux impinging on the top c-plane and the larger diffusion
coefficient of the indium and gallium adatoms upon the c-plane.

Figure 7. A model of the two mechanisms that drive the uniaxial growth of a nanowire: the
anisotropy in the sticking coefficients and the larger flux of gallium and indium atoms that
impinges on the c-plane.
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The core of this thesis is the optical, compositional, and structural characterization
of InGaN nanowires and nanomushrooms grown catalyst-free via MBE. To the best of
our knowledge, this work is believed to be the first observation of InGaN
nanomushrooms, which are unique nanostructures that consist of a nanowire body with a
mushroom-like cap on top. The InGaN nanowires and nanomushrooms were grown on a
low-cost Si (111) substrate. Through the complete characterization of the nanowires and
nanomushrooms, a novel method for the realization of a low-cost inherent white LED
will be presented.
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Chapter II: Experimental Methods
In this chapter, the growth process that was used to grow the nanostructures
that were studied throughout the course of this thesis will be presented, along
with the various tools that were used for characterization. Furthermore, all
other experimental methods that were employed, such as sample preparation,
will be discussed.

2.1 Sample Growth
The sample was grown using a radio-frequency nitrogen-plasma-assisted molecular beam
epitaxy (MBE) system equipped with standard ultra-pure Ga and In sources with growth
conditions similar to those employed by Zhang et al41. The InGaN nanowires were grown
on a (111) silicon substrate. The growth was initiated with binary GaN. Following the
establishment of 150nm GaN stumps, the indium shutter was opened and InGaN
nanowires were grown on top of the stumps. The optical and structural properties of the
nanowires were studied via micro-photoluminescence (PL), Raman spectroscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), and
transmission electron microscopy (TEM). Finally, a focused-ion-beam (FIB) system was
utilized during TEM sample preparation.
Two samples were grown and characterized during the course of this work:
sample N1067 and sample N933, which respectively denote the blue light-emitting and
green light-emitting samples. Both samples were grown in the same system except under
different conditions. The temperature, the III/V ratio, and the In/Ga flux ratio were
slightly varied during the growth of both samples. It has been shown that the growth
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temperature controls the indium incorporation, as indium has a very low vaporization
temperature and vaporizes very easily at higher temperatures without getting incorporated
into the crystal, and so lower temperatures result in indium-rich growth42.

InGaN nanowires

GaN stumps

Figure 8. A model of the InGaN nanowires grown for this study: the nanowires were grown
on a Si (111) substrate. Initially, the indium shutter was closed and the nanowires started
out as purely binary GaN. Following the growth of 150nm GaN nanowire stumps, the
indium shutter was opened and roughly 500nm of InGaN was grown on top.

As described in the introduction, increasing the indium composition in ternary
from

to

allows us to vary the bandgap across the entire visible

regime. At low indium compositions (typically

values between 10-20%), the emitted

light is indigo/blue. At higher indium compositions of 20-30%, the emitted light shifts to
green. The temperature during growth was controlled such that the two samples, N1067
and N933, were expected to have indium compositions of 15-20% and 25-30%,
respectively.

36

2.2 Optical Microscopy and Raman Spectroscopy
Sample imaging, PL, and Raman spectroscopy was done in a Horiba LabRAM Aramis
system equipped with a 100μm confocal pinhole for maximizing resolution and a notch
filter that enables the user to switch between different excitation wavelengths: 325nm,
473nm, and 532nm. Temperature control during optical characterization was achieved
using a pump system that injects nitrogen gas from a liquid-nitrogen flask across the
sample surface in order to vary its temperature. The lowest achievable temperature was
dictated by the boiling point of liquid nitrogen, i.e. 77K (-196˚C).

2.3 SEM Imaging and FIB Preparation
SEM images were obtained using an FEI Nova Nano system equipped with a standard
electron beam gun and an EDX detector. For TEM sample preparation, a dual-beam
Quanta 400S Helios system equipped with both an electron and gallium ion beam along
with an EDX detector was used. Most images were acquired at an electron accelerating
voltage of

, and with a current in the range of

. The conductivity of

the InGaN nanowires was enough to exclude the need to coat the sample with a
conductive material (e.g. gold) prior to imaging. FIB was used primarily for the
preparation of a thin foil of material (~50nm) which is transparent to electrons and thus
amenable to TEM.
TEM sample preparation via FIB proceeds as follows: a layer of platinum is
deposited above the region of interest. The ion beam is then used to etch two trenches
above and below the region of interest, leaving behind a thin foil of material. After
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etching, a probe is attached to the thin foil (by bringing the probe into contact with it and
melting platinum to stick both together) and then used to move the electron transparent
foil to a carbon-coated copper TEM grid.
Although a platinum layer was used to protect the sample during ion-beam
etching, it is important to note that the topmost part of the sample is not completely
protected and is still vulnerable to the incoming ions. This point will be discussed further
in Chapter V.

2.4 TEM
Structural characterization was done with a 300kV FEI Titan 80-300ST TEM system
equipped with EDX detectors. The extremely high resolution (sub-nm resolution) allows
for an in-depth study of the crystal structure at atomic resolutions. This high resolution
was utilized to perform micro-compositional line maps along the length of individual
nanowires using EDX. Since structural characterization is a core component of this
thesis, a large part of it has been devoted to the analysis of TEM results.

2.5 Sample Preparation
The InGaN nanowires on both samples were on average shorter than 1μm. This made the
transfer of nanowires from the silicon substrate onto a TEM grid (which is a 300mm
diameter copper grid with a very thin carbon coating) a difficult challenge. Three
different methods were utilized for the transfer of isolated nanowires onto a TEM grid.
Method 1: The standard method42,43 involves mechanically removing (e.g.
scratching) the nanowires from the substrate and dropping them into a solution, which is
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exposed to ultrasonic shaking. A droplet is then removed from the solution and dropped
onto a TEM copper grid, where it subsequently evaporates, leaving behind nanowires.
This method unfortunately results in a very small number of isolated nanowires.
Furthermore, it is almost impossible to transfer nanowires from a specific region on the
sample to the TEM grid using this basic method.
Method 2: The second and more rarely used method involves the direct transfer
of nanowires from the sample to the TEM grid: the sample is placed under an optical
microscope and taped to the stage to prevent movement. The optical microscope is then
used to search for a specific location on the sample. Once that location is found, the
white-light source leaves a spot on the location, acting as a marker. Subsequently, the
TEM grid, which has a thin sticky carbon coating on one side (~10-50nm), is placed
carbon-face down on the region marked by the white-light spot. Afterwards, an object
(e.g. a tweezer or an ear bud) is used to press down exactly upon the white-light spot,
transferring nanowires from that specific location to the TEM grid. The main
disadvantage with this method is that there is a tradeoff between accuracy (sharper tips
result in a greater accuracy) and carbon film destruction (sharper tips destroy it very
easily). Figure 9 summarizes the steps involved in method 2.
Method 3: The third method relies on the removal of a thin foil of material from
the sample via FIB etching. A region of interest is first chosen by examining the sample
under SEM. Once the region is selected, it is subsequently covered by a platinum film.
An ion beam is then used to etch around this region, forming a thin foil of material. The
thin foil is then removed from the sample with a probe, after which it is carefully thinned
down to a thickness of only ~50nm. This method is particularly useful for studying the
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nanowire/substrate interface, as the thin foil carries both the nanostructures and the
underlying substrate. Unfortunately, this method is also the most likely to damage the
nanowires during preparation.

Figure 9. A schematic of the steps involved in method 2. In this method, a glass slide is
attached onto the stage of a microscope. The sample is then attached onto the fixed slide.
The microscope white-light marks the location of a region of interest. Afterwards, a copper
TEM grid with a thin sticky carbon-coating is placed carbon-face down on the sample. An
object is then used to press down on the region marked by the white light. This transfers
nanostructures from the region of interest directly onto the copper grid.

This summarizes the experimental methods that were employed throughout the
course of this thesis. In the next chapters, the results obtained during optical and
structural characterization will be discussed.
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Chapter III: Collective Characterization
This chapter focuses on the collective characterization of the samples both
structurally and optically. Structural characterization showed that the peak
emission wavelength varied radially across the sample due to temperature
gradients during growth. Additionally, disk-like regions were discovered in both
samples that harboured nanomushrooms. Optical characterization of the disk-like
regions demonstrated that while the nanowires in N1067 and N933 emitted blue
and green light, respectively, the disk-like regions in both samples emitted a broad
yellow-orange-red luminescence.

3.1 Photoluminescence Characterization
The characterization of samples N1067 and N933 began with photoluminescence (PL),
which proceeds as follows: optical excitation of the samples (usually with a laser) results
in the absorption of photons with an energy greater than or equal to the material’s
bandgap. The absorbed photons generate an electron-hole pair. If the energy of the
absorbed photon is greater than the bandgap, then the photo-generated carriers will
thermalize to the band edges. From there, the carriers will recombine either radiatively or
non-radiatively—a key process for LEDs44. The fraction of carriers that recombine
radiatively divided by the total number of recombination events gives the internal
quantum efficiency (IQE) of the device. In other words, the IQE is a measure of how
many of the recombination events are radiative. This makes it an extremely important
parameter for measuring LED performance. An ideal LED would have an IQE of 100%
(i.e. all of the recombination events are purely radiative). Of course, non-radiative
recombination is always present and so the IQE of an LED can never reach the ideal.
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Figure 10 displays PL spectra obtained from N933 and N1067, which were
excited with a 325nm HeCd laser. The laser spot size was roughly

. The PL was

collected through an objective lens in a Horiba LabRAM Aramis system. There is a UV
peak (~366nm) present in the spectra of both samples and it is emitted by the underlying
GaN nanowire stumps and the matrix layer (which is a faceted layer that has been
frequently observed to grow in between nanowires during catalyst-free MBE growth45-47).
The violet peak (~400nm), which is also present in the spectra of both samples, is most
likely emitted from:


The GaN stumps, which most likely contain a small amount of indium



The GaN stump/InGaN nanowire interface, where the indium composition is low



The matrix layer, which also likely contains a small amount of indium

Figure 10. PL spectra of (a) sample N933, the green light-emitting sample and (b) sample
N1067, the blue light-emitting sample. The presence of multiple peaks is a consequence of
the growth mechanism: the 366nm peak is emitted by the underlying GaN stumps, while the
violet peak is most likely emitted from the GaN stump/InGaN body interface, the GaN
stumps, and the matrix layer, as all three have a low indium composition. The green and
blue peaks are the major peaks for N933 and N1067, respectively.
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The peak emission wavelength of the major peak in sample N933 occurs in the
range of

. In contrast, the peak emission wavelength of the major peak in

sample N1067 occurs in the range of

. This confirms that N933 and

N1067 indeed emit green and blue light, respectively. However, in the case of sample
N1067, the violet peak appears to be almost as dominant as the blue peak, and thus the
emission from this sample is in fact a combination of blue and violet light. The two
spectra in Figure 10 were obtained from regions that were at the center of the sample.
Spectra that were obtained far from the center exhibited an unusually strong violet peak,
hinting at the presence of a large inhomogeneity in the samples.

3.2 Inhomogeneity of N1067
There is a large inhomogeneity present in both samples which is particularly prominent in
sample N1067. Figure 11 shows the PL spectra taken from three regions in N1067: the
center region, a region in between the center and the edges, and a region close to the
edges. The vastly differing spectra suggest the occurrence of a radial gradient from the
center to the edges during growth that influenced the compositional (and structural—
more on that later) properties of the nanowires. In the case of the nanowires at the center,
the major emission comes from the blue peak (~473nm) and the violet peak (~400nm)
was secondary. On the other hand, the nanowires at the edge have a dominant violet peak
(~410nm) while the blue peak (~495nm) becomes exceedingly weak.

43

Figure 11. PL spectra taken from three regions in sample N1067: the center region, a region
in between the center and the edges, and a region close to the edges. The blue peak is
dominant at the center of the sample, but grows exceedingly weak at the edges.
Furthermore, a shift towards longer wavelengths is observed from the center to the edges.
The most likely cause of both of these effects is a temperature gradient during MBE growth.

A second radial effect has been observed in the PL spectra: both the violet and
blue peaks at the edges of the sample lie at a longer wavelength that at the center. This
implies that more indium was incorporated near the edges. It has already been established
that the indium incorporation is highly temperature sensitive and that high temperatures
hinder indium incorporation. Therefore, one possible explanation for these peculiar radial
effects is the existence of a radial temperature gradient during growth in which the edges
of the sample lie at a lower temperature than the center.
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Such a radial temperature gradient has in fact been observed during MBE
growth48. Figure 12 shows a schematic of how the temperature varies in an MBE system.
The mechanical structure of the substrate heater/holder generates an unintentional
temperature gradient, where the center of the substrate lies at some set temperature, while
the rest of the substrate lies at a lower temperature48.
This temperature gradient from the center to the edges produces an indium
composition gradient and consequently a gradient in the emission wavelength, explaining
the inhomogeneity observed in Figure 11.

Figure 12. A model of the temperature gradient present on the substrate surface during
MBE growth. The structure of the MBE substrate heater and holder results in a
temperature gradient where the center of the substrate is held at the set temperature whilst
the edges are at a lower temperature.

As is the case with the indium composition, nanowire density, length, and
morphology are all highly dependent on the temperature as well. Consequently, a radial
temperature gradient will not only affect the optical emission characteristics but also the
nanowire structural and morphological characteristics. To study the collective structural
characteristics of the nanowires, scanning electron microscopy (SEM) was employed.
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3.3 Structural Characterization of the Nanowires in N1067
A high-resolution SEM image of the nanowires at the center of the sample, which were
grown at the intended temperature, is shown in Figure 13(a). (The thermocouple in an
MBE system, which is used to measure and control the temperature, lies directly under
the center of the substrate.) As a result of the accurate temperature control, verticallyaligned hexagonal nanowires grew at the center of the substrate with a high nanowire
density. A matrix layer which consists of nanowire stumps is visible in the image. The
average height of the nanowires was found to vary significantly (
the average diameter of the nanowires was

), while

.

On the other hand, SEM images of a region close to the edges displayed a much
lower nanowire density, as shown in Figure 13(b). What was surprising was the
prevalence of the matrix layer. Studies have shown that an underlying GaN matrix layer
is frequently formed during MBE growth of nanowires45-47.
The matrix layer at the sample edge, which is shown in Figure 13(b), rather than
being a “layer”, much more closely resembles a combination of stumps, nanotubes, and
conjoined stumps and nanotubes. The low nanowire density at the sample edge suggests
that lower temperatures promote matrix formation and hinder nanowire formation (which
is already known: higher temperatures favour nanowire growth whilst lower temperatures
favour planar growth). What is peculiar about the matrix layer in N1067 is the fact that it
consists of nanotubes.
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Nanowires

Stumps

Nanowires

Stumps

Conjoined
nanotubes/
conjoined
stumps

Figure 13. SEM images of sample N1067 taken from the nanowires at (a) the center of the
substrate and (b) the edges of the substrate. At the center, the nanowire density is high. In
contrast, the nanowires density is low at the edges.
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Nanotubes are commonly grown via the template method or a template-free CVD
process49: both of which result in unwanted rough surfaces. The observation of nanotubes
in N1067 is particularly promising as it demonstrates the potential for a template-free and
controlled method of growth for nanotubes with smooth surfaces and small outer
diameters (less than

) through catalyst-free MBE. However, the growth of

nanotubes is not relevant to this study and will not be discussed in more detail.
Figures 11 and 13 signify a relationship between the nanowire density and the
optical emission. At the center of the sample (Figure 13(a)), the nanowire density is high,
and the dominant emission is blue. Therefore, the nanowires are the source of the blue
emission. In contrast, at the edge of the sample (Figure 13(b)), the nanowire density is
very low and consequently the blue emission is very weak whilst the violet peak is
dominant. This suggests that the underlying matrix of nanotubes, stumps, and conjoined
stumps and nanotubes is the source of the violet emission.
In the case of the emission from the center of the sample (Figure 11), although the
blue peak is indeed dominant, the violet peak is also relatively strong. It is believed that
the violet peak is emitted from the nanowire stumps (Figure 13(a)), which most likely
contain a small amount of indium near the tips which produces the violet emission. In
other words, short nanostructures (i.e. stumps, nanotubes) emit violet light whilst longer
nanostructures (i.e. nanowires) emit blue light. This observation will be confirmed and
discussed in more detail in Chapter V.
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3.4 Inhomogeneity of N933
Unlike sample N1067, the PL spectra at the center and at the edges of N933 were
identical, as shown in Figure 14. Furthermore, unlike N1067, the violet peak is always
weak and secondary in sample N933. The only similarity between N933 and N1067 is
the fact that the emission at the edge of N933 lies at a longer wavelength than at the
center. (This is expected: the radial temperature gradient results in greater indium
incorporation at the edges and consequently a longer wavelength emission at the edges).

Figure 14. PL spectra from sample N933 taken from the center and from a region at to the
edge. The spectra appear identical, except for a redshift at the edges. This redshift is a
consequence of greater indium incorporation at the edges due to the temperature gradient.
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3.5 Structural Characterization of the Nanowires in N933
Following optical characterization, SEM was used to study the structural and
morphological characteristics of the nanowires in N933. The results of this study are
shown in Figure 15. Unlike sample N1067, the nanowire density at the center of N933
(Figure 15(a)) is identical to the nanowire density at the edge of N933 (Figure 15(b)).
This is in agreement with the PL data, which showed that the spectrum at the center was
identical to the spectrum at the edge (Figure 14).
Thus, in N1067, a distinct change in the PL spectrum was observed between the
sample center and the sample edge. This was also reflected by distinct changes in the
nanowire density and morphology between the center and the edges.
However, in the case of N933, the PL at the center and at the edges was identical
and this was reflected by a greater degree of structural and morphological similarity
between the nanowires at center of the sample and the nanowires at the edge.
Comparing the observations on N933 to those on N1067, one might ask why the
violet peak in sample N933 was weak across the entire sample, even though a matrix
layer is clearly present, as shown in Figure 15. The most likely answer is that in sample
N933, most of the nanowires are tall; there are much fewer stumps in N933. Since the
stumps seem to be the primary source of violet emission in sample N1067, the low stump
density in N933 results in a weak violet emission.
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Figure 15. SEM images taken from sample N933 at (a) the center and (b) the edge

The shift towards longer wavelength luminescence from the center of the sample
to the edges is potentially useful for white light emission. A shift of up to

was

observed between the sample center and edge (this is effectively a change from blue to
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green). Although inhomogeneity normally tends to carry a negative connotation, the
inhomogeneity that was observed in N933 and N1067 is useful—although a greater
inhomogeneity is necessary to obtain white light emission.

3.6 A Study on the Peculiar Disk-Like Regions
To add to the already substantial inhomogeneity, disk-like regions were observed on both
N1067 and N933 that emitted light at a much longer wavelength. The disk-like regions
emitted a very broad spectrum (yellow-orange-red) with a full-width half maximum
(FWHM) that sometimes approached 200nm. Both disk-like regions were observed
closer to the sample edges: this suggests that the lower growth temperatures played a role
in their formation, which will be discussed in more detail in Chapter IV. Figure 16 shows
images taken from the two disk-like regions in N933 and N1067.

Figure 16. Images taken with a x10 objective lens of the disk-like regions that were observed
on (a) sample N933 and (b) sample N1067. These disk-like regions fluoresce at a different
colour and have a diameter of roughly
. The disk-like regions were observed closer to
the edges of the sample.
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Figure 17 shows the spectra from the disk-like regions in N933 and N1067 as
excited by a 473nm laser. In the case of sample N933, the disk-like region emits a very
broad yellow-orange-red peak that has a FWHM of roughly

. This is in contrast to

the surrounding nanowires, which emit green light. In qualitative terms, this disk-like
region emits at green, yellow, orange, and red—effectively white light. Figure 17 also
shows the spectrum of the disk-like region in N1067, which exhibits a similarly broad
spectrum. The emission from the disk-like region in N1067 displays a FWHM of close
to

. Furthermore, the emission from the disk-like region in N1067, when

combined with the violet-blue emission of the surrounding nanowires, results in a
combination of violet, blue, cyan, green, yellow, orange, and red emission—effectively
white light!
Thus, the prospect of combining the shorter wavelength emission from the
nanowires and the longer wavelength emission from the disk-like regions is exciting for
the development of a phosphor-free, inherently white LED.
One last point that warrants mentioning is that the disk-like regions also exhibit a
weak violet-blue emission. The presence of this shorter wavelength emission will be
discussed in the next chapter, but in short it is due to the presence of the matrix layer and
the short stumps that were described previously. Furthermore, in the next chapter, the
nature of the nanostructures that were discovered in the disk-like regions will be
elucidated, along with a few other relevant points.
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Figure 17. PL spectra taken from the disk-like regions in N933 and N1067. The broadness
of the emission is evident. Furthermore, the emission from both disk-like regions is at a
longer wavelength when compared to the nanowire emission from the same sample.

3.7 Nanowires vs. Disk-Like Regions
It has already been shown that nanowires exhibit excellent optical characteristics, which
has placed them as front runners to the development of high efficiency blue/green/white
LEDs24,37,42. Following the discovery of the disk-like regions, it was necessary to
determine whether the disk-like regions possessed the same superior optical
characteristics that the nanowires had. To elucidate the properties of the disk-like regions,
an in-depth investigation of how the PL varied with temperature was done. A temperature
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control system that exploited liquid nitrogen was used to cool the sample all the way
down to 77K—the boiling point of nitrogen.
PL spectra were obtained from N933 and N1067 at multiple points along the
temperature axis. This allowed for the extraction of two vital parameters that measure the
performance of a material at emitting light: the IQE (the fraction of radiative
recombination events over total recombination events) and the non-radiative center
activation energy (NRCAE). The NRCAE is a constant that determines the rate at which
the integrated intensity decays with temperature. The larger this value is, the slower the
integrated intensity decays with temperature (which is preferred).
As shown in Figure 18, a decrease in intensity with increasing temperature is
observed. At temperatures close to absolute zero, the carriers do not have enough energy
to reach the non-radiative centers and so recombination is purely radiative (thus the IQE
is unity). At higher temperatures, the carriers gain enough energy to reach the nonradiative centers, and so recombination proceeds both radiatively and non-radiatively.
Thus, the IQE drops below unity at temperatures greater than absolute zero. To estimate
the IQE of a material at room temperature, the integrated intensity at that temperature is
divided by the integrated intensity at close to absolute zero.

In the case of N1067, there were two dominant peaks that were present across the
sample—the violet and blue peaks. The blue peak (

) was found to be
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significantly more efficient than the violet peak (

), with an IQE of up to

12% for the blue peak compared to only 1% for the violet peak. This is in agreement with
the observations made during SEM: the blue peak was dominant at the center of the
sample where the nanowire density was high. It follows that the blue emission was from
the nanowires, which are defect-free and strain-free nanostructures. In contrast, the violet
peak was most likely emitted by the matrix layer and its low IQE is believed to be an
outcome of the fact that the underlying matrix layer may harbour defects.

Figure 18. Temperature dependent PL spectra of (a) the blue peak in N1067, (b) the violet
peak in N1067, and (c) the green peak in N933. The inset for each graph displays the
integrated intensity plotted against the temperature. The rate of decay of the exponential
curve in each inset was used to determine the NRCAE. Furthermore, the IQE was estimated
from these curves using equation (1).
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Additionally, the blue peak in Figure 18(a) exhibited a very large NRCAE of
around 33meV along with its high IQE. This large NRCAE is believed to be a corollary
of indium fluctuations along the length of the nanowire, which create potential minima
that prevent carriers from reaching the non-radiative centers.
In the case of N933, only one peak—the green peak—was analyzed (the violet
emission from N933 is weak and does not warrant investigation). In agreement with the
results from N1067, the green peak in N933 had an IQE of up to 12% and a NRCAE of
32meV. These results attest to two important facts:

1. InGaN nanowires are promising for the development of green LEDs, which
have up until now been hindered by a multitude of issues—primarily, a
higher defect density due to the larger lattice mismatch. Thus, InGaN
nanowires offer a solution to the “green gap” issue.

2. The IQE of the nanowires (12%) is significantly better than that of InGaN
quantum wells (1-4%)50. This proves that the nanowires did indeed eliminate
the defects which hampered their planar counterparts.

Following the analysis of the optical characteristics of the nanowires, the focus
shifted to the disk-like regions. Figure 19 shows the PL spectra of the disk-like regions at
various temperatures. The first striking piece of information that was extracted from the
data was the higher than expected IQE. In fact, the IQE of the disk-like regions was
found to be much closer to 20%, compared to an average of 10% for the nanowires.
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This excellent IQE was accompanied by a NRCAE of 32meV for both disk-like
regions, which is similar to the value obtained for the nanowires. Altogether, the
temperature dependent analysis revealed that the disk-like regions were superior
light-emitters when compared to the already efficient nanowires.
A final observation worth noting is how the shape of the spectrum changes with
increasing temperature. In the case of N933, the spectrum is narrow at 77K and broadens
as the temperature approaches 295K. This suggests that defects may be present in the
disk-like region from N933, since non-radiative recombination, which broadens a
spectrum, appears to get activated at higher temperatures.
On the other hand, the spectrum obtained from the disk-like region in N1067
appears identical at 77K and 295K. This implies that the disk-like region in N1067 has a
higher crystalline quality—a fact which will later be confirmed through transmission
electron microscopy (TEM).

IQE~16%

IQE~17%

Figure 19. Temperature dependent PL spectra taken from the disk-like region in (a) N933
and (b) N1067, both of which were excited by a 473nm laser. From these spectra, respective
IQEs of 16% and 17% were extracted.
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The following table summarizes the results of optical characterization by
comparing the IQE and NRCAE of the different nanostructures.

Region

IQE

NRCAE

N1067 Nanowires

5-12%

33-36meV

N1067 Disk-like Region

17%

32meV

N933 Nanowires

8-12%

31-34meV

N933 Disk-like Region

16%

32meV

Table 2. A comparison between the disk-like regions and the nanowires in both samples,
highlighting the superior optical efficiency of the disk-like regions.

3.8 Raman Spectroscopy for Compositional Characterization
To complete the optical characterization, Raman spectroscopy was used to study the
collective composition of the nanowires and the disk-like regions. Different elements and
compounds in a sample carry different signatures which are evident in a Raman
spectrum. These signatures are the so-called fingerprints of different elements and
compounds. Thus, to determine whether any impurities were present in the disk-like
regions, Raman spectra were taken from two regions in each sample:

1. a nanowire region
2. the disk-like region
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Figure 20 displays the results. The Raman spectra exhibit multiple peaks that
correspond to GaN. The A1 longitudinal-optical peak, which is the dominant peak at
730cm-1, has been found to follow a Vegard-like relationship51. Binary GaN and InN
produce A1 peaks at 730 cm-1 and 585cm-1, respectively. Thus, a ternary InxGa1-xN alloy
would exhibit an A1 peak somewhere in between, depending on the indium composition.
In all four Raman spectra, the A1 peak lies at 730cm-1. This indicates that both the
nanowire regions and disk-like regions are predominantly made up of GaN. This is most
likely the result of the prevalent indium-poor matrix layer, which consists of stumps,
nanotubes, and conjoined stumps/nanotubes which are predominantly GaN.

Figure 20. Raman spectra obtained from (a) sample N933 and (b) sample N1067

Figure 20 makes one thing clear: the GaN signal is stronger in the nanowires than
in the disk-like regions, which is suggestive of less GaN in the disk-like regions.
Additionally, the left shoulder of the A1 peak is larger in the disk-like regions. This hints
at the presence of large indium fluctuations51—a result which agrees with the PL data,
since large indium fluctuations would lead to longer wavelength emission.
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To summarize, optical characterization revealed the more efficient nature of the
disk-like regions compared to the nanowires and hinted at the presence of indium
segregation in the disk-like regions. These results will be confirmed and discussed in in
the next chapter, where it will be shown that the disk-like regions are made up of
mushroom-like nanostructures—which we have called nanomushrooms.
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Chapter IV: The Observation of Nanomushrooms
In this chapter, the focus shifts to the characterization of the nanostructures in the
disk-like regions. Scanning electron microscopy (SEM) images revealed that the
disk-like region in N1067 carried nanomushrooms—nanostructures that consist of
a nanowire body with a hexagonal cap on top—instead of nanowires. In the case of
N933, flower-like nanostructures were observed in the disk-like region, which we
have called nanoflowers. The formation of such nanostructures is briefly discussed.

4.1 The Disk-Like Region in N1067—the Nanomushroom Region
SEM images of the disk-like region in N1067 revealed that the nanostructures in that
region were not nanowires: rather, mushroom-like nanostructures, which we have called
nanomushrooms, were observed. The nanomushrooms, shown in Figure 21, are
composed of a nanowire body with a thin hexagonal cap on top. The diameter of the cap
varies from

, and is always broader than the nanowire body (

Additionally, the cap is extremely thin (

).

) and thus appears transparent in

Figure 21(b) when looked at from above.
Nanowires conventionally grow in the
also appear to have started growth along the

direction. The nanomushrooms
direction as well. However, at some

point, growth along the c-plane was inhibited whilst growth along the

̅

directions was promoted (but only at the tips), resulting in the outgrowth of a cap which
gave the nanomushrooms their characteristic shape.
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Figure 21. SEM images showing (a) a tilted view and (b) a top-down view of the
nanomushrooms with a fallen nanomushroom in the center.

A particularly interesting observation is the clear, flat, hexagonal cap displayed by
the nanomushrooms. This is indicative of high crystalline quality. This is in agreement
with the photoluminescence (PL) data, which suggested that the nanomushrooms in
N1067 were defect free.

4.2 The Disk-Like Region in N933—the Nanoflower Region
SEM images of the disk-like region in N933 revealed the existence of similarly peculiar
nanostructures which are shown in Figure 22. These nanostructures, while also
mushroom-like in appearance, more closely resemble a flower and so we have called
them nanoflowers (this also helps to differentiate between them and the nanomushrooms
in N1067). The nanoflowers in N933 have a taller cap with a diameter that varied
between

. Furthermore, the cap had a rough porous surface—an

observation that hints at the presence of defects. This is in agreement with the PL results,
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which also suggested that the disk-like region in N933 harboured defects since the
emission spectrum broadened significantly as the temperature was increased—a
phenomenon which occurs when recombination through defects is activated at higher
temperatures.
In the case of the nanoflowers, growth started along the
some point, the growth began to proceed along both the

and

direction. At
̅

directions

simultaneously—a phenomenon which resulted in the characteristic flower-like shape.
Another interesting observation was the occasional outburst of lateral growth along a few
other directions, such as the

̅ ̅

directions, resulting in the characteristic flower-

like shape which is clearly exhibited by the central nanoflower in Figure 22(c).
Although the cause of the formation of nanomushrooms and nanoflowers in both
samples is most likely the same, the results were significantly different. This is a
consequence of the sensitive growth dynamics: temperature, III/V ratio, and
contamination are all capable of influencing the growth. Thus, the differences in these
growth parameters most likely caused the physical differences between the
nanomushrooms and nanoflowers.
This begs the question: what caused the nanomushrooms and nanoflowers to form
in the disk-like regions in the first place? K. Bertness et al. recently demonstrated that the
growth of nanowires is highly dependent on the diffusion of adsorbed atoms (adatoms),
which is easily influenced by the introduction of foreign elements47. In their study,
aluminium was introduced during GaN nanowire growth. This suppressed the diffusion
of gallium adatoms along the sidewalls (i.e. the m-planes). Gallium diffusion along the
m-planes and incorporation on the tip of the nanowire plays a big role in nanowire
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growth52, and so the introduction of aluminium led to the formation of nanowires that
grew wider and coalesced at the top. However, the coalesced nanowires observed by
K. Bertness et al. are similar but not identical to the nanomushrooms and nanoflowers
observed in our samples.

Figure 22. SEM images taken from the
nanoflowers in the disk-like region in
sample N933 showing (a) a tilted view
of the nanoflowers, (b) a top-down, and
(c) a close-up titled view of a single
nanorose, showing the outgrowths at
the start of the cap. The roughness of
the cap surface, which is evident in (b)
suggests that defects may have formed
during cap formation.

In a recent study, J. Ristic et al.46 observed that “[the MBE grown nanowires
seemed to] coalesce…at their top side and not all along their sidewalls.” This coalescence
occurred when the ratio of the gallium to nitrogen flux (the III/V ratio) was increased. A
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possible hypothesis is that the increase in the gallium flux led to the accumulation of
gallium adatoms upon the top surface of the nanowire. The saturation of gallium adatoms
upon the c-plane prevented a large portion of them from getting incorporated. This
triggered the incorporation of those stagnating adatoms on the lateral side walls near the
tip of the nanowire, which led to the formation of a cap. The nanomushrooms observed
by J. Ristic et al. appear identical to the nanomushrooms in N1067. However, beyond the
fact that an increased III/V ratio resulted in the formation of caps on the nanowires,
J. Ristic et al. did not elaborate or discuss these results further, and to the best of our
knowledge no other similar observations have been made in the literature.
Thus, it has been demonstrated that an increased III/V ratio results in the
formation of nanomushrooms. However, the III/V ratio should be constant across the
substrate during growth. As it has been shown, both N1067 and N933 are predominantly
made up of nanowires. Only one localized region in each sample was found to contain the
nanomushrooms/nanoflowers.
It follows that if an increased III/V ratio was the cause of the nanomushroom
formation, then the entire sample would consist of nanomushrooms. However, this is not
the case and so the hypothesis of an increased III/V ratio fails. Despite this, it is possible
that a localized increase in the III/V ratio may have occurred. Such a localized increase
could occur due to the formation of large droplets, for example. (Indium droplets have
been found to form regularly during MBE growth53 at the right conditions). A large
indium droplet, for example, could act as a source of metal adatoms and result in an
increase in the III/V ratio in the region in the vicinity of the droplet. This mechanism,
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along with a few others, will be discussed in more detail in Chapter V. Additionally, a
hypothesis on the exact details of nanomushroom formation will be proposed.

4.3 Compositional Characterization via Collective EDX
EDX was used to determine whether any foreign elements (Al, Be, Mg, etc.) influenced
the growth of the nanomushrooms and nanoflowers. Table 3 displays the results.

Region

Ga Atomic%

Indium Atomic%

Indium/Gallium
Ratio

N1067 Nanowires

25.48%

00.89%

3.49%

N1067
Nanomushrooms

34.23%

1.52%

4.44%

N933 Nanowires

49.18%

2.40%

4.88%

N933 Nanoflowers

44.68%

2.26%

5.06%

Table 3. EDX data taken from the nanowires and nanomushrooms in N1067 and the
nanowires and nanoflowers in N933. The larger presence of indium in the nanomushrooms
and nanoflowers compared to the nanowires in the same sample is evident.

Quantitatively, the values of atomic percentage in Table 3 do not reflect the actual
composition of the nanostructures since a large component of the detected gallium comes
from the underlying matrix layer and there are large variations in the size of the
interaction volume of electrons in the different regions. Therefore, rather than offering
quantitative data, the ratio of indium to gallium from Table 3 gives a qualitative
indication of the relative amounts of indium. First of all, the EDX tests did not detect any
significant quantities of contaminants. More importantly, the EDX data showed that the
disk-like regions contain more indium, which is in agreement with the PL results.
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4.4 A Hypothesis on the Formation of the Disk-Like Regions
The larger quantity of indium in the disk-like regions suggests that a localized
temperature dip may have occurred since this would have resulted in greater indium
incorporation. Such a localized dip would have started at a single point in the center and
then decayed as the radius

from the center increased, creating a gradually changing

morphology as shown in Figure 23.
Coalesced Material

Nanomushrooms

Nanowires

Figure 23. SEM images in increasing magnification from (a) to (d) showing the gradual
change in morphology as the radius from the center of the disk-like region in N1067 (the
nanomushroom region) increases.
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At the center of the disk-like region, shown in Figure 23(d), is what appears to be
coalesced or polycrystalline InGaN. Additionally, the bottom left corner of Figure 23(d)
displays a coalesced film of InGaN with a width of

. Such a coalesced film could

have grown as a consequence of a sharp temperature dip at that point. Nanomushrooms
are present in between the coalesced regions. Thus, for a radius

, the region is

predominated by coalesced material, as shown in Figure 23(a). Moving away from the
central area, the nanomushrooms begin to dominate, and for

, the region is

completely dominated by nanomushrooms (with no sign of coalesced material). The
region beyond

continues to be dominated by nanomushrooms until

.

At this point, the nanomushrooms disappear and are replaced by nanowires. This gradual
change in morphology from coalesced film at the center to nanomushrooms and then to
nanowires supports the localized temperature dip hypothesis.
What kind of effect would a localized temperature dip have during growth? A
localized temperature dip could have formed a large indium droplet since lower
temperatures promote indium droplet formation. Such a droplet would result in a
coalesced InGaN film at the center. The droplet also acts as a source of metal adatoms for
the nanowires in the vicinity, effective resulting in a localized increase in the III/V ratio,
which (as has been shown in the literature) results in the formation of nanomushrooms.
At some distance , the droplet is too far to supply surplus metal adatoms to the
nanowires and so the III/V ratio returns to normal and nanowire growth resumes.
In the next chapter, an in-depth investigation on the composition and structure of
the nanomushrooms and nanoflowers will be provided through TEM.
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Chapter V: Atomic Scale Characterization
In this chapter, an in-depth analysis of the nanowires, nanomushrooms, and
nanoflowers is presented through transmission electron microscopy (TEM).
High resolution TEM images confirmed the defect-free nature of the nanowires.
Furthermore, it was shown that most of the nanomushrooms in N1067 were
defect-free as well—although the nanoflowers in N933 were found to harbour
stacking fault defects. Compositional line maps were used to demonstrate that
the nanomushroom and nanoflower caps were indium-rich, while the body was
indium-poor. This confirmed that the nanomushroom/nanoflower caps were the
source of the longer wavelength yellow-orange-red luminescence. Finally, a
model that accounts for the localized growth of nanomushrooms and
nanoflowers is presented.

Since the nanowires, nanomushrooms, and nanoflowers are all sub

structures,

TEM was used to analyze the structural and compositional properties of the individual
nanostructures at atomic resolutions. The nanostructures were characterized in an FEI
Titan 300ST system.
In order to study the different nanostructures under TEM, they had to be isolated
from the sample and transferred to a TEM copper grid. In the case of the nanowires, their
prevalence on both samples allowed for the use of simpler methods for nanowire
isolation: namely, scratching off the nanowires into a solution and placing drops from the
solution onto a TEM grid (method 1) or directly transferring the nanowires to a TEM grid
by pressing the grid face-down on the sample surface (method 2). Using these two
methods, nanowires were isolated and studied under TEM.
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5.1 Structural & Compositional Characterization of the Nanowires
5.1.1 The Defect-Free Nanowires
Figure 24 displays a high-resolution TEM (HRTEM) image of a single nanowire isolated
from N1067. The nanowire is defect-free, and grows along the c-direction. A study of the
reciprocal space via a fast Fourier transform (FFT) confirmed the excellent crystal quality
and revealed that the indium composition varied significantly along the length of the
nanowire (this was determined by measuring the interplanar spacings, which follow
Vegard’s law).
This variation in indium composition along the length of the nanowire is due to
the presence of the GaN base. The portion of the InGaN nanowire close to the base
contains less indium since a certain length of nanowire must be grown before the indium
composition can reach its saturation value. On the other hand, the portion of the nanowire
that is far from the base contains more indium since the indium composition within that
region would have reached its saturation value.
The reciprocal space map of the nanowire at the GaN base was used to confirm
that the nanowire was strain-free by comparing the measured interplanar spacings to
values obtained from databases. Both values were identical. Thus, Figure 24 confirmed
both the defect-free and strain-free nature of the nanowires, which explains why they
emit light efficiently without suffering from the efficiency droop effect. Nanowires from
both samples N1067 and N933 displayed the same results.
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Figure 24. A HRTEM image of a single nanowire isolated from N1067. The inset displays
the FFT in which the spots that represent the c-plane and m-are marked. It is clear that the
nanowires, unlike their planar counterparts, are completely defect-free. Reciprocal space
mapping also indicates that the nanowires are strain free.

Nanowires from both N1067 and N933 were found to be defect-free, and in both
cases, the indium composition near the GaN base of the nanowire was low. Moving up
the c-axis, the indium composition increased slowly, eventually reaching a saturation
point at which it remained constant, as shown in Figure 25. As a result, two distinct
compositional regions are formed along the length of the nanowire: an indium-poor
region near the base and an indium-rich region far from the base. These two regions
correspond to the two observable photoluminescence (PL) peaks that were seen in the
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spectra of the nanowires. In other words, the secondary violet PL peak is emitted from
the region of the nanowire close to the GaN base, whilst the blue (in N1067) and green
(in N933) peaks are emitted from the portion of the nanowire that is far from the base.
Since a certain length of InGaN nanowire needs to be grown above the GaN base
before the indium composition can reach its saturation value, an indium-poor region will
always be present near the GaN base, regardless of what the saturation value for the
indium composition is. This explains why the violet peak is visible in every spectrum
obtained from the nanowires, nanomushrooms, and nanoflowers. The ubiquitous presence
of the violet peak is useful as it helps to broaden the optical emission.

Figure 25. The indium and gallium counts as measured by EDX along a single nanowire.
The zero point is at the tip of the nanowire, while the 500nm point is at the base. Thus, this
figure shows a compositional line map across a 500nm nanowire. The results show the
presence of an indium-poor region (right side) near the GaN base and an indium-rich
region (left side) far from the base.
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5.1.2 The Nucleation and Growth of Nanowires
HRTEM characterization was used to elucidate the growth mode of the nanowires. As
shown in the HRTEM image of the nanowire/substrate interface in Figure 26, no wetting
layer is present during nanowire growth, in agreement with other results reported in the
literature39,48. This indicates that the catalyst-free growth of nanowires on a silicon
substrate follows the Volmer-Weber mode. In this mode, the large lattice mismatch
between silicon and GaN renders the formation of a wetting layer unfavourable. As a
result, the gallium adatoms, rather than forming a layer, come together and nucleate in
isolated islands, which subsequently grow into nanowires through plastic relaxation39.

Figure 26. An HRTEM image of the nanowire/silicon interface. No wetting layer is present,
but a thin 2nm layer of silicon nitride is visible. The base of the nanowire is defect free.
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The thin 2nm layer present between the nanowire and the silicon substrate is
silicon nitride, which is formed when the bare silicon substrate reacts with the nitrogen
species in the plasma prior to the introduction of a gallium flux. It has been shown that
the nucleation process of nanowires begins when the gallium adatoms on the silicon
nitride surface come together to form spherical cap-shaped islands. These cap-shaped
islands transition into a shape with a nanowire-like morphology because the average
strain density in a nanowire shape is less than it is for a spherical cap39. Following the
transition from spherical cap to nanowire morphology, uniaxial nanowire growth
proceeds due to the anisotropy of the crystal.

5.2 Compositional Characterization of the Nanomushrooms
With the defect-free and strain-free nature of the nanowires established, the focus shifted
to the characterization of the nanomushrooms. Thus, FIB was used to prepare a
nanomushroom sample for TEM characterization (method 3). Figure 27 shows a scanning
TEM (STEM) image of the nanomushrooms. In STEM mode, the condenser lens system
is used to focus the electron beam to a single point; coils then raster the electron beam
across the sample. STEM is based on the transmission of electrons through the sample.
Some of the electrons in the beam are transmitted without scattering while others are
elastically scattered (Rutherford scattering). The amount of scattering is a function of the
thickness (or atomic weight) of the sample.
In the case of a sample of constant thickness, regions that contain heavy atoms
will scatter more electrons, and will thus appear brighter in STEM mode. In contrast,
regions that contain light atoms do not scatter as many electrons, and so appear darker
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since the STEM electron detector does not pick up as much signal. The STEM image in
Figure 27 makes one fact clear: the bright nanomushroom caps contain more heavy
atoms—most likely indium. Furthermore, the bases of the nanomushrooms appear much
darker than the tips. This is because the bases are binary GaN (i.e. no indium); in other
words, the bases are regions that contain lighter atoms and so they do not scatter as many
electrons.

Figure 27. An STEM image of the nanomushrooms in sample N1067. The nanomushroom
caps are clearly visible. The caps are brighter than the nanowires underneath, which is
indicative of the presence of a larger amount of heavy atoms (indium). The top layer is
platinum, which was used to protect the nanomushroom caps during FIB etching.

To confirm whether the heavy atoms in the cap were indium, an EDX
compositional line map was performed along the length of the nanowire. The line map
confirmed that the nanomushrooms were contaminant-free (no Al, Ga, or Mg was
detected) and it showed that the cap was indeed indium-rich.
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Figure 28. An (a) STEM image of a nanomushroom with a superimposed green line along
which EDX data was taken at 2.5nm intervals and (b) a graph displaying the gallium and
indium counts measured along the line and the corresponding indium composition. A sharp
increase in the indium composition is observed at the interface between the nanomushroom
body and cap. Thus, the nanomushroom cap is very indium-rich.
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Figure 28 shows a simultaneous increase in indium and decrease in gallium at the
nanomushroom cap. This results in a highly indium-rich cap, which proves that the cap is
the source of the longer wavelength yellow-orange-red luminescence. Furthermore, the
large variability in the indium composition along the nanomushroom produces the large
full-width half-maximum (FWHM) that was observed during optical characterization—a
particularly exciting phenomenon for the prospect of white light emission. Finally, it is
important to note that the indium-rich region in the cap, from a quantum mechanical
perspective, is essentially a deep potential minimum that promotes the radiative
recombination of carriers by confining them. This results in a high internal quantum
efficiency (IQE) and explains the excellent optical properties that the nanomushrooms
displayed.

5.3 Compositional Characterization of the Nanoflowers
Figure 29 shows an STEM image of the nanoflowers. The interface between the
nanoflower body and cap appears bright in STEM, indicating the presence of heavier
atoms in that region—most likely an indium segregation. However, unlike the
nanomushrooms, growth seems to have proceeded above the indium-rich region.
Furthermore, the region of the cap above the indium-rich region is darker and most likely
indium-poor. The fact that the indium-rich region did not relax laterally but instead grew
vertically may have resulted in defects, which would explain the rough and porous
surface of the nanoflower caps.
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Figure 29. An STEM image of the nanoflowers in sample N933. The nanoflower caps are
clearly visible. The bottom of the caps appears bright, which is indicative of the presence of
a larger amount of indium.

To confirm whether the bright region was indium-rich, an EDX line map was
performed on the nanoflower from body to tip. Figure 30 displays the results. The results
showed that there was a simultaneous increase in indium and decrease in gallium, i.e. a
sharp increase in the indium composition, at the bottom of the nanoflower cap. This large
variability in the indium composition is the cause in the large FWHM (

) that

was observed during optical characterization.
The indium-rich region, which is sandwiched by indium-poor regions, forms a
potential minimum that promotes the radiative recombination of carriers and results in the
excellent optical properties that the nanoflowers display. However, in the case of the
nanoflowers, the indium-rich region in the cap was not allowed to grow (and relax)
laterally, which led to the formation of defects and the characteristic rough, porous
surface. This will be discussed in the greater detail in the next section.
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Figure 30. An (a) STEM image of a nanoflower with a superimposed green line along which
EDX data was taken at 5.37nm intervals and (b) a graph displaying the measured gallium
and indium counts along the line and the corresponding indium composition.
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5.4 The Growth of Nanomushrooms and Nanoflowers
5.4.1 A Model for Nanowire Growth
In the case of catalyst-free nanowire growth, the nanowire morphology results in a
greater number of adatoms impinging on the c-plane than on the m-planes. Furthermore,
the high growth temperatures that are employed result in anisotropy in the sticking
coefficients: the sticking coefficient on the m-planes is smaller than on the c-plane,
giving the indium and gallium adatoms a larger diffusion coefficient along the sidewalls.
These two processes combine and drive the uniaxial growth of a nanowire, as shown in
Figure 31.

Figure 31. A model of the two mechanisms that drive the uniaxial growth of a nanowire
following nucleation: the increased flux of adatoms that impinge on the c-plane and the
larger diffusion length of adatoms along the sidewalls. In this figure, red spheres represent
indium adatoms while violet spheres represent gallium adatoms.
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In the case of the nanomushrooms, growth along the c-plane was suddenly
inhibited whilst growth along the m-planes was promoted—but only at the tips, forming
the characteristic caps. This outburst of growth at the tips has been observed in the
literature once: InGaN nanowires were grown under the normal conditions (low III/V
ratio, high temperature); at some point the III/V ratio was increased and growth along the
c-plane was saturated. This resulted in the formation of a cap since the adatoms were
unable to incorporate on the saturated c-plane and

incorporated on the m-planes

instead46. However, an increased III/V ratio could not have occurred on our samples due
to the localized nature of the nanomushroom growth.
As shown in Figures 28 and 30, compositional studies revealed a simultaneous
increase in indium and decrease in gallium at the nanomushroom cap/body interface.
Furthermore, the nanomushroom cap itself was indium-rich. Therefore, it is likely that
indium adatoms saturated growth on the c-plane, which resulted in the formation of
indium-rich caps. However, the indium/gallium ratio should be constant across the
sample, whereas the growth of the nanomushrooms and nanoflowers was localized.
The most likely source of a localized surplus in indium in nanomushroom regions
is the formation of indium droplets. A large indium droplet may have formed in the
center of the disk-like region. Such a droplet would have provided a surplus of indium
adatoms to the surrounding nanowires, saturating growth on the c-plane and forcing the
adatoms to incorporate on the m-planes at the tips, forming mushroom-like caps.
Furthermore, such a droplet would have resulted in the formation of coalesced material,
which was observed in the center of the disk-like region.

82
The most likely cause for the formation of a large indium droplet is a localized
dip in temperature, which would also result in the formation of small indium droplets on
the tips of the nanowires because:

1. either the surplus indium adatoms provided by the large droplet will diffuse up
the nanowire sidewalls, accumulate, and form droplets,
2. or because such a localized temperature dip would also form small indium
droplets on the tips of the surrounding nanowires as they lie at a lower
temperature than the substrate.

5.4.2 Indium Droplet Formation
The formation of indium droplets during MBE growth is dependent on multiple factors,
primarily the temperature and the indium flux. Furthermore, both of these parameters are
inextricably linked. It has been shown that the formation of indium droplets on the
surface of a substrate at a certain temperature depends on the indium flux54.
At an indium flux below the so-called critical flux, indium is incorporated into the
solid and no droplets are present. However, above the critical flux, indium accumulates
into droplets, which form even under nitrogen-rich conditions (which are used to grow
nanowires). In all other III-V compounds, metal droplet formation is unfavourable under
most conditions, which makes indium droplets unique. This suggests that indium droplets
may have indeed formed in both samples as long as the right conditions were available
during growth.
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The fact that indium droplet formation is heavily temperature dependent indicates
that a localized temperature dip is the most likely cause of indium droplet formation; this
dip would most likely result in the formation of small indium droplets on the tips of the
nanowires in the localized region. In the next section, the consequences of such a droplet
formation phenomenon will be shown and an exact mechanism for nanomushroom
growth will be proposed.

5.4.3 The Consequences of Droplet Formation: a Model for Nanomushroom
Growth
The following series of figures illuminate the process by which an indium droplet can
result in the formation of a cap. In Figure 32(a), the indium droplet, once formed on the
tip, saturates growth on the c-plane. At this stage, the saturation of the growth on c-plane
forces many of the atoms in the droplet to get incorporated at the sidewalls near the tip.
Additionally, indium and gallium adatoms that diffuse up the sidewalls also incorporate
on the m-planes at the tip, since they too are unable to incorporate on the saturated
c-plane. This process is shown in Figure 32(b).
This results in the formation of a cap, as shown in Figure 33(a). Eventually, the
droplet may shrink as its atoms are incorporated into the crystal, or it may shrink and
disappear due to the decay of the localized temperature dip that initially promoted droplet
formation. Regardless of why or how the droplet disappears, it leaves behind an
indium-rich, mushroom-like cap once it disappears, resulting in a nanomushroom.
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Figure 32. A model depicting the first two steps of the process in which (a) an indium
droplet forms, usually on the tip of the nanowire due to the lower temperature and (b) the
growth on the c-plane becomes saturated, which causes the atoms in the droplet to
incorporate on the m-planes at the tip. Additionally, adatoms that diffuse up towards the tip
also end up incorporating on the sidewalls. This results in a lateral outgrowth.
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Figure 33. A model depicting the final two steps of the process; (a) the indium droplet gets
consumed as it provides atoms for lateral and vertical growth and (b) it disappears, leaving
behind a cap. The droplet may disappear either due to consumption or due to a decay of the
localized temperature dip that initially resulted in droplet formation.
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5.4.4 Further Evidence for Droplet Formation
Now that indium droplet formation has been established as the most likely cause for
nanomushroom/nanoflower growth, the next step was to look for additional evidence to
support this hypothesis. Figure 34 displays an SEM image of the nanomushrooms in
N1067, in which a few peculiarly tall nanomushrooms can be seen. At their tips appears
to be a spherical cap. This cap is identical to the metal droplets that are found on the tips
of nanowires grown via the vapor-liquid-solid mechanism.

Figure 34. An SEM image of the nanomushrooms, showing a spherical droplet at the tip of
the longest nanomushrooms.
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The existence of droplets at the tips of the longest nanomushrooms adds support
to the indium droplet hypothesis. The reason these droplets did not form a lateral cap is
most likely a combination of the following:

1.

During nanowire nucleation, some islands nucleate much earlier than others,
resulting in a large nanowire length dispersion48. Thus, the tallest
nanomushrooms are a result of islands that were the first to nucleate. The
temperature at the tips of these taller nanomushrooms is lower than on the tips of
the regular nanomushrooms, and so the atoms in the indium droplet may have
been less likely to incorporate into a crystal and instead remained in liquid form.

2.

One of the major contributions to nanomushroom cap formation comes from
adatoms that diffuse up the sidewalls. The height of the longest nanomushrooms
may have been greater than the mean diffusion length of the adatoms on the
sidewalls, preventing many of them from reaching the tip and forming a cap.

5.5 Structure of the Nanomushrooms and Nanoflowers
With the nature of the indium-rich cap established and the mechanism of nanomushroom
formation proposed, the next step was to determine if the nanomushroom caps were
defect-free—an important issue if they are to be realized in the development of efficient
white LEDs. Thus, HRTEM was employed to study the nanomushrooms and investigate
the presence of defects. Figure 35 shows two HRTEM images of a single nanomushroom
with its cap clearly exhibited. The cap in the image appears thinner due to the damage
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caused by FIB during sample preparation. Furthermore, the thin layer of platinum used
for surface protection most likely resulted in contamination. Despite this, a part of the
nanomushroom cap remains intact and relatively platinum-free, as shown in Figure 35(a).
Figure 35(b) is a magnified image of the region enclosed by the red circle, establishing
the single crystalline nature of the nanomushrooms. No defects, such as misfit
dislocations or stacking faults, which tend to commonly form in planar GaN, are visible.

Figure 35. HRTEM images of (a) a nanomushroom and (b) a close-up view of the region
enclosed in a red circle.
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Although no defects were found in the nanomushroom caps, a peculiar
phenomenon was observed in which the
the

planes appear to bend. In other words,

direction of the crystal appears to tilt at slightly different angles across the

width of the cap. Figure 36(a) shows a nanomushroom that had a large part of its cap
intact. Figure 36(b) shows a zoomed-in image of the cap, in which the tilting effect is
discernible. The cause of the tilting effect may be linked to the formation of an indium
droplet on the nanowire tip during growth; the edges of droplet, which are exposed to the
nitrogen plasma, could react with the nitrogen species in the plasma and crystallize before
the atoms within the droplet incorporate into the nanowire crystal. Eventually, when the
tip of the nanowire grows and reaches the already crystallized edges of the droplet, a
bending of the

planes might occur as the two regions merge and the crystal

adjusts itself.
Alternatively, it is possible that the bending/tilting effect occurs due to the buildup of strain. The cap, which is indium-rich, has a larger lattice constant than the body,
which is indium-poor. Therefore, the bending/tilting effect may occur as the cap relaxes
laterally to relieve the strain. To confirm this phenomenon, dark-field TEM images
should be done to study the strain in the nanomushroom caps.
Figure 37 shows a series of reciprocal space maps taken at different points along
the width of the nanomushroom cap displayed in Figure 36. The dashed line is placed to
guide the reader’s eyes and highlight the subtle changes in tilt angle across the cap.
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Figure 36. HRTEM images of (a) a nanomushroom with a large part of its cap intact and
(b) a close-up view of the cap showing the tilting effect; the top of the cap is most likely
damaged and contaminated due to the TEM preparation process.
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Figure 37. A series of reciprocal space maps from various points along the nanomushroom
cap. The bottom two were taken from the opposite edges of the cap.
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Future work would involve the use of dark-field TEM imaging to study the strain
in the cap and determine whether the nanomushroom cap was relaxed (and it should be,
since it is not confined laterally). Furthermore, it may be possible to eliminate this
tilting/bending effect, and so further studies are required on the nanomushroom caps.
In conclusion, the nanomushrooms are defect-free nanostructures, and thus the
prospect of simultaneously growing nanowires and nanomushrooms on the same
substrate is exciting for the development of a low-cost, efficient, inherently white LED.
The next step was to look at the nanoflowers, which appeared to harbour defects:
the nanoflowers had a rough, porous surface; furthermore, the PL spectrum from the
nanoflowers broadened at higher temperatures—two observations indicative of defects.
Figure 38 shows a HRTEM image of a single nanoflower, showing the presence of
defects and confirming what many of the tests had suggested. The defects appear in the
region of the cap above the indium segregation and below the indium segregation. This
suggests that the defects formed due to the build-up of strain because of the much larger
lattice constant of the indium segregation in the cap.
This raises an important question: why did defects form in the nanoflowers and
not in the nanomushrooms? This is most likely connected to the differences in the growth
parameters (temperature, flux, etc.) which resulted in the distinctly different shapes of the
caps. The nanomushroom caps were horizontal and grew laterally; thus, it is likely that
the strain was relieved through lateral relaxation. On the other hand, the nanoflower
caps did not grow laterally, and so they may not have been able to relax. This would
result in the formation of defects as the crystal tries to relax the strain.
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Figure 38. A HRTEM image of a nanoflower. The body/cap interface region (which is the
region around the indium segregation) of this nanoflower contains many defects.

Figure 39 shows the region of the nanoflower below the indium segregation (i.e.
in the body) in which defects were discovered. The defect appears to be a stacking fault,
and may be the result of a transition from wurtzite to cubic and then back to wurtize.

Figure 39. A HRTEM image of the nanoflower body, displaying two sets of stacking fault
defects.
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Figure 40 shows defects at and above the indium segregation (i.e. in the
nanoflower cap). The cap displays the same stacking fault defects that were observed
below the indium segregation (i.e. in the body). However, unlike the body, the
nanoflower cap suffers from a bending/tilting of the crystal planes that is similar to what
was observed in the nanomushroom caps, except in the case of the nanoflowers, this
effect seems to have combined with the stacking fault defects and is much more
pronounced. Thus, it is not entirely clear if it is the same effect as the one observed in the
nanomushroom caps.
Figure 40 reveals another peculiar phenomenon. The defects seem to form in the
region of the cap that is curved. Below the nanoflower cap, the growth was entirely
vertical. At the nanoflower body/cap interface, the growth begins to proceed both
vertically and laterally, forming the characteristic curved region of the nanoflower cap.
At some point lateral growth ceases and only vertical growth continues. It is in the region
where lateral and vertical growth occurred simultaneously that all the defects seem to be
present.
Finally, it should be noted that the number of defects varied significantly across
the nanoflowers. Clearly, much remains to be studied: we need to elucidate the strain in
the nanomushrooms and nanoflowers, the cause of the bending effect, the causes behind
the growth of caps of different shapes, etc. However, such studies are beyond the scope
of this work and would constitute a much more in-depth study of the structure of the
nanomushroom and nanoflower caps.
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Figure 40. A HRTEM image of the nanoflower cap, displaying the stacking faults/bending
effect. The defects only appear in the curved region of the nanoflower cap (bounded by the
dashed yellow lines).

Figure 41 shows the bending effect. This may have occurred as the crystal tried
(and possibly failed) at relieving the strain through lateral relaxation.

Figure 41. A HRTEM image of the nanoflower cap displaying the bending effect.
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To summarize, structural characterization of the nanowires confirmed their
defect-free and strain-free nature. Compositional characterization confirmed that the
nanowires have GaN bases and InGaN tips that emit blue light.
Compositional line maps were then used to show that the nanomushroom and
nanoflower caps were an indium-rich segregation. This is essentially a potential
minimum that promotes radiative recombination through carrier confinement and results
in the excellent optical properties that these nanostructures possess.
The nanomushrooms in N1067 were also found to be defect-free, like their
nanowire counterparts. However, an occasional bending/tilting of the c-plane was
observed in the nanomushroom cap, which may be due to strain relaxation.
In the case of the nanoflowers in N933, stacking faults were discovered. How and
why these faults formed is not entirely clear, but it is most likely linked to the strain
induced by the indium segregation in the cap.
Finally, a model for the formation of the nanomushrooms/nanoflowers was
proposed. In this model, indium droplets form on the tips of the nanowires, which
saturate growth on the c-planes and drive growth on the m-planes at the tips, forming
indium-rich caps. This model presents a method for controlling the growth of the
nanowires and nanomushrooms through the controlled formation of indium droplets in
localized regions on the substrate surface.
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Chapter VI: Conclusion
InGaN nanowires, which are one-dimensional nanostructures that eliminate the
detrimental effects of heteroepitaxy (such as the devastating efficiency droop effect) were
grown on a low-cost Si (111) substrate. Two samples were grown and characterized:
N1067 and N933, the respective blue and green light-emitting samples. Optical
characterization revealed that the nanowires on both samples were optically efficient,
with internal quantum efficiencies greater than 10%. Additionally, a large inhomogeneity
in the peak emission wavelength across the samples was observed.
This inhomogeneity is caused by temperature gradients that are formed during
growth as a consequence of the mechanical structure of the molecular beam epitaxy
system’s heater/ holder. This inhomogeneity could prove particularly useful for whitelight emission applications.
To add to the already substantial inhomogeneity, disk-like regions were observed
in both N1067 and N933 that emitted an extremely broad, longer wavelength peak that
displayed a full-width half-maximum of up to 200nm. Moreover, temperature-dependent
photoluminescence characterization revealed that these disk-like regions had a greater
internal quantum efficiency than the surrounding nanowires, with values that approached
20%. The broad emission from these disk-like regions, when mixed with the emission
from the surrounding nanowires, resulted in white light.
Structural characterization of the disk-like regions via scanning electron
microscopy revealed that they contained nanomushrooms instead of nanowires. The
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nanomushrooms consisted of a nanowire body with a flat cap on top. The nanostructures
in sample N933 more closely resembled flowers, and were called nanoflowers.
In-depth compositional characterization via transmission electron microscopy and
energy dispersive x-ray spectroscopy of the nanomushrooms revealed a simultaneous
increase in indium and decrease in gallium at the nanomushroom body/cap interface. This
resulted in a sharp increase in indium composition in the cap. Furthermore, the cap itself
was indium-rich. Thus, it was confirmed that the cap was the source of the broad, longer
wavelength emission. Moreover, the indium-rich cap is a potential minimum that
confines carriers and promotes radiative recombination, resulting in the excellent optical
properties that the nanomushrooms possess.
The most likely cause for the localized growth of nanomushrooms and
nanoflowers is the localized formation of indium droplets on the tips of the nanowires.
These indium droplets saturated growth on the c-plane, preventing the atoms from
incorporating there. As a consequence, the atoms in the droplet began to incorporate on
the sidewall m-planes at the tips instead. Furthermore, all adatoms that diffused up the
nanowire sidewalls also incorporated on the m-planes at the tip. This resulted in a lateral
outgrowth of indium-rich InGaN, which formed the characteristic nanomushroom cap.
An in-depth investigation of the crystal quality of the nanomushrooms revealed
that they were defect-free, although a bending of the

planes was observed in the

cap. This phenomenon is believed to be linked to either the crystallization of indium
droplets or lateral strain relaxation. In the case of the nanoflowers, stacking faults were
observed. Why defects formed in the nanoflowers only and the reason for the
tilting/bending effect remains unclear, and further studies are required to elucidate this.

99
More importantly, the cause of indium droplet formation in the disk-like regions
is not clear, although a localized temperature dip appears to be the most plausible
explanation. Further studies are required in order to elucidate the mechanisms that gave
rise to the nanomushrooms. Through these studies, it may become possible to control the
growth of nanomushrooms. This would allow for the realization of white light emission
through the controlled growth of coexisting nanowires and nanomushrooms on the same
low-cost silicon substrate. Unlike other methods for the development of nanowire-based
white LEDs, the growth of coexisting nanowires and nanomushrooms is a single-layer
process rather than multilayer process in which region of different indium composition
are grown along the length of the nanowire. Figure 42 summarizes the goals of this work.

Figure 42. A 3D model of InGaN nanowires and nanomushrooms grown on the same silicon
substrate, along with the corresponding white-light emission that would occur as a result.

In conclusion, the controlled growth of InGaN nanomushrooms and nanowires on
the same silicon substrate may pave the way to the development of a low-cost,
phosphor-free, high CRI, inherent white LED.
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