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Whom have I in heaven [but You]?
And besides You, I desire nothing on earth.
My flesh and my heart may fail,
But God is the rock and strength of my heart and my portion forever.

- A psalm of ASAPH

But no one except Lucy knew that
as it circled the mast it had whispered to her,

Ignore “Courage, dear heart,”
and the voice, she felt sure, was Aslan’s,

and with the voice a delicious smell breathed in her face.

- C.S. LEWIS, The Voyage of the Dawn Treader

“My own plans are made.
–While I can, I sail east in the Dawn Treader.
—When she failsme, I paddle east in my coracle.
—-When she sinks, I shall swim east with my four paws.
—-And when I can swim no longer, if I have not reached Aslan’s country,
—or shot over the edge of the world into some vast cataract,
–I shall sink with my nose to the sunrise.”

Reepicheep, the talking mouse
- C.S. LEWIS, The Voyage of the Dawn Treader





Abstract

Hybrid integration of defect-free III-nitride semiconductor nanocolumns and
two-dimensional graphene as their substrate is an extremely promising route
towards the development of ultraviolet light emitters, as graphene can be si-
multaneously utilized as a transparent conductive electrode. Nevertheless, a
proof-of-concept of such hybrid device system has not been achieved before
this work, and the study of highly dense vertical nanocolumns on graphene is
also inadequately discussed. This PhD dissertation presents the investigation
on the molecular beam epitaxial growth and the associated structural, optical
and electrical properties of GaN nanocolumns and GaN/AlGaN nanocolumn
ultraviolet light-emitting diode structures formed on graphene.

Self-organized GaN nanocolumns are grown firstly on amorphous fused
silica, and then on graphene substrates by employing AlN buffer layer. High
density of vertical nanocolumns characterized with excellent crystalline qual-
ity is achieved on these substrates. Particularly for the growth on graphene
possessing no dangling bonds in its surface, additional study is carried out
to clarify the role of the thin AlN as an intermediate layer between the for-
mation of self-assembled GaN nanocolumns and graphene. Besides leading
to the distinct arrangements of AlN that can affect the growth orientation of
GaN nanocolumns, different AlN growth conditions unintentionally alter the
structural properties of graphene.

Based on the understandings gained through the studies mentioned above,
vertical growth of heterostructured GaN/AlGaN self-organized nanocolumns
is subsequently realized on graphene. This growth orientation of the
nanocolumns on graphene is essential for the light-emitting diode fabrica-
tion from as-grown nanocolumn samples. Here, graphene is employed as the
growth substrate and simultaneously as the transparent conducting electrode
for wurtzite GaN/AlGaN nanocolumns. In spite of high sheet resistance of
graphene after the nanocolumn growth, a single excitonic emission peak can
be observed at 365 and ∼350 nm (ultraviolet-A region) for the devices grown
on double-layer graphene and single-layer graphene, respectively.

This PhD thesis shows a vivid example on the development of nitride
nanocolumn/graphene-based device technology. In this regard, the combina-
tion between these two materials provides a new approach in designing the
ultraviolet light-emitting diodes, owing to the unique graphene properties.
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Preface

This thesis is submitted as a partial fulfilment of the requirements for the De-
gree Philosophiae Doctor (Ph.D.) at the Norwegian University of Science and
Technology (NTNU). This doctoral work has been carried out at the Depart-
ment of Electronic Systems, Faculty of Information Technology and Electrical
Engineering, with Professor Bjørn-Ove Fimland and Professor Helge Weman
as main supervisor and co-supervisor, respectively.

A total time of seven years (fromMarch 2014 to March 2021) was spent
to complete the main portion of this research work, teaching duties (of more
than one and a half year) and five courses of 32.5 studiepoeng (equivalent to 32.5
points in the European Credit Transfer System, or one semester). Within the
time frame of this Ph.D. work, I also spent altogether one year and nine months
for research stay (from October 2015 to December 2016, from June 2017 to
September 2017 and from June 2018 to September 2018) in Professor Katsumi
Kishino’s research group at theDepartment of Engineering andApplied Physics,
Faculty of Science and Technology, Sophia University in Tokyo, Japan.

This research has been part of the FRINATEK and NANO2021 projects,
which were funded through the Norwegian Research Council, Grant num-
ber No. 214235 and No. 239206/No. 259553, respectively. The Research
Council of Norway is also acknowledged for the support to NTNUNanoLab
through the Norwegian Micro- and Nano-Fabrication Facility, NorFab (Grant
No. 197411/No. 245963/No. 295864), the NORTEM facility (Grant No.
197405/F50), and the Norwegian PhD Network on Nanotechnology for Mi-
crosystems (FORSKERSKOLER-221860/F40). The research activities con-
ducted while I was in Professor Katsumi Kishino’s laboratory were supported
by Japan Society for the Promotion of Science KAKENHI with Grant No.
24000013/No. 19H00874.

OBJECTIVES AND SCOPE

One of the key issues in advancing the progress of the electronic and optoelec-
tronic devices based on the group-III nitride material system is the availability
of high-quality (native) substrates. The present commercially available sub-
strates, such as sapphire, SiC and Si suffer from high lattice mismatch with the
group-III nitrides. Although the quality of the large GaN substrates has been

ix



x I PREFACE

improved over the last years, the defect density in this substrate is not negligible.
Hence, the pursuit of optional substrates for III-nitride semiconductors is of
importance for the basis of the improvements of future device applications.

In this regards, the synthesis of III-V nitride nanocolumns on graphene
substrates can emerge to be a promising alternative combination of materials
to mitigate the current issues as well as open up a number of new possibilities
for more device functionalization. While the crystalline quality of GaN/AlGaN
nanocolumn UV-LEDs is exceptional, their EQE is rather low due to absorbing
nature of the conventional substrates (except for those grown on sapphire.
However, sapphire has its own limitation as introduced previously). For this
reason, graphene was investigated in this PhD thesis to study its feasibility as
a growth substrate and simultaneously as a transparent conductive electrode
for GaN/AlGaN nanocolumn LED structures. The choice of using graphene is
primarily due to its good transparency across all wavelength region (including
UV to deep UV) and high electrical conductivity.

The main objectives of this PhD thesis are broken down as follows:

Objective 1. Conducting preliminary growth studies of n-GaN nanocolumns
on fused silica (amorphous glass or silica glass) substrates.

Objective 2. Performing andunderstanding the growthofn-GaNnanocolumns
on transferred graphene on fused silica substrates.

Objective 3. Carrying out the growth of aUV-ALED structure consisting of n-
AlGaN/i-GaN/p-AlGaN nanocolumns on graphene (transferred
onto silica glass as the substrate carrier).

All the nanocolumn growth studies were conducted using MBE technique.
Requisite structural and optical characterizations of the grown nanocolumn
samples have been consistently performed to support the claims and findings of
the aforementioned studies. Device fabrications and electrical characterizations
have been carried out especially for nanocolumn LED samples in objective 3.

OUTLINES

The first four chapters (Part I consisting of Chapters 1 through 4) are writ-
ten to introduce an overall perspective of III-nitride material system, provide
basic understanding of nanocolumn and graphene, as well as summarize the
experimental methods that have been performed during the PhD study.

The main results of this doctoral thesis are presented as a collection of four
published academic papers and one manuscript under review, systematically
organized in Chapters 5 to 9 (Part II). The title and content of the published
papers presented in the aforementioned chapters are basically the accepted
manuscript version in their respective journals (copyright information and
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author contributions are given in the first page of each chapter). They have been
re-typeset from their original sources for integration into this PhD dissertation.
While for the manuscript under review, it will undergo further modifications,
and the accepted version of that manuscript will be different compared to that
presented here.

In the last chapter (Part III consisting of Chapter 10), the conclusions of
the current topic and outlook for further researches are presented. Below is
further description for all chapters given in this document:

Chapter 1 is drafted to give readers a brief background, general context as
well as inherent growth challenges of group III-nitride compound semiconduc-
tors.

Chapter 2 contains the short information regarding Si whisker and its
relation with GaN nanocolumn. Some important findings concerning the
growth mechanism of GaN nanocolumns mainly on the silicon substrate are
presented. Their structural, optical and electrical properties are then listed.
This chapter is then ended with the basic information on the LEDs based on
nanocolumn structure.

Chapter 3 is started with short information on the alternative substrates to
silicon and sapphire. Next, the role of graphene as the prospective substrate
material for III-V nitride is discussed. Within the same section, the synthesis
of graphene along with its mainstream utilization are concisely reviewed. The
examinations on the recent related works of III-V nitride nanocolumns on
exotic and unusual amorphous substrates, including graphene, are then given.

Chapter 4 provides a brief description of the nitride nanocolumn growth
using anMBE technique. Together with the structural and optical characteriza-
tion techniques applied to nanocolumns and graphene, the device fabrication
methods and its corresponding electrical measurements are shortly explained.

Chapter 5 studies the growth of GaN nanocolumns on fused silica glass
substrates, along with their related structural and optical characterization
results. This chapter serves as an initial study for nanocolumn growth on
amorphous substrate, which is used as the graphene substrate carrier for the
following studies. This chapter is based on the accepted manuscript published
in the Journal of Crystal Growth (© 2017 Elsevier).

Chapter 6 introduces the growth results of GaN nanocolumns on graphene
using AlN as a buffer layer. Afterwards in Chapter 7, the investigation on
how the AlN buffer layer can influence the growth of GaN nanocolumns is
provided. To properly interpret the MBE growth outcomes, structural and
optical investigations accompany each of these studies. These two chapters are
based on the accepted manuscripts published in the Nanotechnology (© 2018
IOP Publishing Ltd.) and Scientific Reports (© 2020 Andreas Liudi Mulyo, et
al), respectively.
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Chapter 8 focuses on the utilization of double-layer graphene as the growth
substrate and transparent conductive electrode for GaN/AlGaN nanocolumn-
based UV LEDs in a flip-chip configuration. Structural properties of the grown
nanocolumns and graphene (after MBE growth), as well as optical properties of
the nanocolumns are briefly discussed. At the end, the flip-chip nanocolumn
UV LEDs on graphene and their electrical characterizations are reported. This
chapter is based on the accepted manuscript published in the Nano Letters (©
2019 American Chemical Society).

Chapter 9 discusses the concept of single-layer graphene as the transparent
conducting substrate for flip-chip GaN/AlGaN nanocolumn-based ultraviolet
LEDs. Similar characterization methods as those used in chapter 8 are carried
out to study the properties of the nanocolumns, graphene as well as the device
performance. In addition, the role of the AlN buffer layer in maintaining the
verticality of nanocolumns is also highlighted. This chapter is based on the
manuscript which is now under review (© 2021 Andreas Liudi Mulyo, et al).

Chapter 10 presents the audience with a summary and conclusions of the
present works defined within the scope of this dissertation, and possible mea-
sures that can be carried out in the future works in order to improve the
efficiency of the UV LEDs based on the hybrid III-V nitride nanocolumns on
graphene substrates.

Three appendixes are included following Chapter 10. Appendix A contains
an additional figure for Subsection 3.2.3 (Chapter 3). Appendixes B and C are
the supporting information for Chapters 8 and 9, respectively. Curriculum vitae
of the author, full list of the dissemination of research (i.e., published papers,
manuscript under review and conference presentations), summary of copyright
permissions for the figures, and index are provided after the appendixes.

NAVIGATING THIS PHD THESIS

As important as the content of this PhD work, I have spent a quite number of
hours in choosing the right font and designing the layout (using LATEX) that are
decent enough to hold the information written in this book. The draft of this
thesis was firstly prepared in typical word processing software, but its final
version was then converted to LATEX. During the writing of this dissertation, I
attempted to incorporate two major features, which from my perspective, can
aid the reader in browsing the content of this thesis. For further detail, the
reader is referred to see the colophon given at the very end of this book.

The first one being the reference section is given at the end of each chapter,
due to ease of access for the reader who reads the physical copy. (Because
of this however, readers might find duplicated references in other chapters.)
Importantly, the page/s where that reference/s is/are cited will be displayed at
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the end of each reference. This can help particularly for the reader who reads
the digital copy, meaning that the reader does not need to remember the page
where they were before clicking that specific reference.

The second feature is two-way link between any item displayed in the table
of content and any chapter/section/subsection in this PhD thesis. The reader
might find this function useful for quick navigation back to the table of content.
It is used here to let the reader navigate this PhD thesis in ease.

FINALLY

“Why do you spend too much time writing your thesis? Just do it as fast as
possible, get a job and move on with your life!” said a colleague of mine in our
several meetings last year. Contemplating this message, I questioned myself
what another main motivation of me writing this lengthy PhD thesis is, besides
to conformwith the conditions to obtain a PhD degree, obviously. Then I found
my own answer to that comment.

This thesis is, in the first place, written for myself as my personal quest, i.e.,
how I see and comprehend the involved subjects based on my understanding. I
have to admit that my dissertation is relatively longer than other published doc-
toral theses at NTNU. However, I need to provide any necessary information
here with the purpose to remindmyself howmatters are defined and connected
with each other. Because of this, some readers might find some parts are redun-
dant. In the course of writing this book, I have received a tremendous amount
of help from Professor Bjørn-Ove Fimland and Professor Helge Weman, in
shaping how the thesis is presented at the very moment. Indeed, this is the
thesis I envisioned once I finished the first draft of Chapter 1 in November
2019.

This PhD dissertation is my humble contribution to science, my endeavor
to catch a glimpse of beauty and elegance of how small matters are formed
and harmoniously combined together in order to achieve certain functions.
There are, certainly, many aspects that can be improved, but for now, this is the
best piece of work I have ever written (along with the assistance from many
co-authors whose nameswill bementioned later). I am fortunate to have several
years of opportunities to get paid for doing what I enjoy the most, and can only
hope to get involved with more exciting research themes to come within the
near future. Besides gathering dust in the library and sinking in the sea of the
internet, I hope this work can be a stepping stone to someone, somewhere, to
further advance this field. If it is deemed appropriate, be sure to cite!



「何が幸せかわからないです。

正しい道を進む中の出来事なら

峠の上り下りもみんな本当の

幸せに近づく一足づつですから」

“No one knowswhat true happiness
is, least of all me. But nomatter how
hard it is, if you keep to the path you
deem to be true, you can overcome
any mountain. With each step in
that direction, people come closer
to happiness.”

-宮沢賢治,「銀河鉄道の夜」
- KENJI MIYAZAWA,
Night on the Galactic Railroad
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Additional note

Having lived in Trondheim for about seven years (counting my years prior
to PhD as well), I have to admit that this city has a special meaning to me: it
has become a part of my life. I can’t put it into a sentence how my coming
to Trondheim has changed me. Leaving that aside, the night in Trondheim is
just indescribable: it has its own serenity, particularly when the winter night
(November-January) is extremely long. The song by Åge Aleksandersen, called
Trondheimsnatt explains the best how I feel about this city. A remainder for my
future self! Some of its lines resonating within me are shown below:

Æ sjer stjerna som skinn over Trondhjem i natt,
Som et smykke mot gråkallens rand.

Æ sjer lys fra et skip mot et skimranes hav, stille legg det fra land.

Æ sjer Munkholmen bade i gull i natt, deinn stråle som ein vakker rubin.
Æ sjer dis’n over elva lage eventyrland, som spoinne av fineste lin.

Verden den viske god natt og sov godt,
Og den gamle dom’en hold vakt.

Over hjerta som banke, over store og små,
Over ei Trondhjemsnatt.

This song is in Trøndersk, a Norwegian dialect widely spoken in Trøndelag. Its
translation in English is roughly as follows:

I see the star that shines over Trondheim tonight,
Like a jewel against gråkallens edge.

I see light from a ship against a shimmering ocean, quietly it puts out from land.

I see Munkholmen bathe in gold tonight, it shines like a beautiful ruby.
I see the haze over the river make a fairytale land, as if spun by the finest linnen.

The world whispers good-night and sleep tight,
and the old dome keeps guard.

Over the hearts that beat, over big and small,
in a Trondheim night.
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CHAPTER 1
A brief introduction to GaN and
its associated material systems

As one of the third generation of semiconductor materials, i.e., materials with
the bandgap > 2.3 eV1, gallium nitride (GaN) has been well-utilized in elec-
tronic and optoelectronic applications, with the most prominent one being the
basis material system for blue light-emitting diodes (LEDs), as shown in Figure
1.1. Compared to incandescent and fluorescent bulbs, GaN based solid-state
lighting has much higher efficiency, longer life-time, smaller size, better physi-
cal robustness, and faster switching. Despite of its present success, GaN at some
point was shunned by the research communities2, regarded as “the material
with no future” because it had proven extremely challenging to develop.

FIGURE 1.1. BLUE LED based on the GaN semiconductor material system2,3 (adapted with

permission from ref. 2 © 2015 John Wiley and Sons).

If it had not been for the perseverance and great risk taken by a handful of
researchers in the 1980s and early 1990s, including most notably Nobel Laure-
ates Professor Isamu Akasaki, Professor Hiroshi Amano and Professor Shuji
Nakamura, any research topic related with GaN semiconductor would not have
been as advanced as it is today. Following the series of crucial breakthroughs in
the growth studies4–13 and the device-related works3,14–20, to this date there
are still a strong indication of tireless pursuit in making this class of material
even more versatile and functional than before, in addition to improving the
efficiency of the devices.

3



4 I CHAP. 1 A BRIEF INTRODUCTION TO GAN AND ITS ASSOCIATED MATERIAL SYSTEMS

1.1 GENERAL INTEREST AND SHORT HISTORY OF III-NITRIDE SEMICONDUCTORS

GaN and its related alloys, namely aluminum gallium nitride (AlGaN), indium
gallium nitride (InGaN) and aluminum gallium indium nitride (AlGaInN), be-
long to the group-III nitride compound semiconductors that are also known as
the group III-V nitride semiconductors. This group ofmaterial system normally
crystallizes in the hexagonal or wurtzite crystal structure and it is characterized
with a direct energy bandgap, which is extremely useful for the fabrication of
light sources, such as laser diodes (LDs) and LEDs. It has a continuous energy
bandgap (Figure 1.2)21–23 ranging from 0.64 eV for indium nitride (InN) to
6.2 eV for aluminum nitride (AlN), with the energy bandgap of GaN (3.45 eV)
roughly in between that of InN and AlN. Presently, there is no other knownma-
terial system24 that allows light emission over such wide spectral range, while
at the same time maintaining a direct bandgap. This make the AlGaInN-based
light emitters technologically important for applications in the infrared, visible
and ultraviolet (UV) wavelength regions.

While the ternary alloy InGaN provides enormous practical benefits in the
LED industry for full-color displays, blue LEDs for solid-state lighting as well as
400 nm LDs for optical storage, GaN and AlGaN have gained their own merits
for applications of UV LEDs related to surface treatment, disinfection/purifica-
tion, medical diagnostics, sensing, and non-line-of-sight communications27–29.

FIGURE 1.2. Energy bandgap of different binary III-V compound semiconductors, silicon car-

bide (6H-SiC) and a few II-VIs25,26 as a function of lattice constant (bowing param-

eters are neglected). Sapphire (α-Al2O3) and Si(111), along with 6H-SiC, belong to

a class of indirect bandgap materials that are typically used as epitaxial growth

substrates for the GaN-based material system.
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It should be noted that polarization fields (spontaneous and piezoelectric) ex-
isting in the wurtzite III-V nitrides may give rise to what is known as the
quantum-confined Stark effect (QCSE), limiting the internal quantum effi-
ciency (IQE) of the light emitter. Single crystalline growth of III-V nitrides
has been achieved historically using hydride-vapor phase epitaxy (HVPE)30,
electron beam plasma31, molecular beam epitaxy (MBE)32, and metalorganic
chemical vapour deposition (MOCVD) or metalorganic vapour-phase epitaxy
(MOVPE)33,34. To date, the aforementioned techniques, except electron beam
plasma, have been extensively exploited for the commercialization (especially
MOVPE) and research purposes of III-V nitrides.

Despite of its present significance, in fact this material system was rather
slow in its early development, mainly hampered by poor crystalline quality35.
The demonstration of visible red emissions was reported from the non-III-
nitride materials, namely gallium arsenide phosphide (GaAsP) in 196236. Fur-
ther progress of LDs and LEDs from 1970s to 1980s heavily relied on other
non-III-nitride materials, mainly aluminum gallium arsenide (AlGaAs)37,38
and aluminum gallium indium phosphide (AlGaInP)39–42 for obtaining emit-
ters with a working wavelength in the red and orange-yellow-green regions,
respectively. Although both material systems have the availability of direct
energy bandgaps, the non-III-nitride compound semiconductors have much
narrower range of possible energy bandgaps, as shown in Figure 1.2. Despite
that visible LDs and LEDs can be fabricated from the non-III-nitride materials,
it was shown difficult to realize high-brightness visible light sources based on
these material systems43, particularly at shorter wavelength (blue) needed for
solid-state lighting.

For that purpose, other wide bandgapmaterials such as group II-VI (notably
zinc selenide [ZnSe]) and silicon carbide (SiC), as presented in Figure 1.2, were
thoroughly explored due to their promising results. ZnSe was the serious
material contender for the blue light emitters because of its relatively high
crystalline quality, with the-state-of-art dislocation densities of less than 104
cm-2 already achieved in 198943. Nevertheless, the II-VI-based devices could
not go to market due to their short lifetime issues. SiC on the other hand, was
commercialized as the material for blue LEDs43 for quite a long time despite
of its poor performance. This was anticipated as the bandgap nature of SiC is
indirect, which severely limits the efficiency of the light emitters.

In 1973 Maruska et al.44 originally reported the electroluminescent prop-
erties of HVPE-grown GaN. At that time, single crystalline GaN thin films
had been achieved on sapphire substrates but the crystal quality and surface
morphology were quite miserable due to the large lattice mismatch. Efficient
p-type doping was another major problem for GaN, rendering lack of interest
from the research community, especially during the rise of ZnSe in the 1970s
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FIGURE 1.3. AlN buffer layer (or GaN buffer layer) formed on top of the sapphire substrate

developed by Hiramatsu et al.45 for reducing the dislocations of GaN thin films

grown on a large lattice mismatched sapphire substrate (adapted with permis-

sion from ref. 45 © 1991 Elsevier).

and 1980s. Pioneering work of Yoshida et al.4 in 1985 by using AlN as the
buffer layer on sapphire substrates for MBE-grown GaN films effectively im-
proved the GaN crystalline quality, along with an enhancement of its electrical
and optical properties. It was then followed-up by Amano et al.5 and later
by Nakamura8, who successfully obtained optically-flat MOVPE-grown GaN
films with equally good crystalline quality by utilizing thin AlN and GaN buffer
layers, respectively. The key lies in the presence of buffer layer, which acts as
a sacrificial layer to mitigate the defects caused by the large lattice mismatch
(∼16%) with the sapphire substrate (Figure 1.3)45.

After that, the post-growth treatment known as low-energy electron-beam
irradiation (LEEBI), introduced by Amano et al.7 in 1989, resulted in the first
realization of low-resistivity p-type Mg-doped GaN, along with the enhance-
ment of the electroluminescence efficiency in their p-n homojunction GaN
LED. In 1991, the improvement of the electrical and optical properties of p-
type GaN was further demonstrated by Nakamura et al.9 using a post-growth
N2-ambient thermal annealing, which had a similar local heating effects as the
LEEBI method. The phenomenon in both treatments involves the removal
of atomic hydrogen from Mg-H neutral complexes that formed during the
MOCVD growth of Mg-doped GaN under NH3 ambient (i.e., hydrogen passi-
vation46,47), and thus increasing the free charge carrier density in p-type GaN2.
These important findings subsequently provided the method to obtain high-
quality InGaN films10 and quickly paved the way for mass-production and
commercialization of the visible light emitters, including blue LEDs3,14–16 and
violet LDs17,18.
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1.2 INGAN ACTIVE LAYER VS GAN AND ALGAN ACTIVE LAYERS

One bewildering observation regarding InGaN is that, despite of its extremely
large density of dislocations (108-1011 cm-2)2, InGaN-based LEDs performed
efficiently with an external quantum efficiency (EQE) as high as 12%, much
higher than what was observed in AlGaAs, AlInGaP and ZnSe-based LEDs
although their crystalline quality were much more superior2. Lester et al.48
noted that dislocations in GaN-based LEDs (with InGaN as an active layer)
do not act as efficient non-radiative recombination sites. This fundamental
property, i.e., the benign behavior of dislocations in GaN, could be associated
with the more ionic character of the bonding in this material system compared
to non-III-nitrides. Another outlook by Chichibu et al.13, suggested that before
the carriers are trapped by non-radiative recombination centers (crystal defects),
they are captured by efficient localized energy states of radiative recombination
centers. These localized centers, that can be thought of as enhanced emission
centers of light2, are caused by In composition fluctuation in the active layers
(e.g., quantum wells) to form quantized (confined) excitons20.

Nevertheless, such phenomenon is only observed when the active layer is
InGaN. When the LED working wavelength ranges are shorter, i.e., the active
layer is GaN or AlGaN, the EQE becomes extremely poor19,27. Additionally, op-
tical study revealed that the photoluminescence intensity of band-to-band GaN
emission11,20 is muchweaker than that of InGaN12,20. At this point, it should be
noted that the QCSE resulting from the strain-induced polarization field exists
in the III-N material system, including InGaN, AlGaN and GaN. However, the
absence of In composition fluctuations that form the deep localized energy
state in the GaN and AlGaN causes the QCSE to become dominant20, which
will eventually decrease the oscillator strength of electron-hole pairs, reducing
the efficiency of the GaN and AlGaN-based devices.

1.3 CHALLENGES AND PRESENT STRATEGY FOR GAN-ALGAN SYNTHESIS

Beyond light emitters, the III-nitride materials have been utilized for a broad
range of electronic and optoelectronic applications, thanks to their direct wide
bandgap tunability, high carrier mobility, large electron saturation velocity,
good electrical-thermal conductivity, and excellent chemical stability21–23,49–53.
InGaN for instance, has been investigated as a material in solar cells54 and as a
photocathode in solar water splitting systems55. The high breakdown voltage
of GaN-AlGaN is of particular interest for power devices, such as high electron
mobility transistors56 and heterojunction field-effect transistors57, with the
applications ranging from high-frequency communication to electric power
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systems23,58,59. Here, the performance of III-nitride-based devices are still
strictly limited by high density of structural defects. Therefore, it is necessary
to develop new growth strategies to realize high quality III-nitride materials,
as well as in giving a new approach using alternative substrates.

One method to obtain high quality III-V nitride materials grown on foreign
substrates like sapphire, is by forming so-called nanocolumns (also known
as nanowires). A nanocolumn is defined as a low-dimensional nanostructure
in the form of a column (wire) which has cross-sections ranging from tenth
to few hundredth of nanometers and height in the order of few micrometers.
Structural issues in III-V nitride thin-film structures, such as large stacking
faults and threading dislocation densities, are typically a result of the large lattice
mismatch with the underlying substrate. Such problems can be minimized in
the nanocolumn structure thanks to its small nanometer-sized footprint on the
substrate, making the strain generated at the interface to be relaxed to a lateral
nanostructure surface. While sapphire and Si have been the most common
substrates for the growth of GaN nanocolumns since their first demonstrations
in 199660 and 199861, respectively, their usage for optoelectronic devices in
the UV region (e.g. LEDs) are limited to some extent.

An obvious example of limitation is the absorbing nature of Si material,
which can tremendously reduce the light output of the UV light emitter62. For
sapphire material, on the other hand, despite having high UV transmittance, its
insulating nature designates the utilization of thick “buffer layer”, for instance
GaN thin-film template of around 3.5 `m63. In such circumstance, the readers
should realize that the current transports along the lateral direction causing non-
uniform distribution of current density near the edge of the contact (current
crowding)64, which in practice limits the efficiency of LEDs. Moreover, GaN
is a material that starts absorbing UV light when its wavelength is shorter than
365 nm. In principle, the drawback of aforementioned substrates (along with
6H-SiC) have turned into one of the major challenges in advancing UV LEDs
based on a nanoscale structure.

From this description, it can be argued that a newclass of substratematerials
with suitable properties is needed for growth of nitride nanocolumns. Desirable
features like maintaining good transparency, while at the same time electrically
conducting can be beneficial for the LED development. With regards to lattice
mismatch, the ability of nanocolumn in reducing structural defects should not
put restrictions on the material of choice. Unexpected materials that fulfill
such criteria have arisen, for example indium tin oxide (ITO) and titanium
carbide that have been reported in the early 2019 and 202065,66. However, the
transmittance of these substrates performs poorly in the UVwavelength region,
and thus are not able to answer the present challenges.
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Concerning ITO, which is commonly used as a transparent conducting
electrode for LEDs and solar cells, it has been projected to be replaced by
graphene in the coming years. This “oldest” two-dimensional material that
was successfully isolated in 2004 has favorable characteristics required for the
new class of substrate materials, and particularly graphene has better UV trans-
parency compared to the aforementioned materials in the preceding paragraph.
Furthermore, graphene has been commercialized for quite some time now,
ensuring high quality material and making its availability easily accessible for
the research and development. Therefore, it is of particular interest to explore
graphene as a transparent conducting substrate, i.e., transparent electrode and
substrate for the growth of III-nitride nanocolumns and their integration for
UV-LEDs.
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CHAPTER 2

GaN nanocolumns and
their application in light emitters

The very first observation of high-density, vertically-alignedGaNnanocolumns
was obtained on sapphire substrate. It was presented by Professor Katsumi
Kishino’s group from Sophia University ( Japan) during the 23rd International
Symposium on Compound Semiconductors in 19961, and the results were
subsequently published within the following two years2,3. In 1998, Profes-
sor Enrique Calleja’s group from Universidad Politécnica de Madrid (Spain)
demonstrated that such nanostructure can also be synthesized on Si(111) sub-
strate4,5. These works pioneered the heteroepitaxial growth of vertical-high
density GaN nanocolumns on foreign substrates. Examples of the initial at-
tempts on the GaN nanocolumn growth are shown in the scanning electron
microscope (SEM) images in Figure 2.1. A common characteristic of these
precursor works was that the GaN nanocolumns could be achieved without the
aid of any catalyst, distinguishing themselves from other III-V semiconductor
nanocolumn material classes.

The findings of beneficial properties of GaN nanocolumn have driven cu-
riosity among the III-nitride community, stimulating the dedicated research on
the growth studies and potential applications in electronic and optoelectronic

FIGURE 2.1. Cross-sectional SEM images of the first GaN nanocolumns on (left) sapphire

substrate using a thin AlN buffer layer (adapted with permission from ref. 2 ©

1997 The Physical Society of Japan and The Japan Society of Applied Physics)

and on (right) Si(111) substrate (adapted with permission from ref. 4© 1998 Else-

vier).
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devices to this date. Such investigations include attempts to recreate similar
kind of growth architectures which have been achieved by the planar structure
of III-nitrides, and recent focus on nanocolumn growth has been on non- or
poly-crystalline substrates, including amorphous glass and graphene. Early
2010s, few start-up companies in Europe have endeavored to commercialize
optoelectronic devices based on the III-nitride nanocolumn technology on
Si platform, for example glō AB and Aledia (visible LEDs). In Trondheim it-
self, CrayoNano AS founded by Professor Helge Weman, Professor Bjørn-Ove
Fimland andDr. Dong-Chul Kim is currently developingUVLEDs based on III-
nitride nanocolumns grown on graphene, with the aim for commercialization
by the end of 20216.

Bottom-up route, using e.g., MBE, MOVPE or HVPE7, and top-down ap-
proach via dry-etching are two methods that can be utilized to obtain the GaN
nanocolumn structure. While top-down approach offers simplicity in the cre-
ation of GaN nanocolumns, bottom-up approach is generally more preferable
due to the fact that the top-downmethod can possibly deteriorate the crystalline
quality of the nanostructure surface caused by the ion-induced damages at the
interface and near-surface region of the nanocolumn8. Along with the creation
of point defects acting as non-radiative recombination centers at the nanocol-
umn sidewalls, it has been observed that the inherent yellow luminescence
from a GaN thin-film can be found in the top-down GaN nanocolumns9,10.

2.1 SI WHISKER AND GAN NANOCOLUMNS

Wagner and Ellis11 in 1964 introduced three-dimensional Si nanostructure
with a high aspect ratio known as filamentary crystal/whisker (nanocolumn). A
nanostructure with high aspect ratio implies that the ratio of length to diameter
is at least sufficient to forma long, narrownanostructure, e.g., > 5. Thewhiskers
were of high crystalline quality, i.e., single crystalline and free from the screw
dislocation, and they were achieved via bottom-up route, wherein the synthesis
approach is based on the additional process of building blocks (adatoms) onto
the substrate. Adatoms are stacked onto each other to form a crystal plane,
and the infinite repetition of these crystal planes will eventually constitute the
nanostructure, which in this case is nanocolumn.

The vapor-liquid-solid (VLS) mechanism11, which was used to obtain sin-
gle crystal Si whiskers, has also been exploited for nanocolumn growth studies
reported for III-V12–14 as well as III-V nitride semiconductors15,16. While the
VLS method is still used for non-nitride III-Vs to date, it is perhaps not so
much for III-V nitride after 201017. Principally, this mechanism relies on metal
droplets, such as Au as the catalyst, where they gather and form a liquid alloy
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with the incoming atoms (vapor). Continuous supply of these atoms will then
supersaturate the liquid droplet, and eventually the atoms in this droplet start to
precipitate at the liquid-solid interface, initiating the growth of nanocolumn18.
However, because of the detrimental effects on the structural and optical prop-
erties of semiconductors introduced by non-negligible incorporation of deep
level metal impurities into the nanocolumns19–22, other alternative growth
mechanisms not involving foreign metal catalyst are more preferable for the
development of the nanocolumn based device.

Interestingly, the original works of GaN nanocolumns on sapphire2,3 and
Si(111) substrates4,5 were in fact attainable without the use of foreign metal
catalyst. The formation of these GaN nanocolumns can be explained by means
of self-induced approach23. Along with that, GaN nanocolumns can be spon-
taneously formed using the help of Ga droplets24–26, of which the process is
coined as self-assisted/self-catalyzed mechanism. In this process, Ga droplets
are postulated to serve as a catalyst, similar to that of VLS mechanism. How-
ever, this mechanism is still not clear as the ex-situ investigations25,26 did not
show the presence of Ga droplets, either on the surface of the substrate or the
tip of the nanocolumns27. Because of this uncertainty, the discussion in this
thesis will be mainly emphasized on the self-induced approach, which was also
employed (became the basis) for the nitride nanocolumn growth throughout
this thesis.

2.2 THE FORMATION MECHANISM OF GAN NANOCOLUMNS BY MOLECULAR BEAM

EPITAXY

Most of the GaN nanocolumn syntheses have been carried out on Si(111)
substrate and their growth are typically intermediated with AlN24,28–33,
SixNy

24–27,34–50, SiO2
51,52, or AlxOy

53–56. Another important substrate for
the growth studies conducted so far have been sapphire, SiC and Si(001), as
well as recently explored substrates like diamond, amorphous materials (e.g.,
metal, fused silica glass) and 2D materials (e.g., graphene, MoS2). Just like
for the synthesis on Si(111) substrate, similar buffer layers are generally re-
quired for forming GaN nanocolumns grown on the aforementioned materials.
These GaN nanocolumns share common traits, including the formation of
single-crystalline of wurtzite crystal structure, and the growth axis along [0001]
direction (c-axis).

To obtain the nanocolumn growth mode, the conditions for GaN growth
are generally required to be at N-rich conditions (i.e., V/III ratio larger than 1),
along with high growth temperature. Note that the substrate temperature to
successfully synthesize GaN nanocolumns is rather narrow44: lower growth
temperature will form thin-film, and higher growth temperature often induces
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no growth due to massive Ga desorption and GaN decomposition. The investi-
gation on the formation mechanism of GaN nanocolumns sheds two important
phases23: (i) nucleation phase and (ii) growth phase, which will be further dis-
cussed below. Please note that although these studies were conducted primarily
on Si(111) substrates with different buffer layers, they share similarities with
each other whose conclusions may apply to other types of substrates.

2.2.1 Nucleation phase

Self-induced GaN nuclei are formed during the nucleation phase. An important
feature is the presence of critical radius, which possibly determines the smallest
radius of the subsequent GaN nanocolumns. Additionally, the density of these
formed nuclei is expected to govern the final density of the GaN nanocolumns.
In this phase, GaNnuclei undergo a series of shape transitions governed by ther-
modynamics, mainly stating that the preferential island shape is given by the
minimization of its total free energy per unit volume. Hence, the observed struc-
tural evolutions of these GaN nanostructures aim at reducing their total free
energy per unit volume by elastically relieving the lattice-mismatch-induced
strain with the substrate and accordingly by decreasing their stored elastic
strain energy31. Generally, the formation of these nuclei is the result from
three successive sub-phases31,36,38, initiated with an incubation period, followed
by a nucleation period and ended with a transition period.

The onset of incubation period takes place when the substrate is exposed
to Ga and N atoms. Few crucial in-situ characterization techniques which
have been used to investigate this period are reflection high-energy electron
diffraction (RHEED)31,32,34,36,38,39,53,56, line-of-sight quadrupole mass spec-
trometry34,54,56 and grazing incidence X-ray diffraction measurements with
synchrotron radiation30,39. One particular characteristic of the incubation
period is the massive Ga desorption at a high nanocolumn growth temperature
(> 700 ◦C), leading to the scarce incorporation of Ga adatoms on substrate
surface34, thus delaying the formation of stable nuclei. It is indicated with no
transmission spot of GaN on the RHEED signal31,36. An interplay between
growth temperature and gallium rate, as well as the influence on the substrate
determines the incubation time38,42,53. Separated works indicate that the dura-
tion of the incubation time can be shortened by incorporatingMg atoms during
the growth40,42. Physical phenomena, such as the processes of desorption and
surface diffusion on different kinds of substrates affect the activation energy,
which in turns determines the incubation time, e.g., lower activation energy
results in shorter incubation time38,40,53.

Incoming Ga atoms can adsorb, diffuse, and aggregate with other atoms on
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the buffer layer or interlayer, such as AlN or SixNy to form GaN 3Dmetastable
nuclei or even desorb from the surface, especially at high substrate temper-
ature24,31,36. In addition to growth conditions governing the physical phe-
nomena on the surface, the activation energy is influenced by the presence of
surface defects such as surface steps or surface roughness38. According to the
capillarity model, favorable nucleation takes place at surface steps because of a
lower surface free energy for the formation of the nuclei24. Particularly, the
existence of surface defects on SixNy can act as preferential nucleation sites for
the incorporation of GaN nuclei23.

Depending on the growth condition, RHEED transmission spot intensity
(hereafter in this chapter referred to as just “GaN RHEED intensity”) eventually
starts to increase31,34,36,39,42, marking the beginning of the nucleation period.
The process of Ga adatom incorporation leads to the massive growth of 3D
GaN nuclei34, formed as spherical cap-shaped islands, e.g., high-resolution
transmission electron microscopy (HRTEM) images in Figure 2.2. It is most
likely that they are nucleated on the surface defects36,56 of the amorphous in-
terlayer or crystallite boundaries on the AlN23,57. According to the capillarity
theory of Volmer andWeber, these nuclei are stable in terms of total free energy
when they pass certain critical size24. Depending on the growth conditions,
the nucleation phase could be either due to the Volmer-Weber growth mech-
anism24,31,32,34,36,42 or Stranski-Krastanov growth regime28,30,51. While the
former indicates direct growth of 3D GaN nuclei, the latter is characterized
with the intermediate 2D GaN wetting layer prior to 3D GaN nuclei growth.

As growth proceeds to the transition period, the shape of the nuclei is gradu-
ally coarsened and density continuously increases, covering more surface area
of the SixNy (or AlN buffer) layer and thus causing the rise of the GaN RHEED
intensity, progressing the trend observed from the previous period31,36. Here,
one or several shape developments are observed, including coarsening of clus-

FIGURE 2.2. Nucleation period. HRTEM images of a spherical cap-shaped GaN island formed

during nucleation period on a, AlN/Si, with the inset showing a highmagnification

of the first AlN monolayers at the interface (adapted with permission from ref.

31 © 2010 American Physical Society) and b, SixNy/Si (adapted with permission

from [left] ref. 36 © 2011 American Physical Society and [right] ref. 51 © 2008

John Wiley and Sons).
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ters, which lead to the self-induced formation of nanocolumn nuclei30–32,36.
Such physical phenomena are determined by the crystalline nature of the sur-
face where the GaN nucleates and accordingly with its epitaxial relationship:
AlN buffer layer or SixNy interlayer, and their respective structural morphology
can be seen in Figure 2.3.

Specific for the GaN nanocolumn growth on AlN/Si31, the transition
period is associated with the relaxation of the epitaxial constraint between
GaN—AlN30–32, having a lattice mismatch of 2.54 %32. In principle, elastic
strain and plastic strain relaxation processes are important mechanisms for the
formation of self-induced nanocolumn nuclei30–32. With this respect, 3D GaN
nuclei firstly undergo elastic strain relaxation through shape transition from
coarsened spherical cap- (Figure 2.2a) to truncated pyramid-, and subsequently
pyramid-shaped islands (Figure 2.3a-i and Figure 2.3a-ii, respectively)31. This
faceting transformation is due to the minimization of the total free energy
per unit volume. As reported by Consonni et al.31, each shape transition is
categorized as a coherent island, which is characterized as a dislocation free
nanostructure. These successive island developments occur in order to elasti-
cally relieve the lattice-mismatch-induced strain, i.e., each island shape transfor-
mation contributes to reduce the residual elastic strain energy of the epitaxial
structures23,31.

FIGURE 2.3. Transition period. a, HRTEM images of -i GaN truncated pyramid-, -ii pyramid-

shaped islands and -iii nanocolumn formed during transition period on AlN/Si

(adapted with permission from ref. 31 © 2010 American Physical Society). b,

HRTEM images of GaN nanocolumn formed during transition period on SixNy

(adapted with permission from [left] ref. 36 © 2011 American Physical Society

and [right] ref. 51 © 2008 John Wiley and Sons).
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However, each unique island shape is associated with a certain level of
increasing strain relaxation. Eventually, the accumulated stored elastic strain
energy reaches a threshold at which plastic relaxation will induce at least one
misfit dislocation at the interface to relieve the residual epitaxial strain31. This
happens for pyramid-shaped islands whose radii are beyond specific critical
radiuses or critical sizes (based on several theoretical approaches listed in ref.
31). Remarkably, the out-of-plane stress component within pyramid-shaped
islands acts as a driving force for the horizontal shift of the misfit dislocation on
the basal plane from their edges (where the stress concentration is maximum,
indicated with white circle in Figure 2.4a), toward their center (white circle in
Figure 2.4b). Once it reaches their quasi-central position, the complete strain
relaxation state is achieved and thus yielding the final shape transition towards
the nanocolumn morphology, as shown in Figure 2.3a-iii31.

FIGURE 2.4. Motion of themisfit dislocation in the GaN grown on AlN/Si during the transition

period. HRTEM image of a, pyramid-shaped island and b, nanocolumnwithmisfit

dislocation indicated within the white circles (adapted with permission from ref.

31 © 2010 American Physical Society). The inset in a and b (bottom) reveals a

Fourier-filtered enhancement showing only {1-100} lattice planes within the white

circle. Unexpected top facet in pyramid-shaped island is due to cut during TEM

sample preparation. Selective area electron diffraction pattern in b (top inset)

demonstrates that this nanostructure is completely relaxed.

In the case of SixNy/Si, no transition to pyramid-shaped island is observed
due to weak epitaxial constraint on this amorphous interlayer. The transition
period cannot be strongly affected by strain relaxation effects. As a result,
the coarsened spherical-cap islands (Figure 2.2b) retain their shape and once
the critical radius is achieved, they directly undergo the final transformation
towards nanocolumn geometry, depicted in Figure 2.3b. Like the previous case,
this shape transition is induced due to the nanocolumn’s higher ability to relieve
the strain36. Typically, nanocolumn morphology has a {0001} top facet and
vertical sidewalls consistent with the presence of {1-100} planes, i.e., m-planes.
It neglects the faceting processes of island transformation phases due to the
exclusion of the epitaxial constraint, leading to the self-induced formation of
nanocolumn nuclei that are free of misfit dislocation.
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Basically, the formation of SixNy on top of Si surface should remove the
epitaxial constraint of the substrate due to its amorphous characteristics. It is
expected that the orientation of the GaN nanocolumn nuclei heavily depends
on the smoothness of the underlying SixNy layer34. In the event of inhomoge-
neous SixNy layer, non-vertical GaN nanocolumn growth is obtained42,43,51.
Interestingly, a strong in-plane orientation relationship can exist between GaN
nanocolumns and the Si substrate46, despite the presence of SixNy amorphous
layer with a thickness similar to the ones presented above. Coherent twist
of GaN nanocolumns may exist depending on the nitridation temperature
during the early growth stage, i.e., substrate nitridation step. To reconcile these
discrepancies, it is proposed that both amorphous and crystalline domains may
co-exist in the SixNy interlayer23,34,39,46.

Despite the difference during early stage of transition period, the phenom-
ena that trigger the final phase transition of GaN nuclei on AlN/Si and SixNy/Si
substrates are in fact identical. We know from the thermodynamic considera-
tions that the small strain energy density induced by nanocolumn geometry
favors this particular shape transformation. In addition to this, the anisotropy
of surface energy is another important driving force31,36, due to the fact that
the c- andm-planes in the wurtzite structure of GaN nanocolumn have very
low surface energies as compared to the free surface composed of high-index
planes in GaN island, for instance {1-103} side facets.

It is also deduced that at GaN island critical radius, the shape transition
leading to the self-induced formation of the very first GaN nanocolumns occurs
due to the fact that their (top) corners retain high edge energy, which can
overcome the energy barrier required for the shape transition31,36. The value
of the critical radius is affected by the growth conditions as they can alter the
surface energy, resulting in the change of the wetting behavior of the spherical
caps on the substrate and thus the energy balance between the strain energy,
the surface energy and edge energy36.

The RHEED intensity of GaN in transition period steadily increases as the
time progresses, and it will maintain this trend until the final shape transition
to nanocolumn nuclei is completed31,36. However, for the growth on AlN/Si it
is noticed that the RHEED intensity temporarily saturates when plastic strain
relaxation process takes place31, indicating the transition from pyramid-shaped
islands to nanocolumn-shaped islands in order to relieve the strain31. Finally,
the GaN RHEED intensity will enter the constant state31,36, which could be
associatedwith the saturation of the overall nanocolumnnuclei density. For self-
inducedGaNnanocolumns, there is a possibility for the late nucleation of newly-
formedGaNnuclei, yielding an inhomogeneity of nanocolumn dimension once
the whole growth process is complete.
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2.2.2 Growth phase

Subsequent to the formation of GaN nanocolumn nuclei is the prolongation
process mainly along their vertical axes, as seen in Figure 2.5. Unlike the pre-
vious phase which is solely governed by thermodynamics, the growth phase
is suggested to have kinetics24,26,27,41,47,58,59 and/or thermodynamics33,59 as its
main driving force. The phenomena observed in this phase are more straight-
forward compared to the nucleation phase. The growth phase consists of an
elongation period that is often succeeded by a coalescence period23. Keep in mind
that these two periods can also occur at the same time. UnderN-rich conditions,
Ga adatoms will prefer to incorporate at the nanocolumn top, and this behavior
is apparent through the formation of nanocolumns. However, when N-rich
conditions are reduced, for instance by increasing Ga flux or reducing N flux,
the radial growth rate of the nanocolumns will be enhanced, which can cause
premature coalescence, and further might lead to a 2D layer morphology24.

FIGURE 2.5. Elongation period. SEM image (top-view and bird’s eye-view) of vertically-

oriented GaN nanocolumns grown on Si(111) with the length of 400 nm (adapted

with permission from ref. 43 © 2006 AIP Publishing).

From a kinetic point of view, the mechanisms contributing to the growth
of GaN nanocolumns during the elongation period are the direct impingement of
Ga adatoms on the nanocolumn top facet and the diffusion ofGa adatoms on the
nanocolumn sidewall to the top facet24,27,33,41. One should also consider that
the desorption of Ga adatoms from the substrate surface is a part of the kinetic
adatomprocesses although it does not necessarily contribute to the nanocolumn
growth27. However, the desorbed Ga adatoms hitting the nanocolumn sidewall
may contribute to the nanocolumn growth. According to the diffusion-induced
mechanism27, the preference to grow in axial direction is induced by the top
surface (i.e., tip) of nanocolumns acting as an efficient collector of adatoms,
and adatom diffusions from lateral side to column apex are driven by a lower
chemical potential at the top surface. It is similarly suggested that the low
nucleation barrier on the nanocolumn top facet favors elongation in the axial
direction41.
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Once the nanocolumn length is greater than the diffusion length of adatoms
on the vertical sidewalls (40-45 nm27,41), Ga adatoms condensing at the surface
or arriving farther down on the sidewall (whose distance to the top is larger than
their diffusion length) may no longer be able to diffuse through nanocolumn
sidewall all the way to the top because of desorption27,33; another reason is the
preferential incorporation of such Ga adatoms in the radial growth. Thus, the
major determining factor for the axial growth rate is the direct impingement
of Ga adatoms on the column tip. Since the contribution toward nanocolumn
growth rate is discounted, one should expect that up to certain elongation
period the nanocolumn growth rate will be reduced, and shortly afterwards
becomes constant with the growth time27,41.

Evidences on the formation of GaN nanocolumns via thermodynamics
come from the variations in surface sticking coefficients that is higher for
c-plane compared to m-plane33. The relative magnitudes of the sticking coeffi-
cients and surface diffusion depend on growth conditions33, e.g., high substrate
temperature can enhance the surface diffusion of Ga adatoms. The density-
functional theory59 on m-planes reveals that Ga adatoms have large diffusion
barriers along the c-axis. From this perspective alone, nanocolumn growth
should be slower in the c-axis compared to m-axis. However, m-planes are
intrinsically unstable against atomic N, resulting in an easy desorption of N2
molecules. This is in contrast to the c-planeGaN surfaces, whereN adatoms can
be stabilized either thermodynamically in the form of a 2×2 N adatom recon-
struction for extreme N-rich conditions, or kinetically due to huge N adatom
diffusion barriers59. Therefore, the incorporation and nucleation events of Ga
adatoms are expected to be more probable to take place on the polar c-planes
(nanocolumn growth front), rather than on the non-polarm-planes (side facets).

Onemight argue that the direct impingement ofGa adatoms on the nanocol-
umn topmay aswell diffuse toward its sidewall, making them ineffective toward
the contribution of nanocolumn vertical growth. However, these Ga adatoms
actually have much lower diffusion length on the c-plane than on the m-plane
due to the availability of more adsorption sites in the c-plane surface of nanocol-
umn main growth front. In other words, the number of dangling bonds related
to the adatom trapping is larger on c-planes than on m-planes. The strong
growth rate anisotropy of nanocolumn top relative to sidewalls is caused by
higher surface energy (directly affecting the growth rate) on c-plane facets
compared to a- and m-plane facets (under N-rich conditions)24.

It is important to know that radial growth is inevitable during the elon-
gation period, although its rate is much lower compared to the axial growth
rate26–28,42. The radial growth of nanocolumn is expected to start immediately
once the nanocolumn length exceeds the Ga adatom diffusion length. In other
words, the Ga adatoms which do not contribute to the vertical lengthening
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might have a chance to assist the radial growth of nanocolumns. However, the
radial growth rate is gradually reduced when the nanocolumn is long enough to
induce shadowing effect. Basically, this effect emerges due to two factors60: (i)
impinging atoms at nonzero angles (coming froman incident angle)with respect
to the substrate surface normal; (ii) length of individual (vertical) nanocolumns
that can shadow the neighboring nanocolumns from collecting incoming atoms.
Together with the reduction of N-rich conditions3,44,47, an incorporation of Si
or Mg atoms can enhance the radial growth rate (simultaneously reducing the
axial growth rate), as their presence are known to influence the surface kinetics
during GaN growth by forming “step bunches” along nanocolumn sidewalls,
which can increase the GaN nucleation on nonpolar facets42.

With increasing growth time26,28,42, there is a likelihood for the transi-
tion from elongation to coalescence period, a phenomenon where individual
nanocolumns merge with other nanocolumns in the vicinity and thus form
nanocolumn bundles, as depicted in Figure 2.6a and Figure 2.6b (four white
arrows at the left of the image). Other possible scenarios for coalescence to
prevail is the growth of two or more close GaN nanocolumns which are slightly
tilted away from the substrate normal33, with an example shown for the GaN
nanocolumns indicated with two white arrows at the right in Figure 2.6b. Ad-
ditionally, surface profile (roughness) of the interlayer/buffer layer is partly
responsible for the verticality of the GaN nanocolumns42,43,51. Nevertheless,
coalescence degree can be generally suppressed by using higher growth temper-
ature28,61 and/or increasing V/III ratio, i.e., by reducing Ga flux44,61,62 and/or
raising N2 flow rate.

Despite the fact that tilted nanocolumns have the same growth axis along
the c-axis direction as vertical nanocolumns, they contain crystallographic
defects which are not present in the “normal” (vertical) nanocolumns33, e.g.,
I1-type basal plane stacking faults63, misfit dislocations43, zipper dislocation

FIGURE 2.6. Coalescence period. a, SEM image (top-view and bird’s eye-view) of coalesced

GaN nanocolumns with the length of 1000 nm (adapted with permission from

ref. 43 © 2006 AIP Publishing). b, Bright-field scanning TEM image showing the

merging of adjacent vertical (four white arrows at the left of image) and tilted GaN

nanocolumns (two white arrows at the right of image) (adapted with permission

from ref. 42 © 2008 AIP Publishing).
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arrays62, and/or generation of stacking fault-strain45,64. Generally, the coa-
lescence phenomenon of individual nanocolumns merging into nanocolumn
bundles can reduce the areal density of GaN nanocolumns, nearly one order
of magnitude compared to those grown with limited merging events43. The
density evolution of GaN nanocolumns is shown to have a certain peak in
which their density reach the maximummagnitude26,37,42. Prior to this event,
the density will increase significantly with growth time, which is closely re-
lated to the development of spherical cap-shaped islands during the nucleation
phase. Immediately after reaching its peak, the density will gradually decrease,
marking the starting point of the coalescence period.

Coalescence events are also likely to influence the optical properties of
GaN nanocolumns. In the locally coalesced part of the nanocolumn, it was
reported that there is an additional radiative transition at 3.42 eV which is
assigned to excitons bound to I1-type basal plane stacking faults63. Other
radiative emissions identified at 3.21 and 3.35 eV are believed to originate from
excitons trapped by unidentified point defects at edge threading dislocations,
or excitons bound to the dislocations formed at the boundaries of the coalesced
nanocolumns43,61. In addition, the coalesced nanocolumns can broaden the
linewidth of GaN near-bandgap emission, because of the introduction ofmicro-
strain35. In short, dislocations introduced during the coalescence period are
not desired since they give rise to nonradiative recombination centers and
therefore suppress the GaN band-edge emission intensity.

2.3 THE CHARACTERISTICS OF GAN NANOCOLUMNS

Since a GaN nanocolumn is geometrically different from a GaN thin-film, the
properties of such three-dimensional structure are anticipated to be unique
compared to its planar counterpart. Typical lattice-mismatched heteroepitaxy
of GaN thin-film with traditional substrates leads to a grown structure that is
more prone to the issues related with crystal imperfection, including stacking
faults, misfit and threading dislocations. Additionally, crack generations are
usually observed in the GaN thin-film due to large coefficient of thermal expan-
sion (CTE) difference with the substrate. On the other hand, GaN nanocolumn
is associated with defect-free structure, which is beneficial for optical and
electrical properties that can be useful for various optoelectronic devices, for
instance LEDs.
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2.3.1 Structural properties

Just as for GaN planar structures, GaN nanocolumns crystallize in a thermo-
dynamically stable wurtzite structure having hexagonal symmetry, which can
be observed during the growth by means of RHEED. In this in-situ characteri-
zation technique, vertical GaN nanocolumns are normally characterized with
well-defined spot shape patterns28, indicating electron transmission through
3D formation of GaN crystals in the wurtzite structure, for example along the
[11-20] direction65. As a general rule, the more stretched the RHEED spot
patterns are (appearing like broken rings/faint ringlike patterns), the more
misaligned the GaN nanocolumns are with respect to the substrate. Examples
of the RHEED patterns for well-oriented and poor-oriented GaN nanocolumns
grown on AlN/Si(111) and Si(111) respectively can be seen in ref. 28. Similar
cases can be found in refs. 22,65.

High resolution x-ray diffraction (HRXRD) is one of the common tech-
niques used to evaluate the structural qualities of GaN nanocolumns, including
the alignment (to substrate normal) and the spread of tilt of the nanocolumns
using 2θ-ω and ω (rocking) curve scans of the GaN (0002) reflection, respec-
tively. Wurtzite crystal structure of GaN with growth orientation along the
c-axis is typically characterized with the 2θ-ω peak at 34.56◦. Additional GaN
reflections imply that the growth happens in different crystallographic direc-
tions as well. For the ω peak located at 17.28◦, its full width at half maximum
(FWHM) can be utilized to evaluate the spread in orientation for the probed
nanocolumn collection. Large FWHM value indicates more spread of tilt of the
nanocolumns (and vice versa). In addition, the twist of the grown nanocolumns
can be deduced through the X-ray pole figures and additional φ scans across
the GaN (10-14) reflection65.

Similar to HRXRD, the presence of wurtzite crystal structure of GaN
nanocolumns can be quantified by Raman spectroscopy66,67. It is characterized
with a number of features68,69, such as (531.5±0.5), (557.9±0.9) and (566±1.0)
cm-1 corresponding to A1 transverse optical (TO), E1 (TO) and E2 (high) phonon
modes, respectively. Others are 734 and 741 cm-1 which can be categorized
as A1 longitudinal optical (LO) and E1 (LO) phonon modes. If there is a zinc-
blende crystal structure within GaN, a TO phonon mode additionally appears
at 555 cm-1. The FWHM of E2 (high) mode can be used to justify the crystalline
quality of the GaN nanocolumns. Raman is a versatile tool to characterize the
material composition, crystalline quality and strain of GaN.

Top-view SEMof fully developed self-induced single GaNnanocolumns on
Si(111) or Si(001) substrates demonstrates a hexagonal cross-section, although
its six facets are not always equal in size65. Perhaps, the most compelling
element offered byGaNnanocolumns is their ability to generate high crystalline
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quality structure. HRTEM investigation, as depicted in Figure 2.7, indicates
minimal threading dislocations, misfit dislocations and/or stacking faults in
GaN near the interface between the nanocolumns and an SixNy interlayer
(∼2 nm thin, partially amorphous). It is observed that the crystalline quality
of this GaN is comparable to its precursor nanocolumn nucleus, shown in
Figure 2.3 and Figure 2.4. The proof of high structural quality of nanocolumns
has been documented by Wagner and Ellis11 in Si whisker structure, i.e., by
demonstrating a grown Si nanostructure without axial screw dislocation. The
importance of nanocolumn high aspect ratio in suppressing various defects
will be explained in the following paragraphs.

FIGURE 2.7. HRTEM image of the interface area of a GaN nanocolumn grown on Si(111) with

the formation of a SixNy interlayer (partially amorphous) in between (adapted

with permission from ref. 65 © 2011 IEEE).

Theoretically, one can suppress the misfit dislocations (i.e., achieving pseu-
domorphic growth) as long as the strain energy density of the grown structure
does not exceed the energy density associated with the formation of a screw
dislocation. Strain energy of the epilayer is proportional to its thickness, and the
thickness of the epilayer at whichmisfit dislocations started to nucleate in order
to relieve the strain energy is known as the critical layer thickness70 or critical
thickness71. In GaN thin-film, its critical layer thickness is very much limited,
given the high lattice-mismatch with common foreign substrates. However, by
initiating small seed pad growth to limit the strained zone, this thickness can be
greatly expanded72 up to 10 times thicker than a structure with infinite lateral
dimension, i.e., conventional thin-film70. This concept is further formulated
through elongated nanoscale islands, where the stress relief mechanism can be
mitigated both in vertical and lateral direction73. Furthermore, any possible
generated dislocations can be glided to the lateral surface of this nanostructure.

In this regard, the geometry of a nanocolumn closely resembles the de-
scription of the elongated nanoscale island described above. A possible elastic
relaxation at the lateral free surface can be achieved due to the existence of
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nanocolumn m-plane sidewalls. Like for the nanostructures in previous stud-
ies70,72,73, the lateral size of the nanostructure, which in this case is the nanocol-
umn radius, has to be less than certain values to obtain large critical thickness74.
However, with greater lattice mismatches, smaller nanocolumn radius is re-
quired to simultaneously achieve infinite critical thickness and coherent strain
mismatch mitigation75,76. If the nanocolumn is grown with radius exceeding
the critical value, dislocations in the structure are expected77,78. Along with
the ability to accommodate lattice strain, the small footprint of nanocolumn
can also reduce wafer bowing and prevent crack generations in GaN due to
the mismatch of CTE with the underlying substrate79.

The relatively small cross-section of the nanocolumns supports the defect-
free integration of lattice-mismatched heterostructure materials within the
nanocolumn structure76. Model developed by Ertekin et al.76 describes that
the strain induced by the lattice mismatch is shared by the nanocolumn over-
and underlayer, and can be partially accommodated by the introduction of a
perpendicular pair of misfit dislocations in both x and y directions76. This
work shows that for the same given lattice mismatch condition, the critical
radius of the nanocolumn is at least one order of magnitude larger than the
critical thickness of the equivalent thin-film system, diminishing the strict
requirement to obtain GaN with high crystalline quality. Hence, nanocolumn
geometry offers more flexibility in the growth substrate choice and warrants
improved crystalline quality of the grown material compared to planar thin
films.

Indeed, many groups have claimed to obtain dislocation-free GaN
nanocolumns characterized using transmission electron microscopy (TEM)
analysis49,50,80. Nevertheless, we should realize that TEM is a locally resolved
method with very limited local probing area, implying that it is difficult to
derive the global, statistically averaged properties of as-grown nanocolumns79.
An observation using deep level optical spectroscopy technique noted a surface
state located approximately 2.6 eV above the valence band81. Furthermore,
deep-level transitions corresponding to yellow, green and blue bands were
found by spatially-resolved cathodoluminescence82 and spectral photoconduc-
tivity83 measurements across the nanocolumn surface layer and bulk.

Note that high aspect ratio of GaN nanocolumns can potentially enhance
surface-related effects which are not significant in thin-films, known as band
bending due to surface Fermi-level pinning. Such Fermi-level pinning causes
surface depletion layer which can induce the variation of electrical properties
on the nanocolumns, particularly for those whose diameter is comparable with
the depletion region84. Space-charge-limited current behavior85,86 is often ob-
served in thin nanocolumns due to its poor electrostatic screening86,87. Other
reasons can be low doping level and carrier depletion caused by surface states.
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This phenomenon can further lead to large effective carrier concentrations
required to obtain an Ohmic behavior, i.e., Ohmic contact for devices86. Ad-
ditionally, the Fermi-level pinning at the surface of the nanocolumns results
in the separation of electrons and holes by the depletion field, reducing the
recombination of non-equilibrium carriers (i.e., electron-hole pairs)85.

2.3.2 Optical properties

The near-bandgap emission intensity of room-temperature photoluminescence
(Figure 2.8a) at ∼3.39 eV from as-grown GaN nanocolumns is typically much
higher than in HVPE-bulk GaN film88,89. In addition, defect-related emis-
sion known as yellow luminescence is normally suppressed, but its intensity
can be enhanced for coalesced nanocolumns63, indicating the existence of
structural defects and/or chemical impurities within the nanocolumn struc-
ture90,91. Low-temperature (5 K) photoluminescence measurements of single
GaN nanocolumns show donor-bound exciton peak at ∼3.472 eV correspond-
ing to strain-free GaN, and free exciton peaks at∼3.478 and∼3.483 eV92,93, de-
noted respectively as D0XA, XA and XB in Figure 2.8b. Surface-related effects of
GaN nanocolumns (Ga-polar) might generate emission related to two-electron
satellite at ∼3.448 eV. However its origin is still under debate65, whether this
localization of excitons is caused by the enhanced formation of Ga vacancies as
point defects48 or inversion domain boundaries94.

Another interesting peak that might appear at low-temperature is an emis-
sion at ∼3.42 eV63. This peak is associated with radiative recombinations
of excitons bound to basal-plane stacking faults. Such crystal imperfections

FIGURE 2.8. The photoluminescence spectra of GaN nanocolumns. a, Si-doped GaN

nanocolumns at room-temperature (adaptedwith permission from ref. 57© 2007

Elsevier), and b, unintentionally Si-doped GaN nanocolumns at low-temperature

(reproduced with permission from ref. 92 © 2008 AIP Publishing).
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are caused by the coalescence of close-standing nanocolumns. In addition, a
donor-acceptor pair band is observed, which consists of a zero phonon line
centered at ∼3.28 eV and two LO phonon replicas at ∼3.19 and ∼3.10 eV. It
is worth to note that the metal catalyst-induced nanocolumns demonstrate
much lower GaN band-edge photoluminescence intensity compared to that
of self-induced nanocolumns22. This reduced luminescence intensity is likely
due to the contamination of the metal catalyst unintentionally incorporated
into the nanocolumns, which acts as a nonradiative recombination center.

Time-resolved photoluminescence of GaN nanocolumns reveals that the
dominant recombination processes are altered as a function of temperature91,92.
Around 5 K, radiative recombination of donor-bound excitons dominates the
process, but at 70 K the thermally activated nonradiative process related to the
dissociation of the exciton from the neutral donor event takes place, causing a
slight decrease in decay time. Above 70 K, free exciton radiative recombination
becomes dominant, which is marked with an increased lifetime up to 150 K
(provided that nonradiative recombination processes are saturated).

Near room-temperature, it has been observed that there is a dependency
between the photoluminescence lifetime and the nanocolumn diameter. This
is caused by the surface recombination effect of nanocolumn which fur-
ther provokes nonradiative recombination at the nanocolumn surface. As
a consequence, surface recombination limits the photoluminescence lifetime,
where its lifetime linearly depends on the nanocolumn diameter, e.g., thicker
nanocolumns have longer lifetimes and vice versa91. Such phenomenon is
a strong indication that the observed lifetimes are determined by the nonra-
diative surface recombination, and this can be minimized by proper surface
passivation using e.g., an AlGaN shell91. Nevertheless, even without such sur-
face passivation the surface recombination velocity of GaN nanocolumns at
room-temperature (∼9×103 cm/s) is five times smaller than for its thin-film
counterparts, and two orders of magnitude smaller than for GaAs, making
this compound semiconductor nanostructure as a promising candidate for
nanoscale optoelectronic device applications.

Compared to conventional planar structures, defect and dislocation den-
sities in nanocolumns can be reduced, which can lead to the minimization of
the strain and thus weaken the piezoelectric polarization field. Along with the
carrier confinement in the radial direction, the weak piezoelectric field can thus
shorten the radiative lifetime in nanocolumns95. Furthermore, high crystalline
quality of the GaN nanocolumns can improve the IQE up to ∼58%96. Such
high IQE is associated with the enhancement of radiative recombination rate
(shortening the radiative lifetime), as well as suppression of nonradiative recom-
bination processes. Bear in mind that the nonradiative recombination process
can be a limiting factor of the IQE due to the surface effects in nanocolumns97.
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Early demonstration of nanocolumn LEDs showed an improvement of
light extraction with respect to the planar structure, attributed to its large
sidewall surface area98 and subwavelength size that eliminates the guiding
modes responsible for trapping the light99. Additionally, the decrease in the
number of guided-modes in nanocolumn structure induces the radiation pat-
tern of nanocolumn-based LEDs to be much more directional than in planar
LEDs99,100. Inside the nanocolumn, the electromagnetic wave propagates along
the vertical direction with a well-defined phase front, resulting in a strong for-
ward emission. Whereas for planar LEDs, it does not have a defined direction,
and it has stronger backward emission than the forward emission100. This
nanostructure also increases the possibility for photons to overcome the total
internal reflection via multiple scattering events99,101, and acts as light guiding
pillars to extract photons in the longitudinal direction101–104.

2.3.3 Electrical properties

Typical electrical property studies on III-nitride nanocolumns have beenmostly
performed on single nanocolumn field effect transistor devices, due to difficulty
in Hall-bar fabrication process on as-grown samples87. These devices consist
of a dispersed nanocolumn onto an oxidized Si substrate, which is used as a
back gate, with two contacts formed on both ends of the nanocolumn as its
source and drain91. The findings reveal that the electron concentrations of
Si-doped n-GaN nanocolumns are in the order of 1017 to 1019 cm-3, with their
Hall mobilities varying widely from 10 to 800 cm2 V-1 s-1 91,105–107. On the
other hand, p-type doping of single GaN nanocolumns using Mg atoms has
been reported to be a challenge since their absence of ohmic behavior hinder
assessment of the true electrical properties of p-GaN nanocolumns. Because
of this reason, the following discussion below will be limited to n-type GaN
nanocolumns.

Photoconductivity measurement of single n-GaN nanocolumn devices
shows a persistent photocurrent behavior87. Essentially this behavior can be
explained as the inability for the current to return to its initial state (dark current
value) after there is no light illuminating on the sample (a considerable current
persists in the dark), even after certain period of time. Such phenomenon stems
from the hindered surface recombination due to the presence of depletion
space charge layers, which are formed due to Fermi-level pinning in the vicinity
of nanocolumn surface. Figure 2.9a depicts the upward bend of conduction and
valence bands causing the electrons to remain in the inner part of the columns,
while holes tend to drift toward the surface where they are trapped. This
spatial separation of electrons andholes significantly reduces the recombination
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FIGURE 2.9. Dependence of depletion region (shaded), conduction band (Ec), valence band

(Ev) and surface potential barrier (Φ) with nanocolumn diameter (d; dcrit is criti-

cal diameter of nanocolumn). a, b and c illustrate the alteration of surface poten-

tial barrier within the nanocolumnwhen d > dcrit , d = dcrit and d < dcrit , respectively.

Schematic model of the surface recombination mechanism of the photoexcited

carriers in GaN nanocolumn is described in a (adapted with permission from ref.

85 © 2005 American Chemical Society).

process of carriers. In order to recombine with the holes at the surface, the
electrons must overcome the surface potential barrier at the surface85.

Such condition depicted in Figure 2.9a is true for thick nanocolumn, where
the center of nanocolumn remains unperturbed. For thinner nanocolumn
where its diameter is equal to the critical diameter (Figure 2.9b), the depletion
region can be extended over the complete volume of the nanocolumn. In this
state, the recombination rate and photocurrent behavior are almost the same
as for the nanocolumn whose diameter is larger than the critical diameter,
because the surface barrier height remains unchanged. When the nanocolumn
diameter is less than the critical diameter, the band bending becomes smaller
and therefore reduces the barrier for the surface electron-hole pair recombi-
nation, as shown in Figure 2.9c. Thus in this state the recombination process
is enhanced, causing the photocurrent at the surface (which previously domi-
nated the process) to rapidly decay due to lower barrier height85. Mathematical
model for critical diameter developed in refs. 85,87 can be used to estimate the
doping concentration (as well as surface potential value). As an example of this
approach, the donor concentrations of unintentional- and slightly Si-doped
GaN nanocolumns were estimated to be approximately 6.2 × 1017 and 1.8 ×
1018 cm-3, respectively87.

Raman spectroscopy can also be utilized to evaluate the basic electrical
properties ofGaNnanocolumns87. The strong interaction of the free carrier gas
with long-wave LO phonons results in phonon-plasmon coupled modes with
low (L-) and high (L+) energy branches in Raman spectra. Using the information
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of these coupled modes (peak positions and line shapes) one can correlate with
the free carrier concentration and mobility of the GaN nanocolumns, either
as-grown67,108 or free-standing sample (single nanocolumn)109, by fitting a
theoretical model to the experimental data110. For example, Wang et al.108
derived an electron concentration of 3.3 × 1017 cm-3 and an electron mobility
of 140 cm2 V-1 s-1 for an as-grown sample, while Jeganathan et al.109 extracted
an electron concentration of 1 × 1018 cm-3 and an electron mobility of 15 cm2

V-1 s-1 for a free-standing sample.
All of these electrical measurements mentioned in previous paragraphs

assume that the doping concentrations are constant for different nanocolumns
and uniformly distributed within the volume of nanocolumns. However, spatial
mapping studies of the dopants show that both Si and Mg atoms are inho-
mogeneously distributed in the nanocolumns111,112. Energy-dispersive x-ray
spectroscopy (EDX) and atom probe tomography mapping indicate that higher
concentrations of these dopants are generally observed at the periphery than
in the bulk of GaN nanocolumn. The preferential incorporation of Si and Mg
atoms in the m-plane sidewalls of nanocolumns can be associated with the
growth mechanism of nanocolumns carried out in N-rich conditions, where
these dopant atoms reach the growth front at the nanocolumn top through
diffusion on the nonpolar facets of the nanocolumns17.

2.4 NANOCOLUMN-BASED LEDS

Just as its thin-film counterparts, III-V nitride nanocolumns have been explored
for their opportunities as the nanostructure materials for various kind of opto-
electronic devices113–115, of which the discussion in this section is centered on
LEDs. As this material system has tunable direct energy bandgap from 0.65 eV
(InN) to 6.1 eV (AlN), it is thus attractive for light emitter applications from
near infrared to deep ultraviolet. Fundamentally, the nanocolumn structure
of III-V nitride offers a few advantages that could be utilized to overcome the
challenges that classically have confronted thin-film based emitters, such as
achieving high quality material, obtaining sufficient Mg p-doping efficiency
and limited substrate options. Exploiting nanocolumn devices has the potential
to deliver an unrivaled capability in integration with other devices and systems
(e.g., Si technology), particularly for emerging flexible photonic and electronic
devices116.
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2.4.1 Basics of the light emission in semiconductors

Principally, light can be emitted from a semiconductor material due to the
electron-hole recombination. Note that the nature of the material energy
bandgap is preferable to be direct, i.e., the conduction band minimum and
the valence band maximum occur in the same crystal momentum (at k = 0
in the Brillouin zone), as shown in Figure 2.10. This is to ensure band-to-
band transitions can take place without the simultaneous participation of a
phonon117. Nevertheless, materials that are capable of emitting such light
cannot glow or luminesce by their own at equilibrium conditions, e.g., room-
temperature because the concentrations of thermally excited electrons and
holes are insufficient to produce discernible radiation. An external source
is required to produce sufficient non-equilibrium concentration of electron-
hole pairs in order to achieve large amounts of spontaneous recombination
radiation118.

FIGURE 2.10.An efficient electron-hole recombination process occurs in direct bandgap semi-

conductor band structure.

The very basic of LEDs can be constructed from a p-n junction fabricated
from a direct bandgap semiconductor. Let us use a p-n GaN (homo-) junction
as an example. Fusion between p-type GaN and n-type GaN will align the
Fermi levels, resulting in a band diagram as shown in Figure 2.11a. Because
extra electrons from the n-side can diffuse to the p-side (and vice versa for
holes), they leave behind positive ions (holes leave behind negative ions) in the
vicinity of the junction on the n-side (p-side). Therefore, a region near the p-n
junction is depleted from free carriers, known as the depletion region. Forward
biasing this structure using a battery (or any other voltage source) lowers the
potential barrier in the depletion region, allowing more free electrons (holes)
from the n-side (p-side) to diffuse across the junction to the p-side (n-side) where
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FIGURE 2.11. Schematic energy band diagram for p-n GaN homojunction LEDs under a, equi-

librium and b, forward bias.

they recombine with holes (electrons), and thus emitting photons117. Figure
2.11b illustrates the representative energy band diagram for this homojunction
structure.

However, the LEDs based on the homojunction structure cannot reach
the same efficiency as the structure named double-heterostructure without gen-
erating substantial amount of heat. The difference which makes the double-
heterostructure stand out from homojunction is the presence of an active layer
in between the cladding layers. A material with an appropriate energy bandgap
is employed as the active layer, and it is “sandwiched” between materials with
larger energy bandgap that is used for the cladding (outer) layers. To compre-
hend the advantage of the double-heterostructure over homojunction LEDs,
one should consult the definition of IQE, as the ratio between generated pho-
tons to injected electrons within the active region. It is the ratio of the radiative
recombination rate to the recombination rate due to all processes, including
the non-radiative ones.

While radiative processes produce emission of photons, non-radiative
processes emit phonons that typically lower the light generation efficiency
and increase heat loss. Shockley-Read-Hall (trap-assisted recombination, due
to defect or dopant) and Auger recombination processes (resulting energy
from band-to-band transition is given off to another electron or hole causing
it to move higher into the conduction band or lower into the valence band,
respectively) contribute to the non-radiative processes. In p-n homojunction
LEDs, electrons diffuse into the p-type layer and holes diffuse into the n-type
layer (Figure 2.11b). Now, these minority carriers are mostly distributed over
the electron and hole diffusion lengths, which in GaN are approximately 1 `m.
Such wide distribution of minority carriers and correspondingly low minority
carrier concentrations (particularly toward the end of each diffusion tail) reduce
the radiative recombination probability117,119. This condition is opposite to
double-heterostructure, which is explained in the following paragraph.
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Basic structure of double-heterostructure LED exemplified by a blue LED
based on InGaN/AlGaNplanarmaterial system120, is illustrated in Figure 2.12a.
The LED is composed of n-type and p-type AlGaN layers sandwiching an active
layer of undoped InGaN. Forward biasing this structure causes the injection of
electrons and holes into the active layer from n- and p-type layer, respectively.
Thus, a radiative recombination of electrons and holes takes place in the active
layer, resulting in electroluminescence. Smaller bandgap energy of InGaN
active layer with respect to n- and p-type AlGaN cladding layer is beneficial
because carriers can be confined in this region (∼20-200 nm thick), leading to a
higher recombination probability to generate photons. Figure 2.12b depicts the
schematic energy band diagram for this structure. The resulting photons have
energy equal to the bandgap of the InGaN active layer, except for the active
layer whose thickness is equivalent to or less than InGaN Bohr radius (3.4 nm
for GaN and 13.8 nm for InN). In the latter case, the photon emission energy
is larger than the expected bandgap, which is associated with the quantum
confinement effect.

FIGURE 2.12. Illustration of double-heterostructure LED a, where electrons and holes recom-

bine within the active layer, emitting light with a wavelength equal to the bandgap

of the active layer. b, Schematic energy band diagram for double-heterostructure

LED under forward bias (adaptedwith permission from ref. 119© 2015 JohnWiley

and Sons).

Figure 2.13 further illustrates the advantages of the double-heterostructure
over homojunction. The much narrower recombination region implies that
the contribution of non-radiative Shockley-Read-Hall process via deep (defect)
levels is significantly reduced as the number of defects within the recombina-
tion region is pretty much smaller than that of a homojunction. This leads to
higher radiative efficiency in double-heterostructure. In addition, cladding
(confinement) layers are optically transparent to the light generated in the active
region because of their wider energy bandgap being larger than the emitted
photon energy. Thus, the light is not absorbed by the cladding layers.
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FIGURE 2.13.Double-heterostructure vs homojunction. Smaller recombination region in

double-heterostructure involving less number of defects suppresses participa-

tion of non-radiative Shockley-Read-Hall recombination process. Homojunction

behaves differently.

Generally, the turn-on or threshold voltage of LEDs, Vth is expressed as
Eg⁄e117, where Eg is the energy bandgap and e is the elementary charge. This
approach is based on an ideal diode, wherein every electron injected into the
active region will generate a photon. Thus, conservation of energy requires
that the electron energy eV equals to the photon energy hν. One can use this
threshold voltage formula to calculate the lower limit of the turn-on voltage
in a LED. As an example, an infrared LED based on GaAs with the bandgap
energy of 1.42 eV (emitting at 870 nm) has a threshold voltage of around 1.42
V. Likewise, a blue LED based on In0.15Ga0.85Nwith the bandgap energy of 2.7
eV (emitting at 460 nm) has a threshold voltage of about 2.7 V. This implies that
it is not possible to have a working device whose threshold voltage is below the
turn-on voltage derived from an ideal diode.

As a final note in this subsection, one should be aware of that the thermal
energy of carriers can broaden the emission linewidth of the nitride LEDs,
and this phenomenon was coined as thermal broadening. This indicates that the
linewidth broadens with increasing temperature, and it becomes narrower at
cryogenic temperature (4 K). In practice, the linewidth is not only affected by
thermal broadening, but also by other broadening mechanisms. This happens
when the nitride semiconductors are alloyed, which is true in most of the cases.
Such broadening is known as alloy broadening, i.e., statistical fluctuation of
the active region’s alloy composition, and it is independent of temperature.
Addition to alloy broadening is alloy clustering and phase separation, and the
perfect example of alloyed nitride materials that experience these broadenings
are InGaN with indium mole fractions exceeding 25%117.
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2.4.2 Nanocolumn structure as the light emitter

From the breakthrough in 1993 led by Nakamura et al.120, III-nitride semicon-
ductor material system in the form of thin-film has been intensively explored
for LEDs, covering from deep UV to visible spectral range113,121. However,
the LED development of its equivalent being based on the as-grown III-nitride
nanocolumns was just started as early as 200498,122, despite the fact that their
growth and optimization had been commenced since 19961. With the efficient
reduction of threading dislocation densities of the grown III-nitride material,
the adoption of nanocolumn geometry holds promise for the demonstration
of highly efficient LEDs. Prominent literatures in 2002 and 2003 reported
the device fabrication based on GaN single-column105,123. The challenges in
realizing the LEDs using nanocolumn arrays are closely attributed to the device
fabrication itself, which is inherently more complicated as compared to that of
planar based LEDs.

The standard III-V nitride nanocolumn devices have identical junction as
that of thin-film counterparts that is being constructed from axial p-i-n junction.
Mg and Si atoms are normally utilized to dope the nanocolumn structure
into p- and n- type semiconductor, respectively. The undoped nanocolumn
section can be just composed of plain 20-200 nm thick part95, as well as more
complex designs by incorporating nanostructures like quantum wells98,122,124
or quantum dots97,113–115 to engineer and/or enhance the efficiency of photon
generations. Using these different active layer structures, the demonstrations
of III-V nitride nanocolumn LEDs on conventional Si substrate have been
proven to be technologically feasible, wherein their spontaneous peak emission
wavelengths can be tuned from deep UV (210 nm) to blue, green and red (440-
675 nm) spectral regions113–115.

Kim et al.98 and Kikuchi et al.122 have proposed two different approaches
that fundamentally have been utilized for the fabrication of nanocolumn-based
LEDs. In general, both fabrication processes involve elements of photolithogra-
phy and dry etching for defining an area and making p- or n-type contact elec-
trodes. The former method98 relies in the isolation of individual nanocolumns
bymeans of burying themwithin spin-on glass (transparent isolating materials).
At this configuration, the top part of the spin-on glass containing most of the
buried nanocolumn device structures only exposes the p-GaN segments, which
can be brought into contact with p-type electrodes. Meanwhile, n-GaN planar
buffer layer is contacted with n-type electrodes. Figure 2.14a illustrates the
schematic diagram of the visible LEDs based on InGaN/GaNmulti-quantum
well nanocolumn arrays, along with the respective electroluminescence spectra.
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FIGURE 2.14. InGaN/GaN nanocolumn-based LEDs. Cross-section schematic diagram of In-

GaN/GaN a, multi-quantum well nanocolumn LED structures using sapphire sub-

strate from Kim et al.98 (adapted with permission from ref. 98 © 2004 Ameri-

can Chemical Society) and b,multi-quantumdisk nanocolumn LED using n-Si(111)

substrate from Kikuchi et al.122 (adapted with permission from ref. 122 © 2004

The Japan Society of Applied Physics). Electroluminescence spectra of the de-

vices from a and b are presented as well.

Contrary to the first method98, the latter technique122 did not employ any
filler on the grown nanocolumns. Instead, they intentionally merge the p-type
region of GaN at the very top of the nanocolumns, as shown in Figure 2.14b.
In this circumstance, the top part of the nanocolumns is connected with each
other where the surface of the nanocolumn resembles a continuous film with
grainy texture without any void/gap, as seen from the top-view SEM image.
Although the p-GaN looks like an inverse cone structure, the n-GaN and an
undoped InGaN/GaNmulti-quantumwell active layer are still maintaining the
columnar structure. This novel structure has its own merit in easing the device
processing, i.e., by enabling the formation of p-type electrodes to be fabricated
on top of nanocolumn device structure by the conventional method without
relying on the usage of filler, while keeping the superior structural and optical
properties of the isolated nanocolumn active region. The electroluminescence
spectra with slight growth variation for the active regions are presented in
Figure 2.14b.
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FIGURE 2.15.GaN/AlGaN nanocolumn LED on Si(111) substrate. a, Schematic diagram and

bird’s eye-view SEM image, along with b, electroluminescence spectra using dif-

ferent Al contents in the p-AlGaN layer (adapted with permission from ref. 124 ©

2008 John Wiley and Sons).

Applying the same fabrication technique, Sekiguchi et al.124 demonstrated,
for the first time, the nanocolumn LEDs with UV emission from GaN/AlGaN
multi-quantum disks active region. A cross-sectional schematic diagram of this
nanocolumn device structure and its bird’s eye-view SEM image are shown
in Figure 2.15a. Similar to the preceding work122, the n-GaN, n-AlGaN and
undoped GaN/AlGaN growth regions sustain their columnar shape, whereas
coalescence is gradually enhanced in the p-AlGaN and p-GaN sections. Con-
tinuous film in the p-GaN allows direct deposition of p-type electrodes, i.e.,
without the aid from insulating layer. Figure 2.15b presents the electrolumi-
nescence spectra of this nanocolumn LED device featuring a peak emission
wavelength at 354 nm, and showing the reduction of FWHMwith higher Al
contents in the p-AlGaN layer. This narrowing linewidths are attributed to the
suppression of electron flow reaching the p-AlGaN that decreases the deep-level
emissions at longer wavelengths.

Reportedworks after 2004 concerning the developments of nitride nanocol-
umn LEDs in the UV to visible spectral ranges are dominated with the similar
fabrication approach developed by Kim et al.98. Dielectric material, such as
SiO2, spin-on glass, polyimide or parylene, is utilized to fill the gap between
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nanocolumns and also to planarize the surface of nanocolumn arrays115. Rea-
son is that the absence of coalescence in thewhole nanocolumn device structure
can prevent possible formation of crystal imperfections: strain, inverse domains,
low-angle grain boundaries and networks of structural defects including dislo-
cations at the coalescence boundary.

An important advancement in this field is the introduction towards emis-
sion control of InGaN nanocolumns from blue to red via selective-area growth
technique by increasing nanocolumn diameter125. Such occurrence can be
explained by the beam shadowing effect of the neighboring nanocolumns, and
diffusion length difference between Ga and In adatoms on the nanocolumn
sidewall125. In contrast to the self-induced GaN nanocolumn growth tech-
nique described so far, the selective-area growth technique allows uniform
geometrical size of nanocolumn growth as well as consistent interval between
nanocolumns. Many interesting results126–136 derived from this method, re-
volving around visible III-nitride nanocolumn LEDs, can thus bring closer the
realization of the monolithic integration of three-primary-color LEDs for use
in micro displays. This growth technology was further utilized by Le et al.137
to manipulate the coalescence properties of AlGaN nanocolumn structural
arrays. As a result, the grown nanocolumns can be better controlled over their
size, height, morphology and twist/tilt in crystal orientation. Using the same
fabrication technique as Kikuchi et al.122 the AlGaN nanocolumn-based UV
LEDs demonstrate good performance with emission at 340 nm137.
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CHAPTER 3

Graphene and GaN nanocolumns

During the two decades after the initial works by Yoshizawa et al.1 and Calleja
et al.2, the studies on III-nitride nanocolumns, especially GaN, are not only
exclusively practiced on crystalline substrates3–63, but also attempted on amor-
phous substrates64–72. Particularly for fused silica, due to its excellent trans-
parency across UV-visible wavelength regions73–78, its potential as a host sub-
strate for realizing visible LEDs is promising, despite the fact that leakage
current was observed in the devices79. Very recently, the investigation of the
growth of III-nitride nanocolumns and their application in LEDs on amor-
phous glass substrates have been demonstrated80–83. However, the interlayer
and electrode materials, like Ti and GaN deposited or grown on top of these
substrates typically absorb UV light, making this method inadequate for short
wavelength light emitters, particularly for the bottom emitting LED.

First two sections of this chapter generally discuss various alternative sub-
strates (including graphene) that have been explored for the GaN thin-film
growth. At the end, brief updates regarding unusual substrates utilized for GaN
nanocolumn growth, with an emphasize on graphene, are presented.

3.1 FROM SAPPHIRE TO UNCONVENTIONAL OXIDE SUBSTRATES

Unlike II-VI and general III-V material systems, the structural quality of grown
III-V nitrides are evaluated to be inadequate due to the absence of a native
substrate. Even after the usage of a GaN buffer layer in MOCVD-grown GaN
on sapphire84,85, the threading dislocation density was estimated to be as high
as∼1010 cm-2. Such heavily defected GaNmaterial is caused by the large lattice
mismatch (16 %) between GaN and sapphire. In contrast, given the very small
lattice mismatch between ZnSe and GaAs (0.3 %), ZnSe can be grown with
dislocation densities as low as 103 cm-2. This is a key reason why ZnSe received
positive reception in the research community as the material of choice for blue
LEDs in the 1980s.
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Sapphire was used as the substrate for the first synthesis of large area GaN
layer by Maruska and Tietjen86 in 1969, and since then it has become the most
extensively utilized substrate for the growth of nitride semiconductors due
to the ease in obtaining good quality sapphire material in large area size at
low price. Its hexagonal symmetry, ease of handling as well as stability at high
temperature make sapphire a favorable template for nitride growth, despite of
the significant drawbacks of relatively large mismatches in the lattice constant
and CTE with the nitride semiconductor system. The GaN film growth on
sapphire is normally accompaniedwith very high densities of defects, which can
act as non-radiative recombination centers and eventually reduce the efficiency
of the LEDs87.

There have been considerable efforts in heteroepitaxial studies of III-nitride
semiconductors on a wide variety of substrate materials, including semicon-
ductors, metals and oxides88,89. Their lattice mismatches with the III-nitrides
are generally smaller compared to sapphire. Among them, most works have
been allocated on semiconductors (e.g., Si, GaAs, SiC, GaN, and AlN). Despite
the good semiconducting properties and material qualities of Si and GaAs, they
have huge disadvantages because of the large mismatch in lattice constant and
CTE, along with a phenomenon called melt-back etching (for Si) and low ther-
mal stability (for GaAs). SiC and especially GaN or AlN are the ideal substrate
materials for III-nitride growth. Not only do they have very small lattice mis-
match, but they also have similar CTE and high thermal conductivity. However,
although recent quality improvements of these materials are promising, their
availability is limited and cost relatively high.

Metals (e.g., Ag and Cu) on the other hand are very cheap and provide high
thermal as well as electrical conductivity. In addition, they have strong light
reflection which can be used to reflect light directed toward the substrate and
thus increase the LEE of top-emitting LEDs. However, they have large disparity
inCTEwith III-V nitridematerials, and/or this group ofmaterials is particularly
unstable at high temperature (not suitable forMBE orMOCVD) causing serious
interfacial reactions with the epilayer. While oxide substrates (e.g., LiGaO2
and MgAl2O4) can have closely matched lattice-CTE with semiconductor III-V
nitrides and be suited as potential candidates to obtain a high quality nonpolar
GaN structure, they have some drawbacks. Their thermal stability under MBE
or MOCVD growth conditions are relatively poor, which can give rise to the
formation of an interfacial layer that can lead to high defect densities in the
GaN epilayer.
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As the light emitter is designed to work at shorter wavelength (UV region), the
only way for generated light to escape is through the bottom, i.e., substrate,
due to the absorption at the top metal contact. However, most of the afore-
mentioned substrates also gradually start to absorb light, causing significant
reduction in the LEE. Among all, only AlN is known as the semiconductor
material to provide good transmission in the wavelength range from from
∼210 to ∼360 nm (the transparency threshold for GaN is ∼364 nm). This
is one of the unresolved fundamental problems hampering the development
of UV-LEDs based on the GaN/AlGaN semiconductor material system. In
this regard, graphene has recently become an emergent potential substrate for
GaN/AlGaN semiconductor growth because of its interesting properties which
may potentially be used to address this issue.

3.2.1 Graphene and its synthesis

By definition, graphene is a planar monolayer of carbon atoms arranged into a
two-dimensional honeycomb lattice (Figure 3.1a) with a carbon-carbon bond
length of 0.142 nm90,91. Graphene bonding characteristics are sp2 hybridized
with s, px and py atomic orbitals on each carbon atom forming three strong σ
bonds (in-plane) with its nearest neighbors. In contrast, the pz atomic orbital
of each carbon atom (out-of-plane) is weak, and it produces a filled band of π
orbital (valence band) and an empty band of π* orbital (conduction band)92.
Therefore, this bond provides weak interaction between graphene layers, be-
tween graphene and substrate, or between graphene and epilayer. Additionally,
it is responsible for the electron conduction of graphene90.

Charge carriers in graphene behave as massless Dirac fermions, and under
ambient conditions they can move with little scattering. Such behaviors give
rise to unique phenomena observed in graphene, like the semimetal behavior,
an anomalous quantum Hall effect and the absence of localization90–92. Fur-
thermore, a variety of intriguing properties have been experimentally reported,
including high electron mobility at room-temperature (scattering by the acous-
tic phonons of graphene gives intrinsic limit up to 200.000 cm2 V-1 s-1, whereas
scattering by the surface phonons at the SiO2 substrate gives extrinsic limit
up to 40.000 cm2 V-1 s-1)93,94, remarkable optical transmittance95 across near
UV, visible and near infrared regions (Figure 3.1b)91,96, exceptional thermal
conductivity (5000 Wm-1 K-1)97, good electrical conductivity95, superior me-
chanical properties (Young’s modulus of 1 TPa)98 and complete impermeability
to any gases99. Note that the absorption peak in Figure 3.1b at ∼275 nm is
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FIGURE 3.1. Structural and optical (transmittance) properties of graphene. a, Scanning tun-

neling microscopy topographic image of graphene, with a model of the atomic

structure (as a guide to the eye) showing six carbon atoms arranged in hexago-

nal (honeycomb) lattice (adapted with permission from ref. 100 © 2007 National

Academy of Sciences, U.S.A.). b, Representative transmittance of various num-

bers of CVD-graphene transferred onto quartz substrates (inset is the optical im-

ages for the corresponding number of transferred graphene layers – 1×1 cm2)

(adapted with permission from ref. 96 © 2010 Nature Publishing Group).

related to the interband electronic transition (excitonic Fano resonance) from
the unoccupied π* states91.

Graphene can be obtained by various methods101. The Scotch tape method,
to separate graphite into progressively thinner flakes until single-layer graphene
is obtained, is calledmechanical exfoliation, and this happens owing to theweak
van der Waals attraction force between adjacent graphene sheets within the
graphite. Although simple and can produce defect-free single-layer graphene,
this method results in limited area of graphene flakes (not suitable for mass
production).

A synthesis method called chemical vapor deposition (CVD) can deliver
high-quality of graphene films in large surface area. To assist the CVD process,
the presence of a transition metal is required as a substrate as well as a growth
catalyst. These transitionmetals, for exampleNi and Cu, are normally heated to
temperatures of around 1000◦C in order to decompose a hydrocarbon source
(typically methane) into carbon atoms. Following this event, the carbon atoms
will dissolve with the metal catalyst (substrate). Here, the solubility property
of the metal will determine the formation mechanism of graphene. In case of
Cu which has a low carbon solubility, only the adsorbed carbon dissolved in
Cu can form graphene, and the growth will terminate once the Cu surface is
fully covered with graphene due to the absence of Cu catalyst to decompose
methane. In contrast, Ni which has high carbon solubility can dissolve more
carbon atoms precipitating on the surface during the cool-down to form extra
layers of graphene91,101,102.

Therefore, the growth of Cu catalyzed CVD (Cu-CVD) graphene is due to a
surface adsorption process, whereas the growth of Ni catalyzed CVD (Ni-CVD)
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graphene occurs by a carbon segregation-precipitation process103. Typically,
graphene on Cu forms monolayer graphene, while graphene on Ni constitutes
multi-layer graphene due to precipitation of extra carbon (thus continuation of
graphene layer formation) during the cool-down process of the grown graphene
sample to room-temperature. The lattermay also lead to non-uniformgraphene
films103. CVD-graphene is shown to be polycrystalline with domain sizes in the
range of fewmicrons to hundreds of microns, and these individual domains are
stitched together to form a single continuous film. However, recentworks listed
in ref 102 have shown that the domain size of CVD-graphene can be expanded
to the order of one millimeter, and by utilizing oxygen on the Cu surface, one
can obtain the growth of centimeter-scale single-crystal graphene domains.
Interestingly, wafer-scale epitaxial growth of single-crystalline graphene can be
achieved through a thermal decomposition of SiC andmore recently usingCVD
on Ge substrate101,102. Transfer of CVD synthesized graphene onto arbitrary
substrates can be done after chemically etching the metal substrate (graphene
is coated with PMMA layer for the transfer process)101,102.

3.2.2 Popular usage of graphene as a transparent conducting electrode

Of all the described characteristics of graphene, its high transparency across
all wavelength, particularly in the UV region, and decent electrical conduc-
tivity have attracted considerable amount of attention for the application in
optoelectronic devices such as transparent conducting electrodes for LEDs and
solar cells. Moreover, the current industry standard for transparent electrode
material, namely indium tin oxide (ITO), whereas demonstrating low sheet
resistance of ∼10 Ω/sq101, absorbs strongly in UV wavelengths below ∼365
nm and is therefore mainly functional for the devices operating in the visible
wavelength region. Major general impediments to use ITO are its chemical
instability as well as low tolerance towards mechanical stress, as it is not only
easily cracked (by mechanical strain > 1%) but also drastically decreases its elec-
trical conductivity101. Therefore, the favorable attributes of graphene make
this material a feasible contender to substitute ITO as a transparent conductor
for specific optoelectronic applications in the near future.

Integration with optoelectronic devices firstly requires adequate area of
graphene, and in this respect the CVDmethod is the feasible (favored) route
to fulfill this objective, while at the same time achieving decent electrical and
optical properties. However, one significant drawback of the CVDmethod is
that the PMMAused to coat the graphene and aid the transfer, will be the origin
of wrinkles and polymer residues on the graphene surface upon its removal102.
Another challenge95 is the cracks/tears in the graphene after the transfer caused
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by small gaps (no full contact) between the graphene and the substrate surface,
making the unattached regions to break easily and result in cracks after the
PMMA is dissolved. Simultaneously, hard coating of PMMA after curing also
tends to stress the graphene. Li et al.95 managed to reduce these graphene
imperfections by depositing a second layer of PMMA to mechanically relax the
underlying graphene, leading to a better contact with the substrate.

Electron mobility of CVD grown graphene has been found to be as high as
4050 cm2 V-1 s-1 at room temperature104. This value is orders of magnitude
lower compared to mechanically exfoliated graphene94 due to the line defects
induced by grain boundaries105 and wrinkles106. On the other hand, high opti-
cal transmittance of at least 90 % at optical wavelength of 550 nm (attenuation
coefficient of 2.6% per additional graphene layer) was achieved in the trans-
ferred graphene with the method proposed by Li et al.95. This graphene was
characterized with a sheet resistance varying from 350 (four-layer graphene)
to 2100Ω/sq (single-layer graphene). An interesting phenomenon is that the
sheet resistance of graphene is likely to be affected by the density of cracks in
the graphene films95, which can act as scattering centers for charge carriers,
leading to the degradation of the transport properties of graphene92.

As schematically shown in Figure 3.2a, Kim et al.107 demonstrated the im-
plementation of large-area few-layer graphene–based transparent conductive
electrode as the current spreading layer for GaN-based LEDs emitting at 372
nm. Figure 3.2b demonstrates that higher current at the same voltage bias can
be achieved for the LEDwith graphene-based transparent conductive electrode,
which is attributed to the high conductivity of the few-layer graphene. Inset
in Figure 3.2b indicates that the electroluminescence emission intensity for
the LED with graphene is more homogeneous compared to the LED with-
out graphene, confirming the uniform UV-transparent few-layer graphene as
a current-spreading layer. As a note, such graphene-based transparent con-
ductive electrode can be severely degraded during continuous high power
operation107, and this can be caused by various reasons, including generated
heat which accelerates the oxidation process in graphene92.

Large difference in work function between graphene (4.2-4.9 eV) and p-
GaN (∼7.3 eV; presuming the electron affinity of GaN being 4.1 eV)92,108–110
creates a high potential/contact barrier, which can hinder the movement of
carriers across the interface. Consequently, this will increase the contact resis-
tance and can thus lead to a higher operating voltage of the UV-LEDs92. High
sheet resistance of single-layer graphene95,107 can have a negative impact on
the devices performance, including low efficiency102, degraded I-V characteris-
tics108 and limited current spreading around the metal electrode109. Reduction
of the graphene sheet resistance can be achieved by chemical doping102 to form
p-doped graphene, for instance by AuCl3 108 and HNO3 solutions109. This
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FIGURE 3.2. Graphene top electrode in GaN-based UV-LED. a, Schematic of few-layer

graphene as a top transparent conductive electrode for aGaN-based thin-filmLED.

b, The I-V characteristics of the UV-LEDs without and with few-layer graphene

based transparent conductive electrode (inset is the optical images of light emis-

sion intensity of the UV-LEDs) (adapted with permission from ref. 107© 2011 AIP

Publishing.

results in an improvement in the I-V characteristics and an increased work
function of the p-doped graphene due to the electron transfer from graphene
(5.12108 and 4.93 eV109 for AuCl3 and HNO3, respectively). To lower the sheet
resistance at the interface between the p-graphene and p-GaN, Au (top)/Cr
(middle) electrode was introduced above p-doped graphene109. In this scheme
the penetration of Cr into p-graphene forms an ohmic contact with p-GaN and
improves the thermal stability in GaN LEDs. Different metal combinations
have been established for graphene, for instance Ni/Au, Cr/Pt/Au, Al/Ti/Au
and Ti/Al/Ti/Au92.

3.2.3 Opportunity for graphene as a transparent conducting substrate

That being said, until this point the application of graphene in LEDs is mostly
constrained to its functionalization as transparent conducting electrode in the
top part of the device. Graphene’s unique optoelectronic properties can be
beneficial for GaN-based devices if the growth can be carried out on graphene
as the semiconductor substrate, so that it at the same time can function as
a transparent electrode. The similar hexagonal structural characteristics of
graphene with GaN, should theoretically be effective to form an epitaxial rela-
tionship, even when the graphene is transferred onto arbitrary non-crystalline
substrates having no hexagonal sixfold symmetry111. Furthermore, the generic
model by Munshi et al.112 predicted that a relatively small lattice mismatch
can be generated in the GaN/graphene system, while density functional theory
from Gohda and Tsuneyuki113 showed that a relatively low strain is developed
at the GaN/graphene interface.
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FIGURE 3.3. Illustration of semiconductor-substrate interfaces connected by a, quasi-van der

Waals and b, covalent bonding.

When grown on a graphene surface where the dangling bonds are not
present, a reduction of defects in GaN near the interface with graphene can
be expected due to the weak quasi-van der Waals relationship114 between sp3-
bonded GaN and sp2-bonded graphene, as illustrated in Figure 3.3a. This is
different as compared to the growth of GaN on conventional substrates, for
instance Si or sapphire, where the epilayer forms a covalent bond with the sub-
strate (Figure 3.3b). As a result, the crystalline quality of the grown material is
strongly influenced by themismatch to the lattice constant of the substrate. The
lattice mismatches of GaN/Si(111) (∼17%) and GaN/sapphire (∼15%) induce
crystal defects at the interfaces that can propagate into the epilayer, reducing
its crystalline quality and eventually downgrade the performance of devices.
Hence, successful growth of GaN semiconductor on graphene can pave a way
towards a new approach for UV-LED fabrication where the substrate can be
simultaneously utilized as a transparent electrode for the device structure, i.e.
creating new types of hybrid 3D/2D heterostructures.

Issues related to high sheet resistance in graphene can be alleviated by
doping. Other than chemical doping methods suggested previously92,102, one
can also introduce impurities into the graphene lattice to alter its electronic
structure. This approach is known as substitutional doping. Introduction of
doping into the graphene can be carried out in-situ during the CVD-graphene
growth using hetero-atom precursors101, for example NH3 as N source or
boronic acid as B source to synthesize N-doped (n-type) or B-doped (p-type)
graphene, respectively. Ex-situ doping115 is performed by injecting number
of heteroatoms through post-synthesis treatment of graphene, for instance
annealing processes or plasma treatments. Annealing with C3N4 and NH3
plasma can be used to obtain n-type doping, while arc discharge using B2H6
and annealing/plasma treatment with O2 are employed to produce p-type
doping. Consequently, the work function of graphene is changed, which may
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FIGURE 3.4. Doping in graphene. a, b, Schematic representation of the doping introduction

in graphene by heteroatom substitution (adapted with permission from ref. 116

© 2009 American Chemical Society) and molecule adsorption (adapted with per-

mission from ref. 117 © 2012 American Chemical Society), respectively. c, Sim-

plified band structures of pristine graphene, n- and p-type doped graphene.

be advantageous to reduce the work function mismatch with that of GaN (∼7.5
eV for p-GaN; ∼4.0 eV for undoped- and n-GaN)92. Another doping method
variation is charge-transfer doping101, which is generally performed using
inorganic acids and metal chlorides.

From the previously mentioned doping methods, substitutional doping is
more stable compared to doping incorporation based on physical or chemical
adsorption (including chemical doping and charge-transfer doping) because
of the covalent bond linkage of the dopant in the graphene lattice115. Sub-
stitutional doping, however, disturbs the graphene honeycomb structure by
inducing defects and disorder in the lattice (Figure 3.4a), which decrease elec-
tron mobility and hence cause a degradation in the performance of electrical
devices. Such observation in contrast is not observed for the adsorptionmethod
since the adsorbed dopants only lead to a local perturbation in graphene (Figure
3.4b). One can then expect the preservation of structural integrity of the lattice;
however it should be noted that this doping approach does not guarantee a
stable doping system.
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Pristine graphene is a zero bandgap semiconductor or semimetal90,91 in
which the conduction band minimum touches the valence band maximum,
and they are of conical shape. These two bands intersect at the K point of the
Brillouin zone, and the Fermi level is located at the Dirac point118,119. In this
condition, the work function of graphene has been reported in the range from
4.2 to 4.9 eV108–110,120, and for simplicity, the mean value of 4.55 eV is used
for the illustration in Figure 3.4c. Upon the doping (either n- or p-type doped),
the first observation is bandgap opening of graphene. Its energy can be varied
from 0.14 to 0.72 eV (in Figure 3.4c the value of ∼0.25 eV118,121 is used for
both n- and p-type doped graphene), depending on the doping methods101,
type of dopants118,120–122, doping concentrations118 and number of graphene
layers119,121.

Second observation with the doped graphene is the alteration of Fermi
level position relative to the Dirac point, either when the Fermi level is situ-
ated (shifted) above or below the Dirac point, assigned as n- or p-type doping,
respectively115, as illustrated in Figure 3.4c. For n-type graphene, the Fermi
level is shifted to 0.2-0.7 eV above the Dirac point, and thus the work func-
tion is reduced from ∼4.55 (undoped) to 3.85-4.35 eV110,118,119,121–123. The
new Fermi level position is near the conduction band minimum. For p-type
graphene, the Fermi level is shifted below the Dirac point ranging from 0.19
to 0.7 eV, increasing the work function from ∼4.55 eV (pristine) to 4.74-5.25
eV108,109,118–122. Now, the Fermi level position is close to the valence band
maximum. The average work functions for n-type doped and p-type doped
graphene obtained from the aforementioned references, being 4.22 and 4.98 eV,
are used to exemplify work functions for n-type and p-type graphene depicted
in Figure 3.4c.

For graphene to be a useful functional 2D material for III-nitride based
devices, e.g., LEDs, first of all it is essential to grasp the overall device de-
sign concept utilizing graphene as a growth substrate and simultaneously as a
transparent electrode. From this perspective, it is established that a so-called
flip-chip LED configuration, where the light is emitted through the (transpar-
ent) substrate, is a potential device structure fulfilling this role of graphene.
When this particular LED device is forward-biased, graphene as an electrode
can, in principle, enable vertical current flow from the bottom electrode to the
top electrode through the grown nanocolumns, and the generated photons can
be emitted through transparent graphene. Here, it should be mentioned that
current flow is not strictly vertical provided that the contact to the graphene
is on the side of the p-GaN contact. In such arrangement, current crowding
phenomenon is expected as opposed to the “real” vertical LED devices. The
flip-chip LED structures can be more advantageous when it is compared with
the traditional top-emitting LED structures, owing to the fact that the latter
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with lateral current injection suffers from high forward voltage, large series
resistance, current crowding and self-heating124–126.

With light being transmitted through the graphene, the III-V nitride nanos-
tructure formed on top of this single layer of carbon atoms is required to be
sufficiently transparent to the photons generated in the active region. This can
be achieved by adopting material(s) from the III-V nitride semiconductor sys-
tem whose energy bandgap is larger than the emitted photon energy. In other
words, the material(s) of choice should have as low as possible light absorption
coefficient127–129 in order to obtain optimum LEE. As an example, the UV
LEDs emitting light at the wavelength of 365 nm (3.39 eV) ought to consist of
III-V nitride semiconductor materials that have energy bandgaps greater than
or equal to 3.39 eV. From Figure 1.2, GaN, AlN and their alloy of AlGaN are
the standard choices since this material family exhibits the lowest absorption
coefficient128,129 at this particular wavelength (photon energy). For emission
wavelengths shorter than 365 nm (or photon energies greater than 3.39 eV) the
usage of GaN should be avoided as the absorption coefficient increases rapidly
above the GaN bandgap.

Supposing that the n-type or p-type graphene is in contact with a nitride
semiconductor, accordingly the simple interpretations of band diagram of
graphene-nitride materials after Fermi level alignment are presented in Figure
3.5. The band diagram of GaN has energy bandgap, electron affinity, along with
activation energies of Si donors (n-doping) and Mg acceptors (p-doping) of
respectively 3.39 eV130, 3.3 eV131,132, 17meV133 and 170meV134,135. While for
AlN, its band diagram indicates the energy bandgap of 6.2 eV135,136, electron
affinity of 1.9 eV131 with Si (n-type doping) activation energy of 250 meV137

and Mg (p-type doping) activation energy of 510 meV135,138. Concerning InN,
the given band diagram displays an energy bandgap, electron affinity, ionization
energies of Si (n-doping) and Mg (p-doping) of 0.65 eV135,136, 4.6 eV132, 350
meV139 and 60 meV135,140–142, respectively. For InN as a degenerate n-type
semiconductor, the Fermi level is pinned above the conduction band edge135,143.

When graphene and a III-nitride semiconductor (as well as semiconductor-
semiconductor and metal-semiconductor junctions144 in general) make con-
tact145,146 with each other, their Fermi levels have to be at equal level in the
absence of an externally applied bias. Because of the different work functions
between graphene and III-nitrides, band bending is present in the semiconduc-
tor near the interface. Figure 3.5 illustrates the basic schematic band structures
when graphene contacts with GaN, AlN along with InN, in their respective n-
and p-type doped versions. In the following examples, the Fermi levels in the
semiconductor are pinned at the dopant energy level, i.e., donor or acceptor
energy level.

In n-graphene/n-GaN and n-graphene/n-AlN, the work function of n-
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FIGURE 3.5. Band diagram of graphene/nitride semiconductor junctions. Rough sketch of

the interface between n-n (left) and p-p (right) semiconductor heterojunction of

graphene-GaN (top), graphene-AlN (middle) and graphene-InN (bottom), after the

Fermi level alignment, in the absence of applied bias.
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graphene (4.22 eV) is larger than for n-GaN (3.317 eV) and n-AlN (2.15 eV). If
one coincides the vacuum energy level for these two systems, the Fermi levels
of n-GaN and n-AlN are both higher than for n-graphene. This will cause a
flow of electrons (majority carriers in n-type material) from n-GaN or n-AlN
to n-graphene until the Fermi level of n-graphene is equal with that of n-GaN
or n-AlN. As a result, the conduction and valence bands of n-GaN or n-AlN
bend upward. However, interesting behavior can be seen in n-graphene/n-
InN. The work function of degenerate n-InN (4.25 eV) is slightly larger than
n-graphene, rendering higher Fermi level of n-graphene with respect to n-InN.
Here, electrons flow from the n-graphene to n-InN until the Fermi level of n-
InN is equal to the Fermi level of n-graphene. This will cause minor downward
band bending of the conduction and valence bands for n-InN.

On the other hand, for p-graphene/p-GaN and p-graphene/p-AlN, the
work function of p-graphene (4.98 eV) is smaller than for p-GaN (6.52 eV) and
p-AlN (7.59 eV). With respect to the vacuum energy level position, the Fermi
level of p-graphene is now at a higher level than the Fermi level of p-GaN or
p-AlN. Thus, holes (majority carriers in p-type material) will transport from
the p-GaN or p-AlN to p-graphene until the Fermi level of p-graphene is equal
with that of p-GaN or p-AlN. Consequently, the conduction and valence bands
of p-GaN or p-AlN bend downward. For p-graphene/p-InN, its behavior is
roughly similar with p-graphene/p-GaN and p-graphene/p-AlN, only that the
downward band bending is not as severe as for the previous two systems due
to smaller work function difference between p-graphene and p-InN (5.19 eV).

Band bending pattern showed by n-graphene/n-GaN, n-graphene/n-AlN,
p-graphene/p-GaN and p-graphene/p-AlN involves potential or Schottky bar-
rier, restricting the movement of majority carriers from graphene to semicon-
ductor. Referring to Figure 3.5, the Schottky barrier is approximately 0.92, 2.32,
1.71, and 3.12 eV for n-graphene/n-GaN, n-graphene/n-AlN, p-graphene/p-
GaN and p-graphene/p-AlN, respectively. In contrast, the potential barrier is
absent in n-graphene/degenerate n-InN (i.e., Ohmic contact), and there is a rel-
atively small potential barrier (0.27 eV) to overcome for holes to be transported
from p-graphene to p-InN. One common way to make a Schottky contact more
Ohmic is by annealing, as it can lower the Schottky barrier height. The other
is by increasing doping concentrations147 so that the width of the depletion
region is decreased, and thus increase the probability of electrons or holes
tunneling through the junction.

Interested reader can check Figure A.1 in Appendix A for the illustration
of the band structures when undoped graphene is in contact with n- or p-type
GaN, AlN, or InN. As compared to Figure 3.5, the Schottky barrier heights
in Figure A.1 are slightly larger due to increased work function of undoped
graphene in comparison with doped graphene.
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3.3 CURRENT STATUS: GAN NANOCOLUMN GROWTH ON UNCONVENTIONAL AND

GRAPHENE SUBSTRATES

As of 2008, a particular interest in utilizing amorphous substrates has emerged
among the nitride nanocolumn community. A number of promising initial
workswhichweremostly done on amorphous SiO2

58,59 andAlxOy templates60–63
hint that high-quality nitride nanocolumns can be spontaneously formed al-
though they have little or no epitaxial relationship with the underlying sub-
strate. Furthermore, the ability of nanocolumn to withstand high deformations
without plastic relaxation148 encourages the realization of flexible integrated
devices based on nitride nanomaterial149–155. However, the fabrication pro-
cesses demonstrated so far generally involves a transfer method to arbitrary
flexible films, which is relatively time-consuming and complicated. Simulta-
neous growth and fabrication process have been realized by using metallic
substrates67–72, but their instability at high temperature that may lead to inter-
facial reactions with the nanocolumns remain as one of the serious problems.

Fused silica, another type of non-crystalline material, has been recently
re-surfaced79,156 as an alternative substrate for III-nitride nanocolumns due
to a number of advantages157,158, including excellent transparency across UV-
visible wavelength regions and inert property enabling the prevention of impu-
rity defect generations during the growth. In the early attempts, despite the fact
that the quality of GaN thin-film was poor, its optical measurements indicated
strong excitonic emission with suppressed yellow emission73–78. Nearly single-
crystalline GaN was later achieved in 2011 by forming GaN pyramid arrays
using a Ti pre-orienting layer79,156, which resulted in an internal quantum effi-
ciency as high as 52%. While visible LEDs based on these nanostructures were
able to demonstrate a reliable electroluminescence emission79,156, a significant
amount of leakage current and driving voltage shift was observed.

In 2016, Li et al.80 and Kumaresan et al.81 attempted the growth of III-V
nitride nanocolumn on amorphous glass substrate using MOCVD and RF-
PAMBE, respectively. Whereas the former growth technique80 resulted in
vertical InN nanocolumns with low growth density (Figure 3.6a), the latter81
demonstrated dense vertical GaN nanocolumns without using any intentional
buffer layer (Figure 3.6b). Similar work with the latter was then later performed
by Prabaswara et al.83 but by utilizing Ti as the electrode and pre-orienting layer
for GaN/InGaN nanocolumn LEDs emitting at 590 nm. In terms of growth
technique, Bae et al.82 have even demonstrated the possibility of selective-area
growth using SiO2 mask on quartz covered with GaN buffer layer. With that
being said, both Ti andGaN buffer layers as the bottom contact absorbUV light,
and therefore these proposed methods are inadequate for nanocolumn-based
UV LEDs.
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FIGURE 3.6. III-V nitride nanocolumn on amorphous glass substrate. SEM images of a, InN

nanorods (bird’s eye-view) using high temperature-GaN/Ti interlayer (adapted

with permission from ref. 80© 2016 Springer Nature) and b,GaNnanowires (side-

view) grown on amorphous glass/fused silica substrates (adapted with permis-

sion from ref. 81 © 2016 IOP Publishing Ltd.).

Due to their weak out-of-plane interaction, 2D materials, particularly
graphene, boron nitride (BN), tungsten disulfide and molybdenum disulfide
(MoS2) have been lately explored not only as the substrate for semiconductor
nitride159–172 but also as the intermediate layer to assist the transfer process of
grown material to foreign substrates, such as plastic, glass or metal. However,
the growth on 2D substrates with no dangling bonds often leads to undesired
polycrystalline materials173,174. For the epitaxial growth of GaN on graphene
as an example, one strategy159 was to grow ZnO nanowalls on oxygen-plasma-
treated graphene, which then benefits the nucleation and the growth of a flat
GaN layer. Nevertheless, this grown GaN film is characterized with thread-
ing dislocation densities similar to the GaN grown on single crystal sapphire
substrates, and to alleviate this issue, GaN microrods were employed175,176. In
both cases, either ZnO nanorods175 or a GaN buffer layer176 was utilized in
order to prevent poor vertical alignment of GaN microrods.

Compared to BN162 andMoS2 161, graphene attracts most of the attentions
from III-nitride nanocolumn research groups worldwide as the alternative
growth substrate177–189, due to good transparency across all the wavelength,
superior thermal conductivity, high electrical conductivity as well as excellent
mechanical properties. In contrast, MoS2 absorbs UV light190–194 and along
with BN (undoped), they show electrically resistive-like behavior193–200, mak-
ing them not universally compatible for the integration with III-nitride-based
LEDs. Additionally, MoS2 can be subjected to degradation due to high sub-
strate temperature as well as exposure to ammonia and hydrogen during the
MOVPE-GaN growth163. Such MoS2 degradation after the growth was con-
firmed as follows: the characteristic signatures of MoS2 XRD peaks were not
observed and TEMmeasurement did not showMoS2 at the interface between
the SiO2/Si substrate and GaN layer.
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FIGURE 3.7. Early attempts on the GaN nanocolumn growth on graphite and graphene.

Bird’s eye-view SEM images of GaN nanocolumns grown on a, graphene/Si(111)

(adapted with permission from ref. 179 © 2015 Springer Nature) and b, graphite

substrates (adapted with permission from ref. 177 © 2013 American Chemical

Society).

Albeit the initial promising results of GaN nanocolumns-on-graphene
based UV photoconductive devices179,180, the growth alignment of GaN
nanocolumns is random with respect to the graphene substrate, represented in
Figure 3.7a and Figure 3.7b. Possible reasons for this might arise from the fact
that the surface of graphene exhibits chemical inertness or its surface profile is
not atomically as flat as sapphire177, causing arbitrary growth direction during
GaN nucleation phase. Such random direction nanocolumn formation is not
desirable as it can cause few possible issues in terms of structural growth quality
and device processing, for example coalescence issue inducing the formation of
defects and detrimental luminescence characteristics201, as well as the difficulty
in defining the top contact for nanocolumn semiconductor structure.

In this regard, Heilmann et al.181 successfully showed that vertical GaN
micro- and nanorods with well-defined edges and straight sidewall facets can
be obtained on graphene transferred onto sapphire and Si substrates183, as re-
spectively shown in Figure 3.8a and Figure 3.8b (inset shows the clear interface
between GaN, graphene and Si). Nevertheless, their uniformity and density are
lower compared to those directly grown on sapphire181. The lack of chemical
reactivity of graphene causes difficulty for the formation of GaN nucleation
sites on the surface of graphene, and only at the defects in graphene (orange
arrow in Figure 3.8b) can the GaN nanorods naturally be formed due to the
availability of dangling bonds enabling the nucleation. Intriguingly, Kumaresan
et al.184 managed to solve this issue without any intermediate layer (Figure 3.8c),
and surprisingly by utilizing similar growth technique and conditions as on
their earlier work on fused silica81.
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FIGURE 3.8. Vertical GaN nanocolumn growths on graphene. Bird’s eye-view SEM images of

GaN micro- and nanorods/nanowires grown on graphene transferred on a, sap-

phire (adapted with permission from ref. 181 © 2015 American Chemical Soci-

ety), b, Si(111) (adapted with permission from ref. 183 © 2016 American Chem-

ical Society) and c, SiO2/Si(100) substrates (adapted with permission from ref.

184 © 2016 American Chemical Society). Orange arrow and inset in b indicates

the position of wrinkles in graphene and shows the TEM cross-sectional image

of the interface of GaN with the underlying graphene and SiO2/Si(100) substrate,

respectively.

However, a concern related with the graphene properties after the RF-
PAMBE growth was not even discussed, knowing the defects can be generated
in the graphene lattice due to exposure of nitrogen plasma110,123,202: caus-
ing increase of D-D’ peaks as depicted in Figure 3.9a. Note that exposure
using ammonia plasma203 shows the reduction of 2D peak. Using the same
growth technique, Fernandez-Garrido et al.185 obtained GaN nanocolumns
grown along [0001] direction (Figure 3.9b), and revealed that the graphene is
damaged after the growth. This finding exposes the challenge for graphene
as a substrate and potential built-in bottom contact for RF-PAMBE-grown
GaN-based devices. Another important work carried out by Hayashi et al.182
was the utilization of AlN as a buffer layer for high density of vertical GaN
nanocolumns on multi-layer graphene (Figure 3.9c), and as possible protection
layer for graphene from the direct bombardment of the nitrogen plasma. Inset
in Figure 3.9b and Figure 3.9c presents the existence of multi-layer graphene
after the GaN growth, where it is characterized as a continuous film.

A common phenomenon in the direct growth of GaN material on 2D
materials, either in the thin-film or nanocolumn growth mode, is observed:
that the synthesis often results in the formation of sparsely distributed isolated
GaN lumps162. Similarly, clusterswith rough and irregularmorphology ofGaN
are noted in another literature166. The non-wetting nature of dangling bond-
free 2D materials is presumably the origin of such unintended nanostructure
growths162, which further restricts/suppresses the nucleation of semiconductor
nitride and it rather promotes the formation of clusters189. All of these works
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FIGURE 3.9. Raman characterizations of graphene post nitrogen plasma treatment; Vertical

GaN nanocolumn growths on graphene. a, Raman spectra of graphene at differ-

ent nitrogen plasma RF powers (reproducedwith permission from ref. 110© 2014

AIP Publishing). Bird’s eye-view SEM images of GaN nanowires/nanocolumns

MBE grown on b, epitaxial multi-layer graphene/SiC (adapted with permission

from ref. 185 © 2017 American Chemical Society) and c, CVD-Ni multi-layer

graphene transferred onto SiO2/Si(100) (adapted with permission from ref. 182

© 2015 IOP Publishing Ltd.). Inset in b and c is the TEM cross-sectional image of

the interface of GaN with the underlying graphene and substrate.

indicate that the formation of III-V nitride on graphene or other 2D materials
is not as straightforward as the growth on substrates possessing dangling bonds
on their surface, due to the lack of chemical activity on the surface of 2D
materials172.

Combination of surface treatment and intermediate layer can be utilized
to mitigate the issue of chemical inertness due to the nature of sp2-bonded
structure, i.e., by enabling the creation of numerous nucleation sites for the
subsequent van der Waals epitaxy of the III-nitride. In most cases, surface treat-
ment, e.g., by means of O2

159,169 or N2 plasma166,170,171 introduces additional
defects for enhancing graphene’s chemical reactivity, i.e., the creation of dan-
gling bonds. Intermediate layer, typically consisting either of AlN166,169–171 or
AlGaN183, plays an important role to improve surface adherence and wetting
on graphene or h-BN162,168. This is due to the fact that AlN has larger cohesive
energy as compared to GaN204, resulting in much denser AlN island forma-
tions162. Furthermore, Al atoms on graphene showed higher adsorption energy
and lower migration barrier as compared to that of Ga atoms166,172,183,189. This
suggests that AlN is easier to grow on graphene than GaN, with a tendency to
form 3D AlN islands as nucleation sites, especially at high temperatures. In
addition to AlN and AlGaN, ZnO nanowalls have been used as an intermediate
layer for GaN growth on oxygen plasma-treated graphene159,172.

Please note that a few works carried out using MOVPE growth tech-
nique162,168,189 disregarded the surface treatment step and utilized only AlN
intermediate layer. Apparently during the growth of AlN, the N source (NH3)
can induce defects on graphene surface that accordingly act as nucleation sites
for subsequent growth189.
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FIGURE 3.10.Position-controlled growth of III-V nitride nanocolumn on graphene. Top-

view SEM image of selective area growth of a, AlGaN nanopyramid arrays on

graphene/Si(100) using AlxOy/SiOx mask (adapted with permission from ref.

205 © 2018 AIP Publishing) and b, GaN nanowires on graphene nanodots

(adapted with permission from ref. 206 © 2020 American Chemical Society) us-

ing SiO2/Si(100) as a host substrate.

As an additional perspective, selective area growth of III-V nitride nanos-
tructures, namely AlGaN nanopyramid arrays205 and GaN nanowires206 has
been realized on graphene, as presented in Figure 3.10a and Figure 3.10b, re-
spectively. Interestingly, the position-controlled methods of these two works
are different from each other. In the former case, Munshi et al.205 utilized a
hole mask pattern of an AlxOy/SiOx stack deposited on the graphene substrate,
similar to the established works from Kishino’s group34–41. On the other hand,
the latter case utilized graphene as the template (i.e., graphene nanodots) for
the positioned GaN nanowire growth206. Such approach has been previously
demonstrated by Ishizawa et al.42,43who introduced nitridedAl nanopatterns as
a guiding nanostructure to promote selective area growth of GaNnanocolumns.
Both works205,206 offer an attractive avenue to address positioned III-V nitride
nanostructure growth for future UV LEDs.

The state-of-the-art works related with GaN nanocolumns grown on
graphene have shown that the realization of graphene as the fundamental
part of a device is not a straightforward task. Moreover, typical graphene
substrate carriers that have been used so far, like SiO2/Si and SiC181–185 are
not transparent in the UV region. Non-crystalline materials like silica glass
could be utilized as a host substrate to address this issue. One particular point
that until now has yet to be done is the proof-of-concept of the LED based
on the direct device integration of GaN nanocolumns on graphene substrate,
as the majority of the published works were mainly motivated by the easy
removal of the grown III-nitride nanostructures from graphene and transfer
to arbitrary foreign substrates. Owing to the merit of the nitride nanocolumn
structure and the advantageous properties of graphene, it is therefore of interest
to demonstrate that UV-LEDs based on semiconductor nanostructure grown
on graphene are possible to achieve.
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CHAPTER 4

Growth, characterization and fabrication

The experimental methods that were employed in this thesis will be briefly
examined in this chapter. All of the nanocolumn samples were grown by molec-
ular beam epitaxy and investigated by various characterization techniques,
namely scanning electron microscopy, transmission electron microscopy, high-
resolution X-ray diffraction, photoluminescence, and Raman spectroscopy.
Concise description on the UV-LED fabrication process by means of con-
ventional photolithography–metallization and electrical characterization via
current-voltage and electroluminescence measurements will be given as well.

4.1 MOLECULAR BEAM EPITAXY

Molecular beamepitaxy (MBE) is a refined formof physical vapor deposition for
epitaxial growth for the synthesis of monocrystalline semiconductor materials
(with the capability ofmonolayer-scale control1) from the reaction ofmolecular
beams of the constituent elements using a bottom-up approach1–3. The grown
materials can be in the form of thin-films or nanostructures of high quality and
well-controlled dimensions. The concept of a molecular beam refers to the long
mean free path of evaporated or sublimated elements/species from the sources
to the substrate, implying that they do not react/collide with each other until
reaching the substrate for the growth3. The term of epitaxy originates from two
ancient Greek words, Yc] (epi: placed upon) and gUZ ]Z (taxis: arrangement in
an ordered manner), referring to extended single-crystal film formation on top
of a crystalline substrate4. The materials are deposited in an orderly fashion so
that their atomic arrangement “accepts” the crystallographic structure of the
substrate1.

Principally, the MBE process builds up the semiconductor crystal one
atomic layer at a time, i.e., atom by atom5–7. The material beams are very dilute,
with partial pressures in the range of 6 10−3 Pa5. Historically, K. G. Günther
laid the foundation of the MBE growth process at Siemens Research Laborato-
ries (Erlangen) in 1958, known as three-temperature method5,8. However, the
resulting films were not well-ordered (insufficient crystalline quality), trigger-
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ing limited interest for its use in devices. Later, John R. Arthur Jr. and Alfred
Yi Cho at Bell Telephone laboratories in the late 1960s successfully produced
high-quality, atomically flat thin-film semiconductor structures using the MBE
process5,9. Since then, MBE has been widely employed in the manufacture
of semiconductor devices, such as transistors, diodes, lasers, and LEDs. It is
also considered as one of the most versatile tools for the research and develop-
ment of nanotechnology materials10, such as topological insulators11,12 and
2D materials13,14.

MBE can be differentiated based on the sources of the reactants: solids,
gases, metal–organic compounds, and hydrides15. For the MBE utilizing solid
sources, its growth technique is commonly called solid source MBE. In such
cases, the operation principle of effusion cells as reactant sources is based on
the Knudsen mode of evaporation. This name, along with the name of Knudsen
cell, comes fromMartin Knudsen, a Danish physicist, who discovered that this
evaporation occurs as effusion from an isothermal (ΔT=0) enclosure with a
small orifice15. Effusion is a process in which a gas escapes from a container
(enclosure) through a hole (orifice), with a diameter significantly smaller (about
one tenth) than the mean free path of the gas molecules at the equilibrium
conditions15. A Knudsen cell is regarded as a form of conventional effusion
cell, and the modified versions of this cell are called dissociation or cracker
cells15. The essential elements of an MBE system are schematically illustrated
in Figure 4.1.

Material depositions are performed by thermally evaporating or sublimat-
ing the source materials of highest purity from the carefully shaped crucibles
(within the effusion cells)5 in a chamber maintained under ultra-high vacuum
(UHV) condition, between 10−7 and 10−8 Pa. This UHV condition leads to a few

FIGURE 4.1. Simplified schematic of the essential parts of an MBE growth system (adapted

with permission from ref. 16 © 1982 Elsevier).
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trademarks3,10 that distinguish MBE from other epitaxial techniques, for in-
stance MOVPE and HVPE. First, incorporation of impurities from the ambient
environment are minimized, leading to a grown material with an exceptional
purity level. Second, the beam nature of the mass flow toward the substrate
is preserved15. It maintains source fluxes in the molecular flow regime, i.e.,
the vaporized high-purity materials form of an evaporated (thermal) beam of
atomic or molecular species that can be ballistically projected onto the heated
substrate, where these species condense in the solid state. This physical deposi-
tion contributes to the growth, while the species that miss or desorb from the
substrate tend to be immediately pumped away from the chamber or deposit
on cryopanels in the chamber.

Third, an in-situ growth characterization method such as RHEED can be
performed for real-timemonitoring of the crystal growth. Fourth, the thin-film
growth rate can be adjusted from hundred nanometers per hour to several
micrometers per hour by changing the temperatures of the effusion cells, which
can also finely tune the beam flux. Composition and doping levels of the
grown material depend on the relative arrival rates of the constituent elements
and dopants, which in turn rely on the evaporation rates of the respective
sources1,17,18. Combined with the ability to rapidly open and close the shutters
in front of the cells further enables a better control of the deposited materials,
including their chemical compositions, with an atomically sharp interface
and precision up to the monolayer level. Additionally, the formation of such
interface can be achieved because of the substantial inter-diffusion constraint
between layers of different composition, thanks toMBE’s relatively low growth
temperature3. This property is extremely useful for the semiconductor designs
that require heterostructures and low-dimensional quantum structures with
abrupt junction between the layers of thin-films and nanostructures10,17.

Based on the MBE arrangement in Figure 4.1, one may categorize different
physical phenomena during the growth into three zones15. The first zone is
the generation of the molecular beams from the sources of the Knudsen effusion
cell type. The second zone is the mixing area, where the beams from different
sources intersect each other. Owing to the longmean free path of the molecules
belonging to the intersecting beams, it is then assumed that collisions and other
kinds of interaction between molecules of different species do not occur here.
The third zone is the area where the vaporized elements mix together on the
heated substrate surface; that is, where the crystallization processes occur. Due
to deposition under ultra-high vacuum condition, epitaxial growth events in
MBE normally occur under conditions far from thermodynamic equilibrium.
Instead, kinetics of the surface processes from the impinging beams that react
with the outermost atomic layers of the substrate crystal surface dictate the
growth mechanism1,15.
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Upon reaching the outermost atomic layer of the substrate, the atoms
undergo two types of adsorption (these atoms are sometimes called adsorbed
atoms or adatoms): physical adsorption (physisorption) and chemical adsorption
(chemisorption)1,15. Former process refers to when there is no electron transfer
between adsorbate and adsorbent, and the bonding is therefore formed viaweak
van der Waals forces1,15. On the other hand, chemisorption involves electron
transfer, i.e., by forming a strong covalent bond to the surface atom where it
is trapped1,15. While physisorption generally shows little or no dependence
on the surface site arrangement of the substrate, chemisorption may depend
on the crystallographic orientation of the substrate surface, as well as on the
nature and spatial distribution of atoms adsorbed on this surface15.

Compared with the chemisorbed state, the atoms that stick to the surface
via physisorption have a higher probability of diffusing or migrating to find
an energetically preferred location and forming a stronger chemical bonding1.
This diffusion process continues until the adatoms either thermally desorb from
the surface, nucleate (incorporate) into the crystal lattice of the substrate15, or
aggregate to another existing adatom, forming an island. It is also probable for
adatoms to directly impinge on this island, making it to grow further or lead to
the next layer growth, depending on the surface potential and energy1. The
occurrence and magnitude of these surface phenomena1,15,19 depend not only
on the growth conditions1 that are kinetically (e.g., growth temperature) and/or
geometrically (e.g., incidence angle of the impinging atoms) related but also on
the nature of the substrate crystal surface whose chemical activity might locally
differ from one crystal site to another (dangling bond, vacancy, step edge, etc.).

Furthermore, the occurrence of the different epitaxial growth modes can
take place due to binding energy competition between adatoms and adatoms
or adatoms and substrate, which is a result of the specific growth conditions.
Each growthmode uniquely characterizes the nucleation and growth processes,
which directly correspond to the morphology of the grown structures. In
case the adatoms preferentially attach to substrate surface sites, this will result
in atomically smooth 2D layer, namely Frank-van der Merwe (layer-by-layer)
growthmode. In contrast, when adatom–adatom interactions are stronger than
adatom–substrate interactions, 3D islands are formed, known as Volmer-Weber
(island) growthmode. A combination (intermediate) between these two is called
Stranski-Krastanov (layer-plus-island) growth mode, driven by the significant
lattice mismatch between epilayer and substrate. As the layer thickness exceeds
the critical thickness, dislocations are generated, releasing the accumulated
stored elastic strain energy density due to lattice misfit with the substrate (see
Subsection 2.3.1), and subsequently the transition from layers growth mode to
islands growth mode occurs1.
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Figure 4.2 shows theMBE system built by EpiQuest utilized for the growth
of nitride nanocolumns presented in this thesis. It consists of three types of
main chambers, as shown in Figure 4.2a, with different vacuum levels: a load-
lock chamber, a transfer (preparation) chamber, and two growth chambers.
The load-lock chamber, with the help of a rough pump and a turbo molecular
pump, can achieve a background pressure in the order of 10−5 Pa. It can be
exposed to the atmosphere for loading/unloading the samples before/after
growth. The transfer chamber, whose background pressure is approximately
10−7 Pa with an ion pump, is equipped with a pre-baking station (up to 350◦C)
for initial thermal desorption of the substrate (a dedicated baking chamber
[up to 1200◦C] is also available). It serves as a transition chamber between
the load-lock and growth chambers and protects the growth chambers from
being exposed directly to the load-lock chamber. Each growth chamber has a
background pressure in the order of 10−8-10−9 Pa, achieved by using a turbo
molecular pump, an ion pump, a titanium sublimation pump, and a cryo pump.
All of the nanocolumn samples reported in this thesis were grown in the growth
chamber E1.

As schematically illustrated in Figure 4.2b, the sample is held in the center
of the growth chamber (vertical epitaxy reactor) by the manipulator, which can
be heated up to 1250◦C (as read by a thermocouple). To ensure the homogeneity
in thickness and composition of the grown materials15—as well as the flux
arrival on the substrate—the substrate has an azimuthal rotation of about 10
RPM (rotations per minute) during the growth. The sources (Knudsen effusion
cells and a nitrogen plasma source) are mounted along the arc centered on
the sample, with the beam incident angle relative to the normal angle of the
substrate surface at ∼40◦ 21. The material sources are heated in pyrolytic boron
nitride crucibles containing ultra-pure group-III materials (Ga, Al, In) and
dopants (Si, Mg) with tantalum heat shields, and in front of each effusion cell, a
tantalum shutter is mounted. To support high operating temperatures during
the growth, every effusion cell is surrounded by a cryo-shield that constantly
cools with the flow of liquid nitrogen (77 K). Similarly, the inner part of the
growth chamber is also shielded with liquid nitrogen cryo-panel that is used to
trap most impurities not removed by pumping.

The flux of individual species is controlled by setting the temperature
in the effusion cell (accuracy of 0.1◦C), whose beam equivalent pressure is
calibrated using a beam flux monitor ion gauge that can be inserted into the
growth chamber and placed in the same position as the substrate holder (which
must be elevated in order to avoid crashing). N atoms are generated through a
radio-frequency (RF) plasma cell supplied by ultra-high purity N2 gas (99.999%
or higher). Such cell is utilized to dissociate N2 molecules via RF electronic
discharge, through which its power can be adjusted from 0 to 500 W, and the
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FIGURE 4.2. MBE setup at Sophia University used during the PhD period. a, Top-view sketch

of the EpiQuest MBE system consisting of three types of main chambers: load-

lock, transfer (preparation) and two growth chambers. b, Schematic cross-

section diagram of the growth chamber E1 (part of RC2100 RF-PAMBE machine),

which was utilized to grow nanocolumn samples for this PhD study. c, Photo-

graph of the completed multi-chamber MBE system (RC2100) for GaN growth at

Sophia University during its initial installation in 1998. Images in a, b, and photo-

graph in c were adapted with permission from ref. 20 © EpiQuest, Inc.
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flow rate can be set from 0.01 to 3.50 standard cubic centimeters per minute
(sccm). A tuning box is also used to stabilize the generated plasma in the cavity.
Accordingly, theMBE growth technique employing RF for generating plasma is
often referred as RF plasma-assistedMBE (RF-PAMBE). The substrate is heated
by DC-powered filaments placed behind the substrate in the manipulator, and
the temperature of the grownmaterial can be measured from the thermocouple
located at a small distance behind the substrate and by the pyrometer placed
outside theMBE growth chamber (its location is perpendicular to the substrate).

The III-V nitride MBE system in the Kishino Laboratory, as seen in Fig-
ure 4.2c, located at the Department of Engineering and Applied Sciences,
Sophia University (Tokyo, Japan), has another growth chamber (E2). The lat-
ter is employed mainly for the selective area growth of III-N semiconductor
nanocolumns on patterned GaN template/sapphire using Ti as a mask. Ac-
tivities in the E2 chamber are more focused on the growth of GaN/InGaN
nanocolumn structure for visible LEDs. Unfortunately, RHEED character-
ization technique was not utilized throughout this PhD work because of a
malfunction in the RHEED gun. Substrate holders used for growing nanocol-
umn structures doped withMg atoms (i.e., p-nanocolumn) were/are afterwards
baked in the previously mentioned baking chamber. This was/is done to mini-
mize outgassing of Mg atoms in later nanocolumn growths.

4.2 SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) is an imaging technique utilizing an
electron beam focusing system for the analysis and examination of micro-
/nano-structure morphology, topology, and composition with sub-hundred-
nanometer resolution by scanning the sample surface in a raster scan pattern.
It is a non-destructive, simple, and efficient characterization technique. When
the incoming electrons from the electron gun, called the primary electron
beam, impinge on the sample’s surface, they can penetrate the sample for some
distance (up to 10 `m, depending on the electron energy) before they encounter
and collide with the atoms from the sample. Figure 4.3a illustrates a wealth
of signals that can be generated due to these electron–sample interactions, in
which each of them can provide unique information for the analysis of the
sample.

The primary electron beamproduces a region of primary excitation, causing
an ionization of sample atoms. As a result, loosely bound electrons from the
outermost atomic shells of the material can be emitted, which are known as
secondary electrons (inelastic scattering). These electrons have low energy (< 50
eV), and therefore, they can escape from the sample only if they are generated
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FIGURE 4.3. Scanning electron microscopy. a, Various SEM signals generated upon the inter-

action of incident electron beamon the sample surface (adaptedwith permission

from ref. 22 © 2013 Sergey Khromov). b, Simplified schematic diagram of the

SEM apparatus.

approximately a fewnanometers from the surface. Since this secondary electron
signal originates from the sample surface, it is the most widely used signal for
investigation of topographic contrast, emphasizing the visualization of surface
texture and roughness.

A group of primary electrons that lose a small amount of energy, called
backscattered electrons, undergo a single or multiple scattering events and escape
from the surface. Their energy are several keV, and they can be the source of
another secondary electron. However, this can reduce the overall resolution
of the secondary electron image. Since backscattered electrons emerge from
deeper locations within the sample, the image resolution is inferior to the sec-
ondary electron image. As these backscattering events are strongly dependent
on the atomic number (Z) of the constituent atoms, this signal can be used to
identify both compositional and topographic information.

Another group of signals that can be exploited for quantitative composi-
tional analysis is characteristic X-rays. They are emitted as a result of electron
excitation from an inner shell to an outer shell of an atom, followed by electron
relaxation filling the vacancy in the inner shell. The technique utilizing charac-
teristic X-rays is called energy-dispersive X-ray spectroscopy (EDS or EDX)
or sometimes called particle-induced X-ray emission. An alternative group of
signals to characteristic X-rays for surface chemical analysis is Auger electrons.
The filling of an inner shell vacancy of an atomic orbital by an electron from a
higher energy level results in a release of energy, which typically occurs in the
form of a photon. However, this energy can also be transferred to another elec-
tron, which is then ejected (emitted) from the atom. This technique, utilizing
the so-called Auger effect, is referred as Auger electron spectroscopy.

Finally, when the primary electrons can excite electrons in the sample
from the valence band to the conduction band, the subsequent de-excitation
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process will generate a photon emitted as a result of the electron and hole
recombination. In this way, a cathodoluminescence signal is produced. Material
information such as energy bandgap (thus often its composition and crystal
structure) and energy levels of impurities and defects can be retrieved from the
cathodoluminescence measurement.

Electron beam energy, which is expressed as the acceleration voltage in the
SEM graphical user interface, determines the size and shape of the interaction
zone within the sample. One can increase (decrease) the penetration depth
and interaction volume by increasing (decreasing) the energy of the electron
beam. For example, a low acceleration voltage is required to visualize the
detailed structural information from the very surface region of the sample
using secondary electron signals. This implies that lower acceleration voltage
leads to higher resolution. The atomic number (Z) of the atoms in the analyzed
material can also influence the penetration depth and interaction volume in
such a way that the penetration depth and interaction volume are reduced with
the increasing of Z.

A schematic diagram of a SEM is shown in Figure 4.3b. An electron gun
generates an electron beam in a high-vacuum chamber (10−10 Torr) with an
adjustable acceleration voltage in the range of 1-30 kV. Modern SEM utilizes a
tungsten field emission source instead of a tungsten or lanthanum hexaboride
thermionic emitter to achieve a stable electron beam with high current, a
coherent beam, and small spot size. This concentrated beam of electrons is
achieved by using a magnetic condenser lens system and an objective lens. Scan
coils located between the lens systems are used to produce deflections over the
sample in the form of a raster, i.e., by sweeping the focused electron beam over
a sample surface one point at a time in a rectangular scanning area—just like the
display in previous cathode-ray tube-based television. An aperture can exclude
the electrons deviating from the optical axis. Varying signals produced from
the bombardment on the sample surface are then identified by using specific
detectors, whose output is fed synchronously for visual display.

Note here that the electron lenses in an SEM are not involved in magni-
fication; their function is solely to produce a focused electron beam onto a
particular surface region. Achieving a higher magnification can be done only
by scanning a much smaller region. This implies that the resolution in an SEM
is dependent on the electron probing size on the sample.

The morphological features of the grown GaN and GaN/AlGaN
nanocolumns in this thesis were studied using an SII SMI3050SE focused
ion beam (FIB)-SEM and a Hitachi SU8000 SEM at the Department of Ma-
terials and Life Sciences, Sophia University (Tokyo, Japan). An acceleration
voltage of 15 kV for the former and 5-15 kV for the latter was employed for
the secondary electron imaging.
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4.3 TRANSMISSION ELECTRON MICROSCOPY

Transmission electron microscopy (TEM) is a microscopy technique exploiting
the transmitted electrons through a prepared thin sample (< 100 nm) to form
an image. With a typical high electron acceleration voltage of 200 kV in TEM,
a resolution of 2.7 pm should theoretically be achievable, but due to imperfect
lenses (lens aberrations, e.g., spherical and chromatic aberrations, coma, field
astigmatism, field curvature, and distortion), the practical resolution is ∼1 Å.
Regardless, this extreme spatial resolution can reveal the crystal phase and
defects, as well as determine the lattice constant of semiconductor materials.
TEM relies on the detection of primary electrons traversing the sample, either
straight or scattered forward into their respective detectors, e.g., a charge-
coupled device (CCD) camera, or an electron energy loss spectroscopy (EELS)
detector. These direct electron interactions with structure inside the sample
can produce higher resolution image than the collection of secondary electrons
in SEM. Additionally, TEM is equipped with an EDX detector to detect X-rays
that are generated when the electrons inelastically interact with the atoms.

Figure 4.4a presents the general layout of components involved in the
TEM23. Emitted electrons from the field emission gun are accelerated as they
pass through the vacuum column via condenser lenses and aperture, which have
the capability to control the beam size (parallel, for conventional TEM imaging,
or convergent, for scanning techniques) and intensity upon reaching the sample.
Subsequent scan coils are utilized in scanning mode and for tilting the beam in
dark-field TEM imaging. The electron beams then interact with the sample (<
100 nm thick): some of the electron beams are transmitted (elastically) through
the sample, and some of them are scattered (elastically and inelastically) by the
sample into particular directions according to Bragg’s law. Subsequently, these
scattered beams are brought into focus by the objective lens to a diffraction
pattern in the back focal plane and further down to an image in the image plane.
Magnification is done via an intermediate lens, and the final electron wave
front is projected onto a fluorescent screen or a CCD camera by a projection
lens. Resolution in a TEM is primarily dependent on the electron optics, which
are limited by aberrations.

Because of the particle/wave duality of high-energy electrons, TEMcanpro-
vide diverse characterizations and analysis techniques24. Figure 4.4b presents
the possible interactions that can happen between an incident beam of electrons
and a sample. In addition to the signals that have been previously discussed in
SEM, accelerated electrons can pass through the sample without interaction
(direct beam) or undergo either elastic or inelastic scattering. The coherency
features of the elastically scattered electrons—, i.e., phase relationship between
scattered electrons—can be used, for example, in high-resolution TEM (co-
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FIGURE 4.4. Transmission electronmicroscopy. a, Schematic diagramof a TEMwith its beam

paths (adaptedwith permission from ref. 23© 2020 Julie Stene Nilsen). The blue

lines represent the direct beam, while the green and red lines are associated with

scattered electrons at two different directions. Under the intermediate lens: the

solid lines illustrate the beam path for imaging mode, the dashed lines depict the

beam path for diffraction mode. b, Various TEM signals generated upon the tra-

verse of incident electron beam through a thin sample (adapted with permission

from ref. 24 © 2014 Takeshi Saito). c, Schematic diagram of the STEM and the

electron scattering angles with their respective detectors.

herent) and high-angle annular dark field scanning TEM (incoherent). On the
other hand, for the inelastically scattered electrons, the loss of incident electron
energy due to generation of X-ray can be utilized for EELS and EDS techniques.

Contrast in TEM images is formed from amplitude contrast (a combination
between mass-thickness and diffraction contrasts) or phase contrast24. Mass-
thickness contrast in the image originates from incoherent elastic scattering.
The degree of scattering increasesmonotonically as a function of Z; highZ (high
mass) scatters electrons at an angle that will be blocked by an objective aperture,
thus forming darker image. The opposite happens for low Z (low mass), i.e.,
bright image will be formed. Similarly, a thick region scatters electrons at larger
angle than that of a thin region, although they have an identical Z.

Diffraction contrast appears in a situation when the intensity variations arise
from differences in diffracting conditions between different regions across the
sample. The contrast in this image results from elastic scattering event and
it is formed due to the role of atomic planes in the crystal oriented in such a
way that leads the electron beam to experience Bragg scattering. When the
aperture is positioned to pass only the directly transmitted electrons, a bright-
field (BF) image is formed. On the other hand, when the aperture is positioned
to pass only some diffracted electrons (due to the strongly diffracting regions),
a dark-field (DF) image is formed.

In BF image, the diffracted beam is blocked, meaning the image is dark in
the scattered region, whereas in DF image, the diffracted beam passes through,
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and thus the image appears bright in the diffracted region. One can select one
of these images to be projected onto the detector via an objective aperture
by adjusting the incident beam using the scan coils10,23,24. DF mode provides
inverse and improved contrast relative to BF mode that is useful for capturing
smaller features in the crystal, such as crystal stacking order and defects. The
contrast provided in this mode is also influenced by the Z, for which a heavy
atom gives a brighter contrast, and a light atom gives a darker contrast.

A diffraction pattern24 is made in the back focal plane of the lower objective
lens, where the objective aperture is located. By introducing a selected area
aperture (a thin metal strip containing several different hole sizes) into the
beam path (image plane), one can block all of the electron beam except for the
small fraction that passes through one of the holes. Diffraction pattern from
the sample in a specific area down to 100 nm in diameter can be recorded10,
and thus selected area electron diffraction (SAED) pattern is obtained. This gives
information regarding the local crystallography, orientation, and defects.

TEM, whose image is produced by a phase contrast mechanism (another
image contrast beside amplitude contrast) is known as high-resolution TEM
(HRTEM). This mode can be achieved by selecting a larger objective aperture
that allows both direct and (several) diffracted electron beams to form an image.
The mechanism is based on the interference between these multiple beams, and
it originates from the phase shift due to the interaction between the incident
electrons and the thin sample24. This phenomenon leads to the formation of
interference (lattice) fringes containing the information regarding the phase
of electron waves scattered throughout a thin sample25. The interpretation of
these fringes can provide high spatial resolution information for the investi-
gated materials such as the spacing of the lattice planes, i.e., lattice resolution
imaging, through which an atomic resolution can be resolved. This technique
is very useful for revealing the crystalline stacking order and interface of the
heterostructure materials.

Another interesting technique is called scanning TEM (STEM), in which
the finely-focused electron probe of TEM (instead of a parallel one) is brought to
scan over the sample in a raster method similar to SEM, as illustrated in Figure
4.4c25. The transmitted and scattered electrons are subsequently collected
by different detectors, namely BF, annular dark-field (ADF), and high-angle
annular-dark field (HAADF) detectors. While the BF detector gathers the
unscattered electrons (and low-angle scattered electrons, smaller than 10mrad),
the ADF collects scattered electrons (between 10 to 50 mrad) that are mostly
thermally diffused scattered electrons. A particular imaging technique, named
HAADF-STEM, utilizes elastically scattered electrons resulting from high-
angle incoherent scattering (more than 50 mrad)24. Such scattering angle is
caused by the heavy atoms; the image intensity is proportional to the Z, and thus
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it is often called “Z-contrast” imaging. Compared to HRTEM, this technique
can generate higher atomic resolution images and is more straightforward in
interpreting atomic structures.

In this thesis, details of the structural characterization of the GaN
nanocolumns on silica glass were studied using different TEM imaging meth-
ods (SAED, HRTEM, and HAADF STEM), carried out by means of field
emission JEOL-2100F and JEOL JEM-ARM200F systems. The interfaces of
GaN nanocolumns/AlN buffer layer on graphene/silica glass and GaN/AlGaN
nanocolumns/AlN buffer layer on graphene/silica glass, along with their ele-
mental distributions were studied using HRTEM and STEM EELS/EDS in an
emission gun JEOL ARM200F system, equipped with a QuantumER GIF for
EELS and a Centurio SDD for EDS. Inelastically scattered electrons for ele-
mental mapping and compositional analysis were measured by EELS, whereas
continuous X-rays were analyzed using EDS. These characterizations were
carried out by collaborators at TEM Gemini Centre, NTNU.

4.4 HIGH-RESOLUTION X-RAY DIFFRACTION

High-resolution X-ray diffraction (HRXRD) is a non-destructive analytical
technique to study the average structural properties and chemical composi-
tions of as-grown crystalline material, based on the information obtained from
its diffracted X-ray pattern peak(s) at a specific range of angles. An X-ray beam
is incident on the surface of the sample (penetrating several micrometers into
the crystal structure), which results in the scattered X-rays from the sample
interfering with each other in destructive and constructive fashions. The de-
structive scattering does not contribute to the output signal. At a particular
range of incoming angles, the X-ray beams are scattered constructively by the
periodic structure of a crystal that acts as a grating, as illustrated in Figure 4.5a.
The particular angles giving rise to the constructive interference is unique for
every crystal.

FIGURE 4.5. High-resolution X-ray diffraction. a, Schematic of Bragg diffraction and b, the

top-view of HRXRD basic configuration for 2θ-ω scan.
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The output of XRD signal is determined by the constructive interference
at the detector position by waves scattered from atoms of the probed volume
of the sample. This means that the size of the receiving slit also matters. Apart
from the arrangement of the lattice, the destructive/constructive scattering
for a specific reflection is governed by the internal structure of the unit cell
(primitive cell to be more precise) via the structure factor26. The value of the
structure factor must be different from 0 for a diffraction to be present.

Constructive interference described earlier can only occur when the path
length difference between two reflected waves, as shown in Figure 4.5a, un-
dergoing interferences (given by 2dhkl sin θ) is equal to an integer multiple of
the wavelength of the X-ray beam (given by nλ). This is known as the Bragg
condition, and thus the equation of 2dhkl sin θ = nλ is called Bragg’s law, where
dhkl is the interplanar atomic distance between adjacent (hkl) lattice planes, θ
is the incident angle, n is an integer and λ is the X-ray wavelength. Since the
incident angle at which constructive interference taking place is measured, and
the wavelength of X-ray source is determined, one can use the Bragg equation
to precisely calculate the distance between the lattice planes of the material.
The result of this HRXRDmeasurement is expressed with the relation between
the X-ray intensity on the y-axis and the incident angle on the x-axis.

Figure 4.5b presents the general HRXRD system, consisting of an X-ray
tube, an incident X-ray optics unit, a motorized sample stage, a secondary X-ray
optics unit, and an X-ray diffraction detector. The X-ray tube generates X-ray
beams by accelerating a focused electron beam at high voltage to bombard
a target material, which is typically Cu, resulting in an X-ray wavelength of
1.5406 Å (Kα radiation). An incident X-ray optics unit is composed of a Göbel
mirror, a monochromator, and a divergence slit. It has a few specific functions
to perform before letting the X-ray beam reach the sample: the Göbel mirror
collimates the X-ray beam; the monochromator, made of a channel-cut Ge
crystal, enhances the spectral resolution; and the divergence slit limits the
divergence of the X-ray beam. Prior to detection, the diffracted X-ray beam
goes through the secondary optics unit that has identical parts (with adjustable
receiving slits) to those of the previous optics unit.

Two modes were employed in the work presented in this thesis: symmetric
2θ-ω and ω scans (symmetric: crystal planes are parallel to the sample surface).
Figure 4.5b virtually illustrates the HRXRD basic configuration for the 2θ-ω
scan, where the detector and the sample are rotated simultaneously for 2θ and
ω (or θ on the previous notation of Bragg condition), respectively. For the
ω scan, also known as the rocking scan, the sample is scanned by rotating ω
while keeping the detector stationary. These symmetric scans are capable to
reveal the information regarding the lattice constant c, as well as e.g., quantify
the crystal quality and strain states (tensile or compressive) of the grown III-V
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nitride nanocolumns. The 2θ-ωmode is used to provide the crystal structure,
orientation, and chemical composition, while the FWHM obtained in rocking
mode indicates the orientation quality, i.e., spread of tilt of the nanocolumns. If
needed, the lattice constant a can be measured using an additional asymmetric
scan.

HRXRD was performed by collaborators using a Bruker D8 Discovery
High-Resolution Diffractometer using Cu Kα radiation at the Department of
Electronic Systems, NTNU.

4.5 PHOTOLUMINESCENCE SPECTROSCOPY

Photoluminescence spectroscopy is a contactless, non-destructive measure-
ment method for the characterization of optical properties of semiconductors
based on the light emission from semiconductors after the absorption of in-
coming photons from an external source. It can be indirectly employed to study
structural properties, like the strain of the materials. The source of excitation
is typically a laser, whose beam is incident on a semiconductor sample. When
the photon energy of the laser is higher than that of the bandgap of the semi-
conductor, the absorption of laser light by the semiconductor occurs. (In this
section, direct bandgap semiconductor is assumed, unless otherwise stated).
At this point, the electrons in the valence band receive energy, enabling their
promotion to the conduction band, and they consequently leave behind holes
in the valence bands (i.e., electron-hole pairs are created).

However, these excited electrons in the conduction band are unstable. To be
able to return to their equilibrium state, theymust undergo a few steps (in order
to release their excess energy, either via the emission of light or not) before
the recombination of electron-hole pairs takes place. The electrons (holes) that
are excited at an energy level higher than that of the bandgap will experience a
thermal relaxation to release this extra energy in the formof phonons. After that,
the electrons (holes) arrive at the minima of the conduction band (maxima of
the valence band). Following this, electrons from the minima of the conduction
band recombine with the holes at the maxima of the valence band, and this
phenomenon is known as the band-to-band recombination process. This event
leads to the generation of photons, whose energy is related to the difference in
energy levels between the excited state and the equilibrium state, i.e., bandgap
of the semiconductor material under investigation.

The photon generation mechanism mentioned previously is categorized
as the radiative transitions. Radiative transitions in semiconductors can addi-
tionally occur via direct or indirect transitions through localized defect levels
within the bandgap (e.g., in the middle), such as vacancies or interstitials. Their
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FIGURE 4.6. Photoluminescence spectroscopy. a, Recombination processes in a direct

bandgap semiconductor. First, electron is excited from the valence band to con-

duction band using laser. Then it is de-excited to the conduction band minima by

emitting optical or acoustic phonons. Various possible photoluminescence pro-

cesses are followed afterwards as shown in the inset. b, Schematic diagram of

a micro-photoluminescence setup (adapted with permission from ref. 25© 2010

Dheeraj Dasa Lakshmi Narayana).

photoluminescence emissions related to these energy levels can be utilized to
identify specific defects and possibly to determine their concentrations. Other
radiative recombinations can come from free exciton recombination, donor- and
acceptor-bound excitons, along with donor-acceptor pairs. Figure 4.6a summa-
rizes the aforementioned recombination or transition processes occurring in
the semiconductor after excitation. Therefore, analysis of the photolumines-
cence spectra is useful in revealing the recombination mechanism of a semi-
conductor material. Corresponding to the energy bandgap measurement, this
photo-excitation process can also reveal the information regarding the alloy
composition of semiconductor materials.

Photoluminescence intensity is associated with the relative contribution
of the radiative processes. In case a semiconductor contains defects, this can
influence the optical properties of the semiconductor also as non-radiative
recombination centers. The excess energy from electrons transitioning from
the conduction band to the defect level (and/or from the defect level to the
valence band) can result in a non-radiative, a radiative process (as mentioned in
the aforementioned paragraph), or combination of both processes. The third
event indicates that one of the transitions could be radiative, depending on
materials and/or defects. Another example of non-radiative process is Auger
recombination, a process where the excess energy is given to a third carrier,
i.e., an electron in conduction band. This third carrier is excited to a higher
energy level and once it loses its excess energy, it thermalizes back down to
the conduction band edge. Non-radiative process can reduce or quench the
band-edge luminescence intensity of the semiconductor material, such as in an
example given by Geelhaar et al.27. The nature of the defect in this paragraph is
different from the aforementioned defect in that the latter is radiative and can
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account for additional emission bands. The incorporation of a metal catalyst
into the nanocolumns is an example for the defect (as an impurity) that can
weaken the GaN photoluminescence intensity28, whereas stacking fault is an
example of the radiative defect27.

At room-temperature, the recombination process is normally dominated
by band-to-band recombination and defect level transitions, if present. Strong
electron–phonon interactions at room-temperature broadens the photolumi-
nescence bands, causing an overlap of bands of similar energies. Therefore,
it is difficult to analyze the details of a photoluminescence spectrum. At low-
temperatures, on the other hand, other recombination processes—in addition
to previously mentioned processes at room-temperature—can be observed. For
instance, these can include free excitons, donor- or acceptor-bound excitons,
and/or donor–acceptor pairs. Moreover, the effect of thermal broadening in
the photoluminescence bands is suppressed, so bands that overlap at room-
temperature observation are more clearly distinguished at low-temperatures.

Schematic diagram of a micro-photoluminescence setup is presented in
Figure 4.6b. The laser is used as an excitation source, with its beam passing
through a series of lenses and mirrors, which is then focused using an objective
lens that can produce a spot with a diameter from a few to several hundred
micrometers on the sample. Subsequently, the photons generated from the
sample go through the same objective lens, but now they pass through the
beam splitter, collected by condenser optics, converted to a collimated beam
by a condenser lens and subsequently focused by another condenser lens to
the entrance slit of a spectrometer. Here, the luminescence is dispersed in
the spectrometer and then detected by a Si CCD detector. Low-temperature
photoluminescence measurement is done by placing the sample in a closed-
cycle cryostat, where the temperature of the samples can be controlled from 10
to 300 K.

The first part of the optical studies in this thesis was done at Sophia Nan-
otechnology Research Center, Sophia University (Tokyo, Japan), using room-
temperature and 77 K micro-photoluminescence with a He-Cd laser (325 nm)
as the excitation source. Measurement at 77 K was achieved by placing the
sample inside the closed-cycle liquid nitrogen cryostat system equipped with
a sample heater and thermometer. The second part of the optical studies was
conducted by a collaborator at the Nanophotonics Laboratory, Department of
Electronic Systems, NTNU. The room-temperature micro-photoluminescence
measurements were done using aHe-Cd laser (325 nm) and the third harmonics
of a tunable, pulsed Ti: Sapphire laser (266 nm) as the excitation source. In ad-
dition, the measurement at 4 K was taken by isolating the sample inside a Cryo
Industries closed-cycle liquid helium microscopy cryostat system equipped
with a sample heater and thermometer for precise sample temperature control.



102 I CHAP. 4 GROWTH, CHARACTERIZATION AND FABRICATION

4.6 RAMAN SPECTROSCOPY

When amonochromatic light is shone on amaterial, most light will be scattered,
with no change in the color of the light. This vastmajority of photons (>99.999%)
are elastically scattered, meaning that they have the same wavelengths as the
incident light. This is known as a Rayleigh scattering. However, an insignificant
part of the light (<0.001%) will be scattered with a slightly different color.
These photons experience an inelastic scattering, a term used for the scattered
light that undergoes a wavelength or energy shift either up or down relative
to the incoming light. This phenomenon is called Raman scattering, and it
occurs due to the interaction (energy exchange) between the monochromatic
light and atomic vibrations and/or phonons in the material. Simply defined,
Raman spectroscopy is a contact-less, non-destructive, spectroscopy-based
technique that utilizes the Raman scattering phenomenon for the structural
characterization of the semiconductor and graphitic materials, among others.

The electric field of the incident light distorts the electron cloud of the
material, triggering electronic transitions to a higher virtual state. In Rayleigh
scattering, when a molecule is excited to any virtual state, it relaxes back to its
original state by elastically scattering the photon whose energy is the same as
that of the incident light energy. However, this is not the case for Raman scat-
tering. In the first situation, the excited molecule in any virtual state is relaxes
back to a higher vibrational state than where it originated, making the photon
being emitted at lower energy. In the second situation, the molecule from a
higher vibrational state is excited to any virtual state, and then it relaxes back
to a lower vibrational state than where it originated. Thus, the photon leaves
with energy higher than that of the incident photon. Figure 4.7a illustrates all
possible scattering in a molecule upon radiation by light.

As a result, the Raman scattering signal in the first situation is shifted
toward a lower energy (longerwavelength) than the excitation energy (i.e., Stokes
scattering), whereas in the second situation, theRaman scattering signal is shifted
toward a higher energy (shorter wavelength) than the excitation energy (i.e.,
anti-Stokes scattering). The energy differences (or wavelength shifts) between
excitation and scattering recognized in these phenomena are associated with
the atomic vibrational transitions. Rayleigh scattering has the strongest signal,
followed by Stokes scattering and, finally, anti-Stokes scattering. The signal
coming from anti-Stokes scattering is the weakest because only a small fraction
of the atoms initially reside at a higher vibrational state (before the photon is
incident upon the material). In Raman measurement, the result of interest is
the energy difference between the incident and scattered photons—the Raman
shift, with the unit expressed in units of wavenumber (number of waves per
cm, cm-1). A value of 0 cm-1 means that the incident light is scattered without
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FIGURE 4.7. Raman spectroscopy. a, Energy diagram illustrating Rayleigh and Raman scatter-

ing processes. b, Schematic of a Raman system (adapted with permission from

ref. 29 © 2019 MDPI.

a change (shift) in energy.
Since each material has its unique vibrational fingerprints, Raman spec-

troscopy is a usefulmeasurement technique for revealing information regarding
the identity, structure, thickness, chemical composition, crystallinity, stress
state, quality, and even doping level of the materials. Recognition on these
features can be achieved by comparing the Raman shifts with the databases of
known spectra. Raman spectroscopy is sensitive to small changes in material
chemistry and structure, owing to the high sensitivity of vibrational states,
which can alter the energy of scattered photons. Moreover, this shift can pro-
vide information on the electronic properties that can be derived from LO
phonons and coupled plasmon–LO phonon modes17. Additionally, the vibra-
tion frequency depends on the mass of the atoms and/or the bond strength
between them. That is, heavy atoms and/or weak bonds have low Raman shifts
(e.g., C-C, ∼800 cm-1), while light atoms and/or strong bonds have high Raman
shifts (e.g., C-H, ∼3000 cm-1 or C=C, ∼1600 cm-1). Such rules can be used to
explain one of many possible features observed in Raman spectra.

A common micro-Raman system presented in Figure 4.7b is similar to that
of micro-photoluminescence system in Figure 4.6b. Laser light (focused by a
microscope objective lens) illuminating the sample surface generates the scat-
tered light, which is subsequently collected by the same microscope objective
lens. It then passes through a lens system and is sent through a spectrometer.
Wavelengths near the laser line (due to elastic Rayleigh scattering) are filtered
out by using notch and/or edge filters, holographic diffraction gratings, and
multiple dispersion stages that can reject laser light at high degrees. In this way,
undesired light is blocked (since it would drown out the relatively weak Raman
signal), and only those wavelengths in a certain spectral window away from the
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laser line are dispersed by diffraction grating onto a CCD detector for spectral
acquisition.

In this thesis, unpolarized micro-Raman spectroscopy was conducted at
room-temperature in backscattering configuration using a Renishaw InVia
Reflex Spectrometer System, equipped with a 514.5 nm excitation laser. These
measurements were realized at the NTNUNanoLab, and part of the characteri-
zation results presented in the subsequent chapters were done by collaborators.

4.7 DEVICE FABRICATION AND ELECTRICAL MEASUREMENTS

In order to make devices from the nanocolumn samples grown using RF-
PAMBE (and generally other growth techniques), it is necessary to first define
the contact areas by photolithography. Next, one must deposit the required
metals in these predetermined domains by electron-beam (e-beam) evaporation
and/or sputtering. Since the graphene used in this PhD work was intended
as not only the semiconductor substrate but also the transparent conducting
electrode, one of the designated contact areas must be on graphene, not the
grown semiconductor layers as in the traditional way. With that being said, the
processing and characterization techniques exploited for the LED fabrications
are tremendously vast, demanding their own dedicated discussions, which are
beyond the scope of this dissertation. Description of the physical phenomena
regarding the involved technologies, including atomic layer deposition (ALD),
inductively coupled plasma-reactive ion etching (ICP-RIE), photolithography,
e-beam evaporation, and sputtering, are available elsewhere. For this reason,
the rest of this section emphasizes more on the general procedure of the LED
fabrication processes.

The nanocolumn structure that was employed for the device fabrication in
this PhD thesis consisted of (from bottom to top) n-GaN/n-AlGaN/i-GaN/p-
AlGaN/p-GaN. In this work, Si-doped n-AlN buffer layer was first grown
on top of graphene as the nucleation layer for the subsequent nanocolumn
formation, enabling a vertical orientation of the c-axis growth direction from
graphene. Furthermore, this buffer layer alleviates the damage on the graphene
surface caused by nitrogen plasma damage during the growth. Simultaneously
in this given condition, the doping properties of graphene become n-type30–35.
It is then assumed (and purposely oversimplified) in this study that the graphene-
AlN interface in the vicinity of bottom contact area has similar electrical prop-
erties, i.e., n-n semiconductor heterojunction, despite their dissimilarity in
work function. Note that the difference in the work function can affect the
overall device performance and thus may become a subject of interest for future
investigations (see Subsection 3.2.3). Another contact area was defined on the
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top part of the GaN nanocolumns, which is typically doped with Mg atoms,
prompting a p-type doped semiconductor.

A stack of metals, usually consisting of 50 nm Ni and 100 nm Au (or 10
nm Ni and 200 nm Au), was utilized as a contact to the top part of the p-GaN
nanocolumn segment, and 200 nm Au was employed as the bottom contact
metal to the graphene. The latter material has been demonstrated to exhibit
an ohmic contact to graphene with a low contact resistance36. As it might be
noticed, the top metal contacts were relatively much thicker compared with
other top metal contacts employed in other nanocolumn LED studies, which
typically consist of 10 nm Ni and 10 nm Au. The reason for this is that LEDs
reported in this thesis are not intended for top emitting devices. Instead, they
are designed for flip-chip type devices, in which light can be emitted through
the transparent graphene substrate. In this regard, a graphene electrode can
in principle enable vertical current injection through the nanocolumn LED
structures. Please note that as long as the contact formed on graphene is on
the side of the LED, lateral current injection and hence current crowding will
take place. The latter becomes more pronounced when the sheet resistance
of graphene is high. The thick metals at the top are used to ensure uniform
connection across the defined contact area of the p-GaN nanocolumn segment.

Depending on the geometrical shape of the nanocolumn top, two different
approaches can be used for the flip-chip device fabrication. The two approaches
share similar processes, but with additional early process steps for one of the
fabrication methods.

With the top of nanocolumnsmergingwith each other, i.e., no gap spacing is
observed in the p-GaNsegment of nanocolumns (e.g., Figure 2.15), the following
processes, consisting of photolithography and metallization, are described in
Figure 4.8. An insulating layer of photoresist was first coated on the sample to
define the aperture and bottom contact area. During this first photolithography
step, the sample was placed in an oven to resist reflow prior to hard bake, i.e.,
curing the photoresist. Afterward, a lift-off process (resist reflow and hard bake
are now omitted) was carried out to form the Ni/Au top contact area in the
vicinity of the aperture. Next, the bottom Au contact area was formed using
the same lift-off method mentioned earlier. However, since the nanocolumns
covered the graphene surface, it was important to first remove them from the
designated bottom contact area by scratching using the tip of a needle. This
was the method used throughout this PhD work. Bear in mind that scratching
is very likely to damage graphene, and thus dry etching is deemed to be a better
approach to remove the nanocolumns. It should be stressed that the use of a
dry etching method can damage the graphene as well if it is not controlled well.
Finally, Au was deposited as the bottom metal contact to the open graphene
area.
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FIGURE 4.8. Illustration of flip-chip nanocolumn-based UV-LED fabrication processes for the

nanocolumn structurewhose p-GaNsegments are coalescedwith their proximity.
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For nanocolumn LED structures whose p-GaN segments do not coalesce
with their vicinities, the device fabrication scheme is illustrated in Figure 4.9.
Thin aluminium oxide (AlxOy), with an approximate thickness of 15 nm, was
deposited on the sample using the ALD technique, resulting in a fine conformal
coating to the nanocolumn surface and graphene substrate. In this state, AlxOy
also still covers the p-GaN layers, and this coverage should thus be removed
prior to the formation of the Ni/Au top contact. To achieve this, a first round
of the photolithography process using a diluted photoresist (e.g., S1813 positive
photoresist) was realized. Exposing AlxOy covering p-GaN sections can be
accomplished through oxygen plasma etching of the diluted photoresist. The
sample was then subjected to an etching process using ICP-RIE to remove the
AlxOy layer from p-GaN. Afterward, this diluted photoresist was washed away,
and the same processing methods for the formation of the top and bottom
contact metallization described in the previous paragraph were then applied
for this sample.

Note that resist reflow was done in both of the aforementioned methods
(during the first photolithography stage for the former and the second for
the latter) to achieve a V-shaped (inclined) sidewall profile. This particular
V-shaped sidewall was used to prevent discontinuity of the metal after the top
contact metallization step. Additionally, the extension of metal on top of the
cured photoresist can be utilized as a contact (measuring pad) to the top of
nanocolumns, where the aperture area was defined. This was beneficial to
maintain the stability of device performance, since it was not ideal to directly
probe the metal on top of nanocolumns, as any external pressure might damage
the nanocolumns beneath this layer. Placing a measuring pad away from the
aperture minimizes a possible damage caused by the probing pressure, as it
then only affects the nanocolumns that are completely isolated/separated from
the nanocolumns in the aperture area.

In the thesis work, the photoresist that was subjected to reflow and hard
bake process was intended not only to define the aperture and bottom contact
area, but also to isolate the top contact metal from the bottom contact metal.
This reduced the possibility for the current to leak through an unintended path
with no or very low electrical resistance, which could have resulted in a large
leakage current flowing through the device (short circuit). In addition, the
current could also leak through the self-assembled nanocolumns—particularly
if they are randomly coalesced—as well as through the photoresist itself since
it is not a perfect insulator. Therefore, AlxOy can be employed as a passivation
material to further suppress the leakage path, as shown in Figure 4.9. Further-
more, since it is transparent to the UV light it would have negligible impact on
the light extraction from the UV LED. For the studies in the thesis, AlxOy was
deposited at a relatively slow rate to ensure a conformal layer formation across



108 I CHAP. 4 GROWTH, CHARACTERIZATION AND FABRICATION

FIGURE 4.9. Schematic diagram of flip-chip nanocolumn-based UV-LED processing flows for

the nanocolumnstructurewhose p-GaNsegments are separated fromeachother.
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the nanocolumns and graphene surface.
Additionally, the contact annealing step was omitted in both processing

approaches because of the presence of photoresist in the final device structure as
the insulating layer. Photoresist in general is not suitable to high temperature
annealing, due to the creation of bubbles inside the photoresist layer. It is
possible as well that the evaporation of photoresist can occur, depending on
the resist and temperature. Instead of photoresist and AlxOy, a combination of
silicon dioxide as an insulating layer and AlxOy as a passivation layer is more
desirable. This is because such combination allows an annealing process at
high temperatures that can improve electrical properties, especially at metal-
semiconductor junctions.

The current–voltage (I–V) characteristics of the nanocolumn device struc-
ture can be measured by applying a voltage between the metal at the graphene
substrate (bottom contact) and the metal at the nanocolumns (top contact). This
measurement technique is one of the most common methods for determining
the electrical characteristics of optoelectronic devices, which can be further
used to extract information such as rectification ratio, series resistance, turn-on
voltage, and breakdown voltage. However, one should be aware that excessive
applied electric power can lead to Joule heating, which in turn can uninten-
tionally anneal the device during the I–V measurement. Such phenomenon
can lead to the degradation of the nanocolumn LED efficiency37. Joule heating
may have occurred for the device-related work in this PhD thesis.

Furthermore, light emission of the UV-LEDs can be assessed using the elec-
troluminescence measurement technique, which relies on the same principle
as the I-V measurement. Applied voltage above the turn-on voltage triggers
radiative recombination of injected carriers, which can be measured by a pho-
todetector. The emitted photons have peak wavelength(s) similar to that of
the band-to-band recombination observed in photoluminescence. In addi-
tion to the electroluminescence spectrum, the EQE of the nanocolumn-based
UV-LEDs can also be estimated. Figure 4.10 presents the configuration of the
electroluminescence setup (similar to that of the I–V measurement but with
light detection capability) for the final UV LEDdevice from each of the previous
approaches, as described above. In this arrangement, only nanocolumns within
the aperture area contribute to the light generation that is emitted through the
graphene/silica glass substrate.

UV-LED processing, I–V, and electroluminescence measurements were
made by collaborators at the NTNUNanoLab, I–V Laboratory at the Depart-
ment of Electronic Systems NTNU, and at CrayoNano AS, respectively.
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FIGURE 4.10.Sketch for the electroluminescencemeasurement of the flip-chip UV-LEDs based

on nanocolumn structure.
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ABSTRACT

We demonstrate GaN nanocolumn growth on fused silica glass by plasma-
assisted molecular beam epitaxy. The effect of the substrate temperature, Ga
flux and N2 flow rate on the structural and optical properties are studied. At
optimum growth conditions, GaN nanocolumns are vertically aligned and well
separatedwith an average diameter, height and density of 72 nm, 1.2 `mand 1.6
× 109 cm-2, respectively. The nanocolumns exhibit wurtzite crystal structure
with no threading dislocations, stacking faults or twinning and grow in the
[0001] direction. At the interface adjacent to the glass, there is a few atom layers
thick intermediate phase with ABC stacking order (zinc blende). Photolumines-
cence measurements evidence intense and narrow excitonic emissions, along
with the absence of any defect-related zinc blende and yellow luminescence
emission.

5.1 INTRODUCTION

Wide band-gap GaN and related ternary III-N semiconductor compounds
have been recognized to be among the most important semiconductors for
electronic1,2 and optoelectronic devices3–5 due to their remarkable optical,
electrical and physical properties1,5. Nevertheless, the commercialization of
GaN-based devices is hampered by the limitation of substrate availability. Si
and sapphire (Al2O3) have been traditionally employed for the reason of low-
cost and good thermal conductivity, despite of having a relatively large lattice-
and thermal expansion-mismatch with GaN6. This results in a high stacking
fault density that affects the efficiency negatively. An alternative could be SiC
which offers smaller lattice mismatch for c-GaN epitaxy as well as a higher
thermal conductivity6. However, its poor wetting with GaN, rough surface
and high cost6 inhibit SiC to be fully exploited for GaN-based devices.

The bottom-up growth of nanocolumns (NCs) offers new opportunities to
obtain high quality heteroepitaxial material7–11. Lattice mismatch is accom-
modated via the small NC footprint on the substrate, which induces elastic,
rather than plastic, strain relaxation at the free surface extending into the NC
volume. The generated strain and possible misfit dislocations are confined
to the NC/substrate interface and not affecting the bulk of the NC12. Thus,
the crystal quality of the epitaxial material is nearly independent of the crys-
talline characteristics of the underlying substrate13,14. As a consequence of
its large aspect ratio15–18, possible dislocation lines for NC whose diameter
exceeds its critical diameter7 tend to find its minimum energy by shortening
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its length in such a way that it bends towards the NC sidewalls instead of prop-
agating vertically along [0001]18. This explains why the strain relaxation is
observed at the lower sidewall facets of NCs7,19, allowing the upper part of the
NC to be free from structural defects15–18,20. This merit is exploited in GaN
NC growth on various types of substrate material, from crystalline (Si8,21 and
Al2O3

8,22,23), amorphous (SiO2
24–26, SiN27, AlxOy

28 and TiN29) and metal foil
(Ti30,31). Moreover, high quality GaN NCs have been successfully grown both
on multi-layer graphene on SiO2/Si(100) substrate covered with a thin AlN
buffer layer by molecular beam epitaxy (MBE)32 and directly on single-layer
graphene using metal-organic vapor phase epitaxy (MOVPE)33.

Fused silica glass is an attractive substrate, not only because it is cheap
but it also has an excellent optical transparency in the visible and ultraviolet
wavelength region34. GaN growth on fused silica was demonstrated by Iwata
et al.35 already in 1997, but the GaN layers were highly polycrystalline in na-
ture36. Despite this, the optical properties showed a favorable indication for
the fabrication of large area and low-cost light emitting diodes (LEDs) and
solar cells35–38. Subsequently, there have been several works investigating
morphologies and photoluminescence properties of GaN grown on non-single
crystalline or amorphous substrates by eitherMBEorMOVPE39–41 . Moreover,
fabrication of GaN-based optoelectronic devices42 exploiting such substrates
have been realized with promising performances. Recently, high density and
vertically aligned single crystal GaN NCs on fused silica have been demon-
strated13. To further optimize and utilize this result, it is important to have
a detailed understanding on the effect of various growth conditions, in order
to optimize the crystalline quality of the GaN NCs and achieve high internal
quantum efficiency, which are essential to enhance device efficiency.

This paper presents a growth study of self-assembled GaN NCs on fused
silica by plasma-assisted molecular beam epitaxy (PA-MBE). Substrate temper-
ature (Tsub), Ga flux (ΦGa) and N2 flow rate (QN) are varied in order to study
their influence upon the structural and optical characteristics of the GaN NCs.
The grown GaN NCs are studied using scanning electron microscopy (SEM)
and room-temperature (RT) micro-photoluminescence (`-PL) spectroscopy.
Furthermore, the optimized growth of GaN NCs is investigated with lattice-
imaging (scanning) transmission electron microscopy (HRTEM and HRSTEM)
and `-PL spectroscopy at 77 K (77 K `-PL).

5.2 EXPERIMENTS

The GaNNCs were grown on 2” fused silica wafers from Semiwafer (thickness
of 0.5 mm with a purity of 99.999 %) using PA-MBE under N-rich conditions.
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Standard Knudsen effusion cells were used to supply Ga and Si atoms, while
atomic nitrogenwas generated from a radio-frequency plasma source operating
at 450 W. A 300 nm thick Ti film was evaporated on the backside of the fused
silica wafer to ensure a uniform and efficient heat transfer from the heater
to the substrate as well as assist pyrometer reading. Prior to loading to the
growth chamber, the substrate was thermally cleaned at 350 ◦C for 1 hour in a
preparation chamber. Catalyst-free, self-assembled GaNNCs were then grown
directly on fused silica, without deliberately forming any intermediate buffer
layer. The growth process was initiated by opening the Ga and N2 shutters
simultaneously, i.e. no intentional nitridation took place on the surface of the
substrate prior to NC growth. The GaN NCs were n-type doped with Si using
a cell temperature of 1050 ◦C and a growth time of 90 minutes, identical for all
growth series. Si doping has been reported to improve the optical properties of
GaN layers43 based on the capability of Si to decrease dislocation density44.
Its solubility in GaN films is high, of the order of 1020 cm-3, and free carrier
concentrations in the range from 1017 to 2×1019 cm-3 have been reported45.
Table 5.1 lists the growth conditions of each sample grown for this study.

TABLE 5.1. GaN nanocolumn growth conditions for the different samples used in this study.

Sample ID FS001 FS002 FS003 FS004 FS006 FS007 FS008

Tsub (◦C) 730 750 760 760 760 760 760

ΦGa (Pa) 3.0×10-4 3.0×10-4 3.0×10-4 2.0×10-4 2.5×10-4 2.5×10-4 2.5×10-4

QN (sccm) 2.75 2.75 2.75 2.75 2.75 2.00 1.50

The structure of the as-grown samples (i.e. without a thin metal coating to
reduce charging effects from a high resistivity of the fused silica substrate) was
evaluated using a SMI3050SE SEM operating at 15 kV. The optical properties
were assessed with RT and 77 K `-PL using a HeCd laser (325 nm) as excitation
source. A commercial GaN bulk substrate grown by hydride vapor phase
epitaxy is set as a benchmark reference (HVPE-GaN) of the optical quality,
like for previous studies on NC growth on different substrates15,32. To verify
the crystalline quality of the optimized GaN NCs, different TEM imaging
methods (selective area diffraction (SAED), HRTEM, high-angle annular dark
field scanning TEM (HAADF STEM)) using a field emission JEOL-2100F and
JEOL JEM-ARM200F, both operating at 200 kV, have been used. The TEM
specimen was made by a lift-out method utilizing a focused ion beam (FIB).
Prior to FIB, the NCs were coated with Au in order to avoid electron charging
during the FIB specimen preparation. The TEM lamella was not coated for the
TEM analysis.
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5.3 RESULTS AND DISCUSSION

A summary of the grown GaN NC diameter and density for samples FS001
to FS008 is shown in Figure 5.1. The alteration in NCmorphology, diameter
and density for each sample corresponds to the given growth conditions as
described in Table 5.1.

FIGURE 5.1. Diameter (red dots) and density (black squares) of the grown GaN NCs on sam-

ples FS001 to FS004 and FS006 to FS008.

SEM images of the GaN NCs grown at different Tsub are presented in
Figure 5.2. At 730 ◦C (sample FS001), the GaN growth resembles a thin film,
although it does not cover the whole surface. When Tsub is increased to 750 ◦C
(sample FS002), the coalescence is reduced, giving a good indication of further
NC isolation. For the sample grown at 760 ◦C (sample FS003), the formation of
NCs becomes clearly visible. Accordingly, the NC density in sample FS003 is
increased as its average diameter is decreased relative to sample FS002 (Figure
5.1). Higher Tsub increases significantly the likelihood of Ga desorption and
GaN decomposition46. At the same time, Ga diffusion length is enhanced,
which becomes a driving factor for the Ga atoms to have a higher probability
in reaching the top of the NC c-plane47. The V/III ratio should thus play an
important role for the columnar morphology46.

FIGURE 5.2. Top view SEM images of GaN NC growth at different Tsub ((a) 730 ◦C (FS001), (b)

750 ◦C (FS002) and (c) 760 ◦C (FS003)). ΦGa and QN are fixed to 3.0×10-4 Pa and

2.75 sccm, respectively. All scale bars are 1 `m.
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The dependence of the GaN columnar morphology on ΦGa, is shown in
Figure 5.3. We expect that growth at a reduced Ga supply, especially at a very
high Tsub, leads to a limited amount of Ga availability on the surface, restricting
GaN formation and eventually suppressing the degree of NC coalescence. The
growth usingΦGa of 3.0×10-4 Pa is seen to result in coalescence between NCs
(sample FS003), whereas the columnar structure becomes more apparent when
ΦGa is reduced to a lower flux. The average diameter has decreased to 72 nm
while the density is lowered to 1.6×109 cm-2 (Figure 5.1) at ΦGa of 2.5×10-4
Pa (sample FS006). However, larger and more diverse NC diameters (80-160
nm, see Figure 5.1) are observed whenΦGa is lowered to 2.0×10-4 Pa (sample
FS004). Further investigation is needed to verify this phenomenon and provide
a plausible explanation regarding the inconsistency found for a lowΦGa.

FIGURE 5.3. Top viewSEM images of GaNNCgrowth at differentΦGa ((a) 3.0×10-4 Pa (FS003),

(b) 2.5×10-4 Pa (FS006) and (c) 2.0×10-4 Pa (FS004)). Tsub and QN , are fixed to

760 ◦C and 2.75 sccm, respectively. All scale bars are 1 `m.

To investigate the effect of N atoms in contributing to the NCs growth,
QN is varied and the SEM results are presented in Figure 5.4. In general, a
columnar structure can be obtained using QN ranging from 1.50 to 2.75 sccm.
The electron charging effect due to the high electrical resistivity of fused silica
becomes evident in SEM on the sample grown with the lowest QN (sample
FS008) when it is observed in bird view. This is due to that this sample has a
relatively low density of NCs and that the SEM detector in this imaging angle
receives information mostly from the charging substrate surface.

It is noticeable from Figure 5.4(a-f) that both the NC density and diameter
are reduced with a lower QN, implying that Ga desorption is enhanced. There
is also a significant variation of the NC height, where the highest NCs are
found on FS006 (1220 ± 35 nm), followed by FS007 (870 ± 70 nm) and FS008
(540 ± 100 nm). The radial and axial growth rates are reduced with a lower
QN, resulting in shorter and thinner NCs. In addition, the distance between
NCs become larger, hence the number density is decreased (Figure 5.4(c)-(d),
(e)-(f) and Figure 5.1). Compared to FS006, a larger variation in length and
diameter (Figure 5.1) is observed for FS007 and FS008 (NCs grown at lowerQN,
Figure 5.4(d), (f)). This indicates that individual GaN NCs experience different
nucleation times, similar to what is reported by Wolz et al.29 for GaN NC
growth on metallic TiN films. When QN is 2.75 sccm, a finer NC structure is
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FIGURE 5.4. SEM images (top and bird view at top and middle row, respectively) of GaN NC

growth with different QN ((a, b) 2.75 sccm (FS006), (c, d) 2.00 sccm (FS007) and

(e, f) 1.50 sccm (FS008)). Tsub and ΦGa are fixed to 760 ◦C and 2.5×10-4 Pa, re-

spectively. (g) A HAADF STEM overview image of FS006 (a, b). All scale bars are

1 `m.

obtained, confirmed by the uniformity of the NC diameter, density and height
(Figure 5.4(a), (b)), implying that the NCs nucleate at an early stage, almost
simultaneously. A comprehensive nucleation study is beyond the scope of this
work and will be reported elsewhere. A cross-sectional HAADF STEM image
of FS006 shows that the ensemble of NCs grow near perpendicular to the fused
silica substrate, where each NC has a flat top facet and smooth sidewalls (Figure
5.4(g)).

An overview of the optical quality of all samples is given in Figure 5.5.
Overall, the RT `-PL measured in the range from 340 to 580 nm displays a
single emission peak at 364 nm in all samples, due to the wurtzite GaN free
exciton emission.

As shown in Figure 5.5, the PL peak intensity of the first four samples
(FS001-FS004) are below that of the HVPE-GaN reference sample. However,
the PL intensity increases gradually with higher sample ID number, which
can be reasoned from that higher Tsub (for FS001-FS003, see Table 5.1) aids
in effectively decreasing the stacking fault density48 (coalesced NCs are mini-
mized20). A higher light extraction efficiency (LEE) is demonstrated through
non-coalescence NC structure by sample FS004 upon reducing ΦGa. In ad-
dition, it has a full width at half maximum (FWHM) of 67.4 meV, which is
much narrower than for samples FS001 to FS003 (Figure 5.5). A significant
improvement is found in sample FS006, where the PL peak intensity is at least
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FIGURE 5.5. RT `-PL maximum peak intensity (red dots) and FWHM (black squares) of grown

GaN NCs. The PL peak emission at 364 nm has been normalized to the peak

intensity from the HVPE-GaN reference sample. The PL intensity and FWHM of

the HVPE-GaN reference sample are indicated by the dashed red and black lines,

respectively.

three times higher than for the HVPE-GaN reference sample, demonstrating
a similar quality as reported for self-organized GaN NCs on graphene32. In
addition, it has the lowest FWHM (67 meV) of all samples in this study (Figure
5.5). The PL intensity is further reduced when the QN is decreased to 2.00 and
1.50 sccm in sample FS007 and FS008, respectively. The grown NCs in sample
FS007 and FS008 are observed to have a larger diameter and height dispersion,
as well as lower density compared with FS006 (Figure 5.1 and Figure 5.4(a)-(f)).
We expect that these factors are the main reasons for the lower LEE in FS007
and FS00815. From structural and optical evaluations, it can thus be deduced
that sample FS006 has the highest quality among all grown NCs on fused silica,
and its quality is on par with the GaNNCs on different substrates15,32. Further
detailed examinations by TEM, RT and 77 K `-PL on this sample are presented
below.

The crystallinity of NC and its interface with the fused silica substrate
is unveiled by HRTEM, as shown in Figure 5.6(a). The SAED image (inset
in Figure 5.6(a)) shows that the NC has a wurtzite crystal structure and the
growth direction is [0001]. Even though fused silica is a non-crystallinematerial,
the grown NC is vertical and consistently demonstrates a single crystalline
structure with well-defined atomic planes. A darker irregular layer is clearly
seen at the interface. This suggests the formation of a thin interfacial layer
with a thickness of about 0-4 atomic layers. By aberration corrected HAADF
STEM (lower inset in Figure 5.6(b)), the atom columns in the interfacial layer
seems less bright compared to the rest of the NC. Assuming an equal specimen
thickness, which is reasonable for a FIB specimen, this indicates that this layer
has a lower average atomic number, which could indicate that it is SixNy rather
than GaN. Due to charging effects, energy-dispersive X-ray spectroscopy could
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FIGURE 5.6. (a) HRTEM and SAED (inset) of a GaN NC (from sample FS006) including its in-

terface with the fused silica substrate, showing a thin interfacial layer (dark con-

trast). (b) Aberration corrected HAADF STEM image of the GaN NC (upper inset:

crystal stacking order of wurtzite, lower inset: interface layer).

not be performed to confirm the composition of this layer.
In addition, the fact that Si-N (4.5 eV) has a higher bonding energy com-

pared toGa-N (2.2 eV), favors SiN rather thanGaN as the origin of the interface
layer24. The layer has a zinc blende crystal structure (ABC stacking order, lower
inset in Figure 5.6(b)) observed in this interface region. The crystalline interfa-
cial layer with an ABC stacking might therefore be SixNy. Due the small and
varying layer thickness, i.e. between 0-4 atomic layers, analyzing this layer
becomes more challenging. Albeit being inconclusive regarding the exact com-
position, the variation in stacking order is a clear indication of another phase at
the interface. To further study this interfacial layer would require a solution for
the charging problem to allow a dedicated advanced TEM study. The stacking
otherwise reveals an ABAB order (upper inset in Figure 5.6(b)), an evidence
of wurtzite crystal structure excluding structural defects, such as threading
dislocations and stacking faults. These results serve as a clear evidence of the
high structural quality of the GaN NC under investigation (sample FS006),
despite it is grown on an amorphous substrate. These results demonstrate the
superiority of GaN NC crystal quality over a thin film structure35,49.

This interfacial layer is generally observed in the grown GaNNCs on Si,
both intentionally27,50,51 and unintentionally grown14,47,52–54. However, these
reported studies (except53 which used reflection high energy-electron diffrac-
tion and in situ grazing incidence X-ray diffraction) on cross-sectional lattice
imaging were done solely by HRTEM, making stacking order interpretation of
a thin (i.e. a few atomic layers thick) interfacial layer difficult55, and they did
not further discuss the stacking order.
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RT `-PL measurements in the range from 340 to 580 nm of a HVPE-GaN
reference sample (black line) and an ensemble GaN NCs (sample FS006, red
line) are presented in Figure 5.7(a). Both samples exhibit band edge emission
from theGaNwurtzite crystal phase at 364 nm, with a small additional shoulder
(grey arrow) observed in the HVPE-GaN reference sample. The NC structure
(red line) has an intensity of 3.3 times higher compared to the thin film reference
(black line). Zinc blendeGaN-related emission, typically occurring at 386 nm56,
is not observed. In addition, the HVPE-GaN reference sample clearly shows
PL corresponding to broad yellow luminescence (YL) emission (see insets of
Figure 5.7(a)). This infamous broad luminescence in GaN could be caused by
the deep acceptor level introduced by the Ga vacancy57–59 or C substituting
Ga (CGa)57,60 or C substituting N (CN) - related defects60–62. This type of YL
emission is absent in the GaN NCs, indicating that a higher crystalline quality
of GaN is obtained in the NC structure.

FIGURE 5.7. PL spectra of a HVPE-GaN reference sample (black line) and an ensemble of GaN

NCs (sample FS006, red line) measured at (a) RT (inset: linear scale in the range

from 430 to 580 nm) and (b) 77 K (inset: logarithmic scale). In HVPE GaN: grey

arrow indicates exciton bound to structural defects63 and blue arrow (inset: blue

dashed box) marks donor acceptor pair recombinations.

Finally, the HVPE-GaN reference sample and sample FS006were subject to
77 K `-PLmeasurements, and the results are shown in Figure Figure 5.7(b). The
NC sample demonstrates a strong band edge emission from the GaN wurtzite
crystal observed at 357 nm. In addition, the emission peak at 378 nm (3.28 eV)
comes from donor-acceptor pairs (DAP) recombinations, while theweaker peak
at 388 nm (3.19 eV) is 1-longitudinal optical (LO) phonon replica64–66. The
DAP recombinations can be observed despite only Si (donor) atoms were used
as dopant and probably involve acceptor levels related to carbon impurities,
specifically CN

67.
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That GaN material with columnar structure is marked by a prominent
intensity of DAP luminescence and their 1-LO phonon replica, as compared
to the HVPE GaN reference sample (marked by blue arrows in Figure 5.7(b),
might be explained by the presence of unintentional C atoms in the chamber,
enforcing incorporation of C into the N sublattice during growth. On the
other hand, the halide vapor precursor of the HVPE technique is known to give
high purity materials without carbon contamination68. Secondary ion mass
spectroscopy (SIMS) measurement reveals that in the case of another GaN NC
sample, C atoms are present in the n-GaN NCs part at a concentration level of
ca. one order of magnitude lower than Si, i.e. 1016 C atoms/cm3 and 1017 Si
atoms/cm3. Quantitative SIMS analysis on sample FS006 in particular can be
suggested as further research topic. Nevertheless, although the concentration
level of unintentional C atoms is relatively high, defects which might originate
from CGa

57,60 or CN
60–62 are effectively quenched, confirmed from the lacking

of YL emission in the GaN with NC structure.
Furthermore, there is a weak PL peak at 365 nm in the HVPE-GaN ref-

erence sample (grey arrow) which transforms into a PL shoulder around 369
nm in the RT `-PL spectrum. This peak is affiliated with an exciton bound to
structural defects63. The absence of any zinc blende GaN band-edge and YL
emission69 are evidence of the exceptionally high crystal quality of the GaN
NCs in sample FS006.

5.4 CONCLUSIONS

The morphology and optical quality of GaN NC structures grown on fused
silica glass substrates using PA-MBE have been systematically studied as a
function of substrate temperature, Ga flux and N2 flow rate. Each growth
condition gives rise to distinct effects towards the columnar structure. Under
optimized conditions, a high density of vertically aligned self-assembled GaN
NCs are successfully grown on fused silica without the aid from any external
catalyst. TEM confirms a high-quality wurtzite crystal structure with the
absence of threading dislocations, stacking faults and twinning defects. A
layer with a zinc blende structure/stacking, probably SixNy, and a thickness
of a few atomic layers is formed at the interface to the glass. Both RT and
77 K `-PL measurements show a sharp and intense GaN excitonic emission
from an ensemble of NCs with the absence of any deep level related emissions,
indicating a very high crystal quality of the free-standing GaN NCs grown on
fused silica. These results could facilitate further development of an economical
route towards the fabrication of efficient III-nitride NC-based LED devices.
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ABSTRACT

We report on the self-assembled growth of high-density and vertically-oriented
n-doped GaN nanocolumns on graphene by radio-frequency plasma-assisted
molecular beam epitaxy. Graphene was transferred to silica glass, which was
used as substrate carrier. Using a migration enhanced epitaxy grown AlN
buffer layer for the nucleation is found to enable a high density of vertical
GaN nanocolumns with c-axis growth orientation on graphene. Furthermore,
micro-Raman spectroscopy indicates that the AlN buffer reduces damage on
the graphene caused by impinging active N species generated by the radio-
frequency plasma source during the initial growth stage and nucleation of GaN.
In addition, the grownGaN nanocolumns on graphene are found to be virtually
stress-free. Micro-photoluminescence measurements show near band-edge
emission from wurtzite GaN, exhibiting higher GaN bandgap related photolu-
minescence intensity relative to a reference GaN bulk substrate and the absence
of both yellow luminescence and excitonic defect emission. Transmission elec-
tron microscopy reveals the interface of GaN nanocolumns on graphene via
thin AlN buffer layer. Even though the first few monolayers of AlN on top
of graphene are strained due to in-plane lattice mismatch between AlN and
graphene, the grown GaN nanocolumns have wurtzite crystal structure with-
out observable defects. The results of this initial work pave the way towards
realizing low-cost and high-performance electronic and optoelectronic devices
based on III-N semiconductors grown on graphene.

6.1 INTRODUCTION

For the past two decades, the III-N system has met its high expectations as
one of the most promising wide band-gap semiconductors materials for vis-
ible, violet and ultraviolet light emitting devices (LEDs)1–3 and high-power
electronics1,4. The most commonly used substrates today for III-N materials
are Si, SiC and Al2O3

5. However, these substrates have inadequate compati-
bility with the III-N system as they are characterized by large lattice constant
mismatch, large thermal coefficient mismatch, poor thermal conductivity, low
thermal stability and/or non-transparent substrate5. These issues may be over-
come by utilizing graphene6–9 as a substrate for the epitaxial growth of III-N.
In addition, graphene offers an excellent electrical conductivity10 and thus
potentially can become a combined substrate and transparent electrode for
improving the performance and functionalities of III-N-based optoelectronic
devices. However, the absence of dangling bonds for graphene causes high
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surface tension, leading to weak nucleation and cluster growth6,11 which likely
generate high-density of stacking faults11,12 or threading dislocations13 when
GaN thin-film structures are grown on it.

By exploiting the defect-suppressing property of nanowire or nanocolumn
structures14–16, there is a likelihood to overcome these limitations in order to
realize high quality GaN on graphene. Additionally, their geometry can provide
enhanced light extraction efficiency which is beneficial for LEDs17. Num-
ber of works have reported the growth of GaN nanocolumns on graphite18,
epitaxial graphene on SiC19, transferred graphene and multi-layer graphene
on various substrate carriers20–25 such as Si, SiO2 and Al2O3. However, it is
generally observed that the grown GaN nanocolumns on graphene have either
low density22–24 or are oriented in non-defined directions20, which are not
desirable for light emitter applications as this can reduce light extraction and
emission efficiency. Despite that preferred characteristics of GaN nanowires
grown directly on graphenewere obtained by Kumaresan et al.21, the graphene’s
properties after the GaN growth were not evaluated. This issue was addressed
by Fernandez-Garrido et al.19 remarking the complete graphene removal after
GaNnanowire growth. These findings discourage the graphene’s prospective as
an integrated part of GaN-based devices as a combined substrate and transpar-
ent electrode. Growth of high density and vertically aligned GaN nanocolumns
on multi-layer graphene (∼35 nm thick) were successfully demonstrated by
Hayashi et al.25. However, due to the thickness of the multi-layer graphene, it is
highly absorbing and cannot be used as a transparent electrode.

Here, we present the growth, structural and optical characterization of
GaN nanocolumns grown on transferred (single-layer) graphene on silica glass
by radio-frequency plasma-assisted molecular beam epitaxy (RF-PAMBE) uti-
lizing a thin AlN buffer layer. Themorphology of the grownGaN nanocolumns
was investigated via scanning electron microscopy (SEM). The structural prop-
erties of GaN nanocolumns and graphene were analyzed by micro-Raman
spectroscopy. The optical quality of the grown GaN nanocolumns was studied
by micro-photoluminescence at room temperature (RT). Later, the sample with
the optimized growth condition of GaN nanocolumns on graphene is further
characterized using transmission electron microscopy (TEM) to examine the
structure and chemistry of the grown GaN nanocolumns. We demonstrate the
growth of high-density, vertically-aligned and high-quality single crystalline
wurtzite (hexagonal) GaN nanocolumns on graphene intermediated with a thin
AlN buffer layer. There is a strong impact from the AlN buffer layer, as it serves
not only as nucleation sites for the GaN nanocolumn growth, but also alleviates
damage of the graphene.
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6.2 EXPERIMENTAL METHODS

The substrate was commercially available graphene grown by chemical vapor
deposition (CVD) on Cu foil26 and transferred onto silica glass which was used
as the substrate carrier. It should be pointed out that the graphene used in
this work refers to the mono (single-) layer of sp2-bonded carbon atoms tightly
packed into a hexagonal two-dimensional lattice, with a theoretical thickness
of approximately 0.335 nm. Silica glass was chosen not only because it is cheap,
but also due to its excellent optical transparency in the visible and ultraviolet
region, which might be useful for flip-chip III-N based LEDs fabrication. In
the following, all the values of substrate temperature were based on pyrometer
reading. Sample 1 was n-type (Si) doped GaN nanocolumns grown directly on
graphene at a substrate temperature of 895 ◦C for 90 min, using the established
growth condition for GaN nanocolumns on silica glass, as described in our
previous work14. For sample 2, the n-GaN nanocolumns were synthesized
identical to sample 1, but with GaN as a buffer layer. This particular buffer
layer was formed at a substrate temperature of 690 ◦C. Ga atoms were first
continuously deposited on the graphene for 35 s and then nitrided with N2
plasma for 60 s. In the case of sample 3, AlN was used as a buffer layer for the
n-GaN nanocolumns instead of GaN. This layer was deposited at a substrate
temperature of 805 ◦C using migration-enhanced epitaxy (MEE)27,28 with
alternating supplies of Al atoms and N2 plasma in a 20-period cycle consisting
of: Al supply (4 s), interrupt (5 s), and N2 plasma (3 s)25. Subsequently, GaN
nanocolumns were grown under the same conditions as for sample 1.

SEM images were acquired using an SII SMI3050SE focused ion beam-
SEM (FIB-SEM) and a Hitachi SU8000 SEM at respective acceleration voltages
of 15 kV and 10 kV. Unpolarized Raman spectra were measured at RT in
backscattered configuration using a Renishaw InVia Reflex Spectrometer Sys-
tem equipped with a 514.5 nm excitation laser. The laser was focused onto
the sample using a 100× objective lens resulting in a spot diameter of ∼1.5
`m, and the scattered Raman signal was collected by the same objective lens.
Micro-photoluminescence was carried out at RT using a HeCd laser (325 nm)
as the excitation source where a 100× objective lens was used to focus the
laser beam (spot diameter of ∼2 `m) and for the collection of the scattered
light. Finally, the TEM analysis was performed with a double Cs corrected
cold field emission gun JEOL ARM200F, operated at 200 kV. The TEM images
were taken with the nanocolumns oriented along the [1-210] zone axis. The
cross-section TEM specimen was prepared with a FEI Helios G4 UX FIB-SEM.
Coarse thinning was performed at 30 kV acceleration voltage, while the final
thinning was performed at 5 kV and finally 2 kV to minimize surface ion-beam
damage.
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6.3 RESULTS AND DISCUSSION

SEM images of samples 1, 2 and 3 are presented in Figure 6.1. The grown GaN
nanocolumns in sample 1 (Figure 6.1(a) and (b) for bird- and side-view SEM,
respectively) are characterized with random growth directions, and exhibit
irregular diameters and heights (Figure 6.1(b)). Additionally, the formation
of GaN islands are observed (red-circled in Figure 6.1(b)), which might be a
result of the high surface tension (low surface energy) caused by the chemical
inertness of graphene6,11. Furthermore, irradiation of N2 plasma at the initial
growth stage may generate defects in graphene29–31 or even decompose it32.

FIGURE 6.1. (a, b), (c, d) and (e, f) are (bird-, side-) view SEM images of samples 1, 2 and 3,

respectively. Red circles in (b) indicate the formation of GaN islands. Scale bars

are 1 `m for (a, c and e) while 500 nm for (b, d and f).
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One approach in preventing the direct N2 plasma on graphene could be
to cover the surface area of graphene with continuous Ga atom deposition at
low substrate temperature before it is subjected to nitridation to form a GaN
buffer layer. For GaN nanocolumn growth on Si(111)33 it has been shown that
this method leads to a high density of dot-like GaN nucleation layers, rather
than a thin film, which is crucial to maintain the formation of nanocolumns. In
addition, such low temperature (e.g. 690 ◦C) is expected to reduce graphene’s
reactivity with the incoming N atoms, thus decreasing the graphene damage
upon nitridation, as was the case for a graphene oxidation process34. As shown
in Figure 6.1(c) and (d) for the bird- and side-view SEM, respectively, the den-
sity, diameter uniformity and verticality of the GaN nanocolumns show an
improvement compared to sample 1, although they have a tendency to grow
in non-perpendicular directions relative to the substrate. Nevertheless, one
should consider that the epitaxy of GaN on graphene can partially break the
C-C σ bonds of graphene upon expansion of the graphene lattice, where the
interface strain is reduced significantly by chemical bonding between C and N
atoms, as suggested by Gohda and Tsuneyuki35. Compared to samples 1 and 3,
sample 2 has the highest vertical nanocolumn length (1750 nm). Additionally,
it is noticed from the top facet that the nanocolumns in sample 2 are likely Ga-
polar (pyramidal tips36,37), whereas samples 1 and 3 are N-polar (flat tips36,37),
as shown in Figure 6.1(d), (b) and (f), respectively.

To reduce the graphene damage from direct bombardment of active N
atoms and alleviate in-plane strain caused by GaN nucleation, an AlN buffer
layer was deposited using MEE technique on the graphene surface prior to
GaN nanocolumn growth. TheMEE technique enhances the surface migration
of Al atoms38, increasing their coverage area on graphene in the absence of
N atoms. Due to the polycrystalline nature of CVD grown graphene39 and
its extremely low surface energy11, AlN tends to form islands25 instead of a
thin-film. Nonetheless, AlN has greater likelihood than GaN to nucleate on
graphene via quasi-van der Waals forces due to the higher adsorption energy
of Al40 and stronger bonding of Al-N relative to Ga-N35,41. Moreover, the
graphene lattice is expected to be preserved for AlN grown on graphene due to
that the in-plane strain is not large enough to induce structural deformation of
the graphene35. This is corroborated by the observation of Al Balushi et al.42,
where nucleated polycrystalline islands of AlN (grown by metalorganic CVD)
on epitaxial graphene did not significantly distort the underlying graphene. We
observe that the presence of the AlN buffer layer in sample 3 promotes the per-
pendicular growth orientation and increases the density of GaN nanocolumns
on graphene (Figure 6.1(e) and (f) for bird- and side-view SEM, respectively).
The role of the AlN buffer layer as nucleation site leads to a quite uniform mor-
phology of vertically aligned GaN nanocolumns (Figure 6.1(f)) with an average
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diameter, height and density of 90 nm, 1015 nm and 1.5× 109 cm-2, respectively.
As a note, we manage to obtain almost twice as high density as that of the work
of Hayashi et al.25 using the same MEE growth conditions in which multi-layer
graphene was employed as the substrate for GaN nanocolumn growth. Having
a denser nanocolumn density is more beneficial in further device processing
for the fabrication of e.g. nanocolumn-based ultraviolet LEDs, i.e. preventing
the usage of a polyimide insulating layer which can degrade light extraction
efficiency due to the ultraviolet light absorption by the polyimide.

Structural properties of the nanocolumn samples were further charac-
terized using micro-Raman spectroscopy in the range between 500 and 800
cm-1, where the spectra are shown in Figure 6.2(a). Regardless of the growth
conditions, all of these nanocolumn samples have the same wave number for
the A1 (TO), E1 (TO) and E2 (high) phonon modes at 531.9, 557.3 and 566.2
cm-1, respectively, all of which are typical values for GaN with a wurtzite
crystal structure43. These observations are similar to that of self-organized
GaN nanocolumns grown on Al2O3 and Si substrates44, as well as to that of
regularly arrayed GaN nanostructures45. Notably, there is no sign of any TO
phonon mode at 55446 or 555 cm-1 43, suggesting that there is no existence of
zinc blende (cubic) GaN in the nanocolumn samples. Moreover, the Raman
shift for the obtained E2 (high) mode is consistent with the reported value
for homoepitaxially grown GaN films at a phonon frequency of 566.2 cm-1 47,
demonstrating that the GaN nanocolumns in samples 1, 2 and 3 can be consid-
ered to be stress-free. In this work, we could not observe an A1 (LO) phonon
mode which is normally detected at 737 cm-1 43–45. It could be that its weak
intensity44 is overlapped with the broad signal ranging from ∼650 to ∼750
cm-1. This broad signal might be affiliated to the Fröhlich mode, which is a
surface-related vibrational mode44,45. Expected Raman-active phonon modes
for AlN in sample 3, for instance A1 (TO) at 614 cm-1, E2 (high) at 660 cm-1

and E1 (TO) at 673 cm-1 48, are not observed, which could be due to the small
excitation volume of the AlN nucleation layer.

To identify the damage of graphene in samples 1, 2 and 3, micro-Raman
measurements from 1100 to 3200 cm-1 (Figure 6.2(b)) were carried out with
pristine graphene transferred onto silica glass as the reference sample. This
characterization technique gives rise towell-established first- and second-order
Raman scattering mechanisms in undoped graphene49. Although graphene is
only consisted of one atomic layer of carbon sheet, it exhibits very strongRaman
scattering due to the double resonance mechanism in graphene. The first-order
Raman band, known as the G band (1588 cm-1), is a doubly degenerate (in-
plane transverse optical (iTO) and longitudinal optical (LO)) phonon mode
at the Brillouin zone center. On the other hand, the second-order Raman
process involves an intervalley double resonance scattering of two iTOphonons
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FIGURE 6.2. Micro-Raman spectra of (a) samples 1, 2 and 3 between 500 and 800 cm-1 and of

(b) pristine graphene and samples 1, 2 and 3 between 1100 and 3200 cm-1. The

dashed lines in (b) indicate the D, G and 2D peak positions of pristine graphene.

near the K point of the Brillouin zone (2D band at 2679 cm-1), and also an
intervalley double resonance scattering of one iTO phonon with one defect
mode near the K point of the Brillouin zone (D band at 1343 cm-1). A subtle
D peak with prominent G and 2D peaks where the intensity ratios of ID/IG ≈
0 and I2D/IG ≈ 2, indicate the high quality of pristine graphene used for the
growths reported in this paper. After the GaN nanocolumn growth, sample
1 and moreover sample 2 clearly show higher ID/IG and lower I2D/IG ratios
compared to sample 3, implying that the direct exposure of N2 plasma and
GaN nucleation on graphene contribute to a higher degree of damage relative
to the graphene which is covered with an AlN buffer layer. In addition, sample
1 exhibits a D’ peak in the Raman spectrum (more prominent for sample 2),
which is described as a disorder-induced feature in the graphene crystalline
lattice49. The aggravated graphene damage in sample 2 is possibly caused by
the sole irradiation of N2 plasma following the deposition of Ga atoms on the
graphene surface, together with the in-plane strain generated by the subsequent
formation of GaN nucleation42.

Also, the N2 plasma treatment can modify the chemical properties and
electronic structure of graphene, where N atoms form a covalent bonding with
C atoms and change the lattice structure of graphene29,50. There are mainly
three probable bonding configurations for the incorporated N atoms in the
graphene network (pyridinic N, pyrrolic N and graphitic N), all of which can
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influence the electrical properties of graphene30,31,50–52. Earlier works have
shown that N-doping of graphene by NH3 plasma29,30 or N2 plasma31 results
in n-type doping, where the Fermi level is shifted above the Dirac point53
and the work function becomes smaller than the reported value of undoped
graphene31,51. Please note that the nitrogen doping in graphene is likely to
be inhomogeneous. In the Raman mapping analysis on N-doped graphene
performed by Luo et al.54, it was revealed that some spots have high ID/IG ratio
and some show very low ID/IG ratio, which suggests a non-uniform defect dis-
tribution induced by inhomogeneous nitrogen incorporation in the graphene.
According to the results shown in Figure 6.2(b), the most prominent features in
themicro-Raman spectra of graphene (G and 2D bands) in samples 1, 2 and 3, as
well as the defect-related D band, are generally shifted to higher wavenumbers
relative to the pristine graphene. The blue-shift of the D and G peak can be
explained by local electron/hole doping in carbon nanostructures30,55–57, while
the blue-shift of the 2D peak can be the result of doping and/or compressive
strain56,57. Based on these observations, it is plausible that the nitrogen-treated
graphene presented in this paper exhibits an n-type semiconductor behavior.
To precisely determine the nitrogen content as well as identify the bonding
configurations of N atoms in the graphene samples presented in this paper,
future studies employing X-ray photoelectron spectroscopy and/or ultraviolet
photoelectron spectroscopy measurements are necessary. Apart from the afore-
mentioned peaks, the adsorption of hydrocarbon (C-H) is detected after GaN
growth, which is consistent with the work reported by Fernandez-Garrido
et al.19 It is also noted that the existence of a G* peak, which originates from
the overtone modes (transition from the ground state to the second or higher
excited state) of a second-order Raman process involving an intervalley double
resonance scattering of two LO phonons near the K point of the Brillouin
zone58, is fairly observable in the pristine graphene, samples 1 and 3, whereas
its presence is rather faint for sample 2. Despite being exposed to different
growth conditions, the position of the G* peak is relatively stable compared to
the earlier discussed D, G and 2D peak positions. Further studies are required
to clarify these phenomena, which are beyond the focus of this paper.

Evaluation of the optical properties of samples 1, 2 and 3 was done via
micro-photoluminescence at RT using a He-Cd laser (325 nm) as excitation
source. A freestanding hydride vapor phase epitaxy (HVPE)-grown GaN bulk
substrate with a threading dislocation density of 6-8 × 106 cm-2 was used as
a reference, like for previous studies14–16,25. Photoluminescence spectra of
sample 1 (blue line), sample 2 (green line), sample 3 (red line), and the reference
sample (black line) are presented in Figure 6.3. Here, it is established that
there are strong luminescence from GaN in samples 1, 2, 3 and reference
sample, whose peak wavelengths are located at 364.6, 364.3, 364.6 and 363.6
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FIGURE 6.3. Photoluminescence spectra of samples 1 (blue line), 2 (green line) and 3 (red

line) and a reference GaN bulk sample (black line) measured at RT. Inset shows

magnified spectra from 440 to 580 nm. The black arrow pointing to the spectrum

of the reference sample highlights the shoulder peak observed at 369 nm related

to excitons bound to structural defects59.

nm, respectively. Although a red-shift of 0.7 to 1.0 nm relative to that of the
reference sample is shown by the nanocolumn samples, the observed excitonic
emission of near 364 nm can still be related to the wurtzite GaN bandgap. The
linewidths in samples 1 and 3 are slightly narrower (full-width at half-maximum
(FWHM) of 8.69 and 9.14 nm, respectively) than the reference sample (FWHM
of 10.79 nm), whereas for sample 2 it is somewhat wider (FWHM of 11.77 nm).
In general, there are not much striking differences in the linewidth between
the nanocolumn samples and the reference sample.

It is also noticeable that all of the nanocolumn samples exhibit higher GaN
band-edge photoluminescence peak intensity as compared to the reference sam-
ple, where the intensity is ∼1.9 times higher for sample 1, ∼1.2 times higher for
sample 2 and ∼2.3 times higher for sample 3. Interestingly, GaN nanocolumns
in sample 1, which exhibit rather random (non-vertical) growth orientations
(Figure 6.1(a) and (b)), demonstrate much higher photoluminescence intensity
as compared to GaN nanocolumns in sample 2, where the growth orientation
is more defined in terms of verticality (Figure 6.1(c) and (d)). The low photo-
luminescence intensity could be due to the fact that the lower part of many
nanocolumns in sample 2 are coalesced with each other, as can be clearly seen
from Figure 6.1(d). On the other hand, the intensity ratio shown by sample
3 should be highlighted, as the optical quality of this sample is similar with
that of the GaN nanocolumns grown on other types of substrates, for instance
silica glass14, multi-layer graphene25 and selective area growth on sputtered
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AlN/Si(111) where the diameter of nanocolumn is 200 nm16 (such comparison
is valid here since the same reference sample has also been used for other pa-
pers14–16,25). Unlike sample 2, the base part of the GaN nanocolumns in sample
3 is less likely to show any coalescence, as shown in Figure 6.1(f).

Furthermore, there are some noteworthy differences in the photolumi-
nescence spectra from the nanocolumn and reference samples that should be
mentioned here. First, nanocolumn samples do not exhibit a shoulder peak at
369 nm, which is affiliated with excitons bound to structural defects59, unlike
what is observed in the reference sample (indicated with the black arrow in Fig-
ure 6.3). A second distinct difference is the presence of a yellow luminescence
band, which is solely observed in the reference sample. In general, all of the
nanocolumn samples indicate a strong suppression of this broad emission in
the wavelength range from 465 to 570 nm (a magnified spectrum of this yellow
luminescence band is shown in the inset of Figure 6.3). For GaN nanocolumns
in samples 1 and 3, it is clearly observed that this yellow band is completely
eliminated, which indicates that there are no electron transitions from the
conduction band to the deep acceptor levels60,61. However, a small deviation
from this is shown in sample 2, which exhibits a weak emission in the proximity
of the yellow luminescence band. Zinc blende GaN-related emission, which
typically occurs at ∼386 nm12, is not observed for any of the samples.

According to the SEM, micro-Raman spectroscopy and micro-
photoluminescence results on three different growth conditions of GaN
nanocolumns on graphene, it is clear that sample 3 represents the best sample.
The superior properties of sample 3, being vertically grown GaN nanocolumns
exhibiting high photoluminescence peak intensity and reduced graphene
damage, are promising for the envisaged nanocolumn/graphene-based devices.
For these reasons, further characterizations by TEMwere carried out solely
based on sample 3.

A cross-section bright field TEM (BF TEM) image (sample 3) from a region
covering the top of the silica glass, the graphene, the AlN buffer layer, and the
bottom of the GaN nanocolumn is shown in Figure 6.4(a). The graphene layer
is observed on top of the silica glass substrate (blue arrows) and interestingly,
the contrast from graphene disappears at a few locations (indicated by red
arrows). It has been observed that the graphene layer is continuous without any
holes in it, as the wrinkles associated with the thermal expansion coefficient
difference between Cu and graphene during the synthesis are also found to
cross Cu grain boundaries26. However, it buckles and bends. The lack of
contrast from graphene is likely due to local bending (since silica glass surface is
not atomically flat) that makes the graphene deviate from edge-on orientation,
and hence the lattice contrast disappears from the TEM image. Since all TEM
images are projections that average through the thickness of the TEM lamella,
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FIGURE 6.4. TEM images of sample 3 taken along the [1-210] zone axis. (a) BF TEM image

of the interfaces between GaN nanocolumn, AlN buffer layer, graphene and silica

glass. The blue arrows point to sites where the presence of graphene is clearly

seen in the image, whereas the red arrows point to sites where the presence of

graphene is not revealed, probably due to local bending of graphene at those spe-

cific sites causing a lack of lattice contrast. (b) High resolution HAADF STEM

image from the middle of the GaN nanocolumn (inset: crystal stacking order of

wurtzite GaN).

local steps or height variations on the silica surface can possibly make a single-
layer graphene appear as two or three layers in the TEM images. Similarly,
TEM images of the transferred graphene on Si in the work of Heilmann et al.24
show how the graphene is not flat, due to unavoidable formation of amorphous
SiOx layer. In contrast, imaging epitaxial graphene, for example on atomically
flat SiC single crystals, results in an unambiguous visualization of the number
of graphene layers6,19,42.

The AlN buffer layer grown on the graphene is found to be of pure wurtzite
crystal structure and can be seen in Figure 6.4(a) as an ∼20 unit cells (∼10
nm) thick layer with predominantly bright contrast. The dark contrast at the
bottom (next to the graphene) most likely represents strain contrast due to the
in-plane lattice mismatch between AlN and graphene. This strain contrast is
only present in the first few monolayers of AlN. However, it is noticed that the
strain contrast is not uniform along the interface between AlN and graphene.
There are both dark and bright regions close to the graphene interface. The
primary reason for this is that the strain is actually inhomogeneously distributed.
When dislocations are present, the strain will always vary in the vicinity of a
dislocation, i.e. atoms and planes are differently distorted (displaced away from
their bulk equilibrium positions) according to the position of the dislocation.
The same is also true for point like lattice defects. Nevertheless, no indication
of defect propagations, such as stacking faults or threading dislocations, is
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observed in the GaN nanocolumn (dark contrast) grown on this AlN buffer
layer.

High resolution high-angle annular dark field scanning TEM (HAADF
STEM) image from the middle of the nanocolumn (Figure 6.4(b)) shows clearly
the Ga atomic columns (represented by white dots) which have an ABAB stack-
ing order (see inset of Figure 6.4(b) for easier observation). The interplanar
spacings of GaN nanocolumns parallel to the [0001] and [10-10] directions,
deduced from the image presented in Figure 6.4(b), are approximately 0.52 and
0.27 nm, respectively, in good agreement with the established lattice constant
parameters for GaN5,14,25. This STEM image demonstrates single crystalline
GaN with a perfect wurtzite structure without any observable defects or inver-
sion domain boundaries in the field of view.

6.4 CONCLUSION

In summary, we have demonstrated that growth of high-density and vertically-
aligned GaN nanocolumns on graphene/silica glass by RF-PAMBE is feasible
using a thin AlN buffer layer. The AlN, grown using MEE technique, does
not only serve as nucleation sites for the GaN nanocolumns, but it also pro-
vides considerable protection to the graphene from the N2 plasma source and
in-plane strain generated by GaN nucleation. It is proven that when using an
AlN buffer layer, the stress-free GaN nanocolumns are grown in the c-axis
direction with wurtzite structure and exhibit an acceptable verticality. Fur-
thermore, the columnar structure of GaN provides higher photoluminescence
intensity and higher structural quality than that of a reference HVPE-grown
GaN bulk substrate. TEM of representative GaN nanocolumns demonstrates
a high-quality wurtzite crystal structure with the absence of threading dislo-
cations, stacking faults or twinning defects. These findings are therefore very
encouraging for further establishing graphene as an alternative substrate to
enhance the performance and functionalities of III-N-based semiconductor
devices in general.
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ABSTRACT

GaN nanocolumns were synthesized on single-layer graphene via radio-
frequency plasma-assisted molecular beam epitaxy, using a thin migration-
enhanced epitaxy (MEE) AlN buffer layer as nucleation sites. Due to the weak
nucleation on graphene, instead of an AlN thin-film we observe two distin-
guished AlN formations which affect the subsequent GaN nanocolumn growth:
(i) AlN islands and (ii) AlN nanostructures grown along line defects (grain
boundaries or wrinkles) of graphene. Structure (i) leads to the formation of ver-
tical GaN nanocolumns regardless of the number of AlNMEE cycles, whereas
(ii) can result in random orientation of the nanocolumns depending on the
AlN morphology. Additionally, there is a limited amount of direct GaN nu-
cleation on graphene, which induces non-vertical GaN nanocolumn growth.
The GaN nanocolumn samples were characterized by means of scanning elec-
tron microscopy, transmission electron microscopy, high-resolution X-ray
diffraction, room temperature micro-photoluminescence, and micro-Raman
measurements. Surprisingly, the graphene with AlN buffer layer formed using
less MEE cycles, thus resulting in lower AlN coverage, has a lower level of
nitrogen plasma damage. The AlN buffer layer with lowest AlN coverage also
provides the best result with respect to high-quality and vertically-aligned GaN
nanocolumns.

7.1 INTRODUCTION

Recent progresses in the growth of GaN thin-film on graphene1–6 increasingly
justify the possibility for graphene to be a good alternative substrate over the
available conventional substrates, for instance Si7,8, SiC9 and sapphire10. It
is also reported that GaN thin-film is achievable on sapphire or amorphous
substrates by employing either multi-layer or single-layer graphene as buffer
layer11–14. Such exploitations can be realized by taking advantage of the weak
quasi-van der Waals binding15–17 which can drastically relax the lattice match-
ing condition to be satisfied by constituentmaterials. That being said, the lack of
chemical reactivity of graphene and its extremely low surface energy18 greatly
disrupt the nucleation process of GaN, resulting in a low nucleation density19
and difficulty in controlling the stacking sequence of the GaN growth3. The
latter issue, which often manifests in the form of stacking faults3,5 or threading
dislocations1,4,17, can possibly be suppressed by growing nanowire or nanocol-
umn structures16,20–25. Nevertheless, because of the absence of dangling bonds
in graphene, nanocolumns are often aligned in non-vertical directions26–28
and/or have low density27,29. Both problems are required to be addressed in
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order to demonstrate that the growth of III-N semiconductor nanostructures,
particularly nanocolumns, utilizing graphene as the substrate can be further
considered as an alternative platform in enabling the advancement of opto-
electronic device performance and functionality, for instance light-emitting
diodes30.

In this regard, the introduction of defects in graphene by means of plasma
treatments could alleviate the issue of absence of dangling bonds in graphene.
In case of GaN grown by metal-organic vapor phase epitaxy (MOVPE), the
creation of dangling bonds in graphene by this method has been achieved via
ex-situ manner4,14. However, the plasma treatments to prepare the growth
of GaN on graphene in radio-frequency plasma-assisted molecular beam epi-
taxy (RF-PAMBE), which is typically done in-situ, often lead to the generation
of more severe plasma-induced damage of graphene28,31. Moreover, it has
been evidenced that the GaN nanocolumns may be randomly oriented if the
growth is done directly on graphene27,28. The use of a thin AlN buffer layer can
provide substantial protection to the graphene from the direct bombardment
of nitrogen plasma and enable the growth of high-density, vertically-aligned
GaN nanocolumns on graphene27,28. Therefore, it is now perceived that the
understanding of AlN as an intermediate layer in the GaN/graphene system is
necessary to grasp the growth behavior of the GaN nanocolumns in relation
to the graphene properties at a given growth condition. Furthermore, it is ex-
pected that the insight towards these aspects can shed light on the preference of
certain growth conditions over others, which later can be utilized for growing
device structures.

In the present work, we concentrate on the RF-PAMBE synthesis of self-
assembled GaN nanocolumns on transferred single-layer graphene on silica
glass for different AlN growth conditions. An insight towards the relation
between theAlNmigration-enhanced epitaxy (MEE) cycles and themorphology
of the AlN buffer layer, as well as the resulting structural and optical properties
of the grown GaN nanocolumns on graphene with AlN used as an intermediate
layer, is reported. Additionally, the impact of the AlN buffer layer growth on
graphene structural properties is presented.

7.2 RESULTS AND DISCUSSION

The morphology of the thin AlN buffer layer formed on the graphene surface
using MEE by RF-PAMBE technique was studied as a function of the amount
of AlN deposited, defined by the number of MEE cycles. Details concerning
the growth parameters for the AlN buffer layer are outlined in Methods. Three
different AlN samples, namely A1, A2 and A3, with respectively 20, 40 and
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80 MEE cycles, were grown and characterized. Figure 7.1(a,d), (b,e) and (c,f)
depict top- and bird’s eye-view scanning electron microscopy (SEM) images
of samples A1, A2 and A3, respectively. In sample A1 there are still numerous
areas of exposed graphene (marked with yellow dashed outline). These areas
are reduced with the increasing number of MEE cycles, as shown in sample
A2 and further A3. We note that there are two distinct arrangements of AlN
on graphene. The first feature is the nucleation of high-density and irregular
AlN nanostructures along the line defects of graphene (e.g., marked with the
yellow lines), which is similar to the cases of AlGaN nucleation by MOVPE on
graphene29. Commonly, line defects observed in chemical vapor deposition
(CVD)-graphene are wrinkles and grain boundaries32–34. In addition to the
surface morphology of the copper foil and the transfer process34, the wrin-
kles are often related with the compressive stress caused by the difference in
thermal expansion coefficients between graphene and the copper foil during
cooling from CVD growth temperature to room temperature (RT)35. The grain
boundaries are formed as a result of coalesced graphene grains which are grown
on the different copper facets during the CVD growth process36. These areas
of graphene likely contain defects, which can eventually create dangling bonds
to support covalent/chemical bonding of atoms, resulting in a high nucleation
density of AlN nanostructures on those particular graphene sites. From bird’s
eye-view SEM images, one clearly sees how the nucleation of AlN nanostruc-
tures spreads further away from the line defects with the increase ofMEE cycles
(e.g., marked with the yellow arrows). This will eventually cover the graphene
surface, as shown in sample A2, and furthermore in sample A3.

The second feature is the formation of individual AlN islands (e.g., marked
with the yellow contours). Unlike the high-density AlN nanostructures along
the graphene line defects described above, their size are quite significant, with
average diameters of approximately 70, 120 and 200 nm for samples A1, A2
and A3, respectively. In addition to the formation of individual AlN islands, it
is also possible for the AlN islands to merge with their nearest vicinity to form
coalesced AlN islands (e.g., marked with the orange contours). A tendency for
AlN to form an island (and its cluster formation) instead of a thin-film could be
caused by the extremely low surface energy (lack of dangling bonds/chemical
inertness) of graphene18, which promotes the high surface tension on graphene
surface. In addition, the lack of dangling bonds in these graphene surface areas
hampers the AlN nucleation process to form a continuous thin-film structure,
contrary to the formation of high-density AlN nanostructures in which the
dangling bonds are provided by the defects along the graphene line defects.
As opposed to this, when the MEE technique was applied to grow AlN on a
sapphire substrate at a similar substrate temperature, it resulted in large island
sizes and good coverage on the substrate surface37.
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FIGURE 7.1. SEM images of AlN on graphene formed via different MEE cycles. (a,d), (b,e) and

(c,f) are (top-, bird’s eye-view) SEM images of samples A1, A2 and A3, respectively.

Scale bars are 1 `m. Features marked with yellow lines, yellow (orange) contours

and yellow dashed outlines are high-density AlN nanostructures grown along line

defects of graphene, individual (coalesced) AlN islands and areas of exposed

graphene, respectively. Yellow arrows in samples A2 and A3 show the lateral

growth of AlN nanostructures that initially nucleate at the line defects of graphene

in sample A1.
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Further RF-PAMBE growth of GaN nanocolumns was then carried out
on samples A1, A2 and A3, after which they were re-named as G1, G2 and
G3, respectively. In order to gain insight into the influence of the AlN buffer
layer on the formation of GaN nanocolumns, the growth conditions of GaN
nanocolumns on samples G1, G2 and G3 were kept the same (described in
Methods). The representative top- and bird’s eye-view SEM images for samples
G1, G2 and G3 are given in Figure 7.2(a,d), (b,e) and (c,f), respectively. We
notice that the nanocolumns follow a particular arrangement which resembles
the previously grown AlN buffer layer. The first group of features is the row of
high-density vertical GaN nanocolumn growth (e.g., marked with the yellow
lines), where nanocolumn diameters vary from 50 to 70 nm. More often, these
nanocolumns are found to be grown very close to their neighbor, which is very
likely to form coalesced nanocolumn structures, rather than single isolated
nanocolumns. Such formation of coalesced GaN nanocolumn structures is
clearly visible in sampleG1. When formed on 40MEE cycles AlNbuffer (sample
G2), it becomesmore difficult to discern the rows of vertical GaNnanocolumns,
since the density of the nanocolumn structures in general is increased. However,
this unique pattern is still observable if one follows theGaNnanocolumns lining
with each other, where the nanocolumns have a tendency to coalesce with their
vicinity. Interestingly, GaN nanocolumns in sample G3, which has the highest
number of AlN MEE cycles, do not meet the expectation of being the most
coalesced nanocolumns, forming GaN nanowall-like structures, but rather
display nanocolumn structures with identical diameters to those of sample G1.

The second group of features is the individual vertical GaN nanocolumns
(e.g., marked with the yellow circles). It appears that the number of MEE
cycles during AlN formation affects the diameter of the grown nanocolumns,
where less cycles give smaller diameter. It is found that the GaN nanocolumns
in samples G1, G2 and G3 show average diameters of 90, 130 and 210 nm,
respectively. Additionally, it is discovered that there are certain nanocolumns
(e.g., marked with the orange contours) whose diameter is considerably larger
than the mentioned average values. Some of them seem to result from single
nanocolumn growth which eventually merges with other nanocolumns in its
proximity forming an irregular shape, while there are also circular-shaped
nanocolumns where the coalescence process likely starts immediately from the
nucleation stage. It should be remarked that GaN nanotubular-like structures
(white outlines) can also be formed38 because the edge of the AlN islands can
initiate GaN nanocolumn growth39. The third group of features is the formation
of tilted nanocolumns (see areas marked with yellow dashed outlines in Figure
7.2) that have an average diameter of 70 nm for all three G-samples. Overall,
samples G1 and G2 exhibit less tilted nanocolumns compared to sample G3,
where tilted nanocolumns dominate over the vertical ones. Representative
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FIGURE 7.2. SEM images of GaN nanocolumns on graphene formed via different AlN MEE

cycles. (a,d), (b,e) and (c,f) are (top-, bird’s eye-view) SEM images of samples

G1, G2 and G3, respectively. Scale bars are 1 `m. Yellow lines, yellow circles

(orange contours) and yellowdashedoutlines indicate rowof high-density vertical

GaN nanocolumns, individual (coalesced) vertical GaN nanocolumns and areas

with individual tilted GaN nanocolumns, respectively. White outlines in sample

G3 indicate the GaN nanotubular-like structures.
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FIGURE 7.3. Cross-sectional SEM images of GaN nanocolumns on graphene formed via dif-

ferent AlN MEE cycles. Samples (a) G1, (b) G2, and (c) G3. Scale bars are 500

nm.

cross-sectional SEM images of samples G1, G2 and G3 in Figure 7.3(a–c),
respectively, also show this. The average length (height) of the vertical GaN
nanocolumns (first and second group) is around 1400 nm, while the length
of tilted nanocolumns (third group) varies from 175 to 1400 nm. The large
variation noticed in the latter group of nanocolumns is possibly caused by a
shadowing effect during the GaN growth. With increased number of MEE
cycles, the AlN surface turns rougher and the tilted nanocolumns in the G-
samples become more discernible.

Based on the SEM observations in Figure 7.1-Figure 7.3, an illustrative rep-
resentation of the AlN buffer layer and GaN nanocolumn growth on graphene
is presented in Figure 7.4. The MEE growth of an AlN buffer layer in sample
A1 results in the formation of AlN islands and a high density of AlN nanos-
tructures (growing along the graphene line defects). A higher number of MEE
cycles generally increases the lateral size and the density of these AlN features,
which could lead to coalesced structures. This will eventually reduce the area of
exposed graphene, until it is finally almost absent in sample A3 (Figure 7.1(c,f)).
For the subsequent GaN growth, it is likely that the single vertical GaN nanocol-
umn structures (indicated by white color in Figure 7.4) nucleated on the AlN
islands, as the average GaN nanocolumn diameter is comparable to that of the
AlN islands. The same applies to those grown on the coalesced AlN islands,
resulting in coalesced nanocolumns (indicated by green color in Figure 7.4).
Next, the row of high-density GaN nanocolumns (indicated by purple color in
Figure 7.4) most likely forms on the high-density AlN nanostructures. Vertical
nanocolumns are expected to form here, however it is possible to get tilted
ones as well due to the misalignment of the AlN lattice formed on defective
graphene areas40, including graphene line defects. The latter becomes more
pronounced with a higher number of AlNMEE cycles, especially in sample G3
(Figure 7.4(c)). Indeed, randomly-aligned nanocolumn growth could be also due
to limited direct nucleation of GaN on exposed graphene (indicated by the cyan
color in Figure 7.4(a,b)), however this is not likely for sample G3 since the AlN
covers nearly the whole graphene surface. It might be that the rough surface
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FIGURE 7.4. Simplified schematics of the AlN buffer structures and GaN nanocolumn forma-

tion on graphene. Samples (a) A1-G1, (b) A2-G2 and (c) A3-G3. There are two

possible AlN (blue) nanostructures forming on graphene: 1) AlN islands and 2)

AlN nanostructures along the line defects of graphene (the yellow arrows indi-

cate their lateral growth spread further away from the line defects). Single (white)

and coalesced (green) vertical GaN nanocolumn structures are nucleated from

the AlN islands, while row of high-density nanocolumns (purple) form on the AlN

nanostructures that spread from the line defects. Additional tilted nanocolumns

(cyan) are likely to grow on exposed graphene.

(many crystallites of irregular shape) of AlN nanostructures, which are formed
near (but away) from the graphene line defects induces the deterioration of
GaN nanocolumn growth orientation.

A separate nanocolumn sample was synthesized with nominally the same
growth conditions as sample G1 for transmission electron microscopy (TEM)
measurements. The cross-sectional high-angle annular dark field scanning
TEM (HAADF STEM) image of Figure 7.5(a) depicts that most of the observed
nanocolumns exhibit a perpendicular growth direction with respect to the
substrate (exemplified by star-marked and purple arrows). The average height
of the nanocolumns is 400 nm shorter than for the nanocolumns in sample
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G1. This difference could be caused by a reduced growth rate (after chamber
maintenance) during the growth of the sample for the TEM measurements.
Additionally, the image reveals irregular GaNnanostructures like short inclined
GaN nanocolumns (red arrows) and GaN islands/crystallites (brown arrows).
Two GaN nanocolumns with star symbol (yellow frame in Figure 7.5(a)) are
closely examined in Figure 7.5(b). At the base there is an area of darker contrast,
attributed to AlN owing to the atomic number difference between Al and Ga
(the intensity contrast in HAADF STEM images scales approximately with Z2,
where Z = the atomic number). Simultaneous energy dispersive spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS) were carried out on the
same area to map all present elements. The Ga, Al and O element maps are
combined into a color map in Figure 7.5(c), which clearly shows that Al (blue)
appears at the base of nanocolumns (with a measured height and diameter of
∼10 and ∼65 nm, respectively), and Ga (green) is identified at the nanocolumn
regions. Interestingly, no trace of any Al signal is detected in between the
GaN nanocolumns or in the region outside the area where the vertical GaN
nanocolumns are successfully synthesized. O (red) is detected in the silica
glass substrate, as expected. Before this discussion is continued, we would like
to point out that the vertical GaN nanocolumns marked by purple arrows in
Figure 7.5(a) have a top diameter of 50–70 nm, which is smaller than for the
GaNnanocolumnsmarkedwith star symbol (average diameter of 90 nm). Based
on the SEM observations explained in Figure 7.2(a), there is a high probability
that this group of GaN nanocolumns is grown on AlN nanostructures on or
near line defects of the graphene.

A highermagnification of the GaN nanocolumn interface area (green frame
in Figure 7.5(b)) is presented in Figure 7.5(d) together with six different element
maps (Ga, Al, N, C, Si and O) of the blue framed area. Here, one can clearly
distinguish that the AlN island acts as a nucleation site for theGaNnanocolumn.
Three things to note from the elemental mapping observation: 1) A sharp
interface separates Ga in the GaN nanocolumn and Al in the AlN island with
no severe intermixing between them; 2) N is distributed evenly in the GaN
nanocolumn regions and AlN island; 3) A distinct signal from C, implying the
existence of graphene between the silica glass (Si, O) and the AlN island. Figure
7.5(e) presents a close-up image from the light-blue framed area in Figure 7.5(a).
Whereas intensity contrasts reveal the presence of AlN islands within the cyan
frames, no indication of an AlN island is observed at the base of the inclined
GaN nanocolumnmarked with a yellow-dashed line. Moreover, its diameter of
50 nm is similar to the dimensions of the tilted GaN nanocolumns described in
Figure 7.2. Next to this tilted GaN nanocolumn, there are broken parts of other
GaNnanocolumns (red frame) which are nucleated on the sameAlN island. The
GaN nanocolumn that appears to be on top of these parts (dark-yellow dashed
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FIGURE 7.5. TEM image of GaN nanocolumn sample synthesized with nominally the same

growth conditions as sample G1. (a) Overview cross-sectional HAADF STEM

image, showing vertical GaN nanocolumns (star-marked and purple arrows), in-

clined GaN nanocolumns (red arrows) and GaN crystallites (brown arrows). (b)

HAADF STEM image of two GaN nanocolumns within yellow frame in a. (c) Com-

bined color map of the Ga (green), Al (blue) and O (red) elemental distributions

(EDS/EELS) on the corresponding region in b. (d) Magnified image of the lower

part of the GaN nanocolumn near the interface of the left GaN nanocolumn in b

(green frame), with the elemental mapping near the interfaces between the GaN

nanocolumn, AlN island, graphene and silica glass (blue frame) by EDS (Ga, Al, Si)

and EELS (N, O, C). The red scale bars are 5 nm. (e) HAADF STEM image of the

GaN nanocolumns that is light-blue framed in a. The inclined GaN nanocolumn

(yellow-dashed line) is possibly directly nucleated on graphene (indicated by the

absence of any AlN layer [cyan frames] at the base). There are two broken GaN

nanocolumns (red framed area) sharing the sameAlN island and another inclined

GaN nanocolumn (dark-yellow dashed line) in the background. An irregular GaN

crystallite (brown outline) likely grown directly on graphene is also observed.

line) is a different GaN nanocolumn located in the background. Notice as well
the irregular GaN crystallite to the left (brown outline) which also does not
have AlN underneath it. In similar fashion, other inclined GaN nanocolumns
(red arrows) and GaN crystallites (brown arrows) shown in Figure 7.5(a) could
have had their nucleation occurring directly on the graphene.

From the intense peak observed at 34.56◦ in the 2θ-ω high-resolution
X-ray diffraction (HRXRD) scans presented in Figure 7.6(a), it is confirmed
that all the GaN nanocolumn samples demonstrate growth orientation along
the c-axis of the wurtzite GaN structure. Aside from this peak, a weak peak
detected at ∼36◦ is assigned to wurtzite AlN with the same crystal orientation
as the GaN. Despite of these similarities, we find that the AlN buffer layer
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FIGURE 7.6. HRXRD measurements of the nanocolumns. (a) 2θ-ω scanning curve and (b) ω

scanning curve of samples G1, G2 and G3.

formed using different number of MEE cycles influences the GaN signals. The
peak intensity of the 0002 diffraction of GaN is found to be highest for sample
G1 and lowest for sample G3. Since this peak only represents signal from
the planes normal to the c-axis (i.e. the 0002 reflection) of the GaN crystal, it
indicates that sample G1 with 20 AlNMEE cycles has the highest density of
vertical nanocolumns (since the SEM characterization presented above show
that G1 has the lowest average GaN nanocolumn diameter [90 nm] among the
G-samples). We note that whereas the peak intensity of the AlN 0002 reflection
is higher for sample G2 than for sample G1, there is not much difference in this
peak between sample G2 and sample G3, despite higher number of AlNMEE
cycles for sample G3 and improved graphene coverage surface area (Figure 7.1).
It is possibly mostly reflection from AlN islands that contributes significantly
to this peak, since the crystalline quality of AlN nanostructures grown on
graphene defects is most likely polycrystalline40. (We should here point out
that the 2θ-ω scans presented in Figure 7.6(a) were recorded with a wider
receiving slit than the normal [0.6 mm vs. 0.1 mm, respectively], in order to
record the weak signal from the AlN buffer. Using the wider slit causes the
peaks to be slightly broadened, as is seen by the “rounded out” top of the peak.)
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The ω (rocking) scans of the GaN, shown in Figure 7.6(b) with peaks cen-
tered at 17.28◦, reveal that the full-width at half-maximum (FWHM) broadens
with the higher number of AlNMEE cycles, increasing from 1.6 to 2.3 and 2.4◦
for samples G1, G2 and G3, respectively. The larger FWHM shown by the GaN
nanocolumns in samples G2 and G3 relative to G1 indicates poorer orientation,
i.e. larger GaN nanocolumn tilt distribution in samples G2 and G3. (0.1 mm
receiving slit width was used for recording the rocking curves presented in
Figure 7.6(b)).

Room temperature micro-photoluminescence measurements from the ref-
erence sample, samples G1, G2 and G3 clearly show distinguished emission
peaks at 363.6, 364.6, 364.5 and 364.5 nm, respectively (Figure 7.7), and can
be associated with wurtzite GaN. In terms of linewidths, GaN nanocolumns
in samples G1, G2 and G3 demonstrate narrower FWHM compared to the
freestanding hydride vapor-phase epitaxy (HVPE)-GaN bulk substrate refer-
ence sample, being respectively 9.02, 10.17 and 8.62 nm, against 10.79 nm. The
peak intensity of the GaN near band-edge emission among the GaN nanocol-
umn samples is highest for sample G1, which is almost two times more in-
tense than that of the reference sample. Unlike for sample G1, emissions of
GaN nanocolumns in samples G2 and G3 exhibit approximately similar peak
intensity with the reference sample. Such unexpected low emission peak in-
tensity from the GaN nanocolumn structure in these two samples is possibly
caused by two separate driving factors. GaN nanocolumns in sample G2 (Fig-
ure 7.2(b)) are shown to have a higher degree of coalescence relative to that
of samples G1 and G3 (Figure 7.2(a,c)), which can lead to the degradation of
crystalline quality via formation of defects or dislocations24. For sample G3,
the grown GaN nanocolumns characterized with lower density (Figure 7.2(c)),
and shorter nanocolumn height compared to sample G1 (Figure 7.3(c)), thus
inducing smaller excitation volume41, could potentially reduce the photolumi-
nescence intensity.

None of the G-samples show any emission at 386 nm which is related to
the GaN zinc blende crystal phase3,42. Unlike the reference sample, the GaN
nanocolumn samples G1 and G3 do not display any shoulder peak at 369 nm,
which is attributed to excitons bound to structural defects43. Apparently there
is a faint “bump” in the spectrum of sample G2 related to dislocation-related
emission, which is likely correlated with the higher defect density due to more
nanocolumns being coalesced as to that of nanocolumns formed in samples G1
and G3. The distinct presence of green and yellow luminescence bands44 in the
reference sample covering the wavelengths from 465 to 570 nm (emphasized in
the inset of Figure 7.7) is associated to isolated defects involving Ga vacancies
and to the same defect bound to structural defects45. The absence of these
broad bands in the GaN nanocolumn samples can also be an indication that
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FIGURE 7.7. RT micro-photoluminescence spectra of reference sample (HVPE-freestanding

GaN), samples G1, G2 and G3. Inset shows the magnified spectra in the wave-

length range from 440 to 570 nm, highlighting the presence of broad green and

yellow emission band in the reference sample.

the grown nanocolumns are free from threading edge dislocations46.
Raman spectra of previously studied GaN nanocolumns, either grown in

self-assembledmannerwith anAlNbuffer layer on sapphire or Si substrates47,48
or synthesized selectively using a Timask onGaN template/sapphire49, demon-
strate features at (531.5 ± 0.5), (557.9 ± 0.9) and (566 ± 1.0) cm-1. These wave
numbers correspond well to the established A1 (transverse optical (TO)), E1
(TO) and E2 (high) phonon modes of wurtzite GaN, respectively50–53. In line
with the former results, the as-grownGaNnanocolumns in samples G1, G2 and
G3 likewise exhibit almost identical spectra. As presented in Figure 7.8(a), they
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FIGURE 7.8. Micro-Raman spectroscopy of the nanocolumn samples, including the graphene

for each respective sample. Raman spectra of (a) samples G1, G2 and G3 be-

tween 500 and 800 cm-1 , with the peak frequencies of the A1 (TO), E1 (TO) and E2

(high) modes indicated by vertical dashed lines (inset: magnification from 600 to

850 cm-1 , with the identified peak frequencies at 715 and 743 cm-1 of the possi-

ble SO and LPP modes, respectively48,52 , indicated by vertical dashed lines), and

(b) pristine graphene, samples G1, G2 and G3 between 1100 and 3200 cm-1. The

dashed lines indicate D, G and 2D peak positions of pristine graphene.

show the peaks at 531.9, 557.3 and 566.2 cm-1. In addition, the E2 (low) phonon
mode (not shown in Figure 7.8(a)) is observed at 144 cm-1 48,50. Notice that the
identified peak of E2 (high) mode at 566.2 cm-1 and its small FWHM (∼4.9 cm-1,
comparable to that of GaN nanocolumns on Si(001) and Si(111)54) correspond
to the FWHM of a fully relaxed thick free-standing GaN layer55, which can
be an indicator of the high crystalline quality of the GaN nanocolumns. Fur-
thermore, the TO phonon mode at 555 cm-1 related to zinc blende GaN50,51 is
not detected in any of the GaN nanocolumn samples. However, expected A1
(longitudinal optical, LO) and E1 (LO) phonon modes of GaN50,51 at 734 and
741 cm-1 are not visible in any of the GaN nanocolumn samples, similar to the
results obtained by Robins et al.48 and Jeganathan et al.52. Instead, we notice
very weak peaks at 715 cm-1 and 743 cm-1 (inset in Figure 7.8(a)) which might
be related to the existence of surface optical (SO) and single LO or longitudinal
phonon-plasmon (LPP) modes, respectively, whose frequencies and line widths
are dependent on GaN carrier concentrations48,52,53. Further study is required
to confirm this phenomenon.
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In comparison with the pristine graphene reference sample (i.e. sample
before any III-V growth), graphene structural properties after the GaN nanocol-
umn growth demonstrate quite significant alterations, as can be seen in Figure
7.8(b). A typical Raman spectrum of the pristine graphene56 is strongly charac-
terized with two main peaks, namely the G band (1586 cm-1) and the 2D band
(2680 cm-1) with an intensity ratio of I2D/IG ≈ 2, while the disorder-induced
D band (1342 cm-1) is barely seen, making the intensity ratio of ID/IG almost
negligible. Changes to the aforementioned intensity ratios, peak positions and
possible generation of another band are observed in all of the GaN nanocolumn
samples (whereas a faint G* band at∼2456 cm-1 is unaffected). Firstly, the most
prominent changes are the decline of the I2D/IG ratio along with an increasing
ID/IG ratio from sample G1 to G2 and G3, implying that graphene becomes
more defective as the number of AlN MEE cycles increases from 20 to 80.
Secondly, another defect-related signature in graphene at 1619 cm-1, known as
D’ band56, is noticed only in sample G3. Finally, the peak positions of the D,
G and 2D bands experience slight blue shifts, indicating a compressive strain
and/or a modification of the carbon atoms in the graphene network by the
incorporation of nitrogen atoms which could lead to an n-type doping57. Such
blue-shifting peaks have been observed when an intentional plasma nitridation
of graphene using either nitrogen58 or ammonia59 causes the introduction of
defects as well as changes in the chemical and electronic properties of graphene.
Indeed, in this work such nitridation process is an inevitable part of the GaN
nanocolumn growth in RF-PAMBE, although during the AlN buffer layer for-
mation the exposure of nitrogen plasma is intended for the nitridation of Al. As
shown in Figure 7.1, one can evidently notice that the deposited Al could not
form a continuous layer, particularly at lower numbers of MEE cycles. Thus,
we cannot rule out the possibility of graphene being nitrided although it only
occurs for three seconds per MEE cycle. With that in mind, it can be assumed
that the higher number of MEE cycles could extend the duration of graphene
being exposed to nitridation process.

7.3 CONCLUSION

From the growth observation on the synthesis of GaN nanocolumns on
graphene utilizing AlN buffer layers grown via MEE technique with 20, 40
and 80 cycles, it can be suggested that their morphology and orientation are
restrained by the AlN structures on graphene. The high surface tension of
graphene creates AlN islands on the graphene surface, beneficial for nucle-
ation of GaN nanocolumns. Along with the islands, AlN nanostructures are
densely formed along line defects (grain boundaries or wrinkles) of graphene
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due to the existence of defects which provides dangling bonds. Vertical GaN
nanocolumns can be consistently obtained from the AlN islands independent of
the number of AlNMEE cycles, whereas the GaN nanocolumns formed on AlN
nanostructures can be randomly oriented when they are grown with higher
number of AlNMEE cycles. There is also a likelihood of limited direct growth
of GaN nanocolumns on graphene, resulting most likely in random growth
orientations. Although higher number of MEE cycles produce wider AlN cov-
erage on graphene, the subsequent GaN nanocolumns as well as the graphene
property turn out to be not ideal. The structural characterizations and optical
measurements present that GaN nanocolumn formation utilizing AlN buffer
layer formed with 20 MEE cycles is the most preferable growth condition to
obtain overall good quality and vertical alignment of GaN nanocolumns while
maintaining the least damage on graphene.

7.4 METHODS

Radio-frequency plasma-assisted molecular beam epitaxial growth.
Commercially available 10 × 10 mm2 CVD-graphene grown on copper foil34
and transferred onto the center of a 2-inch supporting silica glass wafer (thick-
ness of 0.5 mm) by Graphene PlatformCorp. (Tokyo, Japan) was used as growth
substrates. All the graphene substrates used in this work refer to an atomic
layer of sp2 hybridized carbon atoms arranged in a hexagonal structure with an
approximate thickness of 0.335 nm. The samples were grown by an EpiQuest
RF-PAMBE system (at Sophia University) equippedwith an RF nitrogen plasma
source to generate active nitrogen and standard solid-source effusion cells
(Knudsen cells) to provide Al, Ga and Si atoms.

In general, the growth was started by depositing the AlN buffer layer using
the MEE technique37,60 at 805 ◦C, with expectation that the migration length
of the supplied atoms on the substrate surface becomes longer than when using
the conventional MBE method. Stated substrate temperatures were measured
by a pyrometer [ref. 21]. MEE was executed by supplying Al and N atoms
alternately to the graphene surface using an Al flux of 8.0 × 10-5 Pa, a N2 flow
rate of 2.0 sccm and an RF power of 450W. EachMEE cycle (orMEE period) of
AlN consists of four seconds with Al atom supply, five seconds of interruption
(resting time) and three seconds with N atom supply27. To investigate the effect
of the AlN buffer layer, we grew AlN buffer layer samples A1, A2 and A3 with
different layer thicknesses by employing 20, 40 and 80MEE cycles, respectively.
After SEM characterization, these samples were re-loaded into the RF-PAMBE
growth chamber and further growth of GaN nanocolumns was performed with
conventional MBE method using the following growth parameters28: a Ga
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flux of 2.5 × 10-4 Pa and a N2 flow rate of 2.75 sccm (RF power of 450 W) at a
substrate temperature of 895 ◦C with a growth duration of 90 minutes. After
the growth of GaN nanocolumns on samples A1, A2 and A3, the samples were
re-labeled as G1, G2 and G3, respectively.

Scanning electron microscopy. SEM images were obtained using an SII
SMI3050SE focused ion beam-SEM and a Hitachi SU8000 SEM at acceleration
voltages of 15 and 10 kV, respectively.

Transmission electron microscopy. The interface of nanocolumn/buffer
layer/graphene/silica glass and their element distribution were studied by high-
resolution TEM and STEM-EELS in a double Cs-corrected cold field emission
gun JEOL ARM200F operating at 200 kV, equipped with a QuantumER GIF
for EELS. Details on the TEM specimen preparation can be found in ref. 28.

X-ray diffraction. HRXRD was performed with a Bruker D8 Discovery High-
Resolution Diffractometer using Cu Kα radiation (1.5406 Å).

RTmicro-photoluminescence measurements. Optical studies were done
using RT micro-photoluminescence with a He-Cd laser (325 nm) as the ex-
citation source. A freestanding HVPE-grown GaN bulk substrate (threading
dislocation density of 6–8 × 106 cm-2) was used as the reference sample like
for previous studies21,24.

Micro-Raman spectroscopy. Unpolarized micro-Raman spectroscopy was
conducted at RT in backscattering configuration using a Renishaw InVia Reflex
Spectrometer System equipped with a 514.5 nm excitation laser. A pristine
graphene transferred onto silica glass was utilized as a comparison to graphene
samples after RF-PAMBE growth.
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ABSTRACT

The many outstanding properties of graphene have impressed and intrigued
scientists for the last few decades. Its transparency to light of all wavelengths
combined with a low sheet resistance makes it a promising electrode material
for novel optoelectronics. So far, no one has utilized graphene as both the
substrate and transparent electrode of a functional optoelectronic device. Here,
we demonstrate the use of double-layer graphene as a growth substrate and
transparent conductive electrode for an ultraviolet light-emitting diode in a flip-
chip configuration, where GaN/AlGaN nanocolumns are grown as the light-
emitting structure using plasma-assisted molecular beam epitaxy. Although the
sheet resistance is increased after nanocolumn growth compared with pristine
double-layer graphene, our experiments show that the double-layer graphene
functions adequately as an electrode. The GaN/AlGaN nanocolumns are found
to exhibit a high crystal quality with no observable defects or stacking faults.
Room-temperature electroluminescence measurements show a GaN related
near bandgap emission peak at 365 nm and no defect-related yellow emission.

8.1 INTRODUCTION

With the emergence of new semiconductor nanomaterials and heterostructures,
new possibilities for optoelectronics arise. The semiconductor materials most
commonly used for optoelectronics today, such as Si1, GaAs, InAs2, ZnO3,
and GaN with its alloys2, exhibit structural imperfections when grown as
heteroepitaxial thin-films, for instance twinning defects, threading disloca-
tions and stacking faults. This is due to a large lattice mismatch between these
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materials as well as with conventional substrates. By nanostructuring the semi-
conductor materials in the forms of columns or pyramids, new combinations of
materials can be explored, and new substrates can be employed for the epitaxial
growth.

An intriguing potential substrate for epitaxial growth of semiconductors is
graphene, the single-layer form of carbon, as it can not only act as an atomically
thin crystalline growth template, but also has outstanding functional properties
when it comes to strength, flexibility, electron and thermal conductivity4,5.
Hybrid systems based on the growth of semiconductor nanocolumns on dif-
ferent graphitic substrates have been intensively studied in the past decade,
with the aim of developing new functionalities and higher efficiency opto-
electronic devices as for example solar cells, photodetectors, light-emitting
diodes (LEDs) and lasers. Such hybrid systems have been demonstrated for
GaAs6, InAs7–9, InAsSb10, In(Ga)As11,12, ZnO13,14, and GaN. With regards to
the growth of GaN nanocolumns, different graphitic forms have been used as
growth substrate, for instance graphite15, transferred chemical vapor deposi-
tion (CVD) graphene (single- and multilayer)16–25, and epitaxial graphene26.
However, these studies mostly focused on the growth of the nanocolumns,
without further demonstration of a hybrid device realization.

In addition to the attributes already mentioned, graphene has the attractive
property of being transparent in all parts of the electromagnetic spectrum and
has been demonstrated as a top-emitting transparent conductive electrode
(TCE) for GaN27,28 and InGaN LEDs29–31. In contrast to the traditional TCE
in optoelectronic devices, indium tin oxide, graphene is transparent in the
whole UV region of the electromagnetic spectrum (100-350 nm)32, offering a
potential solution for devices operating in this region.

Recently, our group showedGaN/AlGaNnanocolumngrowthwith a single-
layer graphene substrate as the bottom electrode25. However, so far there
has been no realization of utilizing graphene simultaneously as the growth
substrate and the TCE of a semiconductor device. Here, we demonstrate a
UV-A LEDusing transferred double-layer graphene (DLG) both as the substrate
for GaN/AlGaN nanocolumn growth and as the TCE in the processed device.
Along with the reduced sheet resistance of DLG compared to single-layer
graphene33, it is expected that the additional top layer of graphene will protect
the bottom layer of graphene from plasma nitridation damage during growth.
The electric current is thus injected directly from the conductingDLG substrate
in a vertical flip-chip device configuration, which can be advantageous when
compared to traditional mesa LED structures with lateral current injection that
suffer from current crowding34–36.



174 I CHAP. 8 GAN/ALGAN NANOCOLUMN UV-LED ON DOUBLE-LAYER GRAPHENE

8.2 NANOCOLUMN GROWTH AND STRUCTURAL CHARACTERIZATION

In this work, we have grown catalyst-free, self-assembled AlxGa1-xN/GaN
nanocolumn heterostructures on transferred DLG on amorphous silica glass by
radio-frequency plasma-assisted molecular beam epitaxy (RF-PAMBE) under
N-rich conditions (see Methods for the detailed information on the growth).
The intended LED structure is shown schematically in Figure B.1a in the Ap-
pendix B, where each nanocolumn is designed to consist of 40 nm n-AlN,
140 nm n-GaN, 550 nm n-Al0.25Ga0.75N, 27 nm undoped GaN, 200 nm p-
Al0.25Ga0.75N, and 20 nm p-GaN. Here, we would like to emphasize that the
length of each aforementioned segment is based on nominal values. In addition,
the indicated Al and Ga compositions are nominal compositions, i.e., based on
the ratio between the Al and Ga fluxes (see Table B.1 in Appendix B). To verify
these values, further transmission electron microscopy (TEM) investigations
were carried out and will be discussed in the following paragraphs. A thin AlN
buffer layer does not only serve as a nucleation site for n-GaN17,23–25, but it
also reduces damage to the graphene induced by impinging active N species
generated by the RF plasma source17,23–26,37 and in-plane strain generated
by GaN nucleation23,38. To achieve even higher density of nanocolumns, the
AlN deposition method is modified25 from the migration enhanced epitaxy
(MEE) technique which was utilized to obtain 1 `m long vertically aligned GaN
nanocolumns on single-layer23,24 and multi-layer graphene17. In addition, a
higher probability of vertical growth of n-GaN nanocolumns on graphene was
achieved, which is important for the subsequent vertical n-AlGaN nanocolumn
growth39,40.

Shown in Figure 8.1a-b are the top- and bird-view scanning electron mi-
croscopy (SEM) images of the self-assembledGaN/AlGaN nanocolumns grown
on DLG. It can be seen that the nanocolumns coalesce with each other, form-
ing an almost continuous film-like layer in the top part of the nanocolumns.
The top-view SEM image from the center area of the sample (Figure 8.1a)
shows that the geometry of some of the uncoalesced nanocolumns exhibits
near-perfect hexagonal morphology. In addition, there are a few small gaps
(less than 50 nm) between some nanocolumns and their neighbors. From some
of the nanocolumns with distinguished hexagonal cross-sectional geometrical
shape, the average top diameter is found to be about 220 nm. Figure 8.1b shows
a bird-view SEM image, indicating that the nanocolumns are highly dense
and vertically oriented with respect to the graphene/glass substrate, as well
as demonstrating a relatively uniform height distribution. Figure B.1b in the
Appendix B is a representative side-view SEM image of the grownGaN/AlGaN
nanocolumns, where the average height and average bottom- and top-diameter
of the grown nanocolumns, as derived from 20 SEM images, are found to
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be 1070, 35 and 220 nm, respectively. It is evident that the nanocolumn ge-
ometry exhibits a highly inverse-tapered structure due to the abrupt growth
temperature reduction by 200 - 220 ◦C starting from the p-AlGaN segment,
forming a champagne glass-like structure, similar to the work reported by
Sekiguchi et al.39. As a result of the low growth temperature (675 – 695 ◦C), the
nanocolumns tend to grow faster in the radial direction, causing the top part
of the nanocolumns to coalesce with each other. Such coalesced nanocolumns
are used in order to ensure a uniform and continuous metal contact to the
top p-GaN segment in the subsequent LED processing, preventing discontinu-
ous metal deposition on p-GaN as shown in previous work25. Furthermore,
metal can be deposited without the use of any insulating filler material between
nanocolumns. The reasons for lowering the growth temperature during growth
of the p-AlGaN and p-GaN segments of the device structure are explained in
more detail in the Appendix B.

Detailed structural characterization was further carried out by TEM. Fig-
ure 8.1c shows a bright-field (BF) TEM overview image of the self-assembled
GaN/AlGaN nanocolumns. All nanocolumns grow in the [0001]-direction,
which was observed by electron diffraction for more than 20 nanocolumns
and is exemplified in the diffraction pattern in Figure B.2a in the Appendix B.
This is consistent with previous reports of GaN nanocolumns grown on single-
layer16,18,23,24 andmulti-layer graphene17,26. The darker contrast nanocolumns
shown in Figure 8.1c are oriented with the electron beam parallel to the [2110]-
direction, i.e., they possess a very similar in-plane orientation. Tilting the
sample to different in-plane orientations reveals several clusters of identically
oriented nanocolumns on the `m-scale. Since the CVD DLG used as a sub-
strate is polycrystalline, the observed preferred in-plane orientation of the
nanocolumns is an indication that they adopt an epitaxial orientation related
to the graphene lattice and thus follow the orientation of a particular graphene
grain6. The DLG can be distinguished in Figure 8.1d as indicated by the red
arrows. The exact number of layers cannot be confirmed by this image, as
the graphene layers are buckled and the two-dimensional image of the TEM
lamella thus indicates more than two layers23. The nanocolumns exhibit a
pure wurtzite crystal structure and no interfacial layer, which is identical with
our observation in the growth of n-GaN nanocolumns on graphene using an
MEE-AlN buffer layer23 but different from n-GaN nanocolumns grown di-
rectly on silica glass41. No dislocations, stacking faults or other defects are
found in the GaN- and AlGaN-nanocolumn segments. The AlN buffer layer,
however, is found to have some dislocations and point defects. Using high-angle
annular dark-field scanning TEM (HAADF STEM) to get a Z-contrast image
of the nanocolumns in Figure 8.1c, the different segments of the GaN/AlGaN
nanocolumns can be distinguished, as shown in Figure 8.1e.
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FIGURE 8.1. Overview of self-assembled GaN/AlGaN nanocolumns by SEM and their struc-

tural details by TEM. (a,b) Top- and bird-view SEM images of nanocolumns

grown on DLG transferred onto amorphous silica glass. (c) BF TEM image of

the nanocolumns shows local preferential orientation as several neighboring

nanocolumns are simultaneously on-axis, indicating epitaxy with the graphene

substrate. The nanocolumns grow in the [0001]-direction. (d) High-resolution BF

TEM image showing the DLG (white arrows) between the amorphous silica glass

support and the crystalline nanocolumns. (e) A superlattice-like structure can

be observed by HAADF STEM (scale bar 500 nm). (f) High-resolution HAADF

STEM image of alternating Al-rich/Ga-rich layers in the superlattice-like n-AlGaN

nanocolumn segment. (g) Compositional mapping by EDS and EELS of the differ-

ent GaN/AlGaN segments shows an actual nanocolumn heterostructure consist-

ing of n-AlN/n-GaN/n-Al0.76Ga0.24N/p-Al0.42Ga0.58N/p-GaN (scale bar 200 nm).
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TheAlNbuffer layer, seen in the base of the nanocolumns, tends to assemble
as a continuous layer, although there are a few AlN islands as well. Short
stems consisting of n-GaN are clearly visible below the n-AlGaN nanocolumn
segments. A slight oscillation of the Ga/Al-ratio in the n-AlGaN segment
is noticeable, forming a superlattice-like structure as is more evident in the
HAADF STEM image in Figure 8.1f (the line scan can be seen in Figure B.2b in
the Appendix B). The main reason for such composition inhomogeneity could
be kinetical42; as a consequence of a difference in sticking coefficients and
diffusion lengths for Al andGa adatoms as well as a competition between Al and
Ga incorporation during the nanocolumn growth. This would be the case for
both the direct impingement on the top of the nanocolumns and for diffusion
along the nanocolumn sidewalls42,43. As the higher Al-content barriers in the
superlattice-like structure in the n-AlGaN segment are only ∼2-3 nm thick, it
is unlikely that they will affect the electronic properties of the nanocolumns.
From Figure B.2c in the Appendix B, a higher Al-content nanocolumn shell-
layer can be seen surrounding the AlGaN nanocolumn core, which might act
as a self-passivation layer for the nanocolumn side facets. No intrinsic GaN
segment is observed in the TEM images, which is likely caused by the complete
desorption of this layer during the growth interruption needed to reduce the
temperature for the subsequent p-AlGaN growth, as the Ga desorption rate is
very high at these substrate temperatures44. The p-AlGaN segment and thin
p-GaN contact layer grow highly inverse-tapered (as desired for the subsequent
process of top contact metallization), indicating a switch from N-polar to Ga-
polar growth mode (for improvement of p-type doping efficiency)45, which is
further evidenced by a switch from planar to inclined interfaces at the top of
the nanocolumns.

The elemental composition of the different segments is estimated by com-
bining X-ray electron dispersive spectroscopy (EDS) with electron energy loss
spectroscopy (EELS), using the pure AlN and GaN layers at the bottom and top
of the nanocolumns as references, respectively. The results shown in Figure
8.1g indicate that the n-AlGaN segment has a composition of 76% Al close
to the p-n junction, while the p-AlGaN segment has a composition of 42% Al
(more detailed in Figure B.2c in the Appendix B). These values may have con-
tributions from the Al-rich shell leading to an overestimation of the Al-content
in the n- and p-AlGaN segments. However, most of the large deviation from
the designed n- and p-AlGaN segment composition of 25% Al is most likely
caused by the higher Ga desorption rate as explained above.
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8.3 GRAPHENE ELECTRODE

The nitrogen plasma sources utilized during RF-PAMBE growth of III-N
nanocolumns are known to have a damaging effect to graphene23–26,37. To
assess the extent of the possible damage, the DLG was characterized by micro-
Raman spectroscopy and sheet resistance measurements before and after
nanocolumn growth. Figure 8.2a shows the average micro-Raman spectrum
from 1600 measurements of DLG before and after nanocolumn growth. The
graphene is notably damaged after growth, as evidenced by the increase in the
defect-related D-peak at ∼1350 cm-1, the reduction in the G- and 2D-peaks at
∼1600 cm-1 and ∼2700 cm-1 and the appearance of the D’-peak at ∼1620 cm-1.
Mapping the peak intensity ratio of the D- and G-peaks in Figure 8.2b reveals
that the defect distribution is non-uniform in graphene after the nanocolumn
growth, with some areas resembling the pre-growth graphene quality while
others are extensively damaged. The increased presence of defects in graphene
may lead to an increase in carrier scattering and therefore an increase in the
graphene sheet resistance. This is confirmed by van der Pauw measurements,
where the sheet resistance is found to increase from 329Ω/� before nanocol-
umn growth to 2326Ω/� after growth for the DLG. For single-layer graphene,
the sheet resistance increases more severely, from 779Ω/� before nanocolumn
growth to 86869 Ω/� after growth. It is worth to mention that the nitrogen
plasma emission during nanocolumn growth is two times higher and the total
growth time is two times longer than for our previous work25 (see Table B.1 in
Appendix B), resulting in more defective graphene and consequently a larger
sheet resistance, especially for the single-layer graphene. However, for the case
of DLG, the limited increase in sheet resistance shows that the top layer of
graphene protects the bottom layer and thus limits the extent of the damage
in the bottom layer. The UV transparency of transferred DLG on silica glass
is reduced by an additional ∼3% compared to that of transferred single-layer
graphene on the same substrate carrier, retaining a total transmission of more
than 80%46.

Table 8.1 shows the D, G and 2D peak positions, intensities and ratios of
the micro-Raman spectroscopy mapping, and maps of these parameters can be
found in Figure B.3 in the Appendix B. The apparent blue-shift of the G- and
2D-peaks for the DLG could be due to doping and/or strain in graphene after
the nanocolumn growth47. It is known that exposure to nitrogen plasmamay n-
type dope graphene37. Using the correlation analysis developed by Lee et al.48,
one can untangle how much strain and doping contributes to the Raman shift,
but as there is a notable occurrence of defects in the DLG after nanocolumn
growth, it is not possible to conclude on the exact origin of the peak-shifts.
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FIGURE 8.2. Micro-Raman characterization of DLG before and after RF-PAMBE GaN/AlGaN

nanocolumn growth. (a) Averaged micro-Raman spectra from a 40 × 40 `m area

with a 1 `m step size before (offset by 500 cps for clarity) and after nanocol-

umn growth, respectively. The intensity of the spectra taken before nanocolumn

growth have been divided by two, and peak positions are indicated by the dashed

lines. (b) Map of the same area shows the spatial variation of defects as repre-

sented by D/G peak intensity ratio.

TABLE 8.1. Micro-Raman peak positions, intensities and ratios

Sample
Median

D/G ratio

Median G Median 2D
Median

2D/G ratioPosition

[ cm-1 ]

Intensity

[ cps ]

Position

[ cm-1 ]

Intensity

[ cps ]

FWHM

[ cm-1 ]

DLG before

MBE growth
0.04 1587 1003 2692 1314 37 1.31

DLG after

MBE growth
0.9 1597 532 2698 169 58 0.32

8.4 LED FABRICATION AND ELECTRICAL CHARACTERIZATION

The graphene-nanocolumn LED devices were fabricated as shown schemati-
cally in Figure 8.3. After nanocolumn growth, Ti was removed from the back-
side by mechanical removal and etching the sample in a buffered oxide etch,
where hydrofluoric acid dissolves the Ti (Figure 8.3a). Contact areas to the
graphene and nanocolumns were defined by photolithography (Figure 8.3b),
and the metal contacts were deposited by electron beam evaporation (Figure
8.3c). A Ni/Au metal stack of 50/100 nm thickness was used as a top contact
to the thin-film like p-GaN surface layer of the nanocolumns. To avoid de-
position on the graphene, the top contact metals were deposited at an ∼30◦
angle with regards to the substrate plane. For the bottom metal contact to the
graphene, 200 nm Au was used, which is known to give an ohmic contact to
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FIGURE 8.3. Schematic of the fabrication steps of the flip-chip UV LED device. (a) The

nanocolumns are grown by RF-PAMBE on a DLG/silica glass substrate. (b) An in-

sulating polymer is deposited and separate areas of graphene and nanocolumns

are opened for the bottom and topmetal contacts, respectively. (c) A Ni/Aumetal

stack contacts the top layer of p-GaN of the nanocolumns (deposited at an angle

of 30◦ with the substrate plane), while Au contacts the graphene at the bottom. (d)

The LED device is biased between the two contacts, and light is emitted through

the graphene/silica glass substrate in a flip-chip configuration.

graphene with a low contact resistance49. In this configuration, light can be
emitted through the transparent graphene/silica glass substrate of the sample
as a flip-chip type device (Figure 8.3d), and the continuous graphene electrode
allows for vertical current injection through the nanocolumns. Figure 8.4a
shows an optical microscopy image of the LED device, with the graphene-Au
contact at the top of the image and p-GaN nanocolumn-Ni/Au contact at the
bottom. The LED devices have apertures of 75 or 150 `m diameter, and the
distances between the top and bottom metal contacts were fixed at ∼100 `m.

Figure 8.4b shows the current-voltage (I-V) curves measured for six differ-
ent LED devices on the same sample, and Figure 8.4c shows the same data in a
semi-logarithmic scale. The different curves are from devices with different
LED apertures. Devices with the same size show similar diode characteristics,
indicating uniform nanocolumn growth and junction formation. For the same
bias voltage, one would expect a quadrupled current level for the device with
a doubled diameter, but as the current only increases by a factor of ∼2, it is
evident that the injection current does not scale with the aperture area. This
could be an effect of the defect generation in the graphene layers caused by
nanocolumn growth, which also causes a relatively large sheet resistance, as was
discussed above. The turn-on voltage is found to be 7.7 V (by intersecting the
semi-linear region of the I-V curve between 10 V and 12 V and the voltage axis),
somewhat larger than expected for a GaN/AlGaN nanocolumn LED50, but
considering the high Al-content of the n-AlGaN and p-AlGaN layers a higher
turn-on voltage is more reasonable. However, the high resistance of the device
makes it difficult to define an exact turn-on voltage, as multiple semi-linear
regions could possibly be used to find different intersections. In the semilog-
plot in Figure 8.4c, two voltage regions can be distinguished. A less steep slope
below ∼3.5 V can be seen, and the current below this value is attributed to
leakage due to acceptor level recombination and electron overshoot51.
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FIGURE 8.4. Processed LEDdevice and I-V characteristics. (a) Opticalmicroscope image from

the p-GaN side of a 75 `m diameter aperture LED device (before flip-chip). (b,c)

Linear and logarithmic I-V characteristics, respectively, from six LED devices with

aperture sizes of 75 and 150 `m diameters.

Using the elemental compositions measured by combined EDS and EELS
for the AlxGa1-xN segments, the band gaps can be calculated by a model using
local density approximation (LDA-1/2)52. The band gap of AlN is 6.28 eV and
GaN 3.44 eV, so using a bowing parameter of 0.8 eV yields band gaps of 5.45
eV (227 nm) and 4.44 eV (279 nm) for the n-Al0.76Ga0.24N and p-Al0.42Ga0.58N
segments, respectively52. The higher Al-composition at the n-doped side will
increase electron leakage to the p-AlGaN side of the p-n junction.

8.5 LED EMISSION AND OPTICAL POWER OUTPUT

Low temperature photoluminescence (PL)measurements show amain emission
peak at 360 nm (3.44 eV), in addition to two weaker and less defined bands
at 368 nm (3.37 eV) and 382 nm (3.25 eV), as shown in Figure 8.5. The latter
band, typically referred to as the blue luminescence band, originating from
donor-acceptor-pair recombination, in conjunctionwith the absence of a yellow
luminescence band, strongly indicates that the PL emission originates from
the top p-type GaN nanocolumn layer. The main emission peak at 360 nm
(365 nm at room temperature (RT)) is most likely attributable to MgGa acceptor
bound excitons, as commonly done in the literature53. The internal quantum
efficiency (IQE) at RT is estimated from the ratio of the integrated PL intensity
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FIGURE 8.5. Low-temperature 10 K photoluminescence spectrum of the LED device. Themain

PL emission is at 360 nm (3.44 eV), with two side bands at 368 nm (3.37 eV) and

382 nm (3.24 eV). For an interpretation of the PL spectrum see main text.

at RT to the interpolated value at T = 0 K (see Figure B.4 in Appendix B for
further details). The obtained IQE is dependent on the excitation power density
used54, and the maximum value determined in our experiments was ∼46 % at
an excitation power of 5.5 mW.

The LED device performance was further investigated by RT continuous
current injection electroluminescence (EL) measurements, where the EL is de-
tected either by a UV sensitive detector inside an integrating sphere for power
measurements, or a spectrometer for spectral information. Figure 8.6a-b shows
the measured light under different current injection conditions, with a main
peak emission at 365 nm with a full width at half maximum (FWHM) of 37
nm at 20 V, which is slightly broader than near-UV GaN/AlGaN nanocolumn
LEDs grown on Si substrates55. As already discussed above in relation with
the TEM images in Figure 8.1e and Figure 8.1g, there is no intrinsic GaN
layer observed between the n-Al0.76Ga0.24N and p-Al0.42Ga0.58N nanocolumn
segments. In addition, the main EL emission measured at 365 nm resembles
closely themain PL emission band at RT, with the exception of theweakUV and
blue-luminescence defect-related PL bands and a shorter-wavelength shoulder
in the EL spectra appearing at high forward bias, as illustrated in Figure 8.6c.
Therefore, it is most likely that similarly to the PL recombination, the EL recom-
bination also occurs in the p-GaN nanocolumn layer. Several peaks contribute
to the EL emission around 365 nm, indicating some local inhomogeneity in
the thin p-GaN nanocolumn contact layer. There is no notable EL peak shift
with increasing injection currents up to 1.1 mA. EL emission is detected from
∼4.5 V, and the intensity is seen to increase linearly with the injected current
at lower voltages before saturating at higher voltages > 18 V. No defect-related
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FIGURE 8.6. Room-temperature electroluminescence measurements and LED device effi-

ciency. (a) Electroluminescence spectrummeasured for a 150 `m diameter aper-

ture LED device under a bias of 20 V, with the logarithmic plot in the inset, showing

a peak emission at 365 nm. (b) EL spectra at different injection currents. (c) Com-

parison between RT PL and EL spectra normalized to their respective maximum

intensity. (d) Voltage and optical output power dependency on injection current.

(e) External quantum efficiency (EQE) at varying injection currentmeasured using

an integrating sphere.

yellow EL emission was detected56, as evidenced by the semi-logarithmic data
representation of the inset in Figure 8.6a.

The external quantum efficiency (EQE) of the LED is a product of the IQE,
the current injection efficiency (CIE) and the light extraction efficiency (LEE).
Figure 8.6d shows the measured optical power with respect to the injected
current. The slope of the dependence gradually decreases as the current in-
creases due to droop57, which can be more clearly seen by calculating the EQE
as a function of injection current. The EQE is defined as the ratio of emitted
photons over the number of injected electrons as given by the expression

�&� =
@ × %>?C
� × ℎa (8.1)

where @ is the electron charge, %>?C is the measured optical power, � is the in-
jected current and ℎa is the energy of the emitted photons. The measured EQE
is shown in Figure 8.6e, and it is clear that the LED device is most efficient at
current injections around 0.05 mA for a 150 `m diameter aperture device, with
a continuous decrease in the EQE with increasing forward bias. A major factor
for the low EQE of this LED is believed to be the low effective hole doping in
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especially the p-AlGaN segment causing hole-blocking at the p-GaN/p-AlGaN
interface. Because of this, the holes cannot reach the middle of the p-n junction
and instead the EL recombination occurs in the thin p- GaN contact layer
which is intrinsically a region with a low EQE. The absorption of the 140 nm
long n-GaN segment at the emission wavelength of 365 nm can be considered
to be negligible. However, one must design a shorter n-GaN segment for UV
LEDs emitting below 365 nm as the absorption coefficient increases abruptly
above the GaN band gap58. In this study, the nanocolumns are randomly posi-
tioned (by self-assembly) across the graphene substrate. However, controlling
the nanocolumn diameter and spacing by e.g., selective area growth with a
hole-patterned mask can potentially increase the EQE by enabling coupling of
the light emission into guided modes along the nanocolumns, as demonstrated
in AlGaN- and InGaN-based nanocolumn/nanopyramid arrays50,59–62. Fur-
thermore, one can reduce EQE droop by inserting an electron blocking layer
on the p-side of the active layer, preventing electrons from overshooting the
recombination region63. By incorporating quantum wells in the active layers,
the efficiency can be further improved as the probability of radiative recom-
bination increases64. Reducing the sheet resistance of graphene would lower
the operating voltage of the LED, and there are several methods to achieve this.
The reduction of plasma-damage has already been discussed, but in addition
conducting elements can be deposited on the graphene if the LED is delam-
inated from the glass substrate65. Examples of conducting elements are Ag
nanowires66 and Au dots67.

8.6 CONCLUSIONS

To summarize and conclude, we have shown that DLG can be used as a substrate
for RF-PAMBE growth of GaN/AlGaN nanocolumns, and subsequently as the
transparent electrode in a fabricatedUV-A LEDdevice. Although graphene gets
damaged by plasma-activated nitrogen during the nanocolumn RF-PAMBE
growth, the DLG retains its prominent characteristics and functions as a trans-
parent electrode. Electroluminescence emission is achieved during continuous
biasing at a wavelength of 365 nm with no defect-related yellow emission. On
the basis of temperature-dependent PL, an IQE of ∼46 % is estimated, confirm-
ing the high crystal quality of the nanocolumns. These results indicate that
graphene can be used as a functional substrate and electrode for III-nitride-
based device technology. Furthermore, we have indicated several possible steps
for growth and device design optimization to improve the EQE, now that this
platform has been established.
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8.7 METHODS

Substrate preparation. The DLG is formed by two successive transfers of
single-layer graphene. In this work, we used commercially available DLG as
a substrate which was synthesized using CVD on Cu foil33 and transferred
to a substrate carrier of amorphous silica glass by Graphene Platform Corp.
(Tokyo, Japan). The backside of the substrate was coated with an approxi-
mately 300 nm thick Ti layer for efficient and uniform absorption of thermal
radiation from the heater to the substrate, as well as assisting the pyrometer
reading during nanocolumn growth.

Growth of GaN/AlGaN nanocolumns. The catalyst-free and self-
assembled GaN/AlxGa1-xN nanocolumn heterostructures were grown in an
EpiQuest RF-PAMBE systemunderN-rich conditions17,39. Standard effusion
cells were used to supply Al, Ga, Mg (p-type dopant), and Si (n-type dopant)
atoms, while atomic nitrogen was supplied from an RF plasma source operat-
ing at 450 W. Growth temperatures were recorded both from thermocouple
readings near the Ti-coated backside of the silica glass substrate carrier and
from pyrometer readings, in order to obtain as good as possible control over
the substrate temperature. For the purpose of consistency, the growth temper-
atures stated hereafter refer to the pyrometer readings. The length/thickness
for each segment/layer mentioned in the next paragraph are nominal values
based on the ratio between the Al and Ga fluxes (see Table B.1 in Appendix B).

To start the nanocolumn growth, an Al seeding layer with Si atoms were
deposited at 805 ◦C before the graphene substrate was exposed to N plasma.
After that, the Si, Al and N shutters were opened simultaneously to form an
n-AlN buffer layer with a thickness of approximately 40 nm25. Afterwards, a
segment of about 140 nm25 high n-GaN nanocolumn segments were formed
at 895 ◦C, acting as a template for n-AlGaN39, minimizing the chance of co-
alescence and/or quasi-film-like structures40. Subsequently, 550 nm long n-
Al0.25Ga0.75N nanocolumn segments were grown at 915 ◦C, followed by an
active region of 27 nm thick intrinsic GaN segment grown at 895 ◦C. Radial
nanocolumn development is anticipated, increasing the chance of achieving
champagne-glass structure for the following nanocolumn segments39. Using
thismethod, one can increase the diameter of nanocolumns and thus coverage
without introducing a higher Al flux25. Next, a 200 nm thick p-Al0.25Ga0.75N
segment was grown at 695 ◦C, and finally, 20 nm thick p-GaN grown at 675
◦C was used as a p-type contact layer. Each nanocolumn segment has its own
distinctive growth condition with respect to Al, Ga, Si, and Mg beam equiva-
lent pressures, N2 flow rate and growth time, as summarized in Table B.1 in
the Appendix B.
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Micro-Raman measurements. A Renishaw inVia Reflex system with a 100
mW 532 nm laser, a 50× confocal objective and a spectral resolution of less
than 1 cm-1 was used to map 40 × 40 `m areas on the samples. 10 mW laser
power with a dwell time of 10 s was used for the acquisitions, and spectra
shown in Figure 8.2a are averaged from 1600 individual measurements.

SEM imaging. Secondary electron images were taken with a Hitachi SU8000
system at an acceleration voltage of 5 kV.

TEM imaging. The cross-section TEM lamella was prepared by a FEI He-
lios G4 UX dual-beam FIB-SEM. Two protection layers of carbon, the first
one made by e-beam assisted deposition and the second by ion-beam assisted
deposition, were deposited on the surface of the selected area prior to milling.
Coarse thinningwas performed at 30 kV ion-beam acceleration voltage, while
the final thinning was performed at 5 and finally 2 kV tominimize Ga implan-
tation and surface amorphization.

TEM characterization was performed with a double Cs-corrected cold-
FEG JEOL ARM 200CF, operated at 200 kV and equipped with a 100 mm2

(0.98 sr solid angle) Centurio SDD for X-ray energy dispersive spectroscopy
(EDS) and aQuantumERGIF for electron energy loss spectroscopy (EELS). In
order to remove surficial hydrocarbons, the TEM lamella was gently plasma
cleaned with a shielding holder 2 × 10 s prior to TEM characterization. Si-
multaneous EDS and dual-EELS were performed in scanning TEM (STEM)
mode for chemical compositional analysis.

Electrical measurements. For van der Pauw measurements, Au contacts to
graphene were made in the corners of a quadratic 0.5 × 0.5 cm2 sample. The
voltagewasmeasured on opposite sides of the bias current path for both polar-
ities to find the corresponding resistance, giving a total of eightmeasurements.
These values were then inserted into the van der Pauw formula and the equa-
tion was solved for Rs numerically. The current-voltage measurements were
done on a two-probe station connected to a Keithley 2636A sourcemeter.

Photoluminescence measurements. Continuous-wave (CW) excitation
was achieved with a Kimmon Koha He-Cd laser operating at 325 nm. The ex-
citation beam was focused on the sample using a 5 mm lens, achieving a spot
size of∼0.42mm. The samplewas placed inside aCryo Industries closed-cycle
liquid Hemicroscopy cryostat system equippedwith a sample heater and ther-
mometer for precise sample temperature control. PL detection was achieved
with an Andor Shamrock 303i imaging spectrograph, using a 600 lines/mm
grating blazed at 500 nm, dispersing the signal onto an Andor Newton elec-
tron multiplying charge-coupled device (EMCCD).
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Electroluminescence spectral measurements. For LED electrolumines-
cence measurements, a StellarNet EPP2000 UV-VIS (185 nm - 850 nm) com-
pact spectrometer with a resolution between 0.4 nm (UV) and 0.25 nm (VIS),
2048 channels, was used with a UV-transparent fiber.

Electroluminescence integrating sphere measurements. The integrating
sphere measurement system consists of a 50 cm diameter integrating sphere
(BaSO4 coating) and a spectrometer consisting of a grating monochromator
with stepmotor and photomultiplier tube. The optical resolution of the entire
system is about 1.2 nm. According to the manufacturer, the minimum spec-
troradiometric accuracy of the system is ±1% in the UVA and visible spectral
region for each individual wavelength step. The LED sample is positioned in
the center of the integrating sphere and contacted via contact probes. The
LED is electrically driven and measured using a Keithley 2400 sourcemeter.
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CHAPTER 10

Closing remarks

With nitride semiconductor/graphene-based material growth and device tech-
nology being at an initial phase of research, the results presented in this study
add to the understanding of growth, as well as provide the proof-of-concept of
UV LEDs based on GaN/AlGaN nanocolumns using graphene as substrate and
transparent electrode. This last chapter of this dissertation contains a summary
and conclusions of the present work, including potential directions for future
work. The latter section could be viewed as an entry point to further advance
the growth method and improve the device performance presented in this PhD
thesis.

10.1 SUMMARY

Two different kinds of materials, namely GaN nanocolumns and graphene ,
have developed as favorable contenders for the realization of the hybrid system
for nano-optoelectronic devices, for instance UV LEDs, due to their respective
complementary properties. GaN, along with its alloys, is inherently endowed
with a direct wide bandgap, and being in the nanocolumn form, a structure with
reduced stacking faults and threading dislocation densities can be obtained
due to the effective radial strain relaxation. Such relaxation also suppresses the
piezoelectric polarization field, as well as the resulting QCSE1. These unique
nanocolumn features have been utilized to obtain high structural quality of
III-nitride materials on virtually any substrate2–4. Graphene exhibits many
interesting properties, a few of which are quite beneficial for GaN-based UV
LED devices when graphene is employed as a substrate material, especially if it
is utilized as a transparent conductive electrode5–7.

That said, the integration of a GaN nanocolumn-based device with
graphene employed as a transparent conductive substrate has not been demon-
strated prior to this thesis work. Knowing that the full exploitation of graphene
could improve the functionalities of optoelectronic devices based on III-V ni-
tride semiconductors, especially LED devices working at deep UV range, this
could turn out to be a very promising route. An equally important topic that
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has not been sufficiently addressed in the literature is the investigation of GaN
nanocolumn synthesis on graphene. Understanding the general mechanism
of the growth behavior of GaN nanocolumns on graphene could elucidate the
adequate approach to obtain a GaN/AlGaN nanocolumn device structure us-
ing the RF-PAMBE technique and advance the development of optoelectronic
device fabrication based on III-V nitride semiconductors grown on graphene
in general.

Growth study of GaN and GaN/AlGaN nanocolumns on graphene sub-
strate and their attempted use in UV LED fabrication have been central topics
in this PhD thesis. A preliminary study (Chapter 5) on self-assembled GaN
nanocolumns grown on fused silica demonstrated that these nanocolumns
are grown preferentially along the c-axis direction, and their structural and
optical qualities are comparable to those of the GaN nanocolumns on silicon
and sapphire substrates, despite the absence of a global epitaxial relationship
between GaN and the fused silica substrate. More importantly, it was further
demonstrated (Chapter 6) that highly dense and vertical GaN nanocolumns
can be obtained on CVD grown graphene transferred to silica glass, owing to
the presence of a thin AlN buffer (intermediate) layer. Later in Chapter 7, it
was identified that the AlN buffer layer has the capability to affect the growth
morphology of GaN nanocolumns, as well as to alter the graphene properties.

These findings facilitate the progress on realizing the GaN nanocolumn
device structure (with AlGaN as the cladding layer) on double-layer graphene
(Chapter 8) and subsequently single-layer graphene substrates (Chapter 9). In
both situations, the first evidence on graphene being used simultaneously as a
substrate and a transparent conducting electrode for the GaN/AlGaN nanocol-
umn device structure has been provided. The absence of defects, such as stack-
ing faults and/or threading dislocations in the grown nanocolumns, indicates
that high-quality single crystalline wurtzite GaN/AlGaN nanocolumns can
be grown on graphene. More interestingly, these initial attempts successfully
demonstrate the achievement of electroluminescence emissions in LEDs work-
ing at the UV-A wavelength range, with no observation of defect-related yellow
luminescence emission. These results hint at the opportunity that graphene
could be exploited as a functional substrate for nitride semiconductor-based
optoelectronic and electronic device technology in the future.
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The reader might notice that the active area of GaN/AlGaN nanocolumn device
structures shown in Chapter 8 consists of a GaN bulk region with a nominal
thickness of around 30 nm. One suggestion to improve the LED efficiency of
the present work is via the exploitation of a quantumwell structure as the active
layer, as briefly demonstrated and discussed in Chapter 9. This could effectively
trap the injected charge carriers, i.e., electrons and holes, enhancing the carrier
confinement and electron-hole wavefunction overlap in the nanocolumn active
region. In this way, the probability for electrons and holes to undergo radiative
recombination processes is increased. A multi-quantum well structure and
an electron blocking layer could be used to further improve the luminescence
efficiency of UV LEDs as is typically done for thin film based UV LEDs.

One coefficient that is normally included to calculate the IQE ofGaN-based
nanocolumn LEDs, namely the Auger recombination coefficient, is measured to
be much smaller compared with those measured in GaN-based planar LEDs1,8.
This reduced Auger recombination is assumed to have a direct consequence,
with a negligible droop in LEDs utilizing nanocolumn structures. It could be
that the suppressed defect density in nanocolumn-based LEDs plays a major
role in lowering the Auger recombination coefficient, which benefits the device
performance.

Despite the fact that lowered Auger recombination can be obtained, the
geometry of the nanocolumn itself contains some potential drawbacks3, which
should be considered to be improved in future work. One drawback is the
enhancement of non-radiative surface recombination, namely Shockley-Read-
Hall recombination associated with the presence of surface states, due to the
large surface-to-volume ratio in the nanocolumn structure. Consequently,
this high density of surface states will severely reduce the current injection
efficiency inLEDs2. In addition, nanocolumns suffer frombandbending caused
by surface Fermi-level pinning, which reduces the recombination probability
of electron-hole pairs. The less active volume per unit area of nanocolumn
arrays also prompts less light-emitting media than a comparable thin-film
structure does. It should be noted as well that the coalescence of self-organized
III-nitride nanocolumns during the growth generates defects and they can
result in degradation of the crystal quality that further reduces the IQE.

One proposal to reduce the total density of surface states, and thus to mini-
mize the non-radiative surface recombination rate, is to use surface passivation
techniques2, which can be achieved via in-situ growth of nanocolumn core-shell
structures. In this case, the shell typically consists of III-V nitride material with
larger energy bandgap than that of the III-V nitride material in the core, e.g.,
visible InGaN/GaN dot-in-a-wire as a core structure and AlGaN as a shell9. In
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the latter case, the AlGaN shell was shown to be effective in reducing surface
non-radiative recombination and enhancing the carrier injection efficiency,
which in turn improved the LED device performance. Apart from that, p-type
modulation doping techniques10 or p-AlGaN electron blocking layers8,11 can
be implemented tomitigate the electron overflow across the active region. Such
measures should be taken owing to the poor hole doping and mobility as well
as inhomogeneous distribution of holes within the p-side of the nanocolumns,
which can cause a significantly enhanced Auger recombination and increased
electron overflow.

Particularly for AlGaN nanocolumns with high Al-content, one should
consider the presence of a spontaneous polarization field2, as the implementa-
tion of a p-AlGaN electron blocking layer alone might not completely resolve
the electron overflow issue. The potential problem here originates from the
polarization mismatch between layers in the LED active region, i.e., p-(Al)GaN
barrier and p-AlGaN electron blocking layer. At the interface between these
two layers, there is a presence of positive sheet charge (which is attractive to
electrons) that can pull down the conduction band of the electron blocking layer,
thus reducing the effective barrier height for electrons. As a result, electron
leakage from the active region is enhanced at this heterointerface. Reducing
carrier leakage stemming from the polarization mismatch can be achieved
by employing a polarization-matched AlGaInN barrier instead of an (Al)GaN
barrier. In the application of visible LEDs, this method has been proven to
be effective in increasing the EQE12. For high Al-content in AlGaN LEDs,
one can consider employing a monolayer GaN embedded in an AlN matrix, as
this structure can exhibit transverse electric (instead of transverse magnetic)
polarized emission in deep UV wavelengths13.

With relation to spontaneous polarization fields due to the ionic character
of the AlGa-N bonds combined with their non-centrosymmetric wurtzite
crystal structure, one can utilize this property to achieve efficient AlGaN p-
type doping. Compositional grading of a thin-film or nanocolumn of a non-
centrosymmetric crystal along the direction of the dipole can lead to a positive-
or negative-polarization bound charge. The former induces the formation of
a mobile 3D electron gas, whereas the latter results in a mobile 3D hole gas,
whichmakes an n-or p-type semiconductor, respectively14. Using this principle,
Carnevale et al.15 demonstrated working UV LEDs based on a polarization-
induced AlGaN nanocolumn whose p-n junction was formed without impurity
doping. This technique offers an interesting approach to the p-doping withMg,
which, due to its large activation energy, can lead to a highly resistive p-GaN,
and even more resistive p-AlGaN.
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In line with the attempts to find alternatives for the high-resistance p-type
Mg doping of the GaN and AlGaN layers, a nanocolumn with a tunnel junc-
tion structure has been proposed. Compared with conventional p-i-n AlGaN
nanocolumn LEDs, the incorporation of a tunnel junction in nanocolumn-
based UV LEDs can reduce the device resistance by one order of magnitude
and increase the light output power by two orders of magnitude16. This result
can be obtained due to the tunnel junction device structure arranged in such a
way that the top contact layer can consist of a low resistance n-GaN, instead
of a resistive p-GaN. Laleyan et al.17 reported that the p-type characteristics
of B vacancies in h-BN can be used for efficient p-type conduction to replace
Mg-doped GaN and AlGaN in nanocolumn LEDs. Their findings using this
structure include better electrical performance compared with conventional
LEDs whose p-AlGaN/p-GaN is based on Mg doping.

The self-organized GaN nanocolumn growth on graphene substrates
demonstrated in this dissertation nucleate and grow non-uniformly in terms of
length, diameter, and position. Similarly, the self-assembly process of AlGaN
nanocolumns can additionally introduce an inhomogeneity in the spatial distri-
bution of the Al composition for each nanocolumn, possibly due to fluctuations
in the nanocolumn geometry and position18. Moreover, the random distribu-
tion of nanocolumns leads to a light-trapping effect and reduces the LEE19.
Selective area growth of the nanocolumns18–20 on hole masked graphene can
be employed to mitigate these issues. Here, nanocolumns are only formed in
the defined apertures of the mask placed on top of the graphene substrate due
to the growth selectivity. The mask itself, typically composed of Ti or SiOx,
could be also utilized as a protection layer against the nitrogen plasma, thus
reducing the graphene damage.

Employingmore layers of graphene as a growth substrate can be considered
as well, since it has lower sheet resistance compared with single- and double-
layer graphene although this comes with the trade-off of reduced transparency.
Additionally, it is presumed that the top layer(s) of graphene could take the
damage from the plasma nitridation (i.e., as a sacrificial layer), allowing the
graphene layer(s) below to retain their electrical properties as a bottom contact
electrode. Furthermore, one can utilize interlayer materials placed between
graphene and p-GaN, such as Au nanoparticles or Ag nanowires6, in order to
reduce the operating voltage of the LEDs. These conducting elements can also
be deposited on the graphene once the nanocolumn/graphene is delaminated
from the silica glass host substrate. Nevertheless, this method comes with an
expense of reducing the light output of flip-chip type UV LEDs.

Regarding the issue of the number of graphene layers for the realization
of nitride nanocolumn-based UV LEDs, particularly for the flip-chip type de-
vices, ideally, many graphene layers should be chosen based on the reasoning
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mentioned in the previous paragraph. However, one should realize that extra
graphene layers will increasingly absorb more of the generated UV light, which
correspondingly limits the light output in flip-chip UV LEDs. Therefore, the
emphasis should be placed on the balance between the optical transparency,
structural property, and electrical property of the graphene, as these character-
istics play a significant role in graphene as a transparent conducting substrate
in this particular type of device. Within the nanocolumn structure itself, a GaN
nanocolumn as the growth template for the following AlGaN nanocolumn
should be avoided because of GaN’s ability to absorb UV light for wavelengths
shorter than 365 nm.

Different approaches for growing intermediate nanocolumn buffer layers
on graphene could benefit future devices. Indeed, the n-AlN buffer layer pro-
posed in this PhD thesis has been proven to significantly reduce the formation
of tilted nanocolumns and demonstrate vertical nanocolumn growth to an
extent that is acceptable for further devices. However, as n-AlN becomes a
part of the device, its nature of being highly electrically insulating (reflected in
its high energy bandgap of 6.2 eV) makes this material inherently unsuitable
to achieve high device performance. It is expected as well that the interface
between graphene and the n-AlN buffer layer forms a Schottky barrier, which
can severely reduce the flow of electrons from graphene to n-AlN, as discussed
in Subsection 3.2.3. Therefore, the utilization of an n-AlGaN buffer layer with
sufficiently low Al-content (depending on the emission wavelength of the UV
LED) could be an interesting alternative to achieve the same benefits as with
n-AlN, e.g., retrieving vertical nanocolumns, and in addition provide a better
electrical path for current transport from the graphene to the nanocolumns.

As a final remark, considering that Auger recombination and defects can be
alleviated by growing GaN/AlGaN nanocolumn structures, the issues of poor
hole transport, electron and hole leakage, electron overflow, and polarization
field can be regarded as the main challenges (besides high sheet resistance of
graphene after nanocolumn growth) that need to be addressed to improve the
performance of UV LEDs achieved in the current study. They have been identi-
fied as themost probable causes for the underlying efficiency droop phenomenon
in the UV LEDs, where the increasing injection current causes a decrease in
the EQE. Moreover, the dominance of large densities of defects/surface states
along the nanocolumn surface can cause unintentional carrier leakage, making
the performance of such nanoscale LEDs fall short comparedwith conventional
planar thin-film heterostructures2,11. Nonetheless, by implementing various
possible approaches suggested in the closing section of this Doctoral thesis, it
is expected that future UV light emitters based on GaN/AlGaN nanocolumns
using graphene as a growth substrate and transparent conducting electrode
could exhibit significantly enhanced efficiency.
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APPENDIX A

Additional figure for chapter 3

In the subsequent page, the illustration of the band structures when undoped
graphene is in contact with n- or p-type GaN, AlN, or InN, is presented. The
Fermi levels in the semiconductors in FigureA.1 are pinned at the dopant energy
level, i.e., donor or acceptor energy level. It is appearant that the potential
barrierφB is larger compared to that of doped graphene in Figure 3.5.
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FIGURE A.1. The energy band diagram of undoped graphene/nitride semiconductor junc-

tions. Rough sketch of the interface between undoped graphene—n/p-GaN (top),

—n/p-AlN (middle), and —n/p-InN (bottom) after Fermi level alignment in the ab-

sence of an externally applied bias. See how the band diagram looks like in case

for doped graphene in Figure 3.5.
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Supporting information for chapter 8

B.1 ILLUSTRATIVE DIAGRAM AND ADDITIONAL SEM IMAGE

FIGURE B.1. Nanocolumndesign andSEM imageof grownnanocolumns. (a) Schematic of the

intended GaN/AlGaN nanocolumn device structure. (b) Side-view SEM image of

self-assembled GaN/AlGaN nanocolumns grown on double-layer graphene trans-

ferred onto silica glass, where the nanocolumn dimensions are found to be∼1070,
∼35 and ∼220 nm for the length, bottom- and top-diameter, respectively.
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B.2 DETAILED GROWTH INFORMATION

TABLE B.1. Growth conditions of the GaN/AlGaN nanocolumns
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B.3 EXPLANATION FOR USING LOW GROWTH TEMPERATURE DURING P-TYPE DOP-
ING OF THE NANOCOLUMNS

At a growth temperature slightly below 700 ◦C, it is expected that Mg atoms
are reasonably incorporated into the p-AlGaN and p-GaN layers1–3. If grown
at a similar temperature as the n-AlGaN layers, the high vapor pressure of Mg
could lead to a reducedMg incorporation efficiency and an enhancement ofMg
segregation4. However, further reduction of the growth temperature below 675
◦C for the p-AlGaN and p-GaN layers may induce polarity inversion from Ga-
polar to N-polar, leading to undesirable consequences such as a lowMg doping
efficiency3,5, which is accompanied with highly resistive or semi-insulating
behavior6. Another important parameter to control in order to improve the
efficiency of the p-type doping is the flux of supplied Mg. In GaN thin films
grown under extreme Ga-rich conditions, an excessive Mg flux has been found
to induce polarity inversion from Ga-polar to N-polar7. An increase of the
growth temperature avoids this inversion, however then the Mg flux needs
to be increased to compensate the strong desorption rate1,2, suggesting that
a balance between these two parameters has to be reached. This is further
complicated by the very narrowMg cell temperature window that can be used
to achieve optimized nanocolumn growth2,8. For this work, the value of Mg
flux being used is based on a previous study onGaN/AlGaN-based nanocolumn
LEDs9.
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B.4 TEM ANALYSIS

FIGURE B.2. Transmission electronmicroscopy diffraction data and line scans. (a) Diffraction

pattern taken from n-AlGaN segment of nanocolumns shown in Figure 8.1c in the

main text confirms that they grow along the hexagonal c-axis. Diffraction from

the semi-periodic superlattice-like structure can also be observed in the pattern,

as marked by yellow arrows. (b) HAADF STEM image and line scan across the

superlattice-like structure in the n-AlGaN segment. (c) Compositional nanocol-

umn EDS and EELS mapping presented together with its line scan in the bottom.

B.5 RAMAN MEASUREMENTS

FIGURE B.3. Micro-Raman maps of peak positions and intensities of the double-layer

graphene after the GaN/AlGaN nanocolumn growth. Maps taken from same area

as shown in Figure 8.2 in the main text. (a, b) Peak positions of 2D- and G-peak.

(c) 2D peak intensity.
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B.6 IQE MEASUREMENTS

FIGURE B.4. Power and temperature dependence of the IQE. (a) Temperature dependence of

the IQE for three different excitation powers. Experimental points correspond to

the average integrated intensity of the main emission peak over ten randomly

selected spots per temperature step, and error bars represent the standard devia-

tion. Theoretical fits were obtained using the model equation I(T)=I(0)/(1+α.exp(-

Ea/kT)), with I(0), α and Ea as fitting parameters. (b) Excitation power dependence

of the IQE at room temperature.
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Supporting information for chapter 9

C.1 ADDITIONAL SCANNING ELECTRON MICROSCOPY (SEM) IMAGES

FIGURE C.1. a and b, Representative bird eye’s-view SEM images (taken at an angle of 30◦

from substrate normal) of the GaN/AlGaN nanocolumn LED structure grown on

graphene/silica glass, at the center and at the edge of the sample, respectively,

using a two-stage n-AlN buffer layer deposition method. In b, one can see the

protruding of a continuous structure at the base of the nanocolumns (marked

with aqua dashed contours), which could be the AlN buffer layer. It seems that

the nanocolumns grown on top of the protruding part of this layer were removed

during wafer cutting (using laser).

A-9



A-10 I APPENDIX C SUPPLEMENTARY INFORMATION FOR CHAPTER 9

FIGURE C.2. a and b, Representative top- and bird eye’s-view (latter taken at an angle of 30◦

from substrate normal) SEM images of the short n-GaN nanocolumns grown

on graphene/silica glass using an n-AlN buffer layer formed using 40 migration-

enhanced epitaxy (MEE) cycles 1. With MEE, Al and N atoms are alternately

supplied to the graphene surface with an interruption time φ in-between. c,

Schematic diagram of the n-GaN nanocolumns grown on graphene.

Since there is only a short time for Al to diffuse on the graphene before it
reacts with N, it was assumed that island-like growth formation is preferred.
Later it was discovered that this deposition method results in the formation
of n-AlN islands1,2 and n-AlN nanostructures grown along line defects of
graphene1, leaving exposed areas of graphene. The short, vertical n-GaN
nanocolumns are likely grown on n-AlN islands and n-AlN nanostructures,
whereas tilted ones are grown directly on various defects in graphene1. This
growth shows undesirable high density of non-vertical nanocolumn growth
directions, and also leads to a non-uniform size of the vertical nanocolumns
(due to the coalescence with the nearest vertical and non-vertical nanocolumns).
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FIGURE C.3. a and b, Representative top- and bird eye’s-view (latter taken at an angle of 30◦

from substrate normal) SEM images of the short n-GaN nanocolumns grown on

graphene/silica glass using a two-stage n-AlN buffer layer deposition method.

This deposition method is described as follows: First 35 seconds of Al and Si

deposition on the graphene surface was carried out prior to a 60-seconds nitrida-

tion process. Afterwards, the Si, Al and N atomswere deposited at the same time

for 200 seconds. c, Schematic diagram of the short n-GaN nanocolumns grown

on graphene. d and e, Low magnification SEM images from the same area as a

and b, respectively.

Since Al has a longer time to diffuse on the graphene surface before it reacts
with N for the first time compared with in the MEE-AlN deposition method
(35 seconds vs. 4 seconds1), it is hypothesized that this deposition method
suppresses the growth of n-AlN islands, and rather promotes a larger cover-
age of n-AlN buffer layer on graphene. This will further prompt the direct
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nucleation of n-GaN on n-AlN (instead of on graphene), thus leading to vertical
nanocolumn growth.
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C.2 ADDITIONAL TRANSMISSION ELECTRON MICROSCOPY (TEM) IMAGES

FIGURE C.4. High-angle annular dark-field scanning TEM (HAADF STEM) images of the

GaN/AlGaN nanocolumns grown on graphene/silica glass using a two-stage n-

AlN buffer layer deposition method. Blue arrows point out the diffuse interface

areas between the nanocolumns and the graphene/silica glass substrate, while

blue lines show the non-vertical growth direction of the nanocolumns stemming

from the diffuse interface area.
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FIGURE C.5. a, High-magnification bright-field TEM image of the interface between the n-AlN
buffer layer, graphene and silica glass. Similar interface region investigated using

b, HAADF STEM combined with c, energy-dispersive X-ray spectroscopy (EDS)

and electron energy loss spectroscopy (EELS). The Al, Ga and Si maps are taken

from EDS, while the N, C and O maps are from EELS. The yellow color seen in

bottommiddle and bottom right is the mixture between green color and red color,

representing Al-N and O-Si, respectively.

From the 3 × 3 images in Figure C.5c, the presence of graphene can be clearly
noticed in the C map (middle left image). Below the graphene layer, aluminium
oxide (expected to be in amorphous state owing to the fact that no crystalline
contrast is observed under graphene [from Figure C.5a]) has formed at the top
of the silica glass substrate (top left and middle right images). Additionally,
large amounts of Al signal is unexpectedly observed above the AlN buffer layer
(top left image), mixing with the nominally grown GaN nanocolumn (Ga signal,
shown in top middle image). As it has been discussed in the main text and
further shown in Figure C6B, this Al signal originates from the (unintentional)
AlGaN grown on AlN buffer layer during the initial formation of the n-AlGaN
nanocolumn section, due to moderate GaN nanocolumn density. Other than
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those, N signal, shown in top right image (O and Si signals, shown in mid-
dle right and middle images, respectively), is not detected below (above) the
graphene layer. The relative position of Al, O, Ga, N, and Si signals with respect
to C signal is easily assessed from the three images in the bottom panel.
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FIGURE C6A. HAADF STEM image of GaN/AlGaN nanocolumns and element maps from EDS-

EELS (Al, Ga, N, C, Si, and O). Note that the nanocolumn marked with purple

arrow in top left image seems to have two i-GaN quantum disk layers, but this

likely comes from two nanocolumns with slightly different heights (possibly one

of them is somewhat tilted) superposed on each other in the STEM image.
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In the combined elemental map (top right image), the signal from the base
of the same nanocolumn overlaps with the signal from part of an n-AlGaN
hillock (within the white dashed countour) either from behind the nanocolumn
or from thin remainings (after the focused ion beam thinning) in front of the
nanocolumn.

With the n-AlGaN nanocolumn segment getting longer, a shadowing effect
takes place that limits the deposition of a rough n-AlGaN structure on the n-
AlN buffer layer: the Al signal in the overlapped region (Figure C6B) is gradually
reduced along the growth direction, but only to certain extent because of the
formation of an n-AlGaN shell enveloping the n-GaN core nanocolumn. After
about 50 nm (end of the overlapped region in FigureC6B), the Al signal increases
as the influence of high Al flux during the growth of n-AlGaN nanocolumns
becomes stronger.
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FIGURE C6B. EDS line scan plot of Ga (red) and Al (green) measured along the nanocolumn

marked with a purple arrow symbol in Figure C6A. It is noticed that the bottom n-
GaN / n-AlGaN core-shell nanocolumn segment does not have an abrupt change

from the n-AlN buffer layer (overlapped region) due to a suspected overlapping

with an n-AlGaN hillock (Al composition of 96 %) behind (or thin remaining in front

of) the base of the nanocolumn (part of same hillock that can be observed on the

right side of the investigated nanocolumn base). We believe there is also some

contribution from a partially sliced nanocolumn behind the nanocolumn marked

with a purple arrow symbol in Figure C6A.

As pointed out in Figure C6A, two i-GaN quantum disk regions are detected
between n-Al0.96Ga0.04N and p-Al0.33Ga0.67N cladding segments. In addition,
signals from the distance interval between the two i-GaN quantum disk po-
sitions are likely a mix of signals from n-Al0.96Ga0.04N and p-Al0.33Ga0.67N
segments of the two nanocolumns with slightly differing heights.
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FIGURE C.7. HAADF STEM image of the i-GaN quantum disk region, its individual elemen-

tal mapping via EDS-EELS (Al and Ga) and EDS line scan plot of Ga (red) and

Al (green) in the square area marked in pink along the direction of the pink ar-

row. Faint compositional variations in the Ga to Al ratio are seen in the p-AlGaN

nanocolumn segment, with the black arrows in two of the figures demonstrating

slightly lower Ga-content than the average.
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FIGURE C.8. High-magnification HAADF STEM image of the i-GaN quantum disk region

(marked with white dashed contour) of the GaN/AlGaN nanocolumn. Layers

above and below are the p-Al0.33Ga0.67N and n-Al0.96Ga0.04N nanocolumn seg-

ments surrounding the i-GaN quantum disk. The figure shows the apparent lat-

tice fringe for the area under observation, and it is confirmed that the p-AlGaN,

i-GaN quantum disk and n-AlGaN have wurtzite lattice crystal structure.
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C.3 ADDITIONAL PHOTOLUMINESCENCE MEASUREMENTS

FIGURE C.9. Optical characterizations of the as-grown GaN/AlGaN nanocolumn sample. a,

Laser excitation power dependent room-temperature photoluminescence spec-

tra and b, the respective three-Gaussian least-square fit of the emission bands

between 325 and 420 nm for 10 mW laser excitation power. c, Integrated photo-

luminescence intensity in the range of 325-420 nm as a function of temperature.

For each temperature, five areas of the sample were selected, and error bars rep-

resent the standard deviation. d, Integrated photoluminescence intensity at room-

temperature (300 K) to that at low-temperature (10 K), IPL(300 K)/IPL(10 K), as a

function of excitation power.

High N2 flow rate3 used during the growth of the p-AlGaN segment could
be the origin of the local variations in Al composition across the p-AlGaN
growth axis. One thus can speculate that the two-peak emission band in the
region around 300 nm (similar to photoluminescence band broadening in the
work of Zhao et al.3) at low power spectrum (1 mW) in Figure C.9a could be
associated with the atomic scale Ga/Al compositional modulations in the p-
AlGaN segment (Figure C.7). However, as the carriers would normally diffuse
and recombine in the position where the Al-content is the lowest (smallest
energy bandgap), the local variations in Al composition have low probability
to be the cause of two-peak emission band. Hence, it is more likely that this
two-peak emission band has a contribution from defect-related levels in the
p-AlGaN, in analogy with the photoluminescence from p-GaN4.
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C.4 ADDITIONAL MICRO-RAMAN SPECTROSCOPY MEASUREMENTS

TABLE C.1. Summary of micro-Raman spectroscopy measurements for the as-grown

GaN/AlGaN nanocolumn sample carried out in different areas (of the same sam-

ple) from what is presented in Figure 9.4. Referring to optical image within the

marked square in Figure C.10a, the table shows the median values of the D

peak, G peak, and 2D peak, for the entire mapping (865 measurements), from

the green patches (50 measurements), and from the purple areas (50 measure-

ments). In these additional Ramanmappingmeasurements, the acquisition time

was longer andwe didmore accumulations than in themeasurements presented

in Figure 9.4a, which consequently escalates the Raman signal, e.g. 2D peak in-

tensity

Median

value

Area (number of

measurements)

Position

[ cm-1 ]

Intensity

[ cps ]

FWHM

[ cm-1 ]

Intensity ratio

to G peak

D peak

Green patches (50) 1345.5 4742.6 36.2 1.09

Full map (865) 1339.9 1763.7 60.7 1.23

Purple areas (50) 1337.6 1605.7 63.3 1.28

Green patches (50) 1586.6 4342.8 - -

Full map (865) 1585.5 1433.2 - -G peak (*)

Purple areas (50) 1586.6 1248.2 - -

2D peak

Green patches (50) 2692.1 2935.5 55.9 0.68

Full map (865) 2686.6 272.8 75.3 0.19

Purple areas (50) 2674.8 163.8 129.4 0.13

D’ peak (**) Green patches (50) 1619.3 2830.6 - 0.65

(*) Due to interference of the D’ peak, the FWHM of the G peak could not be obtained.

(**) The median D’ peak position and peak intensity (height) are only shown for the

green patches since this peak is only clearly resolved in these regions. For purple

areas however, the D’ peak is almost completelymergedwith the G peak, appearing

as a shoulder peak and is thus neglected in the table.

As the graphene quality increases, i.e., the green patches, we observe the follow-
ing (relative to full map/purple areas):

r Higher intensities of D, G and 2D peaks.
r D peak position is shifted towards higher cm-1, along with smaller FWHM

and D/G ratio.
r G peak position is not shifted.
r 2Dpeak position is shifted towards higher cm-1, alongwith smaller FWHM

and larger 2D/G peak ratio.
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FIGURE C.10.a, Optical image and its corresponding micro-Raman D/G ratio and 2D intensity

maps (from the area within the square) of the graphene after the nanocolumn

growth. b,AveragedRaman spectra of the graphene after the nanocolumngrowth

(based on Table C.1).
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C.5 ADDITIONAL CURRENT-VOLTAGE (I-V) MEASUREMENTS

FIGURE C.11. a, Schematic diagram of a fabricated GaN/AlGaN nanocolumn LED, without alu-

minium oxide (AlxOy) passivation layer. b, I-V characteristic from a measured

GaN/AlGaN nanocolumn device of 75 `m aperture diameter. c, Comparison of I-

V characteristics between LED devices with aperture diameter of 75 `m (without

AlxOy) and 50 `m (with AlxOy). Inset in b and c shows the respective I-V plot in a

log scale with its respective Ion/Ioff ratios at ± 10 V.

Please note that although different aperture sizes are compared, one should
expect that the larger device (75 `m, without AlxOy) should exhibit higher cur-
rent level compared to the smaller device (50 `m, with AlxOy). Here, however,
the smaller device demonstrates higher current level at the same input voltage.
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[0001]
growth direction is, 122

[0001] direction, 201
[0001]-direction, 175
c-axis, 132, 143, 159, 201, 203, 205,

220
ω, rocking scan, 98
2θ-ω scan, 98
300 nm thick Ti film, 118
300 nm thick Ti layer, 196

A

absence of a native substrate, 53
absence of coalescence, 42
absence of yellow and green lumi-

nescence bands, 205
absorbing nature of Si material, 8
absorption at the top metal contact,

55
absorption of UV light, 209
activation energy, 18, 19
active layer, 36
adatoms, 16
adsorption energy of Al, 136
Ag, 54
Al atoms

surface migration of, 136
AlxOy, 107, 198, 208
AlGaN nanopyramid arrays, 71
alloy broadening, 38
alloy clustering, 38
AlN, 54, 55

AlN as an intermediate layer in
the GaN/graphene sys-
tem, 151

AlN as the buffer layer on sapphire
substrates, 6

AlN buffer layer as nucleation site,
136

AlN islands
coalesced , 152
formation of individual, 152

AlN/Si, 20
alteration of Fermi level position

relative to theDirac point,
62

alternative substrates, 8
aluminum gallium arsenide (Al-

GaAs), 5
aluminum gallium indium phos-

phide (AlGaInP), 5
amorphous substrate, 117, 123
anisotropy of surface energy, 22
arbitrary growth direction, 68
area of exposed graphene, 156
aspect ratio, 116
atomically sharp interface, 87
Au, 105, 179, 198
Au as the catalyst, 16
AuCl3, 58
Auger effect, 92
Auger electron spectroscopy, 92
Auger electrons, 92
Auger recombination coefficient,

221
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B

backscattered electrons, 92
band bending, 29, 221
band diagram of graphene-nitride

materials, 63
band-to-band transitions, 35
bandgap opening of graphene, 62
basic of LEDs, 35
beam nature of the mass flow, 87
blue luminescence band, 181
Bohr radius, 37
bonding characteristics

graphene, 55
bonding energy compared to Ga-N,

Si-N has a higher, 123
bonding of Al-N relative to Ga-N,

136
boron nitride, BN, 67
bottom electrode, 173
bottom metal contact, 179
bottom-up, 16, 116
Bragg condition, 98
Bragg’s law, 98
broken rings/faint ringlike pat-

terns, 27
buffer layer

AlN, 136, 138, 164, 175, 177,
220

AlN was used as a, 134
GaN, 66, 67, 136
GaN as a, 134
n-AlN, 185
thin AlN, 151, 174

buffered oxide etch, 179

C

carbon solubility, 56
catalyst-free, 118, 174, 185
cathodoluminescence, 93
chamber

growth, 89

load-lock, 89
transfer (preparation), 89

champagne glass-like structure,
175

characteristic X-rays, 92
charge-transfer doping, 61
chemical doping, 58, 60, 61
chemical impurities, 30
chemical inertness, 152
chemical inertness of graphene,

135
chemical potential, 23
chemical reactivity of graphene

lack of, 68, 150
chemical vapor deposition, CVD,

56
chemisorption, 88
cladding layers, 36
cluster growth, 133
clusters with rough and irregular

morphology of GaN, 69
coalesced GaN nanocolumn struc-

tures, 154
coalesced nanocolumns, 30, 175
coalesced with each other, 140
coalescence degree, 25
Coalescence events, 26
coefficient of thermal expansion,

CTE, 26, 54
coherent island, 20
coherent strain mismatch mitiga-

tion, 29
columnar structure, 120
Combination of surface treatment

and intermediate layer,
70

combined substrate and transpar-
ent electrode, 132, 133

common phenomenon in the direct
growth of GaN material
on 2D materials, 69
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complete strain relaxation state, 21
composition inhomogeneity, 177
Compositional grading, 222
confined

generated strain and possi-
blemisfit dislocations are,
116

continuous layer, 177
contrast

amplitude, 95
Diffraction, 95
Mass-thickness, 95
phase, 95, 96

conventional effusion cell, see
Knudsen cell

covalent bond, 60, 138
covalent/chemical bonding of

atoms, 152
cracker cells, 86
creation of point defects, 16
critical layer thickness, see critical

thickness
critical radius, 18, 21, 22, 29
critical thickness, 28, 29
crystallographic defects, 25
Cu, 54, 56
current crowding, 8, 62, 105
current-voltage (I-V) curves, 180
CVD grown graphene

polycrystalline nature of, 136

D

damage in the graphene after
nanocolumn growth, 206

dangling bonds, 24, 60, 67, 68, 152
absence of, 132, 150, 151
creation of, 151
lack of, 152
the creation of, 70

decay time, 31
defect generation in the graphene

layers, 180
defect propagations, 142
defect-free integration, 29
defect-free structure, 26
defect-related levels, 205
defect-suppressing property, 133
degradation of crystalline quality

via formation of defects
or dislocations, 161

depletion region, 35
deterioration of GaN nanocolumn

growth orientation, 157
Dielectric material, 41
different nucleation times, 120
different physical phenomena dur-

ing the growth, 87
difficulty in controlling the stack-

ing sequence of the GaN
growth, 150

diffuse interface with the n-AlN
buffer layer, 203

diffusion barriers, 24
diffusion length, 24, 42
diffusion-induced mechanism, 23
Dirac point, 139
direct bombardment of active N

atoms, 136
direct bombardment of nitrogen

plasma
protection to the graphene

from the, 151
direct energy bandgap, 34
direct exposure of N2 plasma, 138
direct nucleation of GaN on ex-

posed graphene, 156
directions

non-defined, 133
non-perpendicular, 136
random growth, 135

dislocation free nanostructure, 20
dislocation-related emission, 161
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donor-acceptor pairs recombina-
tions, 124

donor-acceptor-pair recombina-
tion, 181

donor-bound exciton peak, 30
doping and/or compressive strain,

139
doping and/or strain in graphene,

178
drawback of the CVD-graphene, 57
dry etching, 39

E

effective radial strain relaxation,
219

efficiency
current injection, 183
external quantum, 183
internal quantum, 36, 181
light extraction, 121, 137, 183

efficiency droop, 224
efficient collector of adatoms, 23
efficient localized energy states, 7
Effusion, 86
effusion cells, 86
elastic strain and plastic strain re-

laxation processes, 20
elastic strain energy, 18
electron and hole diffusion lengths,

36
electron blocking layer, 184, 221,

222
electron charging effect, 120
electron overflow, 222
electron-hole recombination, 35
electron–sample interactions, 91
elongated nanoscale islands, 28
energy density, 28
energy-dispersive X-ray spec-

troscopy, EDS or EDX,
92

epitaxial constraint, 20–22
epitaxy, 85
exceptional purity level, 87
excitation volume, 161
excitons bound to structural de-

fects, 125, 141, 161
expansion of the graphene lattice,

136
exposure of nitrogen plasma, 69,

164

F

Fermi level, 139
Fermi levels, 35
Fermi-level pinning, 30, 32
filamentary crystal, 16
first-order Raman scattering mech-

anism, 137
flip-chip device configuration, 173
flip-chip device fabrication, 105
flip-chip LED configuration, 62
flip-chip type device, 207
formation of self-induced nanocol-

umn nuclei, 20
formation of sparsely distributed

isolated GaN lumps, 69
Fröhlich mode, 137
free exciton peaks, 30
free from structural defects, 117
free from threading edge disloca-

tions, 162
free of misfit dislocation, 21
fused silica, 53, 66, 120, 122, 220
Fused silica glass, 117

G

Ga adatoms
desorption of, 23
diffusion of, 23
direct impingement of, 23, 24

Ga desorption, 18, 119, 120
Ga desorption rate, 177
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Ga diffusion length, 119
Ga droplets, 17
GaAs, 53, 54
gallium arsenide phosphide

(GaAsP), 5
GaN, 54
GaN and AlGaN, 4, 7
GaN band-edge photolumines-

cence, 140
GaN based solid-state lighting, 3
GaN crystallite

irregular, 159
GaN decomposition, 18, 119
GaN islands/crystallites, 158
GaN nanocolumn

inclined, 158
GaN nanocolumn growth

row of high-density vertical,
154

GaN nanocolumns
individual vertical, 154
short inclined, 158
tilted, 154, 158

GaN nanotubular-like structures,
154

GaN nucleation, 138
in-plane strain caused by, 136
in-plane strain generated by,

174
GaN nucleation on graphene, 138
GaN pyramid arrays, 66
GaN wurtzite crystal phase

band edge emission from the,
124

GaN/AlGaN multi-quantum disks,
41

GaN/InGaN nanocolumn, 66
global epitaxial relationship, 195
grain boundaries, 58, 152
graphene, 9, 55, 59, 67, 219, 224

Cu catalyzed CVD, 56

double-layer, 173, 206, 220
Ni catalyzed CVD, 57
Pristine, 62
single-layer, 56, 173, 196, 206,

210, 220
graphene nanodots, 71
graphene sheet resistance, 178
graphene structural properties af-

ter the GaN nanocolumn
growth, 164

green and yellow luminescence
bands, 161

group III-V nitride semiconductors,
see group-III nitride com-
pound semiconductors

group-III nitride compound semi-
conductors, 4

growth conditions, 22
growth interruption, 177
growth mode

Frank-van der Merwe, 88
Stranski-Krastanov, 88
Volmer-Weber, 88

growth of GaN thin-film on
graphene, 150

guiding modes, 32

H

HAADF-STEM, 96
hexagonal cross-section, 27
high Al-content, 201, 209
high Al-content of the n-AlGaN

and p-AlGaN layers, 180
high aspect ratio, 16, 28, 29
high crystal quality of the GaN

nanocolumns, 125
high crystalline quality of the GaN

nanocolumns, 163
high crystalline quality structure,

28
high density, 15, 151



M-6 I INDEX

high Ga desorption rate, 201
high growth temperature, 17
high quality III-nitride materials, 8
high sheet resistance of graphene,

209, 224
High sheet resistance of single-

layer graphene, 58
high stacking fault density, 116
high structural quality of the GaN

nanocolumn, 123
high surface tension, 133, 135, 152
high surface-to-volume-ratio, 195
high turn-on voltage, 208–210
high-density vertical GaN/AlGaN

nanocolumns, 210
high-resolution TEM, 96
High-resolution X-ray diffraction,

97
higher Al-content nanocolumn

shell-layer, 177
higher degree of coalescence, 161
higher operating voltage of the UV-

LEDs, 58
highly dense and vertically ori-

ented nanocolumns on
the graphene substrate,
200

highly inverse-tapered structure,
175

hillock-like structures, 204
HNO3, 58
hole mask pattern, 71
HVPE-GaN bulk substrate, 161
HVPE-GaN reference sample, 121,

124
HVPE-grown GaN, 5
HVPE-grown GaN bulk substrate,

139
hybrid 3D/2D heterostructures, 60
hybrid system, 173, 196, 219
hydrofluoric acid, 179

hydrogen passivation, 6

I

i-GaNquantumdisk, 202–204, 210
ideal diode, 38
III-V nitride nanocolumn devices,

39
image

bright-field, 95
dark-field, 95

impact of the AlN buffer layer
growth on graphene, 151

impinging active N species, 174
in-plane lattice mismatch between

AlN and graphene, 142
incorporation of nitrogen atoms,

164
incubation time, 18
indium tin oxide, 173
indium tin oxide (ITO), 8, 57
InGaN, 4, 7
InGaN/AlGaN planar material sys-

tem, 37
InGaN/GaN multi-quantum well,

39, 40
inhomogeneous distribution of

holes, 222
inhomogeneous nitrogen incorpo-

ration in the graphene,
139

InN nanocolumns, 66
insufficient control of the Al-to-Ga

flux ratio, 201
intentional plasma nitridation of

graphene, 164
inter-diffusion constraint, 87
interface strain, 136
Intermediate layer, 70
intermediate nanocolumn buffer

layers on graphene, 224
intrinsic GaN quantum disk, 196,
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210
introduction of defects in graphene,

151
ion-induced damages, 16
ionic character of the bonding in

III-nitrides, 7
islands

nanocolumn-shaped, 22
pyramid-shaped, 20–22
spherical cap-shaped, 19
truncated pyramid, 20

issue of chemical inertness due to
the nature of sp2-bonded
structure, 70

J

Joule heating, 109

K

kinetic adatom processes, 23
kinetics, 23
Knudsen cell, 86
Knudsen mode of evaporation, 86

L

lack of chemical activity on the sur-
face of 2D materials, 70

large device series resistance, 209
Large difference in work function

between graphene and p-
GaN, 58

large lattice mismatch, 53
large sidewall surface area, 32
large surface-to-volume ratio, 221
late nucleation of newly-formed

GaN nuclei, 22
lateral current injection, 63, 105
lateral free surface, 28
lattice contrast, 141
lattice-mismatch-induced strain,

18, 20
LED device performance, 182

lifetime, 31
LiGaO2, 54
light emitter applications, 34
limitation of substrate availability,

116
line defects, 58, 152, 156
local bending, 141
local electron/hole doping in car-

bon nanostructures, 139
local inhomogeneity in the thin

p-GaN nanocolumn con-
tact layer, 182

low defect density, 205
low density, 133, 150
low effective hole doping, 183
low nucleation density, 150
low surface energy, 135, 136, 150,

152
low-energy electron-beam irradia-

tion (LEEBI), 6
lowest absorption coefficient, 63

M

materials
amorphous, 195
two-dimensional, 195

measurement
electroluminescence, 109
I-V, 109

mechanical exfoliation, 56
MEE cycles

different AlN, 155
higher number of, 156
increased number of, 156

MEE technique, 136, 165
metal droplets, 16
MgAl2O4, 54
migration-enhanced epitaxy, 134,

200
AlN deposition method is

modified from the, 174
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minimum energy, 116
minority carriers, 36
misalignment of the AlN lattice

formed on defective
graphene areas, 156

mismatch
large lattice, 172
lattice, 20
lattice constant, 132
lattice- and thermal expansion,

116
thermal coefficient, 132

modulation doping, 222
molecular beam, 85
Molecular beam epitaxy, 85
molecular flow regime, 87
molybdenum disulfide, MoS2, 67
monolayer GaN embedded in an

AlN matrix, 222
monolithic integration of highly

lattice-mismatched mate-
rials, 195

more layers of graphene, 223
more nanocolumns being coa-

lesced, 161
multi-layer patches, 206

N

n-AlGaN nanocolumn segments,
177

n-AlGaN segment
slight oscillation of the Ga/Al-

ratio in the, 177
N-doping of graphene, 139
n-GaN nanocolumn segments, 185
n-graphene/n-AlN, 63
n-graphene/n-GaN, 63
n-graphene/n-InN, 65
N-rich conditions, 17
n-type graphene, 62
nanocolumn, 8, 16

nanocolumn growth mode, 17
nanocolumn morphology, 21
nanocolumns, 8
nanocolumns with a near hexago-

nal geometry, 199
nanoscale footprint, 195
nanowires, see nanocolumns
near-perfect hexagonal morphol-

ogy, 174
new class of substrate materials, 8
new growth strategies, 8
Ni, 56
Ni/Au, 105, 179
nitridation, 136
nitridation of Al, 164
nitridation process, 164

duration of graphene being ex-
posed to, 164

nitridation temperature, 22
no interfacial layer, 175
No intrinsic GaN segment, 177
nominal compositions, 174
nominal values, 174
non-conventional substrates, 195
non-radiative recombination cen-

ters, 16, 54
non-transparent substrate, 132
non-vertical directions

aligned in, 150
nonradiative recombination, 31
nonradiative recombination center,

31
nonradiative surface recombina-

tion, 31
nucleation barrier, 23
nucleation of high-density and ir-

regular AlN nanostruc-
tures along the line de-
fects of graphene, 152

nucleation site, 174
AlN island acts as a, 158
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nucleation sites, 133

O

Ohmic contact, 65
ohmic contact, 179
orientation

perpendicular growth, 136
random (non-vertical) growth,

140
oscillator strength of electron-hole

pairs, 7
out-of-plane stress component, 21
overtone modes, 139

P

p-graphene/p-AlN, 65
p-graphene/p-GaN, 65
p-graphene/p-InN, 65
p-type graphene, 62
particle-induced X-ray emission,

see energy-dispersive X-
ray spectroscopy, EDS or
EDX

period
coalescence, 23, 25, 26
elongation, 23, 24
incubation, 18
nucleation, 19
transition, 19–22

persistent photocurrent behavior,
32

phase
growth, 23
nucleation, 18

phase separation, 38
phonon, 35
Photoconductivity measurement,

32
photolithography, 39, 179
physisorption, 88
piezoelectric polarization field, 31,

219

plasma treatments, 151
plasma-induced damage of

graphene, 151
point defects, 175
polarization fields, 5
polarization mismatch, 222
polarization-matched AlGaInN

barrier, 222
polyimide insulating layer, 137
position-controlled methods, 71
post-growth N2-ambient thermal

annealing, 6
potential barrier, 33, 35, 65
preferential nucleation sites, 19
primary electron beam, 91
process

carbon segregation-precipitation,
57

surface adsorption, 56
processes

non-radiative, 36
radiative, 36

proof-of-concept, 194, 219
protruding continuous struc-

ture at the base of the
nanocolumns, 200

pseudomorphic growth, 28
pyridinic N, pyrrolic N and

graphitic N, 138
pyrometer readings, 185

Q

quantum confinement effect, 37,
209, 210

quantum-confined Stark effect
(QCSE), 5, 7, 219

quasi-van der Waals, 60, 136, 150
quasi-one-dimensional structure,

195

R

radial growth, 24
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radiative recombination, 31, 36, 37
randomly oriented, 151
randomly-aligned nanocolumn

growth, 156
recombination

Auger, 36, 221, 222, 224
non-radiative surface, 221
Shockley-Read-Hall, 36, 221

recombination process
acceptor-bound exciton, 100
Auger, 100
band-to-band, 99
defect level, 99
donor-acceptor pair, 100
donor-bound exciton, 100
free exciton, 100

reduced sheet resistance of DLG
compared to single-layer
graphene, 173

Reduction of the graphene sheet re-
sistance, 58

relaxation
elastic, 28
elastic strain, 20
plastic, 21
plastic strain, 22

residual elastic strain energy, 20
residual epitaxial strain, 21
RF-PAMBE, 91
rough surface of AlN nanostruc-

tures, 157

S

sacrificial layer, 6
Sapphire, 54
sapphire, 116
Scanning electron microscopy, 91
scanning TEM, 96
scattering

anti-Stokes, 102
Raman, 102

Rayleigh, 102
Stokes, 102

Schottky barrier, 65
Scotch tape method, 56
second-order Raman scattering

mechanism, 137, 139
secondary electrons, 91
selected area electron diffraction

(SAED) pattern, 96
Selective area growth, 223
selective area growth of III-V ni-

tride nanostructures, 71
selective-area growth technique, 42
self-assembled, 118, 132, 174, 175,

185
Self-assembled GaN/AlGaN

nanocolumn heterostruc-
tures, 196

self-assisted/self-catalyzed, 17
self-induced approach, 17
self-induced formation of nanocol-

umn nuclei, 20, 21
self-inducedGaNnanocolumns, 22
self-organized, 137, 223
self-passivation layer, 177, 204
semimetal, 55, 62
shadowing effect, 25, 42, 156
sheet resistance of graphene, 58
Short stems consisting of n-GaN,

177
Si, 54, 116
Si doping, 118
SixNy/Si, 21
SiC, 54, 116
silica glass, see fused silica
silicon carbide (SiC), 5
similar in-plane orientation, 175
single crystalline, 122
single-layer graphene, 133
slightly inverse-tapered III-nitride

nanocolumn flip-chip
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LED structure, 196
small cross-section of the

nanocolumns, 29
small footprint of nanocolumn, 29
small nanocolumn footprint, 116
small nanometer-sized footprint

on the substrate, 8
small seed pad, 28
sole irradiation of N2 plasma, 138
solid source MBE, 86
Space-charge-limited current, 29
spectroscopy

Photoluminescence, 99
Raman, 102

spontaneous polarization field, 222
spontaneous recombination radia-

tion, 35
stable nuclei, 18
stacking fault density

decreasing the, 121
stacking faults, 150

high-density of, 133
radiative recombinations of

excitons bound to basal-
plane, 30

strain contrast, 142
strain energy density, 28
strain in the vicinity of the inter-

faces, 201
strain relaxation, 117
strain relaxation at the free sur-

face extending into the
nanocolumn volume, 116

Stranski-Krastanov, 19
stress-free, 137
strong growth rate anisotropy, 24
structural defects, 30, 199
structural imperfections, 172
structure

double-hetero, 36, 37
homojunction, 36

structure factor, 98
substitutional doping, 60, 61
substrate

amorphous glass, 66
substrate carrier, 134
substrate nitridation, 22
substrates

amorphous, 53, 66
amorphous glass, 53
crystalline, 53
metallic, 66

subwavelength size, 32
superlattice-like structure, 177
surface defects, 19
surface depletion layer, 29
surface energy, 22
surface Fermi-level pinning, 29,

221
surface kinetics, 25
surface passivation, 31, 221
surface recombination, 31, 32
surface states, 29, 221, 224
surface treatment, 70
surface-related effects, 29
switch from N-polar to Ga-polar

growth mode, 177

T

the crystallization processes, 87
the generation of the molecular

beams, 87
the mixing area, 87
thermal broadening, 38
thermocouple readings, 185
thermodynamic considerations, 22
thermodynamics, 18, 23, 24
thin film, 119
thin interfacial layer, 122
thin-film like p-GaN surface layer

of the nanocolumns, 179
third generation of semiconductor
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materials, 3
threading dislocation density, 53
threading dislocations, 150

high-density of, 133
three-temperature method, 85
Ti pre-orienting layer, 66
tilted nanocolumns, 25
titanium carbide, 8
top contact, 179
top part of the nanocolumns

almost continuous film-like
layer in the, 174

top-down, 16
total free energy, 19
total free energy per unit volume,

18, 20
total internal reflection, 32
transition metal, 56
Transmission electron microscopy,

94
transparent conducting electrode,

57, 195, 224
transparent conducting substrate,

9, 196, 207, 224
transparent conductive electrode,

58
top-emitting, 173

transparent conductive substrate,
219

transparent graphene/silica glass
substrate, 180, 207

tungsten disulfide, 67
tunnel junction structure, 223
turn-on voltage, 180
two types of adsorption, 88
two-electron satellite, 30
two-stage n-AlN buffer deposition

method, 200

U

uniform and continuous metal con-

tact to the top p-GaN seg-
ment, 175

unintentional C atoms in the cham-
ber, 125

V

V-shaped (inclined) sidewall profile,
107

van der Pauw measurements, 178,
206

van der Waals attraction force, 56
vapor-liquid-solid, 16
variation of the nanocolumn height,

120
variations in surface sticking coef-

ficients, 24
vertical current flow, 62
vertical current injection, 180, 207
vertical epitaxy reactor, 89
vertically aligned, 15, 136, 151
Volmer-Weber, 19
voltage

threshold, 38
turn-on, 38

W

weak interaction, 55
weak nucleation, 133
well-defined spot shape patterns,

27
wetting behavior, 22
whisker, see filamentary crystal
work function, 139
wrinkles, 58, 152
wurtzite AlN, 159
Wurtzite crystal stacking sequence,

203
wurtzite crystal structure, 122, 123,

137, 142, 175, 205
Wurtzite crystal structure of GaN,

27
wurtzite GaN bandgap, 140
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wurtzite GaN free exciton emis-
sion, 121

wurtzite GaN structure
c-axis of the, 159

wurtzite III-V nitrides, 5
wurtzite structure, 143

thermodynamically stable, 27

Y

yellow band, see yellow lumines-
cence band

yellow luminescence, 16, 30
yellow luminescence band, 141,

209
absence of a, 181

yellow luminescence emission, 124

Z

Z-contrast imaging, 97
zero bandgap semiconductor, 62
zinc blende (cubic) GaN, 137
zinc blende crystal phase

GaN, 161
zinc blende GaN, 163
Zinc blende GaN-related emission,

124, 141
zinc selenide [ZnSe], 5
ZnO nanorods, 67
ZnO nanowalls, 67, 70
ZnSe, 53
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