r

BRNO UNIVERSITY OF TECHNOLOGY

VYSOKE UCENI TECHNICKE V BRNE

CENTRAL EUROPEAN INSTITUTE OF TECHNOLOGY BUT

STREDOEVROPSKY TECHNOLOGICKY INSTITUT VUT

PREPARATION AND CHARACTERIZATION OF
NANOSTRUCTURED lll-V SEMICONDUCTOR MATERIALS

PRIPRAVA A CHARAKTERIZACE NANOSTRUKTURNICH IlI-V POLOVODICOVYCH MATERIALU

DOCTORAL THESIS
DIZERTACNI PRACE

AUTHOR Ing. Jaroslav Manis

AUTOR PRACE

SUPERVISOR prof. RNDr. Tomas Sikola, CSc.
SKOLITEL

BRNO 2023






Abstract

The aim of the presented PhD thesis was to develop and analyze gallium nitride (GaN)
nanostructures in three different forms. Firstly, three dimensional GaN nanocrystals pre-
pared on graphene were studied from the perspective of the intrinsic crystal properties as
well as growth statistics. Adopting the method of droplet epitaxy allowed the formation
of such nanostructures at a low substrate temperature (T =~ 200°C). In order to demon-
strate possible applications, the proof of concept of an UV sensitive device was designed
and tested with the successful results and the great promise to the future work. Secondly,
two dimensional GaN nanostructures were prepared on a pristine silicon surface also at low
temperature (T = 200°C). Following experiments were focused on a study of a crystal struc-
ture and an elemental analysis as these structures have been observed for the first time. Two
dimensional structures are promising candidates into the high power applications which are
emerging in these days. Thus, preparation of such 2D GaN nanostructures serves as a solid
foundation for the further research. Thirdly, one dimensional GaN horizontal nanowires
were fabricated on different sapphire planes. The prepared nanowires provided adequate
dataset for the subsequent data analysis related to the growth kinetics. Collected dataset
was used for verification of the developed theoretical model of the nanowire growth. It has
been shown that the theoretical model describes the growth of nanowires with great preci-

sion and, thus, provide a useful insight into the growth mechanisms.

Keywords: GaN, nanocrystals, nanowires, deposition, graphene, sapphire, scanning

electron microscopy, atomic force microscopy, Raman spectroscopy



Abstract in Czech

Predkladana dizerta¢ni prace se zabyva vyrobou a analyzou gallium nitridovych (GaN)
nanostruktur ve tfech odlisnych formach. V prvnim pfipadé byl zkoumam trojdimen-
zionalni GaN ve formé nanokrystalt rostenych na grafenu. Nanokrystaly byly pfipraveny
s vyuzitim techniky droplet epitaxy, ktera mimo jiné umoznuje rast nanostruktur za nizkeé
teploty substratu (T = 200 °C). Studium se zamétovalo jak na charakterizaci kvality pfipravenych
nanokrystalii, tak na statisticky popis rtstu. V dal§im kroku byly pfipravené struktury
vyuzity pro vyrobu fotodetektoru citlivého na ultrafialové svétlo. Vyroba fotodetektoru a
jeho Gspésné pouziti slouzi jako zaklad pro navazujici vyzkum. Ve druhém piipadé byly
studovany dvoudimenzionalni GaN nanostruktury, které byly rovnéz pripraveny za nizké
teploty kfemikového substratu. Nasledna analyza se soustfedila na popis krystalové struk-
tury a prvkovou analyzu, nebot byly takovéto struktury pozorovany vibec poprvé. Dalsi
rozvoj moznosti pfipravy téchto nanostruktur je pfedmétem navazujiciho vyzkumu. Ve
tretim pripadé byly zkoumany jednodimenzionalni GaN nanodraty pfipravené na safirovém
substratu. Ucelem tohoto projektu bylo ziskani datasetu pro ovéfeni teoretického modelu,
ktery popisuje rtst horizontalnich nanodratt. Na zédkladé sbéru a analyzy dat se podafilo
modelovat ristovou dynamiku GaN nanodratdi, ktera byly v souladu s teoretickym mod-

elem.

Kli¢ova slova: GaN, nanokrystaly, nanodraty, depozice, grafén, safir, skenovaci elek-

tronova mikroskopie, mikroskopie atomarnich sil, Ramanova spektroskopie
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1 INTRODUCTION

1 Introduction

Semiconductors are the materials which revolutionized a human society as few technolo-
gies. "Even though, the evolution of mankind may seem as a linear process, the revolutions are
the engine which drives the human society,” says the neuroscientist and science popularizer
V.S.Ramachandran [1]. The industrialization, the electrification, the automatization and
the internetization. Four industrial revolutions which have brought the mankind to the
new era [2]]. The last two of them - the automatization and the internetization - were pos-
sible due to the rise of semiconductors without any doubts. The speed at which the human
society has been mutually connected throughout last 70 years is unprecedented. The whole
spectrum of devices enabling such connection - from GPS and telecommunication satellites
orbiting the Earth to micro USB flash drives in our pockets - is the great example of how

sci-fi has become reality.

Yet, we are still at the very beginning of our society transformation. According to profes-
sor of history at Hebrew University Y. N. Harari, the emerging artificial intelligence, indus-
try 4.0, autonomous vehicles, 5G networks or social robots will not only change the way how
we live but also change the way how we think since we will have to face and more impor-
tantly to answer some serious ethical questions which rise with such technologies [3]]. The
enormous number of semiconductors flooding every aspect of both industry and personal
sphere increases environmental risks connected to the mining of rare elements or unreg-
ulated nanoparticles usage [4], social risks linked to a replacement of repetitive work in
commercial and government sectors [5] and rises up ethical questions related to artificial
intelligence [6]. However, these relevant questions are rather challenges than obstacles and
will not hinder the technology development as says Collingridge’s dilemma in which “design
inevitably comes before ethical assessment since the design influences heavily how the technology

will interact with society” (7).

Emerging new technologies will bring a fresh breeze and another acceleration to the
semiconductor market as the semiconductors take place as base building blocks in a great
number of appliances and gadgets. Despite the fact that the semiconductor global mar-
ket revenue decreased by 12 % to $412 billion in 2019, the forecast predicts further steady

growth which has been observed for several years [8]. According to World Economic Fo-
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1 INTRODUCTION

rum, the global battery market is expected to grow 14 times and reach 2400 GWh in 2030
[9]. Since those batteries will be part of the smart systems such as passengers electric cars
and commercial vehicles, smart power grids or off-grid systems, they will be equipped with
microprocessors or computers. In addition, complex protection circuitry and advanced so-
phisticated monitoring systems are expected to be incorporated in future solar power sys-
tems [10] or low power robotic applications in both industry and domestic use [11]. Brand
new, and in these days still unpredictable market, appears to be Internet of Things (IoT)
and all the devices such as data storage servers or communication systems related to it. A
number of institutes or private offices forecasts unprecedented market share of IoT in tens
of billions of U.S. dollars arguing that every single household will be equipped with numer-
ous smart self-communicating devices resulting in billions of devices worldwide [12} [13].
However, in order to fulfill these predictions the semiconductor industry will be forced to
overcome some significant challenges coming from the more basic levels - the physical lim-

itations.

As the performance of functional devices such as light emitting diodes [14], thin-film
transistors [15] or photovoltaic cells [16] is increasing and their dimensions are getting
smaller, a strong interest to fabricate these devices in nanoscale rises. Sustained research
and resolute determination enabled reduction of dimensions from the first point-contact
transistor developed in Bell laboratories in 1947 by W. Shockley, J. Barden and W. Brattain
to the Fin-FET transistors used in modern processors by a factor of 107 [17]. However, one
has to bear in mind that the reduction of dimensions changes material properties. Ratio
of the number of surface atoms of a nanodevice to the number of its bulk atoms is getting
higher as the dimensions of the device are getting smaller. Since the electronic and optical
properties are determined by the distribution of atoms and electrons, the nanoscale objects
have completely different properties to those in microscale. On top of that, the efforts to
reduce the dimensions of functional devices are about to reach the limitations set by quan-
tum mechanics. Among the others, a quantum confinement plays a crucial role in further

reduction of nanodevices since it causes enlargement of the band gap energy.

As a consequence of above mentioned, scientists were forced to change the state of their
minds in the past 20 years. Instead of using top-down methods for reducing the dimensions

to nanometers scale, their effort have been strongly reoriented to the endeavour to fabri-
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1 INTRODUCTION

cate new types of functional materials by using bottom-up methods. In these days, main
scientific research in the field of nanotechnology is focusing on the 2D, 1D and even 0D
nanostructures. Flat structures of a sub-nanometer thickness, nanotubes, nanowires and
nanodots. All these structures are hot candidates for future functional devices in the light
of new demands which are required by the modern nanotechnology discipline. However,
relative novelty of these nanoscale structures limits their use in these days. Since the prop-
erties as well as mutual interactions of sub-3D nanostructures are quite unique, there is still

space for a fundamental research.

The aim of the presented PhD thesis is to bring a pinch of knowledge to the already-
built pile of understanding of semiconductors. Specifically, we are aiming to fabricate and
describe the representative of III-nitride semiconductors - gallium nitride - in several forms.
First, gallium nitride is fabricated in a form of nanocrystals on graphene which paves the
way for adopting this multistructure into an ultraviolet light sensitive device. Second, fab-
rication of two dimensional gallium nitride is demonstrated accompanied with analysis of
crystal structure in TEM. Third, gallium nitride is fabricated in a form of nanowires on sap-
phire substrates. These nanowires then served as a dataset for the study of kinetics and

helped to support the theoretical description of horizontal nanowires growth.
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

2 Semiconductors in the light of modern devices

The history of semiconductors is a bibliography of the great minds of the past. From
the first observation of a cork attracted by a charged glass made by Stephen Gray (1666 -
1736), through suggested concept of conductivity introduced by Jean-Theophile Desaguiliers
(1683 - 1744) to observations of materials "which are actually permeable to the electric fluid,
but oppose a strong resistance to its passage” as described them Alessandro Volta (1745 -1827).
Followed by Humphry Davys’ (1778 - 1829) experiments on conductivity of materials such
as copper, silver or iron and conductivity measurements of nonmetallic sulfides, oxides and
carbides by Michael Faraday (1791 - 1867). In addition, reported passing current between
a solid and a liquid electrolyte after irradiating with light observed by Alexandre Edmond
Becquerel (1820 - 1891) and many other partial findings put together the solid foundations
which then resulted into development of the first semiconductor device - point-contact rec-
tifier - by Karl Ferdinand Braun (1850 - 1918) in 1874 [18, [19]. Those experimental obser-
vations were supported with a theoretical description in the first half of the last century

resulting in developing a quantum band theory of solids by Alan Herries Wilson in 1931.

By the definition, the semiconductors are materials whose conductivity is lower than of
metals but higher than in the case of insulators. Semiconductors can be also defined as the
materials whose conductivity rises with increasing temperature. The theoretical description
of a band structure can be found elsewhere [20]. The peculiar properties of the semicon-
ductors may be explained by considering increasing number of charge carriers with rising
temperature. The amount of charge carriers moving through a material dominates over the
scattering caused by lattice vibrations. Thus, unlike in the metals, the resistivity of semi-
conductors is decreasing with increasing temperature. The number of charge carriers can
be further increased by doping with additional atoms of element different from the bulk

material. In that case, the conductivity can vary over several orders of magnitude.

The research of semiconductors was initially limited by the missing applications. This
obstacle had changed before and during the World War II with the increased demands on
high frequencies communication and development of radar [21]]. It is not surprising that the
breakthrough technology came a few years after the end of the WWII. The first point-contact

transistor was built in 1947 [22]. Next decade was marked with outstanding work on field-
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

effect transistors and other semiconductor devices. The theory of "a unipolar "field-effect”
transistor” was developed by William Shockley in 1952 [23]]. The first grown n-p-n junc-
tion structure was developed in the same year followed by the first commercially available
silicon device introduced in 1954. Another improvements followed in the late fifties with
increasing quality of devices and introducing new architectures. Development of transistors
is still running on in these days with the International Technology Roadmap for Semicon-

ductor 2.0 forecasting sub-10 nm technology after 2021 [24]].

Side by side with transistors, the other semiconductor devices have been developed in
that period of time. Germanium tunnelling diodes and silicone diodes were reported in
1958. The first integrated circuit incorporating several devices on silicon wafer was demon-
strated in the same year. The proposals of metal-oxide-semiconductor field-effect transistor
(MOSFET) and complementary metal-oxide-semiconductor (CMOS) architectures were also
presented. The charge-coupled device (CCD) concept was introduced couple of years later

in 1970 [17].

As the research of semiconductor devices has been accelerated, the new concepts were
proposed, developed or invented. In addition to the standard well-known semiconductors
such as silicon, germanium or indium arsenide, the II-VI, III-V and other groups of semicon-
ductors have been introduced. A special category is III-nitrides which enabled development
of effective light-emitting diodes and which are promising for future high power and high

temperature applications as will be discussed in the following Section
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

2.1 Role of III-nitride semiconductors

The III-nitride semiconductors represent a group of materials in which representatives
of the group-III of the periodic table of elements form chemically stable compounds with
nitrogen. Namely, those are boron nitride (BN), aluminium nitride (AIN), gallium nitride
(GaN), indium nitride (InN) and thallium nitride (TIN). The III-nitrides are hot candidates
for using in modern electronic and photonic devices. The main reason for that is the range of
band-gap values for individual compounds as well as tunability of it. Figure[1|(a) shows the
band-gaps of binary III-nitride representatives spread over wide energy interval from 7 eV
in case of a monolayer of AIN to 0.7 eV in case of a bulk InN [25] [26]. Moreover, tuning of
stoichiometric ratio in ternary compounds leads to a continuous change in the wavelength

emitted from such structures as illustrated in Figure1](b) [27].

[
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Figure 1: (a) Band-gap energies of IlI-nitrides with respect to the electromagnetic spectrum. Band-
gap energies of hexagonal III-nitrides with respect to the number of monolayers is plotted in the
inserted box [28]. (b) Composition-based tuning of band-gap energies in ternary compounds of

In,Ga;_4N and In, Tl;_yN [27].

The suitability of materials for applications is defined by their electrical and optical
properties. While a breakdown voltage and a thermal conductivity are relevant aspects
for transistor, the materials useful for light emitting devices are sorted mostly based on a
band-gap energy. Group-III nitrides provides promising candidates which could meet the

requirements put upon these devices as the binary or ternary compounds cover whole spec-
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

trum from near infra-red represented by InN to deep ultraviolet representedy by AIN. Up
to date, there is a number of devices covering infra-red (29} 30} [31]], visible light [14,[32],[33]]
and ultraviolet part of the electromagnetic spectrum [34, 35, 36, [37), 38]. Three technolo-
gies based on III-nitrides which impacted the society or appears to be promising parts of
advanced devices in the future are shortly described below. Of particular interest - with
respect to the focus of the presented PhD thesis - is GaN whose physical properties are sum-

marized in detail in Section

2.1.1 Light-emitting diods

One of the technology based on III-nitrides worth mentioning is undoubtedly a blue
light-emitting diode (LED) because the technological and social impact caused by this tech-
nology was enormous. The way to an efficient and ready-to-produce blue LED has been "a
wonderful, though sometimes rocky, journey” as Nakamura admits in his Nobel lecture [14]].
While the first red LED was introduced in 1962 followed by a green LED in 1968, the blue
LED had a long way in ahead since the requirements on direct band-gap material with an
appropriate wavelength emitted and a crystal quality of satisfactory level had not met for
almost four decades. The beginning of the research of the blue LED can be traced back to the
report on a Mg-doped GaN LED in 1973. For more than two decades the luminescence and
physical properties of various III-V alloys had been studied and innovated which resulted
in development of a GaN p-n junction in the early 90’s [33]. The fruits of this labor could
be implemented into more advanced technology such as a white LED using an InGaN blue

LED which was commercialized in 1996 as is illustrated in Figure [2)(a).

Today, the comparison of efficiency and lifetime of an obsolete tungsten filament light
bulb illustrates the impact of LEDs greatly. While the average filament light bulb requires
approximately 60 W to produce brightness of 350 lumen (efficiency 61m-W™1), the LED re-
quires only 5W for the same brightness (efficiency 70Im - W™1). In addition, the 2 000 hours
lifetime of the incandescent bulbs compared to 15000 hours in case of LEDs reveals the
benefits of semiconductors based technology. Such arguments could be easily interpreted in
a way that the LED lighting saves the energy consumption by far. In fact, recent studies have
shown that the LED lighting technology reduced energy consumption only temporarily. As

the cost of the LED lighting decreases significantly, the expansion of lighting in households
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

and a public sphere erodes the gains from more efficient technology [39]. Data spanned
over three centuries, six continents and five lighting technologies gives a clear conclusion
that "there is a massive potential for the growth in the consumption of light if new lighting tech-
nologies are developed with higher luminous efficacy and lower cost of light" [40]. Thus, the real

impact of the LED technology is more likely an expansion of lighting rather than saving the

energy.
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Figure 2: (a) Evolution of luminous efficiency of red, green and blue LEDs [14]. (b) Analysis of fu-
ture transformation of chosen high voltage, high current applications from the perspective of power
capabilities with respect to switching frequencies as a transformation from a silicon-based (Si) insu-
lated gate bipolar transistor (IGBT) and super junction (SJ) devices towards the silicon carbide (SiC)
and gallium nitride (GaN) based devices .

2.1.2 High power devices

Another benefit resulting from the wide band-gap semiconductors is their suitability for
high power applications. The role of the power devices in the future technologies is diverse.
From the microturbines designed to output power ranging from 25 kW to 500 kW to energy
storage systems designed as stand-alone or smart grid subsystems [42]]. As was mentioned
above, the energy band-gap greatly influences the electronic properties of materials. For
example, a higher band-gap energy leads to a higher breakdown voltage (the lowest volt-
age which causes destroying of the device). At the same time, a higher operational voltage

allows to operate at lower currents which leads to a lower dissipation of energy, i.e. lower
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

energy loss.

Figure [2|(b) provides an insight to a very-well established silicon technology in various
kinds of applications. However, silicon reaches its limits in high operation temperature and
high switching frequency applications. In this sense, new candidates for high power devices
have to be introduced to bring a new generation of high performance devices. Nowadays,
the most promising candidate for high power applications is silicon carbide (SiC). With the
10 times higher breakdown voltage (E; = 4.9 x10°V -cm™!) and 3 times higher thermal con-
ductivity (c, = 3W-cm™!) in comparison with silicon, the operation temperature can be up
to 200°C [43]. In fact, SiC Schottky diodes already compete with the Si power diodes on
the commercial market. Their comparison at working voltage 1 200 V demonstrates a 30 %

decrease in total power loss at 150°C in case of SiC Schottky diode [44]].

In case of GaN, the major obstacle hindering the application usage is extremely difficult
growth process of low defect density and crack free wafers resulting in a high cost per unit
wafer area. Yet, the tremendous properties which predestines GaN for high power applica-
tions are still of particular interest. Instead of growing large volume bulky GaN, the effort is,
thus, directed into a fabrication of heterostructures such as vertical GaN on Si wafer which
combines the benefits of mature and low-cost technology of silicon wafer production and
demands on materials suitability for high power electronics. The cost per unit wafer area
illustrates the rationality of such approach without any doubts. The cost of 2 inch GaN-on-
GaN wafer varies from $60 to $100 per cm?2. In comparison with 8 inch Gan-on-Si with the

cost of $1 per cm?, the difference in cost is dramatic [45].

The comparison of electrical properties of 600V Si MOSFET, 600V SiC MOSFET and
600V GaN HEMT (high electron mobility transistor) at the temperature of 150°C provided
in [46] shows superiority of SiC and GaN over Si. At frequency of 25kHz and 50 % of duty
cycle (a fraction of one period in which the device is active) the energy loss of silicon device
was 205 pJ which was more than 10 times higher than in case of SiC (17 yJ) and 20 times
higher than in case of GaN device (10 uJ). So the state-of-the-art silicon technology together
with promising III-nitrides” properties give a solid foundation for a following development
of high power GaN-Si / SiC-Si devices and this trend will be probably speed up in the near

future with new demands on new generation electronics [47]].
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2 SEMICONDUCTORS IN THE LIGHT OF MODERN DEVICES

2.1.3 Ultraviolet detectors and emitters

Ultraviolet (UV) detectors and emitters are widely used in advanced devices in both
military and civil spheres. The ozone layer of the Earth hugely absorbs the radiation in
the wavelength interval of 240-280nm. For that reasons, these wavelengths are almost
non-existent in the atmosphere. This UV spectral region is thus suitable for observing, for
example, electrical discharges as a part of missile-detector systems [48,[49]]. Another appli-
cations of UV devices could be their implementation into water purification processes [50].
Because of the continuing urbanization the good quality water supply starts to be a serious
issue all over the world. The devices producing UV light could be suitable supplement to
physical (e.g. filtration) and chemical (e.g. hydrochloride treatment) methods of removing

the pollutants from the waste-water [51},(52]].

Even though the ternary Ill-nitrides alloys bring benefit of continuously varying band-
gap, high density of structural defects hinders their usage to some extent. Therefore, struc-
tures with higher structural quality such as nanowires are greatly explored as possible can-

didates for UV detector applications.

UV detectors can be in general distinguished into two categories - vacuum and solid-state
detectors. Vacuum detectors are mature technology based on various types of photomulti-
pliers with excellent gain and large area detection possibility. However, drawbacks such as
weight, high power consumption and fragility give rise to the other group heavily based on
semiconductors. A detailed review describing photoconductive, Schottky, p-n junction and
p-i-n junction detectors can be found in [48]] and [53]. For example, the CVD grown GaN
nanowires acting as a photosensitive structure connected to the electrodes made of silver
nanowires exhibit promising photoresponse to UV light from a xenon lamp [54]. Alter-
natively, an ultra-long (60-80 ym) AIN nanowire bonded at the opposite ends with golden
electrodes exhibits clear photoconductivity response to 325 nm light from He-Cd laser [55].
In both cases, III-nitrides structures were grown on Si/SiO, substrate but as other exper-
imental works confirm it is also possible to introduce more unconventional substrates as

reviewed in [56]].
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3 OBJECTIVES OF PRESENTED PHD THESIS

3 Objectives of presented PhD thesis

Objectives of the presented PhD thesis lay in the experimental work on fabrication and
characterization of chosen III-nitrides nanostructures. Specifically, these are three-dimensional
gallium nitride (GaN) nanocrystals, two-dimensional GaN nanosheets and one-dimensional
GaN nanowires. In all three cases, the nanostructures were prepared using different meth-

ods and characterized using different analytic techniques.

The presented PhD thesis is divided into four parts. In the first part, used fabrication
methods as well as general physical phenomena involved in the fabrication processes are
briefly described in Section [4] Then, three sections dealing with individual projects are pre-

sented further in the thesis.

The experimental work on three-dimensional GaN nanocrystals is presented in Section
GaN nanocrystals were prepared using a droplet epitaxy growth technique in the labora-
tories of the Institute of Physical Engineering at Brno University of Technology (BUT) under
supervision of Prof. Tomas Sikola and Dr. Jindrich Mach. Additional characterization such
as SEM imaging, AFM imaging or Raman spectroscopy measurement were done at the Cen-
tral European Institute of Technology (CEITEC) in Brno. Additionally, the proof of concept

of utilizing such nanostructures into UV sensitive device was demonstrated.

An interesting phenomenon of a formation of 2D hexagonal GaN layers at specific condi-
tions was observed during the work on UV sensitive devices. This phenomenon was further
studied and the results are presented in the Section [6] Similarly as in the previous case,
the experimental part of the work was done at the Institute of Physical Engineering at BUT
while the characterization was carried out at CEITEC BUT. The results of this side project
were published in [57]] and presented by the author as an oral talk at the International Vac-

uum Conference in Malmo in 2019.

A fourth part of presented thesis, summarized in Section |7, deals with the CVD growth
of GaN nanowires and the study of nanowires growth kinetics. The value of this project is
in the connection between the theoretical model and its experimental verification. The ex-

perimental part of this project was done during an internship in the group of Prof. Ernesto
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Joselevich in the Weizmann Institute of Science in Israel. The theoretical model was devel-
oped by Prof. Vladimir Dubrovskii at St. Petersborough University in Russia. The results of

this project were published in Nanomaterials [58].
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4 Physical phenomena behind the growth of gallium nitride

The growth of nanostructures is a complex process which is carried out in an ultra-high
vacuum (UHV) system which is maintained to keep a very low base pressure (p < 1077 Pa).
A number of different aspects step into the fabrication process from the point of view of
technological means as well as physical phenomena occurring during the nanostructures
formation. This section tends to provide a short description of such phenomena and means

since their understanding is essential for successful growth of nanostructures.

UHYV systems have several specifics such as an absence of heat conduction through the
air which, for instance, prolongs the cooling phase significantly. In addition, special sample
holders are involved which also brings some limitation considering temperature control.
On top of that, sources of deposited elements of different kinds with their characteristics
(such as a ramp speed, an operation temperature or a flux rate) are of the great importance

to maintain the system at appropriate working conditions.

Incoming adatoms Desorbed

adatoms

Layer
formation
i //

Islands formation
¥

Spuﬁerec;\.

atoms

Intercalated

Adsorbed adatoms

adatoms

Diffusion over the surface

Vacancy after sputtered atoms Nucleation

Figure 3: Surface dynamics involves a number of phenomena occurring on the surface after exposing

it to the incoming beam of atoms.

Once those technological means are used for deposition, the physical phenomena occur
during the deposition and formation process. A schematic representation of a surface dy-

namics is depicted in Figure (3| Adsorbed particles diffuse over the surface and coalescence
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together which results in an initiation of nucleation. Nuclei merge to the larger structures
in the process called Ostwald ripening which can lead to a formation of islands or layers.
In the same time, the atoms of a substrate can be sputtered off from the surface while the
adatoms can fill up created vacancies. A substrate temperature, a surface energy, a flux rate
or a time of deposition are major factors determining the processes occurring on the surface
and define the nature and shape of formed nanostructures. Thus, the droplets, two dimen-

sional structures, nanowires and other form of nanostructures can be observed.

To distinguish different kinds of nanostructures or, in general, to predict the nature of
nanostructures formed at specific conditions, a sufficient level of knowledge is necessary.
Therefore, a brief description of physical properties of the material of interest - gallium ni-

tride - is provided in this section as well.

4.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is one of the well-established and deeply understood fab-
rication technique for preparation of nanostructures of defined shapes and properties [59].
The additional value of MBE over other techniques is in the ability of controlled environ-

mental and growth conditions such as:

1. The base pressure in the chamber is in the ultra-high vacuum region (below p <

1077 Pa).
2. The partial pressure of undesirable elements is kept at minimum.
3. Fluctuation of set temperatures over time is negligible.
4. Possibility of deposition of individual pure element is provided.
5. Flux rate of elements impinging on the substrate over time is constant.
6. Growth rate of nanostructures is controlled.

7. Subsequent analytical measurement of prepared structures is possible without expos-

ing the nanostructures to the atmosphere.
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The MBE technique has a long history through which a number of materials have been
fabricated. Many of the materials were also synthesized by other methods but MBE is still
a powerful tool for formation of III-nitrides [60, [61]]. The ultimate ability of controlling the
thickness is one of the greatest benefit of MBE allowing the growth of fine structures such
as ferromagnetic thin films on flexible materials [62]. Despite the fact that MBE cannot
provide such a growth rate as other techniques, it still has its place among nanostructure

formation techniques such as fabrication of "beyond Si CMOS" devices [63]].

In case of the presented work, a vacuum chamber for MBE was a part of a complex vac-
uum system, as depicted in Figure[4} located in the Institute of Physical Engineering at Brno
University of Technology. The vacuum system consists of several separate vacuum cham-
bers - a deposition chamber, an analytical (XPS) chamber, a carusel chamber and a load-
lock chamber - which are mutually connected in order to allow the sample transfer between
them. This arrangement brings a benefit of fabricating (MBE), analysing (X-ray photoelec-
tron spectroscopy (XPS)) and storing the samples under UHV conditions. Each vacuum
chamber is equipped with a turbomolecular pump, a rotary pump and an ion pump (XPS
chamber also comprises a sublimation pump). Such a combination of pumps is sufficient to
maintain the vacuum base level below p < 1077 Pa (usually about 9 x 108 Pa). The already
published experimental work involving all the analytical means of said system is provided

in [64].

Energy analyser
(XPS)

X-ray source

Ga effusion cell Nitrogen ions
source

Figure 4: Schematic representation of a complex UHV system.

Sample transfer through the system is enabled by using a magnetic rod and a standard-

ized set of sample holders. Sample holders are of two kinds - utilized for a direct current
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heating (Figure[5](a)) and equipped with a pyrolitic boron nitride (PBN) heating plate (Fig-
ure [5](b)). While the direct current heating allows to reach an arbitrary temperature (limi-
tation is set by the melting point of the sample), the PBN heating plate provides uniformly

distributed temperature which is stable over a long period of time.

(a) (b)

Figure 5: (a) Sample holder utilized for a direct current heating with typical 17x4mm? silicon sample

loaded. (b) Sample holder equipped with a PBN plate with a typical 10x4mm? silicon sample loaded.

As was mentioned above, the temperature control in the UHV system is challenging. For
that reason, both kinds of sample holders require calibration before its use. In the case of
the direct current heating sample holder, the temperature of a sample is measured with py-
rometer camera. Monitoring of the temperature is limited to the interval of 600°C-1500°C
which is given by an optical transfer function of the pyrometer. For the temperatures below
600°C, the required temperature was extrapolated based on the linear function. Despite
the fact that the measured temperature at given current is not linear function of the cur-
rent, the linear function allows to set the same temperature for all measurements. In case of
the sample holder equipped with PBN heating plate, the temperature was calibrated with
a thermocouple. Thus, the combination of extrapolation based on linear function and the
calibration based on thermocouple provided the correlation between the measured temper-

atures and set currents and voltages.
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4.2 Droplet epitaxy

Droplet epitaxy (DE) is an alternative nanostructure growth technique utilized to be
used in a standard molecular beam epitaxy (MBE) vacuum chamber. This technique was
originally developed for GaAs quantum nanostructures but can be optimized for III-V nanos-
tructures in general. The difference from the standard MBE nanostructures fabrication is in
splitting the deposition process of group-III elements and group-V elements into two sepa-

rate steps.

In the first step, the deposition of group-III element, e.g. gallium, is performed. Since
the melting point of gallium is considerably low (~ 30°C), it stays liquefied at almost all
growth temperatures. Diameter of liquefied droplet is strongly dependent on the substrate
temperature and the overall density of droplets on the surface is defined by the amount of
gallium, i.e. flux rate over time of deposition, at defined temperature. Thus, the size and the
coverage can be modulated by changing the substrate temperature and the flux rate. A crit-
ical role of the temperature and the flux rate illustrates the fact that at defined conditions a

Ga droplet size dispersion is lower than 10 % [65].

Deposition of gallium establishes separate reservoirs of metallic gallium in the form of
liquefied droplets of defined size spread over the surface with defined density. Once this
step is finalized, the formation (crystallization) of required nanostructures can be done by
irradiating those reservoirs with group-V elements. Similarly to Ga droplets formation, the
substrate temperature and the flux rate are of same importance within this step. In this
case, the substrate temperature and the flux rate significantly influence the shape of formed
nanostructures. The crystalline nanostructures can be found in a ring, a double ring, a cone

or a 'volcano’ shape as illustrated in Figure|[6|(a) [66]].

In addition, a standard routine of DE can be modified by changing of the parameters
during the crystalline nanostructures formation. Such modification is known as a pulsed
droplet epitaxy (PDE) which is characterized by pulsing the supply of group-V element at
the same or varying temperature. Advantage of PDE is a formation of complex quantum

nanostructures such as ring-ring, dot-ring, ring-disc, etc. as shown in Figure [6](b) [67, [68]].

Droplet epitaxy brings a number of benefits into the controlled fabrication process of
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Figure 6: (a) Effect of deposition of group-V element on the shape and size of crystalline nanostruc-
tures (in this case Ga droplets were irradiated by As atoms). I) AFM profile of resulted structures.
As the amount of As atoms is higher the nanostructures are bigger. II) The amount of As atoms in-
creases with increasing time of post-irradiation. The volume of the grown nanostructures increases
with time. III) The visualization of formed quantum nanostructures as a result of an increasing num-
ber of As atoms irradiating the Ga droplet [66]. (b) AFM profile of complex quantum nanostructures

(the effect of pulsed droplet epitaxy): I) dot-ring, II) dot-disk, III) ring-ring, IV) ring-disk [67), 68]].

nanostructures such as:

1. Size and density control by substrate temperature.

2. Density control over several orders of magnitude.

3. Growth suitability for lattice matched as well as lattice mismatched substrates.
4. Shaping of quantum nanostructures by changing the post-irradiation conditions.

Droplet epitaxy also brings a benefit of 3D growth of nanostructures since the very first
moment of the growth. Due to the establishing of nucleation centers in the form of uni-
formly spread droplets, the growth is initiated only in the defined places. In comparison
with the standard MBE in which the elements are supplied in the same time which results
in a 2D lateral (Frank-van der Merwe) growth, a 3D island (Volmer-Weber) growth or their
mutual combination in a Stranski-Krastanov growth mode, the DE is suitable for fabrication

of defined periodical structures.
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Despite the fact that the DE is a great technique for a growth of defined quantum nanos-
tructures with defined periodicity, it needs to be taken into consideration that described
method is suitable for quantum nanostructures of limited size only. If the density of gallium
droplets is kept in the range of 103cm™2 to 10'! cm™2, the DE type of growth of quantum
nanostructures can be expected. However, as the density is higher the other surface mech-
anisms such as Ostwald ripening or coalescence of Ga droplets during the deposition are
entering the growth process which can results in a formation of completely different nanos-
tructures from the perspective of the size and density as well as electro-optical properties

[65].
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4.2.1 Means of elemental deposition

The gallium nitride nanostructures fabricated in the presented work were prepared in
two-step deposition process. Firstly, the metallic gallium was deposited by an effusion cell.
Secondly, the post-nitridation process was carried out using an ion-atomic nitrogen beam

source.

Gallium effusion cell

The gallium effusion cell used in the presented work was a Knudsen type of effusion cell.
Such a cell consists of a crucible, a heating filament, a collimator and a shutter as illustrated
in Figure [/l The heating filament made of tantalum or tungsten is connected to the con-
trol unit which provides a current (usually about I = 2A). The current flowing through the
filament causes its heating which results in a thermionic emission of electrons. These elec-
trons are subsequently accelerated towards the crucible by applied voltage of U = 800V.
The amount of emitted electrons is measured by an emission current which is usually about

€ = 30mA.

Electrons accelerated Ring wire Colimator
towards the crucible /
]
¥y .
7
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Cooled body Reservoir (crucible) Colimated beam

Figure 7: Schematic visualization of a gallium effusion cell.

Electrons impacting on the Mo crucible (with a pyrolitical boron nitride cup inside) cause
its heating which leads to a sublimation or evaporation of the material inside - in this par-
ticular case gallium (in order to reach a sufficient gallium vapor pressure (1 x 1072 Pa), the
temperature has to reach Ty; = 950°C). At the usual emission current of € = 30mA the
flux of gallium atoms is about f = 1.4x 10'3cm=2-s~! which corresponds to 0.2 ML - min~2,

The beam of gallium atoms is spatially collimated by the collimator which directs the beam
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towards the sample. The arrangement of an MBE chamber defines the impinging angle of

gallium atoms on the sample close to 55° with respect to the sample surface normal.

The temperature stability of the effusion cell is secured by a water cooling. The water
cooling prevents the body of the effusion cell made of oxygen-free copper (copper purity
is greater than 99.996 %) from overheating. The final part of the effusion cell - the shutter
- ensures the immediate control of a deposition state - on/off. This metallic plate placed
above the collimator can be rotated in that way that obstructs the beam path, partially ob-

structs the beam path or provides free path to the substrate.

Ion-atomic nitrogen beam

The ion-atomic nitrogen beam is designed to provide the mixture of gallium atoms and low
energy nitrogen ions as reported in [69]. However, the operation mode used in presented
work was chosen to produce nitrogen ions only since the gallium atoms were provided by

the gallium effusion cell.
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Figure 8: Schematic visualization of an ion-atomic nitrogen source [69].

The ion-atomic nitrogen source is depicted in Figure |8} The nitrogen N, gas (of purity
99.9999 %) is injected into an ionization chamber from the side. The nitrogen gas partial
pressure is kept at 5.5 x 107> Pa in the deposition chamber. A tungsten filament wire is

placed in the opposite side of the ionization chamber. Current (I = 5.4A) passing through
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the filament ring causes thermoemission of electrons from the wire with the initial energy
ranging from 0.1 eV to 2 eV. These electrons are accelerated towards a cylindrical ionization
grid which is at potential of U = 50V placed in the middle part of the ionization cham-
ber. The collisions of accelerated electrons with the nitrogen gas results in ionization of N,
molecules. Subsequently, the mixture of N;,N%J“,NﬂN2+ is accelerated towards the extrac-
tion electrodes at which the negative potential of U = —1500V is applied and spatial col-
limated to the cone by a collimation electrode (U = —500V). The nitrogen current density
measured by a Faraday cup is approximately I = 1000nA - cm~2 which can be recalculated

to the flux rate of 6.24 x10'2¢cm—2-s7 1,

The efficiency of nitrogen molecules ionization (an ionization cross-section) is the high-
est if the electrons energy is near to E = 100eV. In the same time, the energy of nitrogen ions
is determined by the potential applied to a cylindrical grid. Thus, an additional screening
electrode is placed in the ionization chamber to ensure the 100 eV ionization energy at an

arbitrary grid potential.

4.2.2 Surface diffusion

Surface diffusion is a thermodynamic process of a random motion of adatoms (or ad-
particles in general) over the surface which is thermally activated. In presence of a concen-
tration gradient, the diffusion (random motion) of each individual adatoms results in a net

diffusion in the direction opposite to the direction of the gradient.

Figure [9)(a) shows a schematic representation of an adatom on the surface in the stable
position of an adsorption site (1) and metastable position of a transition (bridge) site (2).
The energy necessary to hopping from one adsorption (minimum energy) site to another
is equal to the activation energy of diffusion E4;¢ which can be defined as a difference of
the minimum (1) and maximum (2) in potential energy as can be seen from Figure [9|(b). A
random site-to-site hopping of the adatom can be represented by the mean-square displace-

ment (6r?) over time t as follows:
(61%) = vega’t, (1)

where the a is a site-to-site distance (jump distance) and veg is an effective hopping
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Figure 9: (a) Representation of stable position (1) and metastable position (2) of adatoms on a sur-
face. Corresponding potential defines the activation energy of diffusion (site-to-site jump) Egis as
a difference between minimum energy (1) and maximum energy (2) position. (b) Potential energy
of adatoms in position (1) and (2) as a function of position z. Eg4.s corresponds with the energy of

desorption of an adatom from the surface [70].

frequency (so the vegt equals to a number of jumps over time t). As was mentioned above,
the diffusion is a thermodynamic process driven by thermal excitation. For that reason, the
Vegr 1s modified by a Boltzman factor which represent the probability of thermal excitation

corresponding to the energy of diffusion E ;¢

_ Egigr
Vegr = ve kBT, (2)

where v is a hopping frequency, kg is a Boltzman constant and T is an absolute temper-

ature.

Ratio of mean-square displacement over the number of available neighboring sites z in

time t is known as a time-independent diffusion coefficient

_ (57’2> _ Vef-fa2
ozt oz

(3)

where z = 2 represents the one dimensional diffusion, z = 4 diffusion over the square
surface and z = 6 diffusion over the hexagonal surface. Naturally, the different surfaces has

also different activation energies of diffusion Eg;g;, i.e. different effective hopping frequency

Veff-
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Considering the ensemble of adparticles which is define by the concentration of particles
on a surface p (for example atoms per cm~2) the definition of a diffusion current | can be

formulated as
J =-DVp, (4)

where Vp is a gradient of concentration of adatoms. Therefore, the direction of the diffu-
sion current is opposite to the gradient of concentration (i.e. adatoms diffuse from an area
of higher concentration to an area of lower concentration). Obviously, provided explanation
is rather quantitative to express the diffusion from the point of view of a single atom. The
more statistical approach can be found in [71]] while the deeply theoretical approach can be

found in [72].

The measurement of diffusion coefficients and corresponding diffusion lengths vary for
different combinations of adsorbed particles and surfaces. A number of methods have
already been developed allowing measurement of diffusion coefficient D in the range of
(10717 -107>)cm~2-s7! and corresponding diffusion length in the range of (1078 —1072)cm)
[71]]. In case of gallium, the diffusion coefficient as well as activation energy varies based on
the method used. In order to provide at least general idea the activation energy of diffusion
E g varies from 0.3 eV to 4eV and diffusion coefficient D varies from 0.85x107>cm™2-s! to
0.2cm~2-s7! in case of Ga adatoms diffusing over GaAs(001) surface [73]. Such a dispersion
is caused by (i) different methods of measurement (e.g. extrapolation of parameters based

on measurements at varying temperatures), (ii) a cleanliness of the substrate [74].

It is worth mentioning that the study of surface diffusion has not only theoretical con-
sequences of knowing parameters of an activation energy or a diffusion coefficient. Inter-
estingly enough, the diffusion can be used for determining the shape of nanoparticles as
reported for example in [75] which paves the way for using of knowledge of diffusion pa-
rameters for formation of different nanostructures. Vice versa, if the shape of nanoparticles
can be intentionally modified by diffusion, then it is natural to expect that the diffusion

plays a significant role in determining shape of nanoparticles in general.

Alternatively to a diffusion coefficient, a diffusion length can be used as a numerical

characteristic of diffusion. There are two definition of the diffusion length which can be
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applied. First, the diffusion length can be defined as an average distance between the point
where the atoms was adsorbed and the point where it was re-evaporated. Second, the defi-
nition of diffusion length can take into consideration that the adatoms are incorporated into
formed structures. In this case, the diffusion length is equal to an average distance between
the point of arrival and the point in where an atom is incorporated into the surface structure

[76].

4.2.3 Ostwald ripening

Ostwald ripening (also known as coarsening) is a thermodynamic diffuse-control pro-
cess in two-phase mixtures. Coarsening can be observed in the systems with varying size
of particles dispersed in matrix but can be also adopted for particles on a surface. During
the Ostwald ripening, the large crystals grow in size while small particles shrink as a re-
sult of decreasing total free energy of the system. The theoretical end point of this process

is a one particle containing all the material of one phase embedded by the second phase [77].

First quantitative description of the process was provided by W. Ostwald in 1901. It took
almost 60 years before Lifshitz, Slyozov and Wagner developed the first theoretical descrip-
tion (known as LWS theory) [77]]. However, following experimental work could not reach
a perfect match between the theoretical prediction and experimental results. Up to now,
there is no full theory which would described the Ostwald ripening in full scale. There is a
number of modern theories which deals with the coarsening phenomenon reviewed in [78]]

but as author claims none of the theories fully describe whole phenomenon.

First step into the theoretical description of Ostwald ripening can be made with the

equation describing the evolution of a radii r in time ¢:

dr __2DQ7/(1 1 ) 5)

dt ~ RgT \r ra

in where D is a diffusion coefficient of the particle in a matrix (or on a surface), () is a
mean volume of the particle, y is a specific interfacial energy of particle-matrix interface
(or a surface energy), Rg is a universal gas constant, T is absolute temperature and r, is an

average diameter of particles dispersed in a matrix (or on a surface). The fraction before

a bracket is a constant depending on a material of concern. The important part allowing
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quantitative evaluation is only variable r which can be lower or bigger than r,:

dr
f <rp, —<0, 6
or r<rp It (6)
dr
f >r1p, — >0. 7
or Tr>Tp It (7)
The explanation of positive or negative change of radius with respect to time % could

be as follows. Ensemble of particles dispersed in a matrix (or on a surface) is defined by
their average radius r,. From the point of view of each individual particle, if a particle has
smaller radius r than an average radius r,, the particle tends to shrink. Vice versa, the par-
ticle with bigger radius r than average radius r, tends to increase its radius (i.e. volume)
[79]. As was mentioned above, the driving force of Ostwald ripening is a decrease of a total
energy. The energy of the particle is defined by the ratio of surface atoms to volume atoms.
The smaller the particle, the higher the number of surface atoms, the higher the ratio of sur-
face versus volume atoms and the higher the energy. Thus, Ostwald coarsening results in a
formation of particles with smaller surface to volume atoms ratio which leads to a decrease

in the total energy of a system eventually.
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4.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is a well-established technique for the growth of va-
riety of nano- and micro- structures which is heavily used in semiconductor industry for a
production of vast range of solid materials. The CVD is based on a heat decomposition of
volatile precursors and their subsequent reaction resulting in a formation of desired mate-

rials.

Over the years a number of CVD modifications have been introduced to satisfy the
demands for alternative materials. To give a few examples, the plasma enhanced CVD
(PECVD) in where the plasma enhances chemical reaction rate or metal organic CVD (MOCVD)

in where the metal organic compounds are used as precursors have been developed.
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Figure 10: Scheme of a three-zone CVD instrument.

Gas outlet Gas inlet

A standard CVD instrument arrangement is exemplified in Figure[10] A sample is placed
inside the tube usually made of a quartz glass. The quartz tube is placed to an oven which
can be divided into several heating zones which brings a benefit of separate regions with
different temperatures. One side of the tube is connected to the inlet of gases and precur-

sors, the opposite side of the tube is connected to the outlet (usually a rotary pump).

Before the deposition, the sample is heated up and several cycles of nitrogen rinsing is
performed to clean the sample and the inside of the tube from the dust and other contami-

nants. Once the sample is clean and the temperature is set, the gases are introduced into the
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tube. The molecular nitrogen N, and hydrogen H, are usually used as carrier gases which
ensure both the constant flow of precursors through the tube which is established by the
pressure gradient (from over-pressure inlet tube to under-pressure rotary pump outlet) and

the uniform flow of precursors.

After the constant flow is established, the precursors line is opened. Precursors are ei-
ther in the form of pure gases or in the form of mixture with carrier gas (usually molecular
nitrogen). In this case, the carrier gas goes through a bubbler in where the nitrogen "bub-
bles" through the liquefied precursor. Once the precursors enter the quartz tube the thermal
decomposition of them is initiated and the products of this decomposition chemically react.
Eventually, the desired product is formed on the surface in form which is given by a flow
rate of gases, a substrate temperature and precursors used while the side products of the

chemical reaction are carried away from the tube.

Versatility of CVD for the fabrication of different kinds of materials is one of the great
advantage of this method. Diamond coating could serve as one example. Low expansion
coefficient, chemical inertness and wide optical transparency make a diamond a suitable
material for optical, tribological and thermal management applications or wear-resistance
coating [80,81]]. Significant role of CVD can be also find in the chip production [82]. Besides
the film formation, CVD can also be utilized for fabrication of one dimensional materials
such as nanowires [83]]. IlI-nitrides [56], 184], ZnO [85] or SiC [86] nanowires are only few
examples of versatility of CVD. CVD also enables production of graphene on large scale [87]

which allows the mass production of this tremendous material.

Despite many benefits, CVD also suffers from several drawbacks. The volatility (very
often even explosiveness) and toxicity of precursors require strict conditions of use. In ad-
dition, the temperature gradients inside the quartz tube and random chemical reactions can
influence desired structures. However, the fine tuning of the system helps overcome much

of these drawbacks and allows to fully accommodate all benefits of CVD.
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4.4 Physical properties of gallium nitride

Gallium nitride can be found in two stable crystalline forms at ambient conditions -
zincblend (cubic) and wurtzite (hexagonal) as shown in Figure[11](a). While the cubic form
is determined by ABCABC stacking sequence of (111) close packed layers, the wurtzite
structure is characterized by ABABAB stacking sequence of close packed (0001) planes.
Since most of the efforts is placed into the growth of the wurtzite structures, the further

description will also focus on this structural form of GaN.

T=8K Excitonic emission

Yellow band

Photoluminescence intensity

1.5 2.0 2.5 3.0 35
Energy (eV)

(a) (b)

Figure 11: (a) Hexagonal wurtzite and cubic zincblende structures of GaN nitride [88]. (b) Photolu-

minescence response of GaN to A = 325nm wavelength [89].

Waurtzite structure of GaN is defined by an a-axis lattice parameter a = 3.18A and a c-
axis lattice parameter ¢ = 5.19 A of a hexagonal prism [88]. Based on the surface termination
the several reconstructions can be recognized. The c-axis projection on the surface normal
n ([0001]) or ([0001]) directions defines polar +c-plane or -c-plane. The other widely used
surface reconstructions are the non-polar ([1010]) m-plane, the non-polar ([1120]) a-plane

and the semi-polar ([1012]) r-plane [90].

The surface polarity comes from the unequal electronegativity of nitrogen and gallium
atoms. This inequality results in a formation of polar covalent bonds in between these two
elements in where the orientation of polarization directs from nitrogen to gallium atoms.

Therefore, the surface termination plays a major role in the polarity of a surface - a surface
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terminated with gallium atoms ([0001] - G-face) has opposite polarity to a surface termi-
nated with nitrogen atoms ([0001] - N-face). Despite the fact that the polarity has significant
effect on various GaN characteristics it is still challenging to measure its orientation. Pro-
vided connection between piezoelectric direction and the sign of GaN polarity as well as the
effect of polarity on surface reconstruction were not undoubtedly confirmed as discussed
in [91]]. Interestingly, the polarity is a bulk characteristic so, for example, a gallium layer
deposited on GaN does not change the polarity. For that reason, the polarity also plays a
decisive role in the crystallographic growth of epitaxial layers or heterostructures resulting
in preferential faces on which the growth of appropriate devices is possible (e.g. FET het-

erostructure should be grown on Ga-face to reduce the effect of induced strain).

GaN is also extensively studied for its optical properties. The band-gap energy of Ey, =
3.42eV at 300K corresponds with the wavelength of A = 362nm. The overview of the band-
gap energy measurement at various temperatures can be found in [92]. The photolumi-
nescence spectrum is illustrated in Figure [I1](b). The photoluminescence response of the
n-type GaN was extensively studied because of the presence of a broad peak covering yel-
low (2.2eV) and green (2.4eV) band of the electromagnetic spectrum. The origin of yellow
and green luminescence is still an open question. Early work based on the first principle
calculation suggests an idea that deep acceptors levels induced by gallium vacancies are re-
sponsible for this yellow luminescence response [93]. The following experiments with two
excitations energy - above and below the band-gap - are in agreement with this argument
suggesting that the yellow luminescence is attributed to the defects near the surface while

the deep bulk defects contribute to the green luminescence [94].

The electrical properties of GaN are strongly influenced by intentional, but also un-
intentional, doping. At the room temperature the electron mobility of GaN reaches y, =
900cm?-V~!.s7! at charge carriers concentration of n = 4 x 10!9cm™3 [96]. At the tem-
perature of liquid nitrogen the electron mobility can reach y, = 1500cm?-V~!.s7! (charge
carrier concentration n = 8 x 101°cm™3) [92]. However, those values can be significantly
changed during the growth process when remnants of atomic hydrogen diffuse into the ma-
terial and react with the dangling or defect bonds. In addition, when GaN is p-type doped
with Mg (which is the element of choice for p-doping because its low ionization energy), the

hydrogen can form neutral centers with Mg resulting in decreasing conductivity. Hydrogen
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Eg(eV) A(nm) a(A) E,(10°-V-cm™) e (cm?.V7L.s7l) ¢ (W.cm™}) Ref.

InN 0.64 1900 3.53 0.35 2050 0.8 [95,[96)]
Si 1.1 1127  5.43 0.3 1400 1.5 [97]

4H-SiC  3.26 380  3.08 3 900 4.9 [43],197]
GaN 342 362 3.19 5 900 1.3 [96]
AIN 6.14 200 3.11 11 300 2.9 [96]

Table 1: Electrical and optical characteristics of chosen semiconductors (sorted by increasing band-
gap energy). Energy band-gap at the room temperature Eg (eV), corresponding wavelength A (nm),
lattice constant a(A), breakdown voltage Ey (10°-V -cm™!), electron mobility e (cm?-V~1.s71) ther-

mal conductivity ¢, (W-cm™!).

also interacts (i.e. passivates acceptor centers) with other p-dopants such as zinc or cal-
cium as elucidated in [92]]. However, this behavior can be used in producing high resistivity
GaN using a light-ion implantation in which process the electron and hole traps are created.
On the contrary, the elements such as oxygen or residual silicon cause residual n-doping of
GaN. It is also worth mentioning that nitrogen vacancies probably do not contribute to the
n-type conductivity of GaN since their high formation energy prevent them to occur at high
concentrations [98]]. Since all these elements are present in various concentrations during

MOCVD, there is still place for a fine tuning in the growth process.

In Table([I} the most prominent binary semiconductors are listed and compared to silicon.
As was mentioned above, the different applications put demands on different properties. It
can be favourable to combine benefits of several materials in heterostructures. For instance,
mature and low-cost production of Si wafers can be combined with the specific electrical
properties of wide band-gap GaN for high power applications as described in Section[2.1.2]
However, the 16 % mismatch between Si and GaN lattices and different thermal conduction
coefficients can result in creation of cracks in the vicinity of the Si/ GaN interface during the
growth process (especially during the cooling phase) which influences the critical thickness
of formed GaN layer. In addition, an aggressive environment of hydrogen and oxygen radi-
cals during the MOCVD growth process can initiate chemical reactions of a silicon substrate
with the environmental atmosphere resulting in etching of silicon [89]]. The effect of doping
by residual gasses has been already discussed. These drawbacks were partially overcame by

developing of new strategies such as growing of a buffer layer at first or introducing differ-
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ent growth techniques. However, the complexity of the heterostructures growth process is
still high and a number of unintentional circumstances might occur during the preparation

of the new and advanced nanostructures.
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5 GaN nanocrystals on graphene

Gallium nitride (GaN) is a well-established material widely used in industry as is demon-
strated by the GaN power technology roadmap [99]]. GaN based functional devices such as
light emitting diodes, high electron mobility transistors or ultraviolet detectors were already
discussed in Section Since GaN based devices impact the technology to such an extent,
the need of a large scale production at a sufficient quality level has been increasing for the

last couple of years.

The most common technique for the large scale production of gallium nitride is a chem-
ical vapour deposition (CVD) and its modification. Dissociations of chemical precursors at
high temperatures leads to a formation of an uniform layer of gallium nitride of variable

thickness as described in Section

Another widely used technique for the growth of GaN is a molecular beam epitaxy
(MBE). This technique takes an advantage from the long history of its use. The MBE tech-
nique has been involved in the research of LED diodes from the very beginning. Thus, it is
very well established and all the parameters which can affect the GaN growth are known.
Historically, the MBE growth process of GaN uses a Knudsen type of an effusion cell as an
atomic gallium source and a radio-frequency plasma source as a source of nitrogen (usually
the plasma source provides the combination of atomic and radical nitrogen). Alternatively,
decomposition of nitrogen precursors such as ammonia (NHj) can be implemented into the
growth process [100]]. Both methods result in a formation of GaN thin films with consid-
1

erably good quality represented by a decent electron mobility as high as 800cm?- V=1 .5~

which is comparable with the best samples fabricated using MOCVD.

In addition to above mentioned, the alternative methods of GaN fabrication are being
developed. One of them takes a benefit from introducing hyperthermal nitrogen ion beams.
Hyperthermal refers to nitrogen ions with energy below 100 eV. It has been already demon-
strated that an ion-beam-assisted MBE can enhance the GaN quality significantly [101]]. In-
terestingly, it was found that there is a crucial difference between simultaneous deposition
of gallium and nitrogen in one step and step-by-step multisequence deposition of the same

elements as will be described below.
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Simultaneous deposition of ionic nitrogen and metallic gallium leads to the formation
of a thin film. One aspect influencing the formed thin film is the presence of either molec-
ular nitrogen NJ or atomic nitrogen N*. Another aspect is the ratio of ionic nitrogen and
atomic gallium fluxes. In case of molecular nitrogen ions Nj, the film thickness shows a
linear trend with respect to the ions/atoms ratio in which the higher the gallium supply the
thicker the film. If the atomic nitrogen ions N* are used, the film thickness follows a similar
linear trend but the maximum thickness is approximately half of that one related to the film
grown by molecular nitrogen N7. This suggests that the impact-induced dissociation of N7

molecule is efficient enough to produce atomic nitrogen even for energy below 100 eV [102].

To give an example, a simultaneous deposition of hyperthermal nitrogen ions of the en-
ergy E = 25eV and gallium thermal atoms with the ions/atoms ratio of 2.7 at a temperature

of T =750°C results in an epitaxially grown thin layer of wurtzite GaN (w-GaN) [103]].

While the simultaneous deposition of gallium atoms and nitrogen ions (at an appropriate
Ga/N7F(N™) ratio) results in a smooth layer of GaN, the deposition divided into (i) deposition
of gallium and (ii) post-nitridation (referred as a sequential deposition) leads to a formation
of GaN crystals [104] [105]]. In this case, the hyperthermal nitrogen ions diffuse over the
surface of a liquefied metallic Ga droplets into the region where the gallium droplet is in

contact with the surface where the nucleation of GaN nanocrystals is initiated.

Sequential deposition brings a benefit of possibility to grow GaN selectively. Sites in
which the gallium atoms initiate a formation of droplets can be effectively defined by, for
instance, creating the surface features such as holes milled by a focused ion beam. An ar-
ray of periodically arranged GaN nanocrystals can then serves as a functional matrix for
a plasmonic applications [106]]. On top of that, a sequential deposition process enables to
cultivate GaN nanocrystals in their size. Thus, a well ordered array of GaN of an uniform

morphology and size can be fabricated as demonstrated by our group [107].

Throughout the years, an appropriate substrate allowing the growth of high quality epi-
taxial gallium nitride has been a limiting factor. Silicon, the material number one in semi-

conductor industry, provides advantages of low cost and large wafer production. However, a
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significant mismatch between corresponding crystal lattices hinders the possibility of pro-
duction of large scale Si/GaN heterostructures. Other materials, such as sapphire, help
overcome the issue with the lattice mismatch but high cost and low scalability of their pro-
duction together with worse properties compared to silicon (e.g. heat conduction) remain

bottlenecks in a mass production.

The usual way of increasing the quality of GaN on a silicon substrate is the application of
a buffer layer. This layer, placed in between the silicon substrate and the GaN layer, acts as
a bridge which absorbs cracks at the silicon/buffer layer interface and thus allows to grow
high quality GaN. As an example, aluminium nitride with lattice constant comparable to
GaN can be used as a buffer layer for the growth of high quality GaN [108]. In addition,
formed AIN buffer layer acts as a barrier layer which prevents a direct interaction of Ga

atoms with a pristine Si surface which, otherwise, leads to an etching of silicon.

Alternative materials can also be used for bridging the silicon and gallium nitride. Those
materials can be two dimensional nanostructures, as for instance hexagonal boron nitride or
graphene. An ultimate thickness of 2D materials circumvents the necessity of a considerably
high thickness of the buffer layer and can also bring new properties which are characteristic
for 2D materials. The possible application of 2D materials has already been demonstrated
by using hexagonal boron nitride as a layer suitable for the growth of single crystal gallium
nitride [L09]]. Similarly, an evidence for high quality gallium nitride grown on graphene has

been provided as well [110].

Combining electrical properties of 2D materials and electrooptical properties of GaN
paves the way for a fabrication of light sensitive devices. In this specific case, the sensitivity
to UV radiation can be expected. Recently, such UV sensitive devices have been presented.
GaN nanocrystals grown on Si(111) [111] and graphene/sapphire [112] substrates showed
a sharp responsiveness to UV radiation. In both cases, however, a high temperature during
the CVD process was used. The selectivity in the growth of GaN nanocrystals was, thus,
limited due to the increased thermally induced surface diffusion. Using an alternative ap-
proach of droplet epitaxy can make this growth selectivity possible which could be a key

factor for a modulation of a UV sensitive GaN device to a wide range of wavelengths.
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5.1 Fabrication of GaN nanocrystals

Fabrication of gallium nitride nanocrystals is based on a growth process taking place in
a deposition chamber of the vacuum system described in Section The salient feature of
this process lays in the fact that the deposition is divided into i) an evaporation of metallic
gallium by using the effusion cell and ii) post nitridation of formed gallium droplets by us-
ing the nitrogen ion-beam source, which provides hyperthermal (E < 50eV) nitrogen ions,
both tools are described in Section Such a process is known as the droplet epitaxy
which was described in Section The presence of nitrogen ions of the energy E < 50eV
at a low substrate temperature (below 300°C) as well as the use of a graphene monolayer as
a kind of a buffer layer between GaN and silicon dioxide makes this method unique to all

referred literature.

The formation of GaN nanocrystals is a process sensitive to the deposition conditions.
The substrate temperature, gallium droplet distribution or the number of deposition se-
quences are only the examples of phenomena associated with the fabrication process. There-
fore, several experiments focusing on these aspects were performed before the GaN growth
itself. Initially, the distribution of gallium droplets as a function of the substrate tempera-
ture was studied. Afterwards, the effect of the number of deposition sequences, i.e. the se-
quences of gallium deposition and post-nitridation, was evaluated. Once those experiments
had been done, the GaN nanocrystals formation was studied with respect to the influence

of substrate temperature and energy of nitrogen ions.

5.1.1 Sample preparation

Silicon wafer (n-type Si(100), p = (0.577 — 0.601)Q)-cm, ON Semiconductors) with a
285nm thick thermally grown silicon dioxide layer was chosen as a substrate for the fab-
rication of GaN nanocrystals. The thickness of silicone dioxide is especially suitable for
graphene-based devices for two reasons. Firstly, this particular thickness is well-known to
"make graphene visible” even by optical methods because the combination of reflectivity of
the SiO, layer and graphene results in a possibility of seeing the graphene by naked eye
[113]]. Secondly, 285 nm thick silicon dioxide layer is sufficient enough to act as an insulat-

ing layer which allows the measurement in a FET arrangement.
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Graphene used in prepared samples was a commercial CVD product (Graphenea) with
a declared electron mobility of y = 1500cm?-V~!.s71. As graphene was delivered on a cop-
per foil, several steps had to be taken to transfer it to a silicon substrate. The standardized

routine (developed in our group) consists of several steps:

» Coating of graphene on a copper foil with a 150nm layer of poly(methyl methacrylate)
(PMMA A4 950) using a spin coating technique. PMMA provides a supportive layer

for graphene transfer.
e Cutting the foil into pieces of a required size (typically 2 x 2mm?).

* Rinsing sample pieces at 0.2 mol solution of ammonium persulfate ((NHy),S,0g) for
2 hours. The solution dissolves the copper, so graphene stays attached to the PMMA

layer.

* Rinsing in a deionized water. Remnants of the ammonium persulfate are dissolved in

the water, so the chemical reaction is terminated.

* Rinsing the pieces in 5 % chlorine acid (HCI). HCI chemically reacts with the remnants

of copper atoms ensuring graphene is free from copper contamination.

* Rinsing in deionized water. Remnants of HCl are dissolved in the water, so the chem-

ical reaction is terminated.
* Transferring graphene onto prepared sample.

* Drying the sample at the ambient atmosphere at room temperature for at least 12
hours. The remaining water molecules trapped in between the graphene and the sur-

face evaporate during this period of time.

* Rinsing in an acetone bath for 1 hour. After 1 hour the temperature of the acetone
bath is raised up to 63°C for another 1 hour. Acetone dissolves the PMMA layer, so

only the graphene layer stays attached to the surface.

* Rinsing in deionized water. Remnants of acetone are dissolved in the water, so the

chemical reaction is terminated.
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* Blowing the sample dry with nitrogen for 5 min.

The sample is then attached on a pyrolitical boron nitride (PBN) plate of the sample
holder as can be seen in Figure [5/(b) and inserted into the vacuum system described in Sec-

tion

As the final step of the preparation procedure, the sample is heated up to 300°C in order
to desorbed contaminants such as water or hydrocarbons from the surface. As mentioned in
Section the base pressure of the vacuum system is maintained below p < 8.5 x 1078 Pa.
Once the sample is heated up the pressure typically rises to p = 5 x 107 Pa (this is caused
by the desorption of the contaminants from the sample). The sample is kept at this temper-
ature until the pressure falls back below p = 1.2 x 107 Pa at which moment the sample is

considered to be clean and prepared for the GaN growth process.

5.1.2 Formation of Ga islands on graphene

As the first step, the distribution of gallium islands on graphene was studied. The prepa-
ration of the substrates followed the routine described in Section The deposition of
gallium took place in the complex vacuum system described in Section[4.TJusing the gallium

effusion cell described in Section

The deposition time of gallium was set to 50 minutes. During that period of time,
4.3 x 106 atoms per cm? impacted the surface which is equivalent to 10 monolayers. The
effect of the substrate temperature on the distribution and size of gallium islands formed
on graphene can be seen in Figure At a temperature of 150°C (Figure 12| (a)), gallium
forms small islands with diameter below 20 nm and average density about 200 um~2. Inter-
estingly, some islands are brighter than the others. As a temperature rises to 200°C (Figure
(b)), the brighter islands grow in size, while the darker islands tend to coalescence into
larger clusters. The situation changes at the temperature of 250°C (Figure[12](c)). While the
size of the brighter islands is saturated, the darker islands further coalescence into larger
islands. As a temperature continues to grow to 300°C (Figure (d)), the darker islands
become more prominent. At a temperature of 350°C (Figure [12|(e)), both bright islands as

well as dark islands are slightly larger but no significant difference can be observed. The
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Figure 12: SEM images of gallium islands formed on graphene at (a) 150°C, (b) 200°C, (c) 250°C, (d)
300°C and (e) 350°C. (f)An AFM profile of gallium islands on graphene at 350°C. The diameters of
islands were normalized in order to show the difference in height. The SEM images were taken by a
FEI Verios 460L microscope at a landing energy of E = 8keV and probe current of I = 25pA. AFM

images were taken by an ICON Brucker microscope using the ScanAssyst mode and probe.

combination of bright islands and dark islands seems to be stable until the substrate tem-
perature is so high that Ga atoms are desorbed from the surface which is approximately
above 500°C. Figure[12|(f) shows the AFM profiles of the islands grown at 350°C. Here, the
difference between the bright and dark islands is clearly visible. While the bright islands are
more hemispherical, the dark islands appear to have flat tops. The difference in the inten-
sity (bright/dark) is most likely caused by their different height and thus distinct secondary

electron yields.

The effect of temperature on the distribution and size of gallium islands is clearly visible

from the plots in Figure The distribution and size analysis was done using an Image]
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Figure 13: Distribution of Ga islands projected area at temperature of (a) 150°C, (b) 200°C, (c) 250°C,
(d) 300°C and (e) 350°C. The area was defined as a top-down projection of the islands.

software in which the particle analysis with the watershed thresholding was applied to the
SEM images. The applied method provides a particles (islands) projected area distribution.
In general, the most critical point of any particle analysis is a proper setting of particle

segmentation algorithm. In order to ensure proper selection of particles of interest, the
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particle areas below 250nm? (which corresponds to particle diameter below 15nm) were
excluded from the dataset. The area distribution obviously follows trend in SEM images. At
a temperature of 150°C (Figure (a)), islands with the area below 500nm? are dominant.
As the temperature rises, the area distribution peak maximum moves to bigger areas and
distribution curve becomes flat. Interestingly, the diameter of the different islands (bright
sphere-like islands and dark flat islands) can be estimated based on these plots. At a temper-
ature of 200°C the bright islands seem to be the largest particles in the corresponding SEM
image (Figure[13|(b)). In addition, the area of those bright islands seem to be constant with
increasing temperature (Figure [13|(c), Figure [13|(d)). Therefore, it can be estimated that
the area of bright sphere-like islands vary from 750nm? to 1000nm? which corresponds to
the diameter ranging from 25 to 35nm. Considering the SEM image of Ga grown at 350°C
(Figure[13|(e)) in which the dark flat islands are dominant with corresponding particle area
distribution 1500nm? to 2500nm?, it can be estimated that the diameter of dark flat islands

varies between 45 and 50 nm.
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Figure 14: Raman spectra of graphene samples with Ga atoms deposited at various substrate tem-
peratures compared to the Raman spectrum of pure graphene. The spectra were taken by a Witec

Raman system using a 532 nm excitation laser.

Gallium atoms impinging on a graphene sheath can possibly influenced its quality. There-
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fore, the graphene quality before and after the deposition of gallium at various tempera-
tures was also investigated. The corresponding Raman spectra are plotted in Figure
The spectrum of pure graphene (green line) reveals the D, G and 2D at the positions of
1350cm™!,1580cm™! , and 2690cm™!, respectively, which is in agreement with referred lit-
erature [114]. The mutual ratio of D, G and 2D peaks suggest a considerably good quality of
graphene. The Raman spectra taken after the deposition of gallium at various temperatures
indicate the disorder of graphene after the deposition of gallium. An increased intensity of
the "defect" D peak and a reduced G and 2D peak intensities are reliable indicators of de-
terioration of graphene quality. On top of that, the splitting of the G peak into G+D’ peaks
suggests additional changes in the graphene crystal structure caused by an applied stress
[115]). Similar behaviour was already observed during oxygen plasma etching of graphene
singlecrystals in [116]. These findings lead to a conclusion that deposition of Ga affects the

graphene layer quality but the graphene layer itself is still preserved.
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5.1.3 Formation of GaN nanocrystals on graphene

Once the graphene was covered with gallium droplets, the second phase of the growth
process - nitridation - was initiated. The substrate temperature was either kept at the same
temperature as in the case of deposition of gallium or reduced to the specific temperature.
In both cases, a 30-minute gap between terminating the gallium deposition and initiating
the nitridation was kept in order to let gallium droplets stabilize. After that time, the cham-
ber was filled with the nitrogen gas (partial pressure ~ 5.5 x 10~ Pa) and nitridation was

initiated.

Growth of nanocrystals was conducted at various deposition conditions in order to eval-
uate the effect of the substrate temperature, time of individual deposition steps and the
number of steps in a deposition sequence on the morphology and topography of formed

nanocrystals.

SEM images in Figure[15|demonstrate how the number of deposition sequences at a given
temperature (in here T = 280°C) affects both the distribution and size of formed nanocrys-
tals. In the case of one deposition sequence GaN forms nanocrystals with the area peak
maximum around 600nm? which corresponds to a diameter of 28 nm. For two sequences,
the area peak maximum shifts to a value of 1000nm? which corresponds to a diameter of
35nm, but the distribution is broader. Finally, three sequences leads to a more uniform
distribution over an area of (800 — 1600)nm? which corresponds to the diameters ranging
from 30 nm to 45 nm. In addition, a significant number of particles with a diameter below
25nm can be observed, which are probably the seeds of nanocrystals created in the previ-
ous sequence. Based on these findings we can speculate on two conclusions. Firstly, the
formation of nanocrystals is limited by the amount of the delivered building material - the
more deposition sequences, the higher the amount of the material. Secondly, the process of
crystallization requires a certain time - the more deposition sequences, the longer time for

crystallization.

Therefore, the further experiments were carried out by applying the following depo-
sition strategy - 50 min of Ga deposition followed by 1 hour of nitridiation performed in
three cycles with 20 min space between each step. The size of formed nanocrystals is heav-

ily dependent on the substrate temperature as can be seen in Figure The size of the
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Figure 15: SEM images of formed nanocrystals on graphene during (a) one sequence, (c) two se-
quences and (e) three sequences. (b, d, f) Corresponding particle area distributions. The SEM images

were taken by an FEI Verios 460L microscope at a landing energy of E = 8keV and a probe current

of I = 25pA.
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nanocrystals grown at a temperature of 240°C (Figure[L6|(a)) is in the range of (20 - 30) nm.
As the substrate temperature increases, the nanocrystals grow in size which can be up to
100nm at 280°C and higher. The shape of nanocrystals is random even though the faceted
sides are clearly visible. In comparison with the nanocrystals grown on a SiO, surface and

observed in [107]), there is no significant difference in their shape.

Figure 16: AFM images of nanocrystals formed on graphene at (a) 240°C, (b) 260°C, (c) 280°C and
(d) 300°C. AFM images were taken by an ICON Brucker microscope using the ScanAssyst mode and
probe.

Despite the fact that the quality of nanocrystals seems to be sufficiently high, the quality
of the graphene layer suffers from the atoms/ions irradiation. Figure[17](a) shows the Ra-
man spectra of a graphene layer after one (green line), two (blue line) and three (red line)

deposition sequences. In all three cases, the absence of the 2D peak and presence of the
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D peak brings a sufficient evidence that graphene layer quality is significantly affected and
goes down with the number of sequences. In our experimental arrangement, the resistance
of a graphene monolayer placed on SiO, was typically around 900Q). The formation of
nanocrystals on graphene (graphene exposed to Ga atoms and nitrogen ions) increased the
resistance up to 15000C) which was a significant obstacle for the measurement of electrical

properties.
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Figure 17: (a) Raman spectra of graphene with nanocrystals on grown using a different number of
deposition sequences. (b) Raman spectra of graphene illustrating the effect of used nitrogen ions
energy on the quality of the graphene layer. The Raman spectra were measured by a Witec Raman

system using lambda = 532 nm excitation laser.

In order to circumvent this issue, the effect of energy of nitrogen ions during the growth
was also studied. Figure[I7|(b) indicates the quality of the graphene layer after a synthesis
of nanocrystals using an energy of 50 eV (red line), 40 eV (blue line) and 30 eV (green line).
Increasing energy of nitrogen ions results in decreasing the quality of the graphene layer.
Although at the lowest energy (30eV), the D and G peaks are clearly split, the 2D peak is
very small. Hence, one can see that the reduction of nitrogen ion beam energy represents

only a limited way how to preserve the graphene layer at a reasonably high quality.

The photoluminescence response of GaN nanocrystals to a UV excitation laser (A =
325nm) is plotted in Figure[18] The comparison of nanocrystals grown using different nitro-

gen ion energy reveals several aspects. The blue emission peak corresponding to the inner
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electron transition in GaN is located at 3.33 eV, 3.41 eV and 3.42 eV for ions energies 50 eV,
40eV and 30 eV, respectively, as sum up in Table[2| The maximum of the yellow peak which
corresponds to the deep acceptor level in GaN as discussed in Section is positioned at
2.23eV, 2.30eV and 2.32eV for 50eV, 40eV and 30eV, respectively. Photoluminescence
measurement legitimates us to claim that grown nanocrystals are GaN nanocrystals. Inter-
estingly, the full-width-at-half maximum (FWHM) parameter of the yellow peak is equal
for all three photoluminescence peaks. However, the same parameter differs in case of the
blue peak. In overall, it can be seen that the photoluminescence response for 30 and 40 eV
is identical and these are in a very good agreement with literature. In contrary, the response
of the 50 eV GaN nanocrystals is slightly shifted towards lower energies by approximately

0.1 eV with the narrower blue emission peak.
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Figure 18: Photoluminiscence spectra of GaN nanocrystals grown at different nitrogen ion beam
energies. The spectra were taken by a NT-MDT Ntegra Spectra Raman system using a 325 nm exci-

tationlaser.

The shape of yellow peak between 450 nm and 650 nm is often observed in GaN photo-
luminescence response if impurities incorporated in a crystal lattice of formed GaN crystals
are presented as was already mentioned. By fitting of three Gaussian sub-band-gap emis-
sion peaks at 475nm (2.29eV), 510 nm (2.43 eV) and 540 nm (2.61 eV) the authors in [117]
identified three donor-acceptors recombinations which can be attributed to two phenom-
ena. First, the emission peak at 475 nm (2.29 eV) can be associated with a diffusion of silicon

atoms from the substrate into the GaN crystal lattice causing a lattice distortion which can
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result in enhanced n-type doping behaviour. Second, the peak at the longer wavelengths
can be attributed to shallow donors - deep acceptors transition, in where the shallow donors
are associated with substitutional atoms such as oxygen, silicon or carbon while the deep

acceptors are linked to gallium vacancies [98]).

Eions (€V) || AL (nm) | Epp (eV) | FWHMpy (nm) | Ayp (nm) | Eyp (eV) | FWHMyy (nm)
50 372 3.33 27 555 2.23 107
40 364 3.41 42 538 2.30 106
30 362 3.42 48 533 2.32 108

Table 2: Photoluminescence characteristics. Ej,,s is the energy of nitrogen ions. Ap; is the wavelength
of the blue photoluminescnece. Egy is the energy of blue photoluminescence. FWH My is the full
width at half maximum of the blue photoluminescence peak. Ay is the wavelength of the yellow
photoluminescnece. Eyp is the energy of yellow photoluminescence. FWHMyy is the full width at

half maximum of the yellow photoluminescence peak.

The above mentioned results are in a good agreement with the former experimental work
of our group [107] as well as with the theoretical description of GaN nanocrystal formation
provided in [118]]. Based on new findings together with theoretical description the growth
of GaN nanocrystals can be generalized as follows. The formation of GaN nanocrystals is a
result of interactions of nitrogen ions with the gallium atoms from the gallium droplet. The
crystallization starts at the solid-liquid interface, i.e. in the close proximity of a liquefied
Ga droplet and a solid substrate interface. There are several paths through which nitrogen
ions can diffuse to this region - (i) entering the gallium droplet and diffusing through the
liquefied volume, (ii) diffusing along the droplet surface or (iii) diffusing over the substrate

surface as described by Gerlach [118]).

Even though there is also a concentration gradient of nitrogen ions between a vapor-
liquid interface and a liquid-solid interface, the low solubility of nitrogen in a liquid gal-
lium droplet obstructs this diffusion path since the nitrogen diffusion coefficient in the Ga
droplet is smaller than 107> cm?-s™!. The mass transport along the droplet interface can be
several orders of magnitude higher compared to the diffusion through the liquid Ga. The
convex shape of the droplet surface provides considerably more bonds which result in a

prominent diffusion of nitrogen ions along this interface represented by the surface current.
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The diffusion coefficient in this particular case varies from 1x 107 to 1 x 10" cm?-s7!. The
diffusion path along the vapor-solid interface also has to be taken into consideration since

the diffusion coefficient of nitrogen ions on the surface is generally high [118]].

In addition to the above mentioned diffusion paths, the sputtering of Ga atoms by nitro-
gen ions steps into the process as well. However, the landing energy of nitrogen ions in the
30 - 50eV interval can be still considered as a soft-landing process. Considering that the
simulating sputtering yields at temperature above 500°C are less than 0.05 atoms per ion
and that with decreasing temperatures the sputtering yield is even smaller [118]], this effect

can be neglected.
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5.2 Fabrication of an UV sensitive photodetector

Fabrication and characterization of GaN nanocrystals grown on graphene opened a way
for the implementation of these nanostructures into a functional device. Motivation behind
this application is combining two research directions in our group - GaN nanocrystals and
graphene. During the work on this project a similar effort had been presented [111], 112].
In their papers, the authors demonstrated CVD grown GaN nanocrystals on the graphene
layer placed in between two electrodes. Exposing this device to a UV light resulted in an

increase of photocurrent between two electrodes.

In the following text, the proof of principle of a similar UV sensitive photodetector is
presented. The droplet epitaxy at low temperature as described in Section has been
involved to fabricate the GaN nanocrystals on the graphene layer. These GaN nanocrystals

act as active elements responding to the UV light.

Figure(19|(a) shows a schematic representation of the UV sensitive device design. The sil-
icon with a 280 nm thick silicon dioxide layer is used as a substrate. There are two electrodes
on the substrate surface made of gold which are separated by a 100 um gap. The area of the
gap is covered with a graphene sheet in such a way that graphene is in an ohmic contact with
both electrodes. The graphene sheet is covered with the gallium nitride nanocrystals which
behave as UV sensitive structures. The electrodes are connected to a lock-in amplifier pro-
viding a voltage supply. Once the gallium nitride nanocrystals are exposed to an UV light,
they provide charge carriers to graphene and thus changes in graphen electrical resistance
are detected. A detailed description of the fabrication process of presented UV sensitive

device and subsequent testing of its behaviour is provided in the following sections.
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5.2.1 Fabrication of electrodes

Fabrication of an UV sensitive photosensor consists of several steps. First, gold electrodes

are fabricated on the surface of a silicon substrate. Second, graphene is transferred onto

the prepared structures. Third, GaN nanocrystals are synthesized in a UHV deposition

chamber. Fourth, the prepared sample is attached onto ceramic expander which is then

connected to a circuit designed for electrical measurements. The individual activities are

summarized in detail in the following overview:

Coating of a silicon wafer (n-type Si(100), p = (0.577 —0.601) Q) - cm, ON Semiconduc-
tors) with a 1.4 ym thick layer of an AR-P 3540 negative resist.

Performing optical lithography by an UV Direct Write Laser system (HEIDELBERG
DWL 66-fs).

Dissolving the irradiated negative resist in a solution of developer AR 300-47 and

deionized water in 1:1 ratio.
Rinsing in deionized water in order to terminate chemical reactions.

Deposition of a 3 nm thin layer of titanium which serves as an adhesive layer followed
by a 100nm thick layer of gold from which the electrodes are made of. This process
was performed in an UHV deposition chamber using a Kauffman type of the ion beam

source.
Dissolving the rest of the resist by acetone in an ultrasonic bath.
Plasma cleaning of the sample substrate.

Rinsing the sample in isopropylalcohol and deionized water in order to terminate the

chemical reactions and rinse away possible remnants of the resist.
Transferring graphene onto the prepared samples as described in Section [5.1.1}

Deposition of GaN nanocrystals as described in Section Three sequence deposi-
tion of gallium atoms and nitrogen ions of energy E = 30eV at a substrate temperature

of 280°C.

Attaching the prepared sample onto a ceramic expander using a conductive glue G302
(silver flakes dissolved in the methylizobuthylketon). The ceramic expanders contains

silver contacts and allows heating the sample up to 500°C.
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* Conductive connection of golden electrodes and silver contacts by 25 ym copper wires

using a TPT HB 16 Wire bonder.

The photo of the UV photodetector attached to a sample holder with a PBN plate is
shown in Figure[19|(b).

5.2.2 Experimental setup

The experimental setup for testing of the photodetector response to the UV light is de-
picted in Figure [19| (a). The prepared sample attached onto a ceramic expander is placed
in front of an UV laser. The He-Cd laser produces monochromatic UV light of wavelength
325nm. A mechanical shutter located at the far end of the laser instrument provides an
easy way of selecting on/off operation state. The sample electrodes are connected to a
Keithley/Lock-in measurement system developed in our group [119]. A voltage 1V at a
frequency of 1.333kHz is set as an output value of a SR830 Lock-in amplifier (Stanford
Research Systems). A signal goes to the first electrode on the sample through a 10MQ) re-
sistor. The second electrode is then connected to the ground potential. The current flowing
through graphene is then measured using a LabView software developed in our group. In
addition to the basic circuit, the Keithley source provides gate voltage and thus allows mea-

suring in a FET-like arrangement.

The FET-like arrangement is a possible way how to measure the carrier concentration
inside the conductive graphene layer. The gold electrodes serve as a source and a drain in
this arrangement. The silicon substrate isolated from the electrodes via the 285nm thick
silicon dioxide layer acts as a gate electrode. In the first approximation [120], described

system can be simplified as a plate capacitor with capacitance

S Q Ne
C=¢pe,==—=—, (8)
'd Ug Ug

where ) = 8.85x 1071?F-m™! is the vacuum permitivity, ey = 3.9F-m™! is the relative
permitivity for silicon dioxide, S = Ixw = 100x400 = 40000 um? is the effective area between
two electrodes, d = 285nm is the thickness of isolating silicon dioxide layer, Q is the charge,
U, is the gate voltage between silicon substrate and electrodes, e = 1.602 x 1071°C is the

elementary charge and N is the number of charge carriers. Considering the formulas for the
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Figure 19: (a) Schematics of an experimental setup for detection of the response to the UV light
with schematics of the electrical connection. (b) Photo of the UV photodetector attached to a sample

holder with a PBN plate.

charge carrier concentration n = N/S and electrical conductivity o = nep, the charge carrier
mobility y can be determined from the linear dependence of the electrical conductivity on

the gate voltage.

Obviously, the electrical conductivity can be expressed as ¢ = 1/p = [/wR, where p is the
resistivity, I is the length of the channel (i.e. the distance between electrodes) and w is the
width of the channel (i.e. the width of the electrodes). Thus, the charge carrier mobility p
can be calculated based on the measurement of the resistance R measured at a given gate

voltage U,.
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5.2.3 Response to the UV light

The response of the UV sensitive photodetector to a UV light irradiation was measured
using experimental setup described in previous Section[5.2.2laccording to the arrangements

in Figure|19|(a). The voltage applied to the gate was 30V for all measurements.
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Figure 20: Response of the fabricated UV sensitive device to a UV light irradiation in the case of

graphene covered with GaN nanocrystals (green line) and without them (red line).

Naturally, the first measurement was designed to compare the effect of irradiation of
the graphene transducing layer with and without gallium nitride. As can be seen from
Figure [20| the irradiation of graphene without GaN nanocrystals (red line) has no effect on
the measured resistance. On the other hand, the experiment related to graphene with GaN
nanocrystals exposed to the UV light shows an instant change in the measured resistance
(green line). The resistance increases up to 34k() compared to the initial value of 32k()

which provides a relative change of 8%.

It can be also seen from Figure[20]that the resistance is constantly going down when the
UV light is off. This effect is still not fully understood and further experiments need to be

performed to elucidate this phenomenon.

In the following experiments, the sample was irradiated with the UV laser for varying
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Figure 21: Response of the fabricated UV sensitive device to the irradiation with the UV light for (a)

40s, (b) 60s and (c) 120s. (d) Merge of plots (a)-(c) showing the decrease in resistance.

time interval. Figure 21{shows the measured response of the sample irradiated for (a) 40,
(b) 60s and (c) 120s. In all cases, the instant change in resistance correlates with switching
the laser on and off. In the first measurement, the rapid increase of resistance by 1000Q
is observed. In the second measurement, the resistance increases roughly by 500Q). The
change in resistance in the third measurement is less dramatic when it increases by only

30002 despite the fact, that the irradiation lasted for 120s.

Figure[21|(d) reveals a direct comparison of these measurements on one sample. It can be

clearly seen that the initial resistance decreases with each consecutive photodetector irradi-
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ation. However, this drop in resistance represents only a 9% change from the initial value.
Additionally, the amplitude of the response is also decreasing with the irradiation intervals.
This could be attributed to a decrease in quality of either the graphene layer or gallium ni-
tride crystals. However, the former case is unlikely since the irradiation of graphene without
GaN nanocrystals provided strong evidence that the UV light has no visible effect on mea-
sured resistance. On the other hand, the latter case also seems very unlikely since GaN is

in general a material stable and robust enough against external conditions and interactions..

The change in the resistance could be a consequence of increasing the temperature of the
sample due to irradiation by the laser. However, this effect is probably low as the slope at
which the resistance goes down before and after the irradiation is the same. If there was a
temperature effect involved, the slope after laser switching off would be more rapid com-

pared to that one before switching on since the temperature would decrease more rapidly.

Despite the fact that obtained results are not fully understood, the proof of concept ex-
periment related to the UV photodetector has been successful. It has clearly confirmed that
the GaN nanocrystals grown on the graphene layer at low temperatures provides a response
of the UV photodetector to the UV light. This promising result paves the way to the new

experimental field in our research group.
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5.3 Conclusion

It has been demonstrated that the deposition of gallium atoms on a graphene layer
placed on a silicon dioxide substrate results in a formation of two kinds of islands - sphere-
like and flat ones. The size of these islands depends on the substrate temperature which as
shown for the temperature range 150°C - 300°C. The diameter at a temperature of 300°C
can reach 35nm and 50 nm for the sphere-like and the flat islands, respectively. However,
the quality of the graphene layer is affected by gallium atoms as was documented by the

Raman spectra.

In the second part of this Section, it has been shown that the post-nitridation of gallium
islands by hyperthermal nitrogen ions results in a formation of GaN nanocrystals. The size
of the formed nanocrystals can be scaled up by the cultivation of these nanocrystals by the
means of sequential deposition routine in which the gallium deposition and post-nitridation

cycles are repeated for several times.

Cultivated GaN nanocrystals exhibits clear photoluminiscence response to the UV laser.
There are two peaks present in the photoluminiscence spectrum - the blue peak at 362 nm
and the yellow peak at 533 nm. The observed peaks are in line with the already published
results [118]] and in correspondence with the previous measurement of our group [107].
These findings further extend the potential of the droplet epitaxy method which can be
beneficial for the production of GaN nanocrystals of various size and possibly in ordered

structures.

The formation of GaN nanocrystals on graphene has then been implemented into an
application which serves as a proof of concept of an UV sensitive photodetector. GaN
nanocrystals were grown on a graphene sheet laid across Au electrodes. The whole device
was then connected to the system for electrical measurements in the FET-like arrangement.
After irradiation of the sample with UV light A = 325nm, the change in resistance of the
layer was observed. Such a clear response to the UV light provides a significant opportunity

for further research.
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6 Two dimensional GaN

Discovery of graphene in 2004 [121]] opened the door into a new scientific branch of two
dimensional materials. Since that time, a number of articles dealing with calculation of sta-
bility of various forms of 2D materials has been published. Reviews summarizing possible

2D materials can be found in [122,[123]).

While the prediction of hexagonal boron nitride (h-BN) led to its fabrication and fol-
lowing implementation into devices such as transistors, where acts, for instance, as a buffer
layer for graphene because of its flatness and the similar lattice constant [124] [125], and
other applications [126],[127),[128]], the situation in other 2D III-nitride is not so matured. A
stability of both 2D AIN [129,[130,[131]] and GaN [129}[130},[132},[133}[134]] has already been

predicted based on numerical calculations.

Two dimensional III-nitrides semiconductors seem to be suitable for variety of applica-
tions due to their unique properties. Similarly to graphene, the doping of 2D GaN and AIN
influences their properties. Doping by copper [135], transition-metals [136] and other ele-
ments [137]] have shown change in the magneto-electrical properties resulting in enlarged
spin polarization and increased Curie temperature. The opposite approach, i.e. creating va-
cancies in the 2D structures, plays an important role in changing electrical properties such
as charge carrier mobility [138,[139]. These findings set the scene for implementation of 2D
[II-nitrides into spintronic applications in which the spin polarization brings a new degree

of freedom.

Another direction of scientific interest tries to evaluate the feasibility of 2D IlI-nitrides
for energy storage applications. Combination of these nanostrutures with an anode in Li-ion
and Na-ion batteries increases the storage capacity of such device greatly [140]. Similarly,
the viability of 2D AIN for hydrogen storage has been predicted recently [141]. The suit-
ability of III-nitrides for high power electronics and transistors is also discussed in Section
As an additional example, the feasibility of III-nitrides for field-effect transistors het-
erostructures has been studied in [142, [143]]. The calculation suggests that the III-nitrides
could be helpful in overcoming the negative aspects of a short-length channel effects in

modern FETs.
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The deep ultra-violet optical applications in a water purification process such as a UV
water treatment and a sanitation [144] or a toxic gases filtration [145] as well as optical
applications spread over the visible spectrum [146) [147]] also illustrate the versatility of
[II-nitrides. Even though, the predictions based on numerical calculations give promising

results, the experimental evidences for these nanostructures are still rare.

The very first evidence of graphite-like hexagonal AIN laying on an Ag(111) substrate
was reported by Tsipas et al. [148]. Even though STM characterization revealed an ordered
hexagonal structure of 1.5 A thin nanosheets, the dimensions below 20 nm put an obsta-
cle to additional characterization. Another evidence of 2D AIN, in this case prepared on
Si(111) [149] and sapphire [150] by an ammonia assisted molecular beam epitaxy, has been
provided later but the authors have not brought any additional information but RHEED

measurement.

Couple of years later, a new method of a migration-enhanced encapsulated growth (MEEG),
in where the nanostructures grow encapsulated in between a substrate and graphene, has
been introduced. This method was adopted for fabrication of two-dimensional gallium ni-
tride [28] as well as two-dimensional aluminium nitride [I51]. 2D GaN was grown sand-
wiched in between graphene and a silicon substrate passivated by hydrogen. Graphene is
critical for stabilization of direct 5eV GaN band-gap as authors proposed. MEEG method
also allows to control the growth rate of 2D GaN structure resulting in the precise control of
the number of formed layers. It has been shown that the number of layers is critical param-
eter in controlling the crystallographic structure which consequently defines the band-gap
energy of the resultant GaN nanostructure [152]. Even though the MEEG method represents
a strong technique for the growth of flat nanostructures, the measurement of electrical or
optical characteristics is quite complicated as the graphene layer cannot be removed easily

in this particular case.

Recently, researchers have brought a new light into this area by introducing a method
for fabrication of micrometer-sized 2D GaN structures [153]. Heat induced decomposition
of ammonia precursors and their subsequent reaction with liquefied gallium spread over

tungsten foil led to a formation of an uniform 2D GaN layer. Measured characteristics of
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a prepared functional device showed not only the promising electro-optical properties but

also the possibility of transferring such nanostructures to an arbitrary substrate.

The presented theoretical as well as experimental works demonstrate the promising re-
sults related IlI-nitrides. At the same time they show that there is still a long way to the
point in which these kinds of nanomaterials will be spread widely in the industry. Thus,
the following sections aim to add a pinch of new knowledge into the pile of what-is-known

about one of the 2D IlI-nitride - gallium nitride.

6.1 Sample preparation

The growth of the hexagonal gallium nitride was carried out on silicon Si(111) with two
different miscuts which provided a varying surface terrace width. The process started with
the substrate pretreatment which ensured the cleanliness of the surface. Then, a two-step
growth process took place divided into (i) a deposition of gallium and (ii) a post-nitridation

with low energy ions (E = 50eV).

The substrates used for the growth of hexagonal GaN were n-doped silicon with native
layer of silicon dioxide - Si(111) with the 4° miscut (resistivity p = (0.029 —0.030)€) - cm)
and Si(111) with the 0.2° miscut (resistivity p = (0.010-0.020)C) - cm). The substrates were
pretreated before the growth itself in several steps in order to remove dust, carbon contam-

inants and the native oxide layer and to form reconstructed surface as listed:

—

. Cutting the samples into 5 x 17 mm? pieces from the 8" silicon wafer.

2. Sonication in an acetone bath for 5 min.

3. Sonication in an isopropylalcohol bath for 5 min.

4. Sonication in a deionized water bath for 5 min.

5. Blowing dry using nitrogen.

6. Inserting the samples into a vacuum chamber and heating them at 700 °C for 12 hours.

7. Exposing the samples to a temperature of 1250°C in short cycles for the overall time

period equal to 1 min.
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8. Cooling down to a deposition temperature.

The sonication in different chemical substances is suitable for removing dust and other
contaminants soluble in alcohol. The heating of the samples is used in order to remove
the carbon remnants and to decompose native oxide layer. The samples were attached to
a sample manipulator before inserting to the vacuum system. The design of the sample
manipulator allows a direct current heating at which the current flows directly through the
sample which results in a rapid change of the substrate temperature. The direct heating
technique is also suitable for high temperature routines since a PBN plate (used for an indi-
rect sample heating as an alternative) cannot be exposed to the temperature above 900°C.
A temperature of 700°C is high enough to the decompose native oxide layer but lower than
the temperature causing formation of carbides from the organic carbon molecules which
are adsorbed on the surface from the atmosphere. A flash-annealing routine is then carried
out to induced reconstruction of the surface with minimal surface disorders. During the
flash-annealing routine, the cycles of rising temperature are periodically repeated. At the
beginning of each cycle, the temperature is kept at 1250°C for 5 seconds. Then the tem-
perature is lowered down and the sample is kept at a temperature of 700°C for 55 seconds.
The cycle is then repeated for overall time of 12 minutes. After this time, the temperature
is raised to 1250°C once again and then the sample is slowly cooled down to a deposition

temperature (approximately 300°C).
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6.2 Si(111) substrate with the 4° miscut

Growth of hexagonal GaN was carried out in a UHV complex system in the laboratories
of the Institute of Physical Engineering at BUT. The UHV complex system as well as the
gallium effusion cell and nitrogen ion-beam source were already described in Section

and respectively. The growth routine consists of several steps:

1. Preparation of a substrate.
2. Deposition of gallium at various substrate temperatures.

3. Post-nitridation process using low energy nitrogen ions (E = 50eV).

The preparation of n-type doped silicon Si(111) with the 4° miscut (resistivity p =
(0.029-0.030)Q - cm) followed the routine described in previous Section In short, son-
ication in different chemical substances, degassing at a temperature of T = 700°C for 15
hours and the flash-annealing routine with a peak temperature of T = 1250°C for 12 cycles

were performed to obtained clean surface with the 7x7 surface reconstruction.

After the preparation, the substrate temperature was decreased to T = 300°C. On one
hand the precise substrate temperature is critical for a formation of large gallium droplets
(too low temperature results in formation of smaller droplets with higher surface density,
while too high temperature leads to a desorption of gallium adatoms), on the other hand the
interval in which temperature can be considered as optimal is quite broad (approximately
from T =270°Cto T =330°C). Setting the proper temperature was based on a previous ex-

perience with a deposition of pure gallium on pristine silicon in the UHV complex system.

Once the substrate temperature was stabilized, the deposition of gallium was initiated
by opening an effusion cell shutter. The gallium effusion cell was handled to provided sta-
ble flux of gallium atoms of f = 4x 10!®cm™2-h~!. The flux was measured by a Faraday
cup before every deposition. After 1 hour the deposition was stopped and the sample was
left for another 15 minutes at the same temperature to allow gallium adatoms diffuse over
the surface and crate large droplets (mechanism of Oswald’s ripening effect is described in
Section in detail). The deposition of gallium resulted in a formation of droplets with
an average diameter of 50 nm. The density of gallium droplets was approximately 3 x 10%

droplets per centimeter squared. After that the substrate temperature was decreased to the
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values optimal for conducting the post-nitridation process.

Figure 22: SEM images of GaN grown on pristine Si(111) illustrate the effect of the substrate tem-
perature during post-nitridation. The deposition of gallium was carried out at the temperature
T =290°C for 1 hour. The subsequent post-nitridation was carried out for 2 hours at temperatures
of (a) T =180°C, (b) T =200°C, (c) T =220°C and (d) T = 240°C. The yellow arrow indicates the
direction of incoming ions. The SEM images were taken in a FEI Verios 460L microscope at landing

energy of 8 kV and probe current of 25 pA.

Unlike in the case of deposition of gallium in which the deposition temperature interval
is quite broad, the subsequent post-nitridation process has strict requirements on the sub-
strate temperature. Figure |22]illustrates the effect of the substrate temperature during the
post-nitridation procedure on the type of nanostructures grown. Before initiating the post-

nitridation, the sample was kept at the set temperature for 15 minutes to stabilize possible
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temperature fluctuations. Then, the UHV chamber was filled with the nitrogen up to a pres-
sure of p = 5.5x 107> Pa which provided a flux of nitrogen ions of fyy = 2.24x10'®cm=2-h!,
The energy of nitrogen ions was set to E = 50eV. The post-nitridation procedure was con-

ducted for 2 hours.

The SEM images have revealed that the grown nanostructures were in the form of GaN
droplets in the case that the temperature was T = 180°C and T = 240°C as can be clearly
seen in Figure 22| (a) and (d), respectively. In contrary, the substrate temperatures of T =
200°C and T = 220°C led to a formation of more complex nanostructures as illustrated in
Figure 22[(b) and (c), respectively. These nanostructures consists of remnants of the origi-
nal gallium droplet, crystalline bulky GaN and crystalline triangle-like shaped GaN. Both
the bulky GaN and triangle-like shaped GaN are formed from the side of the original Ga
droplets facing towards the direction of incoming nitrogen ions. This finding suggests that
incoming nitrogen ions interact with metallic gallium atoms of the droplet and this interac-

tion (in the narrow temperature window) leads to a formation of additional features.
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Figure 23: (a) SEM image of GaN triangle-like shaped structures grown on pristine Si(111) at T =
200°C. The yellow arrow indicates the direction of incoming ions. (b) Thickness distribution of

triangle-like shaped GaN nanostructures measured in AFM microscope (ICON Bruker).

As can be seen in Figure [23|(a) the size of triangle-like features is limited by the terraces
of the silicon surface and controlled by the size of Ga droplets. More precisely, the terrace

steps obstruct the further growth of the triangle-like features. Thus, the size of described
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features is in the range of tens of nanometres at best. The thickness of triangular features
was measured by AFM in a tapping mode. The obtained thickness distribution is plotted in

Figure 23|(b). The thickness varies from 4nm to 11 nm with the peak maximum at 7 nm.

In order to elucidate the crystalline structure of triangle-like features, a cross-sectional
TEM lamella allowing the STEM imaging was prepared. Figure 24 reveals the cross-section
of such a nanostructure. At first sight, a sharp interface between the silicon substrate and
the formed nanoobject can be seen. The prepared nanostructures consists of the original
metallic gallium droplet (the metallic gallium was most likely oxidized before the STEM

measurement was done) and the crystalline GaN.

Figure 24: STEM image of the cross-sectional TEM lamella of an amorphous gallium droplet and
crystalline GaN on a Si(111) substrate. The zoom-in STEM image of the Si(111) and hexagonal GaN

interface.

The zoom-in part of the image shows several layers of the silicon Si(111) substrate and
crystalline GaN in the close proximity of their interface. The measured interlayer distance of
crystalline GaN was 3.14A. This value is higher than 2.59 A observed in wurtzite bulk GaN
[154,155]]. The interlayer distance of hexagonal two-dimensional GaN calculated by various
numerical approaches varies from 2.22 A [156]] to 3.1 A [133] [157]]. The variations in the
interlayer distances of 2D GaN can be caused by the type of numerical calculation used but
also because of the polarity of the Ga - N bond. Two nanosheets of GaN can be for instance
layered in that way that nitrogen atoms of the first layer are above the gallium atoms of

the second layer or the nanosheets can be mutually twisted which results in the change of
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energy of interlayer bonds as predicted in [133]]. Thus, a several stacking of hexagonal GaN
appear to be stable at ambient conditions. Nevertheless, the measured interlayer distance

seems to fit to the value calculated for 2D GaN.

The measured average lattice parameter a = 3.28 A is slightly higher than in a case of
wurtzite GaN (3.18 A) [154} [155,[158] but it is in a good agreement with the calculated value
for hexagonal two-dimensional GaN [159] as well. These findings support our hypothesis

that the observed triangle-like feature could be two-dimensional hexagonal gallium nitride.

The further characteristics were obstructed by the small dimensions of prepared struc-
tures. It can be clearly seen in Figure [24](a) that the surface step of the silicon substrate
limits the growth of crystalline GaN. Therefore, a silicon substrate with larger surface ter-
races was chosen for additional experiments being described in the following Section [6.3|in
which the silicon Si(111) with a miscut of 0.2° was used for preparation of the correspond-

ing structures using the same growth method.
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6.3 Si(111) substrate with the 0.2° miscut

The angle of miscut defines the size of terraces formed at the silicon surface. In this case,
the miscut angle 0.2° provides larger terraces in the range of tens to hundreds nanometers
depending on the quality of the flash-annealing routine. The GaN formation process is the

same as was described in previous Section

Initialy, the deposition of gallium was carried out. Preparation of the samples fol-
lowed the routine described in Section The base pressure after this routine was kept
below 2 x 1077 Pa. The optimal temperature of the substrate during the Ga deposition
was set to T = 300°C. The gallium effusion cell was handled to produce a flux rate of
f =4x10%cm=2-h7!. After 1 hour of the gallium deposition, the substrate was cov-
ered by gallium droplets with a surface density of n = 3 x 103cm™ with an average di-
ameter of 200nm. The diameter and density were measured after exposing the sample
to the atmosphere so the diameters of the droplets could be slightly modified. However,
the average thickness (2-4A) of the native Ga oxide layer on the surface of pristine met-
als/semiconductors reported in [160] gives a strong argument that the oxide layer thickness

is negligible with respect to the droplet diameter.

After the deposition of gallium, the substrate temperature was decreased. 15 minutes
long interval between this reduction and initiating post-nitridation process ensured that the
temperature was stabilized. After that time period, the chamber was filled with nitrogen at-
mosphere up to a pressure level of p = 5.5x 107> Pa which provided the nitrogen ions flux of
f=2.24x10'cm™2-hL. The energy of nitrogen ions was set to energy E = 50eV. The post-
nitridation was conducted for 2 hours. Similarly to the previous case described in Section
the substrate temperature during the post-nitridation process was critical as illustrated
in Figure At a temperature of T = 160°C (a) the droplets of Ga can be observed. As
the temperature rises (T = 180°C (b)), the droplets begin to be deformed and a crystalline
part of GaN protrudes in the direction of the surface projection of the incoming nitrogen
flux. If the temperature is set to T = 200°C (c), GaN in the form of a layered triangular
nanostructure is formed (detail description will be provided below). Once the temperature
is increased above T = 220°C (d), the surface is covered by a mixture of layered triangle-
like nanostructures and bulky chunks. In the following discussion, only the nanostructures

grown at a temperature of T = 200°C (c)) will be taken into consideration because they
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Figure 25: SEM images illustrating the effect of the substrate temperature during post-nitridation of
GaN. The deposition of gallium was carried out at a substrate temperature of T = 290°C for 1 hour.
The subsequent post-nitridation was carried out for 2 hours at temperatures of (a) T = 160°C, (b)
T =180°C, (c) T =200°C and (d) T = 220°C. The SEM images were taken in a FEI Verios 360L

microscope at landing energy of 8 kV and probe current of 25 pA.

are the nanostructures of interest. It is worth emphasizing that the substrate temperature at
which the triangle-like shaped GaN is formed corresponds to the optimal temperature used

in previous case of the substrate with a larger miscut angle.

In contrary to SEM imaging, an XPS analysis was carried out in situ, i.e. directly after
the deposition of gallium and post-nitridation inside the vacuum chamber without exposing
the sample to the ambient atmosphere. In situ XPS was performed using an experimental

setup consisting of an X-ray source - DAR400 and a hemispherical electrostatic analyzer -
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Figure 26: XPS spectra of the gallium Ga2pj3,, peak. (a) Ga2psz/,, peak corresponding to the bulky
GaN used as a reference. (b) Ga2pj3/, peak in the middle of the formation of the 2D GaN. (c) Ga2p3,;
peak after the formation of the 2D GaN was finished. The subpeak at 1117.5eV (green line) is

attributed to the metallic gallium while the peak at 1119.5eV (blue line) corresponds to the Ga - N
bond.

EA125 (both Omicron). The experiments were performed at the room temperature using Al
Ka radiation. Figure[26|(a) shows the gallium Ga2ps,, peak in XPS spectrum corresponding
to the Ga - N bond in a bulk GaN which serves here as a reference. The peaks in Figure
26](b) and Figure [26](c) show different stages of the formation of 2D GaN. The peaks in
Figure[26](b) show the middle phase of the formation process. There are two separate sub-
peaks in the spectrum corresponding to Ga - N and Ga - Ga types of bonds. The peak at
1117.5eV (green line) corresponds to metallic gallium while the peak at 1119.5eV (blue
line) corresponds to the Ga - N bond in a bulk GaN. Figure 26](c) reveals the Ga2p;,, peak
after the formation of GaN is finished. The Ga - N subpeak becomes prominent at the ex-
pense of the Ga - Ga subpeak which, however, is still present in the spectrum. Based on
these findings, we can speculate on the growth mechanisms of 2D GaN. The evolution of
the Ga2pj/, peak suggests that Ga atoms from the metallic gallium droplets react with ni-
trogen ions which results in the formation of GaN structures. As triangle-like shaped GaN
grows in size, the portion of Ga - N bonds is becoming dominant. However, a small fraction
of gallium droplets still remains in the metallic form which is supported by the presence of
the remaining Ga - Ga subpeak in the spectrum. This is probably caused by the fact that
not all gallium droplets are fully transformed into GaN since the area which is covered by

the nitrogen flux is smaller than that one of the X-ray beam spot. Thus, the collected XPS
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signal includes also the signal from the remaining gallium droplets at the edges of the sam-
ple. Alternatively, a portion of metallic gallium can be also preserved at the very border
of the triangle-like nanostructures and the place of the original liquefied metallic gallium

nanodroplet (bright part in the included SEM image in Figure [26](c)).

The objects of interest are shown in the SEM image in Figure 27](a). There are three
features in each individual object of interest. The first is a triangle-like shaped GaN. The
triangle-like GaN nanostructure is most likely defined by the surface reconstruction of
Si(111)7x7 which shows a six fold hexagonal symmetry. This nanostructure has a uni-
form thickness with slightly tapering tip. Each triangle is oriented towards the direction
of incoming nitrogen atoms (during post-nitridation). The second feature of the object is a
circular region. This is probably etched silicon with some remnants of Ga since a similar
effect called "meltback etching" was already observed during the growth of other gallium
structures on silicon [161]. The third feature is the most likely bulky GaN in between the

triangle and the circular spot (bright features in the SEM image).
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Figure 27: (a) SEM image of triangle-like shaped GaN nanostructures. The yellow arrow indicates the
projected direction of incoming nitrogen ions. (b) Thickness distribution of the triagle-like shaped

nanostructures measured by an AFM (ICON Bruker) in a tapping mode.

With this knowledge the growth mechanism can be outlined. The deposition of gallium
results in a formation of metallic gallium droplets spread all over the surface. Once the
nitrogen ions start to impinge on gallium droplets, they interact with gallium atoms, and

thus post/nitridation is initiated. Several mechanisms enter the reaction as was explained

86



6 TWO DIMENSIONAL GAN

in Section in detail. The metallic gallium is continuously consumed and transformed
into hexagonal GaN. The question whether the growth of the triangle-like nanostructures is
layer by layer or it is rather initiated in the vicinity of the original droplet and then continue
growing in the upstream direction of incoming nitrogen ions is still open. The same stands
for the etching of silicon. It is difficult to answer whether this etching is initiated during the
deposition of gallium or after the initiation of post-nitridation. The in-SEM growth could

possibly reveal the growth mechanisms in the future.

The AFM measurement of the thickness of the triangle-like shaped GaN provides a thick-
ness distribution as plotted in Figure [27](b). It can be clearly seen that the thickness varies
from 7nm to 26 nm with the maximum between 14nm and 20 nm which is more than two
times thicker than in the case of triangular nanostructures described in previous Section
with maximum at 7nm. The increased thickness can be most likely attributed to the fact
that gallium atoms can diffuse over longer distance because of wider surface terraces com-

pared to the previous case. Thus, more material can be consumed from the gallium droplet.

The Auger microanalysis reveals an elemental composition in different regions around
the nanostructure as illustrated in Figure There are three different regions A, B, C se-
lected in the SEM image in Figure[28|(a). The region A corresponds to the Si(111) surface in
the place of the original Ga droplet, the region B represents the triangle-like nanostructure
and the area of the remnants of the original gallium droplet is represented by the region
C. The Figure [28|(b) represents the presence of Ga atoms in the selected regions measured
by the Auger electron microscopy. Gallium is missing on the Si(111) surface as expected.
However, gallium is present in the triangle-like nanostructure as well as in the region of
the original droplet. Figure [28|(c) indicates the presence of nitrogen on the silicon surface
(region A) which indicates that nitrogen ions initiated the formation of silicon nitride here .
Nitrogen atoms are also present in the triangle-like nanostructure (region B). However, there
are no nitrogen atoms in the place of the original gallium droplet (region C). Such finding
can be interpreted so that the nitrogen atoms are not dissolved in the droplet of metallic gal-
lium. As proposed by Gerlach et al. [118]] nitrogen ions rather diffuse along the liquid-vapor
(gallium droplet surface) and solid-vapor (substrate surface) interfaces. During the diffu-
sion nitrogen ions interact with gallium atoms which initiates a nucleation which eventually

results in a layer formation. Alternative explanation can be provided based on the fact that
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Figure 28: SEM image of a triangle-like shaped GaN with a not fully consumed gallium droplet. (a)
SEM image of the structure of interest with the selected regions A, B and C. (b) Gallium presence in
the selected regions. (c) Nitrogen abundance in the selected regions. The Auger microanalysis was

conducted in a NanoSAM System (Scienta Omicron).

there is always observed crystalline border (bright crystals in SEM images in Figure[27](a) or
Figure 28|(a)) between the triangle-like nanostructure and etched silicon area. It is possible
that nitrogen ions initially react with the gallium droplet and form crystalline bulky GaN
on the side of the droplet exposed to the nitrogen flux. As nitridation continues, gallium

and nitrogen atoms precipitate from this bulky nanocrystals and form observed thin layer.

The Auger microanalysis also suggested possible formation of silicon nitride. It is natu-
ral to expect that irradiation of a pristine silicon substrate by nitrogen ions will result in a
formation of SiN. However, the structure of formed SiN is still an open question. It has been
demonstrated that implantation of nitrogen ions of energies i) tens of keV [162], ii) units of

keV and iii) hundreds of eV [165]] into pristine silicon substrate results in a forma-
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tion of i) crystalline [162], ii) amorphous [163]] and iii) crystalline [164] or amorphous [165]]
SiN structures, respectively. So, it seems that with decreasing energy of nitrogen ions the
formed layer changes from crystalline to amorphous. Obviously, this aspect is influenced by
various parameters such as changing the dose, the incident angle or the substrate tempera-
ture. Despite a number of conditions which may affect a formation of SiN, the process itself
seems to be described clearly. The nitrogen ions break the silicon bonds once they penetrate
into the substrate. Subsequently, retarded ions react with broken or dangling bonds and

form chemically stable silicon nitride (with SizNy stoichiometry [166])).

In order to investigate a crystalline structure, i.e. find lattice parameters, a cross-sectional
TEM lamella was prepared and analyzed in FEI Titan HR (S)TEM microscope. STEM im-
age shown in Figure[29|(a) reveals a crystalline structure of the prepared nanostructure. An
interlayer distance of GaN structure was 3.15A which is in agreement with the interlayer
distance of the crystalline GaN (3.14A) measured in previous Section On one hand
the measured interlayer distance is in the upper end of the interval (2.22A —3.10A) of in-
terlayer distances for 2D hexagonal GaN coming from numerical simulations, on the other
hand the value is similar to the interlayer distance of silicon (a = 3.16 A). The lattice param-
eter a = 3.32 A is higher than in the case of smaller triangular GaN nanostructures described
in previous Sectionbut still close to the value for 2D hexagonal GaN, which is a = 3.28 A
[159].

EDX maps showing the distribution of nitrogen and gallium in the structure are visual-
ized in Figure[29|(b). The upper part of the STEM image shows studied GaN nanostructure
on the silicon substrate. The middle part of the image reveals the distribution of gallium
which seems to be uniform over the whole structure. Interestingly, the nitrogen atoms ap-
pears to be mostly distributed in the region of crystalline GaN which is in agreement with
the argument given in the previous Section[6.2]that nitrogen and gallium atoms form a crys-

talline GaN mostly outside the original metallic gallium droplet.

The final argument about the nature of the prepared material could be provided by the
photoluminescence measurement. The blue shift in the energy of emitted light (from 3.4eV
in case of wurtzite GaN to 3.7eV in case of hexagonal GaN) described in [153] suggests a

significant quantum confinement which is typical for sub-3D equivalent of bulky materials.
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Figure 29: (a) STEM image of the cross-sectional lamella of crystalline GaN on the Si(111) substrate.
b) The zoom-in image of an Si/GaN interface. a represents a lattice constant and ID represents an
interlayer distance. (c) EDX maps of GaN structure. While gallium is detectable in the crystalline
structure as well as in the amorphous droplet, nitrogen is present only in the crystalline GaN struc-

ture. The STEM images were taken in a HR (S) TEM (FEI Titan).

Thus, the allotropic modifications of prepared structures can be found based on the eval-
uation of emitted photoresponse. However, all attempts to measure a photoluminescence
response were unsuccessful due to a low signal-to-noise ratio of the optical response. This
might by caused by the high conductivity of the silicon substrate which is necessary for the
flash-annealing routine but inappropriate for photoluminescence measurement in which it

causes quenching of the photoluminescence signal.
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6.4 Conclusion

It has been shown that post-nitridation of metallic gallium droplets on a Si(111) surface
by hyperthermal nitrogen ions of energy E = 50eV at the substrate temperature T = 200°C
results in a formation of layered hexagonal triangular GaN nanostructures which indicates
the 2D material structure. The size of formed nanostructures was up to 500 nm in the case

of GaN nanostructers grown on Si (111) with the 0.2° miscut.

The XPS analysis as well as the Auger microanalysis enabled to determine the elemental

composition of prepared structures and helped to clarify the growth mechanism.

The STEM and EDX analysis elucidated the crystalline structure of triangle-like GaN
features rendering the lattice constant a = 3.32A and the interlayer distance 3.15A. The
interlayer distance is considerably higher than in the case of the wurtzite GaN structure
(a = 2.53A) but is in the interval calculated for 2D hexagonal GaN (2.22A —3.10A). The lat-
tice parameter a = 3.32A is also larger than in the case of the wurtzite structure a = 3.18 A

and is very close to the value calculated for hexagonal GaN (a = 3.28 A) [159].

The photoresponse signal, however, exhibited an extremely low signal-to-noise ratio.
Thus, it could not be evaluated. Extremely low signal-to-noise ratio could be probably
caused by a high conductivity of the silicon substrate which is needed for the flash-annealing

routine but causes quenching of the photoluminescence signal.
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7 GaN nanowires

This Section summarizes the experimental work on fabrication of GaN in the one di-
mensional form - nanowires. Presented results were obtained during the internship in the
group of professor Ernesto Joselevich at the Weizmann Institute of Science in Rehovot, Is-
rael. The period of the internship was filled up with two different projects. First, an ap-
plication of metal-organic precursors in an already established CVD fabrication process
was tested. This project was focused on optimizing the GaN nanowires growth parame-
ters motivated by the goal to find appropriate growth conditions of oxygen-free nanowires.
Second,the nanowires growth kinetics was studied. In this project, geometrical character-
istics of GaN nanowires grown on different sapphire planes were collected. Subsequently,
collected data was used as an experimental approval of a developed theoretical model for

horizontally grown nanowires.

The nanowires are one dimensional nanostructures which are result of anisotropic growth
in the vertical as well as horizontal orientations with respect to the surface normal vector.
During the last few decades a number of different materials has been studied from the point
of view of materials suitable for nanowires. A variety of different substrates with different
surface modifications - as for instance with lithographic patterns [167]] - has been studied
in the same time in order to match the most beneficial substrate to appropriate nanowires.
Naturally, the pioneering work was done using silicon as the silicon is number one in the
microelectronic field [168]]. As the foundation of silicon nanowires fabrication had been laid
down, the focus was directed to other combinations of materials such as germanium [169],
[I-VI [170] and TI-V [171] group semiconductors or perovskites [172]] to mentioned a few.
Expanding the possibilities of fabrication of different kinds of nanowires have brought a
large number of applications in electronic devices. To give only a few examples, nanowires
were implemented into field effect transistors [173]], nanowire waveguides [174]], and even
LEDs [175]. Following the trends, the nanowires have also been implemented into plas-

monic applications which opened up another direction for possible research [176].

The comprehensive overview of the fundamental research activities considering synthe-
sis, characterization and application of one dimensional nanostructures can be found in

[177]. A follow-up overview of the advances in the nanowire semiconductors where the
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fundamental principles of the bottom-up growth are summarized is then provided in [178].
However, following the topic of the presented PhD thesis the further focus will be directed
to III-V group semiconductors exclusively, especially to GaN which is the material of inter-

est in the following experimental work.

The story of discovering the 1D modification of III-nitrides goes several decades back
when boron nitride was synthesized as a multi-wall nanostructure in 1995 [179]. Since that
time a significant progress in fabrication of single-wall nanotubes and nanowires has been
achieved. In these days, 1D h-BN modifications are used in the number of applications,

especially due to its wide band-gap making h-BN insulating material [180].

Following the successful synthesis of h-BN, different kinds of synthesis strategies of gal-
lium nitride nanotubes, nanorods or nanowires have also been developed. From synthe-
sizing GaN nanorods through a carbon nanotube-confined reaction [181] to fabricating the
single crystal GaN nanotubes [182], GaN 1D variants attract scientific interest because of

their electrical and optical properties.

An interesting aspect of the GaN nanostructures is the possibility of a guided horizontal
growth. The motivation behind this effort is very simple. Nanowires are often implemented
into devices with a planar architecture such as transistors or photoactive devices. However,
nanowires are usually synthesized in the form of vertical structures. After the synthesis,
nanowires thus need to be harvested, transferred and aligned to the desired position. This
process often erodes electrical, optical or mechanical properties since nanowires can be bro-
ken during each step. For that reason, the fabrication of nanowires in the region of interest

with requested orientation seems to be beneficial for advanced applications.

The pioneering work in the synthesis of guided growth of GaN nanowires came with
millimeter long epitaxial or graphoepitaxial GaN nanowires which were grown in the crys-
tallographic directions defined by the surface of a substrate. Horizontal GaN nanowires
were grown on sapphire [183]], silicon carbide [184], quartz [185] and spinnel [186]. Self
integration of GaN nanowires into an electrical circuit via guided growth is yet another step

for achieving completely self-integrated nanowires during devices fabrication [187].
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However, in order to take a full advantage of direct self-assembling nanostructures, sev-
eral obstacles have to be overcame. Besides the obvious aspects such as choosing appropri-
ate combinations of materials or tuning the parameters of the growth reactors, there are also
more fundamental questions which are waiting to be answered. Among the others, under-
standing the mechanisms which are involved in a nucleation process or knowing the factors
influencing the length and diameter of nanowires are crucial for a proper implementation of
this growth concept into modern microelectronic devices. In order to describe these growth

aspects, a theoretical description of the growth mechanisms can be used advantageously.

Up to date, the growth mechanism called vapor-liquid-solid (VLS) is the most widely
adopted growth method for the fabrication of semiconductor nanowires [188]]. As the name
suggests, this process involves three phases of the source (nanowire) materials. First, the
source materials are introduced into a growth chamber in the form of gases (vapor). Second,
the source material atoms impinge on the surface and form a liquefied alloy (liquid) with
the catalyst. Third, the crystalline material (solid) precipitates from the liquefied alloy in
the form of a one dimensional nanowire. A detailed description of the VLS growth process

will be provided in Section

It is worth mentioning that the theoretical model of the growth kinetics of out-of-plane
nanowires has already been provided and supported by various experimental works [189,
190]. On the other hand, the theoretical description of VLS mechanisms in the case of in-
plane nanowires has been provided just recently [191]]. Experimental results in the follow-
ing Sections of presented PhD thesis thus serve as an additional verification of the developed

theoretical model.
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7.1 Sample preparation

Sapphire (Al,03) is an insulating crystal consisting of aluminium and oxygen atoms
ordered in a hexagonal structure. Cutting the sapphire in different directions results in
obtaining various crystal planes with various surface reconstructions and adequate surface
energies. A non-polar annealed M-plane ([1010]), C-plane ([1100]) and a semi-polar R-plane
([1102]) substrates were used for comparison of epitaxial and graphoepitaxial growth modes

since these are two modes which can occur during horizontal nanowires growth process.

In a natural state, all three sapphire planes have a flat surface. However, in order to
study the effect of the surface geometry on the horizontal growth, the M-plane was mod-
ified so that its originally flat surface was transformed into the jagged one. The M-plane
wafer was exposed to a temperature of T = 1600°C in air atmosphere for 10 hours using a
high-temperature furnace (Nabertherm). Therefore, it is referred as an annealed M-plane
(AM-plane) in the following sections. This treatment resulted in a formation of ordered
V-shape nanogrooves covering the whole area of the surface wherein the nanogrooves were

oriented in the main crystallographic direction [1120].

Since the growth of horizontal GaN nanowires was catalyzed by the nickel nanoparti-
cles, the samples were prepared adequately. Sapphire substrates were covered with a cata-
lyst pattern in the form of a matrix of nickel rectangles, the size of which was 30 x 5 yum?.
The catalyst pattern was fabricated by a standard photolithography technique in the follow-
ing steps. First, the sapphire wafer was covered by a negative photoresist (NR-9 1000PY)
and held at a temperature of 100°C for 1 minute. Second, sapphire was irradiated with
a UV lamp through a lithography mask with a matrix of rectangulars (MA/BA6 Karl-Suss
mask aligner). Third, the saphhire wafer was immersed into a developer for 10 seconds
and placed on a hot plate at a temperature of 150°C for 1.5 minute. Lastly, the wafer was
placed into the evaporator (Telemark) where 0.5nm of nickel was deposited. Samples were
then washed in aceton, isopropylalcohol and deionized water before each synthesis in order
to remove the photoresist. Afterwards, samples were held in a furnace at the atmospheric
pressure and the temperature of 550°C for 7 minutes to desorb residuals and to produce
nickel nanodroplets of various sizes. At this point, prepared samples were loaded into a

CVD reactor.
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7.2 MOCVD gallium nitride nanowires

The MOCVD apparatus consists of a tube placed inside a three-zone furnace (Lindberg
Blue M, Thermo Fisher Scientific) and a gas supply system. At the beginning of the rou-
tine, the tube was purged with a mixture of 1 300 sccm of molecular nitrogen and 90 sccm
of molecular hydrogen at a pressure of 400 mbar. Purging ensures removing of dust con-
taminants and reducing the level of oxygen molecules from ambient atmosphere remaining
inside the tube after sample loading. Following the purging, the temperature of the fur-
nace was set to 950°C and the gas flow was modified accordingly. The absolute values are
listed in Table [3| Reaching the required temperature of the synthesis took approximately
30 minutes. During this period of time, the cleanliness of the sample surface was steadily

increasing as a result of thermal desorption of contaminants.

Trurnace (°C) | Trpmg (°C) | Na(scem) | Hp (scem) | NH3(scem) | Ny + TM G (scem) | p (mbar)

940 -15 80 80 30 120 150

Table 3: Parameters for the synthesis of GaN nanowires in the MOCVD apparatus using TMG.

The specifics of the MOCVD method is introducing the source materials in a form of
metal organic compounds. In this particular case, an organogallium compound of three
methyl derivatives bound to one gallium atom was used as a gallium source material. This
pyrophoric liquid is called trimethylgallium Ga(CH3)3; (usually abbreviated as TMG or TMGa).
The second material - nitrogen - was provided in the form of stable hydride - ammonia.
Once those two gases are introduced to the tube, the enhanced temperature causes their

decomposition according to the following chemical reaction:

Ga(CH;);(g) — Ga(s)+3CHj(g), (10)
2NHj3(g) — N2 (g) + 3Ha (g), (11)
2Ga(s) + N, (g) = 2GaN((s). (12)

Obviously, the product of the reaction - gallium nitride - is adsorbed in the solid form on
the surface. The main advantage of this approach is the absence of oxygen atoms which can,
in general, negatively affect properties of gallium nitride as for instance photoluminescence

peak.
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GaN nanowires grown from TMG on an AM-plane substrate are shown in Figure It
can be clearly seen that the catalyst area is covered with large faceted crystals. However, no
horizontal growth of nanowires can be observed. Nanowires preferentially grow from the
tips of large crystals and bend at some arbitrary point towards the surface. Once the bent
nanowires reach the surface, they tend to grow in the direction of the nanogrooves. Thus,

the nanogrooves act as mediators of the growth direction.

(a) (b)

Figure 30: (a) MOCVD GaN nanowires growing from chunky crystals. The images were taken on
SEM Sigma 500, Zeiss.

Initial experiments provided nanowires with the average length of about 3 ym. Tuning
the substrate temperature did not bring any improvement. On the other hand, the chang-
ing of the TMG gas flow resulted in increasing the average length of nanowires up to 9 ym.
The critical factor affecting the nanowires length seemed to be a concentration of TMG as
resulted from follow-up synthesis. However, the further decreasing of the TMG gas flow
was not possible because of limited sensitivity of used flowmeter. Therefore, the modifica-
tion of the instrumentation was suggested and designed. Nonetheless, the delivery time of
a special kind of flowmeter exceeded the project time in Israel. Thus, it was not possible to

test suggested changes and the project was postponed.

Despite the fact that longer nanowires could not be synthesized, an additional analysis

was performed. The EDX analysis (Figure reveals the elemental composition of the syn-
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(c) (d)

Figure 31: Elemental EDX maps of (a) gallium, (b) nitrogen, (c) aluminium and (d) oxygen related to
MOCVD GaN nanowires. The images were taken on SEM Sigma 500, Zeiss, using an EDX spectrom-

eter (Bruker) and software.

thesized structures. It can be clearly seen that the faceted crystals as well as nanowires
(GaN) are composed of gallium (Figure [31](a)) and nitrogen (Figure [31](b)) as expected,
while the sapphire substrate (Al,03) is composed of aluminium (Figure [31](c)) and oxy-
gen (Figure [31](d)). Yet, a low lateral resolution of EDX in SEM cannot provide a definite

evidence of an absence of oxygen impurities in the GaN crystal structure.

The photoluminescence measurement in Figure reveals a comparison of MOCVD
GaN nanowires prepared using TMG as a precursor (blue line) and CVD GaN nanowires
prepared using Ga,Oj; powder as a source of gallium on R-plane (green line) and AM-
plane (red line). The preparation of latter GaN nanowires will be discussed in the follow-
ing Section It can been clearly seen that the MOCVD GaN photoluminescence peak at
364 nm (3.40 eV) is shifted with respect to the CVD GaN photoluminescence peak at 354 nm
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(3.50eV) by 10nm. The peak position at 364nm (3.40eV) is close to the value expected for
a bulk GaN (3.42¢eV) as defined in Table[1]in Section Thus, the peak position for CVD
GaN nanowires at 354 nm (3.50 eV) can be considered as a blue shift rather then a reference

value.
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Figure 32: Photoluminescence of nanowires grown by different methods (MOCVD and CVD). The
spectra were measured using a Raman/PL micro-spectroscopic setup (Witec) using 325nm laser

excitation laser.

Interestingly, the very same shift was already observed in [192], where the authors com-
pared the photoluminescence of a-axis GaN nanowires (354nm (3.50eV)) and c-axis GaN
nanowires (364 nm (3.40 eV)). The authors attributed the blue shift of a-axis GaN nanowires
to "surface states that act as traps of photoexcited carriers”. Their results suggest that the pho-
toluminescence response is a crystal-orientation sensitive. However, in the presented case,
no blue shift was observed between nanowires grown on different sapphire planes where the
difference in orientation could be expected but it rather differs in nanowires grown using
different methods. It is worth mentioning that the authors of the referred study used dif-
ferent conditions even though they used the same precursors (ammonia) for inducing a-axis
and c-axis growth on a quartz glass and a graphite substrate. Therefore, in accordance with

our observations, it is also possible that the photoluminescence response of GaN nanowires
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is also dependent on the method used as the different methods might provide different crys-

tal orientations.

Our photoluminescence measurements have also revealed that there is no yellow peak
observed in an interval of 450 nm and 650 nm which suggests the absence of the impurities
incorporated in the crystal lattice of nanowires. The effect of impurities was already dis-
cussed in detail in Section[5.1.3|where the photoluminescence response of GaN nanocrystals
(Figure was presented. The absence of the yellow emission peak indicates a high crys-
tal quality of grown nanowires. Thus, the only difference between the MOCVD and CVD

growth remains the blue shift of the characteristic GaN peak as described above.
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7.3 CVD gallium nitride nanowires

The CVD instrumental arrangement was similar to one described in the previous sec-
tion. The crucial difference was in the used source material. Contrary to gaseous TMG in
the MOCVD case, a Ga,O3 powder was used in this case. The samples - annealed M-plane,
R-plane and C-plane - were used with the same catalyst pattern as in the previous case, i.e.
an array of 30 x 5 um? rectangles of 5A thick layer of nickel. Additionally, R-plane was cov-
ered with an array of 30 x 30 um? squares of this Ni layer. The optimal parameters found for
the synthesis of GaN horizontal nanowires for all three sapphire plane variants are summa-

rized in Table[5l

Trurnace (°C) | Toun0, (°C) | Hy (scem) | NH; (scem) | p(mbar)
AM-plane 940 1000 95 3.2 400
R-plane 940 1000 90 2.7 400
C-plane 950 1000 95 3.2 400

Table 4: Optimal parameters for the synthesis of GaN nanowires in the CVD reactor using gallium

oxide powder.

As can be seen in Figure the nanowires grow on all three substrates. However, the
quality of guided growth depends on the surface termination. In the case of the annealed M-
plane (Figure[33|(a)), GaN nanowires are guided by nanogrooves in the main crystallography
direction - so-called graphoepitaxial growth was already introduced by the group of prof.
Joselevich. Nanowires vary in lengths and diameters as will be shown later, but the longest
nanowires reach tens of microns. As can be seen in Figure |33|(b), the tip of a nanowire is
formed with a catalyst droplet. The R-plane surface is also covered with the nanowires as
can be seen in Figure[33|(c). In this case, the epitaxial growth is directed by the crystalogra-
phy of the surface. Therefore, some of nanowires can grow in the direction not parallel to
the main crystallography direction. In the case of C-plane, the majority of nanowires has a
zig-zag structure even though they tend to grow in the main crystalographic direction. Be-
sides those zig-zag nanowires, the firm nanowires can also be observed in Figure[33](e). It is
also worth mentioning that the very tip of each nanowire is formed by a droplet catalyst. No
self-catalyzed nanowires were observed which suggests that the growth process is initiated

by the catalyst.
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() (f)

Figure 33: (a, b) GaN guided horizontal nanowires on the annealed M-plane. (c, d) GaN horizontal

nanowires on the R-plane. (e, f) GaN horizontal nanowires on the C-plane.

The Raman spectra of GaN nanowires grown on different sapphire planes using differ-

ent precursors (TMG and Ga,0O3) are plotted in Figure[34] The reference sapphire spectrum
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(black line) has the peaks at 380 cm~!, 418 cm™!, 645cm™! and 750 cm™! which is in agree-
ment with published literature [193]. There is no variation in the spectrum for the AM-
plane and the R-plane. The spectra corresponding to GaN nanowires possess three peaks at
570cm™!, 733cm™! and 750 cm™!. According to [194] where the GaN thin film on sapphire
substrate was studied, the peak at 570 cm™! corresponds with E,(TO) (transverse) phonon

mode while the 735 cm™! peak is attributed to A;(LO) (longitudinal) phonon mode.
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Figure 34: Raman spectra of nanowires grown using different precursors. The spectra were measured

using Raman/PL micro-spectroscopic setup (Witec) using a 325 nm excitation laser.

The Raman peaks which would correspond to the disorder (300 cm™!) or impurities in-
duced vacancies or interstitial (420cm™! and 670 cm™!) according to [195] are either not
observed (300cm™!) or cannot be distinguished from the sapphire peaks (420cm™! and
670 cm™!). Thus, the possible effect of oxygen impurities in CVD GaN nanowires or their
absence in MOCVD GaN nanowires could not be estimated. However, the visual distinction
between those two alternatives is clearly seen. While the spectra of CVD GaN nanowires on
both the AM-plane and the R-plane between 500 cm~! and 800 cm™! exhibit peak broaden-
ing or background increase, the very same interval of the Raman spectrum corresponding
to MOCVD GaN nanowires exhibits rather a flat profile with separated peaks. These find-
ings may be associated with the actual difference between nanowires grown using different

methods but one has to be bear in mind that it can be also caused by lower surface den-
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sity (surface coverage) of nanowires in case of MOCVD growth which could cause a lower

nanowires-to-substrate signal ratio.

Synthesized nanowires were further used as a dataset for a study of the growth kinetics
of horizontal nanowires as will be described in the next Section[7.3.1] Serve to this purpose,
only the nanowires grown on AM-plane and R-plane were taken into consideration. The
number of acceptable nanowires grown on C-plane did not meet a criteria for high qual-
ity statistics. Therefore, the nanowires grown on C-plane were excluded from the kinetics

study.

7.3.1 Kinetic model of horizontal nanowires

Growth of nanowires is an anisotropic thermodynamically driven process resulting in
a formation of one-dimensional nanostructures. As such, the growth can be theoretically
described involving several thermodynamic aspects which will be expressed further in this
Section. Despite the fact that the nanowires can be grown by various method, the following

derivation is limited to the vapor-liquid-solid (VLS) growth mechanism.

At the very beginning of the synthesis there are catalysts droplets (noble or transition
metals) spread over the surface. Due to the high substrate temperature, the catalyst is in the
form of liquefied droplets. The growth process is initiated by introducing the source mate-
rials into the CVD reactor in the form of gases. The CVD reactor is described in Section [4.3]
Because of the elevated temperature, the precursors are dissociated and the source material
impinges onto a substrate surface. The atoms of the source materials adsorbed on the sur-
face (adatoms) start to diffuse over it. Such a movement is driven by the thermodynamically
induced effects described in Section [4.2.2] Once the source material atom reaches a catalysts
droplet, it penetrates through the droplet surface which leads to a formation of a liquefied

alloy of the droplet and source materials.

The thermodynamic system of a source material dissolved in a catalyst droplet can be
described by using of a phase diagram. The system of three different materials (in this case
nickel, gallium and nitrogen) is represented by a three-dimensional plot (ternary diagram).

However, the complexity of such ternary diagram can be inadequate for the growth descrip-
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Figure 35: (a) Phase diagram of a Au+Si system [188]. (b) Schematic representation of adatoms

pathways in diffusion-induced growth.

tion. Therefore, a gold-silicon binary diagram will be used for the exemplification since this
system served for the development of the growth kinetics theoretical model in the past [[188]]
and it is still used nowadays as the simplified system for the real time in-situ observation

[196].

The phase diagram of the Au-Si system is plotted in Figure 35](a). The eutectic point of
the system (defining the minimal growth temperature) is 363 °C. The Au-Si alloy follows the
liquidus line above the eutectic temperature which also defines the thermodynamic equilib-
rium between the liquid and the solid phase. For a given concentration of silicon atoms
in the Au-Si alloy, the system is in the equilibrium only at the temperature given by the
intersection of the liquidus line and the concentration (point X in the diagram). However,
since the CVD process is a dynamic process, small fluctuations in the temperature or the
vapor pressure around the equilibrium position are inevitably present. Such fluctuations
can lead to dissolving more Si atoms in the Au-Si system which leads to establishing the
state of supersaturation (solid arrow). The supersaturation represents an unstable state of
a thermodynamic system, which has, in contrary, tendency to preserve in the equilibrium.
Therefore, the precipitation of silicon solid phase from the Au-Si liquid is initiated. The
precipitation continues until the system reaches the thermodynamic equilibrium again, i.e.
until the concentration of the silicon is reduced to the equilibrium level (point X). As a

result, the solid phase of silicon, i.e. crystalline nanowire, is formed as the CVD process
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continues. In this sense, the formation of nanowires can be considered as a product of a

thermodynamic system balancing around its equilibrium state.

Rapid development of environmental electron microscopy has enabled real time in-situ
observations of this phenomenon as described in [197, [198]]. The authors studied a Au
droplet of initial diameter of 35nm exposed to disilane (HgSi;) gas. After introducing
disilane, an initial Au droplet was instantly covered by a thin Au+Si liquefied shell. The
Au droplet further reduced its diameter to 15nm. At that point, the Au solid core shrank
very rapidly. The rapid shrinkage indicates that the Au(s)/AuSi(l) thermodynamic system
is unstable below a critical solid Au nucleus radius. Ongoing supply of disilane eventually
resulted in an initiation of solid silicon nucleation. The authors observed a sudden appear-
ance of an Si nucleus at the edge of the liquefied alloy droplets. Subsequent observation
of the same system revealed that the Si(111)/AuSi(l) interface further advances by 0.3 nm
steps which corresponds to the interlayer distance in Si(111). Thus, the VLS growth of Si

nanowires seems to proceeds in a layer-by-layer fashion [196].

In order to make the formation of the alloy possible, the catalyst has to be chosen care-
fully since there are several requirements which have to be fulfilled. 1) It must be chemically
inert in order to avoid any chemical reaction with the source material. 2) It must not form
an intermediate solid, which could cause a deprivation of catalytic potential. 3) It must form
a solution with the source material components. 4) The solubility of the catalysts in a liquid
phase have to be higher than in a solid form. 5) The vapor pressure of the catalyst material
over its liquid phase should be minimal in order to minimize evaporation. The overview of

suitable catalysts for variety of different nanowires can be found in [188].

The physico-chemical model which describes such a complex thermodynamic system
from the point of view of a reaction rate is called a growth kinetics. The kinetic model dis-
cussed below is based on several simplifications and presumptions which are necessary to
keep a complexity of the process at a level which could be described rigorously. However,
it still brings a realistic description of the system and allows to obtain useful information
about the reactions rates and how are these affected. A kinetic model of the growth of verti-
cal nanowires developed by prof. Dubrovskii [199] is based on a mathematical description

of a mutual interplay between two surface effects - the Gibbs-Thomson effect and a surface
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diffusion induced growth. The kinetic model of vertically grown nanowire served then as
a solid base for a development of the corresponding model for the growth of horizontal

nanowires as will be discussed below.

The dynamic system of growing nanowires can be simplified in the way depicted in
Figure [35/(b). The nanowire is in contact with the substrate along its whole length and is
growing in the y direction. It is also isolated in space from other nanowires. The nanowire is
represented by 1/2 of a cylinder while the catalyst droplet is defined as 1/4 of a sphere. The
diameter of the nanowire and catalyst is time-independent and equal to R. The diffusion
of catalyst atoms to the volume of nanowires is neglected, even though the catalyst loss
channels were already observed [200]]. The source material transport paths are simplified
to follow either parallel or perpendicular directions with respect to the nanowire. There
are four possible pathways which ensure the material transport (in this case gallium and

nitrogen) into the catalyst:
1. Diffusion over the surface directly to the catalyst droplet.

2. Diffusion over the surface to the nanowire sidewall and subsequent diffusion along the

sidewall.
3. Direct penetration from the flux of incoming source material to the catalyst droplet.

4. Direct impingement on the nanowire sidewall and subsequent diffusion along the

sidewall.

Considering all possible pathways the growth rate dL/dt can be formulated as

. .f
a _ .4 I_ﬂ+]csuff Jaitt |
dt 7 mR? mwR2

(13)

where () is the elementary volume, I is the flux rate of the element limiting the growth
rate (Ga in this case), /7 is the desorption flux from the droplet with the characteristic life-
time in liquid 1, j§ is the diffusion current over the substrate surface towards the nanowire

and ]fhff is the diffusion current along the sidewall (surface facet).

At this point, Equation 13 is strictly diffusion oriented. In order to account for the Gibbs-
Thomson effect the effective concentration of adatoms inside the droplet can be expressed

in the form:
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R
nlzni"’exp(%), (14)

where n)” represents the concentration of adatoms inside the droplet for the limit case of
R — o0, i.e. nj° = I7j, and Rgr is the characteristic Gibbs-Thomson radius which is defined
by a droplet surface energy y at a given temperature T. Equation 14 thus represents the

elevation of chemical potential with respect to the varying radius R.

While the values of majority of variables in the equation are known, the two diffusion
currents make the equation unsolvable analytically. However, by introducing several sim-
plifications such as dividing the diffusion current directions into the perpendicular and
parallel ones with respect to the nanowire only, the equation can be simplified into a more

practical form:

dL Rer/R Re/R\ [ AN
5_2(21{1—@1‘,63 GT +(1—®lse GT )(ﬁ) ’ (15)

where Oy, = n;° = I is the liquid to vapor activity, @;; = m° = It is the liquid to solid
activity, Rgr is the Gibbs-Thomson radius, A is the diffusion length and m is the power ex-
ponent. The liquid to vapor @y, and liquid to solid ©j4 activities correspond to the overall
diffusion flux of adatoms diffusing either towards or away from the catalyst droplet from
vapor or over the surface, respectively. Interestingly, in the limit case of omitted surface

diffusion A — 0, Equation 15 is reduced to the length-radius dependence.

The mathematical reasoning behind provided simplifications is out of scope of this the-
sis but can be found in [191]]. For the purpose of presented results, a crucial parameter is
the power exponent m varying between 1 and 2 and representing the three dominant diffu-
sion pathways represented by 1, 1.5 and 2. For m = 1 = 1/R, the major material transport
pathway is mediated by adatoms which directly impinged on the nanowire sidewall and
diffuse along the sidewall subsequently. In contrary, m = 1.5 = 1/R¥? corresponding to
thicker nanowires and m = 2 = 1/R? corresponding to thinner nanowires indicate diffusion
of adatoms over the surface directly to the catalyst droplet. Collecting the data on nanowires
lengths vs. radii can be thus used as an effective way how to determine the dominant diffu-

sion pathways as will be shown in following Section[7.3.2]
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7.3.2 Data fitting

Data collected for the study of growth kinetics consists of nanowires grown on the an-
nealed M-plane (AM-plane) and the R-plane. The measurement of the length and diam-
eter of the nanowires was carried out by analyzing the SEM images (Sigma 500, Zeiss) in
the Image] software using a line profile module. The quality factor of the measured val-
ues was evaluated by a comparison with the AFM measurement (Multimode Nanoscope
7.30, Veeco/Bruker) of the same region of interest. The comparison revealed that the dif-
ference in measured diameters using SEM images versus AFM images is below 10% in case
of nanowires grown on the R-plane. The AFM measurements on the AM-plane failed to
provide a reliable comparison because of the presence of nanogrooves. The dimensions of
nanowires grown within those nanogrooves are confined by the width of each nanogroove.
The AFM tip cannot be placed at the very edge of the nanowire during scanning but rather
forms a smooth transition over nanogroove edge. Therefore, only SEM images were used for

the diameter and length evaluation of nanowires.

The edge of a nanowire (as well as a catalyst droplet) was defined as the place of a transi-
tion between bright and dark contrast in the SEM image. The diameter was then measured
in the perpendicular direction to those edges. The length of the nanowires was measured
from the very top of the catalyst droplet to the place from which the nanowire starts to
grow firmly. In addition, the nanowires which were in contact (even at one point) with the
neighboring nanowires were excluded from the data collection. Thus, only nanowires which
grew straight from the place of the growth initiation without any affection by neighboring

nanowires were included tothe dataset.

In order to verify the assumption made upon the relationship between the diameter of
the catalyst and the width of the nanowire in the kinetic model in Section such a de-
pendence was studied at first. Figure [36/shows the relationship between the catalyst radius
and corresponding nanowire radius for nanowires grown on the annealed M-plane (blue
points) and the R-plane (red points). In both cases the dependence shows a linear trend
with slope coefficient kap; = 0.519 and kg = 0.562 for the AM-plane and the R-plane, respec-
tively. These results clearly confirmed that the width of the nanowire was defined by the

diameter of the catalyst droplet as assumed during the development of the model.
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Figure 36: Catalyst radius versus corresponding nanowire radius for AM-plane (blue circles) and R-

plane (blue square). Datasets are fitted with linear functions with the slope k parameter.

In the following, the diameter of nanowires and corresponding lengths were measured
for each individual nanowire. Measured datasets are plotted in the Figure [37|(a) and (b).
For further analysis, however, the radius of the nanowires was plotted as a function of the
growth rate. Growth rate was calculated from the maximal nanowire length for a given ra-
dius by its division by the overall time of synthesis which was 25 min. Th reasoning for this

simplification will be discussed later in this Section.

Figure [37|(a) represents dataset of nanowires dimensions measured on the AM-plane.
The radius varies between 10 nm and 25 nm which corresponds with an approximate nanogrooves
width of 40nm. In contrary, the radius of nanowires grown on the R-plane varies from
20nm to 50 nm as can be seen in Figure [37|(b). Considering the flatness, i.e. the absence
of nanogrooves, on the R-plane, the difference in the radius range of nanowires on the AM-
plane and the R-plane can be attributed to the topography of the surface. The length of
nanowires on both types of substrates was spread over larger intervals. The maximal mea-
sured length was approximately 30 yum which corresponds (considering the 25 min as a time

1

of the synthesis) to the growth rate of 1.4 ym -min™" as can be seen in the both plots.

The spread of nanowires’ lengths can be attributed to the different incubation times.

Incubation time is defined as a period of time between the beginning of the synthesis and
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Figure 37: Dependence of nanowire length with respect to nanowire radius of GaN nanowires grown
on (a) AM-plane and (b) R-plane. Envelope data of GaN nanowires grown on (c) AM-plane and (d)
R-plane fitted with the kinetic Equation 15. The y-axis is recalculated from the length to the grow

rate (L/t, where t is the time of synthesis).

the initiation of growth. As described in Section the source material penetrates into
a catalyst droplet and forms an alloy. Once this system reaches the supersaturation, i.e.
the concentration of source material atoms exceeds the equilibrium value, the source mate-

rial starts to precipitate from the material. The very moment of precipitation is considered
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as the initiation of growth. However, the moment at which the source material starts to
precipitate from the droplet significantly depends on the size of the droplet as well as its
closest neighborhood. While the size of the droplet affects the amount of the source material
dissolved in the catalyst before reaching supersaturation, the neighborhood of the droplet
affects the diffusivity of the source material. In summary, while the beginning and the end
of the synthesis is defined, the initiation period of growth varies for each catalyst droplet

which significantly influences the maximum length.

In order to circumvent the variation in incubation time, only envelope data were consid-
ered for subsequent analysis. The justification of this simplification lays in the fact that the
nanowires lengths laying on the envelope can be presumed to be the maximal with respect
to corresponding radii [201]]. Thus, the growth of these nanowires was initiated at the very

beginning of the synthesis.

Sap. plane | QI (ym -min!) Oy O Rgr (nm) A(nm) m

AM-plane 0.63+0.12 1.00+£0.05 | 0.47+£0.03 | 6.02+£0.13 | 40.93+£2.71 | 2.02+£0.15

R-plane 5.67+£0.78 1.00£0.05 | 0.69+£0.02 | 5.34+0.09 | 46.85+£0.55 | 1.93+£0.17

Table 5: Fitting parameters used and calculated based on the kinetic model.

Selected data (Figure [37|(c) and Figure [37](d)) were then fitted using Equation 15. Ob-
tained parameters are summarized in Table|5| The power factor m was found to be close to
2 for both the AM-plane (m\ = 2.02) and the R-plane (mg = 1.93). As was described above
the power factor m = 2 is associated with the surface diffusion of adatoms towards the cat-
alyst droplet. Hence, the diffusion along the sidewall is limited in this case. The diffusion
length A differs from ~ 41 nm for the AM-plane to ~ 47nm for the R-plane. The diffusion
length in both cases is substantially smaller than the overall lengths of nanowires which
varies from 5 ym to as much as 30 ym. Interestingly, the diffusion length on the AM-plane
is comparable to the width of the surface nanogrooves. In the same time, it is 13 % smaller
in comparison with the R-plane with a flat surface. This can explain the difference in max-
imum diameter of nanowires which is almost two times bigger on the R-plane compared to
the AM-plane. Since the nanogrooves act as a natural barrier for the adatoms diffusion, the
amount of the source material capable of diffusing into the catalyst droplets is effectively

reduced which results in a smaller maximum diameters while the length is comparable on
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both sapphire planes.

The deduced power exponents m close to 2 are in good agreement with the already re-
ported values for flat (sapphire C-plane) m = 1.8 £ 0.2 and faceted (sapphire AM-plane)
m = 1.8 £ 0.1 Au-catalyzed ZnS and ZnSe horizontal nanowires [191]]. As ZnS and ZnSe
are representatives of II-VI semiconductors while the GaN is representative of III-V group,
the obtained result may be generalized to surface guide horizontal nanowires. The mecha-
nisms of the growth of horizontal nanowires is preferentially mediated by two-dimensional
diffusion of adatoms over the substrate surface directly towards the catalyst droplets. This
mechanism differs from the situation in the case of vertical nanowires, whose growth is

dominated by the one-dimensional diffusion along the nanowire sidewalls[202]].
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7.4 Conclusion

In this Section, the guided growth of horizontal GaN nanowires has been demonstrated.
The nanowires were synthesized applying two distinct approaches based on different types
of the source material - trimethylgallium (TMG) and gallium oxide powder. In both cases,
the growth of GaN nanowires was achieved. However, the synthesis of GaN nanowires from
TMG was limited due to the instrumental issues. Thus, the yield of those nanowires were
substantially lower than in the case of gallium oxide powder where the hardware allowed a

fine tuning of the reactor conditions.

Nevertheless, both types of nanowires were studied in order to find possible differences
in electro-optical properties. It was found that the GaN nanowires prepared from TMG
exhibited a photoluminescence emission at A = 364nm which corresponds with the value
expected for a bulk GaN. On the other hand, GaN nanowires synthesized from a gallium
oxide powder exhibited a blue shift of the photoluminescence peak to A = 354nm. Such a
blue shift was already recognized as an effect of different growth directions. However, since
the surface orientation was the same for both types of nanowires, it is possible that observed
blue shift is linked to the method used for a synthesis. It is also worth emphasizing that nei-
ther of GaN nanowires exhibited a yellow 'defect’ peak in the photoluminescence response

which indicates a high crystal quality.

Further, the dataset of lengths vs. radii of nanowires was collected in order to provide the
data fortheir fitting by a growth kinetic model. This theoretical growth model of horizon-
tal nanowires was previously developed and reported by prof. Dubrovskii in cooperation
with the group of prof. Joselevich [191]. The data collected on the growth of GaN hori-
zontal nanowires were in agreement with the previously reported data for ZnS and ZnSe
nanowires. Moreover, since ZnS and ZnSe represent semiconductors of a different elemen-
tal group than GaN, one may concluded that the theoretical model can be extended to the

growth of horizontal nanowires in general.

To summarize the outcome, the growth of horizontal nanowires is fueled by the adatoms
of the source material diffusing over the surface directly towards the catalyst droplet. This
is in contradiction with the growth of vertical nanowires where the adatoms have to diffuse

along the nanowire sidewall before they reach the catalyst droplet [199].
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8 Conclusion

I have presented results of three individual projects which have been done during my
PhD program. All projects were related to a fabrication and characterization of III-V group
representative - GaN. I have presented preparation of GaN in three different forms - 1D, 2D

and 3D structures - using different fabrication techniques.

First, 3D GaN in the form of nanocrystals prepared using droplet epitaxy method has
been demonstrated. The fabricated GaN nanocrystals were studied using different analyt-
ical techniques in order to elucidate the quantitative aspect of the growth as well as the
quality of prepared structures. GaN nanocrystals were grown on a graphene layer which
have brought a possibility to fabricate an UV sensitive photodetector. A proof of concept - a
design and basic functionality - has been explored with a positive outcome which paves the
way for following research. As a result, a new PhD position focusing on further exploration

of the designed UV sensitive photodetector has been opened in our group.

Second, growth of 2D GaN at low temperatures has been studied. 2D GaN nanostruc-
tures were grown on two different Si substrates and analyzed by various techniques such as
XPS, TEM and Auger spectroscopy to provided qualitative study of their nature. The mech-
anisms of their growth was suggested based on the provided measurements and already
published literature. The results of this side project were published in Nanoscale Advances

[57] and presented as an oral talk at the International Vacuum Conference in Malmo in 2019.

Third, study of a 1D GaN nanowires growth kinetics has been performed. This project
consisted of fabrication of GaN nanowires on various sapphire substrates and following
measurement of their dimensions. Collected data were used for evaluation of a proposed
theoretical model of the horizontal GaN nanowires growth. This effort is a part of a long-
term cooperation between the group of Prof. Ernesto Joselevich in the Wiezmann Institute
of Science and Prof. Vladimir Dubrovskii from St. Petersborough University in Russia. The
results were published in Nanomaterials [58]. Provided data on GaN nanowires supported

the model and extend its applicability to a III-V group of semiconductors.
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Manis, J., Mach, J., Bartosik, M., Samotil, T., Horak, Michal, (V:alkovsk)'f, V., Nezval, D.,
Kachtik, L., Kone¢ny, M. and éikola, T. Low temperature 2D GaN growth on Si (111) 7x7
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