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Abstract

Hexagonal boron nitride (hBN) is a two-dimensional (2D) material that has
attracted considerable attention in recent years. As a layered material and a wide
bandgap semiconductor, hBN has been used in different applications, ranging from
deep UV emitters to gate dielectric in field effect devices based on 2D materials. In
another application, hBN has been used as a substrate for growing conventional I1I-V
semiconductors, via van der Waals epitaxy, for the development of flexible
optoelectronic devices. More recently, single photon emission (SPE) from defects in
hBN have generated new interests in this material for quantum computing related

applications.

Many of the applications, as described above, rely on facile exfoliation of
atomically thin layers of hBN from commercially available bulk crystals. The lateral
dimensions of these exfoliated flakes is typically restricted to only a few tens of pm or
less, which severely limits scale-up and large-area applications of hBN. Therefore, this
thesis explores wafer-scale growth of hBN, using metal organic vapour phase epitaxy
(MOVPE). As a deposition technique, MOVPE is a scalable process and offers
accurate control over a number of growth parameters, such as temperature, precursor
flow rate, deposition pressure, which can be individually varied to optimize the growth

conditions.

In this study, hBN was deposited as continuous thin films over commercially
available 2” sapphire substrates. Triethylboron (TEB) and ammonia were used as B
and N growth precursors, respectively. The thickness of the films was varied by
changing the growth time. Due to severe parasitic reactions between the precursors,
hBN growth rates were extremely low. To overcome this, a flow-modulation scheme
for precursor injection was adopted. A comprehensive characterization of the
deposited films was undertaken using different experimental techniques. hBN films
deposited on sapphire had a wrinkled surface morphology, which was studied using
atomic force microscopy. Nanometer-sized debris like particles were also found on the
surface of hBN films. Using transmission electron microscopy (TEM), these debris
was identified as randomly oriented 3D hBN particles, which are formed due to

parasitic gas-phase reactions between growth precursors. Cross-sectional TEM was
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used to evaluate the stacking of the induvial hBN crystal planes. The (0002) basal
planes of hBN were oriented parallel with respect to each other and also the c-plane of
the sapphire substrate. Interestingly, the hBN basal planes were observed to bend and
conform to the shape of wrinkles, whilst maintaining their layered atomic arrangement.
Raman spectroscopy provided a quick and nondestructive method for confirming hBN
deposition and also analyzing residual strain in the deposited films. MOVPE-hBN
films were found to be under compressive strain, indicated by a blue shift in its Exg
peak position, measured using Raman spectroscopy. The composition of hBN was
further evaluated using X-ray photoelectron spectroscopy, which revealed a strong

dependence of carbon incorporation on TEB flux and overall growth rate of the films.

The optical properties of MOVPE-hBN were studied using photo/cathodo-
luminescence spectroscopies and benchmarked against commercially available single
crystal hBN. Due to high carbon incorporation, no bandedge luminescence was
recorded from MOVPE-hBN. Instead, the emission spectra of MOVPE-hBN was
dominated by impurity related sub-bandgap UV luminescence between 300-350 nm,
and at visible wavelengths between 570-750 nm (rPL). A strong dependence of TEB
flux and carbon incorporation on the rPL intensity was also observed. Single photon
emission (SPE) from MOVPE-grown hBN films are reported for the first time. SPEs
were only observed in hBN grown with the lowest configurable TEB flux (i.e. 10
umol/min). These films have the lowest achievable carbon doping and negligible rPL.
Interestingly, the emission spectrum of a typical SPE closely matched the shape of
rPL. Although the exact nature of defect responsible for SPE in hBN is unknown,
results reported herein, point towards an underlying role of carbon in both cases.
Furthermore, many of the SPEs found in MOVPE-hBN were photo-stable, displayed
a characteristic phonon-side band and had a narrow spectral distribution of the
emission wavelength. Emitter lifetime was measured to be of the order of few
nanoseconds, which is consistent with recent reports on emitters found in

commercially available hBN samples.

hBN films grown on sapphire were transferred onto different substrates. It was
found that films thicker than 20 nm spontaneously self-delaminated in a water bath,
while for thinner films, a wet-chemical transfer process was specifically designed.
Using these methods, few-layer thick hBN films were also transferred onto substrates

containing silver and gold nanoparticles (NPs). Being atomically thin and flexible,




hBN was able to effectively wrap around Ag nanoparticles to form an impermeable
barrier, which was found to be effective in preventing oxidation of Ag NPs even at
elevated temperatures. Consequently, the plasmonic activity of the hBN covered Ag
NPs remained preserved and was demonstrated through surface enhanced Raman
spectroscopy. This study showcases the application of large-area hBN films for

protecting nanostructured metallic surfaces.

In a different application, wafer-scale hBN films on sapphire were used as
substrates for the growth of AIN, using MOVPE. Amongst IlI-nitrides, AIN is the
principal candidate for the development of solid-state deep-UV devices. In this thesis,
AIN was grown on hBN (and on sapphire for comparison) under different conditions
to study the effect of growth parameters on the surface morphology and crystallinity
of AIN films. A detailed structural and morphological analysis of AIN films has been
undertaken. Using a standard two-step process, involving a low-temperature
nucleation layer, AIN growth on hBN resulted in polycrystalline film with a rough
morphology. This could be attributed to random nucleation due to low mobility of Al
atoms on hBN. Hence a modified, multi-step high temperature growth process was
utilized for obtaining planar AIN films, with improved crystallinity. AIN films grown
on hBN were easily delaminated from the sapphire wafers and showed a relaxation in

compressive strain, which was studied using Raman spectroscopy.

Overall, this work provides valuable insights into wafer-scale growth of hBN
using MOVPE. The crystallinity, morphology and luminescent properties of MOVPE-
hBN films were studied in detail and found to be critically affected by the choice of
growth parameters. The study also showcases the versatility of large-area hBN films.
Different applications of the MOVPE-hBN films, ranging from passivation of Ag NPs,
to SPEs and van der Waals epitaxy of AIN films were demonstrated.
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Chapter 1. Introduction

1.1 Introduction

Over the years, the world has witnessed many technological revolutions which
have played an important role in shaping our lives. The discovery, invention and
application of new materials have always been at the heart of new technological
advancements. Every time a new material is discovered or becomes available, new
technologies can be developed that improve the quality of human life and through this,
drive societal changes. In fact, some of the archaeological time periods, spanning
hundred to thousands of years, such as the Stone Age (2.5 M - 3000 B.C.E.), Bronze
Age (3,000 to 1,200 B.C.E.) or Iron Age (~ 1,300 to 500 B.C.E) have indeed been
named after a material. This nomenclature underscores the importance of these
materials to new developments during the early days of human civilization. Initially,
technological and scientific advances, were limited by materials such as wood, stone,
soil, animal bones/skin, which were naturally available to humans. As civilizations
progressed, new materials were discovered and even created such as metallic alloys,
glass/quartz, ceramics, polymers etc. This story of materials, intertwined with human

progress has continued through the centuries, since the Neolithic time periods.

Starting in the middle of the 20® Century, the world has witnessed another
technological revolution, which has been unfolding over the last 70 years. It has been
brought about through the use of a very special class of materials called
semiconductors. The name ‘semiconductor’ is derived from and is indicative of the
electrical conductivity of these materials, which is in between that of a metal and an
insulator. However, it is the ability to modulate the electrical conductivity of these
materials, either through application of electric fields or by introduction of foreign
impurities as dopants, which proved to be of great technological importance. It enabled
new electronic functions, such as switching, amplification etc. and laid the foundations
of digital electronics. Hence, starting with the development of a simple diode, to (field-
effect) transistors, integrated circuits (ICs) and eventually digital electronic devices,
including computers, mobile phones etc., the technological developments (and the

resulting societal changes) have been rapid, disruptive and unprecedented. Silicon,




which is an elemental semiconductor, has been fundamental to all these developments
and today, is unquestionably the cornerstone of the multi-billion dollar semiconductor

industry [1].

In addition to silicon, another family of semiconductor materials have been
developed, which consist of two elements. These are binary-octet type compounds of
the form ANB3N (with 8 electrons in the outer most shell). Most prominent amongst
these are the I1I-V materials, such as GaAs, InP and GaN, which are composed of one
element from column III and another from column V of the periodic table. Similarly,
II-VI type compound semiconductor materials like ZnO, CdS and ZnSe and IV-IV

materials like SiC are also well-known.

Compound semiconductor materials have many unique attributes. For example,
most III-V materials have a direct bandgap, which makes these materials extremely
efficient at absorbing and emitting photons. Hence, they are widely used for
optoelectronic applications such as LEDs, laser diodes, photodetectors and
photovoltaics. It is therefore not surprising that today, solar cells and laser diodes, with
record efficiencies are made using I1I-V materials like InP and GaAs. Similarly, the
energy efficient white-light LEDs, used as downlights in households, offices, street
lighting and billboards, has indeed been made possible through the I1I-nitride material
system [2]. It is predicted that in U.S. alone, the total electricity consumption for
lighting (~ 18 % of total electricity consumed) can be reduced by a third, through large
scale adoption of energy efficient white-light LEDs [3]. This not only translates into
dollar savings of several billions annually but also helps to reduce the carbon emissions
associated with energy production. In addition to this, compound semiconductor
materials have high charge carrier mobility, are hard and robust materials which makes
them suitable for high electron mobility transistors and power electronic applications.

Overall these materials are of great technological and socio-economic importance.

1.2 Two-dimensional materials

The quest for new materials is forever ongoing. Silicon, which has been
remained the most favoured material for electronic applications over the last fifty years
is reaching its limitations, as predicted by Moore’s Law [4]. On the other hand, the

performance of III-Vs is still to reach its pinnacle, yet research into exploring new




materials for the next generation of electronic and optoelectronic devices is already
underway. These new devices are envisioned to not only be more energy efficient, with
superior performance than its predecessors, but also light weight and even stretchable
or flexible [5-7]. This paradigm shift in electronic devices from rigid to
flexible/conformal can be realized through the advent of a new class of materials,
known as 2D materials, which first came to attention with the discovery of graphene

in 2004 [8].

2D materials, also referred as layered materials are composed of single to
multiple layers of atoms, with lateral dimensions varying from a few microns to mm.
Atoms within the layer are covalently bonded, whilst individual, single-atom thick
layers are stacked on top of each other and held together by van der Waals forces. A

few examples of commonly used 2D materials are illustrated in Figure 1-1.

hBN MoS, Black phosphorous graphene
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Figure 1-1 (a-b) Crystal structure and band energy diagram of a few commonly known
2D materials, namely hBN, MoS2, WSe2 and graphene. (c¢) Energy spectrum of some
additional 2D materials [9, 10].

It is interesting to note that for a very long time, except for theoretical

predictions, the practical existence of 2D materials was questionable. It was suggested




that in such low dimensional crystals, thermal vibrations of atoms at room temperature
will cause atomic displacements, of the order of interatomic distances, which will
make the material highly unstable [11]. In fact, many 3D materials like steel, silicon
etc. indeed become unstable and disintegrate when thinned down to a few atomic
layers. Therefore, in order for these 2D materials to exist, the in-plane bonding
between atoms has to be strong enough to overcome fluctuations caused by atomic
vibrations. This is indeed the case and it should not be surprising that materials like

graphene and hBN are amongst the strongest known materials [12-14].

Within the last decade, starting with the discovery of graphene, the repertoire of
2D materials both in type and functionality has increased rapidly. Based on a recent
report, nearly 700 2D materials are expected to be stable, many of which are yet to be

synthesised [15]. Some of the commonly utilized 2D materials are listed in Table 1-1.

Table 1-1 A library of 2D materials [16]. Monolayers stable under ambient are shaded
in blue; those only stable in inert atmosphere are shaded in pink. Grey shading
indicates 3D compounds which have been successfully exfoliated to monolayers.
‘Others’ indicate newly found 2D materials of nitrides, carbides etc.

Graphene hBN :
family Graphene ‘white graphene’ BCN Fluorographene Graphene oxide
. . Metallic dichalcogenides:
2D Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
N MoS.. WS.. MoSe.. WS dichalcogenides:
chalcogenldes 03, WS,, Mose,, Wse, MoTe,, WTe,, :
ZrS,, ZrSe, and so on Layered semiconductors:
2 2 GaSe, GaTe, InSe, Bi,Se, and so on
Micas, Hydroxides:
BSCCO H1eI0) VO, Perovskite-type: Ni(OH),, Eu(OH), and so on
. LaNb,0;, (Ca,Sr),Nb,O,,,
el . Bi,Ti;O,,, Ca,Ta,TiO,, and so on
Layered TiO,, MnO,, V,0O,, oth
Cu oxides | TaO,, RuO, and so on ers

In addition to being physically strong, 2D materials have many unusual
properties. Owing to their unique layered crystal structure, charge carriers (i.e.
electrons and holes) and phonons are effectively confined within the individual layers,
resulting in exceptionally high charge carrier mobility [8, 17, 18] and very high
thermal conductivity [19]. Similarly, due to reduced dielectric screening, electron-hole
pair (excitons) interactions in 2D material are relatively strong (compared to
conventional 3D materials), giving rise to novel optical properties [20-22].

Furthermore, due to weak inter-layer forces, mono- to few-layers of 2D materials can




be readily exfoliated from bulk crystals using small mechanical forces and transferred
onto desired substrates, as illustrated in Figure 1-2 [23, 24]. Using this simple
approach, atomically thin layers of different 2D materials can also be stacked on top
of each other to form hetero-structure devices, as illustrated in Figure 1-3, such as
field-effect transistors, solar cells, LEDs and optical detectors, [8, 16, 25-29]. Hence,
based on their novel properties described above, the practical application of these
atomically thin 2D materials has been established and bench-marked against

conventional devices.

b

\ — Adhesive tape

Exfoliated flakes

Bulk crystal

SLG

20 um

Figure 1-2 (a) Schematic illustration of mechanical exfoliation of 2D material, (b) a
piece of tape with crystal of 2D material, (c-e) optical micrographs of mono to few
layers of graphene, MoS:2 and hBN exfoliated on a SiO2/Si substrate, respectively [30,
31].

In the absence of wafer-sized bulk 2D crystals, device fabrication relies on thin
layers of 2D materials obtained from micron-sized bulk crystals through mechanical
exfoliation, as described above. This approach provides quick, cheap and easy access
to high quality single crystal layers, which are proving to be valuable for performing
fundamental studies and proof-of-concept type applications. However, scale-up and
large area application of 2D materials is severely restricted. To overcome this
limitation, the epitaxial growth of 2D materials, on suitable substrates has gained
significant attention. The work presented in this thesis, falls within this realm and

explores wafer-scale growth of a 2D material — hexagonal boron nitride (hBN), using




metal organic vapour phase epitaxy (MOVPE). Within the family of 2D materials,

hBN occupies a unique position. Owing to its large bandgap and an atomically smooth

surface, free of dangling bonds, hBN has been accepted as a universal substrate and an

insulating gate dielectric for various devices based on 2D materials [17]. Due to its

high thermal and chemical stability, atomically thin layers of hBN have also been used

to protect other 2D materials and metallic surfaces against oxidation or hydroxylation

[32-35]. Furthermore, hBN has also attracted considerable attention as an optically

active material, with luminescence varying from deep UV to visible wavelengths,

including non-classical emission from defects [36-38]. For these reasons, wafer-scale

growth (and applications) of hBN is pursued in this study. A brief overview of the

thesis is given below.
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Figure 1-3 (a) a schematic illustration of a stack of 2D materials consisting of hBN,
graphene and MoS: that forms a quantum-well heterostructure device and (b) a false
coloured optical micrograph of the actual device shown in (a) [39].




1.3 Thesis Synopsis

Following this introduction, Chapter 2 provides an overview of boron nitride
compounds, its structure, properties, applications and synthesis of hBN using different
techniques. Chapter 3 provides the theoretical background behind the experimental

techniques used in this study, for the growth and characterization of hBN.

Wafer-scale growth of hBN on sapphire using MOVPE is systematically
investigated and key findings are presented in Chapter 4. hBN growth is compared
under different conditions. The study highlights many challenges which are unique to
hBN growth, such as severe parasitic reactions, high levels of impurity incorporation
and the requirement of high growth temperatures. In addition to this, MOVPE-grown
hBN were characterized using various techniques, such as atomic force microscopy
(AFM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy

(XPS), Raman and UV-vis absorbance spectroscopy, which are detailed in Chapter 4.

The luminescence properties of MOVPE-hBN, studied using Photo/Cathodo-
luminescence spectroscopy are presented in Chapter 5. The emission properties of
MOVPE-hBN films were benchmarked against commercially available single crystal
hBN. The influence of carbon, which is incorporated as an impurity (unintentionally),
on the luminescence properties of MOVPE-hBN was also investigated. Furthermore,
a number of single photon emitters (SPEs) were also found in selected MOVPE grown
hBN films. Key results obtained from characterization of SPEs in hBN using

photoluminescence spectroscopy have been included in Chapter 5.

In Chapter 6, the application of MOVPE-hBN films for surface enhanced Raman
spectroscopy (SERS) is presented. In this study, hBN films were used to protect silver
nanoparticles (NPs) from oxidation and preserve their plasmonic functionality, which
was demonstrated through SERS. Being atomically thin and flexible, hBN was able to
effectively wrap around Ag NPs to form an impermeable barrier that prevented oxygen

from attacking them, even when samples were heated in air at 400°C.

The growth of III-Vs on 2D materials like hBN has attracted attention in recent
years for the development of flexible optoelectronic devices. The unique crystal
structure of 2D materials, wherein, individual layers are held together by weak van der
Waals forces (as opposed to strong covalent bonds) form a shear plane. This offers a

convenient method to detach heterostructure devices from substrates post epitaxy. In




Chapter 7, epitaxial growth of AIN on hBN/sapphire substrates was investigated,

which could serve as templates for the development of flexible deep-UV

optoelectronic devices. AIN films grown on MOVPE-hBN could be successfully

detached from sapphire substrates due to hBN.

Finally, some conclusions and suggestions for future work are outlined in

Chapter 8.

The principal achievements of this research are:

1.

ii.

111.

1v.

Optimized MOVPE process for wafer-scale growth of hexagonal boron
nitride. The study has also highlighted several challenges associated with
the growth of hBN, including severe parasitic reactions between

precursors, resulting in extremely low growth rates.

Developed methods for the transfer of cm-sized hBN films from sapphire
to other substrates. The applicability of the transfer methods was further
demonstrated through the passivation of Ag nanoparticles for surface

enhanced Raman spectroscopy.

Single photon emissions from MOVPE-grown hBN are reported for the
first time. Carbon was identified as a major impurity, which is
incorporated in hBN through the use of TEB as boron precursor. The
effect of carbon on the luminescent properties of hBN, including SPE

have also been studied.

The thesis also explored the application of wafer-scale thin films of hBN
as templates for epitaxial growth of AIN. A multi-step MOVPE growth
process was optimised for depositing AIN films on hBN, which could
further aid in the development of flexible deep-UV optoelectronic

devices.




Chapter 2. Literature Review

2.1 Introduction

Boron nitride (BN) is not a new material. Its origin can indeed be traced back to
the mid-19™ century when it was first synthesized by W. H. Balmain by reacting boric
acid with potassium cyanide [40]. After almost a century since its first synthesis, BN
(powders) were synthesized in industrial quantities and since then, have been primarily
used as a lubricant and refractory material. Only recently, during the last decade, its
resurgence as a semiconductor material has catalyzed new interest in it. Atomically
thin layers of crystalline hexagonal boron nitride (hBN) can be obtained easily and
applied for various applications. Being a wide bandgap semiconductor, which is also
optically active and with exceptional thermal and chemical stability, in many aspects,
hBN is certainly more interesting than its more illustrious counterpart — graphene. This
chapter reviews existing literature and discusses some of the fundamental properties
of hBN. It is divided into three main sections: First, the crystal structure and properties
of hBN, some of which are unique owing to its two-dimensional structure, are
discussed. This is followed by a discussion of prominent applications of hBN and
lastly, we review different methods to synthesize hBN, ranging from solution-based
synthesis of single crystal hBN to large-area thin films grown using vapour deposition

methods.

2.2 Crystal structure and basic properties

Boron, carbon and nitrogen are neighbouring atoms in the periodic table.
Allotropes of carbon such as diamond (cubic form of carbon), graphite or graphene
(single atomic layer) are well known. Lonsdaleite, another rare and lesser known
allotrope, is made of carbon atoms arranged in wurtzite structure (known as ‘hexagonal
diamond’ and is harder than cubic diamond) [41-43]. Analogous to this, boron and
nitrogen together are able to structurally mimic the many different allotropes of
carbon. For example, cubic boron nitride — a material as hard as diamond, is used for
making machining tools. Wurtzite boron nitride, is a rare and metastable form of BN

[42, 44], however, it is the two dimensional (2D) hexagonal boron nitride (or hBN)
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Figure 2-1 Structural polymorphs of sp? hybridized carbon and boron nitride [45].

with a layered structure similar to graphene that is of interest in context of the present

study. Amorphous forms of carbon (e.g. coal) and BN are also known.

The crystal structure of hBN is similar to that of graphene, with a layered 2D
material, as shown in Figure 2-1. Each individual layer comprises of alternating sp’
hybridized boron and nitrogen atoms arranged in a hexagonal honeycomb-like lattice.
hBN’s crystal symmetry is commonly represented by space group P63/mmc, wherein
basal planes are aligned along the c-direction (perpendicular to basal planes) in such a
way so that B atoms are directly on top of the N atoms and vice versa, as shown in
Figure 2-2 [46]. Every atom forms three ¢ bonds with its neighboring atoms and has a
bond length of 1.44 A (compared to 1.42 A for C-C bond in graphene) [47-49].

Individual layers are held together by weak van der Waals forces and the distance
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between them is 3.34 A. In real hBN samples, space groups other than P63/mmc have
also been identified [49]. Furthermore, a partially and completely disordered phase of
hBN also exists. Turbostratic BN (t-BN), which is a partially disordered phase,
consists of randomly stacked (hexagonal, sp? bonded) basal planes, while amorphous
BN lacks any structural ordering at the atomic level [50]. Due to stacking disorder,
interlayer spacing in tBN is larger than hBN and this parameter is commonly used to
distinguish between the two phases, using XRD [51]. Lastly, in addition to the planar,
two-dimensional form of hBN, sp? hybridized BN can also exist in other forms such

as nanotubes and fullerenes, as shown in Figure 2-1.

(a) (b) [O(IHI
)& <

3.34A

Figure 2-2(a-c) Differently oriented hBN unit cells with space group P63/mmc.
Direction of [001] axis is indicated in each figure.

Owing to the structural similarity between graphite (or graphene for single layer)
and hBN (with small lattice mismatch of nearly 1.7% between the two), several
properties of hBN are comparable to that of graphite. The unique 2D structure and
associated variation in bond strength, i.e. strong in-plane bonds and weak out of plane
van der Waals bonds, gives rise to huge anisotropy in many material properties. For
instance, due to weak van der Waals bonding between atomic planes, it is possible to
isolate single to few layers of graphene with relative ease (using scotch tape). At the
same time, with strong in-plane covalent bonding between carbon atoms, graphene has
been proven to be the strongest known material, with a Young’s modulus of 1.0 GPa
and a breaking strength of 130 GPa [13, 52]. hBN is not far behind in this regard.
Single to few layers of hBN can be obtained using mechanical exfoliation and has a

Young’s modulus of 0.86 — 1.16 TPa, with a breaking strength of 70 GPa [14].
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Similarly, the in-plane (a-direction) coefficient of thermal expansion (CTE) for
hBN is negative at -2.9 x 10° K'!, while it is positive and ten times higher at 4.05 x
10° K'! along the out-of-plane or c-direction [46, 53, 54]. The same is true for
graphene [55-58]. In a recent study, the anisotropic nature of thermal conductivity (in-
plane - k and through-plane xz) in single crystal hBN was determined experimentally
and reported for the first time. In-plane thermal conductivity was measured to be 420
Wm™'K! and is ten times higher than through plane thermal conductivity value of 4.8
Wm'K! [59]. Furthermore, 1 for hBN is found to be layer dependent, with values
ranging from 750 to 290 Wm™'K™! [60, 61]

Despite these similarities, it is the difference in their electrical properties that
distinguishes the two materials and gives them their own unique identity. Graphene is
a zero-bandgap semiconductor (or semi-metal) with excellent in-plane electrical
conductivity [62-64]. In 2004, Geim and co-workers at the University of Manchester
(U.K.) isolated mono- to few-layer graphene (FLG) by mechanical exfoliation from
highly oriented pyrolytic graphite and transferred them on to oxide coated silicon
(Si02/S1) substrates. They demonstrated strong ambipolar field effect behavior in FLG
[8]. It was this study which brought graphene to the forefront of worldwide attention
and fueled an explosion of interest in this material'. On the other hand, hBN is an
insulator, with a band gap of ~ 6 eV [44, 49], which puts graphene and hBN at opposite
ends of electrical conductivity spectrum, one as a 2D conductor and the other as
insulator, respectively. To understand this, we once again refer to the crystal structure

of graphene and hBN.

As illustrated in Figure 2-3(a), in graphene, sp’ hybridized carbon atoms are
arranged in a honeycomb lattice. Each carbon atom with four valence electrons, forms
three 6 bonds with its neighboring carbon atoms, while the n-bonds are oriented out-
of-plane. Since all carbon atoms are identical, the c-bond is truly covalent (equal
sharing of electrons), while the m-bond electrons are delocalized (not adhere to any
single carbon atom) and free to move, providing graphene with extraordinary electrical

conduction (one free electron per carbon atom). However, in case of hBN, the electro-

! Andre Geim and Konstatin Novoselov were jointly awarded the 2010 Nobel Prize in Physics for
their research work "for groundbreaking experiments regarding the two-dimensional material
graphene"
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Figure 2-3 (a) Honeycomb lattice of graphene and delocalized electron cloud giving it
excellent electrical conduction properties, (b) partially ionic honeycomb lattice of hBN
which makes it an insulator, (c) graphitic carbon suspension appears black due to a
zero bandgap and (d) BN suspension appears white due to its large bandgap [65].

negativity difference between boron and nitrogen atoms imparts the covalent bonds
(between the B and N) with a slight ionic character. The ionic honeycomb lattice, with
partial charges on boron (8") and nitrogen (&), restricts free movement of the m-

electrons, which manifests itself into an electronic bandgap.

Application of hBN as a gate dielectric is discussed in section 2.3.2. The
apparent bandgap difference between the two materials is also responsible for their
different light absorption properties. Graphite, with a zero-bandgap appears black,
while hBN with a bandgap of 6 eV, is unable to absorb any visible radiation and
appears transparent or white (in case of powders). hBN is therefore often referred to a

‘white graphite’ (Figure 2-3(d)).

2.3 Applications

2.3.1 Lubricant and high temperature composites

Nano-crystalline, powder form of hBN are commercially available and can be

produced in industrial scale quantities [66, 67]. hBN powders have been used in a wide
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range of technological applications. van der Waals bonding between the layers results
in a slippery nature and both graphite and hBN (powder) have been used as solid and
wet lubricants [68, 69]. However hBN’s ability to withstand high temperatures and
oxidizing atmosphere makes it better suited for lubrication, especially in harsh
environments and outperforms graphite [70, 71]. These properties also make hBN a
valuable refractory material. Crucibles, rods, bars, sheets etc., made from hBN can
withstand temperatures up to 1600 °C (in inert atmosphere) [72-74]. Due to its
chemical inertness and colourless or white appearance, hBN powders are widely used
in the cosmetic industry and skin care products [75-77]. For many of these
applications, hBN powders maybe used as it is or as a component of resins,
suspensions etc. Amongst insulating materials, hBN has the highest thermal
conductivity and is often blended with polymers and elastomers to improve their
mechanical strength and thermal conductivity [78, 79]. Figure 2-4(a-c), shows
examples of commercially available hBN and products. SEM image of hBN particles
(from Graphene Supermarket) shown in Figure 2-4(d) reveals the shape and size of
individual crystallites, which appear to be flakes (1-5 atomic layer thick) with lateral

dimensions of few hundred nanometres.

(a)

(c)

Hex. Boron Nitride hBN 99%
& ',ommz.su-‘

Figure 2-4 (a) Photograph of commercially available BN powders, (b) crucibles, tubes
made from BN can withstand very high temperatures, (c) commercially available
suspension of BN powder and (d) SEM image of boron nitride nanosheets [76].
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2.3.2 Electronics

For over a decade, graphene has been heralded as a wondrous material.
Electronic properties of FLG were showcased by Geim and co-workers in 2004 and
room temperature charge carrier motilities of 10,000 — 15,000 cm*V-!s™! were reported
for FLG exfoliated on to SiO2/Si substrates® [8]. However these values were far below
the theoretically predicted value of 250,000 cm?V-!s?! [62, 64]. Reduced carrier
mobility observed in FLG was due to scattering of charge carriers by surface charge
states (e.g. dangling bonds present at surface of 3D materials), defects and impurities
present on the underlying SiO2 substrate. By removing the substrate, charge carrier
mobilities in suspended graphene were measured to be over 200, 000 cm*V-!s™! [18,

80, 81].

As a 2D material, the surface of hBN is also devoid of charge states and dangling
bonds, thus making insulating, single crystal hBN with large bandgap as an excellent
substrate for graphene based field effect devices. Hence for graphene layers exfoliated
on hBN, shown in Figure 2-5(a), charge carrier mobility ~ 100,000 cm*V-'s! could be
achieved [17]. Dielectric properties, chemical inertness and high thermal conductivity
of hBN has established it as a substrate and gate dielectric in electronic devices based

on 2D materials (Figure 2-5(b)) [16, 25, 82-86].

BT

//T1\

Figure 2-5 (a) Graphene layer exfoliated on hBN and (b) 2D device made from MoS2
with hBN underneath it as a substrate [87, 88].

In the absence of wafer-scale substrates, for such applications, hBN flakes are

typically obtained from bulk crystals utilizing techniques already developed for

2 For comparison, room temperature electron and hole mobility for silicon is nearly 1,400 and 450
cm?V-!s! respectively. Similarly, for gallium arsenide, a I1I-V compound semiconductor material,
popularly used for making HEMTs has an electron mobility of 8500 cm?V-!s™.
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graphene exfoliation. However, lateral dimensions of hBN (and graphene) flakes
obtained using such methods are typically restricted to tens of microns, which is a
limitation in the scaling-up of such devices. Hence, there is a great push towards
realizing large-area growth of high quality 2D materials utilizing CVD methods, which

will be discussed in the following sections.

2.3.3 Heteroepitaxy

hBN has been utilized as an effective release layer for conventional III-Nitride
LED heterostructures grown on sapphire substrates [89-92]. Rather than growing III-
Nitrides directly on sapphire substrate, a thin layer of hBN is sandwiched between the
two, as shown schematically in Figure 2-6(a). The unique 2D crystal structure of hBN,

Sapphire substrat
(a ) GaN (100 nm) Mechanical » app! I;e ::i strate

A
GaN (3,000 nm) TER

AlGaN (300 nm) h-BN AIGaN (300 nm)

h-BN (3 nm) —— GaN (3,000 nm)

Sapphire substrate GEN 100w
Adhesive sheet

Foreign substrate

Figure 2-6 (a) Schematic illustration of hBN as a sacrificial release layer for
mechanical exfoliation of a MQW LED device from the sapphire substrate, (b) cross-
section HR-TEM of hBN layer showing a thin hBN layer sandwiched between
sapphire and AIN and (c) a MQW LED detached from sapphire substrate and
laminated between polymer sheets to form a flexible device [89].

wherein individual layers, held together by weak van der Waals forces (as opposed to
strong covalent bonds) form a shear plane and facilitate detachment of LEDs structures
from substrates post epitaxy. Figure 2-6(b) show a cross-sectional TEM image of the
substrate-hBN-AIN interface. A 3 nm—thick layer of hBN can be clearly identified.
This furthermore opens up new avenues such as, forming electrical contacts without

any need for conventional etching and transferring devices grown on sapphire onto
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flexible substrates (Figure 2-6(c)) or even metal plates to improve heat dissipation [93-
99]. Thin hBN layers as intermediates may be used to facilitate epitaxial growth of
conventional III-Vs on cheaper silicon substrates [100, 101]. Furthermore, nitride
films grown on silicon substrates suffer from severe cracking due to thermal tensile
stress during cool down from growth temperatures. hBN buffer layers can be applied
to alleviate tensile stress due CTE mismatch between film and substrate and, overcome
film cracking. In Chapter 7, we report on the growth of high quality AIN layers on
hBN grown by MOVPE as templates for deep UV LEDs.

2.3.4 Surface passivation

The honeycomb lattice of graphene and hBN is impermeable to all atoms and
molecules, including hydrogen, under ambient conditions [102-105]. Carefully
perforated, atomically thin layers of these materials are being developed as membranes
for selective transport of molecules, which can be applied in gas purification,
desalination etc. [106-108]. However, unlike graphene, which oxidizes in air at
temperatures above 250°C, hBN is chemically inert and thermally stable at high
temperatures even in oxidative environments, which makes it a valuable material for
surface passivation. hBN coatings have been shown to protect metals (copper, steel,
nickel) not only against oxidation at high temperatures, but also against chemical
corrosion and biofouling [33, 34, 70, 71, 109-112]. In addition to passivating planar
thin metal surfaces, the flexibility of atomically thin films of hBN allows it to conform
to 3D features like metal nanoparticles etc., extending its utility to the field of
plasmonics [35, 113-116]. One such example is surface enhanced Raman spectroscopy
(SERS). In the present study, atomically thin layers of h BN grown using MOVPE were
utilized for protecting silver nanoparticles against oxidation and preserve its SERS

activity [117]. These results are detailed in Chapter 6.

2.3.5 Optical applications

hBN is an unusual member of the III-Nitride semiconductor family. Its 2D
structure sets it apart from other nitride materials namely AIN, GaN and InN, all of
which have a wurtzite crystal structure. More importantly, these materials have a direct

bandgap and have revolutionized the field of solid-state lighting, with the development
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of GaN based blue LEDs which facilitated energy efficient white light LED sources®.
In the past, experimental attempts to determine the band structure of hBN using
spectroscopic methods have yielded varying results, with bandgap values ranging
between 4 — 7 eV that has been attributed to differences in material purity [118-123].
Only in 2004, Watanabe et al. managed to synthesize high-purity hBN crystals and
observed strong emission and even lasing at room temperature at 215 nm, as shown in
Figure 2-7(a) [37]. This seminal report, suggested a direct bandgap nature and put
forward hBN as a new material suitable for developing deep UV devices [124, 125].
Contrary to this, first-principle calculations have always predicted hBN to have an

indirect bandgap [48, 49, 126-128]. Only recently, it has been experimentally
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Figure 2-7 (a) Room temperature CL spectrum of single crystal hBN reported in [37],
(b) PL spectra of single crystal hBN taken at 10 K [129], (c¢) schematic representation
of phonon assisted electronic transition from conduction to valence band as reported
in [130] and (d) a comparison of luminescence efficiency of hBN, ZnO and diamond
as reported in [131].

3 In 2014, three prominent Japanese scientists, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura
were jointly awarded Nobel Prize in Physics ‘for the invention of efficient blue light-emitting diodes
which has enabled bright and energy-saving white light sources."
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established that hBN has an indirect bandgap and the strong deep UV emission at 5.75
eV (or 215 nm) from hBN are indeed phonon (LO/TO) assisted transitions [132]. It is
thus a remarkable property and at the same time fascinating that while being indirect
bandgap material, hBN can give rise to strong NBE luminescence, which in some cases
is comparable or even stronger than that of direct bandgap materials [129-131, 133,
134]. The phonon assisted transitions from hBN are shown in Figure 2-7(b-c) along
with a comparison of luminescence efficiency (measured using cathodoluminescence)

between hBN, ZnO (direct bandgap) and diamond as shown in Figure 2-7(d).

In addition to this, sub-bandgap emission from isolated point defects in hBN,
shown in Figure 2-8, has been reported as single photon sources. This has generated
new interest in the use of hBN for quantum computing [36, 135-139]. Unlike other 2D
materials like transition metal dichalcogenides, which show quantum emission at
cryogenic temperatures [ 140-144], hBN single photon emitters have been shown to be
not only bright and stable at room temperatures, but can survive harsh environmental
conditions, which is extremely useful for practical applications [136, 145]. Single
photon emitters were also observed in hBN layers grown using MOVPE in this study

and are discussed along with other optical spectroscopic measurements in Chapter 5.
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Figure 2-8 Top-row (left to right): SEM image of BNNS, sub-bandgap PL spectra from
SPEs in BNNS hBN, anti-bunching curve to validate that the emission from emitter is
quantized [36]. Bottom-row (left to right): optical microscope image of a mechanically
exfoliated hBN flake from bulk crystal, PL spectra from an isolated defect in the hBN
flake and its corresponding anti-bunching measurement to prove it as SPE [138].
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2.4 Synthesis

Unlike graphite, which was first discovered off the coast of England in the 16™
century*, BN is not a naturally occurring substance but a synthetic compound. Over
the years, several methods have been reported for synthesizing BN. Large-scale
chemical synthesis of BN (powders) has been discussed briefly. However, for
semiconductor, optoelectronic and van der Waals epitaxial growth applications

described above, high purity and single crystal hBN is required.

Figure 2-9 summarizes three different types of BN which are commercially
available. These are: (1) BN nano-sheets (BNNS) available as a dry powder or a
suspension shown in Figure 2-9(a) (SEM image of BNNS is also shown in Figure
2-4(d)), (2) mm-sized single crystal hBN (Figure 2-9(b)) from which, single to few
layer hBN with lateral sizes of tens of microns can be mechanically exfoliated, as

shown in Figure 2-9(c) and (3) large-area hBN deposited as thin films (on copper foil

GRAPHENE J
SUPERMARKET ¥
CVD h-BN film on
copper foil: 2" x 1"

e ———

Figure 2-9 (a) Commercially available suspension of BNNS, (b) photograph of single
crystal bulk hBN synthesized using high temperature melt technique, (c) mechanically
exfoliated flakes of hBN and (d) commercially available CVD grown few-layer hBN
on copper foils.

# Cumbria in North England
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as shown in Figure 2-9(d)) using CVD methods. Each of the hBN type is individually
suited for different applications. In the following section we review the different
methods used for synthesizing single crystal BN, with emphasis on CVD and MOVPE
growth methods.

2.4.1 Bulk crystal growth from melt

In the semiconductor industry, the growth of large, single crystal wafers of
silicon and other compound semiconductors materials like GaAs, InP using the
Czochralski process is well known [146, 147]. In this method, the material of interest
is melted under a controlled atmosphere (in a non-reacting container) and a seed crystal
(of the same material) is immersed in the melt. The seed crystal is then slowly pulled
from the melt and during this step, by controlling the melt temperature, the molten
material is made to crystallize on the seed crystal to form a large single-crystal ingot
of the material. Wafers of desired size and shape can be diced from the ingot and

subsequently polished.

Due to extremely high melting temperature of boron nitride (> 2950 °C), the
crystal growth from a melt using the Czochralski process is challenging. Alternatively,
solvent growth techniques are employed for obtaining single crystal hBN. In this
method, commercially available hBN powders (used as source material) are dissolved
in a metal solvent (also known as flux) to form a saturated solution at high temperature
(1500 — 1750 °C) [37, 148]. By slowly cooling the saturated solution, hBN crystal can
be precipitated. The solidified flux/solvent is subsequently dissolved using suitable
chemicals to obtain hBN crystals. Using this method, high purity single crystal hBN
has been obtained, however the lateral size of the crystals is typically tens of um wide
(tens-hundred pm thick), as shown in Figure 2-9(c). A few different metal solvents,
such as Ba-BN, Mg-BN, Ni-Mo, Ni-Cr and Fe-Cr have been found suitable for
obtaining single crystal hBN using solvent growth technique [148-155]. Watanabe et
al., have discussed the attributes of metal flux/solvents desired for solvent based

process specifically in the context of hBN growth [156].

Bulk crystal growth studies reported so far have also played an important role in
highlighting the challenging nature of hBN synthesis in terms of material purity. As
mentioned above, strong UV emission and lasing at 215 nm was demonstrated from

bulk hBN crystals [37]. However, NBE luminescence is highly sensitive to impurity
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atoms, specifically carbon and oxygen, which are easily incorporated in hBN during
synthesis and give rise to sub-bandgap luminescence at 300-350 nm. Taniguchi et al.,
demonstrated that the level of impurity atoms in hBN has to be below 10'%/cm? (or
below 1 ppm, estimated using SIMS) to observe strong NBE [149]. Otherwise sub-

bandgap luminescence dominates over NBE, as shown in Figure 2-10 [149].
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Figure 2-10 (a) PL spectra from high purity bulk hBN crystals, (b) SIMS data of pure
hBN crystals showing oxygen and carbon impurity levels below 10'® atoms/cm?, (c)
PL spectra from an impure bulk hBN crystal and (d) corresponding SIMS data with
oxygen and carbon levels above 10'® and 10" atoms/cm?® respectively [149].

In a related study, Schue et al., compare the CL spectra collected from different
commercially available hBN samples (Figure 2-11), and show that NBE (and impurity
luminescence) can vary drastically from sample to sample, which can be attributed to
differences in material purity [157]. In spite of these challenges, single crystal hBN
obtained using the solvent growth techniques is the highest quality (and purity) hBN
available today. From these um to mm sized crystals, mono to few-layers of hBN are
mechanically exfoliated routinely, which are free of defects and grain boundaries,

atomically smooth and well-suited for many applications described above. However,
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Figure 2-11 CL spectra of different commercially available bulk hBN crystals [157].

the small lateral size of the bulk crystals (typically um to mm) limits large area
application and scalability. So far, scaling-up of solvent based methods to obtain
wafer-scale (few inches) single crystal hBN has not been demonstrated. Under these
circumstances, epitaxial growth methods such as CVD and MOVPE are being
explored for deposition of wafer-scale, thin films of hBN on a range of substrates,

which is also at heart of research study undertaken in this thesis.

2.4.2 Chemical vapour deposition

Since graphene’s debut as a semiconductor in 2004, CVD based growth
processes have been actively pursued for large-area preparation of mono- to few-layer
graphene for various applications [158-162]. In more recent years, CVD techniques
have been extended for the deposition of 2D materials in general [163-167]. Numerous
studies on CVD growth of hBN, over large areas, typically on transition and noble
metals such as Ni [168-171], Cu [172-174], Pt [175, 176], Pd [177, 178], Ag [179],
Au[180], Fe[181-183], Rh[184], Ru[175, 185], Rh [184] as substrates have also been
reported [186]. Of these, growth on Ni(111) and Cu(111) deserves a special mention,
as both are lattice matched to hBN and are relatively low-cost materials. In addition to
this, a wide range of different growth precursors have also been used. For ease of use,

single molecule precursors containing both B and N, such as ammonia borane (BNHe),
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borazine (B3HeN3) are preferred over combination of precursors such as diborane

(B2He) and ammonia (NH3).

CVD process typically involves substrates (commercially available thin metal
foils) which are heated to desired temperatures (900 — 1100 °C) in a tube furnace.
Vapours of the precursors are passed over heated substrates in a controlled atmosphere
for a desired amount of time, which results in hBN deposition. hBN growth proceeds
through an initial nucleation. The nuclei grow laterally and coalesce to form a smooth
continuous film. Kim et al. were the first ones to show formation of triangular shaped
hBN grains (on Cu) with N-terminated edges [173]. Grain coalescence often results in
the formation of grain boundaries and defects, which are detrimental for device
applications. Currently, a large body of work is dedicated towards reducing nucleation
density whilst increasing lateral growth of hBN grains [181, 187-189]. hBN films with
single crystal domains as large as few hundred of microns have been achieved [182,

189-191].

Furthermore, transition and noble metals, like Ni, Pd, etc. have high binding
energy (with hBN) and result in strong chemisorption of hBN [192]. Lattice matching
and high binding energy give rise to a catalytic effect, which plays a critical role in
deposition of high quality hBN at relatively low temperatures (compared to MOVPE,
discussed below). The catalytic activity of metal substrates limits hBN growth to a
monolayer and once the metal surface is covered with hBN, further growth is
terminated. hBN growth is thus self-limiting, especially under low pressure growth

condition [193-195].

While monolayer hBN is useful for some applications like growth template and
passivation membranes, it is not useful as a gate dielectric, since tunnelling currents
through it are high. Thus, growth of multi-layer hBN is being actively pursued which
is more suitable for device applications. By increasing process pressure, multi-layer
hBN on Cu and Ni can be deposited (atmospheric pressure CVD). However, overall
quality of the layers is relatively poor [194]. Furthermore, while Ni and Cu foils
predominantly result in the deposition of monolayer hBN, Kim et al., have
demonstrated the use of Fe foils for depositing multi-layer hBN films [183]. This
transition from self-limiting growth to deposition of thick hBN layers is attributed to
a higher solubility of B and N in Fe. Similarly, Uchida et al. have used Ni-Fe alloys to
further improve the crystallinity of hBN films grown on pure Fe foils [196].
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Overall, CVD deposition of hBN is a catalytic, thermal growth process. It has
emerged as a promising and leading process for the deposition of large area, high
quality mono- to few-layer hBN films. Whilst, catalytic activity from the metal
substrates can facilitate lowering of the deposition temperatures, hBN films grown on
metal substrates cannot be applied usefully and need to be transferred to dielectric
substrates. Chemical and other transfer processes invariably induce defects and
contaminants. Direct growth of hBN on insulating substrates such as sapphire is

desirable and is explored in the following section.

2.4.3 Metal organic vapor phase epitaxy

MOVPE is a matured technology and the preferred process for wafer-scale
epitaxial growth of compound semiconductor materials like GaAs, InP and their
alloys, which are used in the fabrication of LEDs, laser diodes, photodetectors etc. The
deposition is generally carried out on lattice matched bulk substrates. However, in the
absence of bulk substrates for certain materials like GaN, other substrates such as
silicon, silicon carbide and sapphire have been used [197-199]. The research work
presented in this thesis investigates the deposition of hBN thin films using MOVPE on
sapphire substrates. A general discussion on epitaxial growth process and its
fundamentals is presented in Chapter 3, followed by a detailed experimental
investigation on hBN growth in Chapter 4. Since hBN is a relatively new
semiconductor material with many interesting properties and applications, over the last
few years, there has been a growing interest to understand its deposition using
MOVPE. Due to the unavailability of bulk substrates, hBN growth is largely
undertaken on lattice mismatched substrates like sapphire and in some instances on
silicon carbide and silicon [200-204]. Sapphire is used more commonly due to its low

cost and ability to withstand high growth temperatures.

For hBN growth, the metal-organic (MO) boron precursor of choice is
triethylboron (TEB, (C:Hs)3B) which is pyrophoric material and requires safe
handling. More importantly, TEB is a carbon rich precursor, which leads to
unintentional carbon incorporation in the hBN film during growth and will be
discussed in later chapters. It is worthwhile to mention that although trimethylboron
(TMB, (CH3)3B), another MO, has lower amount of carbon per boron atom, it is highly
volatile compound (due to its high vapour pressure), and not readily available as a

boron precursor. Boron trichloride (BCl3), another potential boron precursor, is not
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favoured for use in MOVPE reactors due to its highly toxic chlorine-based chemistry,
which can etch several reactor components. Due to these constraints, only a very few
and limited number of reports are available in literature on the use of TMB and BCl3
as boron precursor for hBN growth [205]. Similarly, ammonia is the favoured nitrogen
precursor, as it has a high degree of thermal dissociation at growth temperatures

compared to N2. Hydrogen is commonly used as a carrier gas.

One of the first studies on hBN growth (on sapphire, using TEB and ammonia)
was reported by Nakamura, wherein growth temperature was varied from 900 - 1200
°C. Here, a change in its c-lattice parameter (measured using XRD) with growth
temperature was observed [206]. By extrapolating the experimental data, a process
temperature as high as 1500 °C was predicted for hBN growth on sapphire. Such a
high growth temperature cannot be achieved in many commercially available MOVPE
systems and remains one of the major challenges for obtaining high quality hBN to
date. The majority of studies reported on hBN growth are at lower temperatures [200,
207-209]. Based on the appearance of the hBN deposited under different TEB and NH3
flow rates, Nakamura’s study also alluded to the requirement of high V/III ratio for
hBN growth. In 2006, Kobayashi et al. reported on the deposition of hBN on silicon
carbide [210]. Their study highlighted another important critical issue, which is the
strong parasitic reaction between TEB and NH3, resulting in very low hBN growth
rates [200, 201]. To overcome parasitic reactions between precursors, the authors
adopted flow modulation epitaxy (FME), wherein, the precursors are introduced in the
reactor as short alternating pulses as opposed to introducing them simultaneously.
Historically, FME has been utilized for the growth of conventional III-V materials
(GaAs, GaN, AIN etc.) using MOVPE [211-215]. FME is particularly effective in the
epitaxial growth of compounds, wherein adatom mobility is low (e.g. aluminium) and
either due to reactor’s limitation or thermal stability of III-V compound, growth
temperatures cannot be increased. By pulsing the flow of growth precursors, adatoms
with low surface mobility get additional time to migrate and get incorporated at the
correct lattice sites. This helps in reducing dislocations and improves the crystallinity
of the deposited material. This technique is also known as migration enhanced
MOVPE (ME-MOVPE) [216-218]. For hBN growth, FME proved to be effective in
reducing parasitic reactions and has been widely adopted for hBN growth using

MOVPE since then [208, 219].
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In 2011, Dahal et al. reported epitaxial growth of hBN on sapphire using a two-
step method, which involves a thin, low-temperature (LT) nucleation layer deposited
at 800 °C and a thicker layer (using FME) at 1350 °C [200]. Using this method, a 1 um
thick hBN layer was grown on sapphire. Characteristics of the LT-hBN layer and its
utility have not been reported. More importantly, they also demonstrated p-type doping
of hBN using Mg as dopant and measured its electrical properties using Hall effect
[200]. Based on their study, the acceptor activation energy (Ea) for p-hBN was
measured to be 31 meV [200]. This is of significance, because within the III-Nitride
family, with an increase in bandgap energy, the acceptor activation energy increases
from 170 meV for GaN to 500 meV for AIN. Due to high acceptor activation energy,
p-AIN layers have very low hole concentration and are insulating, which is a major
bottleneck for developing deep UV LEDs with high external quantum efficiency [199,
220]. However, hBN, with a bandgap as large as AIN, has the lowest measured Ea
within the III-Nitride family and therefore, p-hBN layers with high hole concentration
can be considered a viable replacement for p-AIN for device applications. In another
related study, Majety et al. grew p-hBN on top of n-AlGaN layer and demonstrated

diode like behaviour of the p-n junction formed between the two [221].

While several studies in the past have shown that higher temperatures are
generally preferred for hBN growth [206, 222, 223], hBN growth at lower
temperatures have also been explored. Paduano et al. and Snure et al. studied growth
of hBN at lower temperatures between 1000 — 1100 °C under continuous flow
conditions and report that hBN deposition on sapphire can be self-limiting [224]. In
their study, thickness of hBN layer (estimated using Raman spectroscopy and x-ray
reflectometry) deposited at relatively lower temperature and high V/III ratio remains
unchanged at 3-5 layers with an increase in growth time from 5 — 60 mins. However,
growth at low V/III ratios (< 900, by increasing TEB flux) results in the deposition of
amorphous BN (aBN), which is not self-limiting. In a similar study, Kim et al. used
FME for hBN growth at low temperatures [225]. Although it is not known whether
hBN growth was self-limiting under these circumstances, overall growth rates were
very low. Such studies suggest that hBN nucleation takes place readily on the sapphire
substrate, but once the sapphire surface is covered with few layers of hBN, nucleation

and further growth, now on a 2D material, devoid of dangling bonds, is restricted.
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To overcome the regime of self-limiting growth, growth temperature can be
increased (to 1300 °C) which provides extra thermal energy to help overcome energy
barrier and facilitate nucleation and further growth [208, 209]. Even at such
temperatures, hBN growth rate (controlled by TEB flux), has to be restricted to few
tens of nm/hour. High growth rates often result in the deposition of disordered BN

(tBN or aBN).

There are limited number of reports on hBN growth at temperatures in excess of
1300-1350 °C, as such high temperatures cannot be achieved in commercially
available MOVPE reactors and require customized modifications. For example, most
MOVPE reactors are equipped with a graphite susceptor with a SiC protective coating,
which can be etched at high temperatures in hydrogen-rich environments, typical of
hBN growth conditions. Chubarov et al. and Rice et al. have used specialized tantalum
carbide coated graphite susceptor to grow hBN at 1500 °C [222, 223, 226]. A more
serious concern arises due to the thermal stability of the sapphire substrate, which is
known to get etched under hydrogen environments at high temperatures [227].
Degradation of the substrate surface, can results in a rough surface morphology and

delamination of hBN layers, which may not be suitable for practical applications.

2.5 Summary

Based on the review of various studies on hBN growth using MOVPE reported
over the last few years, challenges associated with hBN growth can be summarized as

follows:

1. It appears that the boron adatom mobility on substrate surface is low which
severely effects the crystallinity of grown hBN films. Low adatom mobility also
results in the deposition of tBN or even aBN, especially when the overall growth
rate is high, as adatoms do not get sufficient time to get incorporated at correct
lattice site. To overcome this, the adatom mobility and quality of hBN films can
be improved either by increasing growth temperature or decreasing the overall

growth rate by controlling the TEB flux [208].
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Parasitic reactions between TEB and NH3 are severe resulting in very low growth
rates. FME is an attractive approach towards reducing parasitic reactions and

overcoming low adatom mobility.

Impurity incorporation in hBN can significantly quench NBE. Using carbon-rich,
metal organic sources such as TEB indeed makes it more difficult to reduce
unintentional carbon incorporation in hBN films. This is discussed in more detail

in Chapter 4.
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Chapter 3. Experimental Methods

3.1 Introduction

This chapter describes the operation and principles of key experimental
techniques used in the growth and characterization hBN and AIN layers reported in
this thesis. hBN and AIN layers were grown using MOVPE on sapphire and hBN-
sapphire templates, respectively. A wide range of characterization techniques were
employed to investigate different aspects of the grown material, such as surface
morphology, crystallinity, elemental and material composition etc., to develop a

holistic view of the quality of hBN and AIN layers.

This chapter is arranged as follows: first, the fundamental principles of MOVPE
are presented. This is followed by a description and discussion of characterisation
techniques, which are diffraction (XRD), atomic force microscopy (AFM), Raman
spectroscopy, UV-visible absorption spectroscopy, X-ray photoelectron spectroscopy
(XPS), photoluminescence (PL) spectroscopy, scanning electron microscopy (SEM)

and transmission electron microscopy (TEM), used in this study.

32 CVD and MOVPE

CVD is a well-established technique employed for depositing thin films of
different materials on to a desired substrate. This is achieved primarily through
chemical reaction between precursor molecules in the vapour phase (containing atoms
which constitute the material being deposited) over a heated substrate, to deposit the
material layer by layer, atom by atom. CVD is used for depositing a wide variety of
materials ranging from metals, polymers, amorphous oxides and even single crystal

films of semiconductor materials.

Over the years, many variants of CVD have been developed as specialized
techniques for depositing a particular sub-class of materials. MOVPE is one such
variant of CVD, which utilizes metal organics (e.g. trimethylgallium or TMGa,
trimethylaluminium or TMALI, triethylboron or TEB,) and hydrides (e.g. arsine,

phosphine, ammonia) as precursors for depositing single crystal films (often of

30



compound semiconductor materials like gallium arsenide, indium phosphide, gallium
nitride etc.) over a substrate that is also crystalline. The term ‘epitaxy’ refers to a
specific case of thin film deposition, where the growing crystalline film has a well-
defined crystallographic relationship with the underlying substrate. Detailed
discussion on various aspects of the MOVPE growth process can be found in [228].
Today, MOVPE stands as a matured technology and has become a major production
process used in the manufacture of commercial electronic (e.g. high-electron mobility
transistors — HEMTs, field effect transistors — FETs) and photonic devices (e.g. light
emitting diodes, laser diodes, photodetectors and solar cells etc.). Figure 3-1(a-b)
shows a picture of AIXTRON’s 3x2 CCS type MOVPE system at ANU which was

utilized for undertaking this research.

Figure 3-1 (a) AIXTRON 3x2” CCS-type MOVPE reactor at ANU, (b) reactor
chamber inside the glove box and (c) close coupled showerhead (CCS) © AIXTRON.

MOVPE is a complex process involving a series of vapour-phase and surface
reactions along with many different physio-chemical processes, which are illustrated

in Figure 3-2 and briefly described as follows:
1. Transport of the reagents in to the reactor by means of a carrier gas.

2. Diffusion of the molecules towards the substrate.
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3. Adsorption on the substrate surface.

4. Pyrolysis of precursors and migration of the atoms to lattice sites on the growing
film.

5. Desorption of species (by-products chemical reaction and precursor pyrolysis).
6. Diffusion of gaseous by-products.

7. Exhaust of by-products out of the reactor.

1. Carriergas _ 7. Exhaust —>

precursors
v 1

2. Diffusion 6. Diffusion
v T

3. Adsorption 5. Desorption
4. Surface diffus' —T

Heated substrates

Figure 3-2 Schematic illustration of the physio/chemical processes during CVD/
MOVPE processes.

The process is carried out inside a specially designed reaction chamber, also
known as the ‘reactor’. Metal-organic (MO) precursors are either in liquid or solid
form, however since most of them are pyrophoric, they are stored in special (steel)
containers known as ‘bubblers’. A carrier gas (hydrogen or nitrogen) is bubbled
through the ‘bubbler’ and MO vapours are delivered to the reactor through an elaborate
gas delivery system. Hydride precursors such as ammonia are already in gas phase and
are delivered as such. The purity of all precursors and carrier gas used in the process
is extremely high (> 99.99995%), which is essential for minimizing impurities
incorporated in the growing film. It is well known that impurity atoms can severely

hamper the performance of electronic and photonic devices [229]. In addition to this,
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parasitic reactions between MO and hydride precursors can be severe. Therefore, to

minimize it, the two are delivered separately and not mixed until inside the reactor.

Modern-day MOVPE reactors are equipped with ‘closed couple showerhead’
(CCS) type system to facilitate uniform delivery of precursors over the substrates. A
photograph of vertical flow CCS is shown in Figure 3-1(c). The substrates are placed
onto a graphite susceptor (often coated with silicon carbide) and heated to a desired
temperature using either inductive heating or resistive heating. Substrate temperature,
also known as growth temperature (7¢) is an important process parameter, which
provides the much needed thermal energy to overcome the activation energy (E.) of
any chemical reaction and thus, needs to be carefully optimized. The two major
considerations when selecting growth temperature are: (1) 7¢ should be high enough
to ensure high degree of precursor pyrolysis to generate reaction species and adatoms,
which form the growing film and, (2) 7¢ should be low enough to prevent
decomposition of growing film and desorption of atoms from the solid surface. Hence,
the growth rate of the film is a function of 7¢ and can be summarised into three
regimes, as shown in Figure 3-3. At low temperatures, growth rate is determined by
the kinetics of the chemical reactions. In this regime, due to low thermal energy,
pyrolysis of the precursors is incomplete and growth rate tends to increase with
temperature. In the second regime, 7¢ is high enough to dissociate precursors and
growth rate is independent of temperature but limited by the mass flow rate of the

precursors. Furthermore, by providing extra thermal energy (or increasing 7 further),
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Figure 3-3 Graph showing dependence of growth rate on temperature.
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surface mobility of adatoms can be enhanced. This allows them to migrate to its correct
epitaxial location, which overall may help in improving the crystallinity of the film.
Finally, in the third regime, which is thermodynamically limited, high temperatures
lead to decomposition of the growing film through desorption of atoms from the
growing surface of the film and essentially manifests as a growth rate, which decreases
with increasing temperature. Other process parameters such as, reactor pressure,
carrier gas flow rates etc. may also affect the properties of the film. During the MOVPE
process, the effluents and reaction by products are constantly pumped out of the

reactor.

In this thesis, hBN and AIN layers were deposited on single crystal sapphire
substrates using an AIXTRON CCS-type MOVPE reactor. The reactor is equipped
with Laytec’s EpiTT module for real-time in-situ measurement of surface temperature
during the growth process, as illustrated in Figure 3-4. The EpiTT module also

provides a measure of film thickness based on interferometry using a 405 nm laser

Irc1cclcd

Yoo layer
‘ (refractive index n)

substrate

Fig. 1: Schematic drawing

of EpiCurve®Triple TTona
30x2" CCS reactor

Figure 3-4 (a) Schematic illustration of Laytec’s EpiTT module, (b) schematic
illustration of wafers on the susceptor (as viewed from top). The dotted redline is
representative of the arc traced by the EpiTT’s laser spot where temperature and
reflectance measurements are made in situ during growth and (c¢) schematic illustration
showing incident and reflected beams for measuring films thickness via interferometry
technique.

beam. Interference between reflected laser beam from the surface of growing film and
film-substrate interface results in modulation of the light intensity, which is measured
by a detector. The period of intensity oscillation provides a measure of film thickness

as per equation 3.1
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one complete oscillation = % (3.1)

where, A is the wavelength of laser (405 nm) and 7 is the refractive index of the films

(@n).

3.3 X-Ray Diffraction

In the field of material science, knowledge of atomic arrangement within a solid
is critical for understanding many of the material properties (e.g. thermal and electrical
conductivity, optical transparency, magnetism etc.) and the associated anisotropy
(directional dependence of material properties along different lattice directions). XRD
is one of the primary methods used for finding out how atoms are arranged in a solid
material and determining its crystal structure [230, 231]. It is based on the principle
that X-ray wavelengths are of the same scale as the spacing between atoms (~ 1 A)
and hence, atoms within a solid can scatter X-rays. Periodic arrangement of atoms
within a crystal thus give rise to constructive interference of scattered X-rays (coherent
scattering), resulting in a diffraction pattern, which was first demonstrated in 1912 by

Max von Laue (Nobel Prize 1914).

(a) (b)

Incident Scattered
X-rays X-rays

il 2 :
epi ayer[ P dsind

sapphire substrate

Figure 3-5 (a) Schematic illustration of Bragg’s law and (b) photograph of the
PANalytical high resolution X-ray diffractometer. Labels (1), (2) and (3) represent the
three essential components of the instrument namely, X-ray source, goniometer and
detector, respectively.

An X-ray diffraction pattern thus serves as a fingerprint for a given crystalline

solid material. The condition of coherent scattering can be simplified and expressed
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mathematically using equation 3.2, known as Bragg’s Law, which is also illustrated in

Figure 3-5(a),
nil = Zdhkl sin @ (32)

where, n is the order of diffraction (usually n = 1), A is X-ray wavelength, dnx is the
spacing between crystal planes with Miller indices /4, k and /, and @is the angle the X-

ray beam makes with the crystal planes and is half the X-ray scattering angle 26.

For epitaxially grown thin films using MOVPE, XRD serves as a non-contact,
non-destructive technique for analysing material composition, phase information,
strain state and defect density of the epilayers. A detailed discussion on this technique
can be found in [232]. Figure 3-5(b), shows an image of the PANalytical MRD high-
resolution X-ray diffractometer used in the present study to analyse the hBN and AIN
films. The image also highlights three main components of the instrument namely: (1)
a copper (Cu) based X-ray source, which is filtered using a monochromator for only
Cu Kai wavelength; (2) a high precision goniometer that holds the sample and has six
axes of motion (o, y, ¢, X, y and z) and (3) detector for measuring scattered X-rays.
Two scan types, namely ®—260 scan and w—scan, were employed for analysing the

crystalline properties of the hBN and AIN epilayers.

3.4 Atomic force microscopy

Atomic force microscopy is a valuable tool for studying the surface topography
of thin films with nm resolution. It also provides a quantitative measure of a range of
parameters such as surface roughness, surface potentials etc. A typical AFM apparatus
consists of an extremely sharp probe mounted on a cantilever beam which is scanned
over a sample mounted on a piezoelectric stage. The tip can be in full contact or held
at a proximity to the scanned surface, which are known as contact and non-contact
mode of measurements, respectively. A combination of the two can also be employed,
which is known a tapping mode AFM. As the tip scans over the sample (in a rastering
fashion), any deflection in its motion due to superficial features (up/down or sideways)
is measured by a laser beam reflected off the tip, which is measured by a photodetector,

as shown schematically in Figure 3-6, reproduced from [233]. In this way, deflection
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in the AFM cantilever is recorded and subsequently used for generating a surface

topography map of the sample.

The surface topography of sapphire, hBN and AIN films were studied routinely
using tapping mode AFM (MultiMode 8 AFM, Bruker). Surface roughness values
were obtained using Nanocope Analysis software. Thickness of hBN films were also

measured using AFM, as detailed in Chapter 4.

Feedback Loop
Output Signal
Adjusts Z Position

Protein molecules in
liquid before and after
force pulling with AFM.

Figure 3-6 Schematic illustration of the measurement principle of AFM. Reproduced
from [233]. © Bruker

3.5 Raman Spectroscopy

Raman spectroscopy is a well-established analytical technique, widely applied
in the fields of chemistry, biology, material science and more. It is a non-contact and
non-destructive technique based on measuring inelastically scattered photons from a
material. The shift in the frequency of incidents photons due to atomic and molecular
vibrations serves as a fingerprint for identifying different materials, thus making it a

valuable diagnostic technique.
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Figure 3-7, schematically illustrates the inelastic scattering process. Photons,
typically from a laser source in the UV-visible-near infrared spectrum are incident on
a sample. Most of the light is scattered as is, without loss of energy, which is known
as Rayleigh scattering. However, some photons undergo inelastic scattering upon
interacting with the sample and lose energy, which is equal to vibrational energy of
the molecules within the material. In crystalline materials, vibrational energy is

quantized and represented by phonons. The energy lost during inelastic scattering is

s
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Figure 3-7 Schematic illustration of the principle of Raman scattering [234].

equal to phonon energy and causes a shift in the frequency of the incoming photons,
which is measured by a spectrometer. Raman shifts are typically measured in terms of

wavenumbers, as described by equation 3.3,
Aw = (Z -2 (3.3)

where, 4w (cm™) is the change in wavenumber, A, and 4 (nm) are wavelengths of the

incident and inelastically scattered photon, respectively.

In the present study, Raman spectra of hBN films were measured using a
Horiba’s Jobin Yvon spectrometer. A 532 nm laser was used as the excitation source,
while scattered photons were measured using a liquid nitrogen cooled CCD. Raman
spectroscopy provided a fast and easy method for confirming the deposition of hBN
films on the sapphire substrates. Raman peaks were also fitted with Lorentzian
functions for determining spectral parameter (such as position and FWHM) which can
provide information on the crystalline quality and residual strain in the films.

Generally, compressive and tensile stress result in blue and red shift of the Raman
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peak, respectively, while residual strain in the film can be computed using

Gruenissen’s parameter for the material [235-237].

3.6 Ultraviolet-visible (UV-Vis) absorption spectroscopy

UV-Vis absorption spectroscopy measurements were performed to estimate the
bandgap energy of the hBN layers. For semiconductors, the band gap energy (Eg) is
related to the spectral dependence of absorption coefficient o (Unit: m!) using the

Tauc’s relation [238, 239], given as:
ahv = (hv — E))™ (3.4)

where, 4 is Planck’s constant and v is frequency of light, while m is 0.5 for direct
bandgap materials (or direct transitions). With the help of Tauc’s plot of (ahv)? vs hv,
E¢ can be estimated by extrapolating the linear part of the curve and determining its
intersection with the abscissa. For this, o needs to be measured experimentally, which
is done by collecting the optical transmission spectra for the sample. Equations 3.5 and

3.6 provide the necessary relation between the two quantities as,

¢ =-"0 (3.5)

and

I(A
T(A) = % (3.6)

where, [/ is the film thickness, Io(4) and I(A) are the intensities of incident and

transmitted light, respectively.

In this study, transmission spectra of the hBN samples were collected using a
commercial UV-Vis spectrometer (Cary 5000 UV-Vis, Agilent), from which
absorbance was measured using equations 3.5 and 3.6. The system utilizes a
combination of two light sources (Deuterium UV lamp and mercury lamp), covering
a spectral range from 170 to 3300 nm. The spectrometer is equipped with a silicon
detector to measure the transmitted light. A bare sapphire wafer was used as a blank

for subtracting any absorption by the substrate itself.
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3.7 X-ray photoelectron spectroscopy

XPS is a surface sensitive characterization technique primarily used to
quantitatively determine the elemental composition and the nature of chemical
bonding between atoms in a given material. The working principle of the technique is
based on Einstein’s photoelectric effect. The sample under investigation is illuminated
by high-energy monochromatic X-ray photons (Al Ky @ 1486.68 eV) under vacuum
conditions, which excites the inner shell electrons of the atoms and ejects them from
the surface. By measuring the kinetic energy (Ex) of the ejected electrons and obtaining
the work function of the instrument (®), the binding energy of the electron (£5, which
is characteristic of the different atoms and its environment) can be computed using

equation 3.7,

where, 4 is Planck’s constant and v is frequency of incident X-ray photon and AE is
the chemical shift in binding energy due to bonding with other elements.
Experimentally, a spectrum of ejected photoelectron energy is obtained, with intensity
peaks at specific energy values. By comparing these values with established databases,
the elemental composition and nature of chemical bonding within the material can be

obtained.

In the present study, hBN films were deposited using TEB as the growth
precursor, which is most likely the source of carbon atoms that get incorporated in the
growing film. XPS was therefore utilized to determine the nature and extent of carbon
impurities present in the hBN films. XPS measurements presented in Chapter 4 were
performed using ESCALAB250Xi (Thermo Scientific U.K.) at the Surface Analysis
Laboratory, University of New South Wales, Australia.

3.8 Photoluminescence spectroscopy

Steady state PL spectroscopy is the study of light emitted from a sample
(luminescence), due to an external stimuli (incident light), as a function of wavelength
[240, 241]. It is a non-contact, non-destructive, fast and convenient technique
commonly employed in the characterization of semiconductor materials. In direct

bandgap semiconductors (e.g. GaAg, GaN, InP etc.), a photon is emitted upon
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electron-hole pair recombination (described below), which is known as radiative
recombination, a property that is central to the operation of LEDs and laser diodes. In
indirect semiconductors, radiative recombination is only possible via phonon-assisted
transition (for momentum conservation), which is a less probable process and typically
results in little to no light emission. PL spectroscopy is thus used to estimate
semiconductor bandgaps, study impurities and optically active defects in

semiconductors.

Figure 3-8(a) shows a typical PL setup. It consists of three essential components,
which are (1) excitation source (typically a laser) along with mirror and lenses to focus
light on to the sample, (2) a sample stage (with X-Y-Z motion control) with cryostat
(optional) for low temperature measurements and (3) a spectrometer coupled to a
photodetector (such as a charged couple device — CCD or a photomultiplier tube —
PMT) for measuring the intensity of emitted light as a function of wavelength. A
microscope may also be used for focusing the laser on to the sample (especially in case

of sample with micron sized features).
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Figure 3-8 (a) Schematic illustration of a PL setup and (b) different carrier
recombination processes which take place in a semiconductor. (1) — (4) are radiative
recombination processes, while (5) and (6) are nonradiative recombination processes.

Photons, typically from a laser source, with energy greater than the bandgap of
semiconductor are illuminated on the sample, which excites electrons from valence to

conduction band. As a result, a non-equilibrium concentration of charge carriers
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(electrons in conduction band and holes in valence band) is created within the volume
of illumination. The photo-excited carriers (electron-hole pairs) diffuse through the
material and recombine through a number of different radiative and non-radiative
recombination processes, to return the excited carriers to their ground state, as
illustrated in Figure 3-8(b). These could be: - (1) band-to-band or direct recombination,
(2) exciton recombination, (3) donor-to-band recombination, (4) Acceptor-to-band
recombination, (5) Auger recombination and (6) recombination via deep levels.
Detailed discussion on these can be found in [241, 242]. Luminescence from the
sample (due to radiative recombination) is collected and directed into a spectrometer

and measured by the detector.

In the present study, sub-bandgap luminescence from MOVPE grown hBN was
measured using a custom built PL spectrometer (similar to that shown in Figure
3-8(a)). The hBN samples were excited either with 266 nm Q-switched Nd:YAG
pulsed laser (Ultra 100, Quantel) or 532 nm CW laser, while the emission was
measured using a spectrometer (SP-2750, Princeton Instruments) coupled with a

photomultiplier tube (PMT, R10699) (Hamamatsu, Japan).

3.9 Scanning electron microscopy and cathodoluminescence

SEM is a powerful technique for visualizing submicron features, which are
otherwise invisible or unresolvable in optical microscopes [243]. In SEM, a beam of
electrons (instead of visible light) is directed on to a sample to generate a highly
magnified image. The resolution of a benchtop light microscope is typically of the
order of 200 nm, which is determined by the wavelength of light. However, in an SEM,
the de Broglie wavelength of electrons is sub-nanometer, because of which, a
resolution of 10 nm (and magnification up to 300, 000 times) can be easily achieved.
In addition to this, electron-matter interactions in an SEM generate many other
electromagnetic radiations, which are useful for material characterization, as described

below.

An SEM typically consists of three components namely: (1) an electron gun to
generate a beam of electrons, (2) a set of electromagnetic lenses to shape the electron
beam and (3) a sample chamber at the base, kept under vacuum by a pump. The

electron beam is raster-scanned on the sample, which interacts with the sample to
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generate a number of signals, as summarised schematically in Figure 3-9(b). Of these,
secondary electrons and backscattered electrons are commonly used for imaging.
Secondary electrons (SE) are generated as a result of inelastic collision between
incoming electrons and outer shell electrons of the atoms comprising the sample,
resulting in expulsion of the latter from their atomic orbitals. SE typically have low
energy (< 50 eV) and are mostly reabsorbed within the sample. Only those SE that are

close to surface are able to escape and contribute to imaging. More importantly, SE
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Figure 3-9 (a) Schematic illustration of an SEM and (b) different types of signals
generated in the SEM due to interaction of electron beam with the sample.

signal intensity is dependent on surface topography, i.e. edges and ridges emit more
SE than a flat surface and appear brighter. Hence, SE provides great details about

sample’s topography and are extremely useful for imaging.

During inelastic collisions, if the vacancy due to the creation of a secondary
electron, as described above, is filled by an electron through transition from a higher
level orbital (within the atom), an X-ray photon characteristic of transition energy is
produced. These X-ray emissions are unique for different elements and thus can be
used for determining the elemental composition of the material. This technique is also

known as energy dispersive X-ray spectroscopy (EDS).

In case of semiconductors, the incident electron beam also generates electron-
hole pairs, which is similar to e-h pair generation using a laser light in PL spectroscopy.
The light emitted due to radiative recombination is analysed using a spectrometer
coupled to the SEM. This technique is known as Cathodoluminescence (CL) [244]. In

CL, energy of the incident electrons is typically of the order of few keV and is much
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higher than the photon energy of commercially available visible and UV lasers used
in PL spectroscopy. This makes CL, a very useful technique, especially for studying
luminescence from large bandgap semiconductors like hBN or AIN. In addition to this,
CL can be combined with nanometer resolution of an SEM that can facilitate
luminescence measurements selectively from micron to submicron feature such as
nanowires, quantum dot structure etc. Overall, SEM and CL has proven to be a very

powerful technique in the field of material science.

3.10 Transmission electron microscopy

TEM is a technique which can achieve atomic resolution and is widely used for
analysing crystallinity and microstructure of materials. In TEM, electron energy is of
the order of 100 to 1000 keV (higher than that used in SEM), with de Broglie
wavelength in the range of a few picometer. Samples analysed in TEM have to be very
thin (typically < 100 nm) for them to allow the electron beam to transmit through it.
Thus, in some ways TEM is analogous to optical microscopy performed in

transmission mode when an optically transparent sample is used.

High resolution TEM of the hBN films was carried out at the Centre for
Advanced Microscopy, ANU. A JEOL 2100F instrument operated at 200 keV was
used for imaging. Electron transparent lamellae were prepared using focused ion beam
milling (using FEI’s Helios 600 NanoLab) for cross-sectional TEM. For plan-view
TEM, hBN films were transferred on to copper TEM grids using water-assisted

delamination.

44



Chapter 4. MOVPE growth and
characterization of hBN

4.1 Introduction

With any new material, a large part of the initial research is dedicated towards
its synthesis or growth. Such studies are aimed at investigating the influence of various
process parameters on material quality and at the same time, optimize, streamline and
even scale-up deposition techniques to reliably obtain the material for various
applications. Since hBN is a relatively new semiconductor material, different
techniques for the growth and synthesis of single crystal hBN are being examined,
some of which have been reviewed in Chapter 2. Wafer-scale deposition methods are
of particular interest, as large-area hBN is needed for scale-up of various intended
applications. Therefore, a comprehensive study of MOVPE growth of hBN on
sapphire wafers has been an important objective and milestone of the research
presented in this thesis. In this chapter, results from experimental study on the MOVPE
growth of hBN on sapphire substrates is presented.

4.2 MOVPE process overview

A general description of the MOVPE growth process has been presented in
Chapter 3 and is illustrated schematically in Figure 4-1(a). hBN layers were deposited
on commercially available 2” sapphire wafers (300 um thick) with (0001) orientation
and a +0.2° offcut towards m-plane (Cryscore). Films were deposited using a closed
couple showerhead type MOVPE reactor from AIXTRON. The reactor is equipped
with an interferometer and pyrometer (EpiTT, Laytec) for in-situ monitoring of film
thickness and surface temperature during growth. The interferometer signal also
provides an estimate of the surface roughness of the growing film. Sapphire substrates
are placed on the SiC coated graphite susceptor and heated under hydrogen flow and
reduced pressure. Prior to hBN deposition, substrates are pre-treated by annealing in
hydrogen, followed by ammonia for nitridation [245-247]. hBN growth is initiated by

introducing TEB and ammonia into the reactor through the dual plenum showerhead
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Figure 4-1 (a) Schematic illustration of the MOVPE process and (b) an example of
temperature profile during different growth steps in a typical process cycle.

to minimize pre-mixing and cross-reactions between the two. Figure 4-1(b) shows
the temperature profile during various steps involved in a typical growth cycle and

are described as follows:

1. Substrates were heated to pre-growth annealing temperature of 1150 °C under a
hydrogen flow, which is the preferred carrier gas during hBN growth. H> helps in
removing ethyl groups from TEB and thus minimizes carbon incorporation as an

impurity in the hBN film.

2. At 1150 °C, sapphire wafers were annealed in hydrogen for 20 minutes. During
annealing the reactor pressure was 200 mbar and the total hydrogen flow was set
to 10 SLM. Thermal annealing removed polishing marks from sapphire, resulting
in a very smooth surface. Figure 4-2(b) shows the surface topography of an
annealed sapphire substrate. Atomic terraces, present due to offcut are clearly

visible. Such a surface is ideal for hBN deposition.
3. Next, the temperature was decreased to 1050 °C.

4. At this stage, ammonia was introduced in the reactor for nitridation. This results
in the formation of thin (~ 1 nm) AIN layer on sapphire [245]. Although nitridation
is not essential for hBN deposition, some studies have suggested that it can be
beneficial [226, 248, 249]. During hBN growth, very high V/III ratios are typically
used. Under such circumstances, random, unintentional nitridation of the substrate
is unavoidable, which may lead to a rough surface morphology. Hence, controlled
nitridation is performed, which is better suited for hBN deposition. During this

step, the ammonia flow was set to 2 SLM, while maintaining the total gas flow at
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10 SLM. The total nitridation time was 5 minutes.

After nitridation, the ammonia flow was stopped and the sample was heated to
hBN growth temperature under a hydrogen flow. The maximum growth
temperature achievable in the MOVPE reactor is 1330 °C, which was used for the
majority of hBN depositions undertaken during the course of this research work.
During temperature ramp-up, the reactor pressure was further reduced to between
85-100 mbar. By reducing process pressure, the residence time of precursors
within the growth chamber decreases, which helps in minimizing parasitic
reactions. Total carrier gas flow was also increased to 18 SLM (unless stated
otherwise) to reduce debris accumulation on growing surface and is discussed

later.

Once the growth temperature is reached, TEB and ammonia are introduced in the
reactor without any further delay. Precursors were either introduced
simultaneously into the reactor for continuous flow growth (CFG) or as short
alternating pulses, as in flow modulation epitaxy (FME). At growth temperatures,
TEB undergoes pyrolysis at the substrate surface to form BH3 by removal of the
ethyl groups. NH3 and BH3 further decompose and react to form hBN film on the
substrate. Ammonia decomposition also provides hydrogen radicals, which along
with the Hz carrier gas, remove the carbon species from the reactor. Growth time

was varied to study change in film thickness with time.

Finally, to stop growth, precursor flow is terminated, and samples are cooled down

to ambient under hydrogen flow.

Overall, MOVPE is a complex process which requires precise control over

various steps such as samples heating, actuation of MFCs, pressure control etc. A

process recipe is prepared using a graphic user interface supplied with the instrument.

The entire growth process and various steps of process recipe are executed in a

sequential fashion by an automated control system. The hBN growth study involved

optimization of multitude of growth parameters, which are listed in Table 4-1. In the

following sections, key experimental findings from a comprehensive hBN growth and

characterization study are presented. The influence of various growth parameters is
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studied systematically and different characterization techniques are employed to

develop a holistic view of the challenges associated with hBN growth.

Table 4-1 A list of MOVPE process parameters which are optimized for hBN growth.

Growth parameter Range Impact on hBN growth

Provides thermal energy for precursor
1  Temperature <1350 °C dissociation; adatom mobility and crystallinity of
the hBN films.

Low pressure reduces gas phase parasitic

2 Pressure 50-200 mbar .
reactions between precursor molecules.

Source of Boron atoms; shows a direct control
3 TEB Flux 10-100 pmol/min  over hBN growth rate and carbon incorporation
in hBN film.

Source of Nitrogen atoms; does not influence
hBN growth rate; provides hydrogen radicals for
carbon removal; required for nitridation of
sapphire.

4  NH, Flux 100 — 5000 sccm

. Provides hydrogen radicals for removal of
Carrier gas (H -
S gas () 2-205LM carbon based impurities from the hBN film.
TEB flux duration has a similar effect as TEB
6  Pulse Duration (TEB) 1-5s flux. Longer pulse duration increases hBN
growth rates.

7  Pulse Duration (NH3) 1-5s Changes the net ammonia flux and V/III ratio.

4.3 Continuous flow growth

Even though the severity of parasitic reaction between TEB and ammonia is
well-known and emphasized in previous sections, CFG has been utilized in the past
for depositing hBN over different substrates. For example, Li et al. used CFG for the
deposition of high quality hBN layers on sapphire using a CCS type MOVPE reactor.
hBN layers with thickness up to 60 nm were deposited at a growth rate of 15 nm/hr
[209]. In a different study, Chubarov et al. reported that crystallinity of hBN deposited
using CFG at temperatures lower than 1500 °C is poor and is mostly turbostratic [222,
250]. Some studies have indicated that hBN growth on sapphire can also be self-
limiting, especially with a large V/III ratio. However, hBN deposition temperatures

used in those studies were relatively low [207, 224]. Hence, the varying nature of
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results reported so far provided a strong reason to investigate hBN growth under CFG

mode.

hBN growth was performed using the process outlined in steps 1-7 described in
Section 4.2. After a few trial runs, TEB and NH3 flow rates were selected as 60
pmol/min and 67 mmol/min (V/III ~ 1100), respectively. Substrate temperature (at the
surface) was set to 1330 °C and total gas flow rate was kept at 18 SLM. Growth time
was varied from 5 minutes to 1, 4 and 8 hours to observe changes in film thickness and
surface morphology with time. Post growth, samples were analyzed using a

combination of characterization techniques such as Raman spectroscopy, AFM and

TEM.

Figure 4-2(a) shows the Raman spectra of the four samples, collected using a
532 nm laser (laser power incident on sample was 3 mW/cm?). The peak at 1370 cm™!
corresponds to the Ezg vibrational mode of sp? bonded boron nitride, thus confirming
hBN deposition [251-254]. Raman spectrum of a blank sapphire substrate is also

included for reference and the peak from substrate is observed at 750 cm™ [255]. As
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Figure 4-2 (a) Raman spectra of CFG hBN for different time periods. Spectrum of
blank sapphire is also included for reference, (b) surface topography (measured using
AFM) of sapphire after hydrogen annealing and (c-f) surface topography of hBN films
deposited under continuous flow conditions. Wrinkles in hBN films are indicated with
white arrows in (d) and (e), while debris due to parasitic reactions are indicated by
white circles in (e) and (f).
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the deposition time increased from 5 minutes to 8 hours, the E2g band intensity from
hBN also increases, which indicates deposition of thicker films. Hence, we can
conclude that the hBN growth is not self-limiting. Furthermore, compared to
experimentally measured Ezg values for bulk hBN (~1366 cm™!), the Raman peaks for
MOVPE-grown hBN layers have shifted to higher frequencies. In general, tensile and
compressive strain in the material cause red and blue shifts in Raman peak,
respectively. The magnitude of shift in phonon frequency can be calculated using the
Gruneisen parameters for the material [235, 256]. This suggests that MOVPE grown

hBN is under compressive stress, which is consistent with previous studies [ 174, 209].

The surface morphology of the hBN films was studied using AFM, which is
shown in Figure 4-2 (c-f). Growth times are as indicated on the figures. Prior to hBN
growth, an atomically smooth sapphire surface (with atomic terraces) is obtained after
hydrogen annealing, as shown in Figure 4-2 (b). This surface is optimum for epitaxial
growth. After a growth period of 5 minutes, the surface still looks pristine and only a
very small increase in the Ezg band intensity can be observed in its Raman spectrum.
It is possible that after such a short growth duration, hBN only partially covers sapphire
surface and does not exist as a continuous film. This is consistent with the lack of a
wrinkles (indicated by white arrows), which are observed in AFM scans for thicker
films deposited for 1, 4 and 8 hours. The surface roughness of hBN films also increases
with deposition time, estimated as Rq (root mean square roughness). Apparently, due
to very high surface roughness, wrinkles are not visible in Figure 4-2 (f), where the
hBN layer is deposited for 8 hours. The wrinkled surface morphology can be attributed
to compressive stress in the hBN films and is discussed in more details later. More
importantly, the transition from a smooth to wrinkled morphology is indicative of a
continuous film and increase in film thickness and is consistent with the increase in

E2¢ peak intensities shown in Figure 4-2(a).

Using cross-sectional TEM, the film thicknesses for 1 and 4 hour growths were
measured to be 1-1.5 nm (3-5 layers) and 5 nm (+0.5 nm), respectively, as shown in
Figure 4-3(a-b). The thickness of the hBN film grown for 8 hours was measured using
AFM and found to be13.5 nm (£0.5 nm), as shown in Figure 4.3(c-d). Based on these
measurements, hBN growth rate was estimated to be nearly 1-1.5 nm/hour. This is
extremely low compared to growth rate of wurtzite IlI-nitride materials that are

typically three orders of magnitude higher. Figure 4-2(e) and 4-2(f) also highlight
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Figure 4-3 (a) Cross-sectional TEM of CFG hBN grown for 1 and 4 hours respectively,
(c) AFM of CFG hBN grown for 8 hours and (d) AFM line scan showing height profile
of line AA’ in (c). Note that the spikes marked with ‘*’ (d) are debris which are
deposited on the film during growth.

particle like features encircled in white, which are referred to as debris. These debris
are suspected to form as a result of gas phase reactions between precursors and
accumulate on the surface of the growing hBN film with time, resulting in rough
surface morphology. Using plan-view TEM analysis, detailed in section 4.9, these

debris (on similar hBN films) were identified as randomly oriented hBN particles.

Cross-sectional TEM of hBN grown for 4 hours using continuous flow
conditions, with layer thickness of ~ 5 nm is shown in Figure 4-4 (a). For lamella
preparation using FIB, the sapphire wafer flat (oriented along the (11-20), also known
as the a-plane) was utilized for alignment and the lamella was prepared parallel to
wafer flat. Consequently, during TEM imaging, the zone axis of sapphire was pre-
determined to be [-2110]. Individual hBN layers, oriented parallel to the basal plane
of the sapphire substrate can be clearly identified. Fast Fourier transform (FFT) of
selected areas (red boxes) for sapphire and hBN were obtained using
DigitalMicrograph software and are presented in Figure 4-4 (b) and 4-4(c)
respectively. The diffraction spots have been indexed. Based on the available FFT

patterns, the zone axis of hBN is identified as [1-100], which is parallel to zone axis

51



sapphire hBN

(0004)

s

(0112)

+Q o~
Fig \ (0006)
(0114) (0002)

(0330) (1120)
Z.A.= [2110] Z.A.= [1100]

Figure 4-4 (a) High magnification cross-sectional TEM of 5 nm hBN grown under
continuous flow conditions for 4 hours, (b-c) FFT of sapphire and hBN indicated by
the red boxes in (a) respectively.

the [-2110] of sapphire. Thus the epitaxial relation between hBN and sapphire is
[0001]hBN]J|[0001]sapphire and [1-100]hBN]||[-2110]sapphire. Therefore, the hBN
lattice has a 30° in plane rotation with respect to sapphire, which is consistent with
previous reports [219, 257, 258]. This preferred orientation reduces lattice mismatch
between hBN and sapphire and is consistent with that observed in case of other III-

nitrides, e.g. GaN and AIN grown on sapphire.

Under CFG, changing TEB and ammonia (and thus V/III ratio) flux invariably
yielded similar results. For example, by decreasing TEB flux (increasing V/III ratio),
hBN growth rate dropped significantly and resulted in nearly no growth, whilst
increasing TEB flux (lowering V/III ratio) led to deposition of hBN films with a very
rough morphology, similar to that seen in Figure 4-2 (f). These observations and results

are consistent with the issue of gas phase reactions between precursors.

Overall, this experimental study provides a valuable insight into the nature of
hBN growth using CFG conditions. In addition to the issue of low growth rates, other
aspects of hBN growth using CFG have also been presented. For instance, the changes
in hBN’s surface morphology with growth time was studied using AFM. The structural
characteristics of debris was obtained using plan-view TEM and is discussed in the
following sections. It is reasonable to believe that a large amount of debris on the
surface of hBN layers (during growth) can obstruct the formation of a continuous hBN

film over a large area and the rough surface limits further application of such films.
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44 Flow Modulation Epitaxy

To overcome the issue of slow growth rates and rough surface profiles of hBN
films obtained under CFG conditions, flow modulation (FM) scheme for precursors
was investigated next. Under FM scheme, the precursors (TEB and ammonia) were
introduced into the reactor as short alternating pulses. At no instance in time, were
both precursors introduced into the chamber simultaneously. Each loop consisted of a
short 1 second pulse of TEB, after which the TEB flow is terminated and followed by
a 3 second pulse of ammonia (without any delay), as illustrated in Figure 4-5(a). The

number of loops was changed to get hBN films of desired thickness.

FM scheme proved to be effective and suitable for depositing better quality hBN
films, described as follows. Figure 4-5(b) shows a photograph of a whole 2” sapphire
wafer with a 20 nm-thick hBN layer deposited using FM scheme for 8 hours (or 7200
loops). For convenience, this hBN is also referred to as ‘FM-hBN’. A TEB flux of 10

(b)

LAY
L0

0 Time

Figure 4-5 (a) Precursor flow sequence used in the flow modulation scheme. TEB and
ammonia flow rates were 10 sccm and 1500 sccm respectively, (b) optical micrograph
of a whole 2” sapphire substrate with a 20 nm FM-hBN, (c) surface topography of 20
nm-thick hBN films deposited using FM scheme for 8 hours. A few wrinkles in the
hBN film have been marked by white arrows and (d) cross sectional HR-TEM of hBN
deposited on sapphire (Al203) substrate. Sample for HR-TEM was grown separately.
The dotted arrow in white indicates the direction of the c-axis in the wrinkled part of
the hBN layer.
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pumol/min was used during growth, which is a sixth of the TEB flux used for CFG. The
ammonia and carrier gas flow rates were kept at 67 umol/min (V/III ~ 6600) and 18
SLM, respectively, which are same as used in CFG. The surface topography of the
FM- hBN film, measured using AFM is shown in Figure 4-5(c). In contrast to hBN
grown under continuous flow conditions (Figure 4-2(f)), the surface of FM-hBN film
is devoid of debris. hBN growth rate also doubled, in spite of using a lower TEB flux.
Both of these attributes, a debris-free surface and higher growth rates are attributed to

reduced gas phase reactions.

The hBN film also exhibits a wrinkled morphology that is characteristic of 2D
material growth. Similar wrinkles have also been reported in case of CVD growth of
other 2D materials including hBN on metallic and dielectric substrates [161, 173, 259-
262]. Wrinkles in the hBN most likely form during sample cooling (from 1330 °C to
room temperature). Due to a mismatch in the thermal expansion coefficient between
the sapphire substrate and hBN (anav = -2.9 x 10 K [53] and ciapphire = 7% 100 K
[supplier data sheet]), the film experiences a compressive stress during cool down.
During this time, a lack of covalent bonding between the film and substrate results in
local delamination and wrinkling of the hBN films. Furthermore, in spite of
eliminating debris, the surface roughness (Rq) of FM-hBN film is still large, compared
to the specular I1I-nitride films deposited using MOVPE. Though this large roughness
is predominantly due to formation of wrinkles, roughness of the underlying sapphire
substrate can also contribute to Rq, as detailed further in section 4.8. Figure 4-5(d),
shows a high resolution cross-sectional TEM image of a wrinkle in the hBN film,
grown using FME?®. It can be seen that the orientation of the individual hBN basal
planes is maintained throughout the wrinkle and remains parallel with respect to each
other. A void can also be seen between the film and the substrate (below the apex of
the wrinkle), which confirms localized delamination of hBN, in the wrinkled region of
the film. Furthermore, a thin layer (~ 1 nm) of aluminium nitride can be seen
sandwiched between the hBN layer and sapphire substrate, due to nitridation of the

sapphire substrate [246, 247], performed prior to hBN growth.

3 Cross-sectional TEM lamella were prepared by focused ion beam (FIB) milling using FEI’s Helios
600 NanoLab. Samples for TEM were grown separately after optimizing the growth conditions. It was
found that capping hBN layers with AIN (grown in situ) helped to protect the hBN layers from FIB
damage and overall sample preparation.
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The Raman spectrum of FM-hBN is shown in Figure 4-6(a). The experimentally
measured Raman peak is fitted to Lorentz functions and FWHM was estimated to be
25 cm! for FM-hBN films (and 29.6 cm™ for hBN grown under continuous flow for 8
hours), which is comparable to CVD and MBE grown hBN films [172, 201, 207, 209,
223, 258, 263]. However, these values are considerably higher compared to single
crystal hBN, which has a much smaller FWHM, typically in the range of 7-9 cm™. The
relatively large FWHM values for MOVPE grown hBN may be attributed to small
grain size and relatively poorer crystal quality [157]. Additionally, compressive strain
in the film can also contribute to an increase in FWHM. Although wrinkles formed in
the hBN films can release some of the compressive stress, complete stress relaxation
(due to wrinkling) in the continuous hBN film over the entire 2” wafer cannot be
expected. Mohiuddin et al. have reported a similar phenomenon in graphene, where

externally applied tensile strain on single layer graphene caused broadening of the G
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Figure 4-6 (a) Raman spectrum of FM-hBN on sapphire. The inset shows experimental
data fitted to a Lorentz function for estimating peak characteristics, (b) UV-Vis
absorbance spectra for 20 nm-thick FM-hBN. The inset shows the Tauc’s plot for
estimating optical bandgap (OBG) and (c-d) XP spectra showing various elements
identified along with high-resolution spectra pertaining to boron and nitrogen 1s
photoelectrons, respectively.
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band (due to E2¢ phonon mode at 1590 cm™) which, eventually split in to two peaks
[235]. Similar phenomena has been observed in other 2D materials, including hBN

[256, 264].

The optical band-gap for the FM-hBN film was estimated with the help of UV-
Vis absorption spectroscopy as shown in Figure 4-6(b). The inset shows the Tauc’s
plot from where a band gap value of 5.88 eV was estimated from the extrapolation of
the linear regime of the curve. The estimated band gap of the FM- hBN film is smaller
than the band gap of bulk hBN (6 eV). Recently, bulk hBN has been shown to have an
indirect bandgap, with phonon assisted emissions reported at 5.86 and 5.75 eV and
exciton binding energy of 130 meV [265]. Therefore, bandgap value obtained for FM-
hBN is most likely due to exciton transitions within the film. XPS analysis of FM-hBN
was carried out to determine the elemental composition and nature of chemical
bonding in the grown film. A survey spectrum was first obtained, with different peaks
indexed, as shown in Figure 4-6(c). High resolution XPS scans show symmetric peaks
of the B 1s and N 1s photoelectrons at 190.59 and 398.2 eV respectively, as shown in
Figure 4-6(d). These two peaks correspond to sp? hybridized B and N atoms. After
adjusting for the sensitivity factors (obtained by using a commercially available bulk

hBN crystal as reference), the B/N ratio was determined to be 1.025.

Figure 4-7 shows a plan view TEM image of FM-hBN (transferred on to a Cu
TEM grid) along with its SADP pattern. hBN films appears to be nanocrystalline with

o

Figure 4-7 (a) High magnification, plan view TEM of FM-hBN. White arrows are
pointing to grain boundaries, (b) SADP pattern of hBN layer, showing six diffused
spots marked (i)-(vi), representative of hexagonal symmetry of the hBN lattice.
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grain size of the order of only a few tens of nanometers. The six bright diffraction spots
marked in Figure 4-7(b) correspond to (1100) planes and represent the six-fold
hexagonal symmetry of the BN lattice. The diffractions spots have an arc shape, which
is due to in-plane rotation of hBN grains with respect to underlying layers and alludes

to a partially turbostratic nature of the hBN films.

Furthermore, it is to be noted that the random in-plane orientation of hBN nano-
crystallites presented above is not consistent with the well-defined epitaxial relation
between hBN and sapphire lattices, as presented previously in Figure 4-4. Based on
the results obtained in the present thesis and similar studies reported so far, it appears
that the extent of in-plane disordering (or rotation) of lattice planes may be dependent
on the thickness of the hBN film. As the thickness of hBN increases, the in-plane
misalignment of hBN nano-crystallites also increases. For thinner hBN films, due to
stronger interfacial forces present at hBN-sapphire interface (because of dangling
bonds present on the surface of sapphire), the first few atomic layers of hBN may have
a well-defined lattice relation with the underlying substrate. However, as the thickness
of hBN film increases, the epitaxial orientation of the new hBN grains being added on
top of existing hBN layers, is now influenced by weaker van der Waals forces. This
may result in an increased degree of misalignment. The cross-sectional TEM and
diffraction pattern analysis presented in relation to Figure 4-4, pertain to a thinner hBN
film (thickness ~ 5 nm). On the other hand, the in-plane TEM images shown in Figure
4-7, where randomly oriented hBN grains have been observed, correspond to a much
thicker hBN film (20 nm). Plan-view TEM images of thinner hBN films could not be
obtained, due to challenges in sample preparation. Further investigation will be
undertaken in the future to fully understand the relation between hBN thickness and

in-plane rotation of lattice planes.

4.5 Effect of TEB flux

The effect of TEB flux on hBN growth rate and film quality were studied. Using
the FM scheme depicted in Figure 4-5(a), four hBN films were grown on sapphire,
with TEB flux of 10, 20, 30 and 60 pmol/min. The ammonia and carrier gas flow rates
were kept constant at 45 mmol/min and 12 SLLM respectively. This corresponds to a

variation in V/III ratio from 735 (for TEB = 60 umol/min) to 4400 (for TEB = 10
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pmol/min). Note that a slightly smaller carrier gas flow rates have been used here. This

increased the growth rate of hBN and thus reduced the overall deposition time.

AFM scans shown in Figure 4-8(a-c) for the 3 hBN films highlight a wrinkled
surface topography, which is consistent with hBN growth. A few debris, encircled in
white in Figure 4-8(a-c), are also seen on the hBN. It is important to note that through
FME, parasitic reactions between precursors is minimized, but not eliminated
completely. Hence, a few debris were still deposited on the surface of hBN films
shown in Figure 4-8(a-c). However, compared to hBN deposited using CFG, their
overall density is much less. Debris density could be reduced even further by using
higher flow rate of the carrier gas (Hz2), which was effective in flushing out debris from
the reactor during hBN growth. Reasons for using a smaller carrier gas flow rates have
been described above. Detailed structural characterization of the debris using electron
microscopy is presented in Section 4.8. In a recent study, Yang et al. have observed
similar debris like features (termed as ‘islands’) on hBN films deposited on sapphire
using TEB and ammonia, and its density was found to be a function of ammonia flux
[219]. Similarly, Paduano et al. have reported that BN deposited at low V/III ratio
(=450) consists of 3D nuclei of hBN and rough surface morphology [207, 224]. In the
present study, the morphology of hBN grown using 60 pumol/min of TEB is different
(from the remaining samples), as shown in Figure 4-8(d). No wrinkles are observed in
this case. It is likely that with the use of high TEB flux of 60 pumol/min, parasitic

reactions in the chamber increase significantly and the surface gets covered by a large

(e) (f) (g) (h)

Figure 4-8(a-d) Surface topography of hBN films deposited using TEB flow rates as
indicated on the image (unit is umol/min) and (e-h) Complete 2” sapphire substrates
with hBN films deposited using TEB flux of 10, 20, 30 and 60 pumol/min, respectively.
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amount of debris that is reflected in the morphology of the hBN film. hBN films were
also transferred on to SiO2/Si substrates and the film thickness was measured using

AFM (not shown here). The growth rate changed from 7 to 160 nm/hr as the TEB flux

was increased from 10 to 60 pumol/min.

Figure 4-8(e-h), shows optical images of complete 2” sapphire wafers with hBN
films deposited using TEB flux of 10, 20, 30 and 60 pumol/min respectively. Films
deposited with higher TEB flux have a more yellowish appearance suggesting impurity
incorporation. XPS analysis was done on the four samples to determine impurities and
the nature of chemical bonding in the hBN films. Prior to collecting the XPS data, a
gentle cleaning and etching of the hBN films was performed using an Ar beam. This
removes adventitious surface impurities and hence, obtain measurements from the
bulk region of the hBN film. From the XPS survey spectra (an example of which is
also shown in Figure 4-6(c) for TEB = 10 pmol/min), carbon was identified as the
main impurity and originates from the use of a metal organic precursor TEB as the
boron source. The high resolution carbon spectra for the four samples can be seen in
Figure 4-9(a-d). Upon deconvolution of the carbon spectra using Gaussian functions,
two main peaks pertaining to B—C bond (boron carbide) at 283.02 eV and C—C bond
at 284.8 eV were identified in all four samples [266-268]. The intensity of graphitic
carbon peak remains nearly constant across all samples (see C—C peak in Figure 4-9(a-
d)) and may be due to ambient environment. However, the intensity of B—C peak (and
C—N peak) increases and becomes more prominent with an increase in the TEB flow
rate. The relative concentration of boron carbide (calculated as percentage) was

estimated using equation 4.1,

Ix/
525100 (4.1)
=5/

X

Cy =

where, I« is the integrated peak intensity obtained experimentally and Sx is the atomic
sensitivity factor, available from the database supplied with the instrument. The overall
growth rate of hBN films and the total percentage of boron-carbide in hBN are both
directly proportional to TEB flux, as shown in Figure 4-9(e). This indicates that carbon
incorporation in the hBN films has a direct correlation to the growth rate. Therefore,
incorporation of less carbon in hBN necessitates the use of low TEB flux, which also
leads to slow growth rates. Increased boron carbide formation can be explained as

follows. In FM growth, during each TEB pulse (when ammonia flow is switched-ofY),
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Figure 4-9 (a-d) C 1s spectra collected from hBN film deposited using TEB flux of 10,
20, 30 and 60 umol/min, respectively. All spectra were collected after argon etching
to remove adventitious carbon from the film’s surface and (e) growth rate and
percentage of boron carbide incorporated in hBN films as a function of TEB flow rate.

it is likely that a greater fraction of TEB ‘self-reacts’ and gets converted into boron
carbide without combining with ammonia to form hBN. As the TEB flux increases,
the percentage of B-C formation also increases. Incorporation of boron carbide can
disrupt the long range ordering of hBN basal planes and reduce the crystalline quality
of the deposited films. In addition to the yellowish appearance, sub-bandgap
luminescence from the hBN films was also recorded. While the PL measurements are
discussed in Chapter 5, due to sub-bandgap luminescence, the Raman spectrum of

these hBN films could not be obtained, as the Ezg peak was completely swamped by
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fluorescence from the samples. Other laser wavelengths such as 325 and 633 nm were

also tried for obtaining the Raman spectra, but to no avail.

4.6 Effect of Ammonia flux

In this section, the effect of ammonia flux on hBN growth is presented. For this,
a separate set of 5 hBN samples were prepared using FME, with NH3 flux of 4.5
mmol/min (100 sccm), 22.3 mmol/min (500 sccm), 45 mmol/min (1000 sccm), 85
mmol/min (2000 sccm) and 134 mmol/min (3000 sccm), respectively. TEB flux was
kept constant at 10 pmol/min, to minimize the amount of carbon incorporated in hBN.
Total carrier gas flow rate was 12 SLM and growth time was set to 7 hours (or 6300
loops). For computing the average growth rate, thickness of the hBN films were

measured using methods described in section 4.8.

Figure 4-10(a) shows the growth rate of hBN as a function of ammonia flow. It
can be seen that the hBN growth rate decreases from 13 to 4 nm/hr as the NH3 flow
rate increases from 100 to 3000 sccm. Hence, only a marginal change in the hBN
growth rate is observed (< 3 times), which is not proportional to the change in ammonia
flow rates (30 times). This suggests that in the present scenario, the growth rate of h BN
has a weak dependence on the amount of group V precursor and is largely limited by
the group III precursor. Figure 4-10(b) and 4-10(c) show the AFM surface profiles of
hBN grown using NH3 flow rates of 3000 and 100 sccm, respectively. The surface of
hBN film grown using 3000 sccm of ammonia has a much higher density of debris, as

compared to sample grown using only 100 sccm of ammonia. The debris density is

65.0 nm

©

Growth Rate (nm
& o o

"0 500 1000 1500 2000 2500 3000
NH; Flow (sccm) ; 400.0 nm

Figure 4-10 (a) hBN growth rate and particle density as a function of ammonia flow
rate and (b-c) AFM images of hBN film deposited using ammonia flow of 3000 and
100 scem. Note: the debris density reduces by an order of magnitude on reducing NH3
flow to 100 sccm. Wrinkles are still visible for both films and indicated by white arrow
in (¢).
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also shown as a function of ammonia flow rate for all 5 samples in Figure 4-10(a). To
summarize the two results shown in Figure 4-10(a), it can be said that as the ammonia
flow rate increases, the growth rate of hBN decreases, whilst the debris density
increases. Both, these results point towards increased parasitic reactions with the use

of larger ammonia flux.

The Raman spectra of the set of five hBN films are shown in Figure 4-11(a),
along with the spectrum of bare sapphire for reference. For comparison, individual
Raman spectrum were first normalized with respect to the sapphire substrate peak. The
E2g peak pertaining to hBN is clearly visible for most of the samples. However, a
gradual increase in background fluorescence from these sample can be seen as the
ammonia flux decreases. For hBN sample grown with ammonia flux of 100 sccm, the
background luminescence is strong enough to completely swamp the E2¢ band of hBN.
In the previous section, it was shown that the increase in background fluorescence is
most likely caused by incorporation of carbon in the hBN films. Therefore, XPS
analysis of the 5 samples grown using different ammonia flux were performed. These
analyses are similar to that presented in the previous section, hence a detailed
description of the same is not presented here. XPS results confirm carbon

incorporation in hBN films as B-C (with a C 1Is peak at 283.02 eV).
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Figure 4-11 (a) Raman spectra of hBN films growth with different ammonia flux and
(b) percentage of boron carbide in hBN films, measured using XPS, as a function of
ammonia flow rate.

Furthermore, Figure 4-11(b) shows the total percentage of B-C in hBN as a

function of ammonia flow rate. Amongst the five samples, the B-C concentration was
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highest for the hBN sample grown with ammonia flow of 100 sccm, which can be
explained as follows. During hBN growth, ammonia dissociation provides hydrogen
radicals (in addition to nitrogen atoms) which along with Hz as carrier gas, remove the
ethyl groups from TEB precursor. Hence, with a decrease in ammonia flux, it is likely

that a higher amount of carbon gets incorporated in the growing film.

Based on these results, it is clear that along with other growth parameters, a
careful optimization of ammonia flow rates is also needed for hBN growth. Excessive
ammonia flow rates indeed enhanced parasitic reactions. This not only decreased the
overall growth rate, but also increased the amount of debris that get deposited on the
surface of the growing film. On the other hand, if ammonia flow is less than the

optimum, then a higher amount of carbon gets incorporated in hBN.

4.7 Effect of Growth Temperature

The growth temperature is an important parameter in MOVPE and influences
many different physio-chemical processes during growth such as precursor
dissociation, adatom mobility etc., as discussed in previously. Excessively high
temperatures can also result in etching and degradation of both the substrate and
deposited material. An initial study by Nakamura predicted process temperatures close
to 1500 °C for deposition of hBN using MOVPE [206]. Previous studies have indicated
that high growth temperatures are favourable for hBN deposition and help improve its
crystallinity [222, 223]. For hBN deposition using MBE, a process closely related to
MOVPE, substrate temperature up to 1800 °C have also been employed [258, 269].
Due to reactor limitations, the maximum achievable substrate surface temperature
during the MOVPE process in this study is 1350 °C. Though most of the hBN growth
was undertaken at 1330 °C using FME, we also investigated hBN growth at lower
temperatures. Figure 4-12 (a-c) shows the surface morphology (measured using AFM)
of hBN films deposited at 1150, 1250 and 1330 °C. All other growth parameters were
kept the same across the three samples, with TEB and ammonia flux at 10 pmol/min
and 67 mmol/min respectively. Only the sample grown at 1330 °C appears to have a
film-like morphology with wrinkles, indicative of hBN basal planes oriented parallel
to c-plane of the substrate. On the other hand, hBN deposited at lower temperatures

have a very rough surface, with randomly oriented hBN particles. One possible reason
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for the rough surface morphology is that at lower growth temperatures, boron adatoms
have low surface mobility. This limits the surface migration of adatoms, thus resulting
in random nucleation and growth. Due to rough surface morphologies, the study of
hBN films grown at lower temperatures was not pursued any further. Raman spectra
of the three sample, as shown in Figure 4-12(d), confirms hBN deposition. The FWHM
(obtained by fitting a Lorentzian to experimental curves) decreases from 32 to 29 and
24 cm!, with increase in growth temperatures for the three samples, indicating

improvement in crystallinity.

BN 140.0 nm

)

N 40.0 nm —1150

5 ——1250
1330

Intensity (a.u

AN famt

1
W g \‘l!‘-;v&‘&ﬂ’:

1200 1275 1350 1425 1500
Wavenumber (cm™)

Height 1.0 m

Figure 4-12 (a-c) AFM scans and (d) Raman spectra of hBN films grown at different
temperatures.

4.8 Spontaneous delamination of hBN films

Adhesion between hBN films and the underlying sapphire substrate is poor due
to the lack of covalent bonding between the two. Consequently, we observed that hBN
films (> 15 nm thick), when brought in contact with de-ionized (DI) water (or any
other aqueous solution), spontaneously delaminated from sapphire. For this, an hBN
coated sapphire wafer was randomly diced into smaller fragments using a diamond

tipped scribe and a small piece (~ 10 mm) was dipped into a DI water bath for a few
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minutes. While the sample was immersed in the water bath, hBN delamination initiated
at the edges and gradually spreads inwards. Within a few minutes the entire layer was
delaminated but remained loosely attached to the substrate. At this stage, by carefully
bringing the sapphire to the surface of the water bath, the film completely detached
from the substrate and floated on the water surface. The hBN layer was then carefully
transferred onto a piece of silicon substrate with 90 nm-thick oxide layer for maximum
optical contrast [252]. An optical micrograph of the transferred hBN layer is shown in
Figure 4-13(a). Some large scale wrinkles (indicated with black arrows) can also be
seen in the optical micrograph of transferred hBN. These ‘lamination’ wrinkles form
during the transfer process on account of poor wettability of silicon oxide surface by
de-ionized water and are different to growth wrinkles formed during cooling, after
growth. hBN films up to few millimetres wide (see Figure 4-13(b)) could be
transferred easily without using any polymer support layers like PMMA, PVA etc. that
are commonly used in the transfer of CVD grown 2D materials [270-272]. AFM was
performed at the edge of the transferred hBN and thickness of the film was measured
to be 40 nm, as shown in Figure 4-13(c-d). Raman spectrum from the underlying
sapphire substrate, after hBN delamination was obtained, as shown in Figure 4-13(e).
The negligible intensity of the Ezg band from this substrate, compared to intensity from
the as-grown sample (hBN on sapphire) confirms nearly complete hBN delamination
during the transfer process. Surface topography of the sapphire substrate post hBN
delamination was also measured using AFM, as shown in Figure 4-13(f). A high
density of pits can be observed on the surface of sapphire. These pits in the substrate
are attributed to hydrogen etching at elevated temperatures [209, 227]. Figure 4-13(g)
shows the height profile obtained using AFM line scan along a pit marked with a green
line in Figure 4-13(f). Based on these AFM measurements, it is reasonable to assume
that the surface roughness of the underlying sapphire substrate, prior to hBN
deposition is relatively high. Due to considerably low hBN growth rates (5.0 nm/hr),
the sapphire substrate gets unintentionally exposed to large ammonia and hydrogen
flow rates at high temperatures, leading to excessive nitridation and etching of the

sapphire and results in a rough surface.
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Figure 4-13 (a) Delaminated hBN film, shown in light blue colour, which has been
transferred onto a SiO2 coated silicon wafer. ‘Lamination’ wrinkles are marked with
black arrows, (b) centimetre-sized hBN films (40 nm thick in the image) transferred
on to Si02/Si substrates, (c) AFM of a transferred hBN near a step edge, (d) AFM line-
scan along the white line shown in (c¢) for determining the thickness of the transferred
hBN layer, (e) a comparison of Raman spectra of hBN coated sapphire before and after
delamination of hBN films. Note that the Ezg band intensity from sapphire post
delamination is negligible, (f) AFM of sapphire after hBN film has been removed from
it and (g) AFM line-scan showing along the green line in (f) showing the height profile
along a pit in the substrate.
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The AFM scan of the transferred hBN onto SiO:2 is shown in Figure 4-14(a).
Interestingly, wrinkles seen in as-grown hBN films, cannot be observed in the AFM
of the transferred films. They seem to have flattened out during the de-lamination
process, which is illustrated schematically in Figure 4-14(b). On a related note, even
after flattening of wrinkles, the overall surface roughness of the transferred hBN layer
is high. This roughness can be attributed to and originates from the roughness of as-
grown hBN on sapphire, as discussed above. Furthermore, the flattening of the
wrinkles is not surprising, since during delamination the hBN film is no longer
physically adhered to the sapphire substrate and is free to attain a minimum energy
and strain free morphology. The absence of wrinkles in transferred hBN films would
therefore suggest a release of compressive stress post delamination. This is indeed the
case and is further corroborated through Raman spectroscopy measurements on
delaminated hBN layers, as shown in Figure 4-14(c). Here, both, a red shift in the
Raman peak position and reduced FWHM value (22.6 cm™!) compared to the as-grown
FM-hBN on sapphire (24.8 cm’'), suggests a relaxation in compressive strain.

However, even after delamination, the Raman peak position is still slightly blue shifted
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Figure 4-14 (a) Surface topography of the transferred hBN layer (note that the wrinkles
are gone), (b) comparison of the Raman spectra between as-grown hBN layer on
sapphire and after transfer on to silicon SiO2/Si substrate and, (¢) a schematic diagram
illustrating the spontaneous delamination of hBN layer from sapphire substrate upon
immersion in water.
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compared to completely relaxed bulk hBN (1366 cm™). Hence, some strain still

remains in the transferred hBN film.

A few reasons behind self-delamination of hBN films are also discussed briefly
here. The process of self-delamination is likely to be caused by differential wetting
between the hBN layer and sapphire substrate. hBN is known to be hydrophobic [183,
273], while sapphire is hydrophilic, which results in preferential wetting of sapphire
over hBN. Delamination in low surface tension, organic solvents like ethanol, iso-
propyl alcohol and acetone was also observed, but the process was much slower, as
such solvents wet both hBN and sapphire equally. The spontaneity of hBN
delamination from sapphire also depends on the thickness of the films. Self-
delamination of hBN films thinner than 15 nm was not observed even after immersing
them in a water bath for several days. Therefore, thinner hBN films (1.5 — 10 nm) were

transferred using a PMMA based process detailed in Chapter 6

4.9 Plan view TEM of debris

Taking advantage of the water-assisted spontaneous delamination, we
transferred FM-hBN films with debris (encircled in white in Figure 4-8(a-c)) onto a
copper TEM grid as shown in Figure 4-15(a). This helped in preparing samples for
further evaluation of the structure and orientation of debris using electron microscopy.
Plan view TEM images shown in Figure 4-15 (b-f) reveal that the debris have a layered
structure similar to hBN, Therefore, these debris are indeed 3D hBN particles, some
of which seem to be oriented perpendicular to planar film. Several debris were imaged
and it was consistently found that the debris comprised of randomly oriented hBN
layers. High resolution imaging helps visualize individual planes in the debris and
spacing between them was measured to be 0.325 nm, which is close to dooo2 for bulk
hBN. It is likely that these debris may acts as nuclei for further hBN growth in random

directions.
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Figure 4-15 (a) MOVPE grown hBN film, indicated by white arrows, transferred onto
a copper TEM grid, (b) low-magnification plan view TEM of hBN film. Note: debris
are highlighted by the white boxes, (c-e) high magnification plan view TEM of
different debris and (f) an enlarged view of the region highlighted by the green box in
(e).
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4.10 Summary

1.

Growth of hexagonal boron nitride films on sapphire substrates using MOVPE
under both CFG and FME was studied. Parasitic reactions between ammonia and
TEB could significantly be reduced by adopting the FM scheme, which also
improved the surface morphology of the hBN films.

The surface topography of as-grown hBN films was obtained using AFM. hBN
films were wrinkled, which is attributed to thermal compressive strain resulting

from a mismatch in CTE between the film and the substrate.

High resolution TEM was used to confirm the layer orientation and stacking of
hBN basal planes with respect to c-pane of the sapphire substrate. Localized

delamination of hBN film was also observed in the wrinkled region of the film.

Using XPS, carbon was identified as the dominant impurity in the hBN film. The
carbon concentration increased with higher TEB flow and therefore was governed
by the overall growth rate of the hBN film. Hence, hBN films deposited at slow
growth rates (~2-3 nm/hr) were found to be of the best quality.

The water-assisted self-delamination of hBN films was observed on account of
poor adhesion between hBN and sapphire. This assisted in polymer-free transfer

of hBN layers on to different substrates.

Plan view TEM analysis reveal that debris are indeed hBN particles formed due
to gas phase reaction between precursors. The debris density was successfully
minimized by using FM growth mode and low TEB flux simultaneously. Debris

density was also found to be directly dependent on ammonia flow rates.
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Chapter 5. Optical properties and single
photon emitters in MOVPE-grown hBN

5.1 Introduction

hBN is a highly luminescent material and its optical properties have been the
subject of numerous studies in the past. At the same time, experimental findings vary
and lack general consensus [118-122]. A prominent challenge has been the difficulty
in synthesizing high purity crystals, which is all the more important, given that
impurity incorporation in hBN can dramatically alter its optical properties, as
established in later studies [37, 148]. Some of these aspects have already been
discussed in Chapter 2.

Overall, the emission spectrum of hBN is highly complex on account of strong
electron—phonon interactions. Emissions from hBN extends from near band-edge
(NBE) at 215 nm to sub-bandgap luminescence from mid-UV (300 nm) to visible
wavelengths. Recently, it has been established that hBN has an indirect bandgap of
5.955 eV [132]. In spite of this, its ability to emit light, with luminescent efficiencies
(~ IQE of 50 %) comparable to direct bandgap materials makes it an unusual and

unique material [131, 157].

In this chapter, optical spectroscopic studies, performed on FM-hBN grown
using MOVPE are presented. However, we first review some of the recently reported
studies on the luminescence properties of hBN. This will help lay the foundation and
provide the necessary framework for the discussion and understanding of the optical

properties of FM-hBN, including single photon emissions.

5.2 Photo/Cathodo-luminescence studies on hBN: Literature review

5.2.1 Excitonic/NBE recombination (5.76 and 5.86 eV)

The emission spectra of high-purity bulk hBN is dominated by strong excitonic
emission at 5.76 eV [124, 131, 134, 274, 275], which was first reported by Watanabe
and co-workers in 2004 [37]. Excitons in hBN were initially described as Wannier-

Mott type [37, 276] and later as Frenkel type [277], with large exciton binding energies
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of the order of 500-700 meV, estimated using ab initio calculations [278, 279]. In
general, dielectric screening of charge carriers in 2D materials is reduced (compared
to conventional semiconductor materials with high dielectric constant) due to the
layered arrangement of atoms. This results in excitons that are stable at room
temperature and govern the optical response of these materials, including that of hBN

[20, 21].

However, excitons in hBN are of indirect nature, as demonstrated by Cassabosis
et al. and the strong luminescence observed from hBN is indeed due to phonon-assisted
recombination of electron-hole (e—h) pairs [129, 132]. Low temperature PL
measurements, as shown in Figure 5.1(a) for bulk hBN crystals, reveals the finer
details of its NBE emission spectrum. It comprises of 4 distinct peaks at 5.89, 5.86,
5.79 and 5.76 eV, collectively known as the ‘S-series’ [134, 275, 277]. Each of the
observed peaks in Figure 5-1(a) is a phonon side band of the primary indirect exciton.
The e-h recombination is accompanied by emission of optical and acoustic phonons
to fulfil momentum conservation, as summarized in Table 5.1 [132, 133]. Due to more
favourable interaction between electrons and the optical phonons (LO/TO), the
intensity of Sz and S4 lines is higher. Furthermore, at room temperature, due to thermal
broadening of emission peaks, a combined S3 4 emission line at 5.76 eV (215 nm) is
usually observed and considered as representative of free-excitonic emission from

hBN.
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Figure 5-1 (a-b) PL spectra of bulk hBN obtained at 10K, showing the S- and D-series
of excitonic emissions, respectively [129, 130].
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Still, the strong luminescence observed in hBN (with internal quantum
efficiency of 50 %) is inconsistent with the indirect nature of its bandgap. In a recent
study, Vuong et al. have shown that this unusual phenomenon in hBN is attributed to
strong exciton-phonon coupling [133]. As a result, phonon assisted recombination is
much more favorable as compared to other indirect bandgap materials like silicon or
diamond. The exciton lifetime in hBN, measured experimentally, is of the order of
sub-nanoseconds, which is similar to direct bandgap materials [124, 280, 281].
Consequently, recombination assisted by phonons is fast enough to evade nonradiative
relaxation pathways. Furthermore, with the help of CL mapping, it has also been
shown that S-series lines are only observable from regions of hBN that are free of
lattice/crystal defects such as stacking faults and impurities [124, 134, 282, 283].
Exciton recombination in hBN also shows a dependence on the number of layers [284].
Only recently, in 2019, it was reported that monolayer hBN has a direct bandgap [285].
This cross-over from indirect bandgap for bulk hBN to a direct bandgap for monolayer

hBN has also been previously reported in case of other 2D materials [286-289].

Table 5-1 List of NBE emission lines from bulk hBN and associated phonon that take part in e-h
recombination [129, 130].

5.93 ZA/Z0 (z-axis)

5.89 S: transverse acoustic (TA)
5.86 S, longitudinal acoustic (LA)
5379 S5 transverse optic (TO)
5.76 Ss longitudinal optic (LO)
5.62 D, S34+1T0

5.56 D, Ve

5.47 D3, S34+2T0

5.32 Ds S34+3T0

5.27 Dg Ven

5.2.2 Luminescence from bound/ trapped excitons (5.2 — 5.7 eV)

Luminescence from hBN extends beyond the recombination of free excitons (or

the S-series) described above, to lower values between 5.2 — 5.65 eV. Once again, a
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set of discrete emission peaks are observed, known as the D-series, as shown in Figure
5.1(b) [130]. The most prominent (in terms of luminescence intensity) amongst which
is the D4 line at 5.46 eV (or 227 nm). Furthermore, initial studies attributed the D-

series emission to excitons trapped at stacking faults [124, 134, 275, 277].

As a 2D material, individual layers in hBN are stacked in A4’ order, as discussed
in Chapter 2. Since the layers are held together by weak van der Waals forces, they
can glide over each other and the 44’ lattice ordering can be easily disrupted. This
introduces stacking faults in hBN. In a previous study, Watanabe et al. observed that
by applying a relatively small mechanical force on high-purity bulk crystals (e.g. by
pinching hBN crystals between the tip of the fingers) to deform it, the luminescence
spectrum of hBN can be changed significantly [283]. In the deformed crystal, the
excitonic luminescence at 215 nm was quenched and replaced by emission at 227 nm.
Interestingly, this effect was reversible and with the help of thermal annealing, the

excitonic emission at 215 nm could be retrieved.
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Figure 5-2 (a) SEM image of an hBN crystallite. Region ‘#1” is a grain boundary and
‘#2’ 1s defect-free. (b-c) monochromatic CL images of area shown in (a) recorded at
5.76 (S4) and 5.46 eV (Ds) respectively. (d) Map of D/S intensity ratio. (¢) CL spectra
of hBN crystallite recorded from region ‘#1” and ‘#2’ as marked in (a) [134].

In addition to this, with the help of CL mapping studies on different hBN samples
types (BNNS or exfoliated flakes), the spatial distribution of D— and S-—series

emissions was studied [134, 157, 275, 282]. It was observed that the emission
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pertaining to free-excitons (S-lines) was homogeneous over the entire sample. On the
other hand, emission from D-series was localized to only certain regions on the sample
associated with defects, such as grain boundaries or folds, which are visible at sub-
micrometer scale, as shown in Figure 5.2. The CL spectra of regions ‘#1’ (a grain
boundary) and ‘#2’ (defect-free), as marked in Figure 5.2(a), is dominated by D and S
lines, respectively. In another study, Bourrellier et al. obtained hyperspectral maps of
BNNS by coupling CL to a STEM. This provides direct visualization and correlation
between the distribution of D and S lines to structural defects [290, 291]. Overall, a
strong spatial anti-correlation between the S and D emission was observed (i.e. the S-
emission is absent where D-lines are present and vice versa), which further indicates

that the latter may be attributed to excitons bound at lattice defects in hBN.

As per the latest reports, the D-Series emission is again suggested to be phonon
assisted recombination of bound exciton. Two important differences, are to be noted
when compared with the S-series. First, unlike the S-series, multiple phonons are
involved in the recombination process that gives rise to the D lines [130]. These are
summarized in Table 5.1. Secondly, structural defects in hBN generate real electronic
states within the bandgap. Hence, in comparison to S-series, where virtual electronic
states are involved, the D-lines are associated with real electronic states within the
bandgap [130]. These real electronic states are introduced by stacking faults and
provide a more efficient carrier relaxation pathway. The presence of stacking faults,
thus quenches S series emission, which explains the spatial anti-correlation between
D-and S-series luminescence. In fact, the S4/Da4 intensity ratio may also be used as a

measure of material quality.

5.2.3 Defect and impurity related sub-bandgap UV luminescence (3.0 - 4.5 eV)

Sub-bandgap UV luminescence from hBN is composed of two parts: (1) a broad
emission band between 3.0 — 4.5 eV and (2) a well-structured band consisting of four
equidistant peaks (of varying intensities) at 4.09, 3.91, 3.73 and 3.54 eV (AE = 175
meV), which appear to be superimposed on the broad emission [157, 274, 292]. The
peak at 4.09 eV is considered as the zero-phonon line (ZPL), whilst the remaining
peaks are its phonon side bands (PSBs). Although the exact source of these emissions
is not completely known, based on previous studies they are generally attributed to

intrinsic and extrinsic defects, such as vacancies and impurities [149].
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For instance, with the help of photoluminescence excitation spectroscopy,
Museur et al. have shown that the broad emission band appears only when excitation
energy is above 5.0 eV and has a multi-exponential decay [292]. When the excitation
energy is below 5.0 eV, the spectra comprises of only the four peaks, as described
above. Furthermore, by irradiating hBN samples with an electron beam having an
energy over 60 keV, the intensity of broad luminescence could be increased, as
compared to pristine samples [139]. At such values, electron beam is energetic enough
to knock-off atoms from hBN’s lattice and create point defects and vacancies. Hence,
the broad luminescence is generally believed to be recombination at donor-acceptor

sites formed due to atomic vacancies and related defects.

On the other hand, the structured UV emission from hBN (Figure 2.10) is due to
presence of impurities, specifically C and O, which may be incorporated during
synthesis. Based on bulk crystal growth studies, it has been experimentally shown that
NBE luminescence is highly sensitive to impurities. The level of impurity atoms in
hBN should be below 10'%/cm? (or below 1 ppm, estimated using SIMS) to observe
emissions from free-excitons at NBE, or it will be nearly quenched and sub-bandgap

UV luminescence dominates, as discussed previously in Chapter 2, [149].

5.2.4 Quantized visible emissions

Defect-luminescence from hBN even extends to the visible range of the EM
spectrum. However, in this case, the emissions are non-classical or quantized. Isolated
defects in hBN are optically active and behave as single photon emitters (SPEs), which
were reported for the first time in 2016 [36, 136]. Since then, research in this material
has expanded rapidly, generating new interest in the use of hBN for quantum
computing [38, 144, 293, 294]. Figure 5.3 shows PL spectra of a typical SPEs found
in hBN. Characteristic features include a ZPL close to 580 nm and phonon side band
due to Stokes shift. The emitters can be excited by a 532 nm CW laser and with the
help of Hanbury-Brown-Twiss (HBT) interferometry, time-correlated single photon
counting (TCSPC) measurements are performed to validate whether the emissions are

quantized.

SPEs in hBN have many desirable attributes. They are not only bright and stable
at room temperature, but can survive harsh environmental conditions, which is

extremely useful for practical applications [136, 145]. So far, SPE have been
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successfully observed in different hBN types, such as BNNS, exfoliated flakes from
bulk crystals and epitaxially grown thin films [36, 136, 294-297]. Similarly, various
processing techniques have been employed to create or stabilize the single photon
emissions such as (but not limited to) thermal annealing, chemical etching, plasma
etching, ion or electron irradiation etc. [135-138, 298]. However, in spite of numerous
studies, the exact nature of defect giving rise to quantum emission is not completely
known [38, 299]. This creates a bottle-neck in its application, as there are no
deterministic methods for creating emitters in hBN. So far, SPEs are believed to
originate from crystalline defects in hBN, configuring a two-state system within its

bandgap with a ground and excited state [299].
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Figure 5-3 Representative PL spectra of quantum emitters in hBN [136].

In summary, understanding the optical properties of hBN has been a work of
active research for more than a decade. Several recently published studies have shed
light and helped uncover some unusual phenomena in hBN, including the origins of
exciton recombination in hBN. Nevertheless, many aspects of its optical properties

still remain to be fully understood and continue to remain under active investigation.
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53  Photo/Cathodoluminescence studies on MOVPE-grown hBN

The luminescence properties of hBN films grown on sapphire using MOVPE
were studied using CL and PL spectroscopy. The near band-edge luminescence was
measured using CL, while sub-bandgap luminescence was measured using both CL
and PL spectroscopies. Due to the insulating nature of the sapphire substrate, as-grown
hBN was transferred on to SiO2/Si substrates to avoid charging by electron beam
during CL measurements. This also helps eliminate the relatively strong luminescence
around 330 nm from sapphire due to oxygen vacancies [300, 301], which overlaps with
the impurity based luminescence from hBN. The CL spectrum from single crystal bulk

hBN (Graphene Supermarket, UK) was also measured and used as reference.

Figure 5.4(a) shows the CL spectrum of bulk hBN sample obtained at 77K. At
room temperature, CL signal intensity from bulk hBN is much weaker, while at low
temperature, luminescence is weak but measurable. Two broad emission bands can be
observed: one is close to band edge at 215 nm and another at 340 nm, attributed to
impurity related emission. The relatively low intensity ratio of NBE to the impurity
related emission suggests that these bulk hBN crystals are not as pure as the hBN

reported in [37]. The same is true for similar commercially available hBN samples,

where NBE emissions are quite weak [157].
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Figure 5-4 CL spectra of (a-c) bulk hBN and (d-e¢) MOVPE-hBN obtained at 77K. (f)
PL spectra of MOVPE-hBN obtained using a 266 nm laser at 10K.
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In order to resolve the spectral features, a higher resolution CL spectrum of the
two bands were obtained separately. Figure 5.4(b) shows the NBE CL spectrum, where
the two peaks at 215 and 227 nm can be identified as the S4 and D4 lines pertaining to
excitonic emission from hBN, as described in sections 5.2.1 and 5.2.2. The impurity
related spectrum of hBN is shown in Figure 5.4(c). It is comprised of a structured
emission band composed of one ZPL and three PSBs peaks. The four peaks are marked
with “*” and appear to be superposed on top of a broad band, as described in section
5.2.3. Overall, these measurements are consistent with previously reported impurity

related emission from hBN [149, 274, 292].

Given that excitonic emission from hBN is highly sensitive to impurities, only
MOVPE-grown hBN samples, having the minimum amount of carbon were chosen
for CL measurements. Based on XPS studies presented in Chapter 4, carbon doping in
hBN films grown using a TEB flux of 10 pmol/min was found to be the lowest
achievable in this study. Its CL spectrum, obtained at 77K, is shown in Figure 5.4(d).
No measurable excitonic luminescence could be observed from the sample. This is not
surprising because the carbon content in MOVPE-hBN is still much higher than that
in bulk hBN used as a reference sample. Furthermore, the PL intensity increases
sharply for wavelengths above 270 nm. This is due to impurity related UV
luminescence from hBN, shown separately in Figure 5.4(e). Here, the spectrum
consists of three individual peaks at 302, 317 and 332 nm. The first peak is the ZPL,
while the remaining two are PSBs. A fourth PSB, seen in the case of bulk hBN, is not
observed for MOVPE-hBN, perhaps due to lower intensity. Furthermore, the 3 distinct
peaks shown in Figure 5-4(e), appear to be superposed on top of a broad band. Overall,
the impurity related CL spectrum from MOVPE-hBN is similar to that obtained for
bulk hBN.

UV luminescence from impurities in MOVPE-hBN was also recorded using PL
spectroscopy. A 266nm Q-switch pulsed laser (Quantel) was used as the excitation
source, while the emission was measured using a photomultiplier tube coupled to a
spectrometer. A liquid helium cryostat was used to cool down the sample to 9 K to
reduce thermal broadening of the emission peaks. The low temperature PL spectrum
is shown in Figure 5.4(f). Once again, a set of three peaks of varying intensities can be
identified, which have been marked by “*’. On comparison with the CL spectrum of

the same sample shown in Figure 5-4(e), it appears that the broad band is absent from
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the PL spectrum obtained using the 266 nm laser. The appearance of this broad band
is conditional and is visible only when the sample is excited with energy higher than
5 eV [292]. Therefore, due to lower energy of the UV photons, compared to energy of
electrons incident on the sample during CL, the broad band is absent for the PL

spectrum of MOVPE-hBN.

The absence of any observable excitonic emission from MOVPE-hBN can be
attributed to the use of the metal-organic TEB as boron source, which results in
unintentional carbon doping in the hBN films. Even for samples, where the carbon
impurity was the lowest achievable, excitonic emission could not be measured and
only sub-bandgap UV luminescence was observed. Excitonic emissions from
epitaxially grown hBN on sapphire have been reported in the past. However, in these
studies, hBN growth temperatures were as high as 1500 °C or even higher. For
example, Chubarov et al. have shown that growth at such temperatures (~ 1500 °C)
helps in improving crystallinity and reducing the concentration of impurity atoms
(carbon and oxygen) in hBN (also grown on sapphire using TEB), which has a direct
impact on its PL properties [222, 250]. NBE emissions have also been reported for
hBN grown using molecular beam epitaxy (MBE), wherein growth temperatures were
close to 1700 °C [269]. Reports on hBN growth at such high temperatures are rare as
it cannot be achieved in most commercial MOVPE reactors (or MBE and CVD
systems) without making expensive and customized modifications. Likewise, in the
present study, hBN growth temperatures higher than 1330 °C were not obtainable due
to the engineering limitation of the MOVPE system.

5.4 Effect of TEB flux on sub-bandgap luminescence in MOVPE

grown hBN films

Based on the studies detailed in Chapter 4, a direct relationship between TEB
flux, growth rate and amount of carbon incorporated in hBN was established. It was
also observed that hBN films grown using a larger TEB flux also have a yellowish
appearance, indicating significant changes to their optical properties. Hence, the effect
of TEB flux on the luminescence properties of hBN films was investigated further. For
this, 40 nm thick hBN films grown using TEB flux of 10, 20 and 30 pmol/min were

transferred on to Si02/Si substrates, using water-assisted self-delamination procedures
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described in Chapter 4. CL spectroscopy failed to detect any measureable NBE
emission from these samples. Therefore, the following study focuses on the sub-

bandgap luminescence from hBN using different excitation energies.

First, the impurity related UV luminescence for the three samples was measured
using a 266 nm pulsed laser, as described above. All measurements were made at room
temperature. PL spectra of the three samples are shown in Figure 5.5(a). The overall
shape of each individual spectrum is asymmetric, which extends from 290 — 370 nm.
Upon close observation, three individual peaks can be identified at 302, 317 and 332
nm, which have been labelled in Figure 5.5(a). Together, these peaks represent the
well-known impurity-related structured UV emission from hBN. At room temperature,
the PL spectrum of MOVPE-hBN appears as a broad asymmetric band. However, PL
and CL measurements at cryogenic temperatures for the hBN grown using 10
pmol/min have already been discussed (Figure 5.4(f)), wherein the ZPL and PSBs are
well-separated and clearly distinguishable. Note that in Figure 5.5(a), the asymmetric
shape of the spectrum can be explained by variation in the relative intensities of ZPL

and PSB. In the present context, the intensity of PSB is higher than that of the ZPL.
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Figure 5-5 (a) Room temperature PL spectra and (b) UV-vis absorbance spectra of
MOVPE hBN grown using different TEB flux. The ‘*’ indicates the peaks at 302, 317
and 332 nm which representative of the structured UV emissions from hBN.

More importantly and contrary to expectation, the UV PL intensity from hBN samples
decreases with an increase in TEB flux. In other words, while hBN film with a higher

carbon content was expected to give stronger impurity related UV luminescence, in
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the present case, experimental results show the opposite trend. The PL measurements

were repeated several times and the results were consistently the same.

Furthermore, the absorption properties of as-grown hBN films on sapphire
substrates were also measured by UV-vis absorbance spectroscopy. The absorption
spectra of the hBN samples are shown in Figure 5.5(b). A bare sapphire substrate was
used as a blank in these measurements. For all three hBN samples, a sharp increase in
absorbance for wavelengths below 225 nm is observed. This is attributed to absorption
near the band edge and consistent with the large bandgap of hBN. In addition to this,
a strong absorbance peak at around 300 nm can also be observed for all samples. This
is associated with same impurity related states within the bandgap that also give rise
to UV emissions, as discussed above. In this instance, the absorbance increases with
TEB flux and is consistent with increasing levels of carbon impurity in the films. Thus,
based on the PL (with a 266 nm laser) and UV-vis absorption spectroscopy, we can
infer that although hBN films grown with higher TEB flux are able to absorb more UV
light (due to a higher carbon incorporation), there is a concurrent decrease in impurity
related UV emissions. The underlying reasons for the observed decrease in UV
luminescence are not known yet. It is possible that carbon doping in hBN may result
in additional deep-level, defect states that offer alternate carrier relaxation pathways,
thus quenching the UV luminescence. To investigate this further, additional PL

measurements were performed and discussed as follows.

The emission properties of MOVPE grown hBN were measured using a 532 nm
CW laser. Figure 5.6(a) shows the PL spectra of hBN samples grown using different
TEB flux. Samples grown using TEB flux of 20 and 30 pumol/min show strong
luminescence, extending from 550 to 750 nm, with a peak at 590 nm. A large part of
the spectrum overlaps with red to near-infrared wavelengths. Hence, for convenience
only, it will be referred as red PL (or rPL) from hBN. On the other hand, the PL
intensity from hBN grown using 10 umol/min of TEB is weak and nearly the same as
that from a bare substrate, included as reference, in Figure 5.6(a). Thus, a direct
dependence of rPL intensity on TEB flux and carbon incorporation is evident.
Furthermore, the shape of the individual spectrum suggests that it is comprised of
multiple peaks. Low temperature PL spectrum of hBN sample grown using TEB flux
of 20 umol/min was also obtained, as show in Figure 5.6(b). Due to reduction in PL

peak width, the multiple peaks become more discernible. The experimentally obtained

82



PL spectrum could be easily fitted using three Gaussian functions centred at 2.10, 1.97

and 1.84 eV with an average spacing of 0.13 eV.

It is worth mentioning here that based on available literature on PL studies of
different hBN samples (available commercially or otherwise), rPL has not been
observed/reported so far (to the best of our knowledge). The rPL from hBN has
characteristics which are similar to yellow/defect luminescence from GaN and ZnO.
Both do not show any appreciable change in either intensity or spectral broadness,
when cooled to cryogenic temperatures. In GaN, the origins of yellow luminescence
are not exactly known but generally attributed to defects and impurities [302]. At this
stage, one can only speculate on the role of carbon, in creating additional multiple
states within the bandgap, giving rise to the observed luminescence. This may or may
not be related to quenching of impurity related UV luminescence in same samples,
observed under excitation by the 266 nm laser, as seen in Figure 5.5(a). Interestingly,
a majority of single photon emitters found in hBN, especially those grown using MBE,
CVD or MOVPE (as observed in the present study) have peak emission wavelengths
(or the ZPL) between 580-600 nm [296]. The spectrum of an SPE also has one or even
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Figure 5-6 (a) Room temperature PL spectra of MOVPE hBN grown using different
TEB flux. A 532 nm laser was used for excitation. (b) PL spectrum of hBN grown
using 20 umol/min of TEB flux, obtained at 10K. The spectrum if fitted using 3
Gaussian functions.

two PSB(s) at longer wavelength, thus extending the overall luminescence to NIR
wavelengths, as shown in Figure 5.3. It is noteworthy that the shape of PL spectrum

of these single emitters bears a close resemblance to rPL from MOVPE-grown hBN
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(with TEB = 20 and 30 pumol/min), obtained using 532 nm laser. At present, it is not
known whether there is any commonality between defects responsible for single
photon emissions in hBN and that giving rise to rPL in MOVPE-hBN. The width and
shape of rPL band can be due to emissions from an ensemble of defects. Other than
this, BxCyN form a wide range of fluorescent compounds, with luminescence spanning
from near UV to NIR wavelengths based on material composition [303-306].
Formation of BxCyN clusters during MOVPE growth is also possible, which may be
responsible for observed luminescence. The origins of rPL from hBN need further

investigation.

5.5 Single photon emitters in MOVPE-grown hBN films

So far, single photon emitters have been found in different types of hBN samples,
such as BNNS, exfoliated flakes from bulk crystals and CVD grown hBN films on
transition metal substrates. Quantum emitters (QE) in MOVPE grown hBN have not
been reported thus far. In the previous section, rPL from MOVPE-grown hBN (TEB
20 and 30 umol/min) was discussed. Three distinct attributes of rPL from these two
samples came to light. These are (1) it is relatively strong, (2) is homogeneous and
ubiquitous over the entire sample and (3) closely matches the spectrum of a typical
SPE in hBN. However, these two samples are not appropriate for investigating the
presence of SPE in MOVPE-hBN for two reasons. First, the high background
fluorescence will either partly or completely swamp any luminescence from a single
emitter, if at all present. Secondly, due to a high background fluorescence, the

necessary condition of anti-bunching (i.e. g(zrzo) < 0.5) will never be satisfied. On the

other hand, hBN grown using TEB flux of 10 pmol/min does not show any noticeable

rPL, which makes it ideal for investigating SPEs, described below.

A 40 nm-thick MOVPE-hBN, grown using 10 umol/min of TEB was transferred
on to Si02/Si substrates. These films self-delaminated in a DI water bath, as described
in section 4.8. Hence, the transfer of hBN films was achieved without using any photo-
resist or chemicals, which is advantageous, as these chemicals are sources of
contamination and auto-fluorescence [64]. An optical image of a transferred samples
is shown in Figure 5.7(a). The samples were not annealed, as reported previously in

some studies [40].
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PL measurements were carried out at room temperature using a scanning
confocal microscope with a 532 nm laser (CW). The laser beam was focused on the
sample through a high numerical aperture objective lens (100X, NA 0.9) and raster
scanned using a X-Y piezo mirror. PL from the sample was collected using the same
objective and directed to a CCD coupled to a spectrometer. Alternatively, for single
photon emissions, the PL was directed on to two fiber coupled avalanche photodiodes
(APDs, Excelitas Technologies). The electronic output from APDs was analyzed by a
TCSPC module (PicoHarp 300, PicoQuant) for anti-bunching measurements. A

schematic of the HBT experimental setup is shown in Figure 5.8(a).
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Figure 5-7 (a) An optical image of a 40 nm thick hBN transferred onto a SiO2/Si
substrate, (b) PL intensity map for a 30x30 um hBN area on sample shown in (a), (c)
representative PL spectrum obtained at an arbitrary point which is not an emitter and
(d) single photon count rate as a function of time, showing photo-stability of an SPE.

Figure 5.7(b) shows a PL intensity map (false colour) obtained through confocal
mapping of an arbitrarily chosen 30x30 pum area on the 40 nm thick hBN sample. A
step size of 0.25 um was used during mapping and PL spectrum was recorded at each

point. The PL at any arbitrarily chosen point consists of a featureless spectrum and
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representative of background luminescence, as shown in Figure 5.7(c). At some
randomly interspersed points, luminescence with a well-defined spectrum is observed.
A total of 26 such points were obtained within the scanned area. Representative PL
spectra of 4 such luminescent points are shown in Figure 5.9(a-d). The spectral
characteristics includes a sharp peak at 590 nm (+ 10 nm) and a secondary peak, red-
shifted by 0.17 eV that is LO phonon energy of hBN [251]. Hence the primary and
secondary peaks are ZPL and PSB of the emitter, respectively. In some instances, the

intensity of the PSB is stronger than ZPL, as shown in Figure 5.9(c).
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Figure 5-8 (a) Schematic representation of scanning confocal PL setup used for photon
anti-bunching measurements and (b) schematic representation of a three-level system
for modelling SPE in hBN.

The non-classical nature of these emissions was determined by recording the
second order auto-correlation function, g°(¢). The g°(¢) graphs are shown alongside the
spectral graphs for the 4 emitters in Figure 5.9. The dip at zero time delay (t = 0) is
below 0.5 for all 4 emitters, which is necessary condition for the emitter to be
considered as an SPE. Of the 26 emitters, only 7 were SPE. For remaining emitters,
the dip at zero time delay for the g° function was found to be above 0.5 and thus, they
were not classified as SPEs. The emission at these points displayed bunching

characteristics and were referred as ensembles [296]. Possible reasons for bunching
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Figure 5-9 (a-d) Representative PL spectra and corresponding g’(¢) curves of 4
quantum emitters in MOVPE-hBN.
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behavior could be higher background fluorescence from the hBN or simultaneous
excitation of multiple emitters (as ensembles) due to close spatial proximity.
Furthermore, in previous studies, quantum emitters in hBN have been described using
a three-level system consisting of a ground, excited and a metastable state, as
illustrated schematically in Figure 5-8(b) [36, 136, 293]. Using the same approach, the

experimentally obtained g?(?) curves were fitted using the equation 5.1 given below,

t t
9P =1- aell 1 el (5.1)

where, 77 and 7 are the life times of the excited and metastable states, while 4 and B
are antibunching and bunching coefficients, respectively. The fitting parameters A,
B, 77 and 7> for a total of 7 emitters (including 4 shown in Figure 5.9) have been
summarized in Table 5.2 . Emitter lifetimes, 77, were in the range of a few nanoseconds
and found to be in good agreement with previously reported values [138, 293]. The g°
at zero time delay was computed using the fitting parameters and equation 5.1. These
have been indicated on each of the curves shown in Figure 5.9. Photo-stability of the
SPE in hBN was checked in the time range of a few minutes. Figure 5.7(d) shows the
photon count rate as a function of time, which suggests that the emitter is stable. Some
emitters also displayed photo-bleaching, where their photon count rates completely
dropped to zero/background after a few seconds of illumination. These are excluded

from the set of 26 emitters described above.

Table 5-2 List of fitting parameters pertaining to equation 5.1, obtained for the 7 emitters found in
MOVPE-hBN.

el 0.787 (+0.018) 0.18 (0.003) 2.2 (0.077) 120.7 (3.37)
e2 0.806 (0.028) 0.202 (0.003) 2.038 (0.102)  178.8 (5.41)
e3 0.72(0.014)  0.193(0.005) 5.94(0.204)  131.62 (4.722)
e4 0.931(0.015) 0.275(0.014) 10.685(0.304)  67.1(3.12)
e5 0.925(0.016) 0.182(0.006)  6.98 (0.21)  125.51(5.82)
e6 0.867 (0.025) 0.208 (0.003) 1.634 (0.066)  143.86 (3.37)
e7 0.859 (0.016) 0.274 (0.003)  2.62(0.074)  113.10(1.93)
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One of the highly desirable characteristics of an ideal single photon source is
precise control over its emission wavelength. For all of the 26 emitters identified
(including ensembles), the ZPL wavelength was found to be between 575-595 nm,
which is consistent with CVD grown hBN. Some variation in ZPL may be caused by
compressive strain in hBN film grown by MOVPE/CVD methods [208, 307]. On the
other hand, spectral distribution of ZPL in commercially available hBN (bulk and
BNNS) is much larger and spans from 500 to 850 nm [136]. A narrow distribution and
control over ZPL wavelengths suggest that defects responsible for SPEs can be
engineered with a greater degree of control in epitaxially grown hBN (including
MOVPE), than in bulk crystals or BNNS. This provides the former with a much

required attribute, especially for technological applications.

5.6 Summary

The optical properties of MOVPE grown hBN have been presented. Due to
carbon incorporation, excitonic emission from the grown samples could not be
observed. Instead, samples give rise to strong impurity related luminescence that show
a significant dependence on TEB flux. PL at visible wavelengths was also observed
from the MOVPE-grown hBN, which has not been reported previously. The rPL
intensity shows a clear dependence on TEB flux. It points towards the role of carbon
incorporation in creating additional multiple states within the bandgap, which may
give rise to the observed luminescence. Single photon emissions were studied and
reported for the first time in MOVPE-grown hBN films. QE were only studied in hBN
grown with TEB flux of 10 sccm (the minimum achievable value), as it showed
negligible rPL, unlike samples grown with higher TEB. It was found that hBN samples
host a high density of stable QEs, with narrow spectral distribution of emission lines.
Although several aspects of QE in hBN remain to be investigated, this preliminary
study can help to uncover new applications of MOVPE-hBN.
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Chapter 6. MOVPE-grown hBN for SERS
applications

6.1 Introduction

hBN is a wide bandgap semiconductor which has high thermal and chemical
stability. A single atomic layer of hBN is able to withstand temperatures as high as
850 °C in a reactive atmosphere, unlike many other 2D materials, including graphene
[34, 71, 308]. The thermal stability of bulk hBN and BNNS is even higher, as discussed
in Chapter 2. In this chapter, the application of atomically thin layers of hBN for
passivating gold and silver nanoparticles (NPs) was investigated and its potential use
is demonstrated through surface enhanced Raman spectroscopy (SERS). Silver NPs
readily oxidize in air, resulting in a significant decrease in its SERS activity. To
prevent this, wafer-scale hBN is grown using MOVPE and centimeter-sized hBN
layers are transferred on to silver NPs. hBN acts as an impermeable barrier and protects
silver NPs from oxidation, even at elevated temperatures, which helps retain its SERS
activity. Thermal stability of hBN coated Ag NPs is studied in detail. The chapter is
organized as follows: first a brief introduction of SERS is presented. This is followed
by sample preparation methods, employed for transferring hBN layers on to silver and
gold NPs. Finally, experimental results and comparison of SERS activity of hBN
covered and bare nanoparticles is presented along with some useful discussions. The

experimental results presented in this chapter have also been reported in [117].

6.2 Surface enhanced Raman spectroscopy: a brief overview

A brief introduction to Raman spectroscopy has already been presented in
Chapter 3. Compared to Rayleigh scattering, Raman signals are typically much
weaker, which limits its application outside of laboratory environments. However,
with the use of nanostructured metallic surfaces, Raman signals can be amplified by
several orders of magnitude, which led to the emergence of SERS [309]. In SERS,
metallic nanoparticles, through plasmonic effects cause enhancement of the local

electromagnetic (EM) fields, (between gaps of neighbouring metallic surfaces) also

90



known as ‘hot-spots’, which consequently amplifies the Raman signals [310, 311].
Hence, over the years, SERS has emerged as a powerful and ultra-sensitive diagnostic

technique even capable of single molecule detection [312, 313].

Gold and silver are the two most commonly used metals for SERS applications,
in terms of ease of fabrication and enhancement effect obtained with commercially
available visible laser sources. Between the two, silver gives a higher enhancement
effect due to lower interband losses [314]. However, Ag easily oxidizes in air resulting
in the loss of SERS activity [315-319]. Despite large enhancement factors, a number
of issues arise with use of metal nanoparticles for SERS. These include, charge transfer
between metal and adsorbed molecules, metal catalysed reactions, adsorption induced
vibrations that are non-characteristic of the molecule, photocarbonization and
adsorption of carbonaceous species, which lead to non-reproducible and undesired
peaks [320]. Li et al demonstrated that these challenges could be overcome by

encapsulating the metal nanoparticles with a thin layer of silica or alumina shell and

hBN covered NPs

Bare NPs

Figure 6-1 (a) Schematic illustration of a SHINERS substrate with Au NPs covered
with a silica shell, (b) TEM image of SHINERS substrate reproduced from [321]. (¢)
Schematic illustration of hBN covered nanoparticles used in this study.

thus prevent any direct contact between metal and molecule (also known as SHINERS
— Shell isolated nanoparticle enhanced Raman spectroscopy) [321], illustrated
schematically in Figure 6-1(a). While passivation of metallic nanoparticles results in
cleaner and reliable Raman signals, a certain minimum thickness (> 5 nm) of shell is

often needed to form pinhole-free coating. As the EM field intensity (‘hot spots’)
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decrease exponentially with the distance from nanoparticle surface, passivation with

dielectric materials comes at a cost of reduced enhancement.

As discussed in Chapter 2, atomically thin layers of two-dimensional (2D)
materials, such as graphene and hexagonal boron nitride (hBN) have been used for
passivating metallic nanoparticles for SERS applications [35, 114, 115, 322, 323].
Mono- to few layers of graphene and hBN were shown to be highly effective in
wrapping around metal nanoparticles and thereby preserving EM ‘hot spots’. Unlike
graphene, which oxidizes in air at temperatures above 250 °C, atomically thin hBN
(nano) sheets have been shown to be stable at high temperatures, even in oxidative
environments [70]. Recent studies have shown that hBN coatings can protect metals
(copper, steel, nickel) not only against oxidation at high temperatures, but also against
chemical corrosion and biofouling [33, 34, 70, 111, 324]. In contrast to hBN, graphene
can in fact accelerate metal oxidation through galvanic corrosion [325, 326].
Furthermore, in the context of SERS, the semi-metallic nature of graphene can
dissipate EM fields, resulting in reduced sensitivity and enhancement. In comparison,
hBN is a wide bandgap semiconductor, electrically insulating and thus more effective
in retaining EM hot spots. Hence, because of the above attributes, hBN is overall,
better suited than graphene for passivation of metal nanoparticles and SERS
applications. As a relatively new semiconductor material, hBN has gained importance
only in recent years and in the context of SERS, only few studies have explored hBN
for passivating silver and gold nanoparticles. For this, hBN is primarily obtained
through mechanically exfoliating thin layers from bulk crystals, often restricted to
small sizes (few hundred pm or less), which is well suited for demonstrating proof-of-
concept and not scalable nor practical in real applications. A couple of studies have

also used CVD grown layers [115, 322].

In this study, MOVPE grown large area hBN is utilized for passivating silver
and gold nanoparticles and its application for SERS is assessed. A schematic of hBN
covered SERS substrate is shown in Figure 6-1(b). Ag NPs, which yield the highest
sensitivity for SERS, are prone to rapid oxidation in ambient and hence not preferred
over gold NPs. It is demonstrated in this chapter that oxidation of Ag NPs can be
prevented by hBN coating, and its SERS activity can be retained even after annealing
at 400 °C in air. Long term stability of Ag NPs, through extended annealing in air is

also explored. In section 6.5, the application of large area hBN is showcased through
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a droplet-based SERS platform, wherein Ag NPs are patterned into an array of circular
spots and protected with a single continuous sheet of hBN. The SERS platforms will

be ideal for droplet based analysis as detailed in the following sections.

6.3 Fabrication of hBN-SERS substrates

In Chapter 4 (section 4.8), water assisted self-delamination of hBN layers from
sapphire substrates is described. Using this technique, as-grown hBN films, with
thickness greater than 20 nm could be readily transferred on to desired substrates.

However, for SERS application, thin hBN layers are required that do not self-

(a) (d)
PMMA
Sapphire ~—hEN
(b) (e)
SiO, on silicon
2% HF

(f)

(c) PMMA-hBN stack (g)

hBN on AgNPs

I_1

Figure 6-2 (a-f) Schematic illustration of hBN transfer process using chemical etching
method and (g) optical microscope image of hBN-AgSERS substrate, showing hBN
covered and uncovered regions, as indicated on the image.

delaminate in a water bath. Transfer of thin hBN films was achieved using a chemical
etching process, adapted from the methods developed for transferring CVD grown 2D

materials on transition metal substrates [160]. The transfer process used in the present
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study is schematically illustrated in Figure 6-2. PMMA (450K A4, MicroChem) was
spin coated on centimetre sized hBN coated sapphire pieces and baked on a hot plate.
The PMMA coated pieces were then floated on a bath of 2% hydrofluoric acid (HF).
Within a few minutes, the PMMA-hBN film was separated from the sapphire (due to
under-etching of the sapphire by HF) and floated on surface of the acid bath. The
PMMA-hBN stack was washed in de-ionized water bath (three times, to completely

remove HF) before being transferred onto a desired substrate.

For characterization, the PMMA-hBN stack was transferred onto a plain SiO2/Si
substrate. PMMA was removed through thermal decomposition, achieved by
annealing samples in air at 500 °C for two hours [327]. Successful transfer of hBN was
confirmed with help of Raman spectroscopy and the thickness was determined by
tapping mode AFM. Figure 6-3(a-c) shows optical microscope images of hBN films
with different thickness transferred on to SiO2/Si substrates along with AFM images
and linescans performed for measuring thickness. The Raman spectra of hBN films
are also shown in Figure 6-3(d). The integrated intensity of the Exg band (at 1369 cm™
1) shows a linear dependence on hBN film thickness (Figure 6-3(e)), which can be used
for thickness calibration. Figure 6-3(f) shows a picture of the hBN film (1.5 nm)
transferred on to a patterned substrate, further highlighting the versatility of the

transfer process.

For preparation of SERS substrates, 5 nm of Ag or Au was evaporated onto
Si02/Si substrate. For droplet based SERS chip (discussed in section 6.5), the metal
layers were deposited through a shadow mask, to obtain a patterned layer. As-
deposited metal layers comprised of discrete NPs rather than a continuous film and
were plasmonically active without any need for further treatment. Next, with the help
of chemical etching process, PMMA-hBN stack was transferred onto Ag and Au
coated substrates. For the SERS study, the hBN film thickness used was limited to 3-
5 layers, obtained by adjusting the growth time to 1 hour under CFG conditions [208].
Lastly, PMMA was removed by acetone. The effect of annealing temperature was
studied, wherein after removing PMMA by acetone, samples were annealed in air at

different temperatures in a quartz tube furnace.

The surface of the hBN coated SERS substrate was imaged using SEM, as shown
in Figure 6-4(a). A continuous (pinhole-free) hBN layer can be clearly identified which
blankets the underlying Ag NPs (in the left half of the image). A few lamination
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Figure 6-3 (a-c) Characterization of hBN films transferred on to SiO2/Si substrate for
three film thicknesses. It includes an optical microscope image of the sample along
with AFM image and linescan for measuring film thickness. (d) Raman spectra of hBN
films, (e) graph showing dependence of Ezg peak intensity on hBN films thickness
(transferred on to Si02/Si substrates) and (f) hBN films transferred on to a patterned
substrate.

wrinkles can also be seen, known to form as a result of the transfer process. The
morphology and distribution of Ag NPs, under hBN and non-hBN covered regions, as
observed in Figure 6-4(a) are nearly same. This confirms that the wet chemical transfer
process did not result in any noticeable change or re-distribution of Ag NPs. The
average diameter of the Ag NPs is 21.7 nm, while average gap between the NPs is 10

nm, which is comparable to values in previously reported studies [114, 115].

The surface morphology of the SERS substrate was also measured using AFM,
as shown in Figure 6-4(b). Individual Ag NPs can be clearly identified in the non-hBN
region, while the hBN layer over Ag NPs is observed to be wrinkled. The flexibility

of atomically thin hBN allows it to conform to underlying Ag NPs, which is essential
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for preserving EM ‘hot-spots’ and critical for SERS effect. AFM line scan shown in
Figure 6-4(b) reveals height variations along the dashed line (in white) and the extent

of contouring as hBN enfolds the Ag NPs.

40.0 nm

0 300 600 900
Length (nm)

Figure 6-4 (a) SEM of hBN-AgSERS substrate showing hBN covered and uncovered
regions, as marked on the image and (b) AFM image and line scan showing height
profile along line AA’.

6.4 SERS measurements results

The SERS performance was evaluated using Rhodamine 6G (R6G) from Sigma
Aldrich as a model molecule. The hBN coated SERS substrates were immersed in a
solution of R6G prepared in DI water for 1 hour. Concentration of R6G solution was
varied from 107 to 10 M. After soaking, samples were rinsed thoroughly with DI
water. Raman spectra were collected using Horiba’s JOBIN VYON spectrometer
using a 532 nm laser and its intensity incident on the sample was set to 50 pW cm™.
Baseline corrections on collected spectra were performed for subtracting background
fluorescence from hBN and Ag NPs using LabSpec software supplied with the

spectrometer.

6.4.1 SERS performance of hBN covered Au and Ag NPs
It is well-known that the surface plasmon resonance for Ag NPs lies in the near
ultraviolet range due to which it yields the highest sensitivity in SERS with commonly

used visible wavelength lasers. However, Ag is prone to rapid oxidation in ambient
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Figure 6-5 (a) Raman spectra for 10° M R6G obtained from hBN and non-hBN
covered Au and Ag samples. The plots are offset vertically for clarity and (b) Raman
spectra for 10~ M R6G obtained from bare SiO2/Si and hBN-SiO: substrates without
nanoparticles. The spectra are shown without baseline correction.

conditions [315-317] and therefore, Au is commonly preferred (over Ag). In this study,
we first compare the performance of hBN covered Au- and Ag-SERS substrates. Both
substrates were dipped in a 10~} M solution of R6G as described above. Raman spectra,
collected from regions with and without hBN cover for both Au and Ag samples are
summarized in Figure 6-5(a). Characteristic Raman peaks for R6G at 613, 775, 1184,
1312, 1363, 1509, 1577 and 1650 cm™ are clearly visible (marked with *) [328]. As
expected, the SERS spectra of R6G obtained from Ag NPs is significantly stronger
than that from the Au NPs, and is consistent for hBN and non-hBN covered regions.
Furthermore, for Ag and Au samples, it can be observed that the Raman signal
intensity is higher from hBN covered regions than from non-hBN regions. The slightly
stronger Raman signals from hBN covered regions across both samples can be
attributed to superior adsorption capabilities of hBN layers over bare metal NPs and
has been reported for hBN and graphene in recent studies [113, 114, 329]. For
reference, Raman spectra from plain hBN-SiO2 and bare SiO2 after R6G immersion
were also collected, however no measurable peaks corresponding to dye was observed.
Raman spectra for these two samples without baseline corrections are shown in Figure

6-5(b).

Given the higher sensitivity of hBN covered Ag SERS, lower concentrations of
R6G were also analysed and are shown in Figure 6-6. R6G concentration up to 108 M
could be measured using the hBN-Ag SERS substrates. No measurable peaks are
observed from Raman spectra corresponding to R6G concentration of 10° M, as

shown in Figure 6-6(d) (without any baseline corrections). Once again, for all R6G

97



(a) 5000] 10°MR6G ——hBN-Ag (C) s00] 10° MR6G ——hBN-Ag
——Ag —_
3 5
< s
=) >
z 2
5 C
0] (0]
= I = |

600 900 1200 1500 1800 600 900 1200 1500 1800

Raman Shift (cm™) Raman Shift (cm™)
107 MR6G —hBN-Ag r ——hBN-A
(b) 2oool —Ag (d) 5001 107 MR6G —Ag .
3 5
L ®©
7 D
g 5
= I \ =
600 900 1200 1500 1800 500 900 1200 1500 1800
Raman Shift (cm™) Raman Shift (cm™)

Figure 6-6 Raman spectra of varying concentrations of R6G (indicated in figure)
obtained from hBN and non-hBN covered Ag SERS samples.

concentrations, the Raman signal from hBN covered Ag NPs is consistently higher

than that from bare Ag NPs, in agreement with previous observations.

6.4.2 hBN for preventing oxidation of Ag NPs

Next, the role of hBN in preventing oxidation and preserving the SERS
functionality of Ag NPs was tested. For this, after transferring hBN layers on to Ag-
SERS substrate (also referred as hBN-AgSERS) and removing PMMA with acetone,
the samples were annealed in air for 2 hours at 200, 400 and 600 °C. It is reasonable
to believe that silver oxidation will be accelerated under such annealing conditions
[330, 331]. SERS activity of annealed and one non-annealed sample was once again
checked using 10 M R6G solution, as described above. The effect of annealing on
bare Ag NPs was also monitored and Raman spectra obtained from hBN and non-hBN
covered regions, for each of the four samples are shown in Figure 6-7(a-b). The
intensity of peak at 613 cm™! (characteristic of R6G) is used as a measure of SERS
sensitivity and plotted against annealing temperature in Figure 6-7(c) for ease of

comparison. From Figure 6-7(c), it can be seen that for uncovered Ag NPs, the Raman
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signal intensity decreases with increasing annealing temperature. A slight decrease in
Raman intensity is also observed for hBN covered Ag NPs for annealing temperatures
up to 400 °C, after which, a sharp decrease in Raman intensity is observed for
annealing temperature of 600 °C. Two main factors responsible for the observed results

are discussed below.
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Figure 6-7 (a-b) Raman spectra for R6G obtained from hBN and non-hBN covered Ag
nanoparticles for SERS samples annealed at different temperatures, (c) variation of

613 cm! peak intensity with annealing temperature and (d) Raman spectra of 10”7 M
R6G obtained from hBN-Ag SERS sample annealed at 250 °C for 48 hours.

First, since Raman signals from hBN covered regions are consistently higher
than non-hBN regions, it can be said that hBN is indeed effective in preventing
oxidation of Ag NPs, at least till 400 °C. For samples annealed at 600 °C, Raman signal
intensities from hBN and non-hBN covered regions are nearly same, which will be
discussed separately. In the case of non-annealed sample, the lower signal for non-
hBN covered Ag NPs can be attributed to oxidation of Ag NPs at room temperature
(i.e. 25 °C) which can take place over few days after the transfer of hBN layers and

until SERS analysis is performed. The effect of silver oxidation on SERS was further
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established through prolonged annealing of samples performed in air at 250 °C for 48
hours. The SERS functionality of the hBN covered regions on these samples was
established by successfully measuring Raman signal for a much smaller R6G
concentration, as shown in Figure 6-7(d). This confirms hBN’s ability in preventing

silver oxidation.

Secondly, during thermal annealing, silver NPs on the SiO2 surface can diffuse
and coalesce, resulting in redistribution of NPs for both hBN and non-hBN covered
regions [332, 333]. SERS samples were imaged using SEM and particle distribution
analysis was performed on annealed and non-annealed samples, as shown in Figure
6-8 and 6-9, respectively. Ag NP statistics presented in Figure 6-8 and 6-9 show that
nanoparticle diameter and gap length between adjacent nanoparticles increased with
increase in annealing temperature, for both hBN and non-hBN covered regions. This
can be attributed to higher surface diffusion rates of Ag NPs with increasing annealing

temperature, facilitating its coalesce to form bigger particles. Furthermore, the EM
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Figure 6-8 (a-c) SEM images of hBN covered Ag NPs that are as-deposited, annealed
at 200 and 400°C respectively. (d-f) gap length and Ag nanoparticle diameter
distribution analysis for as-deposited and annealed samples shown in (a-c).
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Figure 6-9 SEM images of Ag NPs that are as-deposited, annealed at 200 and 400 °C
respectively. (d-f) gap length and Ag nanoparticle diameter distribution analysis for
as-deposited and annealed samples shown in (a-c).

enhancement in SERS is known to be highly sensitive to the size and separation
between metal nanoparticles. The intensity of EM field drops exponentially as we
move away from metal surface. Hence, the observed decrease in SERS signal from
hBN covered samples, reported in Figure 6-7(c), is attributed to changes in Ag NP
distribution induced by thermal annealing. Furthermore, from Figure 6-9, it can be
observed that the extent of redistribution and corresponding change in particle
diameter and gap length is more significant for non-hBN regions than for hBN covered
regions. This is probably due to restricted surface diffusion of Ag particles imposed
by the hBN coverage. Hence, by preventing oxidation and restricting re-distribution of

Ag NPs during thermal annealing, hBN is able to maintain higher SERS sensitivities.

We also discuss the SERS activity and anomalous behaviour of samples
annealed at 600 °C, wherein, the R6G Raman signal intensity for hBN and non-hBN
covered regions are nearly the same (Figure 6-7(c)). Figure 6-10(a) shows the SEM
image of hBN-AgSERS sample annealed at 600 °C (due to lack in contrast between
Ag, hBN and SiO, a particle distribution analysis for this sample could not be
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performed). The surface morphology of this sample is significantly different than its
counterparts (Figure 6-8). From Figure 6-10(a), it appears as if the hBN layer covering
Ag NPs is damaged. Mono- and few-layers of single crystal hBN (obtained via
mechanical exfoliation) are known to be one of the strongest materials [14]. On the
other hand, MOVPE (and CVD) grown hBN films comprise of nanometer sized grains
which coalesce to form a continuous film, through the formation of grain boundaries.
Point defects (and grain boundaries) in graphene have been shown to affect its
mechanical properties [334, 335]. To the best of our knowledge, we have not come
across a similar study on CVD/MOVPE hBN films, but given the similarity between
the two materials, it is reasonable to believe that grain boundaries in MOVPE grown
hBN are also more susceptible to breakage under strain (applied by Ag NPs during
annealing) than single crystal hBN film. More importantly, in a recent study, Liao et
al., have shown that Ag NPs can facilitate oxidative etching of hBN nanosheets,

achieved by annealing Ag-NPs and hBN nanosheets in air (using a tube furnace) [336].

130.0 nm

(d)

200.0 nm

Figure 6-10 (a) SEM image of hBN covered AgSERS sample annealed at 600 °C, (b)
bare Ag NPs annealed at 600 °C. The white arrows indicate spots on the SiO2 surface
which are reminiscent of Ag sublimation, (c-d) AFM image of hBN covered AgSERS
sample annealed at 600 and 400 °C respectively. White arrows in (c) point to Ag NPs
which seem to be protruding from the hBN film.
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Catalytic etching by Ag-NPs at elevated temperatures has also been utilized for
synthesizing porous graphene nanosheets [337]. Unprotected Ag NPs undergo
sublimation at temperatures close to 600 °C [338, 339]. From the SEM image of
uncovered Ag NPs annealed at 600 °C shown in Figure 6-10(b), several spots (marked
by white arrows) can be identified. These appear to be remnants of Ag NPs on the SiO2
surface post sublimation. The surface topography, measured using AFM, for samples
annealed at 600 and 400 °C is shown in Figure 6-10(c) and (d), respectively. Once
again, for sample annealed at 600 °C, hBN layer appears to be ruptured and Ag NPs
(marked by white arrows) can be seen to protrude through the hBN film whilst
increasing the overall surface roughness of the film. In comparison, the hBN film for
sample annealed at 400 °C (and non-annealed, not shown here) appears to be wrinkled
but continuous and undamaged. Hence, during annealing at 600 °C, the catalytic
etching by Ag NPs damage the hBN film. Consequently, Ag NPs are exposed to air
and hBN can no longer prevent its oxidation. This can explain the loss in SERS activity

after annealing the sample at 600 °C, as observed in Figure 6-7(c).

6.5 Droplet-based SERS chip

Having successfully demonstrated the use of MOVPE grown wafer-scale hBN
layers in preventing the oxidation of silver NPs, its utility can be readily extended for
large area applications, showcased here through a droplet based SERS platform. In
general, the development of droplet-based platforms for analytical and diagnostic
techniques including SERS is being actively pursued as it combines the benefits of
parallel operation, minimal reagent consumption and faster analysis [340, 341]. SERS
based analysis typically involves drop casting a few microliters of an aqueous sample
containing the analyte of interest on to a SERS substrate. The sample is then analysed
using a spectrometer (air borne analytes can be transferred onto the substrates using
additional steps). Figure 6-11(a) shows a photograph of the droplet based SERS chip.
It consists of an array of circular spots, which are the SERS active regions comprising
of silver NPs deposited on the SiO: surface using a shadow mask. hBN layer is
transferred on to the substrate, using wet transfer process and PMMA was removed by
annealing in air at 400 °C for two hours. The periphery of the hBN is highlighted by a

white dashed line in Figure 6-11(a). Note that hBN’s refractive index imparts a colour
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difference between hBN and non-hBN covered Ag NPs (green to blue, respectively)
and helps in distinguishing between the two. A 2 ul droplet of 10® M R6G (equivalent
to 0.958 nanograms) was carefully pipetted onto the hBN covered Ag NPs, as
illustrated (where two droplets are shown to highlight that multiple droplets can be
analyzed on one substrate in parallel). Raman spectrum, as shown in Figure 6-11(b)

was collected after the droplet was dried is representative of R6G. Raman spectrum
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Figure 6-11 A photograph of droplet based SERS chip containing an array of Ag spots.
The boundary of the hBN covered region is indicated by a dotted white line. Ag spots
under hBN appear green and can be easily distinguished from the bluish uncovered Ag
spots. Two 2 uL droplets of 10°° M R6G are pipetted over hBN covered Ag spots, (b)
Raman spectra of R6G collected after the droplets shown in (a) have dried. (c) optical
microscope image of hBN covered Ag spots seen in (a) and, (d) Raman intensity map
using 613 cm™! peak of R6G corresponding to the white box shown in (c). Scale bars

in (c-d): 20 pum.

from uncovered Ag spot is also shown in Figure 6-11(b) for comparison. Based on
spectra collected at different points from the hBN covered Ag NPs regions, some non-
uniformity in the Raman signal intensity was observed. The background fluorescence
was also variable at different measurement points. This can be attributed to the
hydrophobic nature of hBN film [183, 273], leading to unequal distribution of R6G
over the hBN surface as the droplet dries gradually [342, 343]. Alternatively, the SERS
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chip was immersed in a bath of 10% M R6G for 30 minutes to facilitate uniform
adsorption of dye molecules over the hBN surface. Figure 6-11(c-d) shows an optical
microscope image taken at the edge of the silver nanoparticle pattern. The hBN
covered SiO2 and Ag NP regions can be identified easily and are labelled for clarity.
A colour coded Raman intensity map (corresponding to 613 cm™! peak intensty) for
area enclosed in a white box (in Figure 6-11(c)) is shown in Figure 6-11(d). The stark
contrast in Raman intensity between hBN-Si02 and hBN-Ag NPs regions is due to the
SERS. The spatial homogeneity of the 613 cm™ peak intensity from the hBN-Ag NP

region confirms uniform adsorption of R6G.

6.6 Summary

In summary, we demonstrated the use of large-area hBN films for SERS
applications using gold and silver nanoparticles. hBN was shown to be highly effective
in preventing the oxidation of silver nanoparticles, even at elevated temperatures. The
SERS activity of the hBN coated Ag NPs samples was confirmed using R6G and was
found to be consistently better than that of bare Ag NPs. The change in surface
morphology of SERS samples was studied using AFM and SEM, which help in
correlating changes in nanoparticle distribution induced by annealing to SERS
enhancement. Our study specifically utilizes MOVPE grown hBN layers which can be
readily scaled up for large-area applications, as demonstrated through droplet based
SERS chip. In future, application of large area hBN layers can be extended for

passivation of other materials as well.
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Chapter 7. Epitaxial growth and
characterization of AIN on hBN

7.1 Introduction

Epitaxial growth of compound semiconductor materials is at the heart of many
solid-state devices, including LEDs, HEMTs, laser diodes, photodetectors and sensors.
Over the years, a wide range of III-V and II-VI materials such as GaAs, InP, GaN,
CdTe, ZnO and ZnSe have been deposited on suitable substrates. In recent years, there
has been a paradigm shift towards the development of flexible and conformal devices
[6, 344, 345]. For this, layered 2D materials, such as mica, graphene, hBN etc., are
being explored as substrates for epitaxial growth of compound semiconductors [89-
91, 97, 101, 346, 347]. This special class of epitaxy on 2D materials as substrates is
also known as van der Waals epitaxy [348]. The unique crystal structure of 2D
materials, wherein, individual layers are held together by weak van der Waals forces
(as opposed to strong covalent bonds) form a shear plane. This offers a convenient
method to detach hetero-structure devices from substrates post epitaxy and
subsequently transfer them onto desired substrates, such as polymer sheets (for

flexibility) or metallic substrates as heat sinks.

Amongst the various 2D materials, hBN is well-suited for van der Waals epitaxy
as it is thermally stable and can withstand high-temperature, hydrogen-rich, epitaxial
growth environments required for the deposition of Ill-nitrides. Wafer-scale hBN
layers have been successfully deposited on sapphire substrates using MOVPE, as
described in Chapter 4. In this chapter, growth of AIN on hBN is presented, which can
potentially serve as templates for deep UV-LEDs.

7.2 III-nitride growth on hBN: Literature review

Solid state UV light sources are in high demand for a wide range of applications
such as water purification, sterilization, disinfection and secure communications.
AlGaN based materials are principal candidates for the development of energy

efficient UV light sources, as they have a direct bandgap and offers the possibility of
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fine tuning the emission wavelength by changing the alloy composition [197, 199,
349]. In the absence of lattice matched substrates, sapphire wafers with a few microns
thick AIN buffer layer serve as templates for epitaxial growth of AlGaN based multi-
quantum well (MQW) devices. AIN growth itself is challenging as several conditions
need to be satisfied simultaneously. For example, the crystallinity of AIN/AlGaN
layers critically depends on the growth temperature during MOVPE process. For pure
AIN films, growth temperatures above 1300 °C have been shown to be beneficial in
terms of reducing defects, such as screw and edge dislocations. These act as non-
radiative recombination centers and reduce the internal quantum efficiency of the
device [229, 350-354]. In addition to this, polarity inversion from Al- to N-polar results
in the formation of epilayer with very rough surfaces and V-groves [355-358]. For
MQW devices, specular surfaces are needed, which requires careful polarity control.
Thick AIN layers can also undergo severe cracking, due to tensile stress in AIN film
[359-361]. Currently, there is a huge interest in fabricating low-dislocation density,
specular and crack-free AIN buffer layers to aid in developing high brightness deep-
UV devices.

For the fabrication of flexible optoelectronic devices, epitaxial growth of III-
nitride alloys on hBN has attracted attention in recent years. In 2012, Kobayashi et al.
were the first to report on the growth of InGaN MQW LED structure on sapphire with
a thin MOVPE-grown hBN sandwiched between the two. The device was released
from sapphire and subsequently transferred onto a polymer sheet [89]. Later, Ayari et
al. extended this capability to wafer-scale exfoliation of MQW InGaN LEDs grown on
hBN/sapphire template [90]. The same group also reported on the growth and
fabrication of a flexible AlGaN based gas sensor on hBN/sapphire template using
MOVPE [94]. Other than LEDs, Hiroki et al. have used hBN layers to release AlGaN
based high electron mobility devices from sapphire substrates. The devices were
transferred on to copper sheets for increased heat dissipation, which resulted in an
overall improvement in device performance [99]. Similarly, Glavin et al. reported on
flexible GaN/AlGaN high electron mobility transistors obtained through growth on
hBN/sapphire substrates for radio frequency applications [97].

[I-nitride growth on hBN is an emerging field and several aspects of growth are
being investigated. For example, traditionally, the growth of GaN or AIN on sapphire

starts with the deposition of a thin (few tens of nanometers), low-temperature
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nucleation layer, over which a thicker buffer layer is grown at higher temperature [362,
363]. hBN being a 2D material, lacks dangling bonds which makes nucleation difficult
to achieve. It has been shown that GaN does not nucleate uniformly over hBN and
results in the formation of randomly oriented, polycrystalline, isolated islands [§9]. On
the other hand, AIN serves as a better nucleation layer (on hBN), which may be
attributed to the lower mobility and higher sticking coefficient of Al atoms [364]. GaN
buffer layers grown on AIN nucleation layer are able to coalesce and form specular
films. Alternatively, oxygen plasma treatment of hBN, has also been employed for
improving nucleation [96, 365]. Plasma etching works by creating dangling bonds on
the hBN surface along with pinholes, which act as step edges to facilitate the nucleation
process [95]. However, samples have to be removed from the MOVPE reactor for

additional plasma processing steps and risks surface contamination.

The quality of the underlying hBN layer also plays a critical role in the
deposition and crystallinity of AlGaN buffer layers grown on it. In some studies,
monolayer hBN on sapphire is used. The use of very thin hBN layer combined with
plasma etching makes it difficult to physically detach the buffer layer from the
sapphire substrate [96, 365]. On the other hand, thick hBN layers, with rough surface
morphology can result in spontaneous and uncontrolled self-delamination of grown
layer from substrate, as demonstrated by Snure et al. for GaN [366]. A direct
correlation between defect density and surface roughness was also reported in the same

study.

There are few reports on growth of pure AIN layers on hBN/sapphire substrates
which can serve as templates for deep-UV devices, as described above. In the
following sections, growth of AIN on sapphire and hBN/sapphire (also referred as just
hBN for simplicity) substrates using MOVPE is presented. The morphology and
crystallinity of the AIN films grown on hBN under different conditions was studied
using a combination of different characterization methods. Structural quality of AIN
epilayers was characterized using high-resolution X-ray diffraction (HR-XRD), where
o-scans of symmetric (0002) and asymmetric (1012) planes provide an estimate of
dislocation density. Grazing incidence XRD (GI-XRD) was also employed to
specifically investigate the polycrystallinity of the AIN layers. The overall morphology
of AIN was imaged using SEM, while surface topography of hBN and AIN was

measured using tapping mode AFM. Raman spectroscopy of the films provided a rapid
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and non-destructive method for confirming hBN deposition on sapphire and estimating

the strain in AIN films.

7.3 MOVPE deposition of AIN on hBN (and sapphire)

hBN was grown directly on sapphire substrates under continuous flow
conditions®, as detailed in Chapter 4. TEB flux and V/III ratio was 60 umol/min and
2200, respectively. The thickness of hBN was limited to 1-2 nm, which was achieved
by adjusting growth time to 1 hour (see Figures 4.3(a) and 6-3(a), for hBN films grown
under same conditions). Although detailed characterization study of such hBN films
has been presented in the previous chapters, for convenience, the surface topography
of sapphire and hBN, obtained using AFM are shown in Figure 7-1(a) and 7-1(b),
respectively. Post hydrogen anneal, the sapphire surface is atomically smooth and the
vicinal step edges due to offcut are clearly visible. The as-deposited hBN film exhibits
a wrinkled morphology that is characteristic of 2D material growth. Raman spectra of
the two substrates are shown in Figure 7-1(c). The peak at 1371 cm™ corresponds to

the E2¢ mode of sp? bonded hBN and along with AFM, confirms hBN deposition. The
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Figure 7-1 Surface topography, measured using AFM, of (a) sapphire after hydrogen
annealing and (b) hBN film deposited on sapphire. Wrinkles in hBN films are clearly
visible. Root mean square roughness (Rq) and scale bars are as indicated on individual
figures. (c) Raman spectra of sapphire and hBN films.

¢ CF methodology is preferred over FME for the growth of hBN as very thin layers of hBN (< 2 nm)
are required, over which AIN layers were grown subsequently. Typically, FME growth process is
favoured only when thicker hBN films are required, for reasons described in Chapter 4. FME also
requires periodic and multiple actuation of the mass flow controllers (MFCs) in the MOVPE reactor.
Repeated actuations of MFCs can reduce their operational life. Hence, CF conditions were used
instead of FME for depositing hBN.
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dotted line in Figure 7-1(c) represents the Raman spectrum of another hBN film
(labelled ‘t-hBN’) which was deposited using a smaller TEB flux. Based on the
intensity of Eazg peak, we can conclude that this hBN film is thinner and will be

discussed later.

For AIN growth, trimethylaluminium (TMA) was used as Al precursor. Sapphire
and hBN substrates were loaded together in the 3x2 MOVPE reactor. This provides a
direct comparison of AIN growth on the two substrates under identical growth
conditions. AIN itself was grown using different methods described below. The total

AIN film thickness was kept between 800-900 nm in all the processes.

7.3.1 Two-step AIN growth

First, AIN growth using a conventional two-step method was studied which
involves a low temperature (LT) nucleation layer grown at 900 °C, followed by a high
temperature (HT) buffer layer at 1300 °C. The use of a low temperature AIN nucleation
layer was first reported by Akasaki and co-workers in 1986 (later by Nakamura using
low-temperature GaN). Since then, this has become the standard process for growing
specular AIN and GaN films [362, 363, 367]. For the two-step process, sapphire and
hBN wafers were loaded in the MOVPE chamber and baked in hydrogen, as described
above. Then, AIN nucleation layer was deposited for 3 minutes at 900 °C, resulting in
a 30 nm-thick layer on sapphire (determined using X-ray reflectivity measurements).
Thereafter, the temperature was increased to 1300 °C, under hydrogen flow for HT-
AIN buffer layer growth (800-900 nm thick). TMA flow was 70 umol/min with a V/III
ratio of 10.

(b)

Figure 7-2 (a-b) SEM and AFM images of AIN deposited using the 2-step process on
sapphire, respectively. (c) SEM image of the 2-step AIN film grown on hBN.
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Figure 7-2(a) and 7-2(c) shows plan-view SEM images of AIN grown on
sapphire and hBN, respectively. The surface of the AIN on sapphire looks smooth and
is in agreement with the AFM results, as shown in Figure 7-2(b). Some elongated pits
in the AIN film can be identified, which can be eliminated by growing thicker AIN
films. On the other hand, the morphology of AIN on hBN is significantly different. It
consists of nanocolumnar-like 3D features with conical tops, interspersed with
randomly oriented wedge-like features, as shown in Figure 7-2(c). From the SEM
images it appears as if the individual columns have not coalesced, resulting in a rough

surface morphology.

7.3.2 One-step AIN growth

To understand this further, AIN was deposited on sapphire and hBN directly at
1300 °C, without a LT nucleation layer. TMA and NHs3 flow rates were same as used
for the 2-step growth and no precursor pre-treatment (TMA or NH3) was performed.
From the SEM images of the two samples shown in Figure 7-3(a) and 7-3(b), it can be
seen that AIN morphology is similar on both substrates and comprises of only

nanocolumnar-like features that are also seen in Figure 7-2(c).

Figure 7-3(a-b) SEM image of AIN nanocolumns obtained using the 1-step growth
process on sapphire and hBN, respectively. The white arrow in (b) indicates a region
where AIN is delaminating from the underlying sapphire substrate due to the presence
of hBN. (¢) SEM image of AIN nanocolumns on sapphire after KOH etching.

The epitaxial relation between 1-step AIN and the underlying substrate, which is
hBN grown on sapphire, was determined using XRD pole figure measurements. Figure
7-4(a) and 7-4(b) shows the pole figure plots of 1-step AIN grown on hBN and

sapphire, respectively. Six equally spaced diffraction spots corresponding to the

(1012) plane of AIN at y = 42 °© and for (1123) plane of sapphire at y = 61 ° can be
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Figure 7-4 (a-c) XRD pole figures for 1-step AIN grown on hBN, sapphire and 1-step
AIN grown on sapphire, respectively. The crystal planes and scan axis (¢p and ) are
as indicated on the figures. (d) 20-w XRD for 1-step AIN grown on hBN.

identified having the same ¢ values, as shown in Figure 7-4(a) and 7-4(b), respectively.

From this, we can establish that [1012]am||[ 1123]sapphire, which implies that the AIN
lattice is rotated in-plane by 30° with respect to sapphire [89, 95]. Pole figure
measurements of 1-step AIN grown on sapphire without hBN also show the same
orientation of the AIN lattice with respect to sapphire, as shown in Figure 7-4(c), which
is consistent with previously reported results [368, 369]. This suggests that in spite of
the presence of hBN, the epitaxial relation between AIN and sapphire is the same as
that without hBN. During pole figure measurements, no diffraction peak from hBN
was recorded, as it is a very thin layer (< 2 nm). Figure 7-4(d) shows 20— scan for
AIN on hBN sample under symmetric configuration (i.e. 0 = ). The peak at 41.69°
corresponds to the (0006) planes of sapphire. With only two peaks visible for AIN at
36.02 and 76.42° pertaining to (0002) and (0004) planes, we can further infer that AIN
crystal planes are predominantly oriented such that [0001]ain|[[0001 ]sapphire. Therefore,
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the AIN nanocolumns on sapphire, as shown in Figure 7-3(a) are oriented along

<0001> direction with respect to substrate.

Based on previous studies, the AIN nanocolumns have been attributed to the
formation of inversion domains, resulting in AIN deposition with a mixed polarity
[355, 356, 358, 370]. The nanocolumns have an Al-polar core that is surrounded by
N-polar shell. A faster growth rate of the Al-polar domains causes it to outgrow the N-
polar domains to form nanocolumns with conical tops. To confirm this, the AIN
nanocolumns (on sapphire) were etched in hot KOH. Figure 7-3(c) shows an SEM
image of 1-step AIN on sapphire after a brief dip in 1M KOH solution at 80 °C. It is
well-known that N-polar AIN etches faster than Al-polar in KOH solution [355]. Due
to this differential etch rate, the N-polar AIN is completely etched, leaving behind Al-
polar domains, which form the core of nanocolumns. Furthermore, the apparent
similarity in morphology and XRD results for AIN grown on hBN with that on
sapphire, suggests that the AIN growth on hBN also has mixed polarity. KOH etching
of AIN nanocolumns grown on hBN could not be performed, as the films delaminated
in the chemical bath. Figure 7-3(b) indeed captures delamination of as-grown AIN
nanocolumns (indicated by the white arrow) due to underlying 2D hBN. This is

discussed in more detail below.

HR-XRD was used to evaluate the crystallinity of the AIN layers deposited on
hBN and sapphire. Dislocations in epitaxially grown IlI-nitride films are generally
described by means of a mosaic model, using tilt and twist of individual single-crystal
grains, as illustrated in Figure 7-5(a). The degree of the tilt and twist can be estimated
from the w-scan (also known as X-ray rocking curves or XRC) of symmetric and

asymmetric lattice planes [232, 371]. Figure 7-5(b) and 7-5(c) show w-scans of (0002)

and (1012) planes for AIN layers grown under different conditions, respectively. The
full-width at half- maximum (FWHM) values of XRCs are also summarized in Table

7-1 for ease of comparison. For the conventional 2-step AIN grown on sapphire, the

FWHM of the (0002) and (1012) XRC scan was measured to be 408 and 2045 arcsec,
respectively, which are comparable to previously reported values [372, 373]. However,
for AIN layers grown on hBN, FWHM of XRCs is considerably larger. Lower FWHM
for AIN grown on sapphire is mainly due to a stronger epitaxial relation between the
two, which in turn controls the orientation of individual AIN grains with respect to the

basal plane of sapphire. On the other hand, the presence of hBN possibly weakens the
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Figure 7-5 (a) Schematic illustration of tilt and twist of AIN grains on sapphire, (b)
HR-XRD ®-scans for (0002) and (1012) planes of AIN grown on hBN and sapphire,

using either 1-step or 2-step growth process.

Table 7-1 FWHM of XRCs obtained for AIN grown on hBN and sapphire using

different growth techniques. All FWHM values are in arcsec.

FWHM (0002)

Sapphire 1374 408 260
hBN 2760 3178 1940
t-hBN - - 956
FWHM (1012)
Sapphire 3860 2045 1416
hBN 6395 7892 5172
t-hBN - - 2239
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epitaxial relation between AIN and sapphire thereby increasing both the tilt and twist

of AIN grains and hence resulting in a higher defect density.

A comparison of AIN morphology on hBN using the 2- and 1-step methods
suggests that while the nanocolumns can be attributed to high temperature growth, the
random wedge-like features, seen only in case of 2-step AIN growth on hBN, are most
likely formed during nucleation at low temperature. It is possible that the low-
temperature AIN (on hBN) nucleates randomly and does not cover the entire surface
of the substrate. Upon increasing the temperature, AIN nanocolumns grow directly on
hBN from the uncovered regions. This explains the morphology of 2-step AIN (on
hBN), as shown in Figure 7-2(c). Random nucleation of AIN on hBN may also imparts

on it a polycrystalline character.

GI-XRD was employed to specifically investigate this. Compared to powder
diffraction, which employs the Bragg-Brentano geometry (also known as symmetric
configuration, i.e. ® = 0), the GI-XRD is distinguishable in the following aspects: (1)
since the X-rays are incident at a glancing angle (), its pathway within the film is

increased, as illustrated in Figure 7-6(a). Consequently, measurements become more

(a) Grazing incidence configuration; w = 0.6-4°

Incident x-ray

=
X-ray - sample !
interaction volume substrate
(b) Incident x-ray

X-ray - sample

interaction volume substrate

Bragg-Brentano configuration; w = 6

Figure 7-6 A schematic illustration of XRD measurements under (a) grazing incidence
and (b) Bragg-Brentano configuration, respectively.
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sensitive to the film and intense signals from the bulk substrate (if any) can be
minimized or avoided completely and (2) under GI-XRD configuration, the diffraction
peaks originate from tilted (and twisted) crystal planes and not from those that are
parallel to the basal plane of the substrate. This scenario is illustrated schematically in

Figure 7-7(a) and 7-7(b).

(a) >,No Diffraction Diffraction
K - ~
z . Incident - 1 & Incident
A s xray rf 2 x-ra
= S
substrate
(b) > No Diffraction ./ Diffraction

Incident
X-ray

&

Incident
X-ray

substrate

Figure 7-7 (a-b) Schematic illustration depicting how tilt and twist of crystal plains
can affect diffraction under GI-XRD configuration, respectively.

For GI-XRD measurement of AIN films, the incidence angle, ‘®’, was fixed at
0.6 °, while 20 axis was scanned from 25 — 80 °. Figure 7-8 shows GI-XRD scans of
different AIN films, including a blank sapphire substrate for reference. It can be
observed that AIN grown directly on sapphire shows no peaks under GI-XRD
configuration. This is not surprising, as it is comprised of well-oriented AIN grains
with respect to the basal plane of sapphire, as governed by the strong epitaxial relation
between the two. Some tilt and twist of the AIN grains is expected, which was
measured using HR-XRD m-scan, but not enough to produce a diffraction peak with

an X-ray beam incident at a grazing angle. However, for AIN grown on hBN using

116



both 1-step and 2-step methods, more than one peak is recorded. Each of the two cases

are discussed individually.

For 1-step AIN on hBN, the two distinct peaks at 36.02 and 66.03 ° are observed,

corresponding to (0002) and (1013) planes and attributed to tilt and twist of the AIN
grains, respectively. Furthermore, from the 20—-® scan under Bragg-Brentano
geometry for 1-step AIN on hBN, as shown in Figure 7-4(d), no peaks other than
(0002) and (0004) planes were observed. This implies that AIN layer is predominantly
oriented such that most of the (0002)ain crystal planes are parallel to the (0001) basal

plane of the sapphire substrate. These crystal planes will not give rise to a diffraction

2-step AIN/hBN
—— 1-step AIN/hBN

00.2 10.3 1-step AlN/sapphire
| 10 2-step AlN/sapphire
: sapphire
10.0 | 10.1 102 k 110 pp
00.2 10.3

Counts

I ———

30 40 50 60 70 80
2Theta (degree)

Figure 7-8 GI-XRD scans of 1-step and 2-step AIN grown on hBN and sapphire. The
Miller indices of the diffractions peaks are indicated on the diffractogram.

peak under GI-XRD configuration, as described above. Only those (0002)aN planes
which are tilted by nearly 17.4° (for an X-ray incidence angle of 0.6°) with respect to
basal plane will satisfy Bragg’s diffraction condition, as illustrated in Figure 7-7(a).
Such a large tilt of AIN grains is unusual in the case of AIN grown on sapphire, which
explains the absence of the (0002) peak in GI-XRD scan for the same (both 1-step and
2-step growth). However, the (0002) peak is recorded for AIN grown on hBN.
Therefore, it appears that a small fraction of (0002)aiN crystal planes are tilted by large
angles, which give rise to the diffraction peak at 36.02° in Figure 7-8.
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Similarly, the peak at 66.03° is attributed to in-plane twist of AIN grains. It is

important to note that the (1013) planes are already tilted, making an angle of 31.65°,
with rest to the basal plane of the sapphire (or (0001)av). Therefore, simply an in-

plane twist of (a few of) the AIN grains is required to orient (1013) planes such that,
Bragg’s diffraction condition is satisfied under GI-XRD, as illustrated in Figure 7-7(b).
Furthermore, XRD pole figure measurements shown in Figure 7-4(a-c) clearly depict
that AIN grains have a preferred in-plane orientation with respect to sapphire substrate,
which is the same even when hBN is present between the two. The evidence for this

preferential orientation is given by the appearance of six equally spaced diffraction

spots for the (1012) planes, as shown in Figure 7-4(a). If all of the AIN grains were
rotated randomly in-plane, then, instead of the six diffraction spots, the data would
consist of a continuous ring at ¢y = 42 °. However, that is not the case. Hence, the

presence of hBN sandwiched between AIN and sapphire, increases in-plane twist of

some AIN grains which give rise to the (1013) peak in GI-XRD. Such randomly
oriented tilted and twisted AIN grains are likely to be present at the hBN-AIN interface.

On the other hand, multiple GI-XRD peaks are seen in Figure 7-8 for 2-step AIN
grown on hBN using a low-temperature nucleation layer. In addition to the peaks
associated with tilt and twist of AIN grains, it is likely, that the low mobility of Al
atoms, at reduced temperature may cause random nucleation of the film. Consequently,
the 2-step AIN layer has a much higher degree of disorder and a polycrystalline
character. Thus, based on morphology and X-ray analyses done so far, it is clear that
the standard 2-step process, involving a low-temperature nucleation layer is not

suitable for AIN growth on hBN.

7.3.3 Multi-step AIN growth

In order to grow smooth AIN films on hBN, we adopted a multi-step growth
process utilizing 3D and 2D growth modes, as described in [374, 375]. To prevent
deposition of polycrystalline nuclei, growth was undertaken at high temperature only.
Furthermore, under the growth conditions where both TMA and ammonia are
introduced in the reactor simultaneously, AIN grows via a 3D mode that leads to
formation of nanocolumns, as shown in Figure 7-3(a-b). To facilitate the coalescence
of AIN grains, a 2D growth mode is utilized wherein, ammonia is pulsed into the

reactor, whilst maintaining a continuous flow of TMA. A pulsed ammonia flow helps
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overcome the low mobility of Al adatoms, increases their surface diffusion length and
thus, promotes lateral growth. In the past, the flow modulation of growth precursors
has been widely reported for depositing high quality AIN layers and has become
central to several variations of epitaxial growth processes, namely migration-enhanced
MOVPE, pulsed lateral overgrowth and flow modulation epitaxy [211, 212, 376, 377].
It is also important to note that due to ammonia pulsing, the average growth rates
during 2D growth are less than achieved during 3D growth mode (for same precursor

flux). Hence, 2D mode is only selectively applied for planarization of the growing

film.

2D growth: Pulsed 3D 2D
(a) 4~ ammonia flow (b) i F :
3D growth: “““ "“"
simultaneous flow N3
TMA .......... S ." ............ ':
0

Time

Figure 7-9 (a) Pulsed flow scheme employed in the multi-step growth process, (b) a
schematic diagram representing the multi-step AIN layer grown on hBN/sapphire.

In the present study, a combination of alternating 3D and 2D growth modes is
used to grow AIN on hBN and sapphire substrates, as illustrated schematically in
Figure 7-9(a). The precursor flow sequence for 3D/2D growth mode is also shown
schematically in Figure 7-9(b). For 3D growth, continuous flow conditions were the
same as used for 1-step AIN growth (i.e. TMA flow and V/III ratio). Growth time was
5 minutes with overall growth rate of 1.6 um/hr. For 2D growth, only ammonia was
pulsed into the reactor. Each pulse cycle was 9 seconds long, of which ammonia was
turned on for 3 seconds. TMA flow was also reduced to 33 umol/min during pulsed
growth. A total of 60 pulse cycles were completed, before switching again to 3D

growth conditions. The 3D-2D process was alternated to deposit a total of 900 nm

thick AIN.

Figure 7-10(a) and 7-10(b) show the plan-view SEM images of AIN grown on
sapphire and hBN substrates using the multi-step process, respectively. A significant

improvement in the surface morphology of AIN layers can be noted. Previously, 1-
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step AIN growth on hBN and sapphire at high-temperatures resulted in rough surface
with conical nanocolumns, due to formation of inversion domains. With the help of
multi-step growth technique and improved migration of Al-atoms, the overall surface
of AIN is flat on both substrates. Some hexagonal shaped AIN grains (with a flat top)
can be identified in Figure 7-10(a), which have not yet coalesced. Further optimization
of the 2D growth step is required. Furthermore, the multi-step growth process also
improved the crystallinity of the AIN films. Switching between 3D to 2D growth
modes causes the dislocations to merge or bend, resulting in an overall decrease in
dislocation density. HR-XRD o-scans of (0002) and (1012) planes for multi-step AIN
layer grown on sapphire and hBN are shown in Figure 7-10(c) and 7-10(d),
respectively, while the FWHM values are summarized in Table 7-1 for comparison.
Based on the data in Table 1, the multi-step growth process consistently provides AIN
film with reduced dislocation density. For instance, the FWHM of (0002) XRC
reduced from 1374 arcsec for 1-step AIN on sapphire to 260 arcsec for multi-step AIN
on sapphire. Similar improvement has been observed for AIN growth on hBN.
However, the FWHM values for AIN growth on hBN are consistently larger than for

AIN on sapphire and need further improvement.
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Figure 7-10 (a-b) SEM images of multi-step AIN grown on sapphire and hBN,
respectively. (c-d) HR-XRD w-scans for (0002) and (1012) planes of AIN grown on
hBN and sapphire using multi-step process, respectively. t-hBN stands for sample
where a thin hBN layer was grown. XRD plots are shown on logarithmic scale.
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7.4 Delamination/Peeling-off AIN films

Multi-step, planar AIN films grown on hBN were easy to delaminate from the
substrate using Scotch™ tape (3M, USA). In some instances, the AIN film delaminated
spontaneously and is explained as follows. We observed that during wafer handling,
AIN film starts to delaminate at the edge of the wafer, where the substrate was held
with tweezers. Mechanical handling may result in the (unintentional) application of
shear force on AIN, causing it to separate from the sapphire substrate due to the
presence of hBN. Once the delamination is initiated locally, it gradually spreads freely
through the whole substrate. Figure 7-11(a) shows a photograph of a 2” wafer with
AIN film grown on hBN. The delaminated region can be easily identified with naked
eye and only a small region can be seen to remain adhered to the substrate (indicated
by arrow). The entire AIN film in Figure 7-11(a) is intact as one piece, even after
delamination. In general, epitaxially grown IlI-nitride films on sapphire are known to
be under biaxial compressive stress, due to a mismatch in the coefficient of thermal
expansion between the film and substrate. A thermal compressive stress develops in
the as-grown films during cool down from growth temperatures [378]. In Chapter 4,
water assisted self-delamination of MOVPE-grown hBN on sapphire substrates has
been described [208]. With the help of Raman spectroscopy, it was shown that hBN
delamination was accompanied with a relaxation in compressive strain observed in as-
grown hBN layers. The observed delamination of AIN, facilitated by hBN, may also

be driven by strain relaxation.

To analyse the residual strain, Raman spectra were collected from adhered and
delaminated AIN regions (for sample shown in Figure 7-11(a)), as shown in Figure
7-11(b). For the adhered region, two strong peaks at 660 and 751 cm™! are seen, which
correspond to the Ez (high) mode of AIN [379, 380] and Eg mode of sapphire [381],
respectively. A weak peak at 1371 cm™! corresponds to the E2g mode of hBN (~ 1.5 nm
thick). Compared to experimentally measured E> (high) values for unstrained AIN (at
657.4 cm™), the corresponding Raman peak for AIN (adhered region) is shifted to
higher frequencies and is consistent with presence of compressive strain in MOVPE

grown AIN on sapphire.

Raman spectrum from the delaminated region is also shown in Figure 7-11(b).
A few points are to be noted here. Firstly, while the E2 (high) peak for AIN is present,
the Eg sapphire peak at 751 cm™ is much weaker. This is most likely due to the
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substrate not being in the same focal plane as the delaminated AIN, with respect to
incident laser beam. Secondly, the Ezg peak for hBN, shown in the inset in Figure
7-11(b), can still be observed. This indicates that some of the hBN remains attached to
AIN after it separates from the substrate. Based on this, it is reasonable to assume that
the entire AIN has been successfully separated from the sapphire substrate along with
some underlying hBN. Thirdly, the E2 (high) peak for delaminated AIN is red-shifted
by almost 2.5 cm™.. For clarity and ease of comparison, the Ez (high) peak for adhered
and delaminated AIN are plotted separately in Figure 7-11(c). The grey line in Figure
7-11(c) represents the reference value of unstrained AIN reported in literature [379,
380]. These results suggest that the compressive stress in as-grown AIN on hBN is the
same as that on sapphire. Upon delamination, a relaxation in compressive stress
ensues, with the E2 (high) phonon value for the delaminated AIN becoming nearly
same as that of unstrained AIN. The observed results are consistent with similar studies
on GaN growth on hBN as reported by Paduano et al. and Ayari et al., wherein stress

relaxation in GaN is observed upon exfoliation of the layers [94, 98].
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Figure 7-11 (a) A photograph of an entire 2 wafer with AIN layer deposited on hBN.
The AIN film has delaminated from the underlying sapphire substrate baring a small
region near the bottom, indicated by the arrow. (b) Raman spectra of the sample shown
in (a), taken from adhered and delaminated regions. The two insets show the Raman
peak of hBN for clarity, (¢) Raman spectra of AIN in (b) are replotted to show the red-
shift in E2 (high) peak position of AIN upon delamination.
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7.5 [Effect of hBN thickness on AIN growth

It is apparent that hBN plays an important role in the growth of AIN. Compared
to hydrogen annealed sapphire substrate, the surface roughness of hBN is nearly six-
times higher, with wrinkles clearly visible in Figure 7-1(b). Furthermore, with reduced
adatom mobility, AIN grown on hBN suffers from a higher dislocation density,
indicated by large FWHM of XRCs. Thus, thickness and surface roughness of hBN
are likely to have strong influence on the morphology and crystallinity of epitaxially
grown layers on it. In a recent study, Snure et al. reported on the ‘self-separation’ of
GaN films grown on hBN (on sapphire substrates) using MOVPE [366]. GaN films
grown on rough hBN films comprise of randomly oriented 3D BN nuclei, which can

easily self-separate from sapphire.

In the present study, AIN grown on thicker hBN layers resulted in outright
delamination. Figure 7-12(a) shows an AFM image of a 10 nm-thick hBN layer
deposited using the flow-modulation scheme, described in Chapter 4. With an increase
in thickness of the hBN layer, the surface roughness of the film also increases. Due to
fast delamination, structural analysis of the AIN (1-step) layers grown on it could not
be performed. Furthermore, the slow hBN growth rates necessitate longer deposition
times to achieve thick hBN films. More importantly, the crystallinity of AIN on thicker
hBN decreases, as discussed below. Therefore, the use of thick hBN for AIN growth

lacks any merit and thus, was not pursued any further.

However, by using a thinner hBN (t-hBN), the quality of AIN grown on it was
improved further. Figure 7-12(b) shows the AFM image of a t-hBN layer deposited
for one hour using a TEB flux of 30 pmol/min, as opposed to 60 pumol/min, used for
the growth of hBN in this study. The Raman spectrum of this film is also shown in
Figure 7-1(c). A lower Ezg band intensity suggests that the hBN layer deposited with
a TEB flux of 30 umol/min is thinner. The absence of wrinkles further reduces the
surface roughness of the hBN film. Figure 7-12(c) shows SEM images of AIN grown
on t-hBN using the same multi-step approach. The overall surface of the AIN layer is
planar. Hexagonal grains can be identified, which are similar to the AIN grains
observed when AIN is grown directly on sapphire (Figure 7-10(a)), as discussed above.
With the use of a thinner and smoother hBN layer, the crystallinity of the AIN grown
on top of it also improved, as indicated by the reduced FWHM of XRC. Figure 7-12(d)
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Figure 7-12 (a) AFM of a 10 nm thick hBN film deposited using FM scheme, (b) AFM
of t-hBN film (~ 1nm) deposited using a lower TEB flux of 30 pumol/min, (¢) SEM
image of multi-step AIN grown on t-hBN and (d) FWHM of multi-step AIN grown on
sapphire, hBN and t-hBN as a function of surface roughness of the three substrates.

shows the direct relation between the FWHM values from the XRCs obtained for AIN
and the overall surface roughness of the substrate (hBN or sapphire). As the surface
roughness of the substrate decreases, the crystallinity of AIN increases. In addition to
surface roughness, a thicker hBN may weaken the epitaxial relation between AIN and

sapphire and increase defect density.

7.6 Summary

The growth of AIN films using MOVPE on hBN and sapphire substrates was
investigated under various conditions. AIN grown on hBN using the two-step process,
involving nucleation at low temperature was polycrystalline in nature. On the other
hand, direct AIN growth at high temperatures led to the formation of mixed polarity
nanocolumns. A multi-step growth process involving a pulsed ammonia flow was
utilized for growing smooth AIN films on hBN. Both, the surface roughness and the
thickness of hBN play a critical role in the deposition of AIN films. As the thickness
and surface roughness of hBN increased, the dislocation density in AIN increased, as
indicated by XRD measurements. It was found that AIN layers grown on hBN could

be easily separated from sapphire. AIN delamination is also accompanied by a
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relaxation in the compressive strain in the AIN layer, as measured with the help of
Raman spectroscopy. The present work opens new opportunities for utilizing AIN

layers, grown on hBN, as templates for the development of flexible deep-UV

optoelectronic devices.
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Chapter 8. Conclusions and future work

8.1

Outcomes

This thesis systematically investigates wafer-scale growth of hBN on sapphire

substrates using MOVPE. The effect of various MOVPE process parameters, such as,

temperature, V/III ratio, precursor and carrier gas flow rates on hBN growth was

carefully studied. Through this, it is apparent that hBN growth is significantly different

from the growth of conventional III-nitrides, such as AIN, GaN and InN. The following

are three distinguishable aspects of hBN growth:-

1.

The severity of parasitic reactions between precursors — Parasitic reactions
between NH3 and organometallic precursors generally tend to increase with a
reduction in the size of group-IIl atoms (i.e. In < Ga < Al < B) [382, 383].
However, its severity is unprecedented in the case of hBN growth. For example,
under continuous flow conditions, where both TEB and ammonia are introduced
in the reaction chamber simultaneously, hBN growth rates are extremely low (~
1.5 nm/hr). These values are nearly three orders of magnitude smaller than the

typical growth rates for AIN or GaN.

High growth temperatures — The results obtained in this study and those reported
previously in literature, emphasize that high temperatures (in excess of 1500 °C)
are more suitable for hBN growth, especially on non-lattice matched substrates
such as sapphire (or SiC) [203, 250, 269]. Growth temperature is found to have a
direct influence on hBN’s crystallinity, surface morphology and impurity
incorporation in the film. In this study, the growth temperatures were restricted to

1330 °C.

High levels of carbon incorporation — In context of III-nitride growth, the strength
of covalent bonds between group-IIl and impurities atoms (C and O) increases
with a decrease in atomic size (i.e. B-X > Al-X > Ga-X > In-X, where X is
impurity atom). Consequently, the use of an organometallic compound (TEB) as
boron precursor makes it much more difficult to minimize impurities from getting
incorporated in hBN during growth, than in case of other IlI-nitrides. This has a

significant impact on hBN’s optical properties.
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In the present study, these growth challenges were overcome to some extent by
adopting the FM scheme. Parasitic reactions between ammonia and TEB were reduced
significantly by pulsing the flow of the two growth precursors, leading to significant
improvenments in the growth rate and surface morphology of the hBN films. The
layered stacking of (0002)nsN planes and their parallel orientation with respect to the
basal plane of sapphire were confirmed with the help of cross-sectional HR-TEM.
Wrinkles were a prominent feature of hBN films and they form because of thermal
compressive strain arising from a mismatch of CTE between sapphire and hBN.
Furthermore, in the HR-TEM images, the (0002)msN lattice planes were observed to
bend and conformed to the shape of wrinkles, whilst remaining parallel with respect
to each other. This strongly indicates that wrinkles were most likely formed during
sample cooling, post growth at 1330 °C. Along with wrinkles, nanometer-sized, debris-
like features were also observed in the AFM scans of the hBN films. Using plan-view
TEM, these were identified as randomly oriented 3D hBN particles, which were

formed as a result of parasitic reactions between precursors.

From XPS, carbon was identified as the dominant impurity in the hBN film. Its
concentration increased with an increase in TEB flux, resulting in a direct relationship
between carbon doping and the growth rate of hBN. Hence, carbon incorporation could
only be minimized by growing hBN at extremely low rates (< 4 nm/hr) by using the
lowest configurable TEB flux (@ 10 pumol/min). Overall, under the best conditions,
hBN films up to 40 nm thick could be deposited on sapphire using FME.

Water assisted self-delamination of the as-grown hBN films (thickness > 15 nm)
from sapphire was also observed, as described in Chapter 4. A lack of covalent bonding
between the film and the substrate, combined with differential wetting of a
hydrophobic hBN and a hydrophilic sapphire, caused by DI water, facilitated the
separation of the two. This provides a chemical-free method for transferring hBN films
onto desired substrates. Interestingly, delamination was accompanied by flattening of
wrinkles and a relaxation in compressive strain, which were observed by AFM and
Raman spectroscopy, respectively, in hBN films transferred on to SiO2/Si substrates.
For the transfer of thinner hBN films, (which do not self-delaminate), a wet-chemical
process was specifically designed. Both the processes are versatile, by which cm-sized

hBN films could be readily transferred on to plain, textured or patterned substrates.
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The optical properties of MOVPE-hBN were also studied in detail and found
to be significantly affected by carbon incorporation. Due to high carbon impurity
levels, no measurable NBE luminescence could be recorded from them. Instead, the
emission spectrum of MOVPE-hBN was dominated by impurity related sub-bandgap
UV luminescence. hBN samples also showed photoluminescence at visible
wavelengths between 570-750 nm (rPL). The rPL intensity showed a strong
dependence on the TEB flux. The recent discovery of quantum emitters in hBN has
opened up new avenues for its application to the field of quantum computing. A
number of stable SPEs were also found in MOVPE-grown hBN films that showed
negligible rPL. The PL spectrum of each emitter consists of a primary well-defined
peak at 590 nm (= 10 nm), which is the ZPL, followed by a phonon side band, red-
shifted by 0.17 eV. The life time of emitters were of the order of few nanoseconds and
is consistent with previously reported values. Such wafer-scale MOVPE- grown hBN
films are ideal for monolithic integration and will prove to be well-suited for

optoelectronic/photonic quantum technology based devices.

hBN is well-known for its high thermal and chemical stability. In this study,
MOVPE-hBN films were utilized for the passivation of silver nanoparticles and their
protection from oxidation. Being atomically thin and flexible, hBN was able to
effectively wrap around Ag nanoparticles to form an impermeable barrier that
prevented oxygen from attacking the Ag NPs. The plasmonic activity of hBN covered
Ag NPs, remains preserved even when samples were annealed at 400°C in air, as
demonstrated through SERS. Under similar conditions, the SERS sensitivity for bare
Ag NPs decreased significantly because of oxidation. Large-area applications of hBN
films was showcased through droplet based SERS platform, which combined the
benefits of parallel processing, minimal reagent consumption and faster analysis. It
also exemplified more practicable applications of hBN films. Similarly, in the
foreseeable future, such large-area hBN films can be utilized for protecting metal NPs

in commercially available SERS substrates, which can help increase their shelf-life.

Epitaxial growth of AIN on hBN/sapphire substrates was investigated, with the
aim of developing templates for flexible deep-UV optoelectronic devices. AIN was
grown on hBN under different conditions. XRD analysis of the grown samples
revealed that AIN films grown on hBN using the conventional 2-step process

(involving nucleation at low temperature) were polycrystalline. On the other hand,
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AIN grown directly at high temperatures resulted in the formation of AIN nanocolumns
with mixed polarity and a rough surface morphology. With the help of a high
temperature, multi-step AIN growth process using a pulsed ammonia flow sequence,
smooth AIN layers with improved crystallinity were obtained. The overall defect
density of AIN grown on hBN was consistently higher than on sapphire and needs
further improvement. The surface roughness and thickness of hBN were also found to
have a significant impact on the defect density of AIN films. As thickness and surface
roughness of underlying hBN increased, the dislocations in AIN also increased. AIN
films grown on hBN could be exfoliated from bulk sapphire with relative ease using
adhesive tape. Raman spectroscopy of delaminated AIN showed a relaxation in

compressive strain, which could prove to be beneficial for device performance.

8.2 Recommendations for future work

In this work, wafer-scale growth and characterization of hBN using MOVPE has
been investigated. Preliminary work on different applications of hBN, ranging from
SPE to SERS and van der Waals epitaxial growth of AIN have also been presented.
The next step would be to further explore some of the applications in greater detail. In
addition to this, the present study provides opportunities for new investigations, some

of which are recommended as follows:-

8.2.1 Improving the quality of hBN films

In this thesis, wafer-scale, multilayer hBN films were deposited on sapphire
substrates using MOVPE. The hBN films have a partially turbostratic nature due to in-
plane rotation of lattice planes, with respect to the underlying layers, as described in
section 4.4. In addition to this, due to relatively high carbon incorporation (as impurity)
in hBN during growth, the band edge luminescence (~ 215 nm) could not be observed.
Hence, there is an enormous scope for future research work that can be undertaken to
further improve the crystallinity of the hBN layers, with the ultimate aim of being able
to deposit wafer-scale single-crystal hBN films. For this, several avenues may be
explored. One such is undertaking hBN deposition on lattice matched substrates.
Although, wafer-scale lattice matched 2D substrates are likely to be unavailable,
alternatively, hBN growth on pseudo-2D substrates can be explored. An example of

this is graphitized SiC. Previous studies have shown that high temperature annealing
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of SiC substrate can result in the formation of epitaxial, single crystal graphene layers
on the surface of the substrate (due to sublimation of Si atoms) [346, 384, 385]. Since
graphene is lattice matched to hBN, it may serve as a valuable substrate and an
attractive alternative to sapphire for hBN deposition. Similarly, use of a low-carbon
boron precursor, such as TMB may also be explored for hBN deposition, instead of

TEB used in the present study.

8.2.2 Alloying of hBN

The ability to form alloys is an important aspect of III-V semiconductors. By
adjusting alloy composition, the bandgap and emission wavelengths can be tuned
easily. In the context of hBN, due to its unique two-dimensional structure akin to
graphene, several attempts have been made to alloy the two materials for bandgap
engineering. Initial studies have revealed that although alloying of the two materials is
possible, only ‘dilute’ alloys of hBNx(C2)i1x can be obtained [386, 387]. A ‘dilute’
alloy means that the concentration of either hBN or graphene in the resulting alloy is
low. At higher concentrations, phase separation ensues, resulting in the formation of
individual clusters of hBN and graphene. However, so far, alloying of hBN with other
[I-nitrides has hardly been explored. In future, dilute alloying of boron with AIN or

GaN can be investigated, as a means of bandgap engineering.

8.2.3 Doping

p- and n-doping of III-V semiconductors is central to the solid-state devices
such as LEDs, laser diodes, detectors or sensors. In Ill-nitrides, Mg is used as the
dopant to create p-type material. However, p-doping of Ill-nitrides remains
challenging due to the very large acceptor activation energy, which increases from 170
meV in GaN to 530 meV in AIN, resulting in low hole concentrations. This is a serious
obstacle in the development of high efficiency deep UV LEDs using Al-rich III-nitride
alloys. Recently, p-doping of hBN with magnesium has been reported [200, 221]. It
was found that the acceptor ionization energies in hBN (30 meV) were an order of
magnitude smaller than in AIN, and hole concentrations as high as 10'® cm™ in p-hBN
could be obtained. This makes the highly conductive p-hBN, with a large bandgap,
very attractive for hetero-junction device applications. Hence, p-doping of hBN should
be studied in greater detail. Due to the 2D lattice and associated structural anisotropy

in hBN, it is reasonable to expect that the electrical conduction properties of the doped
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samples will also be anisotropic. Therefore, the electrical conductivity in-plane and
through-plane in p-hBN will have to be examined carefully. Similarly, recent attempts
towards achieving n-hBN via substitutional doping of silicon atoms have been largely
unsuccessful [388]. Hence, alternatives to silicon, for achieving n-doped hBN need to

be investigated.

8.2.4 Flexible optoelectronic devices

In the present study, high-quality, smooth AIN films have been successfully
deposited on hBN/sapphire substrates. Preliminary studies have indicated that growth
temperature and thickness of hBN play a crucial role in determining the overall quality
of AIN. Defect density of AIN grown on hBN is still higher than that grown on
sapphire. Hence, further optimization of AIN growth conditions on hBN is needed to
reduce the dislocation density. Thereafter, growth of AlGaN can be explored,
including deposition of doped (p/n- type) and quantum wells layers for fabricating
deep UV LEDs. In addition to this, wafer-scale hBN can also be used as templates for
van der Waals epitaxial growth of thin films or nanostructures of other III-V or II-VI

semiconductors.

8.2.5 Quantum emitters

The optical properties of MOVPE-hBN are significantly affected by carbon
incorporation due to the use of TEB as boron precursor. Strong PL at visible
wavelengths, observed from hBN grown using large TEB flux, has not been reported
thus far. Results so far once again point towards the role of carbon incorporation. It is
likely that carbon occupies multiple deep-level states with the bandgap, which give
rise to impurity related emissions. Interestingly, the shape of PL spectra of rPL from
MOVPE-hBN showed close resemblance to the PL spectrum of a typical SPE in hBN.
Although the nature of defects responsible for quantized emission from hBN is not
exactly known, there is growing evidence in the literature indicating towards the role
of carbon atoms. It remains to be seen whether there is any commonality between
defects responsible for SPE in hBN and that giving rise to rPL in MOVPE-hBN.
Determining the nature of defects is crucial for deterministic creation of SPE in hBN.
Compared to other deposition/bulk synthesis processes, MOVPE is uniquely
positioned in this scheme of things, as it provides control over the level of carbon

incorporation in hBN (to some extent), achieved through controlling TEB flux. Future
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studies can be aimed towards uncovering the nature of carbon incorporation in hBN,
which will help in developing a holistic understanding of impurity related optical

properties of hBN.

In conclusion, it can be emphasized once again that hBN is truly a fascinating
material with many remarkable properties. The detailed experimental study
undertaken in this dissertation provides valuable insights into the growth, properties
and applications of hBN, which along with other 2D materials is a relatively new and
emerging field. With further advances, wafer-scale hBN has the potential to serve as
an ideal platform for the development of new generation of flexible optoelectronic

devices.
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