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Abstract

Colour centres in hexagonal boron nitride (hBN) have gained significant interest as they
are active at room temperature and embedded in a two-dimensional material. The latter
leads to minimal total internal reflection and coupling to photonic devices with nanometre
proximity. Colour centres in hBN are particularly interesting as they have applications in
quantum information, communications, metrology and LED technology. Current research
has largely focused on photoluminescence from these defects. However, the integration of
solid-state emitters into electronics necessitates the defects to be electrically driven. It is
therefore essential to understand charge control of these defects.

Recently, it was discovered that the charge state of defects in hBN can be controlled
by interfacing it with graphene. It was observed that charge transfer between optically
active defects in hBN and graphene led to the quenching of photoluminescence from these
emitters. Therefore, interfacing hBN with graphene offers a pathway to inject carriers
into hBN for the electrical control of defects. This is especially useful as graphene, also
being a two-dimensional material, is a suitable gate to apply vertical electric fields across
emitters in hBN.

In this thesis, the study of charge transfer between hBN and graphene has been ex-
plored both from a theoretical and experimental standpoint. The theoretical approach
involves using density functional theory to perform electronic structure calculations of de-
fects in hBN and subsequently deriving defect properties, such as band structure, defect
geometry, and formation energies. The results of these calculations allowed the determina-
tion of the degree of charge transfer between defects in hBN and graphene. Furthermore,
periodic boundary conditions and the choice of methodology for the assignment of charge
to different layers had a significant impact on the derived value of charge transfer. A
methodology to determine charge transfer that was robust against these effects was de-
veloped.

The impact of the thickness of encapsulating hBN and graphene layers on charge

transfer and the thermodynamics of the defect was also explored. The energy path for the
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reorientation of the defect between two equilibrium structures was studied to determine
metastable intermediate states. It was found that the energy ordering of different phases
of a defect was sensitive to the encapsulation of the host layer by graphene and hBN. As
such, encapsulating layers can impact the spectroscopic properties of the defect.
Experimentally, site control of emitters in hBN was studied. This involved the growth
of an aluminium oxide (AlyO3) spacer between graphene and hBN to mitigate the quench-
ing of emitters. The Al,O3 was then patterned using electron beam lithography and etched
to create an array of pillars. hBN was then deposited on top hosting emitters, with the
aim of emitters being quenched in regions where there was direct contact with graphene
and active in regions where an intermediate Al,O3 layer was present. Emitters were found
predominantly on the edges of the pillars and quenching occurred in the regions where

the pillars were absent. Hence spatial contol over colour centres in hBN was achieved.
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Chapter 1

Background and Motivation

In this chapter the background and motivation for the study of charge control of colour
centres, also known as F-centres, in hexagonal boron nitride (hBN) are presented. Briefly,
a general introduction to colour centres and its applications are provided, followed by an
introduction to defects in hBN that are sources of light emission, and existing progress in

the control of these F-centres.

1.1 Colour centres and their applications

Colour centres are formed by the introduction of a defect in a crystal [25]. A subset of
these defects are point defects, which occur at a single atomic site. Point defects occur
due to missing atoms (vacancies), atoms occuring at positions that it does not normally
occupy, termed antisites or interstitials depending on whether they occur at a site occupied
by an atom of a different species or between crystallographic planes, respectively. A third
method by which point defects are created are by impurity atoms, which are of species not
intrinsic to the crystal, replacing atoms at lattice points or existing as intersititials. Each
of these defect types disrupt the periodicity of the crystal and therefore affect the electronic
band structure of the crystal [26]. The defect leads to a local change in charge, and the
localised charge behaves like an artificial atom [26]. Electronic transitions between states
originating from the defect leads to the emission of light, with the energy of the emitted

light depending on the energy difference between the states involved in the transition.
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In crystals that possess a band gap, these defects can lead to defect states within the
band gap. Optical transitions between states in the band gap have well-defined energies
[27] and can be engineered for different applications in optoelectronics. These applications
include LEDs [28, 29], quantum photonics [2] and metrology [30]. When F-centres that
lead to a two-level system within the band gap occur in isolation, they can act as single-
photon emitters (SPEs) [27, 31]. This is because an electronic transition between the two
states leads to the emission of a single-photon and the controlled driving of this transition

allows individual photons to be emitted on demand.

1.2 Existing sources of solid-state colour centres

Some of the first colour centres that were explored for these applications were large band
gap bulk materials such as defects in SiC and Diamond NV centres [31, 32]. However,
when coupling colour centres to other photonic devices, it is desirable to have the sources
responsible for the emission as close as possible to the devices and to have a high extraction
efficiency of photons (e.g low probability of total internal reflection of the photons within
the material) [33, 34, 35].

Therefore, optically active defects in two-dimensional (2D) materials are of great inter-
est due to the proximity of the emitters to the surface. Until recently, only 2D materials
that exhibited photoluminescence at cryogenic temperatures were known, such as in emit-
ters in Transition Metal Dihalcogenides (TMDs) [36, 37, 38]. A recent breakthrough oc-
curred with the large band gap 2D material hBN, which demonstrated hosting of emitters
active at room temperature [2].

Properties of emitters in crystals are usually described by the zero phonon line (ZPL)
wavelengths, linewidths of ZPLs, and degree of phonon coupling. In a PL experiment,
photons with energy greater than or equal to the energy difference between the ground and
excited electronic states are used to drive the electron to an excited state. The electron
is excited to a vibrational state in the excited electronic state with the largest overlap
with ground vibrational state, according to Franck-Condon principles. The electron then

relaxes to the ground vibrational state of the electronic excited state by releasing energy
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Figure 1.1: Configuration coordination diagram showing the photoluminescence process. The
black arrows represent photoabsorption and relaxation. The dashed arrow shows the zero phonon
line transition. The green curly arrows show phonon emission processes during electron relax-

ation within an electronic state.

to the crystal via phonon coupling, a process known as thermalisation. The electron
then relaxes to the ground electronic state by the emission of a photon. If a transition
occurs between the ground vibrational state of both the excited and ground electronic
states, no phonons are emitted and the transition is known as a zero phonon transition.
A transition between the ground vibrational state of the electronic excited state and any
excited vibrational state of the ground electronic state is followed by the emission of
phonons as the electron relaxes to the ground vibrational state of the electronic ground
state. The photons emitted will have an energy less than the zero phonon line (ZPL)
and will appear as a side band, known as a phonon side band (PSB). The configuration
coordinate diagram, Fig. 1.1, explains this process. The ZPL transition corresponds to
the optical transition between ground vibrational states of electronic excited state and
ground state.

The linewidth corresponding to this transition has an inverse relationship to the bright-

ness of the transition. As bright sources are desirable, emitters with narrow linewidths
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are preferred. The degree of phonon coupling is evaluated by the percentage of the total
emission intensity that is due to the ZPL transition. This is known as the Debye-Waller
factor (1) and is related to the Huang-Rhys factor, Sgr, by the relation W = e~“ur,

1.3 Hexagonal boron nitride and its colour centres

hBN has a similar lattice structure to graphene and can be found in a layerered structure
like graphite [39, 40, 41]. Monolayer hBN is 2D and has a hexagonal structure with
sp? orbitals forming bonds between the boron and nitrogen atoms, as shown in Fig. 1.2a
[39, 40, 41].

Multilayer hBN is formed by stacking layers of monolayer hBN on top of each other,
held together by van der Waals forces. Due to weak interlayer forces, hBN is often
used as a lubricant [42]. The lattice constant of hBN is 2.50 A and the equilibrium
interlayer spacing is 3.35 A [39]. The preferred stacking order was confirmed to be AA’
experimentally by transmission electron microscopy, TEM, (Fig. 1.2b) [1, 43, 44]. This
comprises of switching the position of boron and nitrogen atoms in each layer, resulting in
a stack where each boron (nitrogen) atom is located in-between a nitrogen (boron) atom
in the adjacent layers.

It is a large band gap material, with a band gap of ~ 6eV [45], and can host defect
states deep in the band gap, some of which have been found to be quantum emitters [2].
Chemical Vapour Deposition (CVD) has proven to be an inexpensive way of manufactur-
ing large area hBN [46] and has been known to naturally host a large density of defects
[47, 48]. This is advantageous as it can result in large number of emitters, and the large
film area allows wafer scale production of devices. However, with CVD hBN, the transfer
process can lead to polymer residue contaminating the sample [49]. Colour centres in
multilayer hBN also show a ZPL with significantly smaller linewidth, Fig. 1.3a, possibly
due to shielding from environmental effects that leading to broadening [2]. Furthemore,
majority of the emission intensity is in the ZPL transition, leading to a high W factor of
80%.

hBN obtained from mechanical exfoliation methods is cleaner and has greater crys-
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(a) (b)

Figure 1.2: (a) Schematic of hBN with pink spheres representing boron atoms and blue spheres
nitrogen atoms. (c) High-resolution TEM (HRTEM) image of hBN of different thicknesses. By
measuring the intensity profile across linear path in the image, it is possible to determine the

stacking. Fig.1.2b has been reproduced from Ref. 1.

tallinity [50, 51]. However, this leads to a low density of naturally occuring colour centres.
Therefore techniques that increase emitter density, such as annealing in Ar at high temper-
ature need to be performed [2, 3]. Colour centres have been observed in hBN grown using
CVD, Molecular Beam Epitaxy (MBE) , and mechanical exfoliation methods [52, 53, 54].
Each of these methods allow the production of hBN layers with different defect densi-
ties and emitters with different emission wavelengths, Fig.1.3b, thus the source of hBN
samples will depend on the application. From the spectra, it can also be seen that there
is a side band due to electronic transitions to excited vibrational states in the ground
electronic state of the defect. This is known as the phonon side band (PSB) and is known
to commonly occur at ~160meV from the ZPL [3].

As hBN can be made to be atomically thin, it can be easily incorporated into integrated
circuits and coupled to photonic devices with nanometer separations. Defects in hBN can
be thought of as artificial atoms that have energy levels deep within the band gap of the
host material [55]. The defect states lying deep in the large band gap of hBN are less
vulnerable to carrier recombination due to thermal excitations than in small band gap
semicondutors such as TMDs and so are active at room temperature. It was found that

emitters in hBN are one of the brightest in the visible range with intensities on the order



Charge control of defect colour centres in hexagonal boron nitride

1.0
(a) ] :
E Multilayer hBN
2 08 —— Monolayer hBN
z ]
o ]
£ 06
Y ]
c 4
g 044
wn i
@ ]
‘g ]
2 02+
[— 0.0 - ‘ | | ‘
0oo408 , ¢ , 600 650 700 750
Wavelength (nm)
(b) [ 200 4] TN FRTRARRRR] RRNL RRARARRRTAARATY FRURY FRRRANATANL 3
L 7 O Group1 :
B 3 O Group2 3
= . 1804 =
> E -
- g 3 =
= E o Of
, - @104 pgP oo oY
1.70 1.80 1.90 2.00 2.10 2.20 P 3 3
- g 140—; 3
L. B 3 -
- 120 3 2
- 1004 2
L T[T T PR RO I T T T T
PR 17 18 19 20 21
1.50 1.60 1.70 1.80 1.90 2.00 ZPL Energy (eV)

Enérgy (eV)

Figure 1.3: (a) (Left) Confocal PL map of colour centres in hBN. (Right) Representative
spectra of a visible light colour centre in multilayer and monolayer hBN. Emitters have a signifi-
cantly narrower linewidth when embedded in multilayer hBN. (b) (Left) Wide range of spectra
obtained from different emitters. Due to their similar lineshapes, it is common to divide these
spectra into two groups. (Centre) shows that both categories of emitters have PSBs a similar
distance away from the ZPL. Fig. 1.3 has been reproduced from Ref.2. Fig.(b) has been re-
produced from Ref. 3.

of 10® counts per second being observed at saturation[2, 56]. Furthermore, defects in hBN
have a wide spectral range of emission, with optical transitions occurring at visible and
UV wavelengths [2, 3, 57, 58, 59]. These features make defects in hBN exciting prospects

for use as scalable single-photon sources and defect based LEDs.
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1.4 Controlling hBN colour centres

As a wide range of defects, each with its own unique photophysical property, are ran-
domly distributed throughout the material during growth, it is challenging to perform
high throughput fabrication of devices. Particularly for applications in scalable quan-
tum technologies, it is important to exercise precise control over the spatial location and
spectral properties of the defects.

Existing explorations in literature aiming to achieve site-controlled creation of emit-
ters have exploited strain and irradiation techniques[4, 6, 60, 61]. These techniques have
yielded SPEs on demand with varying degrees of success. Irradiation techniques resulted
in low probabilities of single emitters, with most irradiated regions hosting clusters of
emitters, [62], Fig. 1.4. Strain activated emission has shown greater promise for localisa-
tion [6]. In this study, SiO, nanopillars of various diameters were etched and hBN was
grown directly on these nanopillars using CVD (Figure 1.5), and it was found that when
the pillars were 250 nm and 650 nm high, there was an 80% yield of SPEs at the pillar
site [6]. Therefore, research into the deterministic creation of desired defects is still in its

infancy.

1.5 Theoretical identification of defects

It is useful to be able to theoretically model the photophysical properties of defects respon-
sible for emission as this can allow a deeper understanding of the defect properties, which
eventually allows us to manipulate the optoelectronic properties for various applications.
A method to model the electronic properties of these defects, from which other experi-
mentally observable properties can be derived, is by density functional theory (DFT) .
Using DF'T, researchers have been able to shed light on the defect geometries, allowed
optical transitions, ZPL energies and phonon coupling of different defects making it a
very useful tool [63, 64, 65]. DFT calculations revealed that defects such as the antisite
nitrogen-vacancy complex NgVy has an allowed transition with a theoretical ZPL energy
similar to the experimentally observed energy, making it a candidate defect [2]. Other

studies focusing on the PSB of the emission spectra suggest that CgVy has a predicted
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Figure 1.4: (a) (Left) Negatively charged boron vacancies observed in a confocal scan, created
using a focused ion beam of Xe™ ions, with the fluence of ions increasing with each row and
constant across each row. Scale bar 20 pm. (Right) Variation of PL intensity with Xe™
fluence. The inset shows a representative PL spectrum for each fluence. (b) (Top-left) Image
taken using a scanning electron microscope (SEM) of a hBN flake, with the blue rectangle
indicating the region irradiated with an electron beam. (Top-right) Confocal map of rectangle
zone. (Bottom-left) and (bottom-right) are PL spectra at each exposed site taken at low
temperature (5 K) at two different spectral resolutions, showing a reproducible 0.7 nm spectral

linewidth. Fig. 1.4a has been reproduced from Ref. 4. Fig. 1.4b has been reproduced from Ref. 5.
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250 nm

650 nm

Figure 1.5: (Left) Confocal PL intensity maps of strain induced colour centres in hBN. The
hBN was directly grown using CVD onto the nanopillars. The pillar diameters are 250, 450, 650,
and 950 nm and the scale bar is 10 pm. The unit for the intensity is photon counts/s. (Right)
Wide-field images of each pillar array with hBN deposited on it. White circles indicate pillars

with multiple emitters. The scale bar is 2 pm. The figure has been reproduced from Ref. 6.

photoluminescence spectrum that is consistent with experimental observations [65, 66].
The impact of the charged state of the defect on its spectral properties has also gained

significant interest [56, 67].

1.6 Charge transfer and electrical control of emitters

in hBN

The fabrication of electrically driven emitters is key in the scaling up of hBN based
optoelectronic technologies. On demand charge control is necessary for the operation of
these devices. Recently, it was found that when hBN was deposited on graphene, majority
of F-centres did not emit light, possibly due to a combination of charge and energy
transfer, known as quenching [67]. However, when the graphene layer was functionalised
with N-Methyl-2-pyrrolidone (NMP), to increase its Fermi level, these emitters remained
active. This provided strong evidence for charge and energy transfer processes between
the two layers.

Quenching of emitters due to graphene was also used to spatially localise emitters in
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Figure 1.6: hBN with a nitrogen vacancy adjacent to a carbon impurity, CgVy. CgVy could
act as a colour centre. The carbon atom is represented by the gray sphere. The colour scheme

for boron and nitrogen atoms follow Fig. 1.2a.

hBN [7]. A host hBN layer with emitters activated by Ar annealing was embedded in a
trilayer hBN stack, with the encapsulating hBN layers being oxidised to remove emitters
and serving the role of protecting the host layer from the environment. By activating
only the emitters in a host layer in the stack, vertical localisation was achieved. The
trilayer stack was then placed on top of a Gr layer with windows patterned using electron
beam lithography, EBL, (Fig.1.7a). Quenching occurred only in areas where the Gr was
in contact with hBN, leaving windows with emitters remaining active.

Therefore, interfacing hBN with graphene is a possible scheme to exploit charge control
of emitters. This was exploited in a study that showed that changing the Fermi level of
the graphene layer adjacent to hBN can lead to charging and discharging of the defect
(Fig. 1.7b) leading to the defect turning on/off [8, 68]. Although the defects in these
studies were optically excited and not electrically pumped, they represent initial steps
towards achieving electrical pumping of hBN colour centres.

Early-stage studies on the tunability of these emitters show that the saturation in-

tensity of the emitters can be greatly increased by strain control [69]. Tuning of the
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Figure 1.7: (a) Using a Gr mask and trilayer stack of hBN (with the layer hosting emitters
embedded in the middle), lateral and vertical localisation of emitters can be achieved by ex-
ploiting quenching due to graphene. (b) Charge transfer between defects in hBN and graphene
can be controlled by manipulating the Fermi level of graphene. This can then be used to turn

emitters on/off. Fig1l.7a was reproduced from Ref. 7. Fig.1.7b has been reproduced from Ref. 8

single-photon energies with electric fields has also been demonstrated both at cryogenic
and room temperature [16, 70]. In these devices, graphene was used as a gate layer to ap-
ply an electric field across the device. This has the additional advantage that graphene,
being a 2D and transparent material allows the heterostructure to still be only a few
nanometers thick, allowing high photon extraction efficiency, and coupling to other pho-

tonic devices with nanometre proximity. The application of graphene both as a gate and
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mask to localise emitters has earned it a lot of interest in the engineering of scalable SPE
devices using hBN.

In this thesis, charge and site control of emitters has been studied in great detail us-
ing both theoretical and experimental methods. Theoretically, charge transfer processes
between defects in hBN and graphene were studied using DFT. Experimentally, an al-
ternative approach to the design in Ref. 7 was explored, where windows were replaced by
Al, O3 pillars, which act as barriers to quenching to control regions of active emitters.
Such a device can then be optimised to allow controlled charge injection into defects in

hBN and apply electric fields while simultaneously allowing site control.
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1.7 Thesis aims and objectives

In this section, the aims of the PhD project have been outlined, along with a summary
of the chapters.

The aim of the thesis was to develop on existing methods of charge control of emit-
ters in hBN to address issues regarding site control of emitters. The problem has been
approached both theoretically and experimentally.

The theoretical approach involves computational modelling of defects in isolated mono-
layer and multilayer hBN, hBN/Gr and Gr/hBN/Gr heterostructures. These structures
were studied sequentially to gain an understanding of how properties of defects in hBN
are affected by the introduction of an increasing number encapsulating graphene layers.
The goal was to identify defects that participated in charge transfer with graphene, to
quantify the degree of charge transfer and understand the impact of encapsulating layers
on the thermodynamics of structural reorganisation of the defect.

The experimental work develops on the study performed in Ref.7, where windows
of etched graphene hosted emitters in hBN. A drawback of this approach was the lack
of graphene, which crucially plays the role of a voltage gate to apply electric fields and
inject carriers into hBN, below the emitters. In this thesis, the problem is approached by
growing a spacer layer of alumina (Al;O3) to act as a barrier to quenching. This layer was
then patterned to form grids before hBN was transferred, with the intention of allowing
quenching of emission where hBN made direct contact with graphene and emission where
the Al,O3 barrier was present. A significant advantage of this design is that in a single
step, the Al,O3 barrier thicknesses can be controlled based on the requirements of the
device. For example, charge injection would require thinner spacers than compared to
field control of emitters.

The following is a summary of the chapters in this thesis starting from Chapter 2:

e Chapter 2: The theoretical methodology is explained, such as the principles of DF'T
and its approximations. A brief summary of derived properties from DFT, such as

the band structure and activation energies, are also provided.

e Chapter 3: Following an overview of the computationally derived properties of pris-

13
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tine structure, outcomes from the theoretical work exploring charge transfer between
defects in hBN and graphene and activation energies for defect reorientation are
discussed. Emphasis is given to quantification of charge transfer, band structures
reflecting changes to the occupancy of electronic levels and geometric changes to

the defect.

Chapter 4: Experimental methodologies used for nanofabrication and device char-
acterisation are discussed. Some of these techniques include deposition techniques
for the thin Al,O3 film, the transfer process of hBN, microscopy and spectroscopy

processes to identify emitters.

Chapter 5: Results from the experimental exploration on site control via quenching
is presented. Images of the device showing the degree of localisation of the emitters
to patterned Al,O3 regions is shown, supported by spectra to confirm the nature of

the source of emission.

Chapter 6: Future prospects and outlook of the research conducted in this thesis is

discussed.

14



Chapter 2

Theoretical Methods

Theoretical modelling of hBN and defects allows the derivation of its electronic and struc-
tural properties. These properties can then be compared with experiment to understand
the nature of the defects responsible for luminescence. Calculation of the electronic prop-
erties involves solving the full Schrodinger equation describing the electronic and ionic
kinetic energies, inter-electronic interactions, electron-ion interactions and ion-ion inter-
actions. This is a problem with a high computational complexity as the system being
studied has a large number of atoms. DFT is a quantum mechanical theory that allows
the calculation of the electronic structure of a many-electron system. It is implemented
computationally to investigate the electronic structure of the system in its ground state.
The benefit of this methodology compared to traditonal methods such as Hartree-Fock
theory is that the computational cost of doing these calculations scales orders of mag-
nitude more slowly with system size. In this section, the core principles of DFT are

outlined.
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2.1 The Core Principles of DFT

2.1.1 The Many-Body Schrodinger Equation

The general time-independent Schrédinger equation for a system with a total number of

N electrons and K nuclei with charges Z,, can be written as [71],

1L, s w1 & P
" :—5,;%‘52%%%;# ZZ\ 2%, R

(2.1)

The equation is given in atomic units, where the physical constants are set to equal one

to ease calculation. The first two terms correspond to the kinetic energies of the electrons

and nuclei respectively, where M; is the mass of nucleus 7. The third to fifth terms

correspond to Coulomb interactions, namely the electron-electron repulsion, electron-

nuclear attraction and internuclear repulsion terms in that order. The position of the n'®
electron is given by r, and that of the i*" nucleus is R,.

As the computational cost of solving the exact Schrodinger equation for the many-body

system in Eqn. 2.1 makes it unsolvable with the largest and fastest computers available for

any system with more than a few atoms, approximations are made to make the calculations

feasible.

2.1.2 The Born-Oppenheimer (BO) approximation

The BO approximation results in the separation of the terms connected to the motion of
the nuclei (the kinetic energy of the nuclei and the internuclear repulsion terms) from those
of the electron. This is justified by the significantly heavier nuclei (protons and neutrons
are approximately 1835 times heavier than electrons) moving much more slowly than the
electrons, allowing the electrons to adapt to each nuclear configuration. The separated
electronic Schrodinger equation describes the motion of the electrons in the field generated
by a static configuration of the nuclei. The nuclear motion is then dictated by the potential
due to the electronic energies and is described by a separate Schrodinger equation. The
decoupling of the electronic and nuclear contributions to the Hamiltonian reduces the

degrees of freedom that need to be solved for each equation, reducing computational cost.
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After the BO approximation, the Hamiltonian for the electrons takes the form,

N K

o 1NV2 1 e? N Z;e? 59
B 2AAE TPV v R IO i R

nn'=1n#n/ i=1
This could be further reduced in complexity by approximating that the motion of the
nuclei is neglected and only the energy due to the Coulomb interactions of the nuclei with
each other is added to the electron energy to obtain the total energy. Thus, the ground
state configuration of the nuclei is determined by the minimum in their potential.
However, the complexity of the Eqn. 2.2 with static nuclear configurations is still in-
tractable by computers for large systems due to the large number of electronic degrees of
freedom. The next step to reduce this complexity is to employ an independent particle
Hamiltonian where each electron only ‘feels’ the averaged potential of the other elec-
trons and is uncoupled from the other electronic wavefunctions. The independent particle

Hamiltonian takes the form,

H= i [ — %vi + V(rn)] : (2.3)

In Eqn.2.3, V(r) stems from the positions R,, of the nuclei and its form depends
on the electronic wavefunction, v, the independent particle Hamiltonian is acting on.
Furthermore, the value of V1 at position r is determined by the value of ¢ at positions

r’ # r, which is why it is known as a nonlocal operator.

2.1.3 Hohenberg-Kohn Theorems

In traditional methods, such as Hartree-Fock, the averaged potential in Eqn. 2.3 depends
explicitly on the wavefunctions and the process of solving for a set of N antisymmetrised
eigenfunctions for the Hamiltonian does not scale favourably with system size. DFT
addresses this issue by making the potential dependent on the charge density, n = |[¢|?dr,
instead. This is a significantly more computationally accessible means to compute the
potential and allows energies of systems of thousands of electrons to be calculated in
reasonable times. In DF'T, the many-body Schrodinger equation that is solved to calculate

the total energy is given by [71],
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1 2 _ L 37’,711‘/; nl(r (1) = eptbn(r
{_ﬁv ;\r—Rnﬁ/d ) gy + Vaelnl () [0(e) = unle). (24)

On the left hand side of Eqn. 2.4, the first term refers to the kinetic energy, the second
is the electrostatic interaction between the electrons and the nuclei, and the final two
terms refer to the many-body effects. The first of these two is the Coulomb interaction
term and the second is referred to as the ‘exchange-correlation potential’, V.. The other
terms in Eqn.2.4 are, n(r), which represents the charge density at position r, R, the
position of nucleus, Z,,, the atomic number of the atomic species, and ¢y, are the energy
eigenvalues. Finally, 1, (r) corresponds to electron wavefunction with wavevector k at r.
This takes the form of a functional and depends on the charge density alone and hence,
this form of the independent particle Hamiltonian has a potential term determined solely
by the charge density and not the explicit form of the wavefunctions. A functional takes
a function as an input, in this case n(r), and returns a scalar, which is V..

The first Hohenberg-Kohn theorem states that [72]:

“The ground-state energy and all other ground-state electronic properties are uniquely

determined by the electron density.”

The general idea is that there exists an exchange-correlation potential that depends
only on n(r) that yields the exact ground state energy and density. The computational
problem is that the form of the exchange-correlation contribution is not known. However,
there are several approximations for it.

The second Hohenberg-Kohn theorem states that [72]:

“For a trial density function n(r'), the energy functional Eq[n'] cannot be less than the

true ground-state energy of the molecule.”

This allows the usage of variational methods, starting with a trial density, n(r’), which
is positive in all space and integrates to the total number of electrons in the system, N,

and corresponds to an external potential V[n](r') and Hamiltonian H’, which is then
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self consistently varied with n(r’) to arrive at the final ground state energy and electron

density. This constrained minimisation procedure corresponds to solving the following,

5{E[n] - ,u/n(r)dr} —0, (2.5)

where the Lagrange multiplier, u, constrains the integral of the charge density to equal

the total number of electrons. The ground state energy then satisfies,

b= V(1) + ‘an—ﬁ[)”] Eu[n] = T[n] + Ve[n). (2.6)

Vext () is the external potential, T'[n] is the total kinetic energy functional, and V.. in

Eqn. 2.6 refers to all the different electron-electron interactions.

2.1.4 Kohn-Sham Equations

The search for the ground state energy of a system is done through the variational process
in two steps. The first step is to minimise the energy with respect to the wavefunctions
for a fixed electron density, the second step is to minimise the energy with respect to the
density.

The set of wavefunctions consistent with a fixed density that minimises the energy
is found by developing a hypothetical reference system with N. non-interacting electrons
moving in an effective potential, Vg (r), such that the reference electron density, nf(r), is
the same as the true electron density, n(r). The set of equations that allows the calculation
of these wavefunctions are known as the Kohn-Sham (KS) equations. This can be written

as Ref. 72,
Nc

Bt = > RIS BSUES (1) = 55985 1), (2.7)

i=1
where the Kohn-Sham orbitals, 95, are solutions to the one-electron Kohn-Sham Hamil-

tonians, hxs. The one-electron Kohn-Sham Hamiltonian is given by,

(= 92+ V) uS0) = 50 0), (23)

where the first term is the kinetic energy term of the i*" electron of the one-electron

Hamiltonian, eX5 is the energy eigenvalue, and Vg is given by,

dJ[n]  IEy[n]
on(r)  on(r)

Vet = Ve (r) + (2.9)
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J[n] in Eqn. 2.9, is the Hartree energy of the reference system, which is the same of the real
system, and F,. is the exchange-correlation energy. The last term, which is the functional

derivative of F.. is aforementioned Vi,

I Eyc[n]
xc = . 2.1
Vielr) = 25k (2.10)
J[n] and E,. are defined as:
. e
|r — r/\ Jo= 4e (2.11)
EXC — ] + ‘/ee[ ] - Tref[nref} - Jref[nrefD. (212)

E. accounts for many-body electron-electron interactions that have not been captured by
the reduction of the many-body system to an effective one-electron system. The effective

potential is therefore:

‘/e - ext +]0/| d +‘/xc() (213)

2.1.5 The Exchange-Correlation Potential

DFT allows the calculation of the exact ground state energy, if the correct exchange-
correlation functional is known. The main challenge of DFT is to find F,. and there are
numerous approximations for it. Mathematically, the exchange correlation potential, V.
is the functional derivative of the exchange correlation energy with respect to the local
charge density, Eqn. 2.10. The simplest approximation is that the local density, the
charge density at an infinitesimal volume located at r, is homogeneous. This is called the
local density approximation (LDA) , and the V. is dependent only on the local charge
density [71]. The expression for the exchange-correlation potential in the LDA scheme is
[71, 73],

E.. = /dgfr Exc[n(r)|n(r), (2.14)
where e,.[n] is the exchange-correlation energy for one particle in a homogeneous electron
gas. The exchange-correlation energy is usually broken down to an exchange and corre-
lation term, E,. = E, + E.. The exchange effects, E, are obtained based on quantum

Monte Carlo simulations to be [71],
5
Be=—7 <—> ni(r). (2.15)
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In open-shell systems, distinct densities for the spin-up and spin-down electrons are taken
to be independent in the exchange-correlation energy. The exchange energy in the local

density approximation (now the local spin density approximation - LSDA ) takes the form

of.
Edny,n.] = —; (%) / Pr 03 (x) + 1 (r)]. (2.16)

The LDA functional can be extended so that it not only depends on the electron density

ol

at that point but also its gradient at that position. This is the basis of the Generalized-
Gradient Approximation (GGA) . The exchange-correlation energy then takes the form:

Epln] = / f(n(r), Vn(r))dr. (2.17)

It is important to highlight the impact of the choice of exchange-correlation functional
on the calculated values. The LDA functional is known to lead to an over-binding of
electrons and an underestimation of lattice constants, whereas the GGA functional slightly
overestimates the lattice constant and under-binds the atoms [71]. Therefore, the choice
of functional can be made based on the computational cost and the accuracy gains in
the calculated properties of the system. Although GGA and LDA calculations have
comparable computational costs, GGA functionals account for the variation in the electron
density around the vicinity of r and it provides a more accurate description of the many-

body electron system than the LDA.

2.2 Implementing DFT

2.2.1 Periodic Boundary Conditions (PBCs) and Basis Sets

When calculating the electronic properties of crystals, as is the case in this thesis, it is
useful to exploit the periodicity of crystals. A crystal can be thought of as being made from
an infinite repetition of the unit cell in the direction of each lattice vector [26]. Solutions
to the Schrodinger equation, or its reformulation in DF'T, Eqn. 2.4, then only need to be
calculated for the unit cell. This reduces the computational load when compared to the

same calculation on a cluster of atoms of sufficient size to represent the crystallinity of
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the solid [71]. It must be noted that PBCs are only employed when terminations, such as
edges, are not of interest.

From Bloch’s theorem it is known that electronic wavefunctions in systems with pe-
riodic boundary conditions can be expanded using a discrete set of plane-waves, and
these plane-waves can now be used as a basis set to represent the Kohn-Sham orbitals in
Eqn. 2.7. The main advantages of using a plane-wave basis set is that it naturally reflects
the periodicity of crystals, forms an orthogonal basis set and are independent of atomic
positions (unbiased basis set) [26, 71]. Furthermore, the possibility of solving the problem
in Fourier space, allows the computational time to be reduced significantly [9].

However, there are some significant disadvantages. Atoms have a cusp in the charge
density at core regions near the nuclei and the charge density decreases rapidly into the
vacuum regions. These regions also have a rapid variation in the electronic wavefunction.
To capture these effects accurately, a large plane-wave basis set is required, increasing the
computational load [71]. These deficiencies can be addressed by the use of pseudopoten-
tials.

Alternatively, Gaussian basis sets localised at the positions of the nuclei can be used
[74]. These localised orbitals better represent the properties of the charge density close to
the core, thereby reducing the size of the basis sets needed for the calculations, although
pseudopotentials may still be required. Solving eqn. 2.4 and 2.8 also involves calculating
complicated integrals, but with the use of Gaussian orbitals, the integrals have known
analytical solutions, simplifying the calculations. However, Gaussian basis sets possess
some disadvantages of their own. A basis set that is too small can lead to an inaccurate
description of electronic states (Basis Set Incompleteness Error - BSIE) or atoms in close
proximity to each other “borrow” wavefunctions localised at a different sites, leading to
an artificial reduction in energy and bond lengths (Basis Set Superposition Error - BSSE)
[74]. For plane-waves, the size of the basis set can be controlled easily by changing the
‘cut-oft” energy corresponding to the highest energy wavevector in the plane-wave basis set
[9]. For Gaussian basis sets, this is a more complicated procedure that requires optimising

a set of orbitals for a given system [75].
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2.2.2 Pseudopotentials

To overcome the computational challenge of a large plane-wave set needed to capture
the rapid oscillations near the core regions of the valence electron wavefunctions [9],
pseudopotentials are used. This process works by replacing core electrons and the strong
ionic potential by a weaker pseudopotential that acts on a set of pseudo-wavefunctions and
the valence electron states rather than the true valence wavefunctions [9, 76]. Since core
electron wavefunctions are highly localized and weakly participate in chemical bonding,
it justifies the use of pseudopotentials [76].

The set of pseudopotentials and pseudo-wavefunctions should be constructed to re-
produce the valence charge density, which is outside a cut-off radius r. from the nucleus
(called the core radius), associated with chemical bonds obtained from all-electron cal-
culations. For such pseudopotentials the integrals of the squared amplitudes of the all-
electron and pseudo-wavefunctions beyond r. are identical, Fig.2.1, which amounts to
one electron per pseudo-wavefunction [77]. These pseuodpotentials are therefore known
as norm-conserving [9, 77].

A pseudopotential can be further classified as either being ‘hard’, [78], or ‘soft’, [79],
if the number of Fourier components of the wavefunction that are needed to represent
the core electron-ion Coulomb interaction are large or small respectively. The softer the
pseudopotential, the larger the r. and the lower the computational cost as a smaller basis
set is needed to represent the variation of the charge density near the core [79].

A major benefit of the pseudopotential technique is the transferrability across several
systems [9]. The construction of pseudopotentials is performed on isolated atoms or ions
of fixed electronic configurations. Therefore, they possess the correct scattering properties
over a wide energy range and can be used in various solid-state environments, such as in

crystals of various phases.

2.2.3 k-point sampling scheme

The boundary conditions of a system impose restrictions on the allowed k-points at which
electronic states can exist [26]. Using Bloch’s theorem due to the PBCs in the crystal

system, the problem of computing the electronic levels is reduced to the k-points within
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Figure 2.1: The real, also known as the all-electron, wavefunctions and potentials (solid lines)
and the pseudo-wavefunctions and pseudopotentials (dashed). Beyond the core radius, r., the
real wavefunctions and potentials cannot be distinguished from the pseudowavefunctions and

pseudopotentials. The figure has been reproduced from Ref. 9

the primitive unit cell in the reciprocal space, which is known as the Brillouin zone [26].
In the case of an infinitely repeating unit cell in the crystal system, there are infinitely
many k-points in the Brillouin zone and each occupied state contributes to the potential in
Eqn. 2.9, leading to a computational challenge. However, as the electronic wavefunctions
at k-points close together have nearly identical wavefunctions, only a finite subset of
the infinite number of k-points need to be sampled to accurately calculate the potential
in system [9]. The scheme implemented in this study follows, Ref.[80], where k-points
along each reciprocal lattice vector is generated by uniformly dividing the basis vector
by a user defined number of points. The number of k-points used will depend on the
sensitivity of the derived properties of interest of the system to the sampling density.
For example, metallic systems, such as the graphene layer studied in this thesis, have a
complex Fermi surface that requires a high density of k-points to accurately describe the
electronic potential [9, 81]. As such, the sampling density used should correspond to the
degree to which the relevant property, such as interatomic distances or electron chemical

potentials, need to be converged.
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2.2.4 The Self-Consistency Process

Having determined the approximations and general theory for the determination of elec-
tronic energies, the algorithm for determining the ground state energy of a system is now
discussed.

The process of starting with an ansatz charge density and a basis set of wavefunctions
corresponding to the charge density, minimising the energy with respect to the wavefunc-
tions with a fixed charge density, then minimising with respect to the charge density and
the repeating then process until the change in charge density and total energy is below a
tolerance is known as a self-consistent field method.

Computationally, the following method is implemented to achieve self-consistency:

1. Generate a starting input density:

n(r)= Y n.(r) (2.18)

atoms,a

2. Calculate the effective Kohn-Sham potential, Eqn. 2.13

3. Solve the non-interacting problem, Eqn. 2.8, to generate a set of wavefunctions that

minimise the energy corresponding to the starting density.

4. The charge density corresponding to the new set of wavefunctions is computed
n(r) =Y [nm)f (2.19)

5. A new charge density is constructed using a weighted combination of the output

and the input charge density.

The above procedure is repeated until the change in the total energy and electron
densities between successive calculations are less than a threshold. This threshold to the
change in these values is determined by the precision to which the desired properties
of a system, such as the lattice constant, need to be known.As will be discussed in
Sec. 2.3.1, the nuclei “move” in a potential determined by the electron density, and hence

the accuracy of the electronic energies obtained from the self-consistency process will
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impact other properties of the system. Once the changes in charge density and total
energies satisfy the threshold criteria, the values are considered to be “converged” within
the self-consistency cycle and process is completed.

The algorithm used in this project for generating the new input charge density at
each self-consistency cycle is a variation of the ‘direct inversion in the iterative subspace’
or DIIS method [82, 83]. Briefly, the algorithm is as follows. A historical record of
input charge densities are maintained as the self-consistency process is followed, and the
new input charge density is calculated from a weighted contribution of each historical
charge density. The weights are determined so as to minimise the difference between the
output charge density of the previous self-consistency cycle and the next input charge
density. Hence, the input charge density is always a mixture of contributions from charge
densities in previous iterations. The size of the historical record of charge densities and
pre-conditioning to determine the extent to which mixing occurs with previous guesses

can be controlled to obtain rapid convergence to the ground state charge density [83].

2.3 Structural Optimisation

Using DFT, one can obtain the electronic properties of the system under the Born-
Oppenheimer (BO) approximation. In the BO approximation, the electronic and nuclear
contributions to the total Hamiltonian is separated and the nuclei move in the electrostatic
potential of the electrons [72, 26]. Therefore, an additional step needs to be included in
the computational procedure to relax the interatomic distances so that the system is in
its electronic and structural ground state. This is necessary as it is of interest to calculate
structural properties such as lattice constants and interatomic distances. In this section,

the methods used to determine these properties are briefly overviewed.

2.3.1 Optmising atomic positions

The process of structural optimisation involves minimising the forces acting on the atoms
in the solid. The nuclei of the atoms can be thought of as moving in the electrostatic

potential due to the electronic wavefunction in the BO approximation. Therefore the
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force acting on a nucleus is the derivative of the electronic energy obtained from the SCF
procedure for a fixed nuclear position. From the Hellman-Feynman theorem, Eqn.2.20,
it is known that the variation of the total energy with respect to a parameter, P, in this
case the internuclear distances, is equal to the expectation value of the derivative of the
Hamiltonian of the system with respect to that parameter [72]. This allows the forces to
be calculated analytically and the search direction for the minimisation of the forces is
computed using the conjugate gradient method [76]. The structural relaxation process is
necessary to perform, as according to the second law of thermodynamics, the system will

be found in its lowest energy configuration at equilibrium.

j—g _ <‘;—g> (2.20)

2.3.2 Interlayer interactions: van der Waals forces

In many systems, such as large non-polar molecules and, as in the case of this thesis, 2D
materials, have long-range interactions due to induced dipoles. At short electron-electron
distances, the correlation is modelled well by standard density functionals, as they have
a deep relation to the corresponding electron density change, however, such correlation is
absent in several local or semi-local exchange-correlation functionals [10]. For example,
in Fig.2.2 , while the PBE (a GGA type functional) functional at least qualitatively
mimics the attractive force between atoms/molecules, the Becke 3-parameter Lee-Yang-
Parr (B3LYP) hybrid functional predicts a repulsive force [10]. Therefore, there is a need
to explicitly incorporate dispersion forces, especially in layered materials as van der Waals
(vdW) forces are the primary attractive force leading to binding between different layers.
As will be discussed in Sec. 3.3, the accurate modelling of interlayer separation is necessary
for the determination of the degree of charge transfer.

The dispersion correction to the total energy used in this thesis is the Grimme DFT-D3
correction [84]. This correction is added separately to the Kohn-Sham DFT total energy,
Fxs.prr in Eqn. 2.22, and therefore only directly affects the optimisation of the nuclear

positions. All DFT-D approaches have the same general form of the dispersion correction
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i.e [10],
(]ingD Z Z Sn fdamp(RAB) (221)
AB n=6,8,10

Epprps = Exsprr — E(Ii)ing'D (2.22)

where the sum is over all atom pairs, AB, in the system and the corrected energies take
the form of Eqn. 2.22. In Eqn. 2.21, the ¢/ term denotes the averaged n' order dispersion
coefficient (orders n = 6, 8, 10, ...) for the atom pair AB, and the internuclear distance of
this pair is given by R4p. The global parameters, s,, are used to modify the correction
to suit the behaviour of the chosen density functional. fjamp is a damping function and
is included to avoid singularities at small R 45 and double-counting at intermediate inter-
nuclear separations. Hence, fyamp determines the range of the dispersion correction. The
DFT-D3 scheme can be easily incorporated into standard density functionals, allows the
efficient calculation of energy gradients during structural relaxation and finally, interpre-
tation of the dispersion energy is straightforward as it can be assigned to contributions

from individual atom pairs, parts of a molecule, or for a particular internuclear separation.

2.4 Computational approach for systems of interest

2.4.1 DFT Parameters

Now that the general DFT theory and its approximations have been discussed, the pa-
rameters used in the computation of properties of the defects studied in this thesis are
ellaborated.

The DFT calculations were performed using the Ab Initio Modelling PROgram[76]
(AIMPRO) with PBC and the PBE-GGA exchange-correlation functional [85]. Atoms
are modelled using norm-conserving separable pseudopotentials [86], with 1s-states of B,
C and N part of the core. Kohn-Sham eigenfunctions are represented with a basis of
sets of independent s- and p-Gaussian orbitals with four different exponents centred on
atomic sites [87], with the addition of one (two) sets of d-Gaussian functions for C (B
and N) atoms to account for polarization. This amounts to 18 independent Gaussian

functions per C atom in the basis, and 28 per B and N atom. Additional sets of functions
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Figure 2.2: The potential energy curves for Kr-Kr (Kry) (left) and benzene (right) molecules
calculated using B3LYP, PBE-GGA and coupled cluster singles doubles with peturbative triples
CCSD(T), which is considered the most reliable for obtaining electronic properties of molecules
as a reference. The curve obtained using PBE-GGA shows some binding, although significantly
weaker than the CCSD(T) reference, and the BSLYP derived curve shows repulsive force between
the molecules. This shows the necessity for accounting for dispersive forces in DF'T calculations

of vdW materials. The figure has been reproduced with permission from Ref. 10.

are located in the vacuum regions to ensure accurate representation of the evanescence of
the electron wavefunctions into the vacuum. The charge density is Fourier transformed
using plane-waves with an energy cutoff of 300 Ha, leading to energies converged to better
than 1 meV with respect to this parameter. The Brillouin zone of the primitive structures
were sampled using a 16 x 16 x 1 k-point grid and the Monkhorst-Pack scheme [80].
Non-primitive cells are modeled using grids with a comparable or denser reciprocal space
density. Structures were optimized by the conjugate-gradient method until the total
energy changed by less than 10~° Ha, and which corresponded to forces less than 10~% a.u.
From these parameters, the error in the total energies is within the “chemical accuracy”
of 50meV [88].

Although screened-exchange functionals, such as the Heyd-Scuseria-Ernzerhof (HSE)
functional, produce electronic properties, such as band gaps, significantly closer to exper-

imental results when compared to GGA functionals, they come with significantly greater
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computational cost and is also not available as an option in AIMPRO. However, GGA
functionals accurately reproduce bond lengths and the band structures qualitatively re-
semble those derived using HSE, while being computationally efficient. As many modern
DFT analyses of hBN use GGA functionals, GGA functionals were used in the calcula-
tions as well [12, 89, 90, 91, 65]. Using a scheme proposed by Ref. 92, the calculated PBE
values are translated into HSE values to validate the conclusions derived using PBE.
When exploring multilayer hBN and hBN/Gr heterostructures, dispersion forces be-
tween adjacent layers were explicitly included to reproduce experimental interlayer spac-
ings. The interlayer vdW interactions were represented using the Grimme-D3 scheme [10].

The impact of the inclusion of vdW interactions is discussed in Sec. 3.3.7.

2.5 Derived properties from DFT

2.5.1 Vibrational modes

After relaxing the nuclear positions of the supercell, the vibrational modes can be calcu-
lated. This is done by first displacing atom, a, along the axis direction [ (with z,y and z
spatial components) by an infinitesimal value ¢, usually around 0.025a.uand calculating
the new self-consistent charge density [76]. This new charge density will be different from
that of the relaxed structure and will be arranged in such a way as to oppose the change,
and a second atom, b, will experience a force, f.", (I,a), along direction m opposing such
a change. This is now repeated by displacing atom a in the opposite direction. The new
forces, f.,(l,a), are calculated and the second derivatives to the energy, up to second

order in € are calculated as,

\VZ, _ ( r—ni_b(lva) - f;b(laa». (2.23)

lamb — 2¢

The above only forms part of the dynamical matrix and needs to be repeated for all the
atoms in the supercell. The matrix is then diagonalised to find the eigenmodes and values,
they are then normalised by the square of the atomic masses of the species involved to

determine the vibrational /phonon modes of the system.
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2.5.2 Band structure and density of states (DOS)

The band structure shows the variation of the electronic energy levels with &k [26]. This
calculation is necessary to determine the energies of the occupied and unoccupied states,
which subsequently allow the estimation of the energies of the photons involved in the
absorption and emission due to an electronic transition in hBN. In DFT, there is no strict
physical interpretation of the Kohn-Sham eigenstates and eigenvalues, X5 and X5 apart
from the highest eigenvalue, which can be shown to be the negative of the exact many-body
ionisation potential [93, 94]. However, the variation of ¢X5 with k provides a reasonable
estimate of the variation of the electron energy with k& and is interpreted as the band
structure of a solid.

KS)

The DOS per unit energy, g(e is the number of electronic states within an in-

finitesimal energy range, Ae®S. In the implementation of DFT in this thesis, the electron

density is represented by plane-waves of the form e, and the plane-waves have the
energy F = % Therefore, the integration of the charge density within a specfic energy

range gives the number of electrons, and hence states, within an energy range AeXS [81].

2.5.3 Partial atomic charges

Partial atomic charges show the degree of localisation of a charge around a particular

atom.

2.5.3.1 Mulliken populations analysis

The Mulliken populations analysis is a scheme used to calculate partial atomic charges of
different electronic states in a system [95]. This can reveal the contribution of different
atomic species to states of specific energies in the DOS. Such a projection of the DOS onto
different species is known as the partial density of states, pDOS . This is implemented in

AIMPRO by expanding the Kohn-Sham orbital of a band n at wavevector X, ¥,\(r,s),
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by a set of localised atomic orbitals, ¢,;(r — R), and spin-functions, y.(s) [76],
UnA(T,5) = Xa(s) Z chbi(r — R) (2.24)
M) =Y / G s)dr = 3 e S = S ml, (2.25)
s ij i
where,

Sl'j)\ = /¢Z(T — R,)¢](T — Rj)d‘l" (226)

where, S,;;x is the overlap integral between atomic orbitals, i represents the i atomic
species, n is the band index, )\ is the wavevector. By collecting orbitals of specific angular
momenta, [, the contribution of atomic orbitals with these angular momenta can be
projected.
The pDOS is calculated as,
p(l,i,E) = wyM(l,i,n, \)3(E — Epy). (2.27)

ni

The weighting factor, wy, is associated with the k-point sampling scheme used after
symmetry reduction. The delta function is replaced by a Gaussian broadening function

to allow for a smoother pDOS.

2.5.4 Other methods

For the sake of completeness, other methods of calculating atomic charges are discussed
briefly. Hirshfeld charge analysis works by proportionately distributing the charge densi-
ties among the constituent atoms according to their density at corresponding distances in
the free-atom case. The differences in the local charge density in the free-atom and the
molecular environments define the partial charges and allow the calculation of multipole
moments [96]. Bader charge analysis is a different method that separates two species
based on the location of the minimum in the charge density. The points in the volume
corresponding to minima in charge density form a surface that separates the two regions
[97]. The drawbacks of methods that allocate charge based on their spatial distributions,
particularly for the case of hBN/graphene heterostructures discussed in this thesis, are

described in detail in Sec. 3.3.7.
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2.5.5 Calculation of Formation Energies

The formation energy of a defect in a specific charged state is defined as the following,
Ef(q) = Euot(q) — Buose — Y _ Anapti + qlevu + pe). (2.28)

Here E,,(q) is the total energy of the defective layer of hBN in a specific charged state, q.
E}ost s the total energy of pristine monolayer hBN. An; is the change in the number of
atoms of specific species and p; is the chemical potential of the species i. The formation

energies were calculated in the N-rich condition specified by,

PN + B = HUhBN; (2.29)

where py was half the total energy of an N, molecule. eypy and p. are the energy
of the valence band maximum (VBM) of the host and the electron chemical potential
respectively. E(q,q") will be used to refer to the (g, ¢') charge transition level (CTL) with
respect to the valence band maximum. When calculating formation energies of charged
defects in PBC, a fictitious interaction between the charged defects and their images in
the repeated unit cells occur. This interaction has a contribution to the total energy and
leads to incorrect formation energies and CTLs. The scheme used to overcome errors due

to this interaction are discussed in Sec.3.3.1.1.

2.5.6 Activation Energies

Some of the defects studied in this paper have multiple stable geometries, some of which
are related by symmetry. For example, in monolayer hBN, a defect with an out-of-plane
perturbation can be displaced above or below the basal plane. The defect can transition
between these two sites, and this requires the defect to traverse across a potential energy
surface (PES) . The path followed during the traversal is defined by an energy path. A
tool used to determine this energy is the nudged elastic band (NEB) method [98]. The
methodology established by Ref. [98], is briefly outlined below.

In the NEB methodology, the energy path is found by optimising a number of images
between the initial and final configurations. The energy barrier for the transition between

the initial and final points is known as the saddle point. The lowest energy configuration
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of each image is found while maintaining an equal spacing along the reaction coordinate
with neighbouring images. Naturally during the energy minimisation of each image, the
images will tend to ‘slide down’ the potential curve towards the minimum. Therefore a
spring force is added between the images to prevent sliding down.

A chain of N + 1 images [Ro, Ry, ..., Rn]| is created, with R; representing the position
of the i*® image. Throughout the optimisation, the endpoints Ry, and Ry are fixed and
only the N — 1 intermediate images are adjusted by the algorithm. There are two forces
used in the optimisation process, the true force due to the potential surface and the
spring force artificially added to prevent the images from sliding down. The tangential
component of the force due to the energy surface being traversed and the spring force
is calculated and subsequently, the component of the spring force that is parallel to the
path and the perpendicular component of the true force due to the potential is projected
out. Only the parallel component of the spring force is used to maintain an equal spacing
between images and the perpendicular components of the true force is minimised, leading
to the trajectory converging to the energy path with the lowest barrier to transition. This
is known as the minimum energy path (MEP) . Thus, the spring forces do not influence
the convergence of the trajectory.

The tangent at image 7 is determined as,

T Vi >V > Vi

7, if Vigr < Vi < Vi,
where,

Ti+ = Ri-i—l — Rz and Ti_ == RZ - Ri—l- (231)

Here Vj is the energy of image 7. If both neighbouring images possess a greater energy or
lower energy than i, a weighted average of the vectors to the adjacent images is used as
the tangent, and hence is an extrema along the MEP. Energy of the neighbouring images
is used to determine the weight.

If the image is at a minimum or maximum, i.e V;_1 >V, < Vi+1lor V1 <V, > V44,

34



Charge control of defect colour centres in hexagonal boron nitride

the tangent is calculated as,

Ti—i-A‘/;max + Ti—A‘/;min if ‘/i-‘rl > ‘/i—l
T = (2.32)
Ti+AV;mm + Ti_AV;maX if ‘/H—l < V;_l’

where,
AV = max(|Viy — Vi, [Vis — Vi) (2.33)
AV = min(|Vig = Vil [Vier = V). (2.34)
The tangent vector is then normalised. The spring force is calculated as,
EPl) = k(|Riva — Rl = [Riy1 — Ri|) - 7. (2.35)
The true force is given by,
VV(R;)|L = VV(R;) = VV(Ry) - 73, (2.36)

The position of each image is optimised at every iteration. At each iteration, the energy
of each image is minimised and moved in the direction of the force towards the minimum
of the PES, and the spring force acts to prevent the coalescing of the images. After the
changes in the positions of the images is below a threshold, the optimisation is stopped
and the positions of the images outline the trajectory of the MEP. In traditional NEB,
the saddle point is found by interpolating between the highest energy images (the number
of images used will depend on the order of the polynomial used for interpolation).

While interpolation works well for wide saddle points, it does not provide an accurate
depiction of narrow energy barriers unless a large number of images are used, leading to
an increase in computational cost. This is because few images land in the neighbourhood
of the saddle point, affecting the accuracy of the inpterpolation, Fig. 2.3. Climbing image
nudged elastic band (CI-NEB) is a small modification to the NEB algorithm allows a
rigorous convergence to the true saddle point energy and has no additional computational
cost to standard NEB [11].

In CI-NEB, the highest energy image, i, is identified after a user-defined number of

iterations. The force only on this image is defined as [11],

Fioe = —VV(Ri,.) +2VV (R, (2.37)

max

= -VV(Ri,..) +2VV(R;,...) 7 (2.38)

~
Imax Tlmax Tmax
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Figure 2.3: A comparison of CI-NEB and standard NEB. The MEP obtained from both calcu-
lations are for the adsorption of CH4 on an iridium surface Ir (111). The reaction coordination,
0.0, represents the dissociated end products CH3+H fragments and 1.0 corresponds to a CHy
molecular 4.0 A away. It is clear here that standard NEB leads to poor resolution of the barrier
and interpolation leads to its underestimate. This is solved by CI-NEB which leads to an image

being located accurately on the saddle point. This image is reproduced from Ref. 11.

From this modification, the full true force component along the elastic band due to the
potential is inverted, and so the maximum energy image moves up the slope of the po-
tential energy surface along the elastic band and also towards the MEP in the direction
perpendicular to the band. Therefore the maximum energy image is unaffected by the
spring force, and the remaining images define the only degree of freedom for which the
maximisation of the energy is carried out.

In CI-NEB, the spacing of the images will be different on either side of the climbing
image. This is because as the image moves up to the saddle point, images one side of
the climbing will be squeezed together and on the other side will stretched out. However,
the spacing between images within each section divided by the climbing will be constant.
In this thesis, 11 images were found to be sufficient for convergence to the MEP and the

climbing image was identified after 3 iterations.
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2.6 Summary

In this chapter the general principles of DFT and its approximations have been discussed.
The specific implementation of DFT and parameter choice were then discussed. These
choices for implementation were made to allow the calculation of derived properties, such
as the band structure, atomic positions, vibrational modes and activation energies. These
properties will allow the determination of estimates of the ZPL energy of emitters in hBN,
the defect geometry of emitters, and finally the degree of charge transfer with graphene
encapsulation layers. In the next section, the results of the calculations of pristine and

defective hBN and hBN/Gr heterostructures are discussed.
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Chapter 3

Theoretical Results

In this chapter the results from the exploration of the pristine structures of hBN, graphene
and their heterostructures are discussed. This is followed by the results of the study on
charge transfer between hBN and graphene in hBN /graphene heterostructures, and finally

the impact of the dielectric environment on the barrier for defect reorientation is discussed.

3.1 Pristine Structures

3.1.1 Isolated hBN

3.1.1.1 Structural Optimisation

As mentioned in Sec. 2.4, the first step that needs to be performed is structural relaxation
of the system to represent an unstrained system. The experimentally obtained lattice
constants are good initial guesses but may not be representative of the true equilibrium
lattice constants as the system might not have been in its ground state when the measure-
ments were made. Furthermore, the atomic positions need to be relaxed to be consistent
with the particular exchange-correlation functional used in the calculations, as this can
signficantly affect the bond strength, as discussed in Sec. 2.1.5.

The optimised in-plane lattice constant of hBN was calculated to be 2.514 A, which is
consistent with existing theoretical values calculated using GGA functionals [12, 89, 90, 91]

and is in agreement with the experimental value of 2.504 A at room temperature [99]. The
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interlayer spacing was set to 15.89 A (30 a.u.), which is nearly five times the experimental
interlayer spacing of 3.33 A of bulk hBN in order to effectively simulate monolayer hBN
[39]. The optimised hBN structure is shown in Fig. 3.1, with the lattice constants labelled.

S ¢ S

Figure 3.1: Optimised structure of a single layer of hBN. The computationally derived in-plane

lattice constant is 2.51 A. The colour schemes for the boron and nitrogen atoms follow Fig. 1.2a

3.1.1.2 Vibrational Modes

After structural relaxation, the vibrational modes were calculated according to Sec. 2.5.1.
The energies of the vibrational modes have been listed in Table3.1. hBN exibits a de-
generate pair of Raman active Ey, modes and a non-degenerate infrared (IR) active As,
mode [100, 101]. The IR mode for hBN occurs at 783 ¢cm™! and the Raman mode for bulk
hBN has been experimentally observed at 1366 cm™" (1370 cm™" for monolayer) [20]. The
intensity of the Raman peak increases in discrete jumps with the number of layers and
the peak position is usually red shifted by ~ 4cm™ (as shown in Fig.4.5) [20]. This can
be used to estimate the thickness of a hBN film.

The displacement vectors for each of these modes can give us information about the
nature of the vibrational mode, i.e. in-plane or out-of-plane.

From the theoretical calculations, it was found that the IR mode at 793 cm™ corre-
sponds to the out-of-plane A,, motion of the atoms, Fig.3.2c, and the last 2 modes are
Raman active degenerate bending modes, Fig.3.2a and 3.2b, which have E5, symme-
try. The IR mode is experimentally observed at 783 cm™ and the degenerate modes are

usually observed at 1366 cm™ [100, 101]. The Raman modes obtained using PBE-GGA
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No. | Energy (cm™) | Mode

1 793 Agy
2 1337

Esy
3 1337

Table 3.1: The table shows the 3 vibrational modes of the primitive unit cell calculated using

AIMPRO. The 1% mode is IR active, the 2°4 and 3¢ modes are Raman active.

(b)

Figure 3.2: The figures show the displacements of the atoms in different vibrational modes.
(a) and (b) show the degenerate Fa, modes, which are in-plane and Raman active. (c) is the

out-of plane As, mode which is IR active. The arrows indicate the direction of displacement.

functionals have a 20-30 cm™ error, [102, 103], and so the experimentally obtained values

are within the uncertainty of the computed values.

3.1.1.3 Band Structure

The band structure of pristine hBN is shown in Fig. 3.4a. It has been plotted along the
k-points in paths of high symmetry. hBN, graphene and its heterostructures studied in
this thesis have the same type of Brillouin zone (hexagonal) and points of high symmetry,
I' K and M. The Brillouin zone and the points of high-symmetry have been indicated in
Fig.3.3. For monolayer hBN, the conduction band minimum (CBM) lies directly above
the VBM at the K point [45, 104]. The calculated band gap of 4.70eV is significantly
lower than the experimental value of ~ 5.9eV [51], but agrees within 50 meV of other
theoretical calculations of the band gap using GGA functionals [12, 39, 41].

In the primitive unit cell, there are a total of 4 filled valence bands, as the total

number of valence electrons is 8 and each band can host 2 electrons. The accuracy of
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Figure 3.3: The points of high symmetry in the Brillouin zone of a hexagonal lattice. This is

shared by hBN, graphene and their heterostructures.

the band structure calculation is confirmed by qualitative agreement with angle resolved
photoemission spectroscopy (ARPES) measurements of the valence band structure [105].

In addition to the band structure calculations, the ionisation energy of hBN is deter-
mined to be 5.95eV, which agrees with other work using PBE-GGA functionals [92] but

is an underestimate from the HSE ionisation energy by ~ 1eV [104].

3.1.1.4 Density of States (DOS)

The DOS complements the band structure and is useful in identifying defect states, which
presents as small peaks in the band distribution. It is especially useful when distinguishing
states contributed by different layers in a heterostructure, as will be discussed in a later
section on the calculation of charge transfer, Sec.3.3.1.2, between hBN and graphene. A
k-point sampling density of 50x50x 1 and a broadening of 0.2eV was used to obtain the
DOS in Fig.3.4b. The zero in the DOS has been aligned to the VBM. The sampling
density and broadening determine the oscillatory pattern seen. A larger sampling density
and an appropriate broadening can eliminate peaks arising due to oscillations.

Up to the valence band (the blue regime in Fig. 3.4b), the shape of the DOS calculated
using AIMPRO agrees well with literature, Fig.3.4c, [12, 106, 107]. The key features
of the DOS, such as the ~ 10eV bandwidth of the upper valence bands, and ~5eV
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Figure 3.4: (a) Calculated band structure of hBN in the vicinity of the Fermi energy along
high-symmetry branches of the Brillouin zone. Blue and red lines represent nominally occupied
and empty bands, respectively, with the underlying shading highlighting the envelopes of the
valence and conduction bands. The zero on the energy scale is set at the midpoint of the band
gap in pristine hBN to allow a more direct comparison with the band structure in Ref. 12. (b)
The total DOS of hBN, with the filling of occupied and empty states following that of the band
structure. (c) The total DOS of hBN as well as the partial density of states for each atomic

species in hBN calculated by Ref. 12.
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bandwidth of the lower valence bands, agree with the literature [12, 107, 108]. The sharp
and narrow valence bands in hBN are characteristic of two dimensional materials with
strong intralayer bonding [108].

The oscillatory pattern seen in the DOS calculation by Ref. [12], Fig. 3.4c, is attributed
to a differences in the sampling density. The difference in DOS at energies high in the
conduction band DOS calculated using AIMPRO and the literature is due to the aug-
mentation of the basis in vacuum in the AIMPRO to model the evanescent decay of the
charge density present into the vacuum above the hBN sheet to be modelled with greater
accuracy, which is not required in the calculations of Ref. 107 and [108] where plane-wave

basis sets were used.

3.1.1.5 Partial Density of States (pDOS) using Mulliken Populations Analy-
sis
The covalently bonded hBN crystal has electronic states that show different degrees of
localisaton around B and N atoms. While there is no principled method of allocating
charge to an atomic species in a crystal system, it is useful to understand the spatial dis-
tribution of electronic states around specific species. This allows the determination of the
contribution of each atomic species to an electronic state of interest. This is highlighted
in the results chapter in Sec. 3.3, where the contribution of hBN and graphene to defect
states in the heterostructure is evaluated. Another application is in the understanding of

the nature of the band edges of the pristine material.
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Figure 3.5: The partial density of states for each atomic species is shown, along with the total
density of states for the hBN monolayer (grey line). The N (green hatched filling) and B (red
red hatched filling) contributions have been indicated. The zero in the energy scale is set to the
mid point of the band gap and the position of the valence edge has been indicated by a dotted
grid line labelled ‘VBM’.

The calculated partial density of states, with a k-point sampling grid of 50 x 50 x 1,
and broadening of 0.1eV is shown in Fig. 3.5.

Based on Fig. 3.6, it can be seen that the electronic states in the VBM have a greater
contribution by N than B and the states in the CBM have a greater localisation at the
B atom than the N atom, in agreement with existing literature [12, 104]. It is important
to note this interpretation is basis set dependent. For example, Mulliken analysis on a
DFT calculation performed with an entirely N centered basis set leads to all the states
appearing to be localised at the N atom, which would not be the case. The localisation
of the electron can also be interpreted in terms of the lifetime of the electron in a specific
state. If the majority of states in an energy range is localised around a particular atomic
species, it can be interpreted as the electron spending a greater amount of time at the

location of these species compared to the vicinity of the other species.
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Figure 3.6: (a) Shows the pDOS calculated using the Mulliken populations analysis for B
atoms. The contribution of the s (red) and p (green) orbitals are shown. (b) Corresponding

pDOS for N atoms. The zero in the energy scale is set to the mid point of the band gap.

Comparing Fig. 3.6a and 3.6b with Fig. 3.4c shows that the angular momentum pro-

jections agree well with literature. The strongly bound orbitals deep in the valence band
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are dominated by s orbitals localised at N. The states higher up in the valence band are
dominated by p orbitals from B. The small peak in the s and p orbital contributions at low
energies, seen more clearly in the pDOS for B, indicate sp, hybridisation of orbitals. The
observation in Fig.3.7 of the valence band edge states being mostly contributed by the
p. orbitals centered around N atoms and the conduction band edge states being mostly
contributed by p, orbitals centered around B atoms are supported by literature [12, 104].
This reveals that the electron in the p, orbital of N gets transferred to the p, state of B
[107] when excited across the band gap.

1.0

I:l Total DOS

] N Total p - orbital
0.8 N p , - orbital

B Total p - orbital
15U B p, - orbital

0.6 3 3

Density of States/eV per unit cell

Energy (eV)

Figure 3.7: The contributions of s and p;, where ¢ = x, ¥, z, obtained from Mulliken analysis
is shown by the different hatched shading. The zero in the energy scale is set to the mid point

of the band gap.

3.1.2 Graphene

As hBN/Gr heterostructures are studied in this thesis, it is important to identify the
correct parameters needed to model the graphene layer. Experimental measurements
indicate that graphene has an in-plane lattice constant of 2.46 A [39]. Tt is a semimetal

and the conduction band and valence band meet at the Dirac point at the K point [109].
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3.1.2.1 Structural Optimisation

The equilibrium lattice constant of monolayer graphene was calculated to be 2.47 A in
agreement with the experimental value of 2.46 A [39]. The slightly larger lattice constant
is due to the underbinding of GGA functionals, as was the case with hBN. The structure
of graphene is shown in Fig. 3.8. As with hBN, a large interlayer spacing was set (15.89 A)
to simulate a monolayer. As the lattice constants differ by only ~2% and the crystal type

is the same, the strain induced on either layer in a heterostructure is expected to be small.

Figure 3.8: Optimised structure of a single layer of graphene. The lattice constant is indicated

by the dashed arrows. Gray spheres represent carbon atoms.

3.1.2.2 Band Structure and Density of States

The band structure calculations reproduced the well known Dirac point at the K point,
Fig.3.9a. The DOS, Fig.3.9b, for graphene was obtained using a denser sampling grid
of 75 x 75 x 1 and the same broadening of 0.1eV. This was done to ellucidate the linear
dispersion at the Dirac point, which would be more difficult to observe with a lower
sampling density that results in oscillations in the DOS. At the Dirac point there are no
states available for the electron to occupy and is reflected with the DOS being zero at this
point. Existing literature using DFT, tightbinding and other techniques are in agreement
with our calculations [110, 111, 112, 113]. The DOS calculations is linear near the Dirac

point and increases with an increase in energy difference from the Dirac point.
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Figure 3.9: (a)The band structure of the primitive unit cell of pristine graphene. (b) The DOS
of pristine monolayer graphene. Colours and shading follow Fig.3.4. The zero in the energy

scale is set to the Dirac point of graphene.

3.1.3 hBN/graphene Heterostructure

The AA-stacking and AB-stackings have been used in this project. In the AA stacking
the boron and nitrogen atoms lie directly above the carbon atoms in graphene, Fig. 3.10a.
As monolayer hBN and graphene have different in-plane lattice constants, a decision
regarding the treatment of the lattice-constants for heterostructures needed to be made.
The approach of using a fixed value obtained from the optimisation of the in-plane lattice
constant for the combined system was adopted as this lead to a compromise in the degree
of strain induced in each layer. Without vdW interactions, Sec. 2.3.2, the in-plane lattice
constant was determined to be 2.49 A for each layer and the interlayer distance is 4.2 A.
The introduction of vdW forces does not affect the in-plane lattice constant, but reduces
the interlayer distance to 3.34 A, Fig.3.10a. This is a 21% reduction in the interlayer
space of the non-dispersion corrected calculation and it is therefore necessary to explicitly
include this interaction in the DFT calculations of multilayered structures. The value of
2.49 A represents a 1% compressive and tensile strain for hBN and graphene, respectively.

From Fig. 3.12 and Fig. 3.11, it can be seen that the band structure and DOS (obtained
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(a) (b)

Figure 3.10: Plan view (top) of the relaxed structure of the hBN/Gr heterostructure and the
side view (bottom) in (a) AA stacking and (b) AB’ stacking. The colour schemes for atoms
follow Fig.1.2a and Fig. 3.8.

using a sampling density of 50 x 50 x 1 and a broadening of 0.1eV) of the heterostructure
is similar to a superposition of the band structures and DOS of the individual layers. At
the Dirac point, the DOS of hBN/Gr (solid lines) is almost entirely contributed by Gr
(dotted lines), and a mixture of hBN (dashed) and graphene contributions occur beyond
the linear regime of the graphene DOS. This forms the motivation for the DOS method
of determining charge transfer in Sec. 3.3.1.2. The misalignment of peaks in the DOS of
isolated hBN and Gr, deep in the conduction band with respect hBN /Gr can be attributed
to the weak electric field that exists in the heterostructure due to a lack of a horizontal
mirror plane. This affects the evanescent decay of the conduction band states, leading to
the misalignment.

The inclusion of vdW forces on the band structure is shown in Fig.3.12. The band
structures are largely similar, except for the opening of the band gap at the K point
present in Fig. 3.12b is not present in Fig. 3.12a. The band structure near the Dirac point
is magnified in Fig.3.12¢ and 3.12d to clearly highlight the opening of a band gap of
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Figure 3.11: The DOS of the hBN/Gr structure (solid lines with filling), with the DOS of
graphene (dotted) and hBN (dashed) monolayers superimposed for comparison. The arrows
indicate the respective DOS to aid the reader. The zero point in the energy scale is the Dirac

point of isolated graphene. Colours and shading follow Fig. 3.4.

0.1eV, which is on the same order of other first-principles of band gaps in monolayer
hBN/Gr heterostructures [111, 114]. It has been speculated in literature that the opening
of the band gap is due to a decrease in the overlap of the © bonds in graphene due to
Pauli repulsion [114]. The large interlayer spacing when vdW forces are excluded lead to
a significantly smaller electronic wavefunction overlap than when vdW interactions are
included, leading to a negligible band gap.

In the AB’ stacking, boron atom superimposes a carbon atom and the nitrogen atom
exists at the centre of the carbon ring in the underlying graphene, Fig.3.10b. There
is no change in the lattice constant between the AA and AB’ stackings and the inter-
layer spacing remains the same as well. The band structure for AB’ stacking, Fig. 3.13,
largely resembles that of the AA stacking, Fig.3.12. The band gap in AB’ stacking is
~0.04 eV, within the range of existng first-principles calculations of hBN/Gr band struc-
tures [111, 114]. Although the band gap in hBN/Gr is sensitive to the stacking, its impact
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Figure 3.12: The band structure of the heterostructure (a) without and (b) with vdW forces.
(c) and (d) show the same band structures as (a) and (b) respectively, but with the region near
the Dirac point magnified to highlight the band gap when vdW forces are included. The zero

point in the energy scale is the Dirac point of isolated graphene. Colours and shading follow

Fig. 3.4.

is not significant when compared to the effects studied in this thesis. In experiment, the

mismatch in the lattice constant of hBN and graphene results in a Moiré period and
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there is spatial variation in the stacking of the two layers [115]. Therefore, both forms of

stacking can exist in the material.
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Figure 3.13: (a) The band structure of the heterostructure in the AB’ stacking. (b) The
same band structures with the region near the Dirac point magnified to highlight the band gap
when vdW forces are included. The zero point in the energy scale is the Dirac point of isolated

graphene. Colours and shading follow Fig. 3.4a.

3.2 Summary

In this section, an overview of the properties of pristine monolayer hBN, graphene and
hBN/Gr have been discussed. The properties that have been explored include structural
properties such as lattice constants, vibrational modes and interlayer spacings in het-
erostructures. It has also been shown that the hBN/Gr structure has a graphene layer
under tensile strain and a hBN layer under compressive strain of 1% each. The impor-
tance of the inclusion of dispersion forces to obtain an accurate interlayer spacing has also
been discussed. Furthermore, the electronic structures of hBN, graphene and hBN/Gr

have been illustrated through band structure and DOS calculations. It has been shown

52



Charge control of defect colour centres in hexagonal boron nitride

that the individual layers of the composite structure remain largely similar to their iso-
lated cases in terms of electronic structure apart from the opening of 0.1eV band gap at
the Dirac point. It is now possible to study the defective cases with reference to these
properties and use these systems as building blocks when exploring complex few layer

hBN and graphene heterostructures.
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3.3 Charge transfer and defects in hBN

Having studied the properties of pristine monolayer hBN, graphene and their heterostruc-
tures in Sec. 3.1 as a reference point, the properties of hBN and hBN/Gr heterostructures
hosting defects can now be explored. The introduction of a defect leads to a change in
the band structure, and depending on the type of defect, the electronic energy levels as-
sociated with the defect can lie within the band gap of hBN or the bulk bands. Although
the scope of this project is on the general control of colour centres in hBN, in this section
particular emphasis is given to defects that can act as sources of single-photon emission.
This is not only because of the large interest in the application of colour centres in hBN to
quantum photonic technologies, but also because the study of single emitters that lead to
at least one occupied and one empty band within the band gap of hBN, can be a building
block for the study of complex defect structures and ensembles.

A range of defect properties were calculated. Electronic structure calculations were
performed to get an estimate of the ZPL energy, which can be used to screen candidate
emitters by comparing them to observed ZPL energies in hBN. The ground state defect
arrangement, such as the point group symmetry of the defect, and spin state allow the de-
termination of allowed transitions of the defect and if the defect is a paramagnetic centre.
Properties such as the formation energies of the defects were calculated, as they corre-
spond to concentration of the defect in hBN under equilibrium conditions. The greater
the formation energy, the lower the defect concentration under equilibrium conditions.
The CTLs were also determined from the formation energies, allowing prediction of the
preferred charge state of the defect as a function of the chemical potential of electrons
in the environment. In this chapter, the defect properties are explored in the context of
isolated monolayer hBN, multilayer hBN, and hBN /graphene (hBN/Gr) heterostructures.
The work in this chapter expands on the work conducted by the author of the thesis in

the journal article and conference proceeding published in Refs. 116 and 117, respectively.
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3.3.1 Boron Vacancy - Vg

Vg is created by the removal of a single boron atom, leaving behind a vacancy in its
place. In agreement with previous studies, the optimised ground-state structure for V9
has Cy, symmetry, arising from a Jahn-Teller distortion [118, 119]. This occurs as two of
the nitrogen atoms surrounding the vacancy move further apart and the third nitrogen
moves along the prinicple axis towards the two opposite nitrogen atoms.

Two non-degenerate defect levels in the vicinity of the band gap in each spin channel in
the neutral charge case was found, Fig. 3.14b, which agrees with previous modelling [118].
For the majority spin, the lower, occupied band is resonant with the top of the valence
band and an unoccupied band is within the band gap. The corresponding spin-minority
bands are both unoccupied and within the band gap. In the negative charge state, the
higher symmetry leads to a doubly degenerate unoccupied spin-down band deep in the
band-gap, and an occupied degenerate state close to eygy that mixes with the valence
band states, resulting in a multitude of defect related bands around this energy.

Vg acts as an acceptor [120] with the —1 charge state found to be a spin-triplet with
Dg3j, symmetry, whereas the neutral and —2 charge states are doublets with Cy, symmetry,
in agreement with literature [118; 120, 121]. The formation energies of the defect and its

CTLs were also calculated, using Eqn. 2.28, as shown in Fig. 3.15.

3.3.1.1 Correction of Formation Energies Of Charged Defects

To determine the CTLs of a defect, the formation energies of charged defects need to
be calculated. However, DF'T calculations exploiting periodic boundary conditions suffer
from interaction between charged defects and their periodic images and divergence in
total energy due to systems with a net charge. The latter is solved by the addition of
a neutralising background charge. However, the Coulomb interaction between the defect
and its periodic images still exists and contributes to the total energy. As the strength
of Coulomb interaction depends on the separation of the defects and degree of screening
between the defects, the contribution to the total energy has a cell size dependence.
Traditional correction techniques involve calculating the formation energies at different

cell sizes and extrapolating the formation energy to the infinitely dilute limit [122, 123].
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Figure 3.14: (a) The structure of of Vg. The band structures of (b) V§ in isolated hBN.
Colours and scales are as in Fig.3.4a. (c) Band structure of Vg in hBN/Gr. The hatched
shading in (c) indicates the filling of the graphene bands up to the Fermi level, with the un-
derlying shading indicating occupied and empty bands of the corresponding pristine hBN/Gr
for comparison. (d) the localisation of the electronic states in either hBN or graphene based on
Mulliken populations analysis. The red (blue) dots correspond to electronic levels with a greater

(lesser) localisation in hBN than graphene.

While the scaling scheme for cell sizes has minimal impact on isotropic bulk materials,
charged defects in anisotropic materials, like monolayer hBN, are screened in-plane and

unscreened across vacuum and so care needs to be taken when varying the supercell
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dimensions to calculate the energies used for extrapolation [124, 125].
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Figure 3.15: The figure shows the extrapolation of the formation energies of V§, with ¢ =
(0, —1,—2), calculated as a function of cell size. The smallest cell corresponds to the 4x4 case
and the larger cells are obtained by uniformly scaling in all dimensions. A cubic polynomial fit

is performed to the energies to obtain the formation energies at the infinitely dilute limit.

It was found that a reliable extrapolated formation energy could be obtained by a uni-
form scaling procedure [125, 126]. This involves setting the in-plane lattice constant equal
to the inter-planar distance during the scaling process. The reliability of the correction
scheme is demonstrated by comparing the extrapolated formation energies of different
charge states of the boron vacancy, Fig.3.15, with existing literature which have em-
ployed different correction schemes. The range of cell sizes used for extrapolation are,
4a x 4a,6a x 6a,8a x 8a,10a X 10a and 18a x 18a. The cell sizes used in the ex-
trapolation of the formation energies are consistent across all defects in this study. The
extrapolation was performed with a cubic polynomial function, and the error in the for-
mation energies is of the order of 0.1eV [126]. As only defects with low charged states
considered, the maximum charge being |2e|, it was found that the uncertainty in the
valence band position due to the artificial electrostatic field from the charged defect was

negligible.
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An extrapolated value of E¢(Vg,0) = 7.4eV was obtained, which agrees with the
literature value of 7.4eV [118].

Previous studies ( Ref. 120) indicate Vg is a triple acceptor. The values obtained for
the single and double acceptor levels at 1.0eV (4.9 eV below vacuum) and 5eV agree with
literature [92, 120]. The triple acceptor level is known to be very close to the conduction
band and so is unlikely to participate in charge transfer with graphene, hence it was not
included in the current calculation. As the calculated (—/0) level of Vg in pristine hBN
is below the work function of graphene, it may be expected to be thermodynamically

favourable for an electron to be transferred from graphene to hBN.

3.3.1.2 Determination of charge transfer

Figure 3.14c shows the band structure of Vg in the heterostructure. The localisation of
bands (Fig. 3.14d) obtained by Mulliken analysis of partial atomic charges supports the
association of the relevant bands to hBN. The equilibrium geometry of Vg in hBN/Gr
changes from Cj, to Dgp, which is the symmetry of Vg ! in monolayer hBN. This change
of geometry is consistent with charge transfer having taken place and the difference in
the interatomic distances is attributed to the reduction of the lattice constant of the hBN
layer when interfaced with graphene.

It was of interest to determine the quantity of charge that was transferred between
graphene and hBN, as this can illuminate whether a covalent bond has been formed
between graphene and hBN or if there was a whole electron transfer similar to an ionic
interaction.

Quantification of charge transfer was approached in two ways. The first was by inte-
grating the DOS of the heterostructure from the electron chemical potential, p., to the
small band gap induced by the formation of the heterostructure. Fig.3.16a shows how
this allows the determination of charge transfer. When the defect level corresponding to
the empty acceptor level is below the Dirac point, electrons are transferred from the filled
states near the Dirac point to the empty level. The . of the system is then determined
by the location of the empty defect level. As such the integral of the DOS depleted from

the band gap to the u. above the Dirac point corresponds to the charge transferred to
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the hBN acceptor level. The integral of the DOS, which determines the amount of charge

transferred from graphene to hBN, ny, is calculated using Eqn. 3.1,

- /0 " Y(B)fu(E)E, (3.1)

where g(F) is the density of states per unit energy for an energy E and f,(F) is the

Fermi-Dirac distribution for hole occupancy and is given by,
fn(E) = 1= fe(E) (3.2)
E— e -
(FE)= (1 — , .
() = (140w (50 ) (3.3

where f.(F) is the Fermi-Dirac distribution for electron occupancy. In the implementa-

tion of AIMPRO, this reduces to counting the number of k-points in the Brillouin zone
corresponding to the empty states, weighted by their multiplicity (the number of k-points
equivalent by symmetry). This is given by,

ng nk

nh—2z Z Qi fn(E (3.4)

where €; is multiplicity of each k point with the electronic energy, £;. The sums are
carried over the total number of bands pre-defined in the calculation, ng, and total number
k-points sampled for each energy, n,(E;).

For the case of donor defects in hBN, charge is transferred from hBN to the empty
states above the band gap in graphene. To determine the degree of charge transfer,
the difference between the integral of all electronic states up to u. and the integral of
all states up the band gap energy is calculated. This difference reflects the number of

electrons transferred to the graphene layer. Then,

(ZZ L 1(E ZZ QL f(E ) (3.5)

where n,,, is the total number of energy levels up to ..
The second method involves spatially allocating charge density obtained from the DF'T
calculation to hBN and graphene. This was done by dividing the space between the two

materials according to the location of the minimum in the average charge density in each
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plane, as shown in Fig. 3.16b. The charge density was calculated at points determined by
a uniform mesh in the volume of the supercell. The minimum was found by fitting a cubic
polynomial to the three nearest neighbours to the minimum data point. A uniform mesh
density which was sufficient to converge the total charge in the supercell to 10~2e was
used. The total charge in each half of the system is the difference between the integrated
electron density and the ion charges of each half. The degree of charge transfer is the
difference between the total charge of each layer in the heterostructure and the isolated
case of the same layers.

For both methods, the degree of charge transfer is also compared with the favoured
direction of charge transfer predicted by position of the CTLs relative to the work-function
of graphene.

As will be discussed in greater detail in Sec.3.3.7, charge transfer calculated by the
DOS method was chosen to be the preferred value. Briefly, the method involving the
spatial allocation of charge leads to an underestimate and the degree of charge transfer
calculated using the DOS and the magnetic moment of the system converged at the same
rate with cell size, unlike charge transfer calculated from the integration of charge density.
This is due to the misallocation of the tails of charge density arising from the evanescent
decay of states away from hBN (graphene), past the separation plane into the volume of
the cell attributed to the graphene layer. Henceforth, the stated value of charge transfer
corresponds to the value obtained using the DOS method.

For Vg , calculation of the total charge for each layer using the DOS method confirms
the transfer of a whole electron and the magnetic moment of the defect was found to be
2up. This value was significantly larger than the degree of charge transfer and magnetic
moment reported in Ref. 127, where a spatial discrimination of charge density was used
to calculate the degree of charge transfer.

While Vg has not been attributed to be a source of single-photon emission, it has
gained significant interest as an optically addressable spin qubit in its negatively charged
state [4]. Hence, graphene can act as a suitable substrate to favour defect to exist in its

negative charged state.
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Figure 3.16: (a) Illustrative DOS of hBN/Gr with a defect in the hBN layer. The purple
line represents the DOS almost entirely contributed by graphene and the green line represents
the delta peak that corresponds to defect in hBN. The region between pgr and the Dirac point
(or the small band gap induced) is integrated to obtain the degree of charge transfer. (b) An
illustration of the variation of the charge density averaged over the xy plane as a function of z.

The minimum in the average charge density is chosen as the location of the separation plane.

3.3.2 Nitrogen Vacancy - Vy

The removal of a single nitrogen atom results in a nitrogen vacancy. It was found that V',

V! and VY all possess Dsj, symmetry and favour low spin states, which is in agreement
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Figure 3.17: (a) Plan-view schematics of V{ (top left) and V' (bottom left) in isolated hBN,
Vf\?l in monolayer hBN with the in-plane lattice constant of that of the heterostructure (top
right), and Vy in hBN/Gr heterostructure (bottom right). (b) Band structure of Vy in isolated
hBN. (c¢) Band structure of Vy in hBN/Gr. (d) Localization of the bands to hBN or graphene
based upon Mulliken populations. Colours and scales of the band structures are as in Figs. 3.4a,

3.14c and 3.14d respectively.

with literature [118, 120, 128]. The defect in the neutral charge state is a spin doublet and
is a singlet in its singly charged states. The removal of the nitrogen atom leads to three

states in the band gap of each spin channel, also in agreement with literature [118]. In
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the spin-up channel, there is a degenerate unoccupied state close to the conduction band
and a singly-occupied non-degenerate level ~2.5eV above eypy. In the heterostructure,
the corresponding gap-level is depopulated.

Although a transition between the unoccupied defect states and the occupied defect
state in the spin up channel has an energy of ~ 2.1eV which lies within the spectral
range of emitters in hBN, earlier studies of the defect have discovered that the transition
is forbidden by symmetry [2]. This makes it an unlikely candidate for single-photon
emission.

The heterostructure system favours a singlet state, corresponding to Vi1 and a non-
magnetic configuration of a partially occupied Dirac cone (Fig. 3.17¢). To further illustrate
the association of the bands near the Fermi energy with the defect, Fig. 3.17d shows
the same band structure where each state is denoted as hBN or graphene based upon
Mulliken populations: red circles indicate bands more localised in the hBN layer and blue
circles indicate bands more localised in the graphene layer. Therefore, it is clear that the
defect level is localised in hBN. The impact of charge transfer is seen in the increase of
the interatomic distances between the boron atoms surrounding the vacancy, Fig. 3.17a.
The bottom left image shows the interatomic distances of the positively charged Vy in
isolated hBN, and the top right image shows the interatomic distances of Vi1 also in
isolated hBN but with the lattice constant set to that of the heterostructure. This results
in the interatomic distances resembling that of the defect in the heterostructure (bottom
right image), showing that the difference in interatomic distances is predominantly due
to the impact of strain in the heterostructure.

The calculated (0/+) level is 1.9€V, placing it 4.0eV below vacuum. (—/0) lies at
3.9eV, which is 2.0 eV below vacuum. Both levels lie above the work-function of graphene,
and are in good agreement with previous calculations [92, 129].

Energetically, the location of the (0/4) level suggests electron transfer to the graphene
layer should occur, consistent with the band structure and spin state. Furthermore, the
calculated net charge of the defective hBN is +e in the heterostructure, indicating that
a whole electron was transferred to the graphene layer. The structure of the defect in

the heterostructure is similar to Vi* in isolated hBN (Fig. 3.17a), consistent with charge
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transfer.

3.3.3 Nitrogen Antisite - Ng

The replacement of a boron atom by a nitrogen atom results in the nitrogen antisite, Ng.
In monolayer hBN this centre favours a spin-doublet in its uncharged state and a singlet
in the positive charge state. Neutral N possesses an occupied non-degenerate level deep
within the band gap, Fig. 3.18b (left). The antisite nitrogen atom moves out-of-plane
resulting in Cj, symmetry, Fig. 3.18a. As this does not happen for the positively charged
case (the defect remains co-planar with the hBN, yielding Ds, symmetry), a change in
geometry is expected if charge transfer involving donation of an electron were to take
place. The single defect level in the band gap makes Ny unable to act as a two-level
system and contribute to single-photon emission in hBN. Emission involving delocalised
energy levels, such as those in band edges, lead to emission spectra with a large linewidth.
This is not found in experiment suggesting that the emission is between two localised levels
in the band gap.

In hBN/Gr the band structure (Fig. 3.18c) shows the occupied defect band to lie
in the band gap, and the antisite nitrogen atom moves out of the hBN plane. This is
consistent with the electrical levels determined for the antisite: the (0/+) level of Np is
calculated at 0.9eV, which is 5.0eV below the vacuum, in agreement with literature [92],
and hence the ionisation energy of the defect exceeds the work function of graphene. Thus
it is energetically unfavourable for this defect to donate any charge to the neighbouring
graphene. Indeed, no change in the total charge was calculated in each layer and the
geometry closely resembles the Cj3, neutral charge state. It is therefore concluded that

under equilibrium conditions Ng does not donate or accept charge with graphene.

3.3.4 Boron Antisite - By

The results for the boron antisite, By are discussed. Like its nitrogen counterpart, it
exists in a spin singlet ground state in its neutral charge state and as a spin doublet in its
ionised state. The introduction of the defect into hBN leads to three states in the band

gap. A doubly-degenerate band occupied band lies close to eygy, and a non-degenerate
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Figure 3.18: (a) The structure of Np in hBN (left) and hBN/Gr (right). Band structure of
Ng in (b) hBN and (¢) hBN/Gr. Colours and scales of the band structures are as in Figs. 3.4a

and 3.14c respectively.

unoccupied band lies mid-gap (Fig. 3.19b). The defect possesses C5, symmetry. This
is due to the boron atom moving out-of-plane whilst the interatomic distances between
the nearest neighbour nitrogen atoms remain equal. The boron atom also causes the

surrounding atoms to slightly move out-of-plane leading to curvature in the structure
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Figure 3.19: (a) The structure of By in isolated hBN. The band structure of By in (b)
isolated hBN and (c¢) hBN/Gr. Colours and scales of the band structures are as in Figs. 3.4a

and 3.14c respectively.

around the vicinity of the antisite, as indicated in Fig. 3.19a.
In hBN/Gr the occupied states corresponding to By lie below the small induced band
gap at the Dirac point (Fig. 3.19¢, right) and the empty state lies above it, so the band

structure indicates charge transfer to be unlikely. This is supported by the calculation
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of the CTLs of the defect. The (—/0) level for By is calculated to be 2.8¢V, i.e. 3.1eV
below vacuum, placing the acceptor level well above the work function of graphene. These
values of CTLs are consistent with literature [92, 120], and the lack of charge transfer is
confirmed by the integrated DOS showing negligible change in total charges on the two
layers.

An electronic transition between the occupied and unoccupied defect states would
have an energy of ~1.6eV. Although this lies in the observed spectra of ZPLs, the high
formation energy of the boron antisite (9.2eV), makes it unlikley to exist in significant
concentrations in hBN, rendering it less likely to be a candidate single-photon emitter

when compared to the other defects explored in this study.

3.3.5 Substitutional Carbon Nitrogen Vacancy Complex - CgVy

CgVy is formed when a carbon atom substitutes for a boron atom adjacent to a nitrogen
vacancy. The ground state structure of the defect is a spin singlet, with Cs symmetry
due to the out-of-plane movement of the carbon atom, Fig.3.20a. A mirror plane perpen-
dicular to the hBN plane exists, which passes through the carbon atom and bisects the
reconstructed bond between the two boron atoms neighbouring the vacancy.

The introduction of this defect leads to three non-degenerate defect levels in the band
gap, Fig.3.20d, with only the lowest non-degenerate level occupied. CgVy has gained
significant interest in the research community for being a likely source of visible single-
photon emission. From the band structure it can be estimated that the ZPL transition
energy is ~ 2eV, which lies in the experimentally observed range of zero phonon lines.
Although the ground state is a spin singlet, studies have found that a subset of the
experimentally observed spectra resemble that of a spin triplet state more closely. The
triplet state of CgVy is approximately 0.6eV higher in energy, has a planar structure
with Cy, [130], Fig. 3.20c, and ZPL transition energy of 1.5eV. Hence, intersystem crossing
following an electronic excitation process, such as photoexcitation, could lead to the defect
being in the triplet state [65, 128, 130]. Furthermore, as many defects in hBN show Stark
shifts in response to vertical electric fields across the hBN plane [65, 131], they must

possess a component of the electric dipole that is out-of-plane. This observation suggests
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Figure 3.20: The structure of CgVy in the singlet state in (a) hBN and (b) hBN/Gr. (c)
Structure of CgVy in the triplet state in hBN. The band structure of CgVy in the singlet state
in (d) hBN and (e) hBN/Gr. Colours and scales of the band structures are as in Figs. 3.4a and

3.14c respectively.

that despite the large Huang-Rhys factor of the singlet state, it cannot be ruled out as a
candidate SPE.

The defect in its positively charged form is a spin doublet with C5, symmetry and in
its negatively charged state is a doublet with Cy symmetry. The formation energies of

the CgVyx? (Cy), CgVnT (Cy,) and CgVy~ (Cy) are 7.3eV, 6.5e¢V and 11.9eV respec-
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tively. Hence, the donor level of CgVy is 0.8eV and the acceptor level is 4.6eV from
the valence band edge of hBN. This places the donor (acceptor) level below (above) the
Dirac point in hBN, which lies 1.6 eV above the valence band edge when aligned to a com-
mon vacuum potential. The band structure is shown in Fig. 3.20e, where the electronic
level corresponding to that introduced by the defect is located in the band gap of the
heterostructure. However, as the band gap of hBN/Gr is on the order of 10 meV, which
is below the uncertainty of electronic energy calculations of DFT, it is not possible to
predict if charge transfer will occur from the band structure alone. Explicit calculations
of degree of charge transfer using the DOS show that there is no change in the charge
state of either the hBN or graphene layer. Comparing the structure of the defect with,
Fig. 3.20b and without the graphene layer, Fig. 3.20a, the symmetry of the defect remains
the same and the reduction in C—B distances can be attributed to the reduction in the
in-plane lattice constant of hBN in hBN/Gr. Explicit calculations of the degree of charge
transfer, defect structure and the location of the donor level relative to the Dirac point

suggests that charge transfer is not expected in this system with graphene.

3.3.6 Antisite Nitrogen Boron Vacancy Complex - NgVn

NpVy is formed when a nitrogen atom substitutes a boron atom with a neighbouring
nitrogen vacancy. It was found that NgVy has Cy symmetry in the ground state and
possesses the same symmetry operations as CgVy ( Fig.3.21a), in a spin doublet state
agreeing with recent DFT calculations, [16]. Early calculations predicted a planar struc-
ture, [65, 132]. In this study, it was found that this was indeed higher in energy than the
planar structure by 60 meV in the dilute limit. In Fig. 3.21c, three in-gap defect levels in
both spin channels can be observed. In the spin up channel, there are two occupied and
an empty state and vice versa in the spin down channel. The electronic energy levels are
non-degenerate by symmetry and the ZPL can be estimated to be ~2eV. This is within
the range of emission wavelengths found in experiment and so NgVy can be a candidate
emitter.

Majority of the literature on this defect have focused on the planar form the defect

[65, 133]. Although the energy separation of ~ 2eV between the highest occupied and
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Figure 3.21: The structure of the NgVy in (a) hBN and (b) hBN/Gr. The band structure
of NgVy in (b) hBN and (c¢) hBN/Gr. Colours and scales of the band structures are as in
Figs. 3.4a and 3.14c respectively. The zero in the energy scale is set to the work function of

graphene after alignment to a common vacuum potential.

lowest unoccupied defect levels of the planar configuration is in the range of experimentally
observed ZPLs and hence has been suggested in existing studies to be a candidate single-

photon emitter [2], other theoretical studies on the degree of phonon coupling of the defect
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reveal that it has a Syr not observed in experiment [130]. Spectroscopic studies on the
defect where the nitrogen atom is perturbed out-of-plane does not seem to exist in current
literature and is worth exploring as defects with a permanent dipole perpendicular to the
hBN plane can be controlled with a vertical electric field via Stark effect.

Calculations of CTLs suggests the donor level of NgVy is 0.7eV above the hBN VBM,
which places it well below the Dirac point in the dilute limit. Explorations in literature
show that the acceptor level is close to the conduction band edge of hBN and is therefore
unlikely to accept charge from graphene [130, 133]. As such, no charge transfer is expected.
Calculations of band structure show that the highest occupied defect level in the spin up
channel, Fig.3.21d, is slightly above the Dirac point. This is leads to 0.15e~ being
transferred to graphene, based on explicit calculations of charge transfer. This appears to
have a negligible impact on the defect geometry, with it largely resembling the geometry
of the neutral charge state in isolated hBN. The small amount of charge being transferred
could be due to the effect of finite cell size, as the donor level of a smaller cell may
be closer to the conduction band edge than in the infinitely dilute limit. Therefore, by
considering the location of the CTLs in the dilute limit, the negligible amount of charge
being transferred to graphene, the proximity of the defect state to the band gap and the
negligible change to the defect geometry, it is concluded that charge transfer to graphene

is not expected for this defect.

3.3.7 Discussion

In this section the impact of different DFT parameters on the degree of charge transfer
is elaborated upon and the interpretation of the position of the CTLs relative to the
work-function of graphene is discussed alongside charge transfer quantification to gain a
deeper understanding of the process.

It is informative to compare charge transfer across the defects studied. The CTLs of
the defect in isolated hBN with respect to the Dirac point of graphene is a good predictor
of the propensity for charge transfer. The CTLs of the antisites are such that there is an
energy cost for charge transfer to occur, whereas for vacancies it is thermodynamically

favorable for charge transfer to occur as the donor (acceptor) state lies above (below) the
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Figure 3.22: Charge transition levels of defects studied in this report, calculated using (a)
PBE-GGA functional, relative to the calculated work function of graphene, and (b) HSE CTLs,
relative to the experimental work function of graphene. HSE [13, 14] and experimental work

functions are indistinguishable on this scale .

Dirac point in graphene (Fig. 3.22). For the vacancy complexes, CgVy and NgVy, charge
transfer would be expected to be unfavourable thermodynamically as both their donor

levels lie below the Dirac point.

3.3.7.1 Impact of choice of Exchange-Correlation Functional on CTLs:

It is also instructive to reflect upon potential impact of the choice of exchange-correlation
functional. Using techniques in literature, Ref. 92, CTLs of the defects in hBN obtained
using screened-exchange methods (HSE) can be estimated from PBE-GGA values. In
Fig. 3.22 PBE-based CTLs calculated in this report and the HSE-based CTLs obtained
from Ref.92 are plotted, where the values are stated relative to the work function of
graphene. Note that the HSE values in Ref. 92 have only been quoted for individual

intrinsic defects, i.e the antisites and vacancies alone. The HSE values for CgVy and
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Figure 3.23: (a) A plot of the total electronic DOS for pristine graphene at the approximately
linear region close to the Dirac point. The vertical dotted black line is the (—/0) level of Vg in
isolated hBN relative to the Dirac point in pristine graphene. (b) The degree of charge transfer
obtained by the integration of the DOS of graphene and the heterostructure (red line and red
circles, respectively) and by the charge density distribution with and without van der Waals

forces (blue squares and green triangles, respectively).

NgVy have been obtained using the same translation technique as the other defects.
Despite an increase of ~0.4eV in the energy difference between the hBN VBM and the
Dirac point going from PBE to HSE, the differences in the location of CTLs between PBE-
GGA and HSE estimates have been shown to be largely systematic [92] and whether donor
and acceptor levels lie above or below the Dirac-point is independent of approach for the
cases examined. Hence, computation of the propensity for charge transfer between defects
in hBN and graphene can be performed with PBE-GGA functionals to take advantage of

the relatively lower computational cost.

3.3.7.2 Impact of method of charge allocation and supercell size effects:

The key impact of simulation cell-size and method of allocation of charge to the two layers
on the calculated degree of charge transfer is now discussed. For this Vg is used as an
illustrative example.

Firstly, the data resulting from the integration of the charge density when dividing
the volume into two halves based on the plane containing the minimum of the average

charge density (the methodology is described in 3.3.1.2) are analysed. Fig. 3.23b shows
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Figure 3.24: A plot of up with respect to the cell size for Vg in hBN/Gr.

the degree of charge transfer for two cases. In the absence of the van der Waals correction
(blue squares), the inter-plane separation is larger (4.2 A) than with the correction (green
triangles), where the interlayer separation is 3.3 A, and for these data the average charge
density between the graphene and hBN drops to a very low value. When the van der Waals
correction is included, the overlap in the charge density coming from the two materials is
much greater, and the minimum value of the charge density between the layers is much
greater.

In the absence of the van der Waals correction, the integration of the charge density
suggests that the transfer of a whole electron would be expected, with the trend in the
data suggesting the integrated charge asymptotically approaches one, whereas for the
corrected case the convergence is to a much smaller quantity.

From a fundamental physics point of view, there is no principled way to spatially
allocate electron charge to a specific atom, and in this case to either hBN or graphene.
For the cases with different inter-plane distances there is a difference in the evanescent
decay of charge density into vacuum, and charge density allocated using proximity to a
specific layer suggests that the degree of charge transfer is strongly dependent upon the
inter-planar distance.

Evaluation of charge transfer based upon the integration of the electronic DOS is now
done. The use of the electronic DOS is distinct from integration of charge density, as it
takes into account the separation in energy of bands associated with graphene and hBN.

As the CTLs of the point defects examined in this report lie within a linear regime of
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the graphene DOS, g(¢), The graphene DOS is approximated as g(e) = n?\e, where n is the
number of lattice constants in the supercell and A is the gradient of the primitive pristine
graphene DOS, found to be 0.055e¢V~2 from DFT calculations. Then, to estimate the
cell size required to observe a charge transfer of N electrons, a fixed value of the location
of the defect CTL is taken and require the graphene DOS between this level and the

Dirac-point to account for one charge carrier. The integrated DOS is determined as

HCTL 1 N
2/ n*Xede =N = n= —. (3.6)
0 perL VoA

Here the Dirac-point is taken to be zero on the electron energy scale and the factor of two

accounts for spin degeneracy. Then, for single electron or hole transfer

(3.7)

n =

1
‘NCTL\/X‘ '
For Vg and for pcrr, located 0.6 eV from the Dirac point, the minimum cell size needed
to observe a whole electron transfer would be approximately 50 times larger than the
primitive. Fig.3.23a shows the scaling of the density of states near the Dirac point for
different cell sizes, illustrating that the integrated DOS between the CTL and the Dirac-
point increases with cell size. It also shows that there is a minimum cell for which the
area under the graphene DOS is sufficient to allow for a whole electron transfer.

While the model in Eq. 3.7 does not take into account shifts in the Fermi level occurring
due to dispersion in the defect level with supercell size, it remains useful to identify the
approximately minimum cell size where the charge transfer obtained by the integration
of the DOS will be close to a whole electron. Fig. 3.23b shows that the estimate for the
minimum size in Eq. 3.7 is significantly smaller than that implied by the calculated charge
transfer from the integrated charge density. However, charge transfer calculated by the
integration of the DOS is ~0.9 e~ at the minimum cell size predicted by the model.

The DOS model can be developed further by using the electron energy spectra from
the heterostructures. For the combined systems there is a defect band associated with the
point defect that exhibits relatively small amounts of dispersion, and for Vg this lies below
the Dirac-point of the neighboring graphene. As with the more elementary model DOS
approach, as the simulation system size increases the underlying graphene DOS increases

and the dispersion in the defect band decreases.
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Once the underlying graphene DOS in the vicinity of the localised Vg band is suf-
ficiently large, the integrated DOS above the defect band exceeds one electron. Once
this happens a whole electron is transferred, filling the localized defect band. Further
increases in the simulation system size does not increase the integrated DOS between the
Fermi energy and the band gap, as the defect band is filled and there is no empty DOS
associated with the hBN or defect to populate from the graphene DOS in the vicinity of
the Dirac point. Indeed, using the DOS estimate it was found that a cell size greater than
12a x 12a showed a whole electron transfer within computational uncertainty (Fig. 3.23b),
and even cells as small as 12a x 12a estimate the transfer to be as much as 98% of an
electron.

Given that the two approaches, integration of DOS and spatial allocation of charge,
yield such significant differences in the estimate of the charge transfer, it is important to
resolve which approach, if either, produces the more reliable estimate. To answer this
question, some properties of the system that are independent of any attempt to separate
the charge allocation to graphene or hBN are addressed.

First, if the degree of charge transfer varies with cell size and converges to less than
one carrier, as predicted by examination of the spatial variation in the charge density, the
total effective electronic spin of these systems would be expected to follow a comparable
pattern. Comparing the calculated effective electronic spin plotted in Fig. 3.24 with the
charge transfer estimates in Fig. 3.23, it can be seen that the degree of charge transfer
converges with respect to the cell size at the same rate as the DOS calculations. The
effective spin of Vg converges rapidly to S = 2, corresponding to the spin-state of the
negatively charged vacancy in isolated hBN and is consistent with a whole electron transfer
from the graphene.

Secondly, band structure and analysis of the electronic orbitals of Vg in hBN/Gr are
consistent with it being in the negative charge state. For example, Vp experiences a Jahn-
Teller distortion from D3, to Cs, in the neutral charge state in isolated hBN, whereas the
negatively charged spin-triplet case retains the Ds;, symmetry. In our calculations, the
cell-size converged result shows a geometry indistinguishable from the Ds;, symmetry case

in isolated hBN. All the available data, other than the integrated charge density, points
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to the defect being fully ionized and not to a situation with a partial charge transfer. This
casts some light on the result previously published for charge transfer between graphene
and hBN [127], which predicted 50% of an electron transfer and a total effective spin
of S = 3/2. This result was obtained using a simulation cell which has been shown in
this report to not yield a converged effective spin. Furthermore, the method adopted to
estimate the charge transfer was based upon the charge density rather than the band

structure.

3.3.8 Conclusion

In this section, it has been shown that routinely employed methods of determining charge
transfer based on spatially allocating charge density results in the misallocation of charge.
This becomes especially important in the case of 2D material heterostructures because
charge is distributed in the delocalized m-states where the distinction between bands
associated with dissimilar materials is primarily in terms of their energy rather than
their spatial distribution. Therefore, the adoption of an alternative method based on the
integration of the electronic DOS has been done, where for the present application the
error of assigning charge in a spatial location to a plane of atoms by integrating the states
which have been depleted (filled) from (in) the donor (acceptor) species is avoided. In
complete support of this approach, it was found that the degree of charge transfer with
respect to cell size obtained from the integration of DOS follows closely the convergence
of the effective electronic spin in the system — the magnitude of which is closely related
to the population of the localised defect states. The magnetic properties are inconsistent
with the estimate of the charge transfer from charge-density integration.

Conclusions in the context of the specific material system that has been analyzed
have been drawn. It has been shown that the position of charge transition levels of
defects in hBN with respect to the work function of graphene can be used to predict
the propensity for charge transfer. From calculations of the CTLs, band structure and
quantity of charge transfer, it can be concluded that Ng, By, CgVy and NgVy do not
undergo charge transfer, whereas Vy and Vg exchange a whole electron with graphene.

The conclusions are supported by a combination of band structure, integrated charge
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density and geometric changes associated with ionized forms of the vacancies.

Critically, there is a clear dependence of charge transfer with supercell dimensions and
there is a need to perform calculations of charge transfer quantification in a sufficiently
large cell size to achieve convergence. This is in part a consequence of the localised
nature of the states involved in the defects in hBN, as well as the delocalised states in
the graphene. It can also be understood in terms of the graphene density of states in the
vicinity of the donor or acceptor band of the defect in the heterostructure. For Vg, it was
found that 12 x 12 unit cells were sufficiently large to approximate the dilute limit and it
is predicted that this should be the case for defects where the defect bands have a similar
degree of localisation and an acceptor/donor level with a similar energy difference from
the Dirac point.

Finally, the defects studied in this report serve as prototypes to illustrate the suscep-
tibility of different defects to charge transfer. The choices of these defects have also been
motivated by the interest they have gained as sources of quantum emission in hBN. As
the principles presented here apply quite generally in hBN/Gr heterostructures and the
likelihood for charge transfer to take place can be gauged from a knowledge of the location
of the donor or acceptor levels relative to the graphene Dirac-point, it can be extended
to a wider range of defects. For example, carbon substituting for boron has a donor level
2.2eV above the hBN VBM][15], placing it 0.6eV above the Dirac point; therefore, it
can be expected that charge transfer will take place in this case. Additionally, the CTL
of this defect shifts away from the Dirac point by 0.5eV in hBN, so one would expect
a layer-number dependence for the propensity and degree of charge transfer [15]. The
impact of encapsulating hBN and graphene layers is explored in the next section Sec. 3.4.

In this section, it has been shown that great care is required in the quantitative
prediction of charge transfer. This is especially important in the next stage of experimental
work when designing devices to study quenching of emitters in hBN. The work in this
chapter forms the basis for the device design in Sec. 5.1, where the final device structure
uses graphene as a means to quench unwanted emission by charge and energy transfer.

It is important to note that the focus has been on the thermodynamics of charge

transfer. The calculations show that the Fermi level of graphene and the CTLs of defects
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in hBN can be used to predict the degree of charge transfer and it usually involves the
transfer of a whole electron. The defects that undergo charge transfer will be in a charged
state under equilibrium conditions when interfaced with graphene. However, it does
not give any information regarding the rate of the charge transfer. This requires the
modelling of time-dependent processes to explore the dynamics of charge transfer, such
as the tunnelling rates, Sec.5.1, and excited state lifetimes. The calculation of donor
and acceptor levels is also crucial when electrically driving emission, as gate voltages
will need to be sufficient to pump electrons to the appropriate defect states. Therefore,
this exploration contributes to the development of charge control of emitters in hBN.
Furthermore, beyond quantum technologies, theoretical modelling of charge transfer aids
the design of also spin valves using magnetic defect states for spin-dependent tunnelling,

quantum LEDs and highly sensitive devices for biosensing applications [8, 68, 134, 135].
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3.4 Potential energy surfaces (PES) of defects

In the Sec. 3.3, it wasdiscussed that a defect can possess different geometries corresponding
to different spin and charge states. It is important to know the lowest energy arrangement
as this will be the form that will be most abundant in nature under equilibrium conditions
and will form the basis for subsequent calculations for predicting spectra for comparison
with experiment. While many simulations focus on defects in monolayer hBN, defects in
hBN are often embedded in multilayer stacks and heterostructures. An experimental study
on the impact of strain on the ZPL of the defects showed that the emission wavelengths
can shift by 20.8 nm (65 meV) upon the application of 5.55% strain [136], and other studies
also show noticeable shifts in ZPL wavelengths due to strain [137, 138]. Therefore, large
ZPL shifts can occur due to the strain induced by a substrate with significant lattice
constant mismatch with hBN. Furthermore, the inclusion of a substrate and/or additional
encapsulating layers of hBN leads to a change in the dielectric environment and hence the
localised charge at the defect experiences a different degree of screening when compared
to the isolated case. This is reflected in the shift in the CTLs of defects when embedded
in multilayer hBN and/or interfaced with a substrate [15, 139], Fig.3.25. The influence
of the environment on the nature of the defect, such as ground state geometry, also has
implications on the interaction of the defect with external fields. A study on the response
of a defect to a vertical electric field showed that many defects in hBN displayed a Stark
effect, indicating a dipole moment orientated in the out-of-plane direction [16, 131]. It was
suggested that a defect, such as CgVy in its singlet state could be a candidate emitter,
due to its out-of-plane dipole moment. Theoretical explorations of the impact of stacking
on the electronic and optical properties of CgVy showed that large tunings, on the order
of 100meV, of the ZPL can be achieved by controlling the orientation of one layer with
respect to another [140, 141]. Additionally, recent observations of a reduction in the PSB
intensity from emitters in few layer to bulk hBN has suggested that the degree of structural
distortion due to electronic excitation is affected by the number of layers encapsulating
the defect [142].

The evidence for the high sensitivity of defects to the dielectric environment motivates

the capture of the design of experimental device structures in computational models.
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Figure 3.25: The variation of the CTLs of defects in hBN with the number of encapsulating

hBN layers. The zero of the scale is aligned to the vacuum level. From this, the donor level
of CgVy in 5 layer hBN is ~ 0.2eV from the Dirac point in graphene. The figure has been
reproduced from [15].

Using CgVy as an illustrative example due to its out-of-plane dipole moment allowing
Stark tuning with a vertical electric field, the impact of surrounding layers, whether hBN
or graphene, on the preferred geometry and spin state of the defect is studied and the
effect of the shift in CTLs due to the dielectric environment on charge transfer to graphene
is also explored. Furthermore, as the broader scope of the research explored in this thesis
is in the charge control and electrical field control of SPEs in hBN, it is of interest to
study Gr/hBN/Gr stacks as this is the simplest device structure that can be used to
apply external electric fields and inject carriers for electroluminescence.

In principle two effects are focused upon: (1) due to the structural differences between
the singlet and triplet ground states of CgVy , it is of interest to know if the two con-
figurations interact differently with the encapsulating layers and if such interactions lead
to a change in the energy ordering of these configurations and (2) if the shift in CTLs
due to the inclusion of additional hBN layers, as shown in Refs. 15, 139, leads to change
in the degree of charge transfer between CgVy and graphene with the thickness of hBN.
This is performed using the NEB methodology, outlined in Sec. 2.5.6, to obtain the energy
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path for structural distortions of CgVy in different environments, allowing us to identify
any metastable intermediate states caused by the dielectric environment. In cases where
the initial and final configurations are equilibrium defect arrangements, the energy path
traversed during reorientation is the MEP, as defined in Sec.2.5.6. All of the following
calculations have been performed in a 6 X 6 x 1 cell, unless explicitly stated, with spacing
between supercells across vacuum being fixed at ~ 13 A to ensure that the electric field in-
duced across the vacuum between systems with different number of hBN and/or graphene
layers would be comparable. The number of images between the initial and final states
that was found to sufficiently resolve the energy surface was 11. The energy paths are
visualised by plotting the formation energy of the structure at each image with respect to
the image number and the vertical displacement of the carbon atom with respect to the
hBN plane. The reference state, Eyos in Eqn. 2.28, for the formation energy is taken to
be the pristine form of the system. In terms of nomenclature, in multilayer hBN systems
(trilayer hBN and bilayer hBN on graphene), the inner hBN layers is denoted as L1 and

the outer layer adjacent to vacuum hosting CgVy as L2.

3.4.1 Energy paths for the reorientation of CgVy
3.4.1.1 Mono-, bi- and trilayer hBN

The lowest energy configuration of CgVy in monolayer hBN is the spin singlet state with a
corresponding vertical displacement of the carbon atom, resulting in a Cs symmetry. From
Figs. 3.26a-3.26¢, the distortion can either lead to the carbon atom being located above or
below the basal plane and due to the mirror symmetry between these two structures, they
possess the same total energy. The MEP for the traversal between these two configurations
is shown in Fig. 3.27 with a red solid line, with the red circles indicating the formation
energies of the images. The shape of this potential is a double well with a saddle point
when carbon lies in the hBN plane.

The other possible state, and one that existing literature attributes to be a source
of single-photon emission, is its triplet state with a planar geometry. The defect in this
configuration possesses Cy, symmetry, with an additional mirror plane in the hBN layer.

In Fig.3.27, it can be seen that an out-of plane displacement of the carbon atom, for
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Figure 3.26: The end-points for the NEB calculation of CgVy in hBN of different thicknesses.

(8)

6)

The end-points correspond to the singlet configuration with the carbon atom perturbed above
and below the hBN plane. Each row of images correspond one of the mono-, bi- or trilayer
hBN systems. For the trilayer, (g)-(i) correspond to the defect located in the layer adjacent to
vacuum, and (j)-(1) correspond to the defect in the middle hBN layer.
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Figure 3.27: Shows the variation in the formation energy with each image of CpVy as it
traverses the energy path to move to the equilibrium position on the opposite side of the plane.

Both singlet and triplet states are shown in the diagram.

the triplet state, leads to an increase in the total energy, reducing its stability. As no
equilibrium arrangement exists for the triplet state where the carbon is displaced vertical
to the plane, the end-points for the NEB calculation were set to the arrangement of the
singlet state. In Fig.3.27, the red dashed line shows the energy surface for the triplet
state as it traverses between the two end-points. The shape is that of a parabola with a
minimum when the carbon atom is in the hBN plane.

From these energy paths in the monolayer, a 177 meV, energy difference between the
saddle point of the singlet and the minimum of the triplet states is observed, which is
denoted as AF,. This is in agreement with other calculations of this defect in monolayer
hBN, which found a 0.2 eV difference between the planar configuration of the singlet state
and triplet state [130]. Therefore, in free-standing monolayer hBN, CgVy will exist in the
singlet state with an distortion out-of-the plane at equilibrium conditions. The barrier to
the transition between the two sites for the singlet set, AFEg, is 0.5eV for the monolayer
case. This is a large barrier to be overcome for the reorientation via a thermal process at

room temperature (which is on the order of kT = 0.02eV), which is the temperature at
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which hBN colour centre based devices are intended to be operated at. However, it can
be overcome by the application of external electric fields and photoexcitation processes.

The impact of the inclusion of additional hBN layers on the defect is now studied in
comparison with the isolated monolayers. The defect is embedded in bilayer and trilayer
systems, with the hBN layers organised in AA’ stacking order. This involves the boron
(nitrogen) atoms overlapped by nitrogen (boron) atoms in adjacent layers, as shown in
Figs. 3.26a, 3.26d and 3.26g. The AA’ stacking is the lowest energy stacking in multilayer
hBN [1, 39], and was therefore chosen.

In the bilayer system, the placement of CgVy in either layer is equivalent by symmetry,
Figs. 3.26d-3.26f. There is an asymmetry in the potential curve due to the establishment
of an electric dipole between the two layers due to the inequivalence of the two layers. In
the trilayer case, Figs. 3.26g-3.26i, the defect could be located in either L.1 or L2. Similar
to the bilayer stack, the inclusion of the defect in the outer layer removes the mirror
symmetry in the stack, and hence leads to an induced electric field.

AFEg; ranges from 160-180 meV for all thicknesses of hBN studied in this report. As
the spread in the energy difference is below the accuracy of the calculations, no trend
showing a reduction or increase in the gap between the triplet and singlet states is found.
While no metastable state is observed in the hBN only system, the AFE; is sufficiently
small for substrate induced effects. For example strain induced effects can cause spectral
shifts of 0.22eV [143]. These shifts can lead to the triplet state to lie below the planar
singlet state in energy, leading to a metastable state. AFg on the other hand shows
a greater response to encapsulation by hBN layers. AFEp reduces by 0.1eV from the
monolayer case when the defect is embedded in L1 (yellow solid line) in Fig.3.27. This

motivates the study of the impact of graphene on the thermodynamics of the defect.

3.4.1.2 1-hBN/Gr and 2-hBN/Gr

The next step in complexity is introduced by replacing a hBN layer with graphene. Three
different hBN /Gr systems were studied, a single hBN layer on graphene, which is called 1-
hBN/Gr, and bilayer hBN on graphene (2-hBN/Gr). For the 2-hBN/Gr system, the defect

can be located in either hBN layer, resulting in two distinct configurations. The stacking
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Figure 3.28: The end-points for the NEB calculation of CgVy for the hBN/Gr (light blue
panel) and Gr/hBN/Gr (light green panel) systems. In each of these systems, the equilibrium
positions of the singlet state, with the carbon atom perturbed above and below the host hBN

plane are shown.
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Figure 3.29: Similar to the Fig. 3.27, the energy path for the re-orientation of CgVy is shown
for a hBN/Gr system with a varying number of hBN layers.

between hBN and graphene was chosen to be AB’ as it is the energetically favoured
stacking [39]. All stacks do not have a horizontal mirror plane due to the presence of
graphene and polarisation is induced in the supercells in the vertical direction. Such a
field will lead to asymmetry in the potential curves generated as in the case of bilayer hBN
and trilayer hBN with the defect located in the outer layer. In Fig. 3.28, the equilibrium
positions above and below the host hBN plane for CgVy in the singlet state is shown. As
with the hBN only case, these have been used as end-points for the NEB calculations for
both the singlet and triplet configurations.

The potential curves for the three possible locations of the defect is shown in Fig. 3.29
and for each of these configurations, two spin states are considered — singlet (solid lines)
and triplet (dashed lines). Comparing all the energy paths in Fig. 3.27 to thosein Fig. 3.29,
a greater sensitivity of AFg to the layer location of CgVy is observed when graphene
is introduced. AFg; has values—ef from 70meV in the monolayer case, 60 meV when
the defect is located in L2 of 2-hBN/Gr and —20meV in L1 of 2-hBN/Gr. The case of
L1 in 2-hBN/Gr shows that the formation energy of the triplet configuration falls below

the saddle point of the singlet configuration. This is a signal of substrate modification
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of defect energetics such that it leads to a metastable intermediate state during defect
reorientation.

There is a net reduction of formation energies due to the inclusion of graphene. It is
interesting to note that unlike in the hBN only case, the additon of a hBN layer to 1-
hBN/Gr leads to a 160 meV increase in the formation energy of the singlet state, regardless
of the layer location of CgVy . However, for the triplet case, the formation energy reduces
by 50 meV when placed in L1 and increases by 90 meV when placed in L2. The differences
in the direction of change in the formation energy of the triplet state is attributed to the
reduction in screening as CgVy is brought closer to vacuum from L1 to L2.

In terms of the energy barrier for the transition of CgVy in S = 0 between the two
sites, AER = 0.4 eV for 1-hBN/Gr, which is comparable to the hBN only barrier energies.
For the 2-hBN/Gr cases, the barrier further reduces to 0.3eV when CgVy is in L1, but
returns to 0.4eV in L2. As such, an average reduction 0.1eV is found when compared
to the pure hBN cases. This would lead to an increased rate of transition between the
two sites, however the barrier is still large when compared to the thermal energy at room

temperature.

3.4.1.3 Gr/hBN/Gr

Since the inclusion of a single graphene layer had an observable impact on the defect en-
ergetics when compared to the hBN only case, it was of interest to study the inclusion of
a second graphene layer on the system. The top hBN layer in the 2-hBN/Gr system was
replaced by a graphene layer. The AB’ stacking sequence was maintained between both
graphene layers and hBN. This restored mirror symmetry to the pristine heterostructure,
with the mirror plane located in the hBN layer (without the defect). Although the pris-
tine system has no net field, a defect displaced out-of-the plane can lead to an induced
polarisation and hence a weak electric field.

The energy paths look qualitatively different when compared to the case with a single
graphene layer, as shown in Fig. 3.30a. The triplet state energy path, black line, is below
the saddle point of the singlet state, path indicated by green line, by 0.2eV. This is
a significant reduction of AFEg; when compared to 2-hBN/Gr with CgVy in L1. This
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Figure 3.30: (a) The energy path obtained for defect re-orientation of CgVy . The calculations
were performed with the system constrained to the singlet (S=0), doublet (S=%) and triplet
(S=1) states and an unconstrained spin state. (b) The energy path with formation energies as

a function of the vertical displacement of the carbon atom from the plane.
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suggests that the triplet configuration is a metastable state in the path taken during the
traversal of CgVy between the two singlet equilibrium arrangements.

The formation energies of the equilibrium configuration of the singlet state also reduces
by 0.1-0.2eV and the triplet state reduces by 0.4-0.5eV when compared to the hBN/Gr
cases. This suggests that the additional graphene layer dramatically stabilises CgVy and
can lead to it being present in greater abundance.

To confirm that the triplet state would indeed be the preferred spin configuration if
the defect was confined to the hBN plane, a calculation was performed where the spin of
the system was allowed to be a free parameter. However, this calculation resulted in the
defect being in a doublet state, which was 0.1eV lower in energy than the triplet state.
The system would possess this magnetic moment only if charge transfer had occurred.
This is in contrast to the prediction in Sec. 3.3, where the donor level of CgVy was found
to be below the Dirac point of graphene, making charge transfer not feasible from a
thermodynamic standpoint.

When structural optimisation with free spin was performed, a small out-of-plane dis-
tortion was found. This is reflected in the NEB calculation of the MEP for the transition
of the defect between the two equilibrium arrangements (with the carbon atom above
or below the hBN plane), yellow dashed line in Fig.3.30a. A second NEB calculation
was performed with the spin being fixed to the doublet state, blue line in Fig. 3.30a.
In Fig. 3.30a, MEPs for both the fixed spin and free spin calculations are identical, re-
inforcing the conclusion that charge transfer has occurred. To show that the structure
corresponding the free spin state at each image is identical to that of the doublet, in
Fig. 3.30b the variation of the formation energies with displacement of the carbon atom
from the plane is plotted. The formation energies of the fixed spin, S = %, and the free
spin calculations are identical at every image. Additionally, from this plot, it can be seen
that the equilibrium positions for the doublet state lies within the barrier of the MEP
of the singlet state. Therefore, true AFEg for the traversal of the defect between the two
equilibrium arrangements of the S = 0 state is dramatically reduced, from 0.3eV (which
is comparable to when CgVy was located in L1 of 2-hBN/Gr) to less than 0.1eV. While

this is still significantly higher than the thermal energy at room temperature, moderate
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electric fields and photon energies can drive the carbon atom between the two sites. The
doublet state also acts as a true metastable state during this traversal and can increase
the transition time if the defect is trapped in the equilibrium configuration of the doublet

state.

3.4.2 Discussion

The impact of additional hBN and/or graphene layers on the energetics and charge state
of the defect is now discussed. The modification of Eag; and AFEg with the addition of
graphene shows that the defect interacts strongly with its environment.

This interaction could be due to mixing between states in hBN and graphene leading
to stabilisation of the defect. Studies on the band gap of hBN and its variation with
the thickness of hBN showed that it transitions from a direct to an indirect band gap
material from monolayer to bulk phases [104]. It was found that states at the M point
in the conduction band of hBN would interact with surrounding layers and hence lead to
the lowering of the conduction band edge. A change in the location of the band edges
would lead to a shift in the location of the CTLs with respect to vacuum, especially if the
states arising from the defect have significant contribution from the bulk material.

Furthermore, there is screening of charged defects across the vacuum due to additional
encapsulating layers. In Ref. 15, this shift in ionisation energies and lowering of conduction
band edges (with a relatively unchanged valence band edge) with respect to the vacuum
level resulted in shallower donor and acceptor levels. If the donor levels shift above the
Dirac point due to the effect of screening and mixing with states contributed by graphene,
charge transfer would be feasible in the heterostructure, in contrast to the prediction from
the study of CTLs in isolated monolayer hBN.

While the above explains the differences between systems that appear as rigid shifts
in energies across all configurations, it is still unknown why the triplet state formation
energies are more sensitive to the presence of graphene than the singlet states

To gain a deeper understanding of the states involved in charge transfer in the het-

erostructures, band structure calculations were performed for the different configurations

that were studied. In Fig.3.31, the band structures of the S = 0 in 2-hBN/Gr, S = 0,
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S =1, 5 =1 and free-spin in Gr/hBN/Gr are shown. The electronic levels have been
filled up to the Fermi level, j., in each spin channel, with the filled states indicated in blue
and the empty states in red. The reason behind the stabilisation is now revealed as the
band structures clearly show charge transfer in each of the scenarios. Even in the singlet
state, Fig. 3.31a and 3.31b, partial charge transfer is observed as the defect level is slightly
above the Dirac point, and due to the finite electronic temperature (kg7 = 0.02eV) the
empty graphene states above pu. of the system, which lies approximately at the defect
level, also get filled according to the Fermi-Dirac statistics. The small degree of charge
transfer leads to a reduction in ., and in the case of 2-hBN/Gr the additional interaction
of the partially charged defect with the electric field, and subsequently this reduces the
formation energy of the defect.

The greater stabilisation of the triplet state follows this observation as from the band
structure, Fig.3.31c, it is apparent that there is a whole electron transfer into the spin-
up channel of graphene, leading to spin-polarised graphene layers. This unphysical effect
leads to the triplet state appearing as a metastable state in Gr/hBN/Gr and in 2-hBN/Gr
where the defect is located in the layer adjacent to graphene. Therefore, there is the
counter-intuitive observation of the charged defect despite the donor level of CgVy being
well below the Fermi level of graphene. However, upon closer inspection of the CTLs of
CpVy at each cell size (Fig. 3.32), it can be seen that the donor level at the 6 x 6 x 1 cell,
the CTL point lying in the yellow vertical band in Fig. 3.32, is well above the Dirac point
for the planar triplet configuration (green dashed line). Although the the donor level for
the singlet out-of-plane configuration (red dashed line) is 130 meV below the Dirac point,
the highest occupied electronic level is situated above the Dirac point as seen in the band
structure, Fig. 3.31b. This is vastly different from the CTLs in the dilute limit and hence
a different effect is observed at high concentrations of the defect.

Therefore, the free spin calculation led to a whole electron shared over spin channels of
graphene. This has a lower energy than the triplet state as charge is transferred to both
spin channels of graphene, unlike in the spin constrained calculation of the triplet state
where charge was constrained to the majority spin channel, leading to higher electronic

energy levels being occupied, as seen in the filling of Fig. 3.31e and 3.31c.
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In addition to the explicitly calculated degree of charge transfer, the band structure
of the system with spin constrained to the doublet state and the free spin calculation
are identical (Fig.3.31d and 3.31e), providing additional support that a whole electron
transfer was preferred when the system is initialised with the defect in-plane.

While it is a helpful aid to refer to the donor level of the triplet state to highlight
the cause of charge transfer in smaller systems, it does not have a physical interpretation
in the heterostructures as the charge is not constrained to the defect, and the CTLs are
interpreted in reference to the uncharged defect.

Following the above arguments for the change in AFE;, the reduction in AEg due
to the incorporation of graphene in the system can also be explained. As the carbon
atom in the S = 0 configuration of CgVyx moves towards the hBN plane, the degree
of charge transfer increases. This leads to a lower p. than what would exist if charge
was constrained to defect and lowers the total energy of the system at all images. This
artificial effect has the appearance of a lower energy barrier. As the incorporation of each
graphene layer reduced the barrier height by 0.1eV, the reduction of Eg from hBN/Gr
to Gr/hBN/Gr can be attributed to their being twice as many graphene states available
to be filled.

3.4.2.1 Arguments for existence of modified CTLs

While an argument has been made that the barrier reduction due to charge transfer is
an artefact of finite cell size in PBCs, there is support for these effects to be present in
the dilute limit and hence a real system. Firstly, the extrapolated CTLs were obtained
by simulating the charged defect in an isolated monolayer hBN system. The results
seen here, where charge transfer is being observed due to the donor levels lying higher
for smaller super cells, can still exist in the dilute limit if there is a substrate induced
modification of the CTLs. The substrate induced process include but are not limited to
strain, electrostatic effects and mixing with band edge states.

The cell size variation of the formation energies of the charged defect in Gr/hBN/Gr
could be different to that in isolated hBN as the electric field across the vacuum is negli-

gible due to the symmetry of the Gr/hBN/Gr system. Therefore, the interaction between
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Figure 3.31: The band structures of (a) S = 0 calculation in 2-hBN/Gr ,(b) S =0, (c) S =1,
(d) S = 0.5 and (e) free spin calculations in in Gr/hBN/Gr. Colours and scales of the band
structures are as in Figs. 3.4a and 3.14c respectively. The zero in the energy scale is set to the

Dirac point of the corresponding pristine structure.

the defect and its images would be dominated by the in-plane electric fields. However,
unlike a field across the vacuum, the Coulomb potentials in the plane are screened by the
bulk hBN atoms. Hence, it is possible that the properties of CgVy in Gr/hBN/Gr in the
dilute limit is captured well in small cell sizes.

Secondly, the work by Ref.[15, 139], show that when a planar configuration of CgVy
is embedded in the middle layer of a 5-layer hBN system, the donor level lies between
1.7-1.8eV from the valence band maximum of hBN, Fig.3.25, with the general trend
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Figure 3.32: The variation of the CTLs of CgVy with cell size for both the singlet (red squares
and crosses) and triplet (green circles and triangles). The cubic polynomial fit for each CTL
is shown as dotted or dashed lines with a color corresponding to the spin state of the neutral
defect. The Fermi level of graphene (Dirac point) has been explicitly labelled by a blue dashed
line. The yellow vertical band highlights the data points corresponding to the 6 x 6 x 1 cell.

being the shifting of the donor level towards to the vacuum. This places the donor level
0.1-0.2eV from the Dirac point in 5 layer hBN, depending on the layer location of the
defect. Hence, it is feasible for charge transfer to take place between CgVy in multilayer
hBN and graphene even in the dilute limit. In such a system, the intermediate spin

doublet metastable state reduces the barrier height for the traversal of CgVy across the

hBN plane.
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Figure 3.33: (a) The energy ordering when charge transfer is not favoured in the ground states

of both the singlet and triplet configurations. The energy ordering of the S = 0 and § = 0.5
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3.4.2.2 Summary and future outlook

The impact of a metastable state on the electrical control of defects and observable spec-
troscopic properties are now discussed. In Fig. 3.33, the energy diagram of the transition
of the carbon atom between the two minima of the S = 0 with an intermediate S = 1
state is illustrated. In scenario one, Fig. 3.33a, the defect would rest either above or be-
low the plane unless a process transferring a large quantum of energy aids the carbon to
overcome the barrier height for transition, such as a photoexcitation process. When the
defect is in an excited state, charge transfer can occur, however, as the charged state is
higher in energy than the singlet state (or even the triplet state), in equilibrium the defect
returns to the ground singlet state. It is only in this scenario that a triplet state can exist
physically, as charge transfer does not lead to a magnetic graphene layer and the triplet
state is encountered upon recapture of an electron when the defect is in the plane. In
such a system, there is a competition between the radiative relaxation process back to
the singlet state or charge transfer from excited singlet or triplet states into graphene and
this reduces the intensity of emission as non-radiative relaxation rates are increased.

In the second case, the reduction in barrier height due to the minima of energy curve
of the doublet being below the barrier in the singlet energy curve, Fig.3.33b, leads to
a significant enhancement of the rate of transition of the carbon atom between the two
equivalent sites. Even when substrates do not change the energy order of the spin states,
it can reduce the barrier height for defect reorientation within the same spin state, as is
the case with the inclusion of additional hBN and graphene layers in this study.

In Fig. 3.30a, the energy difference between the doublet and singlet states is on the
order of 10 meV, which is an energy that can be overcome at room temperature and small
electric fields. In Fig. 3.33, it can be seen that the application of a field leads to a gradient
in the potential curves and the two minima in the singlet state are no longer equivalent,
Fig. 3.33c. If one of the minima in S = 0 is shifted to an energy higher than the doublet
state, it leads to charge transfer and a change in the spin state of the defect. If the defect
is trapped in the metastable state for a duration of time, it causes spectral diffusion in
the measured PL lineshapes. These are jumps in the ZPL energy with time.

A shift of the carbon atom from above to below the plane also leads to the inversion
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of the out-of-plane component of the electric dipole moment of the defect. In Stark
shift measurements, this appears as a ‘V-shaped’ shift, Fig. 3.34b, in the ZPL with the
direction of the applied field. Both changes in emitter intensity and V-shaped Stark effects
have been observed in experiment 16, providing further evidence to the theory of barrier
reduction. Furthermore, in Ref. 16, the structure of the device was Gr/b-hBN/Gr, where
b-hBN refers to bulk hBN. This structure resembles that simulated in this study and from
Ref. 15, CgVy in b-hBN should posses a donor level closer in energy to the conduction
band edge than in monolayer hBN [15], enhancing the rate of charge transfer to graphene.

Finally, in this chapter, the importance of the correct initialisation of structures has
been demonstrated. As can be seen, the lack of confinement of the charge to CgVy
prevents the accurate simulation of the potential curve of the triplet and singlet states
due to charge transfer. This led to the false conclusion that the triplet state is stabilised
with the inclusion of graphene. It has also been shown that only in the case that the
corrected /extrapolated CTLs favours charge transfer can smaller cell sizes qualitatively
produce the same band structures as that observed in the dilute limit. This was true in
the previous in Sec. 3.3, where a range of defects in monolayer hBN/Gr was simulated.

From Fig. 3.30a, it can be seen that care needs to be taken when breaking the symmetry
of the system during self-consistency calculations. For example, to obtain the S = 0
configuration in a free spin calculation, it is not sufficient to remove the mirror symmetry
constraint by a shallow out-of-plane perturbation of the carbon atom, as the carbon atom
may still be trapped in the minimum of the doublet state, which exists within the barrier
for transition of the singlet state. Hence, a free spin calculation converges to the singlet
only when a sufficiently a large shift is performed on the initial position of the carbon
atom.

Therefore, in the broader context of electric field control of emitters using Stark shift,
CpVn may not be a suitable candidate due to the low barrier for charge transfer and
flipping of dipole orientation. Stark effect is one of the most common ways of tuning
emission wavelengths of SPEs to achieve indistinguishability of photons, which is key for
creating entangled pairs for QKD and quantum computation. However, the low barrier to

charge injection also makes it an ideal candidate for electroluminescence. It is therefore
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Figure 3.34: (a) Shows the change in intensity of the emission when the electrostatic potential
across the hBN is increased. (b) The third column shows the V-shaped Stark shift attributed
to change in the orientation of the out-of-plane dipole with respect to the host hBN plane. This
is attributed to the charging of the defect. Both of these images have been reproduced from
Ref. 16 %9



Charge control of defect colour centres in hexagonal boron nitride

crucial to engineer the properties of the substrate to ensure the required properties of the

defect are present.

3.4.3 Conclusion

In this section, the energy paths for the transition of the carbon atom in the CgVy between
equilibrium arrangements on opposite sides of the host hBN plane has been discussed.
It was shown that it is difficult to isolate substrate induced modifications to the CTLs
from artificial effects due to PBCs. To confirm the existence of the doublet state within
the barrier width for the transition of the S = 0 CgVy , effects of strain and PBCs need
to be verified by simulating the structures with different lattice constants and cell sizes.
Exploration of effects, such as the impact of strain on the defect structure and the position
of the CTLs with respect to the Dirac point, will allow the determination of whether
charge transfer was an artefact of finite cell size in PBCs or a real physical effect. The
importance of the correct initialisation of the structure in an energy surface with multiple
minima was also discussed. This work has significant implications on the electrical and
charge control of defects in hBN. Furthermore, the tuning of defects with an out-of-plane
electric fields has significant interest in applications in quantum technology. If the barrier
to transition to a metastable intermediate state with a different electric dipole orientation
is low, then these defects will not be suitable for applications in quantum technology that

require control of defects with perpendicular electric fields.

100



Chapter 4

Experimental Methods

This section describes the experimental techniques that were used in this project. The
techniques can be broadly categorised into nanofabrication and characterisation tech-

niques.

4.1 Nanofabrication techniques

In this project the two sources of hBN used were nominally 13 nm thick, multilayer hBN
(ML-hBN) grown using CVD on 20 pm thick copper foil (product code: CVD-2X1-BN-
ML) and flakes grown at high pressure and temperature using and subsequently immersed
in a 50:50 solution of ethanol and water, obtained from Graphene Supermarket. The
bottom monolayer graphene on silicon dioxide (SiOs) on which alumina was grown was
obtained from the commercial supplier, Grolltex. This was done as the supplier has
a methodology for polymer free transfer of graphene on SiO; and polymer residues on
graphene from transfer would lead to non-uniform graphene coverage.

To work with hBN, it needed to be transferred to the desired substrate. Several trans-
fer processes, each with their own advantages and disadvantages have been reported in
literature. The two most common methods of transfer are wet transfer and electrochem-
ical delamination and both methods were tested in the project [144, 145]. The transfer

process discussed here is quite general for 2D materials grown on a metal catalyst.
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4.1.1 Wet transfer

The process for wet transfer involves spin coating a polymer layer, in our case poly(methyl
methacrylate) (PMMA) , with a molecular weight of 950k, on the top side of commercial
ML-hBN sample on Cu. The ML-hBN sample has multilayer on both sides of the Cu
foil, a side effect of the CVD process as the precursors contact the underside of the
Cu foil. However, as the underside has poorer quality of material, only the top side is
transferred. The spin coating was performed at 1000 rpm spin speed and 1500 rpm/s spin
acceleration for 60s. It is then gently baked at 60°C for 120s to remove the solvent.
This should lead to a 400 nm thick film according to the spin curve of PMMA, which is
sufficient to support the hBN film. The underside of the PMMA /hBN/Cu/hBN sheet was
then exposed to oxygen plasma in a reactive ion etching (RIE) chamber at 10 W, with
a flow rate of 80scem for 150s. This step was necessary to remove islands of hBN that
could potentially protect the Cu layer from the etchant solution, leading to incomplete
etching of Cu. The etchant solution was 0.1 M ammonium persulfate solution (APS) .
This concentration was chosen as it was sufficient to completely etch 20 pm thick Cu films,
and a low concentration would lead to a slower etch rate and lead to less damage to the
films and ionic contamination. The PMMA /hBN/Cu sheets were then carefully cut into
smaller 1 cmx 1 cm pieces. The pieces are then floated on top of the etchant solution, with
the Cu side exposed to the APS solution. It is imperative that minimal folding occurs
at this time, as wrinkles induced during the handling of the pieces can break the surface
tension of the solution and cause it to sink. This results in the PMMA /hBN to become
difficult to ’fish out’ and can also cause incomplete etching. The etching is performed
over night in order to ensure complete dissolution of the Cu layer. After dissolving the
Cu layer, the PMMA /hBN films remained afloat on the surface of the solution and was
subsequently transferred to a bath of deionised water using a glass slide. The deionised
(DI) water rinses removed ionic contaminants from the APS solution. The films were
floated in the DI water baths for a duration of 10 minutes and repeated 2 times. The
films were then extracted onto the desired substrate and were allowed to dry overnight at
room temperature. This ensures a slow rate of evaporation of trapped water molecules

without bubbling, which can cause tearing of the hBN film. Before the PMMA layer is
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removed, the PMMA /hBN /substrate is heated from 50°C to 130°C in 20°C steps, with
the device being held at each temperature for 10 mins, with the final step being performed
for 20 mins. The gentle heating is an additional step to ensure no bubbling of trapped
water that was not removed during drying occured. Heating the sample to 130 °C allows
the PMMA to transition into its glass phase, and thereby push against the hBN to cause
stronger adhesion to the substrate. This also flattens rolling striations imprinted on the
PMMA layer due to the surface morphology of the Cu substrate. The device was then
immersed in acetone overnight to remove the PMMA layer, after which the sample was
rinsed in IPA (Isopropyl alcohol) and dried under Ny flow. Fig.4.1 shows a summary of

the wet transfer process.

4.1.2 Electrochemical delamination

The process of electrochemical delamination is similar in many ways to the wet process,
such as with the usage of a protective PMMA layer during the transfer. Before spin
coating however, the hBN/Cu/hBN sheet is soaked in a 50:50 solution of ethanol and
water overnight to cause Cu to oxidise, which is known to cause delamination of hBN at
lower voltages.

After oxidising the copper, spin coating is performed using the same parameters used
in wet transfer. A solution of 1 M sodium hydroxide (NaOH) is prepared to be used as
an electrolyte. The PMMA /hBN/Cu is held using a metal tweezer and connected to the
negative terminal of a direct current voltage source. A gold wire is connected to the posi-
tive terminal to form the anode and is immersed in the electrolyte. The PMMA /hBN/Cu
sheet is then gently lowered into the electrolyte using the metal tweezers. Electrochemical
delamination occurs due to the formation of Hs bubbles at the interface between hBN
and copper catalyst and due to the decomposition of the intercalated electrolyte. The
H, bubbles push the PMMA /hBN layer away from the copper substrate and once fully
delaminated, the PMMA /hBN film floats on top of the electrolyte. The rest of procedure

is identical to wet transfer, from the deionised water baths to PMMA removal.
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Step 1: Spin coat PMMA Step 2: Remove bottom hBN
layer with O, plasma RIE
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Step 5: Transfer to substrate Step 4: DI water rinse x 2 Step 3: Cu etching in APS
solution overnight

!hi . |

DI Water 0.1 M APS solution

Acetone
PMMA Residue

Step 6: Removal of PMMA overnight Step 7: Oxidation in air at 500 °C
in acetone, followed by IPA rinse

Figure 4.1: An outline of the steps of wet transfer using APS to remove the Cu substrate.

4.1.3 Liquid-Phase Exfoliation (LPE)

hBN flakes in solution (50:50 ethanol:water) were sonicated before being dropcast on
the substrate. Sonication disperses the flakes in solution and exfoliates thicker flakes
into thinner sheets. This occurs as ethanol and water are polar solvents and can induce
stronger attractive forces on the hBN flakes. During sonication, the attractive force
between the solvent molecules and the hBN sheets and collision between the intercalated
solvent molecules and hBN lead to layers peeling off. Sonication is crucial to obtain a
uniform density of flakes on the substrate. A pipette dropper is then used to drop cast
the flakes onto the substrate. The LPE flakes had a thickness of 1-5 monolayers and a
lateral dimension of 10-50 nm.

The benefit of using flakes obtained by LPE is that lack of polymer residue due to
transfer, which can be a source of broad background luminescence in CVD films trans-
ferred from growth catalysts using the above methods. However, the lack of uniformity

of flakes sizes and thicknesses and incomplete coverage of the substrate by the flakes is a
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Figure 4.2: An outline of the steps of electrochemical delamination process using NaOH as

the electrolyte.

major drawback when compared to CVD hBN films.

4.1.4 Atomic layer deposition (ALD)

ALD is used to deposit various thin films on substrates from vapour phase and has the
benefit that it allows Angstrom level control over film thicknesses during growth. The
principle feature of ALD that allows this is the self-saturating nature of each growth cycle
[146]. In this project, various thickness of aluminium oxide (Al;O3) films were grown on
graphene.

The general ALD process for metal oxides is shown in Fig.4.3. Unlike CVD, in ALD
the chemical precursors, A and B, are introduced in alternate pulses and react with the
substrate and each individual gas-reaction are known as ‘half-reactions’. For metal oxide
growth, the first precursor, A, is an organometallic species and B is a counter-reactant or

oxidant precursor, such as HyO or Ozone. For the growth of Al;O3, trimethylaluminium
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Figure 4.3: A schematic of the self-limiting process in ALD. (a) The substrate surface is
functionalised or has natural functionalisation to lead to nucleation sites for precursors. (b)
The organo-metallic precursor A is pulsed and reacts at the nucleation sites. (c) The excess
precursor is purged by an inert carrier gas. (d) The counter-reactant precursor B is pulsed,
which reacts with the products of the reaction of precursor A and the functionalised surface.
(e) The reaction by-products and excess precursor B is then purged by the inert carrier gas.
(f) To achieve the desired thickness, steps (b) to (e) are repeated as necessary. The figure has
been reproduced from Ref. 17.

(TMA) was used as precursor A and HyO as precursor B. The two half-reactions and the

full equation is,

2 (—OH) + AI(CHy)s — O,—Al(CHs)s_, + = CH, (R1)
Ox—AI(CHg)g_x + ;HQO — Og/g—Al—(OH)x +3—z CH4 (RQ)
1

For the first half-reaction, Eqn. R1, precursor A is pulsed into the reaction chamber
which is under vacuum, usually on the order of 0.1 Torr, and pulse times are set such

that there is sufficient time for the precursor to fully react with all the nucleation sites,
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which are usually existing hydroxyl groups (—(OH)) on the surface of the substrate. A
product of this reaction is O, —Al(CHs)3_, at the nucleation site. After the pulsing of
A, the chamber is evacuated by purging the precursor by an inert carrier gas, usually
Ar or Ny. Precursor B is then pulsed and reacts with the O, —Al(CHs)s . sites to form
O3/2—Al—(OH), which is equivalent to the growing alumina lattice 1 Al,O3 + z—(OH),
Eqn.R2. Precursor B and the reaction by-products (CH4) are then purged before the
process is repeated again. The —(OH) groups act as nucleation sites for the next cycle.
This leads to layer-by-layer growth of the oxide and ideally should lead to conformal and
uniform growth of the oxide film. As the growth per cycle in ALD is well-defined, the
desired thickness of the film can be achieved by repeating the process the appropriate
number of times.

The quality of the ALD film is influenced by many factors, such as deposition tem-
perature, residence time of each precursor, purge times and availability of nucleation sites
[146]. At low deposition temperatures, there may not be sufficient energy for the surface
reactions to reach completion and a very high temperature leads to desorption of the
reactive species at the nucleation sites [147]. The former leads to a poor quality film
and the latter leads to a porous film with a very slow growth rate. Therefore, there is
a window in which the ALD process occurs efficiently. A longer residence time for each
precursor aids the saturation of all available nucleation sites, however also increases the
process time as each cycle will be significantly longer. A short purge time can lead to
insufficient removal of each precursor before the next is pulsed in, and this can lead to
gas-phase CVD like reactions in the chamber, resulting in powder like deposition on the
substrate rather than continuous films. A long purge time avoids CVD like reactions but
has the same effect as increasing the temperature as this leads to higher probability of
desorption of the reactive species at the nucleation sites. Finally, the substrate itself may
be inert and possess a low density of nucleation sites, which may lead to islands of the
oxide forming, and several cycles may be required before the islands coalesce to form a

continuous film.
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4.1.5 Electron beam lithography (EBL)

The uniform Al,O3 layer, once grown on graphene needed to be patterned to ensure
quenching of emitters in hBN in all regions except those with an intermediate oxide layer.
EBL was used to pattern the oxide layer. EBL is a direct writing technique in which
an electron beam (e-beam) is scanned across a surface, leading to a modification in the
chemical properties, such as its solubility. By controlling the position of the electron
beam, custom designs of structures can be written directly onto surfaces. This allows a
digital image of the pattern to be transferred onto the substrate [148]. EBL has a higher
resolution than standard optical lithography using ultraviolet (UV) light (not deep or
extreme UV), due to the shorter wavelength of the electrons associated with its higher
energy (10-100keV). The pattern is written onto an e-beam resist and depending on the
type of resist, its solubility in developers changes differently. By immersing the device with
the exposed resist in the developer, the unexposed regions/exposed regions are specifically
removed, leaving behind a patterned developer.

Two types of resists have been used in this project. A positive tone resist, PMMA,
to allow the deposition of registration markers and a negative tone resist, Ma-N-2410, for
the patterning of the Al,O3 layer. Positive tone resists become soluble in the developer
when exposed to the electron beam, due to the backbone of the chain being broken by the
beam, whereas for negative tone resists cross-linking of the polymer chains upon exposure
to the e-beam leads to its insolubility in the developer [148].

The procedure for lithography using PMMA involved spin coating at 1800 rpm, with a
spin acceleration of 1500 rpm/s for 60s, leading to 300 nm thick resist layers according to
the spin curve, Fig. 4.4a. This was then baked at 80 °C for 75s. After e-beam exposure, the
resist was developed using a 15:5:1 IPA:-MIBK:MEK (Isopropyl Alcohol: Methyl isobutyl
ketone: Methyl Ethyl Ketone). The sample with the exposed resist was immersed in
this solution for 10s and then removed and dried under nitrogen (Ny) flow for 10s. A
5nm thick adhesive layer of Cr, followed by 100 nm of Au was then deposited via thermal
evaporation on the developed regions to form registration marks. The device was then
soaked in acetone overnight and the Cr/Au layer was then lifted off by flowing acetone

with the help of a syringe to remove the PMMA layer, leaving behind registration marks.
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Figure 4.4: The spin curves for(a) PMMA 950 A4 and (b) Ma-N-2410. Fig(a)has been

reproduced from Ref. 18 and Fig. (b) has been reproduced from Ref. 19.
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For Ma-N-2410, the spin coating was performed at 6000 rpm, 1500 rpm/s spin acceler-
ation for 60s, which would have lead to a 700 nm thick resist layer according to the spin
curve, Fig.4.4b. The wafer was baked at 90°C for 150s. After e-beam exposure, it was
developed with ma-D-525, a 2.5% tetramethylammonium hydroxide (TMAH) solution,
for 6 mins. Care was taken to avoid UV light exposure as Ma-N is photosensitive to UV
light. The Al,O3 layer was then etched in a 3:1 85 % phosphoric acid (H3POy):deionised
water at 80°C for 210s, which was sufficient to etch 30nm of Al,O3. The wafer was
subsequently rinsed in DI water and IPA and the exposed Ma-N-2410 was fully removed
using acetone and IPA.

The sample preparation of this step, development of resist and etching of Al,O3 was
done by the thesis author. The lithography process was supported by the Henry Royce
Institute for advanced materials through the Equipment Access Scheme enabling access to
the Electron-beam Lithography Facility at Cambridge; Cambridge Royce facilities grant
EP/P024947/1 and Sir Henry Royce Institute - recurrent grant EP/R00661X/1). Er-
manno Miele and Jon Griffiths are acknowledged for their support for the lithography
step.

4.2 Spectroscopy techniques

4.2.1 Raman spectroscopy

The principle behind Raman spectroscopy is the process of Raman scattering. This is an
inelastic scattering process that occurs when an incident photon interacts with a crystal
or molecules, causing a modification of its vibrational state [149].

During Raman scattering, an electron is excited to a virtual state. This state is a
coupled state of the electron and photon. When the electron relaxes, it can either relax
into a higher, lower energy or the same vibrational state as it was in before excitation. A
change in vibrational state leads to a photon with a different energy being emitted, where
the shift corresponds to the energy difference between the initial and final vibrational
states. The scattered light is detected and the shift in energy, usually given in units

1

of wavenumbers, cm™, is determined. The scattered photon either has a greater (anti-
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Stokes) or lesser (Stokes) energy than the incident photon [149], and the shift in frequency
is described by:
Wi = Ws + Wp (4.1)

w; is the incident photon frequency, ws is the scattered photon frequency and w, is the
energy of final vibrational phonon mode of the crystal. Raman spectroscopy reveals the
vibrational modes of the material that lead to a change in its polarisabilty. The vibra-
tional modes are a unique property of the material, related to a materials crystallinity,
lattice structure and the atoms comprising it. Therefore it is a very powerful tool when
characterising the quality of transferred hBN films.

A schematic of the setup for Raman spectroscopy is depicted in Fig.4.6. For hBN,
the defining feature is a peak at a Raman shift of 1366 cm™ [2]. In terms of vibrational
modes, hBN exibits a degenerate Raman active Esg, Figs. 3.2a and 3.2b, mode at 1366
cm ™! for bulk hBN (1370 cm™! for monolayer) [20, 100, 101]. The intensity of the Raman
peak increases with the number of layers and the peak position is usually red shifted
by ~4 cm™! (as shown in Figure 4.5) [20]. From the inset in Figure 4.5, it can be seen
that the intensity increases linearly with thickness, in discrete increments, and therefore
by comparing the intensity of a hBN sample with known thickness and another with
unknown thickness, the thickness of the sample can be determined. The linewidth is also
a good indicator of defect density, a larger linewidth corresponds to higher defect densities.
The Raman measurements were performed using the Renishaw Invia Microscope, with a

532 nm excitation laser and 100x objective.

4.2.2 Photoluminescence (PL) Spectroscopy

The setup for PL spectroscopy is identical to the Raman setup Fig.4.6. Here, instead of
calculating the shift, the absolute wavelength is detected and measured. The PL spectrum
is related to the electronic transitions between the relevant defect states. Colour centres
in hBN have been known to emit majority of its emission in the ZPL, and therefore has a
sharp ZPL, that can be fit with a Lorentzian lineshape. The linewidth of the Lorentzian
is used as a measure of the excited state lifetime. The percentage of the total intensity

of PL emission that is present in the ZPL, W, and defects in hBN are characterised by
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Figure 4.5: Variation of the Raman shift of the Eo; mode in hBN with thickness. The figure

has been reproduced from Ref. [20].

their large W of approximately 82 % [3].

Depending on the method of fabrication of hBN, the types of defects that can occur
vary significantly [3, 55]. The electronic states involved in the transition can vary based on
the nature of the defect, resulting in a large variation in the ZPL wavelengths. hBN grown
using MBE and CVD have emitters that emit light at around 600nm, [47, 52], whereas
hBN flakes obtained from exfoliation, possess emitters that emit a range of wavelengths
from 300 nm to 850 nm [55]. Therefore PL spectroscopy allows the probing of the nature

of the defect which is a source of single-photon emission. In this thesis, visible light
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emitters with ZPL wavelengths at 570 nm and beyond were studied.

The spectroscopy measurements were performed using the same setup as the Raman
measurements, but in PL mode. To prevent bleaching, a laser transmissivity of 10%
was used, compensated with a long dwell time of 2s per pixel to obtain a spectrum
with sufficient signal to noise ratio. The excitation wavelength was a 532nm continuous
wave laser and the spectrum was obtained with 1200 g/mm diffraction grating, allowing

a spectral resolution of 0.1 nm. This allowed the spectrum to be collected over a spectral

bandwidth of ~ 90 nm.

Laser Source » » » » » » »

Optical Fibre
¢ Spectrometer — Optical system
(spectral filters,

diffraction gratings,
monochromators).

Figure 4.6: Schematic of PL and Raman spectroscopy. In PL spectroscopy the absolute
emission wavelengths are measured whereas in Raman spectroscopy the difference between the

excitation and emission wavelengths are measured.

4.2.3 Confocal PL mapping

All the optical measurements performed have utilised a confocal setup. Confocal imaging
differs from widefield methods through the usage of a pinhole that rejects light with a
source located in an out-of-focus plane, Fig.4.7. This results in a higher resolution than
widefield microscopes. In a laser scanning confocal setup, a mirror guides the laser spot
across the sample and the scattered light intensity at each step of scan is recorded as a

pixel.
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As this project was performed over two locations, the University of Cambridge and
Newcastle University, two different confocal setups were used at each site. At the Uni-
versity of Cambridge, the confocal PL map was performed using the Olympus FluoView
FV1200 Confocal Inverted Microscope. Measurements were recorded using a 60x oil
immersion lens with a 1.35 numerical aperture (NA). The excitation source was with a
15mW 473 nm continuous wave laser, and the detectors were metal-alkali photomultiplier
tubes. The system has a variable confocal aperture up to 800 pm. A 560-620 nm band pass
filter was also applied to filter out the excitation wavelength and focus on the emission
wavelengths most commonly reported in literature. A dwell time of 200 ps per pixel was
found to be sufficient to obtain sufficient signal from emitters. At Newcastle University,
the Zeiss LSM 880 Airyscan confocal microscope was used. The parameters for mapping
were similar to that used in Cambridge, apart from the excitation being a 561 nm diode
laser and GaAsP detectors were used. This is not expected to significantly affect the
number of observed emitters as majority of the emitters are known to have ZPLs at wave-
lengths at or beyond 580 nm. The LSM 880 also has spectral scanning capabilities, with
a maximum resolution of 3nm. As this is less than the linewidth of ZPLs in hBN it was
possible to simultaneously obtain spectroscopic information while imaging an emitter.

The confocal PL. map was able to be performed much faster than the hyperspectral
PL map due to the lower shot noise and read-out noise of the detectors used. The charge-
coupled detector (CCD) used in the Raman microscope has a higher dynamic range but a
lower sensitivity than PMTs, and therefore each pixel acquired in a map required orders
of magnitude longer exposure time per pixel. A long exposure time could lead to emitter
bleaching and affecting the intensity measured at each point. The high signal-to-noise
ratio of PMTs facilitated a significantly shorter exposure time per pixel and allowed
the use of lower laser excitation power, reducing the risk of photobleaching of emitters.
However, the lack of spectroscopic capabilities, and hence the source of emission, which
could be background emission from hBN or colour centres, cannot be confirmed using
this setup alone. Therefore a methodology was adopted where quick intensity maps were
performed to identify regions of bright emission, followed by hyperspectral maps of the

regions of interest to obtain the spectra of emitters to provide evidence of their source as
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defects in hBN.
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Figure 4.7: Optical path of a laser scanning confocal microscope. The figure has been repro-

duced from Ref. 21.

4.2.4 Ellipsometry

Ellipsometry is an optical method of determining the thickness of films. The principle
behind ellipsometry has been outlined as follows, a detailed description is available on
Ref. 150. Light waves can be s-polarised (polarised perpendicular to the plane of inci-
dence) or p-polarised (parallel to the plane of incidence). Spectroscopic ellipsometry is
highly sensitive to the film thickness. When light with s and p components is incident
on the sample, the polarisation components of the reflected light incur a change in their

intensities and phases. These shifts are determined by the thickness of the film and di-
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electric constants. In spectroscopic ellipsometry, the variations in the intensity of the
polarisation components of the reflected light and phase delay between the polarisation
components are measured for a range of incident light polarisations and wavelengths. The
two parameters (W, A) that are used to describe the polarisation state of the reflected light
are,

p =tan VexpiA = 7;—p, (4.2)

or in the case of transmitted light,

t
p = tan ¥expiA = t_p’ (4.3)

where r, and ¢, are the amplitudes of the p-polarised reflected or transmitted light,
respectively. 7y and t; are the s-polarised reflected and transmitted light amplitudes.

A = 65 — Oyp Or A = 0y — dyp is the phase difference between the s- and p-polarised

components of the reflected light or transmitted light. tan ¥ = |‘:Z‘| , is the ratio of the
amplitude of the reflected s- and p- polarised light.

After the collection of ) and A values for various wavelengths, a model of p is con-
structed based on the known optical constants of the composite layers of the sample under

study,
P = f(N(),Nl,...,Nn,do,dl,...,d]v,eo) (44)

where N, and d, with (x = 0,1,...,N), represent the complex refractive indices and
thickness of each component layer and 6 is the angle of incidence of light on the sample.
This model is then fit to the measured values using d, as a free parameter to determine
the thickness of each layer.

In this study, ellipsometry was used to determine the thickness of Al,O3 films grown
using ALD on graphene for varying number of cycles. This allowed the determination of
the growth per cycle, which was used in subsequent fabrication steps to grow the desired
thickness of oxide layer.

Ellipsometry measurements were performed with an EP4 SIE (Park Systems Gmbh,
Gottingen), with a spectral range between 400 to 900 nm and a 5 nm output bandwidth.
The reflected light is collected through compensator and an analyzer and a 20x or 50x

objective to a 1392 x 1040 pixel CCD camera, allowing for a lateral resolution down
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Substrate

Compensator
Analyzer

Polarizer

Photodiode
Laser

Figure 4.8: Optical pathway of an ellipsometer showing the polarisers and compensators,
which combine to produce light polarised between linear to circular polarisation, depending on
the orientation of the compensator with respect to the linear polariser, to be incident on the
sample, and the analyser which only permits reflected light polarised along its polarisation axis

to be transmitted for detection. The figure has been reproduced from Ref. 22.

to 1pm. The spectra used for fitting the thicknesses are recorded as a signal average
over an approx. 10pm x 10pm homogeneous region of interest (ROI) via the single-
point measurement mode at 51 equidistant A points along the 400 to 900 nm range. The
ellipsometry measurements were performed in the nulling mode. Figure 4.8, shows a

schematic of the optical path of the ellipsometer for this mode of operation.

4.3 Microscopy techniques

4.3.1 Scanning electron microscopy (SEM)

The resolution of a microscope can be determined by the Abbe limit:

~ 0.612)
~ nsinf

d (4.5)

where d is the minimum resolvable distance between two points, A\ is wavelength of
the excitation source (laser or electron beam), and nsin is the numerical aperture (NA),
where n is the refractive index of the medium in which sample is immersed. Typically for

optical microscopes, this is ~ 200nm. Hence, the resolution of optical microscopes is well
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above the diameters of the liquid exfoliated flakes and pinholes in the growth of Al,O3
films. Furthermore, transparent samples, such as CVD grown hBN films have low opti-
cal contrast and effects due to thin film interference is the main resource when optically
identifying the films on the substrate. SEM allows the imaging of these nanometer sized
features of interest and transparent films. This is because of the higher energy of the
electron beam when compared to visible light, which leads to the electrons possessing a
significantly shorter de Broglie wavelength. From Eqn. 4.5, as the resolution d is propor-
tional to the wavelength, smaller features can be observed. This allows the visualisation
of surface morphologies of thin films and detailed analysis of their coverage.

SEM works by scanning an electron beam across the sample and detecting scattered
electrons. The electron beams are scattered by both elastic and inelastic scattering
processes, and generate back-scattered electrons (BSE) and secondary electrons (SE),
Fig.4.9a. The secondary electrons are generated by inelastic scattering of the primary
electron beam (SE1) and back-scattered electrons (SE2) [23]. The in-lens detector placed
directly above the sample is used to detect SE1 and the Everhart-Thornley (ET) detector
is used to detect SE2, Fig.4.9b. The SE arise from the surface of the sample and are
used when studying thin films. The SEM images were obtained using the ZEISS Gemini
300 SEM. The imaging parameters used were 5kV primary beam voltage, 30 pm aperture

size, and a working distance of 4.5 -5 mm.

4.3.2 Atomic force microscopy (AFM)

Atomic force microscopy is a complementary technique to ellipsometry when measuring
thicknesses of films. An AFM consists of a cantilever probe with a sharp tip mounted
to a piezoelectric (PZT) actuator and a photodetector that is sensitive to displacement
to detect a laser beam reflected off of the end-point of the cantilever to determine the
state of the cantilever [151]. During operation, the tip is scanned over the sample surface
while maintaining a constant force or height above the surface. As the tip scans over the
surface, it moves up or down along with the contours and variations in the deflected laser
light intensities at the photodetectors are measured.

There are three main modes of operation of an AFM, i.e non-contact, contact and
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(a)

\% ET Detector

(b)

Incident Electron Probe

Sample Surface

Figure 4.9: (a) Schematic showing the trajectory of the scattered electrons and the detectors
used to detect the various scattered electrons. (b) Schematic of region of the sample from which
the various scattered electrons and radiation used for imaging arise from. Fig. a) and b) have

been reproduced from Ref. 23.
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tapping modes. In this thesis, the AFM was operated in the tapping mode and its working
principle is briefly outlined as follows. Fig.4.10 shows the tapping moder of operation of
the AFM. In this mode, the cantilever is driven to oscillate at its resonant frequency or
near resonant frequency. The PZT actuator applies a force at the base of the cantilever
to cause it to oscillate between 20-100 nm when away from the sample surface [151]. The
tip is lowered to gently make contact with the sample surface and as it oscillates, it taps
the surface. As the tip is scanned across the surface, the oscillation amplitude is kept
constant in a feedback loop. As the tip encounters steps or depressions, it experiences a
shift in the vibration amplitude and the optical system measures this change and it is fed
back to the controller which uses a reference value to generate an error signal. The PZT
actuator is then activated in response to the error signal to maintain a constant oscillation
amplitude. This error signal is plotted as function of the lateral position of the cantilever,
allowing the mapping of surface irregularites.

As the lateral dimensions of some of the features in the final device structure are below
the resolution limit of the ellipsometer 1 pm, it was not suitable for measuring the step
heights of these features. AFM acts as an alternative to ellipsometry to determine the
dimensions of these features.

AFM measurements were taken in the tapping mode by Asylum Research AFM. Res-
onant frequency of the tip is 300kHz, and the initial set-point and gain settings were
700mV and 8.1V, respectively. The AFM image was analysed by the software Gwyd-
dion. Then the height contrast between different layers were measured by drawing the

cross-axis profiles.

4.4 Summary

In this chapter the experimental methods used in this thesis were introduced. These
include a range of nanofabrication techniques, such as 2D material transfer, ALD and
EBL. Characterisation techniques to determine the quality of the fabricated device and
the presence of hBN colour centres include confocal PL image and spectroscopy, Raman

spectroscopy, ellipsometry, SEM and AFM. In the next chapter, these experimental tech-
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Figure 4.10: Shows the oscillation amplitude of the AFM cantilever when away from the

sample (top) and in contact with the sample (bottom) in tapping mode.

niques will be used to fabricate devices that exploit charge control to localise emission to

particular regions of the device.
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Chapter 5

Experimental Results

In this chapter the results from the experimental device fabrication is discussed. The
aim of the experimental work was to fabricate a device that exploited charge and energy
transfer to restrict emission from defects to specific sites. The design of the device built
on the work done in Ref. 7 where a patterned graphene layer was used to localise emission
from a top hBN layer. In Ref. 7, holes were patterned in the underlying graphene layer
and trilayer hBN hosting SPEs were transferred on top. Due to charge and energy transfer
between defects in hBN and graphene, as explored in the theoretical sections, quenching
of emission occured in regions where graphene was present, leading to localisation of
emission. However, graphene is a key material when fabricating vertical heterostructures
to apply electric fields across hBN and inject carriers.

In this thesis, an AlyO3 layer grown using ALD on graphene acts as a barrier to
quenching between hBN and graphene. The alumina layer is patterned into grids to
expose specific regions of hBN to graphene, with the aim of allowing quenching in all

regions except those where AlyOg is present.

Author contribution

The author of this thesis has performed all the work discussed in this section. An exception
to this is in the Ar annealing of samples to activate emitters, which was aided by Dr. Vitaly

Babenko at the University of Cambridge.
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5.1 Tunnel barrier design

Before growing the tunnel barrier, the minimum thickness of alumina needed to prevent
quenching needs to be determined. Here two processes that can lead to quenching are
considered: charge transfer due to tunneling of charge carriers between hBN and graphene

and Forster resonance energy transfer.

5.1.1 Variation of charge tunneling rate with barrier thickness

Studies have shown that Al;O3 can be a suitable tunnel barrier for light emitting diodes
(LEDs) based on hBN [29]. Hence, it was chosen as the material to act as a tunnel barrier
in this study.

According to Bardeen’s tunneling theory, the tunneling rate is given by Fermi’s golden
rule where the initial and final states correspond to the source and drain of the heterostruc-
ture [152]. The tunneling operator is then given by H' = ihJ, where J is the probability
current operator [152]. From Fermi’s golden rule, the tunneling rate W can be expressed

as,

= 2T ) P a1~ ). 5.1

W=2==
-

Here 7 is the tunneling lifetime, |i) and |f) are the initial and final states respectively,
Pera 18 the graphene DOS, and fy,, and fipn are the occupancy of the initial (final) states
in graphene (hBN). The final defect state into which the transition will occur is considered
to be empty, so the final term in the product reduces to unity. From the band diagram,
it can be assumed that the tunneling rates are symmetric in both directions, and only
the rate in one direction needs to be calculated. Following the derivation in Ref. 152, the

tunneling matrix element for a rectangular barrier can be expressed as,

167* K2 k? o(—2rd)
m2(k? + k2)2

Here, k is the wavevector of the incident electron in graphene, s is the wavevector

Mip = [(fIH'|i)]* = (5:2)

corresponding to the exponential decay in the barrier, d is the Al,O3 barrier thickness,
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and m is the free electron mass. As the incident wave is modelled as a free particle,

; = Ael™ ) the form of k and k are given by,

2 2
k=\T3E  n=y/ 5 (- E) (5.3)

where E is the energy of the electron from the Dirac point of graphene and ¢ is the

barrier height from the Dirac point.

h-BN

0.3-13 nm

Figure 5.1: The band structure of the hBN/AlyO3/Gr heterostructure. The electrons from
the occupied defect states (dashed lines in hBN) tunnel to empty states in graphene (red region
of Dirac cone) and electrons from occupied states in graphene tunnel to empty states in hBN.
The tunneling directions are indicated by green arrows. The band structure of each individual

layer is aligned such that their vacuum levels coincide.

Fig.5.1 shows the band structure of the device. The band alignment has been per-
formed based on work function and electron affinity values in literature. Al,O3 layer has
an electron affinity of 1.2eV [153], the electron affinity of hBN is ~2eV [154] and the
work-function of graphene is 4.6eV. The thickness of the oxide barrier has to be such
that the tunneling lifetime is longer than the radiative recombination lifetime between
defect states in hBN. In Fig. 5.2, the variation of tunneling rates for increasing barrier
thicknesses have been plotted for different electron energies. The zero of the electron
energies is referenced to the Dirac point in graphene. For negative electron energy, F,
the electron is tunneling from an occupied state in graphene to an empty acceptor state

in hBN and vice versa for positive . The dashed line is located at 1ns, which is on the
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order of the lifetime of hBN emitters [2]. From this, it can be seen that a minimum barrier
thickness of ~ 2.3nm is needed to increase the tunneling lifetime to above the radiative
lifetime of defect states in hBN for shallow donors in hBN, which are close in energy to
the conduction band of hBN. For states deep in the band gap of hBN, electron tunneling
lifetimes are greater than the radiative lifetimes of the emitters for barriers nearly half as

thick.
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Figure 5.2: The variation of the tunneling lifetimes with AloO3 barrier thickness for a range of
electron energies based on Eqn. 5.2. The inverse fraction of Eqn. 5.2 gives the tunneling lifetime.
The zero of the electron energy is the Dirac point in graphene. The dashed line is at 1 ns, which

is on the order of the lifetime of hBN emitters.

In this model the defect is embedded in monolayer hBN and in the device fabrication
process multilayer hBN has been used. Thus, the defect can be located in a layer further
away from the interface AlyO3, leading to an additional barrier. While this is true, the
minimum barrier thickness to prevent quenching with monolayer hBN will also prevent
quenching in multilayer hBN. However, it must be noted oxide films grown using ALD are
polycrystalline and will possess a large number of defects which can act as sites for trap-
assisted tunneling [29]. This leads to an increased tunneling rate and a thicker barrier

may be required.
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5.1.2 Forster resonant energy transfer (FRET)

In addition to quenching due to charge transfer, energy transfer processes can also lead to
a non-radiative process. FRET is an energy transfer process that can lead to quenching
over long ranges. The principle behind FRET is as follows. FRET requires the excitation
of a donor, which in this case is the emitter in hBN, and the subsequent energy transfer
via dipolar coupling to the acceptor (graphene) [155]. As graphene is a semi-metal, there
is a continuum of electronic states available for the electron to non-radiatively relax to.
Hence, the process can proceed without photon emission and quenching is observed.
The FRET efficiency (Eprgr)usually increases with the sixth power of the inverse of

the separation between the donor and acceptor dipole sources [155]:

Ry
RS + RS

where Ry is the Forster critical distance, at which Errgr is 50% and R is the separation

EFRET =

(5.4)

between the donor and acceptor. While Eqn. 5.4 is true for molecules, existing literature
suggests that Ergrpr varies as R~* between point dipoles and graphene. As such, this leads
to a much longer Ry when compared to that between two molecules. In Ref. 24, it was
found that an approximately 50 nm SizN4 spacer layer between graphene and CdSe/ZnS
QDs to recover the approximately 100% emission intensity. As Al,Os and SizN, have
comparable dielectric constants, and hence can lead to similar screening between the
emission dipole in hBN and graphene, it was determined that approximately 40-50 nm of
Al,O3 would be sufficient to recover full bright emission intensity from defects in hBN.
Furthermore, as the thickness of the Al;Os film required to suppress FRET mediated
quenching is an order of magnitude greater than that necessary to suppress tunneling,

the minimum thickness required for the barrier is dictated by FRET efficiency.

5.1.3 Device schematic

The schematic of the final device structure is shown in Fig. 5.4. It consists of a patterned
Al; O3 layer, where the grids of pillars have different lateral dimensions but fixed vertical

dimension. The purpose of varying the lateral dimensions was to have a range of surface
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Figure 5.3: a (Top) shows the schematic of the device used in Ref. 24 and (bottom) shows the
variation of the fluorescence intensity with space thickness. b) Shows the PL spectrum of the
QDs. ¢) Shows the variation of the normalised intensity of the QDs with spacer thickness. The
solid line is fit of a theoretical model for FRET intensity variation with QD-graphene distance.
The dotted line is located at Ry = 18 nm, which was obtained from the fit. d) Shows the lifetime
measurements for different spacer thicknesses. e Shows the variation of the fluorescence lifetime

with spacer thickness. The solid line is obtained from a fit.

areas, and subsequently, a range of number of flakes or area of CVD hBN film protected
from quenching. If a uniform emitter density is achieved, then the number of active
emitters per pillar can be controlled by the pillar’s surface area, leading to a method for
localisation of emitters. The devices were fabricated with both hBN flakes, Fig. 5.4a, and
CVD hBN transferred onto the pillars, Fig. 5.4b.

5.2 Transfer of hBN

The hBN grown on Cu by a CVD process, Fig. 5.5a, was transferred to the desired sub-
strate by the methodology outlined in Sec.4.1.1 and 4.1.2. Both wet transfer and elec-

trochemical bubbling were effective ways of transferring large sheets of hBN.
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Figure 5.4: (a) Schematic of hBN flakes on Al;O3 pillars on graphene and (b) CVD hBN on

AlyO3 pillars on graphene.

The films were at first transferred by both methods to a Si/SiO; substrate to determine
the efficiency of the transfer process. The quality of transferred films was characterised
by Raman spectroscopy. As shown in Fig. 5.6a, there is no discernable hBN Raman peak
at 1367cm™ and a strong continuous background signal can be seen. The presence of
the background in films transferred using electrochemical delamination and wet transfer
eliminates incomplete etching of the copper substrate as a cause of the background signal.
This then leaves polymer residue from the supporting PMMA layer as the principal cause.

In Ref. 7 and 49, it was found that heating the transferred material at a temperature
beyond the combustion temperature of the polymer in oxygen was an effective way of
removing polymer residue. The thermal stability of hBN up to 850°C allows it to be
heated in air at the combustion temperature of PMMA for long periods without damage

to the crystal structure. To perform this, the samples were oxidised in air at 500 °C,
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which converts the polymer residue to volatile carbon compounds that evaporate from
the surface, on an high temperature hot-plate for 6-8hours. The Raman signal was
subsequently measured. Fig.5.6b shows the Raman measurement after oxidation in air
for a sheet of hBN transferred by electrochemical delamination (bubbling transfer) and

bare SiO,/Si. Here, the recovery of the hBN peak at ~ 1370 cm™! is highlighted.

(a)

(b)

Figure 5.5: (a) Shows an SEM image of multilayer CVD hBN on copper before transfer. (b)
SEM image of hBN flakes obtained from LPE deposited on SiO2/Si

A Raman map of a 48 pm x 58 pm region on hBN film transferred by electrochemical
delamination is shown in Fig. 5.6¢, the intensity of the Raman peaks, position of the peaks
and the full-width and half maximum of the peaks have been shown in order. Selected

spectra from the map where fitting was successfully able to be performed on the data have
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Figure 5.6: (a) Raman spectra of CVD hBN transferred using wet transfer (black) and elec-

trochemical delamination (red) before oxidation at 500°C. (b) Raman spectra of CVD hBN

after oxidation. (c) Raman map of CVD hBN. Starting from the left the images shows the

variation of the amplitude, peak position and FWHM of the Lorentzian function fitted to the

raw Raman data. Example spectra with successful (red circles) and unsuccessful (white circles)

fits are shown. (d)-(i) Selected Raman spectra from points on the map, with the point number

corresponding to the marked region on the map in (c).
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Figure 5.7: SEM image of CVD hBN film transferred using electrochemical delamination.

been shown in Figures 5.6d-5.6f. These were obtained by fitting a Lorentzian function to
Raman data at the location of the hBN Raman signal, and the bare SiOy spectrum was
used to subtract the background signal. Large regions of the film showed a recovery of
the peak at 1372 cm ™!, which is sufficiently proximate to the bulk hBN Raman peak of
1367 cm~!. The discrepancy can be attributed to the high defect density that is present
in atmospheric pressure CVD process used to grow multilayer hBN. The black regions in
all the figures show regions where the fitting was not able to be performed. Figures 5.6g—
5.61 highlight representative spectra where fitting to a lorentzian was unsuccessful. This
could be because, as in Fig.5.6g, there is no discernable peak in the Raman spectrum
at ~1367cm~! although the polymer background has been sufficiently removed. There
have been reports in literature where commercial multilayer hBN obtained from Graphene
Supermarket has not shown the typical Raman peak attributed to hBN [156]. In Fig. 5.6h,
while an intense Raman peak exists, the error can be attributed to the optimisation process
conducted by the fitting algorithm not converging to suitable parameters. In Fig. 5.6i,
it is revealed that patches of polymer residue survive the oxidation treatment and this
results in the broad background that makes the hBN peak sufficiently noisy to not allow
successful fitting. Finally, the full-width at half maximum (FWHM) of all points in the
map have been shown in the image on the right in Fig. 5.6¢. In regions where fitting was

successful, the FWHM is uniform, reflecting the uniformity of the quality of the hBN
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films in these regions. As in the other panels in Fig. 5.6¢, the regions where fitting was
unsuccessful have been shown in yellow and black. As in many regions, a discernable
hBN peak was not present, but the presence of hBN was confirmed by SEM, Fig.5.7. An
advantage of the wet transfer process over electrochemical delamination is that it does
not require the user to handle the PMMA /hBN/Cu structure during the transfer process,
which can introduce wrinkles and tears, especially when transferring small areas of films.

hBN flakes were also deposited on substrates by liquid-phase exfoliation as outlined
in Sec.4.1.3. Figure5.5b shows an SEM image of flakes clustered together after being
dropcasted onto a Si wafer. Depending on the duration of sonication, the density of the
distributed flakes can be controlled. The images in Fig. 5.8 show how a longer sonication
time leads to a reduction in flake density. While it is advantageous to have a high density
of flakes, which will correspond to a higher density of SPEs, a short duration of sonication
lead to the flakes being concentrated in the central region of the droplet. Therefore, from
testing the density and uniformity of flake distribution as a function of sonication time,
a 30 min sonication time was found to be a compromise between density and uniformity.
A key feature of drop-casted flakes that were in solution is the ’coffee-ring’ effect. This
corresponds to the effect where the boundaries of the drop-casted region having a larger

density of the flakes than the center, leading to a ring being formed.

5.3 Confocal PL Mapping

After transfer, the flakes were annealed in a cold-wall CVD reactor (Black Magic Pro -
Aixtron). The hBN was annealed using the standard recipe present in literature i.e. 850 °C
with a 1 Torr argon flow for 30 min [2]. Existing studies in literature have shown that
annealing is necessary in flakes to increase emitter density [2]. In addition to annealing,
a study showed that Ar plasma etching prior to annealing increased emitter density in
hBN flakes by 8-fold [157]. As the aim of patterning pillars of different dimensions was
to exploit the surface area of the pillar as a means of controlling emitter density, it is
necessary to have a high and uniform emitter density.

Fig.5.9a shows the density of emitters in flakes which have undergone no treatment,
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Figure 5.8: (a) - (e) are optical images of drop casted hBN taken at 5x magnification.
Starting from (a) the sonication times were no sonication, 5 mins, 10 mins, 30 mins, 60 mins. (f)

shows a high magnification (100 x) image of the dispersed flakes after 30 mins of sonication.

Fig, 5.9b shows flakes that have been subject to argon annealing alone, and Fig. 5.9¢c shows
a confocal map of a sample of hBN LPE flakes that had undergone Ar plasma treatment in
an RIE, with a 200 W radio frequency plasma generator, 98 sccm Ar flow for 2 mins at room
temperature prior to the standard Ar annealing process. The efficacy of the treatment in
increasing emitter density was studied from these images and the most effective treatment

process was adopted. Both pure annealing and plasma exposure followed by annealing
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lead to a significantly higher density of emitters than when no treatment is performed.
Comparing Fig.5.9b and 5.9¢, it can be seen that the emitter density is lower when
plasma etching is carried out than when hBN was annealed exclusively. This is contrary
to Ref. 157 where plasma etching was found to break B—N bonds and create vacancies,
and upon exposure to air were sites for oxygen impurities. A possible explanation for
the contradiction could be due to the different thicknesses in the samples studied in
Ref. 157 and LPE flakes in this study. The mechanically exfoliated flakes in Ref. 157 were
significantly thicker than the LPE flakes used in this study, and as found in the Ref. 157,
the Ar etching process lead to the removal of 2nm of hBN. While in Ref. 157 sufficiently
thick hBN remained to host defects, as the LPE flakes can only be a few monolayers thick,
complete removal of thin flakes could have occurred. The reduction in flake density would
be the cause of reduction in emitter density. Therefore, for the final device fabrication,
Ar annealing alone was performed.

PL imaging was also performed on CVD hBN, shown in Fig.5.9d. While emitter
density is significantly higher than in flakes, the emitters were significantly less bright than
the LPE hBN samples. Although it was found that annealing was not necessary to induce
emitters in CVD hBN due to the natural occurrence of a high number of defects, [47, 48],
oxidation to remove polymer residue from the transfer process was not performed on these
samples. During this process, defects in hBN are chemically modified and emitters are
lost. An Ar annealing process similar to that used for flakes has been found to re-introduce
the defects [7]. In many samples, an amorphous carbon layer had formed due to residual
PMMA that had not been removed during oxidation and this led to a large background
luminescence that prevented the identification of emitters during imaging. It was also
difficult to distinguish between luminescence from residual PMMA and defects in hBN
from the images as the images did not contain any spectral information.

In each of these samples, in addition to emitters appearing as diffraction-limited spots,
they would display temporal properties such as fluorescence intermittency (blinking) and
bleaching. Figure5.10a shows many emitters in the plasma treated sample displaying
blinking. Blinking occurs due to electrons being promoted to metastable states during

the transition. If a metastable state has a lifetime longer than the pixel dwell time, no
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(b)

(d)

10 pm

Figure 5.9: Confocal PL intensity map of hBN flakes (a) prior to annealing, (b) after argon
annealing, and (c) after argon plasma etching and argon annealing. (d) Emitters in CVD hBN
on SiOs.

signal is obtained in this time, resulting in a dark streak across the emitter. A close up
of an emitter showing blinking has been indicated in Fig.5.10b. This behaviour was not
exhibited by all emitters, however was found in all samples irrespective of the method of

transfer of hBN to the desired substrate.

5.4 PL spectroscopy

After confirming the presence of emitters in the sample by means of PL imaging, spec-

troscopy allowed the determination of the nature of the emission. It has been discussed
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(b)

Figure 5.10: (a)A PL image of a large region of plasma treated flakes with many emitters
showing fluorescence intermittency, (b) after argon annealing. (b) A close up image of a single

emitter exhibiting intermittency in fluorescence.

earlier that hBN is an attractive source of room temperature single-photon emission due
to its high Debye-Waller factor, ~ 80 %, which results in majority of the emission energy
being in the ZPL. Hence, a PL signature that would suggest a colour centre in hBN as
being the source emission would be a narrow ZPL, and a PSB.

PL spectroscopy was carried out using the methods outlined in Sec. 4.2.2. Figure5.11a
shows a hyperspectral PLL map of the sample that had undergone Ar plasma treatment
before annealing. PL spectra at selected sites showing bright emission have been shown
in Figures 5.11b—5.11e. From these spectra, it can be concluded that the emitters display
a wide range of spectral characteristics. In agreement with literature, a large number of
emitters have ZPLs close to 580 nm. Spectra, such as that shown in Fig. 5.11e, have been
reported in literature studying LPE flakes that have underwent Ar annealing exclusively,
[2], and mechanically exfoliated flakes that have been treated with Ar plasma [157]. The
multiple lines seen in Fig.5.11d are indicative of an ensemble of defects [158].

A similar map was performed on LPE samples exclusively annealed in Ar without
prior plasma treatment and CVD hBN samples were transferred using electrochemical
bubbling, followed by oxidation and Ar annealing. Both samples showed sharp ZPLs in
the 580-680 range as expected in literature, [3]. In hBN flakes without pretreatment, a

wide range of emission was observed, as with the plasma treated samples. Figs.5.12a
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and 5.12b, display emitters with a ZPL at approximately 615 and 675nm respectively.
In CVD hBN, spectra which was broadband and did not feature a prominent ZPL was
considered to be from residual polymer from the transfer process. In Figs.5.13a and 5.13b

PL spectra from emitters which exhibited a sharp ZPL have been shown.

5.5 ALD of A1203

Using ALD (basic principles outlined in Sec.4.1.4) an Al,O3 layer was deposited on
graphene. The purpose of the Al;O3 layer was to act as a barrier to quenching be-
tween the emitters in hBN and graphene. Compared to ALD on conventional substrates
such as SiOy, ALD on graphene is challenging due to the inertness of the surface. In
Fig.5.14a, the dosage, which is calculated as the product of the width of the pulse in
the chamber, ¢4, and the peak pressure of the precursor in the chamber, Py, followed
standard recipes in literature for the growth of AlO3 on graphene [159, 160]. The pulse
time of the precursor/oxidant, t,use, Was set to obtain a dose of 0.5 torr - s.

Fig. 5.14a shows 50 cycles of a standard ALD process on graphene transferred using
wet transfer on SiOy. AlyO3 grows preferentially on grain boundaries and wrinkles. This
non-uniform growth will lead to a rough oxide layer and different degrees of quenching
might be observed throughout the sample.

To avoid the issue of polymer residue initiated nucleation, graphene transferred by
polymer free transfer process was purchased from Grolltex. The graphene obtained has
uniform coverage and minimal wrinkles. This led to fewer clusters of Al;O3 forming on
graphene and more uniform coverage. Figure5.14a shows an SEM image after 50 cycles
of ALD on CVD graphene transferred onto SiO5 using a polymer free transfer technique.
The polymer free transfer process was essential as clumps of residual polymer from the
transfer process can act as preferential nucleation sites, leading to non-uniform growth of
the oxide layer. After the growth process, large regions of graphene remain uncovered by
Al;O3. This is because of the lack of —OH bonds that act as nucleation sites on graphene
for TMA.

To encourage non-preferential growth of Al,O3 on graphene, the deposition process

137



Charge control of defect colour centres in hexagonal boron nitride

(a) 700000 (b) 000 PL spectra at Point 0
20 ZPL: 575nm
600000 800 PSB: 625nm
— 500000 % Z 700
£ 15 E z
E : :
N 400000 3 © 600
g > &
£ 10 300000 Z £ 5007
z g E
A = = 4001
200000 =
5 300
100000
- 530 600 620 640 660
0 0 ‘ 10 20 30 0 Wavelength (nm)
Position X (um)
(c) PL spectra at Point 1 (d) PL spectra at Point 2
1400 4
ZPL: 575nm
1200 1 ZPL: 585nm :
PSB: 640nm 1200 PSB: 620nm
£ 1000 £ 1000/
3 5
12 <3
.*? 8001 ;, 800
2] w2
g g 600 A
E ]
600 A
400 A
400 . . . . . . . . . .
580 600 620 640 660 580 600 620 640 660
Wavelength (nm) Wavelength (nm)
(e) PL spectra at Point 3
ZPL: 575nm
2500 A PSB: 620nm
Z 2000
g
5
< 15001
£ 10001
i
500 1

580 600 620 640 660
Wavelength (nm)
Figure 5.11: (a) Intensity map obtained by hyperspectral PL measurement of Ar plasma
treated and annealed flakes. (b)-(e) are representative spectra of PL obtained from the points
in the map marked by red circles. The position of the ZPL and PSB is annotated at the top
right of each spectrum. The point number in the title of the spectra correspond to the point

number in the label of the red circles in (a).
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Figure 5.12: PL spectra of emitters in flakes which were only annealed in Ar (a) centered

around 615nm and (b) 675nm.
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Figure 5.13: PL spectra of emitters in CVD hBN which were transferred by electrochemical

delamination (a) centered around 620nm and (b) 590 nm.

was modified. In Ref. 159 the parameter space for increasing the nucleation density and
uniform growth of Al,O3 was studied. Two methods which had the highest success in
increasing the coverage of the Al,O3 film wer adopted in this project. The first method,
which will be known as the pulsed mode, involved pulsing HyO vapour (PM1) or Ozone
(PM2) as an oxidant N number of times, for a fixed fqqs, to pretreat the graphene surface
prior to the ALD process. The pretreatment process would increase the number of —OH
sites for TMA nucleation. The second method, which will be referred to as stopped-flow
mode (SM) , involved stopping the flow of the oxidant/precursor in the process chamber
for several seconds, 1,14, immediately after dosage. Following this, the chamber is purged

and the process is continued. The SM mode compensates for the inertness of the graphene
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surface and the slow reaction kinetics by increasing the time for nucleation.

PM1 operation was studied first. The advantage of PM1 over SM is the shorter
processing time. As t,us is a fraction of a second at standard deposition temperatures,
such as 200 °C, several pretreatment pulses can be performed without an appreciable
increase in total growth time. However, in SM mode although the ?, is the same as in
PM1 mode, the additional t,,q which is on the order of a few seconds per precursor dose,
dramatically increases the process time. This is especially true when a few hundred ALD
cycles need to be performed. Hence, PM1 operation is significantly more scalable as it
requires less growth time. Fig.5.14b, shows an SEM image of the coverage of Al,O3 on
graphene after 10 pretreatment cycles. When compared to Fig.5.14a, the pretreatment
has successfully increased the non-preferential nucleation of Al;Os.

Ozone, being a stronger oxidant than HyO, was also explored as a pretreatment oxi-
dant. The ozone pretreatment had to be performed at a low temperature (80 °C) to avoid
damage to the graphene layer. The subsequent growth cycles after pretreatment were per-
formed with HyO vapor. SEM images after growth, Fig. 5.14d, showed greater uniformity
in coverage than when H,O vapour was used to pretreat the graphene and the pinhole
density was also significantly reduced. It is difficult to attribute the increased coverage to
the change in oxidant alone as at deposition temperatures below boiling point of water,
droplets of H,O could form on the substrate, which act as nucleation sites. However, such
a process would result in a film with a lower density and dielectric constant.

The increased soaking period, tpoq = 2, in SM mode also led to an increased cov-
erage, as shown in the SEM image in Fig.5.14c. When compared to the other growth
techniques, SM operation is the most effective at increasing coverage. After 50 ALD
cycles in SM mode, the film is mostly continuous with pinholes on the order of 10 nm
width. Whereas in PM1 and standard ALD operation, the nucleation is preferential to
graphene grain boundaries and wrinkles. Furthermore, in standard mode, there is no dis-
cernable formation of continuous films and in PM1 mode, although the nucleation density
was increased, only small islands of continuous films exist. Even in PM2, despite there
being non-preferential nucleation of reactants, the pinhole density is greater than in SM

operation. Additionally, SM operation has the advantage that it can be performed at
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high temperatures, i.e. 200 °C, with negligible damage to graphene. This results in films
with a higher dielectric constant [161], and as the quenching efficiency between emitters
in hBN and graphene depends on the screening of the Coulomb interaction between the
emitter and graphene, Sec.5.1.2, a film grown using SM would lead to a greater reduction
in FRET efficiency than if the Al;O3 was grown at a lower temperature. Hence, despite
the longer process time, the SM mode was chosen as the growth technique for the Al,O3
film.

After choosing the SM process as the preferred growth method, the growth per cycle
(GPC) was determined. ALD was performed in the SM technique for 100, 200, 300, 400,
and 500 cycles and the film thickness was determined by ellipsometry, Sec. 4.2.4. By fitting
a linear function to the data, the GPC was determined to be 0.13nm/cycle, which is in
agreement with standard ALD growth rates of ~ 0.1 nm/cycle. Fig.5.15 shows the growth
rate of Al,O3 by the stopped-flow mode [146]. For the final device structure, to achieve
40-50 nm thick Al,Os films, 300-400 cycles of ALD were performed. It is important to
note that ellipsometry would have greater inaccuracies at lower thicknesses of the oxide
layer as the pinhole density would be greater. Hence, the linear fit was performed to data
corresponding to several ALD cycles, where the islands where nucleation had occured

would have coalesced to form largely continuous films.

5.6 Patterning of Al,O3/Gr

The lithography process was then developed to write the grid of Al;Og pillars. Figure 5.16f,
shows a section of the computer-aided design file illustrating the device design. Pillars
of Al,O3 of different widths were designed with the aim of localising a range of emitters.
Larger pillar allow more flakes to be protected from quenching by graphene, leading to a
greater number of emitters being active in a defined region. Fach array of a given pillar
dimension was then labelled with distinct gold registration marks for identification in
subsequent imaging. The pillars have a square lateral dimension ranging from 0.5 pm to
4.75 pm in steps of 0.25 pm.

The design was implemented using EBL following the method outlined in Sec. 4.1.5.
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(d)

500 nm

Figure 5.14: (a) SEM image of standard AlyO3 ALD on graphene. (b) AlaO3 on graphene
after pretreatment by 10 HoO pulses in the PM process (PM1). (c¢) AlsO3 grown using the SM
process. (d) PM with ozone pretreatment at 80 °C (PM2).

Figures 5.16a and 5.16b, show respectively the bright and dark field image of the result
of developing the Ma-N-2410 resist in TMAH, after exposure to the e-beam. The etching
times were optimised in accordance with the smallest feature sizes to prevent over-etching.
The optical images show that the e-beam exposed regions of the resist still remain on
the Al,O3 film, allowing the protection of the layer. The dark-field image allows the
pattern to be imaged more clearly as the edges of the features scatter light, unlike the
film underneath.

The Al;Oj3 film was subsequently developed using phosphoric acid. Figure5.16¢ and
5.16d, show high magnification bright and dark-field images of the result of etching of the
Al; O3 layer. As the undissolved resist caps remain on top of the pillars, it indicates that
the underlying Al,O3 layer is being protected while the surrounding unprotected film was
being removed. Here, the drawbacks of Al,O3 growth on graphene is also illuminated. In
Sec. 5.5, the non-uniform growth of Al;O3 in the ALD process was discussed. The non-
uniform growth results in an uneven and polycrystalline oxide layer, which undergoes

uniform etching. This leads to islands of Al,O3 remaining on graphene after etching.
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Figure 5.15: Growth per cycle of AlsOg on graphene using SM operation. The black circular
markers are raw ellipsometry measurements of thickness and the red solid line is a linear fit
to the data. The uncertainty in the fitting of the ellipsometry measurements is of the order

40.01 nm. There error bars are therefore less than the markersize and are not indicated.

However, further etching can lead to undercutting of the Al,O3 pillars and lift-off of the
protective resist layer. As the islands of residual AlyO3 are thin, quenching of emitters is
still expected to occur.

Following the removal of the unprotected Al,O3 film, the remaining resist was removed
in an acetone and IPA rinse. Figure5.16e, shows the pillars of Al,O3 after etching.
Furthermore, it can be seen that the graphene layer has not been damaged during the
etching process. This is evident from the wrinkles and pyramids of multilayer graphene
below the Al,O3 layer. As many features in the device are below the resolution limit of
the optical micrscope and do not scatter light to be visualised in the dark-field (as the
resist has been removed), the device was imaged using an SEM. Figure5.17a shows a
low magnification image after etching of AlyO3 after 100 ALD cycles. Several multilayer
pyramids of graphene can be seen along with wrinkles, confirming the observation in the

optical microscope regarding the preservation of the graphene layer. Furthermore, the
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features, which are 2.5 ym in lateral dimension have been preserved in all the arrays. A
high magnification image of a single pillar obtained using the in-lens detector is shown in
Fig.5.17b. It is apparent in this image that majority of the Al;O3 has been removed in
the region surrounding the pillar and small islands remain. The boundary of the pillar
shows slight over-etching over a width ~ 0.1pum. As SE2 electrons arise from close to
the surface of the features, they allow the imaging of the surface morphology in detail.
Figure5.17c, shows the same pillar in the same region imaged using the ET detector,
which detects SE2 electrons. In this image, it is apparent that the etching process has
been successful in producing pillars with large areas of uniform surface morphology away
from the edges and the residual Al,Og3 film around the pillar is significantly thinner than
the pillar.

To confirm the heights of the pillars as predicted by ellipsometry, AFM measure-
ments were performed. Figure5.18a shows an AFM image of a 26 pmx26 pm region
and Fig.5.18b, shows the height profile taken along the horizontal line of the crosshair
in Fig.5.18a. No postprocessing was done as the background is negligible. The height
obtained from the measurement indicated a step height of 15.3740.23 nm, which is in
agreement with the ellipsometry measurement for 100 ALD cycles of 14.9 nm which was
done prior to etching. As the etching process was successful, it was adapted for the final

device with 300-400 cycles of ALD and the etch times were appropriately scaled.

5.7 Localisation of emitters

Having developed the methodology for all the steps for device fabrication, from hBN
transfer to lithography of AlyO3, it was now possible to fabricate the device. For the final
device structure, the Al,Oj3 films were grown with 300 and 400 ALD cycles, which would
lead to thicknesses of 39 nm and 50 nm respectively, in accordance with the linear fitting

to the ellipsometry results in Sec. 5.5.
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Figure 5.16: (a) and (b) Show bright and dark-field images of the exposed resist remaining
after development using TMAH, respectively. Dark field images allow high contrast imaging of
resist remaining in the exposed regions. c¢) and d) Show the bright and dark-field images of
the exposed resist remaining after the surrounding AloO3 film was removed in phosphoric acid,
respectively. e) A bright-field image of the Al;Og3 pillars after the removal of the resist cap by
acetone and IPA. This region was specifically chosen to show the preservation of the graphene

layer, as can be seen with the multilayer pyramid below the top row of blue AlyO3 pillars.
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(b)

Figure 5.17: SEM images of the etched AlyO3 layer, which was grown using 100 ALD cycles.
(a) A low magnification view of the etched pattern. (b) A high magnification image of a
single pillar obtained using the in-lens detector for SE1 electrons. (c)Image obtained using the

Everhart-Thornley detector (SE2). SE2 allows better visualisation of surface morphology.

5.7.1 Quenching in hBN/Graphene heterostructures

The quenching of emitters when on bare graphene was first measured. Both CVD hBN
and flakes were transferred onto bare graphene to observe quenching. After CVD hBN was
transferred and oxidised to remove the polymer residue, it was observed under PL imaging.
Figure 5.19a shows the confocal PL image of a region with graphene covering large parts
of the hBN. To obtain this image, the PL setup in Sec4.2.3, was operated with a 635 nm

excitation laser at low laser power and a dichroic mirror to reject majority of the reflected
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Figure 5.18: a) AFM image of an etched region and b) AFM height profile along horizontal

axis of crosshair (black solid line) and step function fit to the middle pillar (red solid line). The

fit height is 15.37+0.23 nm.

light, allowing a pseudo bright-field image of the region of interest. A light contrast allows
the visualisation of regions with and without a graphene underlayer. Figure 5.19b, shows
the PL image of the same region with the setup operating in the normal mode set out
in Sec.4.2.3. It can be observed that no luminescence can be observed where graphene
exists and a uniform weak emission is observed where no graphene is present. In the
region where luminescence is observed, black ribbons can be observed where quenching
has occurred and a circular dark island which corresponds to multilayer graphene can be
observed. These are the remnants of the graphene layer, majority of which was removed
due to insufficient protection by the hBN layer. Hence patches of quenching is observed
in these regions.

hBN flakes were sonicated and drop cast onto the the substrate and left overnight to
dry in a fume hood. The device was then annealed to stabilise and increase the density
of emitters. Figure 5.20 shows a region where flakes were directly deposited on graphene.
In Fig.5.20a, it can be seen that the graphene layer had scrolled in on itself. However,
quenching had still occurred, as shown in Fig. 5.20b, no emission was found in the flakes
wrapped by graphene.

The root of the scrolling was found to be due to desorption of residue from the hBN
flakes in solution. When a 50:50 mixture of ethanol:DI water solution was dropcasted

on graphene , dried and heated to 200 °C, the same effect was found in Fig.5.21. Such
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Figure 5.19: (a) A pseudo bright-field image of CVD hBN on graphene. (b) The same region
imaged with 473 nm excitation and a band pass filter as in Sec.4.2.3. The regions overlapping
graphene appear black and weak luminescence is observed in regions without an underlying

graphene layer.

scrolling would greatly damage the device and not allow emitter localisation as was ob-
served when hBN flakes dropcasted on Al,O3 pillars on graphene, Fig. 5.20c.
Interestingly, multilayer graphene pyramids were not affected by the hBN flakes and
did not scroll, suggesting a protective layer deposited on graphene prior to the dropcasting
of hBN flakes would prevent scrolling. To achieve this, 50 ALD cycles of Al,O3 was
deposited using the PM process (described in Sec.5.5) as a continuous oxide film was
not necessary and was a faster process than SM, on the device after the pillars were
etched. The hBN flakes were subsequently deposited and annealed. Figure5.22, shows
the successful protection of the graphene underlayer due to the additional ALD process
prior to the deposition and annealing of hBN flakes. It can be seen that this is sufficient
to prevent scrolling. An area of high density of flakes was imaged, as the residue of the
ethanol:hBN solution would be greatest in this region and would most likely result in

scrolling.
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(b)

Figure 5.20: (a) A pseudo bright-field image of hBN flakes on graphene. (b) The same region
imaged with 473 nm excitation with a 560-660 nm band pass filter. The PL image shows no
active emitters. (c) PL image of reflected laser light showing scrolling of graphene due to hBN

flakes around AlyOg pillars.

5.7.2 Localisation of emitters in hBN flakes

After the hBN flakes were transferred onto pillars, they were imaged prior to annealing to
compare the degree of localisation with the sample post annealing. Figure 5.23b shows a
PL map of flakes on the substrate, in a region where the lateral dimensions of the pillars
are 4.75pm x 4.75pum, before annealing. It can be seen that quenching has occurred
in all regions except at the locations of the pillars. Here emission can be found on the

edges of the pillars, suggesting that the flakes were predominantly located on the pillar
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Figure 5.21: Optical image of region of graphene where 50:50 ethanol:DI water solution drop-
casted, dried and heated to 200 °C. Scrolling of graphene in regions of Ethanol:Water residue

(appear as colourful droplets and films in the image) can be seen.

Figure 5.22: Optical image of hBN flakes deposited on Al,Og pillars after an additional 50

ALD cycles in PM operation to grow the passivation film was performed.

edges. To verify this, an SEM image was taken of the region. Figure5.23c, shows an
SEM image of the same pillars. As can be seen, flakes are found throughout the sample,
however the lack of a PL signal from areas where bare graphene is present suggests that
quenching of these emitters has successfully occurred. Furthermore, it can be seen that
the deposited flakes have preferentially agglomerated near the edges of the pillar. This is
reminiscent of the “coffee ring” effect mentioned in Sec. 5.2, and supports the observation
of emission at the pillar edges. The density of the flakes on the pillar is also significantly
lower than on the passivated AloO3/Gr, suggesting that the expected density of emitters
on the pillar will also be lower. Additionally, the lack of any distinct PL signal from
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regions where no pillars are located provides further evidence for the successful quenching
of emitters not protected by AlyOg3 of sufficient thickness. To further confirm the origin
of emission, a hyperspectral map, similar to that performed in Sec. 5.4, was performed.
The hyperspectral map has been shown in Fig, 5.23d and the location of emitters have
been indicated by red circles. The location of these emitters are almost exclusive to the
pillars and no emission is observed where an ultrathin Al,O3/Gr exists, conforming the
observation in 5.23b. PL spectra from a select few regions circled in red have been shown
in Fig,5.24. These regions clearly show a PL signal, with a large ZPL in comparison
to the PSB, and resemble the spectra observed in Sec.5.4. Particularly, the spectra in
Fig.5.24c and 5.24d show similarities to Fig.5.12a and 5.11b in terms of spectral shape
or ZPL position, providing strong evidence for the source of emission being defects in
hBN. It is known that environmental effects, such as strain can cause a shift in the
ZPL energy [136, 137]. Hence the same defects can exhibit variation in emission spectra
due to a change in substrate as the mismatch in lattice parameter between hBN and the
substrate can vary between substrates, leading to different degrees of strain being induced
on the defect. Although both Fig.5.23b and 5.23d show faint luminescence outlining the
pillar edges, no remarkable features in the spectra corresponding to this was found. The
luminescence can be explained by faint scattering of excitation laser light from the pillar
edges or Raman signals from the hBN flakes agglomerated at the pillar boundary. Finally,
the sharp features in the spectra at ~580nm and ~620 nm correspond to the G and 2D
Raman peaks of the underlying graphene, indicating that the device fabrication process
did not damage the graphene substrate.

Although localisation was observed at this stage, it is apparent from Fig.5.23c that
the density of flakes on the pillars is low, which would limit the observation of strong
localisation at the pillars as the aim was to observe at least one emitter per pillar, for the
pillars with the largest dimension. Hence, to increase the emitter density, a second layer
of flakes was dropcasted onto the pillars after the same sonication process and sample
was annealed. The aim of annealing was to uniformly increase the emitter density, which
would lead to a higher probability of emitters located on top of pillars. As the probability

of active emitters being screened by the pillars increases with the surface area of the
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Figure 5.23: (a) Flakes deposited on 300 cycles (~ 40nm) of AlyO3 grown and patterned
into pillars, imaged in the pseudo bright-field mode as in Fig. 5.20a. (b) PL image of the flakes
prior to annealing showing luminescence from the edges of the pillars. (¢) SEM image of flakes
deposited on these pillars. (d) A hyperspectral PL map of hBN flakes deposited on pillars
formed from 300 ALD cycles performed to grow AlsOs. The red circles indicate regions where

the spectrums showed a PL signal.

pillar, the pillars with the largest surface area were first explored to observe localisation.
Regions close to the coffee-ring boundary of the dropcasted flakes were imaged as well
as a region further away from the boundary. This was done to see if the localisation of
emitters became more prominent with increasing flake density.

The imaging hereforth was done using Zeiss LSM 880 confocal microscope, using the
methodology outlined in Sec.4.2.3. The spectral scanning capability of this microscope

allows immediate verification of the nature of the emission, as emitters would appear in
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Figure 5.24: PL spectra at selected points, indicated by the title of the spectrum, in the
hyperspectral PL map in Fig. 5.23d. (a) The ZPL appears to exist outside the measured spectral
range. The PSB can be seen at ~ 610 nm. (b) ZPL wavelength at ~ 580 nm. (c) ZPL wavelength
at ~ 610nm. (d) ZPL wavelength at ~590nm and PSB at ~ 635nm. The ubiquitous sharp

peaks at 580 nm and 620 nm are the G and 2D Raman peaks of the underlying graphene.

a narrow spectral window due to its narrow ZPL. Hence, a feature that appears across
several spectral windows, with a bandwidth larger than the typical linewidth of hBN
emitters at room temperature ~ 10-20nm, would not be considered a colour centre
in hBN. Figure5.25, shows a pseudo bright-field image of this region. The existence
of emitters on regions screened by pillars was verified by PL imaging, with a 561 nm
excitation laser and 570-695 band pass filter. A spectral scan was performed with 3nm
bandwidth spectral slices, and PL images from each slice was analysed to identify emitters.
Figure 5.26a shows the sum of all slices, which is equivalent to taking a single image with
a wide band pass filter from 570-695nm. From this image, it can be seen that diffraction

limited spots exist at the pillar boundaries. In Figs. 5.26b—5.26f some of the bright spots
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appearing in specific windows, circled in red, are seen in the sum of all the slices in
Fig. 5.26a.

As emitter localisation was prominent in a region with a high flake density, it was of
interest to see if a region away from the “coffee-ring” on the wafer, not to be confused
with the “coffee-ring” on each pillar, would also display observable localisation. To observe
this, a region of pillars with the same dimensions but uncovered by the second drop of
flakes was found. Hence, in this region, the flake density would be comparable to that
in Fig. 5.23a and an increase in emitter density could be attributed to annealing process.
Fig, 5.27 shows a PL image of this region, with the same pillar dimensions as the region
in Fig.5.26. In comparison to image Fig. 5.23d and 5.23b, it can be seen that there is an
increase in the number of emitters per pillar, with multiple difraction limited spots on the
edges of nearly each pillar. As the flake density between the two regions is comparable
as both regions correspond to the original step of dropcasted flakes, the difference in
the number of emitters per pillar can be attributed to the annealing step. However,
while emitters are largely restricted to the pillars, some emission can be observed on the
Al,O3/Gr surrounding. This could be due to islands of residual Al,O3 after the etching
process, which can be seen surrounding the pillars in Fig.5.17c, 5.18b and 5.16e, being
enhanced in thickness by the additional protective ALD layer, shielding emitters in these
regions from quenching. The unwanted screen of emitters from graphene in regions away
from the pillars also increase with emitter density and explains the lack of emission away
from the pillars in Figures 5.23b and 5.23d.

Additional confirmation of the agglomeration of the flakes on the pillar edges was
obtained from AFM measurements of flakes on the pillars, Fig. 5.28. In the image, features
with a large height are seen outlining the pillar edges with few tall features on middle of
the pillars , Fig.5.28a. This is inline with the SEM image of the pillars, Fig.5.23c. A
height profile of a region with flakes on both edges of the pillar encountered along the
horizontal axis of the crosshair is shown by a solid line in Fig.5.28b. The dashed lines
show the profile at a region on the pillar where flakes are not present at the right edge
(dotted line). A fit to the step height on the dotted line is indicated by the red solid line.

The step height was measured to be 39.1+2.5nm, which is the expected pillar height
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after 300 ALD cycles with a growth rate of 0.13nm per cycle. Furthermore, the flakes
on the pillar edges agglomerate to clumps that have heights between 20 nm-120 nm. The
heights of the flake clumps on the pillar edges are typical of flakes obtained from LPE.

This supports the “coffee-ring” ring effect discussed earlier.

X55 i Win
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Figure 5.25: A pseudo bright-field image of a region of pillars close to the “coffee-ring” edge
of the dropcasted flakes.

5.7.3 Localisation of emitters in CVD hBN

CVD hBN transferred using wet transfer on 40 nm thick Al,Oj3 pillars were imaged by
SEM Fig.5.29. Unlike when flakes were deposited on graphene and annealed, scrolling
does not occur with CVD hBN, providing further evidence that the scrolling was due to
residue from the flakes. Hence, no protective Al,O3 layer was needed to be grown. It can
be seen that despite the strong oxidative treatment, the film underlying graphene layer is
not damaged. Additionally, the nanometer to micrometer sized dark patches in Fig. 5.29
show that islands of Al;O3 remain after the etching process.

PL imaging was performed to determine if the emitters were localised to the pillars. As
with flakes, the largest pillars were imaged first as they were most likely to show emission
restricted to the pillars. Figure5.30, show the result of a spectral scan of a subsection
of the grid of pillars etched from Al,O3 grown from 400 ALD cycles. In Fig.5.30a, the

sum of all the slices is shown in the 570-695nm spectral range as a single PL image.
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(b)

Figure 5.26: (a) PL image of the flakes post annealing showing luminescence from the edges
of the pillars. This image was obtained by the summation of all the spectral slices over the
range of 570-695 nm performed in the spectral scan. (b)-(f) Show some of these slices where
diffraction limited spots were observed (circled in red). These are representative slices showing
the brightest emitters. The yellow circles indicate regions where emission was observed on
graphene in a narrow spectral window. The green ellipsoids highlight features that appeared in
all windows, indicated a broadband spectrum. The pillars has been outlined by dashed border

to aid the identification of their location. The scale bars correspond to 5 pm.

Diffraction limited spots, some of which show fluorescence intermittency, can be seen on
the pillar edges and center and the graphene region is mostly dark. The specks which
resemble emission are most likely due to the residual AlyO3 as seen in Fig. 5.29, which
result in a background signal similar to the Al,O3 pillars. However, due to the dimensions
of the islands being below the diffraction limit of the confocal microscope, they appear
as spots that resemble emitters in hBN. To determine if this was indeed true, slices of
different spectral windows were analysed to see if the signal from these specks appeared
across a broad range of wavelengths. As the signal from these locations were ubiquitous
in all spectral slices, they were not assigned as emitters in hBN. Unlike emitters, these

islands should not possess well defined wavelengths at which PL signals are detected. In
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Figure 5.27: A PL image of a subsection of a region with low flake density, away from the
coffee ring edge. The scale bar corresponds to 5 pm. The pillars have been outlined by dashed

border to aid the identification of their location.
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Figure 5.28: (a)AFM image of pillars with hBN flakes deposited on top. (b) Height profile
of the pillars along the horizontal axis of the crosshair showing that the flakes preferentially
agglomerate at the pillar edges. The solid line shows a region where the flakes exist on both
edges of the pillar. The dotted line is a profile along the same pillar at a region without flakes
on the right edge of the left pillar. The fit to the step height of the dotted line is indicated by
a red solid line. The measured height is step height 39.14+2.5 nm.

Figures 5.30b—5.30d emission spots that showed a significant drop off in intensity away
from the spectral window with peak intensity were accepted to be colour centres in hBN
and circled in red. Those spots that did not show a drop off in signal across a wavelength

range longer than the typical ZPL linewidth of hBN emitters, ~20 nm, were determined to
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be due to the Al,Oj3 islands or polymer residue on the surface of the multilayer hBN that
was not quenched due to the thick (~13nm) hBN layer between the emitter and graphene
or a combination of these effects. These spots have been circled green. There were also
some sources of emission that did display the narrow linewidth character of emitters
in hBN but were present in regions where bare graphene was present. These could be
emitters in hBN that were screened by a combination of the Al,O3 islands and multilayer
hBN in regions of bare graphene and have been circled blue. The emitters circled in the
images are not an exhaustive list of all the emitters present but a representative selection
of the brightest emitters to illustrate the extent to which emitter localisation has been
achieved. It can be seen that all pillars in the region host diffraction limited spots at some
wavelength range. This is consistent with the large emitter density found in Fig. 5.9d. The
same degree of emission from the islands was not found with flakes as the protective ALD

layer leads to the Al,Oj3 islands coalescing, leading to a more uniform background.

Figure 5.29: An SEM image of 4.75 pm x 4.75 pm pillars with multilayer CVD hBN transferred

on top. The pillars were etched from an AlsO3 layer grown using 300 ALD cycles.

As the emitter density in CVD hBN was high and multiple emitters were found on
all pillars, pillars with lateral dimensions of 3pm x 3pum were studied. In Fig.5.31 a
PL image of the subsection of these grids is shown. The sum of all the spectral slices
has been shown in Fig.5.31a, and it can be seen that the brightest spots are found on
the pillars and the background spectra on the graphene is negligible. Furthermore, the
emitter highlighted in Fig.5.31c shows fluorescence intermittency, a feature commonly

associated with emitters in hBN. The lack of PL signal from the bare graphene could be
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Figure 5.30: (a) PL image of the emitters in CVD hBN transferred onto pillars . This image
was obtained by the summation of all the spectral slices over the range of 570-695 nm performed
in the spectral scan. (b)-(d) Show some of these slices where diffraction limited spots which
showed spectroscopic character typical to emitters (narrow linewidth emission) observed (circled
in red). The blue circles indicate regions where emission was observed on bare graphene in a
narrow spectral window. The green oval highlight features that appeared in nearly all windows,
indicating a broad spectrum. These are representative slices showing the brightest emitters
and are not an exhaustive list. The pillars has been outlined by dashed border to aid the

identification of its location. The scale bar in all images corresponds to 5 pm.

due to more complete etching of the Al,O3 layer, leaving few islands contributing to the

PL signal.

5.8 Discussion

The degree of localisation, challenges and potential solutions are now discussed.
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(b)

Figure 5.31: (a) PL image of the emitters in CVD hBN transferred onto pillars with half the
dimension. This image was obtained by the summation of all the spectral slices in the 570-695 nm
range performed in the spectral scan. (b and (c) Show some of these slices where diffraction lim-
ited spots which showed spectroscopic character typical to emitters (narrow linewidth emission)
observed (circled in red). These are representative slices showing the brightest emitters and are
not an exhaustive list. The pillars has been outlined by dashed border to aid the identification

of its location. The scale bar in all images corresponds to 2 pm.

5.8.1 Degree of localisation
5.8.1.1 hBN flakes on Al,O3/Gr

In Figures 5.26a and 5.23d, it is evident that emitters are present on the pillars. The PL
signal from these regions confirm the existence of a sharp ZPL in the 580-610 nm regime,
which is the range of wavelengths emitters in hBN are known to most commonly exist
[3, 47, 58]. Furthermore, in Fig.5.24d the phonon sideband is seen ~ 45nm (180 meV)
away from the ZPL. Emitters in hBN are known to possess a PSB that is usually 160-
180 meV from the ZPL [3]. The SEM image in Fig. 5.23c and the AFM image in Fig. 5.28a
shows that the flakes preferentially cluster at the pillar edges. When compared to Figs. 5.8,
a resemblance is seen to the “coffee-ring” edge. The lack of sharp peaks at the center of
the pillar in the AFM profile and their general presence at pillar edges further supports
this. The SEM image, Fig.5.23c, also shows a large density of flakes away from the
pillars. The lack of emission from these regions despite the presence of a higher density of
flakes shows that the Al;O3 protective film grown on graphene was sufficient to prevent
quenching.

Comparing Fig. 5.27 with Figs. 5.23d and 5.23b, it can be seen that there is an increase
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in emitter density. Both regions correspond to pillars with the same dimensions and
comparable flake density as both regions were dropcast by flakes once. While multiple (3 or
more) diffraction limited spots can be found on most pillars in the sample after annealing,
few pillars host more than one emitter when no annealing is performed. Therefore, the
observation of a higher density of emitters at pillar edges in Fig. 5.27 can be attributed to
the creation and stabilisation of colour centres. This is supported by the observation of
an increase in emitter density after annealing in Sec. 5.3. It is not obvious from Fig. 5.26a
if the increase in flake density contributed to an increase in emitter density. A larger
region needs to be imaged to make a direct comparison with Fig.5.27. In principle, an
increase in flake density should correlate to an increase in colour centre density as there
is an increase in host material.

Finally, with the aid of spectral scanning, the emitters in Fig.5.26 were distinguised
from background signal and emission from sources not related to defects in hBN. As the
colour centres in hBN have a ZPL transition with a narrow linewidth when compared
to the broad background due to Al,Os, emission from islands of unetched Al;O3 could
be ruled out by their presence in a wide spectral window. The bright spots identified as

emitters in Fig. 5.26 show spectral characteristics similar to Figs.5.11 and 5.12a.

5.8.1.2 CVD hBN on Al,O3/Gr

For CVD hBN, no protective ALD film had to be grown to prevent the scrolling of
graphene. This allows a closer proximity between graphene and colour centres in hBN.
However, in Fig. 5.30 it can be seen that there are several bright spots that exist in regions
away from the pillars.

With the aid of the spectral scan, many of these bright spots appeared across several
spectral windows. The existence of such a broad emission spectrum is consistent with
Fig.5.13, where sharp emission peaks were found where emitters were present. There-
fore, these were attributed to islands of residual Al;O3 that remained after lithography.
The SEM image of CVD hBN shows dark islands away from the Al,O3 pillar, Fig. 5.29,
confirming the existence of unetched regions of Al;O3. These islands are sources of back-

ground emission that appear as diffraction limited spots, resembling emitters in hBN.
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Figure 5.32: An illustration of the draping of the hBN film on an Al,Og pillar

However, these islands can also allow further screening of emitters in hBN. Emitters at
the top of the multilayer film experience addition screening from graphene due to the
layers below. The combined effect of the islands and pillars can lead to many emitters
being present in regions away from the pillars.

Furthermore, from Fig. 5.29, it appears that the hBN film drapes the pillars. This is
illustrated in Fig.5.32. The gap between hBN and the pillar is filled by air. The air acts
as a dielectric and can also prevent quenching in the suspended region of hBN.

Finally, it appears that even in CVD hBN, emitters preferentially occur at the pillar
edges, as seen in Fig. 5.31. While in the case of flakes it was due to the “coffee-ring” effect,
in CVD hBN it is attributed to strain effects. It is well known, that in hBN emitters occur
in high concentrations at regions of high strain [6, 137, 144]. At the pillar edges, strain is
applied to hBN and emitters preferentially form in this region after annealing. Also, due
to the large concentration of emitters in CVD hBN, localisation of emission was found in
smaller pillars, with lateral dimensions of 3ppm x 3 pm. In the region imaged in Fig. 5.31a,
no observable emission is observed from regions with bare graphene. This could be due

to more complete removal of Al;O3 in this region compared to Fig. 5.30.

5.8.2 Fabrication challenges and proposed solutions

The two principal challenges are: (1) uniform creation of a high density of emitters and
(2) complete etching of Al,O3 away from the pillars.
With regards to flakes, a uniform emitter concentration is difficult to achieve due to

flakes agglomerating at the pillar edges. A modification of the drop casting process could
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offer the solution. This could involve spin coating the flakes onto the substrate. Spin
coating uniformly distributes flakes onto the substrate and could eliminate the “coffee
ring”. Another possible solution is to incorporate treatment techniques that increase
emitter density uniformly. If the emitter concentration is higher than the surface area at
the top of each pillar, then each pillar could host at least one emitter. These treatments
include annealing in methane and oxygen [162, 163]. In CVD hBN, the transfer process
leads to polymer residue on the sample that can lead to a broad background contaminating
signal from emitters in hBN. The cleaning process involving oxidation in air, while effective
in removing the residue, also removes carbon impurities in hBN which are known to
be responsible for luminescence in hBN [7, 66]. Subsequent annealing after oxidation
is known to recover colour centres [7], however, excessive oxidation may cause damage
beyond recovery. Incomplete removal of polymer residue on the other hand can lead to the
formation of an amorphous carbon layer, when hBN is annealed in an inert atmosphere.
The PL background from the carbon layer can overwhelm the PL signal from the emitters.

A transfer process that leads to less contamination, such as one that uses a support
layer that leaves less residue [164], or a polymer removal technique that uses a different
environment from oxygen, such as Hy [49], can improve the device performance. The ideal
transfer process would leave no contamination and the films would not need post-transfer
treatment.

The challenge with regards to the lithography of the Al,O3 pillars is also that of
optimisation. In Fig.5.29, it is clear that the consequence of underetching is the existence
of the islands of Al,O3. However, the problem cannot be solved by a simple increase in etch
times. Figure 5.33a shows pillars etched from Al,O3 grown from 500 ALD cycles. The etch
times for this sample was significantly longer than that outlined in Sec.4.1.5. It can be
seen from the AFM profile that unlike the flat surface morphology in Fig. 5.33a, the pillars
have a pyramidal structure. The height profile, Fig. 5.33b, also shows that the height of
the pillar is much lower than the expected 65 nm from the 0.13nm per cycle growth rate,
for most of its volume. The sharp peak at the middle shows a narrow unetched region,
with a height similar to the expected height from the ALD growth rate. The pyramidal

feature is a consequence of undercutting during wet chemical etching, Fig.5.33c. This
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occurs when the etchant, in this case H3POy, starts to remove the features protected by
the e-beam exposed resist. From the AFM image, it can be seen that overetching leaves
little Al,O3 residue on graphene. The etch times to fully develop the features is also
not uniform throughout the sample as the height of the ALD film and its density varies
throughout the sample due to the initial stages of non-uniform nucleation. The effect of

undercutting is more pronounced in features with a high aspect ratio.
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Figure 5.33: (a)AFM image of undercut pillars of AloO3 obtained from a film grown using
500 ALD cycles. (b) Height profile along white line indicated in (a) showing pyramidal shape.

(c) Shows an illustration of the undercutting process.

To address this problem, a detailed optimisation of the concentration of the etchant,
etching temperatures and times need to be made. A more dilute solution will lead to less
undercutting, but longer etch times. The process will also be aided by the growth of an
ALD film that has uniform density. A mask with greater etch selectivity against AlyOs,

such as hard masks, can also be used instead of that used in this project.
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5.9 Conclusion

In conclusion, it has been shown that colour centres in hBN can be localised to regions
with an Al;O3 barrier between hBN and graphene. This occurs due to quenching of
emission in regions where emitters are in close proximity to graphene. It was found that
hBN flakes preferentially agglomerate at the pillar edges due to a “coffee-ring” effect and
CVD hBN hosts emitters at the pillar edges due to strain effects. Therefore, simultaneous
control of the charge state and strain of the defects can be performed using such a device
structure. Finally, it was found that incomplete etching of the ALD film leads to islands of
residue that can have the appearance of emitters on graphene. The fabrication of such a
device requires careful optimisation of the etch process of ALD films to eliminate residual
islands and high and uniform emitter densities. In the future, it will useful to obtain a
statistical analysis of emitter density variation with different types of treatment. This

will aid in the engineering of pillars that host the desired number of emitters per pillar.
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Chapter 6

Overview and Future Outlook

hBN colour centres have significant interest in quantum technologies [33] and defect based
LEDs [28]. It is therefore crucial to have on-demand charge control of defects in hBN.
In this work, a theoretical framework to understand charge transfer has been developed
and the influence of encapsulating hBN and graphene layers on defect thermodynamics
has been studied. Experimentally, a device design for the localisation of emitters using
charge and energy transfer with a graphene substrate has been shown.

The theoretical explorations showed that at equilibrium, the defects either become
charged or remain neutral depending on the position of their donor or acceptor levels
with respect to the work function of graphene. For hBN directly interfaced with graphene,
particularly when the defects were within a few monolayers from the graphene layer and
charge carrier tunnelling was significant (Sec. 5.1), the defects would be in a charged state
if thermodynamically feasible, resulting in the absence of photoluminescence. However,
as energy transfer occurs over longer length scales (on the order of 10nm), emitters were
quenched via energy transfer for all thicknesses of hBN. Hence, theoretical models of
equilibrium charge states and rates of charge transfer via different processes informed
the experimental engineering of pillar thickness. The choice of pillar thickness in this
thesis was sufficient to suppress energy transfer while still maintaining nanometre thick-
ness. As such, the combined theoretical and experimental approach greatly increases the
engineerability of the device for various applications.

This study contributes to the endeavour of achieving electroluminescence in defects in
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hBN and electric field control using graphene gates. The advantage of the device design
used in this study is in its versatility for use in many applications without significant
modifications to fabrication process. To develop this device for charge injection, the
barrier thickness can be reduced to allow tunnelling of electrons into defect states. To
achieve electric field control on the other hand, the Al,O3 layer can be changed to a
dielectric with a higher dielectric constant, which allows a larger field to be applied without
breakdown. For example, the high wettability of graphene by yttrium allows the growth
of continuous Y,0;3 films via electron beam evaporation of Y on graphene followed by
oxidation in air [165]. Y203 (k =~ 15) has a higher dielectric constant than Al,O3 (k =~ 9)
[166], a smaller conduction band offset from graphene (the conduction band edge of Y203
is nearly 1eV lower in energy than Al;O3) and a 2.8eV smaller band gap than Al,Oj
[167]. Thus, the tunnelling barrier height for charge carriers is lower when a Y503 film is
used instead of an Al,O3 film, while the higher dielectric constant leads to significantly
greater suppression of energy transfer due to greater screening of the Coulomb interaction
between the emitter and graphene at smaller film thicknesses. Thus, it is ideal for driving
electroluminescence where carrier tunnelling rates need to be enhanced but quenching
needs to be suppressed.

In this exploration, the emitter localisation on pillars with a larger surface area have
been studied. It is of interest to continue this work and image regions with significantly
smaller lateral dimensions to explore the dimensions at which each pillar hosts a single
emitter. The nature of such an emitter can be determined by Hanbury Brown and Twiss
measurements. Such a device will not only allow site control of emitters in hBN, but also
the control of the brightness of LEDs through the deterministic control of the density of
emitters in a region.

The theoretical work can be extended to study the impact of spacers of different dielec-
tric constants and band gaps on the degree of charge transfer between defects in hBN and
graphene. The additional level of detail in the simulations manifests as a larger system,
with significantly more atoms. Hence, future work could greatly benefit from DFT codes
that scale linearly with system size, a much faster scaling than the standard DFT used in

this thesis that scales as the cube of the system size. This will allow details such as the im-
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pact of various types of substrates and grain boundaries on colour centre properties to be
simulated. Furthermore, calculations of spectra and radiative lifetimes of different defects
for comparison with tunnelling rates across a variety of barriers will aid in the fabrication
of devices where not only spatial control over emitters can be achieved via the nanopillars,
but control over the types of emitters that remain active can be obtained. Calculations
of dynamics usually require schemes beyond standard DFT, such as time-dependent DF'T
(TD-DFT) [168]. Addtionally, when studying transition paths, such as those in Sec. 3.4,
several pathways need to considered and explicitly simulated with full accuracy to find
the MEP. Thus, a significant amount of computational resources are consumed on cal-
culations that do not have much significance to the researcher. It is therefore useful to
be able to speed up the search over the phase space using techniques such as machine-
learning [169]. The future of hBN based quantum technologies relies on the combination
of theoretical models with novel fabrication techniques and this thesis contributes to this
effort. Such an endeavour will contribute significantly to the advancement of hBN defect

based optoelectronics, quantum photonics and metrology.
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