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1. Summary

1 Summary

Recent years have seen the discovery of new types of semi-conductorgheitmaturation of
fabrication technigques and further understanding of traditionZls Z E Ju v(8D)jvsemi-
conductors such as silicon and diamomtlZz § ( uis £dined due to the dominant covalent/ionic
bonds which bind the crystal and prevent isolating a monolayer from the blékdiEcovery of Van
der Waals two dimensional (2D) graphene was the dawn of research on 2D materialehidweas
soon realized that graphene lacks a sizeable band-gap, exhibiting unusual el&retnsport
properties, but made it less suited for optical research. The search was on for rtewatsathat can
retain the desired Van der Waals two dimensionality while possessing a band-gap. Rese3iich on
semi-conductors has already revealed the importance of atomic point &kects which can govern
important phenomena from the quality of electrical transport to trapping excékttrons and holes
and thus quenching optical fluorescence through different decay mechanisms.ditioad point
defects can also be beneficial as they can serve as single photon emifiers excitations
Experiments on well understood wide band-gap crystals soon lead to the wanéirsg on methods
to engineer isolated atomic point defects deep within the band-gap and tw manipulate the
electrons trapped at the defect site though optical excitation, magnetic and electetdd fis well as
by applying microwaves. A classic example of this is the nitrogen vacancyidedeanond. Back in
the 2D realm different materials with large band gaps range were soon fabricated. §besilaface
area of a single mono-layer crystal hints to the ease and vulnerability @hveh2D material can
acquire various defects either due to mechanical deformation, oxidation, vacancytformor
addition of chemical groups via its proximity to the environment, spelsandling techniques or
deliberate doping. In essence one can think®Z « u § (E] o+ <« Vv sianth erusid(
typically lacking dangling bonds with the exceptiorthe material[ €dgesHowever, this also allows
easier access to a desired atomic lattice site one can think of modifying. Ifcalikmpoint defects
with similar optical properties to those that are well understood in 3D atgstan be engineered in
2D materials consisting only of a single monolayer, this would @petole new playing field for
optical excitation of deep intra band-gap point defects. For example the pryxirinihe environment
can be advantageous due to the expected increased sensitivity of a para-magnetic gfertt td
magnetic fields in its proximity. One can envision an engineered poiettdat a magnetic sensor
using optical detected magnetic resonance (ODMR), similar to that achievedheithitrogen-
A v Clv Julv A]8Z}us 8Z oluls 3]}v }( ululu po qe&thus 5}
circumventing the distancé Po e+«  tesincRonto the desired probing region arising from three
dimensionality Furthermore, point defects in 2D materials that emit single photos uparitagion

should have less light scattering and could be more easily fabricated imoethihano-structures
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1. Summary

enhancing light collection efficiency. This quantum light can be for example O@hefor
entanglement experiments which require a high frequency flux of photons. Thus the mergeaef in
band point defect excitation of wide band-gap 2D semiconductors hotdgly promising
functionalities arising from the reduced dimensionality which are not easily accessibly rirBihei
counter parts. The aim of this work was to better understand the generation dégphgton emitters
from semiconducting wide band-gap low dimensional materials, 2D anthidugh characterizing
their optical properties and handling methods with the aim to search for a pagnetic single
photon source. Thus exploiting the possibility to excite states that shoulentdeedded inside the
band-gap. This is a new emerging field, and as such, the road for full contraldectating of point

defects in 2D materials at the time of writing this work is still pre-matuigtthns only attsfirst steps.

In Chapter 2 we introduce information regarditay optical excitation of emitters, point defects in
crystals followed by material and optical properties of 2D and 1D cryStddsoutline the hetero-
structure possibilities that arise from combining different 2D materials. Sinceliaimd gap optical
excitation of Van der Waals materials is a relatively new field, the chapter contairef ditbrature
survey from various sources. The literature information on Van der Waals alaterivast and hard

to compress, therefore the focus is on properties important for understanding bdrad excitation.

The achievements of this work encompass numerous aspects, from 2D quantum emitter
characterization to discovery of quantum emitters in 1D up to observatioragin®to-optic quantum

emitters in 2D and observation of ODMR.

In Chapter 3 we demonstrate two methods fyenerating emitters in BNare presented with linkage
shown betweenperimetersin 2D h-BN to the spatial location were emitters are formed. Similar
spectral features are present in quantum emitters from bulk down to the mono-layet, with
comparable optical FWHM. Emission wavelength color diversity and photo staioilgr ambient
conditions and in monolayers is also demonstrated. We conclude that therapéeatures are

dominated by the interaction of their electronic transition with a single Raman activermbdBN

In Chapter 4 we explore the role curvature can play for the formation of quantuntessiiin hBN

We observe that non-treatedZ} u$ } ( 3 ZLD bdu@n[ nitride nanotubes (BNNTaj)e an abundant

source of stable QEs and analyze their emission features down to single nanotobgsring
dispersed/suspended material. With the use of high spatial resolution of a scanningorlec
microscope, we categorize and pin-point emissionaigi} <+ o }( 0 e+ §Z v 1i0vuU P]A]JvP
to-one validation of emission source. We identify two emission originergen hybrid/entwined

BNNTWe atrtificially curve 2D h-BN flakes and observe similar QE spectral featureshtiighlibere

10



1. Summary

role in emitter formation. The impact on emission of solvents usemmercial products and curved

regions is also demonstrated.

In Chapter 5 we demonstrate for the first time ODMR on a two dimensi@maber Waals material.
We give a detailed emitter analysis, exploring PL features at 8.5K at vanopertgure cycling and
polarization absorption properties. We gain further insights on the eleatrstructure and phonon
coupling of the emitter which can help to pin point in more precisigsnexact chemical nature.
Comparing observed electron spin resonance hyper-fine coupling frequencies tbsrrved ODMR
line-width allows us to discard some candidates from the defect list narrowingshtla defect

which nature originates from a low atomic number defect.

Finally, Chapte8 is an appendix with research on other 2D materials and hetro-structures dedicated
to initial investigation of 2D Sp8IfS/GeS and the combination of some of these 2D materials into

hetero-structures is explored.

11
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1. Summary

Zusammenfassung

Mit der Optimierung von Herstellungstechniken und dem besseren Verstandnis traditioneller
dreidimensionaler (3D) Halbleiter wie Silizium oder Diamant wurde in den letzten Jahren neue
Halbleitertypen entdeckt. Der Begriff "3D" bezieht sich dabei auf die Uberwiegend kovalenten /
ionischen Bindungen, die den Kristall als solchen binden und das Ablésen von einzelnen Schichten
verhindern. Uber das Einbringen von Fremdatomen kénnen zudem gezielt Gitterdefekte erzeugt
werden, die die optischen wie elektrischen Eigenschaften des Kristalls verandern. Zusatzlich kdnnen
Punktdefekte auch als Einzelphotonenemitter dienen. Untersuchungen an bekannten Kristallen mit
groRer Bandlucke fuhrten bald zu einem tieferen Verstandnis um isolierter Fehlstellen zu erzeugen.
Einige von ihnen besitzen zudem ein Spin-System, dass sowohl durch optische Anregung als auch
durch magnetische und elektrische Felder ausgelesen und manipulieren werden kann. Uber gezielte
Manipulation der Defekte, kann somit zum Beispiel die Leitfahigkeit eines Kristalls aktiveigeand

werden. Ein prominentes Beispiel hierfiir ist der Stickstoff-Fehlstelle-Defekt in Diamant.

Die Entdeckung von Van der Waals Systemen, wie zum Beispiel das zweidimensionale (2D) Graphen,
fuhrte zu weiteren Bestrebungen im Bereich von 2D-Materialien. Es wurde jedoch bald festgestellt,

dass Graphen keine Bandllcke aufweist, was zu interessanten Anwendungen im Bereich der
ungewdhnliche Elektronentransporteigenschaften fuhrte, aber Graphen fir die Forschung an Gitter-
Fehlstellen im optischen Bereich unbrauchbar macht. Daraufhin wurde nach neuen Materialien

gesucht, die sowohl zweidimensional sind, als auch eine Bandliicke aufweisen. Dies fihre zur
Entdeckung von zum Beispiel

h-BN, Mog WSe. Die grof3e Oberflache eines einschichtigen Kristalls lasst vermuten das Defekte

sehr leicht entstehen kdnnen. Sowohl mechanischer Verformung, Oxidation, absichtliches Dotieren

oder das Anbinden von chemischer Gruppen kann zur Erzeugung von (nicht) erwiinschten

'15§ E (IS v (°ZE& vX /utevSo] ZvIivvuve]Z ]+ DS E]o]vV O°
Po 83 v <E]*3 oo™ A}E+*3 00 vU ] u =« u]d8 Hev Zu E D § E] ol vs§
Bindungspartner mangelt. Dies ermdglicht jedoch auch einen leichteren Zugang zu einer

gewunschten Atomgitterstelle, die bei Bedarf modifiziert werden kann. Wenn man nun in der Lage

wére Punktdefekte mit &hnlichen optischen Eigenschaften, wie im Falle dreidimensionaler Kristalle

in mono-lagigen 2D-Materialien herzustellen, wiirde dies Verbesserungen in bereit bestehenden
Applikationen erdffnen. Beispielsweise kann die N&he der Umgebung aufgrund der erwarteten

erhohten Empfindlichkeit eines para-magnetischen Punktdefekts (Sonde) gegeniber Matgmetfel

(Probe) zu einer héheren Sensitivitat fihren. Der Mindestabstand zwischen Probe und Sonde wéare

dabei um ein vielfaches kleiner, wie dies der Fall fir einen Defekt im 3D-Kristalle wéare, da meistens

13
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]Jv. cP&ES]P * K & (o -Kistallsdiiekten Kontakt zwischen Sonde und Probe
verhindert. Darlber hinaus sollten Punktdefekte in 2D-Materialien, die bei Anregung eifntbse
emittieren, weniger Lichtstreuung aufweisen und leichter zu mafigeschneiderten Nanostrukturen
verarbeitet werden kénnen, was die Lichtsammlungseffizienz verbessern. Dieses Quantenlicht kann
beispielsweise fur Verschrankungsexperimente nitzlich sein, die einen hohen aber sub-
Poissonischen Photonenstrom erfordern. Die Verbindung aus Intra-Band-Punktdefektanregung vo
2D-Halbleitern mit grofRer Bandliicke birgt daher viele vielversprechende Funktionalitaten, die sich
aus der reduzierten Dimension ergeben. Ziel dieser Arbeit ist die deterministische Erzeugung von
Einzelphotonenemittern in van der Waals Materialien mit breiter Bandliicke und geringen
Abmessungen (2D und 1D) und die optischen Charakterisierung von Einzelphotonenquelle in

Hinblick auf ihre Anwendung als magneto-optisch aktive Defektzentren.

In Kapitel 2 werden alle theoretischen Grundlagen zu Photonenemittern, Punktdefekten in Kristallen
sowie zu Material und optischen Eigenschaften von 2D- und 1D-Kristallen votgedtidlichkeiten

zur Erzeugung heterogener Strukturen, die sich aus der Kombination verschiedener 2D-Materialien
ergeben, werden besprochen. Da die optische Anregung von Van der Waals-Materialien innerhalb
der Bandliicke ein relativ neues Gebiet darstellt, enthalt das Kapitel eine kurze Literaturiibersicht aus
verschiedenen Quellen. Die Informationen zu Van-der-Waals-Materialien sind tber das Ziel dieser
Arbeit umfangreich, daher liegt der Schwerpunkt auf Eigenschaften, die fur das Verstandnis der

Intra-Band-Anregung wichtig sind.

Die Ergebnisse dieser Arbeit umfassen zahlreiche Aspekte, von der Charakterisierung von 2D-
Quantenemittern tber die Entdeckung von Quantenemittern in 1D bis hin zur Beobachtung vo
magneto-optischen Quantenemittern in 2D und der Beobachtung von optisch detektiere

magnetischer Resonanz (ODMR).

In Kapitel 3 werden zwei Methoden zur Erzeugung von Emittern in h-BN demonstriert, wobei die
Verbindung zwischen den Perimetern in 2D in h-BN und dem raumlichen Position, an dem die
Emitter gebildet wurden, gezeigt wird. Spektrale Merkmale der erzeugten Quantenemittern sind
sowohl in mehrlagigen bis hin zur Monoschichtgrenze vergleichbar. Die Diversitat der
Emissionswellenlangen und Fotostabilitat unterschiedlicher Emitter unter Umgebungsbedingung
und in Monoschichten wird ebenfalls untersucht. Wir schlieBen daraus, dass die spektralen
Merkmale durch die Wechselwirkung ihres elektronischen Ubergangs mit einzelnen aktiven Raman-

Moden von h-BN dominiert werden.

In Kapitel 4 wird die Rolle der Krimmung einzelner Monolagen fir die Bildung voteQemittern

in h-BN erértert. Es wurde festgestellt, dass unbehandelte 1D-Bornitrid-Nanoréhren (BNNTS) eine
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haufige Quelle fur stabile QEs bietet. Ihre Emissionsmerkmale werden bis zu einzelneshikano
verglichen. Durch die Verwendung der hohen raumlichen Aufldsung eines
Rasterelektronenmikroskops wird die Emission einzelner Defekte auf einer Skala von weriz@er al
nm punktgenau bestimmen, wodurch eine EmsEins-Validierung der Emissionsquelle ermdglicht
wird. Zwei Emissionsurspringe wurde identifiziert: hybrides / verschlungenes BNNBNXeD h-
Flocken wurde kunstlich gekrimmt und ahnliche spektrale QE-Merkmale beobachtet, die die Rolle
der Oberflachengeometrie bei der Emitter Bildung unterstreichen. Die Auswirkung auf die Emission
von Lésungsmitteln, die in kommerziellen Produkten und gekrimmten Bereichen verwendet

werden, wird ebenfalls gezeigt.

In Kapitel 5 wird zum ersten Mal ODMR an einem zweidimensionalen Van-der-Waals-Material
demonstrieren. Eine detaillierte Emitter Analyse wird durchgefiihrt, und Photolumineszent-
Eigenschaften bei 8,5 K unter verschiedenen Temperaturzyklen und
Polarisationsabsorptionseigenschaften untersucht. Die erworbenen Kenntnisse erlauben tiefere
Einblicke in die elektronische Struktur und die Phononenkopplung des Emiteedaali beitragen
kénnen, die chemische Natur des Emitters genauer zu bestimmen. Der Vergleich der beobachteten
Hyperfeinkopplungskonstante die aus der beobachteten der ODMR-Linienbreite abgeleitet wurde

erlaubt einige Kandidaten aus der Liste moglicher Defekte zu streichen.

Schlie8lich enthalt Kapitel 6 einen Anhang mit Untersuchungen zu anderen 2D-Neietiatl
Heterostrukturen, die der anfanglichen Untersuchung vorS2iy/ HfS / GeS gewidmet sind, und es

wird die Kombination einiger dieser 2D-Materialien zu Heterostrukturen untersucht.
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2. Introduction and basic concepts

2 Introduction and basic concepts

A quanta of light, single photons, are important building blocks foouaroptical data based devices.
Quantum light can be generated by exciting various systems. A well-studied exdrapth@ system

is the quantum dot that involves generating excitons which can emit singléopsioupon
recombination Nevertheless, quantum dots are problematic due to constraints on temperature
operation, broad line-widths and emission intermittency. Of significantoit@mce are solid state
systems which have optically addressable electrons at defective sites whistoteeted states inside

the band-gap of a semi-conductor and are highly localized, thus with a wavefuectidined on the
atomic scale! Atomic sized point defects in solid crystals such as diamondnsdadide and zinc
oxide are examples of systems that can host localized electrons near defeoctits Quantum dots,
which consist of thousands of atoms, have similar optical properties similar to single atoms, but have
in comparison a non-localized wavefunction, due to confinement on theodsaale range
encompassing thousands of atomM©thers systems capable of emitting quantum light are molecular
systems embedded inside a host matfiQuantum light, with the use of entangled photons, has been
applied to reduce the resolution of lithograph$/,super-resolution® and even to measure the
concentration of a blood proteirf. Thus, quantum light enables reducing the spatial resolution limit
from the shot noise to the Heisenbeligit. > 3D semiconducting crystals have been in the forefront
of research for identifying optically active atomic point defects (color centerb)skdtes within their
band-P % (}@E n3]o]l]vP §Z «Ce+3 u[s SE ve]3]}v2DVaEdE Wadls ciyjstas « VP o
as opposed to traditionaD crystals, are connected through the layers only by the weakly interacting
van der Waals force. This weak force, enables single layer (monolagetajion of the
semiconducting crystal can be isolated through mechanical and chemical eafoli@tis chapter
outlines the techniques used for optically probing single photon defect soutoesparing to those
well established in well-known crystals. The differences between intra-bandugagiugm emitters to
guantum dots is also outlined. An overview on the variety of low dimensionalriakstés given from
2Dvan der Waals crystals to 1D nano-tubes. Finally the potential to build custom made deviges usi

2Dhetero-structures is also explained

2.1 Optical excitation and detection

Optical excitation of deep state point defects in crystals depends on the dbiktgsily access states
protected inside the band-gap with energy equal or above the energy difference betWwegmound
state and excited state while avoiding band to band excitation. In this sense¥astageous to have
the optical excitation pathway configured in such a manner that with relative ease lasersffétbi
energies can be coupled in, especially due to the relatively narrow band-¢p wiaterials of the

TMDC family (~< 2.5 eWhis can be achieved using a wedge prism which at certain angles will reflec
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2. Introduction and basic concepts

a broad range of wavelengths. The tradeoff however, is the loss of laser excitation powter tthee
reduced/enhanced reflection/transmission of the wedge on a broad spectral range, in this-d&is@
(high purity borosilicate-crown glass)Nevertheless, due to the relatively high brightness of some
point defects in 2D crystals (such as in h-BN) and due to the thin (2D) wéttive material which
reduces light scattering and total internal reflection, excitation powers in thgeaf ~ 100 uW are
sufficient for primary investigation using an air objective with an NA@5.0A confocal microscopy
setup has the advantage of reduced background. In this configuration, the pinhole rejecthdigist t

not originating from the focal plane. A schematic of the optical setup is depicted in Figure 2.

Spectrometer

Optical fiber
T Coupler

Lens

analqo Jiy

APD1
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Splitter
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n =
= 3
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Figure 2.1: A schematic of the excitation and detection pathways. difenent laser colors (532 nm, 594 nm, 633 nm and
730 nm) are coupled through a multi-mode fiber thus enablingagiai energy selectivity. These pass through a linear
polarizer rendering the light linearly polarized and d-hadve plate in order to rotate the polarization. This is reflectethfr
an N-BK7 wedge with a deviation of 2 degrees and directed towardgea miirror that couples the laser light to an air
objective (Nikon NA 0.95) and focused on the sample contacting the (2D). drgstaame objective collects the emittedtligh
which is sent through a focusing lens and a 30 micron wide ginfibke light is then passed through a filter to filter out
reflected laser light from the surface of the crystal. A flip mirrorisgul afterwards for possible coupling to a nitrogen cooled
spectrometer. Otherwise the light is again re-collimated and split by a @& splitter to direct the emitted light on the
chips of 2 avalanche photon diodes (APDs) in a Hanbury BrogviTwiss configuration. In this manner auto-correlation

measurements can be done to verify the quantum nature of the emitted light.

2.2 Singk molecule excitation

Single molecule spectroscopy commonly involves exciting an organic (cadseal)bmolecule
embedded in a solid crystal matrix. Carbon can form hybridized orbitathwésult in rich chemical
diversity. Of these, poly-aromatic molecules represent the most stable molecular configuraten du
to <«electrons delocalized over the molecule. These are thought to be the most abundyanic
molecules in the universé.The abundance of organic molecules in the day to day laboratory work
due to intentional use or contamination is therefore of significant importaaspgcially when dealing

with 2D high surface area materials. The first reported single molecule spectroscepona using
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2. Introduction and basic concepts

pentacene (Pc) embedded in a p-terphyenyl crystal. Single molecule excitation canewvedaetith
state-of-the-art scanning tunneling microscopy (STM) which relies on electrical excitatioptical
excitation. Electrical excitation in principle can result in angstrom resolutiam, to the short

wavelength of the electron~0.5nm).

a b C
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Figure 2.2Detection of common carbon molecules. Electron density clouds for ¢me@erand (b) Pentacence, two common
Polyaromatic organic molecule8. Ball and stick model (c) and STM {chaging of pentacence on Cu(112).(e)
Photoluminescence of thin (20 nm ) poly-crystalline pentacene amgatgimperatures excited with 488 nm, at room
temperature only the A1 band appears whereas on cooling bands ABs&6 &) A singlet ground state SO, S1 first excited
singletes § X <[¢ & 38Z ]Jv }Z & v3 SE v+]3]}v Satidunchidgior a siigle pekacene-nilecule,

with visible Rabi oscillation’.

Due to the two dimensional nature and high surface area of Van der Waals material, this model of an
organic emitter embedded in a 2D crystal matrix is also a valid picture to fatesimgle quantum

emission in van der Waals materials as will be shown. Figure 2.2 depicts abundanit onglecules

such as corenene and pentacene, with photo-luminesce spectra and anti-bunchaguraments,
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2. Introduction and basic concepts

proving the quantum nature of light that can be emitted from these molecules, abevékplained
below. The similar atomic weight of organic molecules, primarily composedhufrch compared to
boron and nitrogen (of which h-BN is composed), can also cause bkisgrwvavenumber optical
phonons. Therefore, for work with 2D materials, for correct identification of emittigimg it is vital

to work in an organic free environment.

2.3 Band-gap semiconductors and point defects

2.3.1 Point defect orientation in crystals

Point defects in a crystal, assuming they occupy lattice sites and are ttegtdtitials sites (sites
located between the lattice sites), should have an axis of symmetry. The well-studregdpfes of
studies on polarized light emitted by organic molecules also apply fat gefects in crystaland can

be utilized to determine the point defestaxis of symmetry. Pioneering work in this field was first
done on centers in CaNaF, LiF and diamortiAn allowed electric dipole transition consists of two
types: one corresponds to<-oscillators and the other toe-oscillatiors. «-oscillators are an s;p
transition and have an intensity proportional to épp, with the angle} between the dipole (D) and
the E vector of the exciting light, whereas the latter areg,pypransitions and are proportional to
sir?(}). 1! etransitions are associated with two dipoles, having an XY dipole. On the athdr k

transitions are associated with a single dipole (Z dip&le).
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Figure 2.3 Polarization measurements on single defects in a ZnO cry@alabsorption (b) emission dipoles which are
aligned, suggesting the absorption and emission dipoles are glafa) and (d) polarization of the excited and collected light

being parallel and perpendicular, respectivély.
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2.3.2 Optical excitation of single emitting point defects in semiconducting crystals

The superior high resolution imaging achieved using electronic excitation (@Tkathodo-
luminesceng can be disadvantageous when studying single point defect emission, dbe tugh
energy involved, which can make it more difficult to isolate confined intraligmp states and can
cause multiple-excitationThis can be counterproductive for the study of point defects' quantum
photo-luminescence and level scheme transition rates. For example, cathodelstaence, despite
its superior spatial resolution, gives rise to a range of primary excitationsp@ssand electron-hole
pairs with varying energy, where one can detect synchronized emission from mdkfelets via one
electron excitation, obscuring single defect emissiort® Therefore, using a laser excitation source
with energy lower than the band-gap, avoiding exciton and plasmon generatiorhe used to probe
intra band-gap states. A verification of the single quantum emitting nature ofra gefect can be
achieved using the Hanbury-Brown and Twiss (HBT) configuratidims configuration photons are
registered by two photo detectors which are previously split by a 50:50nbsglitter therefore
enabling the arrival of only one photon at a given time slice to theaets, assuming the emission
source is a single quantum emitter. Used in a start-stop mode in this aoatiign, one can record a
histogram of time intervals between two consecutive single photon detections. Assumipfaken
detection rate is greater than the decay rate from the excited state, one can record thedsectder
correlation function &t). ** Pioneering work has shown the validity of this method for single atomics
ions.® 1617 n a typical anti-bunching measurement of a point defect, usually at tieteeyd sec, the
measurement does not dip exactly to zero due to background light, Raman sagtexaitation light
that passes through the optical filter, high transition decay rates beyomd sinsitivity of the
detectors or the dark counts of the detectors. In addition, typically bumcbiehavior is seen which is
manifested as valuesf #~38+ E iU E « u o]J]vP 0}vP *eZlhisobeldviordps beprE A X
observed for single organic molecules and the NV center in diamond, imgicati additional
metastable state in the photo-excitation cycle. Analysis of this bunching behavioewsal the
lifetime of the metastable and intersystem crossing (ISC) r&tésis worth noting that this analysis
isonly valid as long as there m® emission intermittency of the emitter - i.e. consistency of emission
with no stepwise abrupt switching (blinking) to less/higher emissiomtsdrates, which can be due
to different emitter charge states or local environment fluctuations. The correldtioction is power

dependent and can be expressed with a rate equation for a three-level mddel.

(2.1)
ép FGg Gs r é

M= mGs FGs & Goeqnfeq
ép r G~ FGes &
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With the initial conditions,&; L s &gl é; L rfor the system prepared in the ground state 1. ik
the pump rate coefficient, the fluorescent decay coefficient angk kks, shelving state by
coefficient. Non-radiative transitions from the shelving state 3 are neglected. The photsasiemi
probability is proportional toég: Pand an expression fof() is obtained by normalizinggs: P \

» resulting in:

(2.2)
CO:P; L s EA» . E3AC
The decay time and coefficients are given by:
(2.3)
lal t :# G HBFE VS, % L;"—f’/ 2L Fs Fg?
with:
(2.4)

#L &E 6E GeE G7. 3 L GeG7E &G6E GsGe

When anti-bunching is observed the number of emitters involved in the processaizéno should

obey (without background contributionsE® :r; L s FS with the special case of a single emitter

C®:r; L ror with background contribution€® :r; O raw
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Figure 2.4 depicts the difference of th@® : P, function when causing multiple excitations and a single

excitation.
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Figure 2.4g(t) function differences through different excitation energi@3 Cahodoluminescence g2(t) function for ~900
E s [ - nfmo-diamonds and defects in boron nitride, synchronized emi®m numerous defects is noted in the pronounced
bunching at time zero (b) Intra-band gap laser excitation uais32 nm laser g2(t) function for a single defect in boron

nitride. The t ~ 0 sec dip registers below the 0.5 value, unveiling the single natweeeofitted light.14

2.3.3 Point defect charge states

Different charge states of single point defects in a semiconductor can affect defect strubenaal
diffusion rates, trapping rates of electrons and holes and luminescence guenchies. Native
defects can be defined as vacancies, interstitials, an excess of native atoms in the lattice and anti-site
defects. These almost always have a neutral charge state due to unsaturateiddpoagabilities that
facilitate transfer of electronic charge between the host matrix and the defect. Some defects possess
significant capacity to store charge within their structure, such as monovacancies in wiliczin

incorporate four unsaturated dangling bonds, permitting charge states ranging from -2 to +2

The degree and direction of electron transféraway or towards the defects (donor / acceptor)
depends on the electronic richness of the host semi-conductor. Using electron agnatic
E *}v v ~ WZe }v v U §$Z ry, (@olmje an@ laticd configuration with the
stringent conditions of high concentration of same defect species and long&apce relaxation

times.

Surface defects, abundant in 2D materials, can be detected using scanniegirigmnmicroscopy (STM)
and transmission electron microscopy (TEM). Point defects induce localized @it that give

rise to shallow or deep ionization levels in the band gap, voltage deperidpressions surrounding
STM imaged surface defects serve as charge state signatures. Surface defect charge statealgyre typi

less stable than charge states in the bulk. The geometry and structure of charged defects depend on

23



2. Introduction and basic concepts

crystal lattice structure, for example in crystals with small lattice parameters suclses ¢tomprised

of atoms with large atomic radii the concentration of interstitial defects shbeldignificantly lesg°

( 8[« Z EP ¢33 e }( PE & «1PV](] v AZ v }%egapexitaGon L (3]vP ]
since the state can determine if the defect will behave as a paramagnetic center. Rnoweh-
example of this is the N\dnd N\A charge states, where the -1 charge state is paramagnetic and the

0 charge state is not.

2.3.4 Zero phonon line and phonon side band

The electronic band-spectra due to defects in crystals typically displayoaargspeak, which is
analogous to the MdOssbauer effect, associated with zero-phonon (ZPL) tragsffichhese are
transitions in which a photon is absorbed without transfer of energy to theeafihonons and should
appear as photo-luminescence lines, which in the ideal crystal at absolutéereperature should
have a width determined only by the lifetime of the excited electronic st&t&herefore ZPL peaks
have usually three photo-luminescence characteristic properties as a fundtimmperature: the

relative strength, shape, and shift in position and wid#iThe excited state lifetime of the ZPL has a

lifetime of i5 and the full width at half maximum (FWHM) should be, L2 Upon increasing

temperature, the thermal motion of the lattice increases and causes a line broadeviuig-phonon
processes give a band typically with a widthtloe order of the Debye frequency or greater typically
designated as the phonon side band (P%$B)rhe Debye-Waller factor gives the relative intensity of
the ZPL to the total emission intensity. The probability of an optical trandiion the ground state
Sto the excited state S]» P]JA v C & Eu][* P}o v Epo W

(2.5)

tN , 6
sal—5 AWy gWiet%: Fo

With W, the electronic wave function of the ground statg 8/4he wave function of the excited state
and g(E - £ the normalized absorption line shap® o Characterizes the interaction of the emitter

with the radiation field of the light source (Stark shift):
(2.6)
a, L F& &-—;

These equations show that the transition probability iB proportional to the square of the transition
dipole moment Js, L AV 1 WAwhere X 4is related to the oscillator strengths 4 The relative

intensity of the electron-vibration bands is given by the Franck-Condougiple which determines

24



2. Introduction and basic concepts

the coupling of vibrations. The probability of transitions that involve energy o phonons caneb
determined by overlapping phonon wave functions in the initial andlfenergy levels. The Franck-
Condon principle states that the electronic excitation is so rapid that the lattice t@ded are not
affected.? Figure 2.5 depicts the electronic transitions with and without energy loss togutsoas

well as a typical photo-luminescence spectra one can expect when a photons froZPthare

measured.
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Figure 2.5Electronic level diagram and photo-luminesce of various crystalsel@atoonic energy levels EO and E1 leads to
a change in equilibrium distance from = 0 in the ground state to; g qo in the excited state. In the first harmonic
approximation all lattice modes are independent of each otherdescribed by parabolic potentials. At low temperature the
lowest electronic state only the ZPL is excited. A is the absorptaheFHluorescenc&he up arrows are absorption without
phonons (Zero phonon line) and with three phoné&h&) Absorption spectrum of the R2 band at liquid helium temperature

in several alkali halides. A pronounced ZPL with a Lorentzge $hseen with the accompanying broad phonon side band.
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2.3.5 Cryogenic behavior of ZPL and PSB

Coupling between electronic transitions to phonons gives rise to a phonon sidebandryistal this

can be due to host phonons or to localizations of modes associated to the structure of titiegmi
source impurity?* Thus temperature reduction (elevation) will have an effect on this coupling which

can be seen as a narrowing (broadening) of line-widths and variations in the ZPL shape. In diamond it
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has been established that the mechanism of ZPL broadening for non-degenerate electronic levels
has a ? dependence for the lower temperature regime, and’al&pendence for the higher onEor
degenerate levels an additional dephasing mechanism should be taken into account, yiefding a T

dependence.?®

Cooling can cause the host lattice to contract, which can in turn modify the band-gapgléa@dn
shift of the ZPL center emission energy (wavelength). Experimentally this shift has been shown to
follow a

T2 + T power law.2®

2.3.6 Well-studied 3D Crystals point defects for quantum applications
Known point defects in wide band-gap semiconductors include well-studiaterials such as

diamond, silicon carbide (SiC) and zinc oxide (ZnO).

Diamond, consisting of carbon atoms and a wide bandgap of e\56%is an excellent candidate for
optical point defect resonance studies not only because of its wide bandgaplso due to its
diamagnetic nature, absence of ferromagnetic related phenomena, narrow resonaese limge
refractive index, its tetrahedral symmetry and the simplicity of the lattice siteish makes it easier

to study theoretically.?® An archetypical point defect is the intensively researched nitrogen vacancy
center (NVY? consisting of a nitrogen atom and an adjacent vacancy defect positioned ongbiagni
carbon atom in the crystal lattice. The NV has been at the forefront of paramagnetic quantum optical
point defect research due to its well-understood properties, reproducibilitg ean be seen as a
model point defect. This defect has a trigonat)YGymmetry around the crystallographic <111>
direction connecting the nitrogen and the vacancy. The negatively chaigefbrm has a triplet (S =

1) ground state and a zero phonon line (ZPL) at 1.945 eV (63 ang) at 1.190 eV (1042 nriiH)and

can be operated at room temperature. Optical pumping of the 1.945 eV transitiontseisul
preferential population of the S= 0 ground state spin levéf. The NVcharge state can be described

by a six electron model: five unpaired electrons of the nearest-neighborgeitrand carbon atoms

to the vacancy and an additional electron trapped at the cerffdts unique paramagnetic electronic
structure is in contrast to that of organic molecules which usually have a singlendjexcited
(bright) state and triplet metastable (dark) state. Thus in thetRM enables variation in the emission
rates of the bright state once the center is exposed to a magnetic field, whicl sasis for optical
detected magnetic resonance (ODMR). This observable emission rate contrast & the main

reasons theNV is superior for ODMR experiments over organic molecules, which require analysis of
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the length of the dark periods (triplet metastable staté A defect in diamond has a spin Hamiltonian
of the form:

2.7
"L UnN®C®+*E+*®&®*E*®#®UEuU®3®u

The first term is the electronic Zeeman interaction, the second is the interaction ofébtai spin
with the crystal field produced by the defect surroundings. The third term is the miagmgterfine
interaction and the last term the quadrupole interactiddis the electronic spin operator aridhe
nuclear spin operatorg,DandAare tensors. For defects that have a sghX ¥z (such as the N¥P
term exists in the Hamiltonian, if not the second term can be omitted.Oteem determines the zero
field splitting (ZFS), which can cause a spin flip when using the correct frequency whergappiR
on the resonant ZFS transitioRor the NV center[)| = 2.87 GHz. For organic molecules the triplet
statesD is normally caused by dipole-dipole interactions between two electrongahsition metal
ions the term usually arises from spin-orbit coupling leading timdinect electron spin-spin coupling.
2 Figure 2.6 depicts the defect lattice structure, auto-correlation of a singlgoNotoluminescence,

energy scheme for different charge states and microwave driving schemes between energy levels
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Figure 2.6: Properties (structure, zero phonon line, electronictste) of the NV center in diamon@) Schematic of the NV
center and embedded in the diamond lattiée(b) The NV center with the (b) adopted coordinate system and carbon labels
36 (d) HBT autocorrelation of a single NV center using 210 W of 53Xcitation (¢ Photo-luminescence of a single NV
using 440 nm and 514 nm excitation, yielding different charge stateselya NV and NV! , respectively. YfElectronic
structure of the different NV charge staté§(g) ODMR from a NV center with no external applied magnetic fiellZFS
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microwave sweep drives the S =01to S = + 1 transitions, as depicted oh {h¢ Agiplying a magnetic field and fixingeth

microwave frequency drives the S=0 to S = - 1 transition resulting in Rabi ossillatj@y)(h) Were measured in this work.

Slicon carbidea 2.2 t 2.9eV semiconducto?’ (depending on the poly-type), consisting of silicon and
carbon atoms, has also seen a surge in research. Due to the dual atomic compbitkeral &iC, the
variety of lattice site vacancy defects in SiC is greater than that in diamond, whichdsataoonic.
Examples of these are the silicon vacancy, carbon vacancy, di-Vacancy and carbibe jpaiti; some

of which have shown to exhibit promising optical properti@Ihe silicon vacancy defects haveSan

= 3/2 ground state (Figure 2.7)

b c
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Figure 2.7: Properties of the point defects center in(&@H-SiC polytype lattice showing possible carbon and siicancy
point defects3? (b) Room temperature photo-luminesce spectra of a sifigtsenter.4? (c) Optical transition between ground

state and excited state of the silicon vacancy point defect

Zinc Oxide (ZnO) is a wurtzite crystal, with a band-gap of 3.4553e37 &/. Band-gap engieering
can be achieved by adding MgO. Even though several point defects havedoegnized in ZnO, a
direct assignment of the photo-luminescence properties of the defects to defeetagpd structure is

still under debate. No ODMR has been observed on a single defect level.
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a T[oom]
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Figure 2.8: Properties of the point defects center in. ZaQNurtzite ZnO crystal composed of oxygen (solid circles) and zin
(open circles) atoms. Tetrahedron with four-fold coordinationgptalgey role inside the structuré (b) Wurtzite crystal with
lattice parameters a and ¢é2 (c)(d) Room temperature single defect fluorescence from point defect i3 e{pZinc point
defects in a ZnO crystal (left to right): Zinc vacancy -2 charge staténtéirstitial +2 charge state, Zinc occupying oxygen
site +2 charge state. (f) Oxygen point defects in a ZnO (left to righge@®xypcancy +2 charge state, +1 charge state and

neutral charge statet?

A prerequisite for a suitable host material for point defects, apart frorzabée wide band-gap, is the
possibility to grow/engineer a nuclei spin-free species of the host materiaki@ing the nuclei
spin-free atomics species is important for avoiding spin de-coherence origjrietim the nuclei spin
bath of the host material. A sizeable bandgap in the visible range of the speamaqguired due to
difficulties arising from the reduced efficiency of standard photo-detectors d@ifferent optics
components needed for detecting in the far red range of the spectrum. A list ofigirggnmhost

materials from ref#* is displayed in Table 2.1.
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Material Band gap, E, (eV) Spin-orbit splitting, Asq (meV)  Stable spinless nudlear isotopes?
3C-SiC 239 (2 K) 10 (2 K) Yes
4H-5iC 3.26 (4 K) 6.8 (2 K)* Yes
6H-5iC 3.02 (4 K) 712K Yes
AIN 6.13 19 (theory)' No
GaN 3.44 17.0 (10 K) No
AlP 245 50 (theory)* No
GaP 227 80 No
AlAs 2.15 275 No
Zn0 3.44 (6 K) —3.5(6K) Yes
Zns 372 64 Yes
ZnSe 2.82 (6 K) 420 Yes
ZnTe 2.25 970 (80 K) Yes
Cds 2.48 67 (10 K) Yes
Diamond (C) 55 6 (1.2 K) Yes
Si 1.12 44 (1.8 K) Yes
GaAs 1.42 346 (1.7 K) No

Table 2.1 Material list fulfilling the required perquisites required for a suédipst material for point defect$!

2.3.7 Quantum Yield
Traditionally defined as the ratio between the number of emitted and absorbedopiso Thus using

the equation:
(2.8)

. . »92a Oga
28 0= Oeol Oe
WhereNen/ Naps is the total number of emitted/absorbed photons, respectively. The absorptitireis
total number of photons transmitted by the samplssl and a (black) absorbing referendér). *°
Previous studies on excitons in transition metdl ¢halcogenide (TM(D)C) have shown that the
guantum yield is low, in essence a low number of radiating photons as cothfatbe number of
electron-hole pairs generated indicating a high density of defect states which can mediate non-

radiative recombinations'®

2.4 Raman spectroscopy of 2D materials

In TMDC material the Raman scattering has been shown to respond differently depemdie
number of layers the material has. This is a result of symmetry breaking considsratfithe lattice
vibrations. For example, Mels invariant under the 12 symmetry operations in thg point group
whereas bilayer MaoSis symmetric under inversion. The intensity of the Raman scattering and
wavenumber (relative to the excitation laser) is also sensitive to the number of layeDtterystal
has. This is well known for graphene and boron nitrfdé® For example, a unit cell of graphene is
built out of two carbon atoms, A and B, with six phonon disperdiamsls, three acoustic and three
phonon branches. The phonons are classified as longitudinal (L) or transverbeafigns parallel or
perpendicular to the carbon-carbon directiot The most intense features of in a graphene Raman
spectra is the G peak at 1580 ¢mnd a band at 2700 chwhich is a second order peak of the D peak.

Monitoring the intensity and center wavenumber of the 2D peak can sheddiglthe number of
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graphene layers which are probef This method of establishing the number of layers in 2D materials
is very useful for evaluation as it is non-destructive as opposed to elatti@nscopy which tends to

knock out atoms from the 2D lattice.

2.5 Nanomaterial - 2D Crystals

Nanomaterials form a continuous band structure of electronic states when tineedéa is comparable

to or smaller than that of the bulk exciton. A major difference between 2D andrfdals is tha
because of the 2D nature of van der Waals crystals, a defect/impurity would be closerdgtémnal
environment. This results in a heterogeneous environment in which a defect in a 2D cegsiak.

As a consequence, photoluminescence (PL) spectrum, lifetimes, and other related phenomena should
reflect this heterogeneity. Interestingly, excitation with energies above the bapdhgs also shown
guantum light phenomena in 2D materials which has attributes of quardata. Thus a distinction

between intra-band and above band excitation is discussed in this segment.

2.5.1 Van der Waals crystals
The van der Waals forces are governed by the distance between the interacting atolasilles. The
nature of the attractive force differs from ionic/covalent electronic bondiugd are weaker in
comparison, showing a - dependence. In two dimensional crystals, this is the governing force
betweensingle monolayer sheets, along the c-axis, which in a non-defective form, shote meayier

}A o vsIl]}v] }v ]JvPU o00}A]JvP §Z eC Z+ }3 ZC3 o [EdEED]asS]}Vv }(

monolayer crystal. Thus, non-defective layers are passivated without any daogtidg.

Graphene, a two dimensional honeycomb hexagonal carbon lattice crystal, can be conside2zBd the
A(Ypv JvP _ u $patkihgoa wave of researeb uncover new Van der Waals materials with
different atomic composition and functionalities. A unique property of geaghis its zero band-gap
at the 6 K-point in the Brillouin zone, known as Dirac points, which diffatestit from other 2D
crystals such as the TM(D)C. Thus, graphene is gap-less and semi-mdtatiically, graphene is
composed of a single atom componemtcarbon. The optical properties of graphene arise from
additional electrons in thejorbitals of the carbon atoms. These orbitals overlap to form bonalivth
antibonding states and thus the extendeebands of graphene. Each interlayer carbon atoms bonds
with neighboring carbon atoms by%jybridization® The conduction and valance states in graphene
& Pv@ES §8Z < v <[ %}]vse }( 8Z &EJoo}u]v V}¥Z pus} 3z
lattice sites (Figure 2.9)nterestingly single layer graphene has properties which are different from

those of multilayer graphene.
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Figure 2.9Structure of graphene. (a) honeycomb lattice of graphene withihaeguivalent carbon atoms sites A and B. (b)
v EPC PVvE C §3Z < Vv <[ %}]vie }PBZE VEBloo}pdw}& AZERBC ulu vSpu Je% E

massless spectrum of the Dirac cone, near the two valleys. (c) Full etedispeirsion of the pi-bands in the Brillouin zone

51

TM(D)Cs have the chemical formula of MX and [t the dichalcogenide species), where the M is a

metallic atomics species and the X a chalcogenide atom. For TMDCs, a monalaygpdsed of a

transition metal atom which is sandwiched between two chalcogen atoms in an X-M-X catidigu

Thus a monolayer is in effect an atomic tri-layer. Thus, as opposed to graphementiposition idi-

atomic. The interaction between each monolayer in a multilayer TMDC is goveyneddi van der

Waals interactions. Thus different stacking orders lead to a variety of poly-types.aiin@aoty-types

are: 2H t two monolayers in a trigonal prismatic coordination and the octahedral Bhd one

monolayer in an octahedral coordination (see Figu®p.Each poly-type comprises a bulk primitive

unit cell.> /E u% o0 * }( dD [« AZ] Z Z A v E Vv30C ulE &« € Z E

and WSe2. See Figurd.@for more examples.
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Figure 210: 2D material possible atomic components from the periodic table. (@dretable where each element is
grouped as either a transition metal, post-transition metal, metd|l non-metals and chalcogenides. Thus, the variety of
possible TMDC types can be envisioned (b)(c)(d) Crystal structurpleérmgaphosphorene and MoS2 bilayers, respectively.

(e) TMDC coordination for (left) H, trigonal prismatic (right) T, @ctedd poly-types?

The poly-type and stacking sequence is of importance as it determines the presence or alisence o
inversion symmetry. The invariance of the Hamiltonian under symmetry opagatisually lead to

degeneracies at high symmetry points or directions in the Brillouin Zéne.
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The TM(D)Cs family have a relatively narrow band-gap (~ 2 eV) which can bendirect/i showing

band-gap dependence on layer thickness

Boron nitride (BN) differs from the graphene and TM(D)C families in its wide inoigmegtgap ¢5.95
eV)>* . Nevertheless, despite considerable different electronic and optical properties fiaphene,

it shares a few commonalities with graphené&irstly, the atomic mass of the lattice components are
comparable to those of graphene, and secondly graphene and BN share similar latdtznt®rit is

no wonder then that carbon substitution point defect have been visualized in Biblayers due to
these similarities. Furthermore, monolayer h-BN and graphene are the only true 2D crystals where all
the atoms which are bounded in a hexagonal lattice occupy the same pFafais property of h-BN

in addition to its atomically smooth surface without charge traps, its low clieteconstant and high
temperature stability and temperature conductivity make h-BN a great gate insulator substrate fo
graphene The bonds between nearest boron and nitrogen atoms are formed from the oaitidni

of Bsp? and Nsp? orbitals, however due the electronegativity difference between B and N, the
bonding has an ionic character, differing from the purely covalentlo graphene2® Boron/nitrogen

are left/right of carbon in the periodic table, and thus have one electron less#nteading to a
lower/higher electronegativity, respectively. Thus for an iso-electronic lixmtd boron and nitrogen

are needed?®® This ionic component of the h-BN bonds is the key to the significant different band
structure h-BN has which differs from graphene. The calculated band structure of h-BNciedi@pi
Figure 211

BANDS N-PDOS B-PDOS

Q
O

>

n

=

~ Energy (eV)

n

14
=

TOTAL TOTAL
DOS DOS

—|
7
=

(States / eV)

Figure 211: Structure of boron nitride(a) h-BN Honeycomb structure with two triangular sub-latticesé B occupied by
nitrogen (pink) and BE}vV ~ 0 leU E «%IUSJIA &CXZiA S}E- i}]v]vP (JE*3 v |PZ }®&- S3A
cell contains one nitrogen and one boron. Right, Brillouin zbhe3®l.57(b) Calculated electronic h-BN with total and partial

density of states on boron and nitrogen atoms. The orbital character of the state is atsdddd®
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Newly emerging 2D materials can also exhibit superconducti¥ityhere it has been shows that
Cooper pairs can still form in the last two dimensional channel of electatess®® For example

superconductivity has been measured in few layers van der Waals 2D axiol9d03. 8

2.5.2 Excitonic effects in 2D materials

Excitons are generated using above band-gap excitation, shooting an electr@endorttiuction band
while generating a hole in its absence in the valance band which are attracted by Caticanbon.
Recombination of an electron-hole pair can result in the emissi@pfoton and is the mechanism
for generating photons in quantum dots. Dielectric screening in 2D mateliiférs significantly from
those of 3D systems: The former is a macroscopic nonlocal screening and the lapjeedrby a
dielectric constant. This behavior modifies the optical properties of 2D maténial fashion that hole

doping results in strongly bound localized states with low mobffity.
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Figure 212: Excitons in 3D and 2¥a) Real-space illustration of electrons-holes excitons for 3D bulkd @) @monolayer (b).
The dieled E ] VA]E}vu v§ ] EledEdn-hol€fordation in a monolayer is strongly confined ¢optfane and
experiences reduced screening due to the change in the dielectricreneitb The electric field lines joining the electron-
hole pair being to extend outside the sample, this modifies the form of the interactiemtipband changes the energies of

the excitonic state$!

In general one can divide excitons to Frenkel and Wannier type depending on tteneadius and
binding energy. Wannier excitons typically have a large exciton radius aaldl @mding energy.
Frenkel excitons are tightly bound excitons with small exciton radii agd l@inding energies. For two
dimensional TM(D)Cs due to reduced dielectric screening and 2D confinemeitinsxhave both
Wannier and Frenkel characteristics. The large binding energies (~ hundreds of meV), enable stability
at room temperature. Similarly, excitons can form other bound states such as positively tivelyga
charged trions (two electrons/holes and one hole/electroa regative/positive trion, respectively)

and with increasing exciton concentration alseexcitons. For excitons, the population of generated
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pairs as a function of excitation power is lindamwhereas for single emitters, even if excitonic by
origin, a saturation of the photo-luminescence is expected since the photoitted are limited by

the lifetime of the excited state?
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Figure 213: Power saturation behavior of excitons and of a single emiti@) Logarithmic photo-luminescence plot of
excitons, trions and biexcitons at 77 K from WS2 displaying a lispandence®? (b) photo-luminescence and saturation

plot of an emitter in WSe23

2.5.3 Quantum dots

An exciton generated by above band-gap excitation is an electron-hole pair boundedlbgnBou
interaction. lIts spatial confinement on the nanoscale depends on the Bohr radius which on the
nanoscale ranges from 2 to 50 nm, varying for different materials. For nano-crystals (such as 2D
materials) the exciton wave function is affected by spatial confinement. Thus, by chamgisige of
the nano-crystal, one changes the electronic density of states and the energy separation between
them (quantum confinement). Therefore, different materials differ in their quantum confinement
size scaling due to material dependent exciton Bohr radius. A guantum dot is defined as a zero
dimensional exciton confined in all directions (See RefQuantum confinement in the thickness of
the material (applicable to 2D materials) can result in a quantum well, and in twegtara

guantum wire Thus the size and shape of the nano-crystal also has an impact on the exciton fine-
structure namely: crystal field asymmetry, shape anisotropy and electron-hole exchangetiotera

This is analogous to the singlet-triplet splitting in organic molecules.

Quantum dots have been engineered in semiconducting nano-crystals, tgpmalples of these are
PbS, CdSe and CdTe. These can be seen as 3D potential boxes confining thefralairons and
holes. % However, we will focus primarily in this segment on quantum dots in 2D rakeri
Interestingly the reduced dimensionality of 2D materials together with quantum confineemt

result in single emitting bound excitons. One example of this is in atoynibailWSewhere quantum
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emission has been related to strain-induced local confinement potentials wtzipHree excitons??

6667 Simillarly single emitters have been seen in a similar fashion in 2D%aSe.
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Figure 214: Single emitters in Wand GaS. (a) Optical microscope image of a thick flake of (@)Iehoto-luminescence

scan of the WSemarked with areas exhibiting sharp spectral lines. (c) Narrovefirission spectra at specific edge positions

(S4-S6) on the thick WSitake. (d) Photon coincidence correlatich-g ¢} ( v }( 3Z o} o]l VE(EE* Jv (]JPHCE
Atomic force microscope of a 36 nm thick van der Waals GaSe cifytabtp-luminescence of the crystal at 10 K. (g) Photo-
luminescence spectra of emitters at 295 K and 10 K. (h) correldtionsg (uv $]}v (}E o} o]l-lumingscdncE ato Z} 35}

10K in figure g58

2.5.4 Blinking

Under constant excitation, quantum dots, molecular emitters and intra-band defatgtsscan have
intermittent emission. This is known as blinking. The emission 0 **](] e ZY}YV[ v Z}((] %o (
with step like increases and decreases in the photo luminescence count. In quantusséaich it
has been shown that coating a semi-conducting nano-crystal with another thin seinitton can
greatly increaseS§Z Z}v][ %othds]Hinting to the role the local environment / surface can play.
Blinking can also persist at low temperatures which rules out that it is necessarily a thexotiatyed
process. When the rate of Auger-assisted pathways have a higher rate than radiative patineays,
photo-luminescence can be suppressed or quencliédetailed timed resolved photo-luminescence
studies of quantum dots using an electro-chemically controlled environment edaaio types of
blinking. One due to charging and discharging of the nano-crystal coréharather due to charge
fluctuations in the electron accepting surface sit¥sThe NV center defect in diamond is extremely
photo-stable and thus typically does not blifkNevertheless in nano-diamonds blinking behavior is
observed. The similarity of the high surface area of a quantum dot to that of a nanwdd therefore
points out to the role of the surface. An NV in a 5 nm nano diamoysdaircan have a large proportion

of surface dangling bonds, dislocations and other impuritiésThus surface functional groups /
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absorbents can create trap states that suppress emission and cause blinking. Itanmesurprise
that single emitting centers in 2D materials can also exhibit similakibtjrbehavior. When focused
IV % ES] po E *%}3 A]J3Z 8Z o0 « U ulv]3}E]JvP §Z 3S]Ju B[E

Z}(([ *A18 Z]vP X Isw]appaPas sireaks during a raster scan across a diffraction-limiter laser

spot.
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Figure 215: Blinking in quantum dots and h-BNa) Blinking states of a NV center in nano-diamonds, a corresgpndi
histogram of the photoe pu]v = v 3Ju SE U «Z}A]JvP 3Z (1 Pnocourrehié cpuns obtheXime trace
Jv ~ « (188 A18Z SA} ' pee]l ve 3Z ZW( v}uZXL[]* T*AJERMGE-Juminescence time trace of a

bare CdSe nano-crystal compared to one coated with a shell oh@layers of ZnS, a wider band-gap semi-conductor. The

Z}v[ 8§ § Je u}@E& (& «p v&ystal is Soated: (ah)}A raster confocal scan pf CdSe nano-crystgla &da nm

excitation laser. Streaks indicating blinking are ségfe) A confocal raster scan of bulk single crystal h-BN using a 633 nm

excitation laser. Similar streaks indicating blinking are also seen (this work).

Recently, in 2D materials, investigating the phenomenon of blinkingalkas & new perspective, with

the discovery of correlated blinking between hegestructures of 2D van der Waals materials, shifting

the focus from classic quantum dot research while still addressing blinking dyga&hexcitons

Combining two different2D van der Waals materials (WBoSe, WS/MoS;, WS/WSe,

MoS/MoSe, WSe/MoSe), correlated blinking can be seen between two monolayers, with

bright/dark states in each of the monolayers being negatively correlated (FRyu6 Dynamic
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variation in exciton emission is due to intermittent and random intetagarrier transfer, and thus

differs from classical blinking interpretatiorfs.

(o d e

Figure 216: Hetero-structure correlated blinkinga) Illustration comparing typical blinking behavior iragtum dots (top)

to 2D heteo-structures (bottom).Y p vEpu }8e AZ] 18 Z}v][ v Z}((FosfrustureAekhitit inraddition a
ZE USE o 8§ § X ~ « t] (¥YMoSébi-Ryel hetedsStructure. (c-e) Fluorescence images with a color camera

taken at different times, the states (c) bright, (d) neutral and (e) dark are Seen.

2.5.,5 Quantum confinement

In bulk indirect band-gap materials, electron-hole recombination ssiiibe through phonon emission

or absorption, due to wave-vector differences which are compensated betweendhduction and
valence band. One way of converting an indirect optical transition to a diwsstis by forming a
super-lattice structure, therefore the Brillouin zone is reduced, folding the condubtmd onto the

3 %o } JVvSuyer lattices are artificial periodic structures created at the interface of two layers, by
skewing the angle between the two layers of the same material or by due to the diffizittice
constants of the dissimilar materials. This makes 2D atrtificially engineeredofsttactures an
attractive candidate to achieving this task, possibly enhancing emission rates. Exui#i@ies are
generally shifted to higher/lower energies compared to bulk materidh vdecreasing size. For
example, in nano-diamonds, the electronic structure is similar to that ofwh#n the size is in the
range of um. However, the exitonic peaks broaden when the sample is in the rangesafftam
indicating a shift to higher energies with decreasing crystal §izue to the nm dimensions of 2D
materials, quantum confinement effects play a central role, resulting in confinett@hsc variability

in the photo-luminescence spectrum and can change the nature of the band gapFktsetdxample,

in MoS, with decreasing crystal thickness a perpendicular quantum confinement induced shift
changes the band-gap from 1.29 eV to 1.90 eV and in the monolayeekhiliits a crossover from

indirect to direct, leading to a £dold enhancement of the quantum yield luminescente.

2.5.6 Candidates for intrdbandgap excitation
Using the same criteria as outlined for suitable host materials from 3D crystals, a generak catioo

be conceived for which crystals would be the best candidates for exploration oftdewpgap point
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like defects. The different electronic structure of 2D materials spanning framdumting, semi-
conducting to insulating, also means that they respond to different frequencies (wavelemgths)

radiation (Figure 24.7).
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Figure 217: Various 2D materials and their possible applications by frequei@ySpectral range of 2D materials, including
frequency and possible applications. Near infra-red (NIR)infdédred (MIR) and Far infra-red (FIR) are indicated. Theiatom
structure of h-BN, MaSBlack phosphorous (BP) and graphene is displayed, for theselettromagnetic spectrum is

displayed as a call out from the main arrow. (b)(c)(d)(e) electronic steuafudifferent 2D materialg’

Therefore by looking into available 2D materials which can have been synthesiakditieg the
dominant atomic isotopes and band-gaps, the most promising 2D crystaldeses which would be
ideal for hosting paramagnetic point defects can be outlined. These arénexitin green in
Figure 218, using the criterion that optical excitation of crystals with a band-gap above 2 regre

facile using conventional visible wave length lastes. Due to the band-gap reizatioal of some
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TMDCs at the mono-layer scale, these can also be suitable for a defined layer numberar€hese

outlined in yellow.
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Figure 218: Commercial 2D semi-conducting crystals by nuclei spin compositiooazaid-gap The majority nuclei atomic

spin is designated. Those marked in green and yellow may belsditantra-band gap optical excitation research as stated

in the text.

2.6 Nanomaterialst van der Waals 1D Crystals

Based on their two dimensional relatives, but less explored are one dimensianatier Waals

crystals. Due to their van der Waals nature, their 2D relatives are usually studied before their 1D

counterparts are.

2.6.1 Carbon based

The spbonding state of carbon based graphitic structures can lead to a variety of types, such a

fullerenes (ball structures) which are composed ef. This lead to discovery of the first one

dimensional crystal, graphitic carbon needles, or carbon nano-tubes (CNINTh) structural terms,

one can envision the nanotubes as rolled sheets of 2D graphene (as sd€guie 219). &

Interestingly the electronic properties of CNNTs depend on their geometric structure sabhmedisy

and diameter. Thus, the electronic behavior varies from metallic to sendemtimg and can be

modified by deformation. CNNTs can be single-walled (SWNTs) or mud#dh{MVNTS). Inspecting

the cross-section of SWNTSs reveals an armchair or zigzag configuratiom dé€kersnine if the CNNT

is metallic or semi-conductive?
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These differences in turn modify the optical properties and it has been shown thaabptexcited

states in CNNTSs are excitonic by nature. Nevertheless, for exciting states inside the bandgap, the gap
that can be opened in CNNTSs is only on the order of ~ 100 meV, thus makinggittiog for intra-

band optical excitatior’! Even so, quantum confined excitdisn CNNTs have been experimentally

shown to behave as single quantum emittéefs.
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Figure 219: Structure of carbon nanotubega) Extension of ase&molecule leads to a two end capped nanotube. (b) Rolling
up a graphene sheet leads to hollow cylindrical carbon nanstulag 2D graphene sheet with lattice vectoraad &, the
roll-up vector €= na + ma. Chiral cases of (n,0) zigzag and (n,n) armchair are indigatedlashed lines. The shaded region
between (n,n) and (2n, -n) directions represents the area ghier(n,m) indices? (d) Metal to semiconductor transition in
CNNT. A metallic zigzag CNNT opens a bandgap (&der tensile strain, rendering the CNNT semiconduéfirfg) Photo-
luminescence of single emitters in CNNT for different temperatures. (f) THespmording pulsed 4t) for each spectra,

proving the quantum nature of emitted ligl¥é

2.6.2 Boron nitride based

BNNTs are analogues to CNNTSs structurally where boron and nitrogen atoms substitute the carbon
atoms. BNNTs are less explored from their CNNT analogues due to only recently enedieditey
fabrication methodsA distinct difference of BNNTs from CNNTSs is the wide bandgap of ~ 5 eV, which

is independent of non-deformed nanotube geomettand helicity®# BNNTs can be single- or multi-
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walled. Crystallization of BN layers is governed by strong tendency toatawecally perfect BN
stacked consecutive layers, in contrast to CNNTs where a relative freedom inianatatisorder
between neighboring C shells can lead to various helicities. BAft¢T fabrication come as entwined

bundles, appearing ascotton ball (Figure 20).
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Figure 220: BNNT structure. (a) Structural model of single layered BNNT constructedppmng a monolayer of BN. B/N is
colored blue/red, respectivel§f. (b) 200 mg BNNT, the cotton ball is evident. (c) A BNNT entwined yarn of ~ dmetedi

3 cm long, holding a 6 gram coffi.

2.6.3 TMDC based

Even less explored than CNNTs and BNNTs are TMDC based nanotubes and nanowires. &xamp

those are Mog WS, 88 and Ge$%°. Nevertheless, for the purpose of intra band-gap excitation, these

are of less relevance to this work due to their narrow band-gap (< 1.8 eV).

2.7 Hetero-structures

Traditionally, the interfaces of bulk semi-conductors such as AlGaAs!GaAsGaN/GalRt quantum
wells have been studied using statéthe-art growth methods. An attractive feature of van der Waals
materials originates from their 2D naturé the possibility to build, bottom up custom-made,
structures composed of different 2D materials, therefore creating new functionalities andiattifi

interfaces. This also enables the creation of custom &jmatterns. Two common methods to create
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hetero-structures include in-situ CVD growth and the other is self-assembly usengothmon

exfoliation pickup and transfer of scotch tape material (Figu2&)2.

Figure 221: Depiction of hetero-structure assembly. 2D crystals can be analogouegm blocks (right panel), the
construction of a huge variety of hetestructures is possible. Conceptually, this atomic-scale Lego resenol#eslar beam
% ]S £C HUS U%O0}Ce J(( E vS Z }veSEN S]}v[ ®Blo » v ]*S]v § ¢« § }(usS E] oX

Scanning tunneling electron microscopy (STEM)research has proven that clean van der Waals
interfaces, without external contaminants can be created using this method (Figie £A

property that makes the creation of smooth interfaces between different crystals using exébliate
van der Waals materials feasible is #wecalled self-cleaning mechanism. Absorbents such as water,
atmospheric gases and hydrocarbons cover surfaces, unless prepared under special conditions,
which can hinder contact at the interface. For example, TEM has demonstrated that graphene is
covered quickly by dense hydrocarbons soon after isolation itaiwvever, due to the self-cleaning
mechanism these tend to segregate into isolated pockets (bubbles) leaving large miadmisian
areas of the hetero-structuré*When the affinity between two dimensional crystals is larger than
that between the crystals and the contaminants, energetically the favorable interface between the
hetero-structure is that with the maximum contact of the crystals. Therefore, the contaminants are

pushed away?®
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Figure 222: Optical, SEM, and HAADF STEM imaging eWapsulated in hBN. (a)(b) Highlighted blue is a suitable region
for cross sectional analysis, identified between the contamination bubidé¢dorm as a result of self-cleaning. (c) Left:
HAADF STEM image of the heterostructure cross section. Right: A HAASy itefile from this image with the same scale
as the center panel. The highest intensity peak corresponds to the darkegiion of the image where the high atomic

number W8monolayer interacts strongly with the electron beaf.

2.7.1 Assembly

Assembly o& hetero-structure can be done using manual mechanical assembling. Using this scheme
various pick up techniques can be utilized for aligning the top layénedefined bottom layer. The

more technical demanding technique is in-situ growth of the second layeedigtero-structure on

top of the first one, thus avoiding breaking vacuum and in a sterile environne@hb¥ contaminants.

95

2.7.2 Band alignment
Once placed in proximity, the electronic band alignment of two different (2D}enadd can be
classified at the interface. These are classified to type | (symmetric), type Il (staggered) or type Il

alignments, as seen in Figur@2. Type | alignments provide spatially confined electrons and holes
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with efficient recombination. Type Il are useful for unipolar electronic devices sinceatlogy large
offsets on either the conduction or valance band thus allowing strong carrier confineimgrg.ll has
also enabled long lived interlayer excitorfé.For example, quantum cascade lasers use complex
heterostructures stacks to engineer mini-bands and intra-sub-band transitions, allefficignt light
emission from mid-infrared to the terahertz regime. Electrons stream down a potentiadagai(type

Il) sequentially emitting photons at the interfaces. These steps are built of quantila where

population inversion is achieved between discrete conduction band excited states.

a Typel Type Il Type lll b

Group IIIV Monolayers

Group IV

Group V

T™MD

T™T

i Type 1 I Type 2 [ Type3

Figure 223: Hetero-structure band-alignment. (a) Type |, Il and lllfees&ructures red (blue) indicate conduction (valgnce
bands, respectively. (b) Periodic table of hetero-structures, Bagdnants Type 1/2/3 are colored green/red/cyan,
respectively. Lower left/Upper right of the diagonal line are reswlisputed using the PBE and HSEO6, respectitfel{c)
Conduction band energy diagram of a 25 period section of a quantum ealssaa. Electrons are injected through a 4.5 nm
AllnAs barrier(d) Schematic of the dispersion for n = 1, 2 and 3 states parallet¢ taykrs. k is the corresponding wave

number 97

2.7.3 Moiré engineeringn 2D materials

The prospect of a perfect periodic network of defects arising from imperfect layer stackiigylead

to a new generation of precision engineering of atomic scale computer chips.variety of 2D
materials with the combination of different stacking angles or lattice mismatchegda® a diverse
platform, thus accommodating crystallographic mis-registry. Dislocationsxéongle can give rise to
larger core radii. Examples can be seen in Fig@# Bowever, van der Waals dislocations differ from
their bulk crystallographic counter parts due to the weakly or non-interactiature of the 2D

materials.
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Figure 224: Moiré patterns in 2D materials.(a)(b) Moiré pattern on grapheultilayers for different resolutions. (e)(f) Moiré

S
@
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pattern for a different angle for different resolutions. (c)(g) Feauriansform of the corresponding patterns in (b) and (f
respectively. (d)(h) lllustration of different angle alignments betwlegers.8 (i) Schematic bilayer of BN for different

stacking. (j)(k) Interlayer potential energy plot of 0 and 60 degree anglegatesely.®

For TMDCs a supéattice of MoS/WSe has been realized, yielding a periodic variation of atomic
registry with a well-defined periodicity, showing the coupling affects of the elpittrstructure at

different critical points (Figure 25). 1%
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Figure 225: Moiré patterns in TMDCs. (a) STM Image of M@Se van der Waals hetero-structures on pyrolytic-graphite
substrate with a Moiré pattern of 8.7 nm spacing. (b) AtomicallylvesdcSTEM image, with different stacking denoteiA,
ABsq Br and AB. (c)(d) Simulated stacking and corresponding experimentalam@) Local bandgap variations formed

between conduction band of Mp&nd valance band of Wgexperimental and calculated resulit%

2.7.4 Interlayer coupling

Interlayer coupling between two hetero-structures can be tuned using anmgairanging the system

from the limit of isolated independent monolayer to coupled hetero-bilayétsThe change in
coupling can be observed using Raman measurements, where the layer orstsiigve to outef-

plane vibrational changes, whereas the layer touching the substrate does not display a shift. This effec

can be seen in a hetero-structure composed ofAMB8S, and the inverse MoBNS; (Figure 26).
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Similarly high resolution transmission electron microscopy (HRTEM) imagea shanpening of the

Moiré pattern after annealing.
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Figure 226: Interlayer coupling of TMDCga) Raman spectrum of WBl0oS, (top) and the inverse structure Mo®S,
(bottom). Before and after annealing at 70 for 12 hours. Arrows indicateZ < Z](8]v P 1 Ramsah pedks. (b) HRTEM
images of Mo8WS; before (b) and after (¢) annealing. Zoom in on before (dpéted (e) annealing. (f) (g) Fourier transform

of hetero-structure before and after annealirit

The type-Il band alignment at the interface of a hetero-structure can cause electragsumulate

in one layer and the holes in the other layers. This enables the formation ofaygerexcitons (IXs)
with enhanced lifetime and density?® Thus using optical excitation with various energies, one can
excite inside the band-gap of both hetero-structures TMDCs and verify the cosiptipty by probing

the IXs using a green 532 nm excitation laser.

2.7.5 BN encapsulation and line width narrowing
Exciton photo-luminescence line width has been shown to narrow onceTM®C layers are
encapsulated with h-BN. It is assumed that the top/bottom h-BN layers protect the sarophe fr

physio-sorption and chemio-sorption and provide atomically flat surféicas void ripples.i®? For
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MoS emission enhacement has also been seen due to encapsulatii. Thus for intra-band

excitation we can assume a similar effect.
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3 Two dimensional hexagonal boron nitride (h-BN)

The following chapter investigates correlations between h-BN structural features attdrdocation

from bulk down to the monolayer at room temperature, demonstrating that cleainetching and ion
irradiation can generate emitters in h-BN.Z Z %8 E *Z}Ae« §Z $péciral fenldrés G «
dominated by the interaction of their electronic transition with a single Rantiveamode of hBN

with diverse rates between the electronic states of the emitter. Emitters exhibit lextgbhoto
stability even under ambient conditions and in monolayers. Comparing the excitpdianization
between different emitters unveils a connection between defect orientation and the h-BN hexagonal

structure.

3.1 Structure

Hexagonal boron nitride (h-BN) belongs to the space grdw(P6/mmc).4"1%* > mearest neighbor
atoms have a distance of 1.4 with the 2D layers consist ofspovalent bonds with an alternating
stacking pattern of boron and nitrogen atoni§® As opposed to graphene, all nuclei in h-BN have
nonzero spin. The Raman Stokes shift of h-BN is in the range between 136378nch?, depending

on the flake thicknes$’#® Figure 3.1 depicts the known Raman-Stokes shifts of h-BN, depending on

thickness as well as verification of a multi-layer h-BN in this work.
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Figure 3.1: h-BN Raman. (a)(c) Raman-Stokes shift from presgmasch, anti-Stokes is also shown in (c). (b) Raman peak
position[ dependence on layer thickne$%s'” (d) Raman spectra confirming h-BN of bulk scale on.180 &ZSjQ for this

chapter 107

3.2 DFT and defect calculation inBN

Nitrogen and boron vacancies and substitution defects include oxygen for nitrogen vataaayji-si
carbon species have been visualized in TEM/STEM in 2D-hBN. DFT calculateztgisuggrogen
anti-site defect (MVx) and the carbon anti-site defecty®@) 1°. However, these have never been
visualized in TEM/STEM technology available today, in particular carbon tesulsstitute in pairs

in h-BN due to the balancing of the electro-negativityNanometer resolution of defect in h-BN has
been seen in a combined study of TEM and super-resolution, identifying boron/nituagamcies,
three boron vacancies plus one nitrogen vacancy. Nevertheless, optical excitation obbsseed
defects was done in a liquid environment, rich with oxygen, which has been to shown to exhibit a
healing mechanism® Figure 3.2 displays defect types and families which have been visualized in h-
BNusing TEM imaging. It is important to stress that DFT calculations can deliver results of widely
varying accurac}/® and as such without direct visualization of a point defect and simultaneous

confirmationof its optical properties, using DFT to predict optically excited ground/excited states
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can be premature.

<dBB> =202A

Figure 3.2Defective h-BN(a) TEM image of defective h-BN. Green/Red/Blue/Yellow represent N/B/O/C, retpeCavbon
tends to substitute only in pairs and not as a single substituticectledxygen substitutes nitrogen sités (b) HRTEM image
of the edge of an h-BN layered crystallite, curved edges are ¥é¢no) TEM image of bilayer h-BN. Magnification shows
broken symmetry at defect site’d3 (d) Boron vacancy model of 3 fold symmetry defect in (c), foclame states, 0 and -

1, left and right, respectively24 (e)(f) BN di-vacancy in a BN nano-tube, reconstructing to differensbhcstration on left
side, TEM image right sid8> (g) Left, high resolution ADF image of a boron vacancy aed tlitrogen vacancies, right,

model of the defect16

3.2.1 Boron vacancy
The negatively chargedsYas B, point group symmetry, consisting of hybricf sfangling-bonds and
three 2p orbitals. In this case the atoms are identical and hence so are their dangingsbV il
*TU «iU «TU «if
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Figure 3.3: Boron vacancy electronic level scheme as calculated(adGtate of the negatively charged boron vacancy.

A% ]V U% 0o A o [i @Elemde barjo. YeHow/White arrows represent occupied/unoccupied statesctiosy. (b)

Defect wave functions corresponding to molecular orbits (c) Excited staf&évich Dsnand G,symmetries. (d)08

3.2.2 Nitrogen anti-site defect @)

The first DFT calculation associating quantum emission in h-BN was ddhe fooposed nitrogen
anti-site defect, where a nitrogen substitutes a boron site and an adjacent nitrogen site is maissing
nitrogen (hence a nitrogen vacancy). See Figure 374.Further research has shown that this
association is simplistic at best and DFT calculations can be erroneous in estimating the nature of the

ground and excited states'°
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Figure 3.4: Anti-site defect electronic level sche(ag Proposed nitrogen anti-site defectg\i) structure. (b) Black/Grey
arrows indicate occupied/unoccupied states, respectively. (c) Imagirelectiic tensors of two components X and Y of

(NBVN)- 117

3.2.3 Boron vacancy with carbon at nitrogen site@Qy

DFT has predicted that the boron vacancy with a substitution carbon at the nitsigeshould be a
plausible defect for the photo luminescence attributed to point defect®HBN. Nevertheless, it is

important to stress that this type of defect has never been visualized betdtelhe electronic

structure with the predicted allowed transitions is depicted in Figure 3.5.
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Figure 3.5VsGy defect electronic level scheme. (a) Key DFT orbitals from the grotelstetronic structure of the proposed
VeGy (b) Adiabatic energies ofs@% calculated by DFT. Allowed transition polarizations d, $giB-]5 }u%o]vRon- E]JA]vP

radiative transitions and zero-field splitting which are also inclu#éd.
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3.3 Band to band excitation

h-BN has been widely studied for its emission in the UV spectral t4tayed was recently proven to
have an indirect bandgap® Exciton UV emission in thg220 nm spectral range has been attributed
to grain boundaries and dislocatiok$ and using cathodoluminescence, for stacking faults localized
at fold crossings of the flakes, resulting in local symmetry chafj&ar the y300 nm range, nitrogen

vacancies and carbon impurities have been ascribed as the source of emt&sien.

3.4 Previous Intra-band excitation studies

Recently, it was demonstrated that h-BN also hosts SQEs in tHeé asMvell as the visible randg&

(623 nm).*" The defect thought responsible for quantum emission at 623 nm was arsitmnti-
complex; i.e., a nitrogen occupies the boron site with a missing atdireatitrogen site, Wn. The

high density of emitters found21 in account with the fact that due to the 2D nature of h-BN the
emitters are exposed to the environment, suggests that sample preparation should have a significant

influence on its behavior.

3.5 Common fabrication of BN

Various fabrication techniques© E A upo3]o C E Z udidgh peesSire/ Righ(t€rijperature

(HPHT) to chemical vapor deposition (CVD) and chemical synthesis. A standard iraliigisiqgle

crystal BN flakes (used in this work) are those synthesized by T. Taniguchi and labe/atang the

HPHT technique at 150Cusing barium boron nitride as a solvent starting material. These exhibit a

point defect concentration of carbon and oxygen of less thél¥ atoms/cn?. 1% Interestingly, for

fabrication of high quality BNNT catalyst-free HPHT (although at higher temperafut@80C) was

also employed yielding high quality BNNT and minimizing defexts foreign atomic species (such

as carbon)®+126 CVD h-BN is typically grown on a Cu foil substrate, where the first monolayer growth

is by the Frank van der Merwe model (i.e., layer-by layer) andBffA E Z VP + §} "SE vel]><E -

model (i.e., island on layert?’ CVD h-BN can also be purchased in dispersed solvents.

3.6 Transfer mechanisms of BN to substrate

BN crystals transfer is rather straightforward and direct. Using Nitto-Denko scotch tape, raultilay
flakes of various thicknesses can be transferred to assiistrate.CVD grown monolayer h-BN on
copper foil requires use of various solvents in-order to isolate the BN sheelss work the same
transfer method which for CVD BN was used as if'fdbr commercial monolayer BN from Graphene
SupermarketNamely, h-BN onwwas spin-coated with 100 pl 2% (PMMA) in chlorobenzene for 2
min, dipped in 68% HNGolution for 2 min. in order to remove the Cu substrate. The resultdsiih-

were placed on &iQ with fabricated holes and heated to 80 °C under a slow acetone flow forAMM
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3. Two dimensional hexagonal boron nitride (h-BN)

removal for 15 min. The sample was then rinsed in acetone and driegr Wadlow. The sample was

then annealed at 850 °C in argon.

3.7 Emitter perimeter location tendency

We confirm the presence of h-BN using Raman spectroscopy (Figure 3.7.a) suspeeda hole in
the substrate (Figure 3.8). Figure 3.7.c/d showan unfiltered/filtered (respectively) confocal image
of an area of the flake in Figure 3.7.b suspended over a hole (hole markedaple circle in
Figure 3.7.d). A suspended emitter can be seen in this area (marked in a red circle) eptth¢Z)
and lateral (XY) scan. Thus, quantum emitters are not localized on the interfaces heahece-BN
flakes and the substrate but are associated with the BN flake. On the exfoliated flakes evaitee
densities of less than 10 emitters per whole flake30 .m lateral). We also notice a tendency of
bright emitters to appear on the perimeters of theBN flakes: either on the boundary of a whole
flake (Figure 3.7.e) or at the interface between flakes (Figure 3.7 fagefilunfiltered, respectively)
or clustering along lines inside the flake which show a constant angular ncitifigdetween them
(Figure 3.7.n/gU AZ] ZU ]v §Zjn %36 (8ed Figure 3)6

No Filter ABC = 122.65°
EDC =121.46°
BOF =116.70°
GPC = 62.34°

Figure 3.6: Confocal scans of emission from h-BN clustered along wellrslugtes.

However, the confocal resolution is limited at best to 200 nm, and herceannot conclusively say
that the emitters are precisely positioned on the edges of these perimeters. SubjectingiNédkes

to the chemical etching methods increased the emitter density dramatically comparetthet
exfoliaed (0 | «X dZ vpu & }( u]8s &+ (}uv % E }v(} o EE }vuE
for both chemical methods using peroxymonosulfuric acid and the additionagblosic acid (HPQ)

+ sulfuric acid (#$Q), respectively (see Table 3.1 for details). In Figurg, &tonfocal scan of
chemical etching method using phosphoric acid is shown. The calculated density velf@snalrin
Table 3.1.
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3. Two dimensional hexagonal boron nitride (h-BN)

Type/ Exfoliation Chemical etching CvD lon implantation
mono-
Method H2022H2  additional layer He N
SO
HSOi-H3sPOy Low High Low Dose
Dose Dose
Density 532 nm < ~10 emitters 0.09 0.57 0.64 059 0.73 0.73

[ £“Y Excitation per flake

(lateral ~ 30 um)

Density 594 nm -----  eeeee emees 0.37 - e e
[£°Y Excitation

Table 3.1: Types/Methods for Emitter Generatio the Dependency for Each Method and Relative Density of Emitters per
...41 Densities are calculated for areas that showed the maximum number of emitters &e,aflainimum distance of

0.5 a | between emitters was taken into account.
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3. Two dimensional hexagonal boron nitride (h-BN)
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Figure 3.7: Spatial occurrences of emitters in h-BN. (a) Ramanespecfirmingh-E }( pol ¢ o }v idi 2.®)SZ] | ~"]K

A microscope image of a flake on Si®]$Z Z}o ¢ ]e «Z}AvX ~ >le }v(} 0 ¢ ve }( JEPIGV I 3(® | ¢V 1}
counts per second. (c) Z-axis, (d) XY-axis of an area of the sama flakke)dindicated by the blue dashed arrow), suspended

over a hole (marked with a purple circle). Part c is unfiltered difittered. For unfiltered scans, the laser power was

substantially reduced (nW) to avoid burning the APDs, and thelemgth filters were removed. A suspended emitter is seen

(marked in red). (e) QEs appearing at the boundary (f, g) aeddoe (filtered/unfiltered, respectively) (g) of a flake on top

P viSZ U J(( & vS (ol X dZ] v ee o E ]JE]uBoSPhooile XS€Zk( MEVIPUIUYlY (}E ulSS E
aligned along straight lines on an exfoliated flake. (j, k) 5320Whconfocal scan for a comparison between a chemically

etched flake (j) and CVD h-BN (k)
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3. Two dimensional hexagonal boron nitride (h-BN)

Deducing that an etching (atom removal) mechaniéfris important for emitter creation, we also
attempted ion irradiation on samples with nitrogen (N) and helitthe)((See Figure 3.8). We note that
if ion irradiated samples were annealed at 850 °C in vacuum and @ogam, these emittersvere
less stable than those annealed in argon. Confocal scans of irradiation show highey trersithe
chemically treated samples. This high density was seen for both irradiationsTéde 3.1),
emphasizing the role of inelastic collisions (vacancy creation) for erfotraation in h-BN. Although
we are using N ions, gions have been shown to create interstitials in h-BN in additoratancies$?®
We discuss below the possible effect of these interstitials. Due to the inert nafute drradiated
ions, it is less likely to implant them in the lattice and therefore we assert ti@tmechanism of

emitter creation is not atom substitution.

High KDose Low Dose

2.

/\ 574nm ZPL

| He 2.0keV | o

‘A MZPL 3
ol N 2.5kev

600 700 800 600 700 800
Wavelength[nm]

Figure 3.8 He and N implantation experiment inBiN High dose PL spectra is seen on the left side. As He/N implantation

dose is reduced PL spectral features similar to untreated h-BN flakes and chemically etched fla&eseean

Next, we investigated defects in mono-layers. To that end we compared the strufgatates and
density of emitters in purchased mono-layer CVD h-BN to exfoliated flaket® drehted (chemical
etched/ion irradiated) flakes. CVD monolayer h-BN revealspori(}Eu }A E P oE& C }v 1i

scale, tls can be seen in a SEM image in Figure 3.9.

Figure 3.9 SEM CVD monolayer h-BN structure with different magnifications on the € foil.

We use the same transfer method procedure described in ®Ref.os} }v 61 ...u Sidth | ~]K
patterned holes for commercially available graphene supermarket h-BN. Probirsatinge with a
532 nm CW laser immediately reveals that emitter density (Figur&)3srlarger than for chemically

treated flakes, but lower than for high dose ion irradiated samples. Consid#rininhomogeneous
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3. Two dimensional hexagonal boron nitride (h-BN)

h-BN coverage on the Cu foil observed in the SEM image with our obsenatitims untreated and

treated (chemical etched/ion irradiated) flakes, we correlate the high density of emitterstiagth

large number operimetersappearing in a CVD mono-layers due to the growth mechanism.

3.8 Spectral and autocorrelation properties exfoliated h-BN

We start by analyzing a single quantum emitter (SQE) created using the chemical etetting with

the additional HSQ:H:PQ treatment. Figure 310.a/b shows a cross section of an area inside a flake

wherewe compare between a filtered/unfiltered (respectively) image. The SQE igtharkhe center
of the red circle. We mark areas A and B on the image and measure the Raman sighateFgest
suxw. *%and for B we gets u x {.. 3 after Lorentzian fitting (Figure B.c), therefore indicating

that this area is composed of thicker/thinner (respectively) h*BWe measured the emitter PL

spectrum (Figure 30.d,right) and also show an autocorrelation measurement (inset), proving it is a

single quantum emitter @:r; L r&x O rj vt the end of our measurements we significantly

increased the excitation power (~mW) to get a Raman signal and took higher res@&utspectrum.

This is shown in Figurel®.d t left. A close look reveals that the Raman signal is superimposedron o

SQE spectral features. The inset displays the conversion to wavenumbers givireyat gaix y.. 2 °

771589 nim ' Substrafe|
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L V=478 nm Diamond

(c) 8 z°
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- =,
= ©
200 3
E 1350 1365 1380 E 3
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'E 136 7[om 1| ! | ' Original
< | s 2000,
S | ()
c 1350 1365 1389 ﬁ"_‘
:‘g _Wavenurrgmx] g
o "> 1600¢
E- 40 20 0 20 40 o]
- t[ns] g
'% 580 nm ZPL §1200 I
]
E ¥ | &- ;
560 570 550 600 650 700 750 8007

Wavelength [nm]

[ 8.73 nm 50nm-
V=t
Diamond|
[ 83 nm

IR

Vv=16.91 nmi SiO.

ST
v=8.85 m sio.

600 700 800
Wavelength [nm]

O] o

~9o 1363 [cm™]|
.5'.
o 0}

@

Standard Deviation [cm™']

0 2000 4000

Figure 310: Color diversity and phonon replicas of h-BN emitt¢a3.Filtered and (b) unfiltered confocal scan of a SQE; the

colored scale bar indicates counts per second. (¢c) Raman spectroscopipiveaon areas marked with A and B to verify

different thicknesses. (d) Left A high-resolution PL spectrum of thes8@E582 nm CW excitation, showing the typical

Raman signal superimposed on the defect spectral features (indicatibe lo\ashed black arrow). Righdw resolution PL
spectrum (black curve). The deconvoluted spectra are indicated in blue. lmsstahautocorrelation measurement of the
SQE. (e) PL spectrum using 532 nm CW excitation froln f-v *SE § e+ ~]Jv] § (}E

ZPL full width half-maximum in nm. All of these six representative spectral features webstteen diamond and Si)f)
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3. Two dimensional hexagonal boron nitride (h-BN)

Conversion of 23 emitter PL spectra acquired from various sources froredftedreated flakes to the difference in

wavenumber between adjacent peaks as a function of standard deviation

Figure 310.d - right shows a typical emission spectrum with an emission origin atrf&hd two side

peaks separated by a wavenumber differencessai t {Gx x... *°and suruGsr{... %> These
differences between the emission peaks in Figui®.8l. are very close to the Raman shift of h-Bf

(Figure 310.d upper scale). We therefore conclude that the central peak is the zero phamon li
emission (580 nm), whereas the second one is the first Raman Stokes harmomnieddlly the second

one. Several PL measurements that were done on treated and un-treated h-BN samples have sho
that this double peak structure appears on all emitters that exhibit quantum éonissaits. However,

the third peak is not always prominent enough to be seen. Nevertheless, the possibditsecbnd

ZPL cannot be excluded and further measurements are needed for verification. Fitieeshows

six PL spectra taken from QE on diamond and SiOstrates, emphasizing that although emitters
occur at different wavelengths, the double peak structure is recurring and is not substrate dependent.
All of these six representing spectral features were seen both on diamond apdr®iQvere not
confined to the boundary case (Figure 8)7Polarized in-plane modes for h-BN at thd and K
Brillouin points should have an energy of ~170 meV for both the transversmagidudinal optical
phonons (TO and LO modes), whereas polarization along the c axis is expected fiesdatogvy 100
meV1% The spectral difference in the emission origin can arise from strain (shown for SQEs in WS
over a range of 170 meV), different dielectric environments and most probably from at least two
types of defects or different charge states for the same defect - we discuss later in detail the possible
causes. We find a minimum full width half mayim ~&t,DU  v}$§ e te }( TX00 vu }v 8§

spectra for non-monolayer flakes.

We perform a similar analysis on 23 adjacent peaks from various sources of h-BN (CVD mono-layer h
BN, treated (chemically/irradiated) and un-treated emitters). We plot the difference between
adjacent peaks in wavenumbers as a function of standard deviation (Figud®.3The majority of
wavenumbers are located close to the value of 1868 with an average value of 1337.6 énvery

close to that of h-BN (13631 to 1370cnt! depending on flake thicknes§)We therefore show that

the electron interacts with bulk or flake phonon modes rather than with locaNdiedtional modes

as it is the case for defects which do comprise impurity atoms with masi§icagtly different from

atoms of the host lattice. This spectral behavior was seen also for defects in h-BN that emit ih the U
range!'® The energy difference between the peaks fits the splitting between LO and TO optical

phonons!®
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3. Two dimensional hexagonal boron nitride (h-BN)

3.9 Spectral and autocorrelation properties of graphene supermarket VBN

We next examine the PL spectral features of several emitters in purchased lay@o€VD h-BN.
Figure 311.a shows spectral features of three emitters in a monolayer on. 3i©stated before, a
similar Raman harmonic structure appears also in the monolayer. We see that thesesthitters

have ZPLs of 583 nm, 643 nm and 691 nm with energies in the range of le§5thaaV to those
found in thicker flakes in Figurel®.e (the pairs of [569 nm, 594 nm], [622 nm, 650 nm], [683 nm,
697 nm]). For comparison, detuning up to 170 meV has been se¢nef@PL of emitters in WSE®

t (Jv 8Z 8§ ¢Z E% °*% SE& o ( SuE - & 0°} % @& * v8 Jv §Z wu}v}o
minimum of 9.94 nm. This is approximately a factor of 2 larger than the minimund fim thicker h-

BN. Figure 3.1.b shows the spectral features of a suspended emitter with a ZPL of 588 nm, similar to
that shown in Figure 31.d. We find that when probing the CVD monolayer with an orange CW laser
(594 nm) defects in monolayers show photoluminescence for several tens of m{figese 3L1.c).

In contrast to measurements performed with green laser, where emitters show blinking behavior,
with orange excitation this behavior is not seen on stable defects, althoughtsoeseafter 7 hours

or more of excitation the emitters bleach, perhaps due to an ionization meshamir oxygen
quenchingt?:131.111 Near ZPL resonance, excitation stability was also seen for SQEs i WSe
Figure 3l1.c side demonstrates this stability for photon emission for a 20 pWMBB4LW excitation

for 45 minutes. In multilayer h-BN emitters could be probed more easihg the 532 nm CW laser
and probing with 594 nm was not necessary. Figutd.d.side shows PL spectra for four emitters on

SiQwith ZPLs of 629 nm, 640 nm, 643 nm and 657 nm for excitation at 594 nm.

The different layer thicknesses from multilayers to a monolayer implies that the local emért the
emitter is exposed to can be significantly different on the ¢ axis (from ynBdtlatoms, to atoms of
the substrate, in this case SJOWe find that for emitters on CVD monolayer the brightness is
significantly different for SQEs which have almost identical ZPLs (in the ré8®ymel/, Figure B2.a).
This is surprising due to a more homogenous environment each emitter indghelayer should have

compared to emitters in multilayers.
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Figure 311: CVD monolayer h-BN emitter&, b) CVD monolayer PL spectra using 532 nm CW excitation: (a) PL spectra for
three emitters and (b) PL spectra for a suspended emitter. (c, d) 594 nm @bexasing a 600LP filter. (c) Emission count

from an emitter with a 640 nm ZPL for 45 min. (d) PL spectra for 4 emitters.

3.10 Emitter [ photo-physics
We therefore firstly analyze the photo-dynamics for multilayers to gain ihsigb the possible
mechanisms involved. In Figurd3we analyze the power dependent photo-dynamics for three SQEs
with ZPLs: 696 nm (b), 580 ng) &nd 639 nm (e). The insets of Figur&2, ¢ and e, depict our
Cvu]l]e[eZuU(@(E 3AYo Ao v § IMErateceglatoneig 2.8. Avheresthe P
rate equation is expressed as frequencies.is the excited state transition rate ands is the meta-
stable state transition rate, ., is the laser excitation powelJis a fitting parameter attributed to the
power dependence of the excited state. v}S Zi[ « §Z PE&}uv 5 5§ U Zi[ « §Z
Zi[ <« $Z -stabfe state where ETS the transition between theE \ Btates for zero excitation
power. We assume the inter-system crossing (ISC)is power independent. We note for emitters
having §°P wrr oethe APD jitter can play a role in the measured lifetifi. For these
measurements we fitted our data with a convolutéé® : R function with a Gaussian function R
representing our system response time, giving us the de-convoluted valoegr Rlependent
autocorrelation measurements were done on each SQE. For SQEs that showed bunchiray tehavi
decay | g was extracted by fitting a decaying exponential function. Using the valug, ¢he anti-

bunching area was fitted to extradt; |5is plotted as a function of excitation power and fitted using
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the |sfunction.Wethen extrapolate to zero power to extract$ > The same procedure was done for

| sto extrapolate }°and ©7 For emitter (696 nm ZPL) analysis was done as a two level system since
no bunching behavior was seen on the autocorrelation curves. We getci#ted state relaxation rate

of §%1295+242 MHz. For emitter (580 nm ZPL), shown in Figli@ea3ve get an excited state
relaxation rate of §°=303.98 + 10.30 MHz, a long-lived meta-stable state Wjth162.12+92.45 Hz
and an ISC rate of® ’= 3.06 + 0.32 KHz. For emitters in the monolayer (Figi&a3.that showed
bunching behavior (ZPLs 666 (black), 630hm (red), 637 nm (blue) and 6%im (green)) we note
that the meta-stable state transition and ISC transition frequencies (Figligd3.are significantly
different for emitters which have almost identical ZPEsr ZPLs 660 nm, 657 nm, 630 nm, 637 nm
we get for }°- 2.53+0.42 kHz, 0.5940 kHz, 2.12+0.20 kHz, 1.26+0.34 kHz and fdr2.95+1.88
kHz,0.5290.39 kHz, 4.49+1.46 kHz63+1.07 kHz, respectively. The emission frequency of emitters is

described by the following equations:

(3.1)
LoVl L el
gld N v cva gl Liny
6= i

Where 4s the saturated emission frequency; . a is the power dependent emission frequency

. the quantum yield and 4is the saturation power. Our meta-stable and ISC rates are all in the kHz
scale whereas the excited state rates are in the MHz scale, mearfiig ;° 4%7 Therefore,
although the meta-stable and ISC rates are diverse, the dominant factors affecting emissienaffi
are the excited state transition rates and the quantum yield. We can ascribe these tibgetsi
different local environments in which the SQEs are embedded, as was observed for e.g. N\hdefect i
nano-diamonds®® or perhaps due to different charge states of h-BN, which were recently
demonstrated for defects in h-BN The diversity of meta-stable and ISC transition rates, in account
with the roughly homogenous environment in the monolayer, are another stindigator to the
possible presence of charge states as will be discussed further. For emittern(63PLy) the excited
state relaxation rate is §%620+140 MHz (Figurel2.e t center). Figure 32.e (right) shows the
different |14 frequency for two CW excitations: 532 nm (green) and 594 nm (orange). Traitvwes
converge upon zero power indicating that the transition frequency is not affdctéioe meta-stable
state. We get j%w{we ;L udw G réauandoej>wute ;L uat G rax whieh are well in
the range of each other. However, for the ISC we get different rateé:w {we ; L tydw G sa{ o
and ®“wuwe; L swav G v . The ISC transition rate for 594 nm excitation is approximately a
factor of 2 larger than for 532 nm. Therefore, 532 nm leads to an efficient de-sheaifitige

metastable state. This can be seen when comparing the emission counts using the twendiffer
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excitations (Figure 32.e t left), revealing that emission starts to saturate as we leave the linear
regime behavior. Therefore, we extrapolate the saturation curves usingand C. We see that 532
nm excitation is more efficient, with j.g7ex - L 18z G @i ;.9-pg . L r&sG riéx To further
exclude the source of the defects as external ad-atoms we also attempted to exyiodiated flakes

to different gas environments and different chemical environments. An analysis can be seersin
showing that emitters exhibit the same spectral features after treatment. Previous researchausing
scanning tunneling microscope has also shown that charged h-BN defects are iatrthaimt caused

by ad-atoms-3413% We therefore sought out to ascertain if the SQEs in h-BN are spatiallyatedrel
with the h-BN hexagonal structure. Exfoliated h-BN exhibits more uniform crystalliisitthis end,

we analyze an example of two emitters on the same confocal spot and betweeropairstters on

the same flake in close proximity by rotating the polarization of thetation laser. This analysis is
displayed in section 3.13 and shows that emitter orientation is related to the h-Bigheal
structure. We note that the large number of grain-boundaries in CVD h-BN excludegttba to
check the orientation of emitters relative to each other in CVD h-BN in the same fashispetieal
features we have observed, where the peak energy difference fits the splitting betweegituidinal
(LO) and transverse optical phonons (TO), is another fingerprint for a dafdmtdded inside the
lattice, as seen also for SQEs in the UV rafige.

15
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in CVD monolayer h-BN divided into two categories: two-level sy$&&@sand 646 nm) and three-level systems (660, 630,
637, and 657 nm) for 594 nm excitation. Power-dependent transition rates fomé2®h (b), 580 nm ZPL (c, d), and 639 nm
ZPL (g, h). (f) Photon counts for the 639 nm emitter, for 594 nm excitatidrior 532 nm excitation. Saturation curves were

fitted as described in the text. The dashed line indicates crossing ofdlmitwes. (€) Metastable and ISC transition rates for
four emitters with ZPLs 660 nm (black), 630 nm (red), 637 nm (blue), and 657 nm (gre@njriar©Vayer h-BN for 594 nm

excitation
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3.11 Chemical testing and etching methods
Two chemical etching methods were used to create SQEs. We note for that the majonigyflakkes

to remain attached to the substrate it is important to anneal the sample first.

For the peroxymonosulfuric resistance test we first placed the sample ins@eH50 with a ratio
of 3:7 at 135C for 2 hours, which is known not to etch the HBN

3.11.1 Etching method | #@:H:SQ)
For mild etching of the flakes the sample was placed2:H:SQ in a ratio of 3:6 at 135C for 2
hours. The solution was let to cool down to room temperature and theratllwith distilled water

(DI). Finally, the sample was rinsed in DI water, subsequently in isopropanol and dried gath N

3.11.2 Etching method Il (+dRO:H:SQ)

The sample was first mildly etched using etching method 1 for 20 minutes caftgrletion of method

1, the sample was placed in a solution aPB:HSQwith a ratio of 1:8t 75 C for 12 hours. The
solution was then diluted with #» mixed with DI water. Finally, the sample was rinsed in DI water,
subsequently in isopropanol and dried withe §as. This method is similar to the way h-BN

functionalization was achieved as in Réf.

3.12 lon irradiation
Flakes were exfoliated on a patterned Si€ubstrate in order to identify the flakes that were

irradiated.

The sample was then annealed in vacuum to fixate the flakes to thesBiStrate. Afterwards the
sample was transferred to an irradiation chamber with a vacuumdf 2mbar where homogeneous
irradiation of He and Ifor predefined irradiation doses was done with acceleration energies of 2 keV
and 2.5 keV, respectively. After irradiation the sample was annealed again at 85&80um. Helium

has been shown to convert BN from the hexagonal phase to the cubic phase. Hothevevas

reported for much larger acceleration energies (> 200 R&\far from our working range (<2.5 keV).

Figure 3.8 shows the PL spectra of high dose ion irradiasan ... 29, (left hand) for Npurple
curve) and He (black curve). Comparing between both PL spectra we can deduce thaspketiRL

is a superposition of many emitters. However, both PL spectra are not dissimilar and can beaeen as
shift of one with respect to the other. Right hand of Figure 3.8 shows PL spectra forosew d
irradiation. For both atom species a similar PL spectra is seen similar to that obtainedhfzo
untreated flakes and chemically treated flakes. Previous research using low energyaatjogion
irradiation (<2 keV) also suggests that the same defects were formed by both irradiation m&fhods

Due to the high density (see Table 3.1) isolating SQEs in irradiated sample was more gballengi
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313 ulSS & % ]E[e Azatorsddmpasison

In Figure 3L3.al weplot Y PL spectrum and superimpose autocorrelation measurements on the
PL spectra for clarity. PL spectra (Figuie.al) reveals a sharp peak in the wavelength regime of 550
nm to 575 nm. A closer look shows that it is constructed out of two peaks (Figikal3- inset). We

fit this peak withtwo Lorentzians, which agrees well with the original peak. We associate the first two
peaks with two zero phonon lines (ZPL). This is also confirmed by the aatatton measurement
that goes to a value ofp) ~ 0.57 (Figure B3.al- 1), indicating it imot a single QEWe notice that

§7 IPE}uv o0} ul]de o]PZ3 ]Jv 8Z]* A A o vVPS3Z ~u &EH +U- ¥
therefore would contribute to our measured(@). Changing the spectrum detection range by filtering
the PL spectrum on the APDs in the range of 575 nm to 600 nm ass#steidling background
contributions in an attempt to see if the value d{@) goes lower than 0.57. Indeed(@) decreases

to a value of 0.49 (Figurel®.al- Il). We therefore conclude that the confocal spot contains two
emitters. To better understand the spectral features, we perform cross-correlation measatem
when filtering the spectrum on different parts for each APD: one in the range of '85® 576 nm

and the other one in the range of 640 nm and above (Figur8.&L-11l ). The value of 40) for this

measurement is 0.66. We therefore conclude that the spectral features of both QEs are superimposed

on the whole range of our spectral detection range. Asymmetric features appear on the cross

correlation curve, which might indicate dif & vS A& ]88 ¢85 § [ o]( S]Ju « (} & Z

If the emitters are associated with the h-BN structure, their dipole orientatgirauld reflect the h-
BN hexagoal symmetry. Due to the possibility of various crystallinity of htfdughout a flake",

the case presented above is a perfect test of two emitters in proximity at the same confocal spot.

To that end, we rotate the polarization of the excitation laser and record thed&tram. All spectral
features of the emitter decrease in amplitude on the PL spectrum but retain their original [t aha
we rotate the linear polarization, and at 90 degrees a flat PL spectral line is recorded Figa?).

It is therefore likely that both emitters are oriented in the same direction or witraagle of 180
degrees between them. This is illustrated in Figuie.a. Because the cross correlation measurement
shows that the PL spectral features are overlapping and have a similar structure, reiskaly that

a pair of defects of the same type are located on same site location odiffeoent h-BN rings, which

are inside our confocal spot.

More comparisons between excitation polarization angles for pairs of SQgsyon the range of ~5
pm from each other on the same flakes are seen in Figu'gI8.A difference of ~0 or approximately

~30 degrees between SQEs is seen. We note that the polarization curves pieecisely overlap,

68

P

ujss
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perhaps due to curvature of the flake on the substrate which would lead to sliglffédyetit angles

with the excitation laser between the SQE pairs.
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Figure 313: Comparison of correlation, spectral and polarization propesgragter pairs in proximity. (a) PL spectra of
emitter pair superimposed by correlation functions for different spectnages. For correlation functions I-1l the APDs are
filtered by the same filter whereas in Ill the filter range is different.P(b)spectra for different linear excitation laser
polarizationsX ~ e~ e~ o u]33 E % |E[* u]e*]}v AZ]o @RS 3]vP §Z o]v & A |5 3]}v o
3.14 Chemical and gas environment treatments

To further exclude the source of the defects as external ad-atoms we also attemptegpaseex
exfoliated flakes to different gas environments and different chemical environments. Riesdgneal

in Ar/H; gas environment at 350 °C as described in Refrigure 314 shows that the associated PL
spectra of the emitters with ZPLs in the range of 623 nm to 636 nm are still praten this
treatment. h-BN is known for its high chemical inertness, whereas peroxymonosulfuric acid at certain
concentrations is known not to harm h-BN during chemical cleaning, depending on acid
concentrations'?8, To further clarify the origin of the defect we put the sample for 2 hours in an acid
solution, after which we scan the flakes. Figur&43hows that QEs of ZPLs ranging from 586 nm to

593 nm are still present after the acid process.
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Figure 314: Quantum emitters after exposiour to different chemical environmea}sfter annealing an Ar/iat 350 C for

30 min. (b) and after treatment in acid.

3.15 In-house grown CVD BN

We examine in-house grown CVD h-BN on Cu foil and transfer it {ps8@ing the sample in2N
environment to avoid oxidatiot. We probe the sample with a 532 nm laser with a power of 4.4 mW.
We record a confocal image scan, PL spectra from 2 defects and auto-correlation mezguoe a
flake of micron scale (Figurel3). Looking at the location of the defect in Figuré33.it seems to be

on a line shape on the h-BN flake, possibly indicating a surface perimeter.

PL spectra resemble those recently found%h We observe anti-bunching behavior. However, the
u]s$s &QJ)ddes not go below 0.5 with excited state time (for 4.4+ 1= 0.34 ns and metastable
*S § SLu 402.35 ns. The background contribution to the signal is substantial and therefore we

(3 E GEE4.F]Hw -

We note that after correction only one data point on the curve goes below @Bsi@zring our recent

calculate the autocorrelation function after background subtracti®X

findingswe note that by filtering one cannot exclude the spectral range of 550 nfB7%® nm as
background since QE emission exists in this regime also as was shown in Biguvée3therefore
tentatively attribute these features to a superposition of QEs which would resultaryastiort excited

state lifetime.
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Figure 315: CVD home grown h-BN emitter properties. (a) PL scan using a 532armand a 550LP filter. (b) Correlation

function for area marked in (a) before and after background correctionL(aj P emitters from the sample.

3.16 Bulk excitation of an h-BN crystal
Using high power 633 nm excitation (1 mW) and 690 LP filtepralee a bulk h-BN single crystal.
Confirming our previous results, emission originates primarily from thfaceiinterface of the crystal,

and not from the deeper internal area of the crystal, as seen in Figliée 3.
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Figure 316: Confocal excitation scan of bullaiN (a) z PL scan of Bulk single crystal h-BN excited with a 633 nmitiesst fi
with a 690LP filter.(b) xy PL scan. Emission originates from théatgewrith the air and not from deep within the crystal,

despite the relatively high excitation power (1 mW).

3.17 Paramagnetic point defects

Interestingly, a small fraction of emitters that on th&t) correlation function shows traits of single
emitters (correlation function dip), responds optically to appliedgmetic fields. This magnetic
response is first identified as a drop/rise in the fluorescence count from the emitevertheless, to
date, those that respond to magnetic field have PL-emission that starts in the redengilebf the
spectrum (~ > 690 nm). This implies that excitation using less energetic lasensdwitlengths > 600

nm is favorable for isolating these emitters and avoiding excitation of emittelswer wavelengths
which do not show this effect. Nevertheless, from our measurements of emitters that do show
emission in the above 690 nm, of these only numerous emitters respond to madieddis optically.

One such emitter can be seen in FigurE7dising 730 nm laser excitatiotn chapter 5 we study this

type of emitter extensively.
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Figure 317: Paramagnetic emitters excited with a 730 nm laser with a power of 80a)\Whotoluminescence map using a
Ofii>W (Jod EX EE}A« Jv ] 3§ Zolv [ & YE $3v (o3EMho@EuminBscendsspedra of
an emitter displaying an optical response to an applied magnetit. fic) Photon count distribution for 1000 seconds as a
function of counts. When an applied magnetic field of ~1 Teslgplgdghere is a reduction of counts distribution (red curve),
while without (black curve) the count distribution increa&kg) di(t) function for this emitter with (red) and without (black)
a magnetic field. The amplitude of the correlation function (d)dseased then the magnetic field is present (compared to

e), indicating more frequent transitions through the meta-stable (dark) state.

3.18 Conclusions

We now reflect upon the possible effects of sample preparation methods predgerCarbon
impurities were shown to account for UV luminescef®eand recently for SQEs in the UV range,
substituting the N vacancy sité® The chemical treatments and Ar/ldnvironments the flakes were
exposed to reduces the probability that organic contaminants are responsible for theenseen,
unless a carbon impurity was embedded inside and not exposed to the external areeatofent.
Since samples were annealed at 850 °C, oxygen should desorb from the flake (abt@¥%68 well

as gas atoms possibly trapped at interfaces. The suspended h-BN flakes also discard trapped atoms.
We thus conclude that it is unlikely that organic additives or trapped gas atoms aons#sie for the
emitters found. Nevertheless, the chemical treatments done also have a strongingidffect on the
flakes'?® and can incorporate oxygen inside the lattice which cannot be discarded. We findehat
irradiation generates the highest density of emitters (Table 3.1). Approximating the hieradtastic
collision to an electron inelastic collision we can compare to TEM res&aféh Temperature
variation during irradiation creates different defects shapgésdemonstrating that defect formation
is dependent on the environment around the defect, emphasizing the importance of gasduring
the annealing process compared to vacuum and could explain the differemerifter stability. The
vacancy sizes created cannot only be point-like (atomic) but also nano-sizeshas e TEM images

of Refs14142 Annealing at 850 °C may cause vacancies to diffuse inside th&*flakeilar to diffusion
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known for the NV defect annealing in diamotifi,leaving defects not exposed to the external

environment. However, for the mono-layer, the defect is directly exposed to the environment.

Previously, the ZPL of 623 nm was attributed to the anti-site comfilg8)."*" Our data shows the
ZPL emission line to be between 1.78 eV to 2.18 eV (569 nn¥tar6y suggesting that other types
of impurities could also be responsible for the observed emission lines. The struetaaes we
have observed indeed suggest a link between structure and defects. We discusdepbski
comparing TEM data from previous research and density functional calculationsoté/ehat clear
identification of defect structure requires ultra-clean conditions due to the tendexicgdsorbents

(carbon and oxygen) to substitute defective sit&s?° possibly also accountable for emissiéh.

HRTEM has shown interlayer bonding on flake edges (nano-aféheslich can also be induced by
electron irradiation of h-BN!’ This can explain our observations of emitters located at perimeters of
a flake on top of another flake (Figure 3.7.f/g) or at boundaries (Figure) 3far untreated flakes and
chemically treated flakes, as shown for the SQE in Figtifea® It can also explain our irradiation

results.

The B vacancy (visualized in TEW*9113150) has a high average density of states in the energy range
of 1.78 to 2.18 eV5! making it a possible candidate. However, the dynamics behind vacancies in 2D
materials can be more complex than in 3D solids: B vacancies exhibityetdstznding behavior seen

in bidayer h-BN which do not occur for the N vacahéyN bonds occur in the layer with the defect
and one or two B atoms from the intact layer, reducing the symmetry of the vacancytlires to
two-fold,*® consistent with the symmetry of th®,, & complex*’ This type of reconstruction is not
observed for mono-vacancydefects inside multi-layered h-BN which retain their three-fold
symmetry®2 This hints at a connection between the low dimensionality of h-BN to quargatares

153 not seeninside bulk h-BN but occurring at the boundaries of the material, reminisoérdur

observations.

Bonds not native to monocrystalline h-BN may play an important roleisible spectrum emission.
Due to alternating bonds in h-BN (B-N), a non-native bond would be of theoty®d3 or N-N, known

as a Homo-elemental bond, which belongs in literature to Stone-Wales defElsese comprise a
family of defects which also th@,, 8 complex*’ is included in due to N-N-N bonds. A Stone-Wales
defect can create square-octagon/pentagtveptagon pairs in h-BN, changing bond lengths and
having charge state configurations. Monolayer h-BN Stone-Wales defects havevibaalized in
TEM??®4155 forming due to grain boundaries between domains, thus decreasing thd-gap and
opening new energy statés? Calculated energy levels suggest emission in the visible spectral range

156 and with a less dominant phonon DOS of ~ 41 THz (~170 meV), fittii@aund LO observatioHs.
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We can now link the angular multiplicity we have seen on perimeters whergegsare clustered
(Figure 3.h/i) as another hint to the presence of Stone-Wales defects or a grain-boundary
effect 156157 Grain-boundaries in h-BN have been seen to be up to 90 um'#ngll in range of our
perimeter lengths. Although g ion irradiation has been shown to generate primarily N vacancy
defects, they can also create interstitials which do not diffuse out of the lattice wheaaling at 850

°C These can create homo-elemental bonds not native to the lattftand hence also the similarity

to monolayer h-BN. Similarly, local changes in h-BN layer stacking ocadebden shown via
cathodoluminescence to account for a 1 eV range of emission of excitonmdtirig at ~200 nm
wavelength)!?° This raises questions regarding the value of the band-gap at perimeteBNi\which

should be smallet®4156

The guantum nature of emission and the high transition rates ( > 500 MHz) measured for thd excit
states can arise from the reduced dimensionality of h-BN and the small boritisgny4 A%) which
leads to large overlap between orbitaf$. The variety of meta-stable and ISC transition frequencies
found in CVD monolayer h-BN can have numerous causes. An interrohitage state change during
the acquisition of photon arrival times in our auto-correlation measurementsdistinguishable on

the photon trace, similar to the NVand NV charge states in diamond® would affect these
transitions. Spin-orbit couplingf can also influence these transitions. Oxygen binding to nearby N
vacancy site§*1in proximity to the emitter can affect transition raté¥ or cause intermittency via
charge tunneling® It is worth noting that two-level and three-level systems have also been seen f

the zinc vacancy in Zrf®.

To summarize, we investigated the correlation between different fabrication methaddefects in
h-BN and the emitter density, photostability and structural features of h-BN. The crestibefects
using chemical exfoliation further demonstrates the role of the exterior surface ferirQEBN. Our
results demonstrate that the thinner and more edgy the flake is, single emitter densitynies
higher. We showed that slow rate chemical etching is a more facile method compareah to i
irradiation for single emitter creation in multilayered exfoliated h-BNgesiit can be more easily fine-
tuned to a slow raté?® Using an insulating mask for ion irradiation might be beneficial tidav
ensemble creation by reducing collision damage of the ions. However, this wecdssitate more
steps in the process. Previous research has shown that by electron irradiatitnesinigiers can be
generated %! the smaller collision profile of an electron can therefore be more beneéisiabmpared
to an ion collision profile for emitter creation. Nevertheless, for itidg vacancy defects in monolayer
h-BN, high energy ion irradiation can be a useful method, and usorgsatvith higher mass than

nitrogen might be useful to tailor the type of vacancy creatéd.
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We showed that similar emitter spectral features are present from bulk h-BN down to the-fagen
t o} u pE&E ul$s Ee<[ *W> *% SE dha of bulk}h:Bi'Gandave found

emitters which are photo-stable under orange laser excitation.

Our results show color diversity of h-BN consistent with previous repd& with ZPLs in the red
visible spectrum, thereby enabling excitation with less energetic lasers, as was done iBEfh€YID
monolayer case. Using pyrolytic h-BN species might increase chemical iné#a#3%’ reducing free
oxygen concentration and impurities in h-BN, thus eventually reducing spectral diffascbphoto-

bleaching.

Further understanding of the origin of SQEs in h-BN can lead to more advanced fabrications methods

in the CVD growth phase or after the growth phase, using ion irradiation and ion implantatich, wh

has been demonstrated for &F, Be!®” and Ar'®® - embedded in the lattice. Band-gap tuning can be
realized using monolayerhE « %0 $(}@Eu A]8Z }3Z E u}v}o C E1 u § E] o+U 3
energy levels inside the band-gap. Clearly, a wide range of parameter adjustment ctmdaaztse

SQE defects in this wide band-gap nnite

The work presented here paves the way for deeper understanding of the ofigs in h-BN. It
proposes two fabrication methods to create emitters, demonstrating the flexibilithg@material and
emphasizing the role structure has on defect dynamics in 2D materials. These héghliight the

diversity in the new arising field of 2D quantum emitters.
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4 One dimensional Boron nitride nanotubes (BNNT)

In the previous chapter we have linked emitter density in 2D h-BN to perimetedtssiohapter ve

investigate a curvature-abundant BN systémuasi one-dimensional BN nanotubes (BNNTS)

fabricated via a catalyst-free method. Non-treated BNNT is revealed to be an abundant source of

stable QEsWe analyze their emission features down to single nanotubes, comparing

dispersed/suspended material while combining high spatial resolution of a scanning electro

microscope to categorize and pin-point emissionorigf} ¢ o0 }( 0 << SThisvgiVved usa

one+o-one validation of emission source with dimensions smaller than the laser excitation

wavelength, elucidating nano-antenna effects. We identify two emission origins: hgbtidhed

BNNT. By artificially curving 2D h-BN flakes, similar emitter spectral features are observed. The

impact on emission of solvents used in commercial products and curved regions is also
demonstrated and evaluated dZ Z}us }( 32 }A[ A ]Jo ]o]3C }( ¥ing ]Jv EEdU o
contamination, is a milestone for unraveling their atomic features. The data presented open

possibilities for precision engineering of QEs, puts h-BN undéuds E Zpu E oo [ }( dD [ Y -
providing a model explaining QEs spatial localization/formation using ele@roinfadiation and

chemical etching.
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4.1 Introduction

BNNT$% can be seen as the 2D h-BN hexagonal grid rolled into a closed nanotube stiichaking
them a natural candidate to explore the effect of curvature in BN systems. Tinatlite of BNNTs
means that the system should be perimeter (edges, boundari¥é)as well as curvature-abundant.
Both have in-plane gporbitals with similar bond lengths: BNNT - 1.44 A and h-BN - 14%\&ith
increasing diameter, the formation energy of BNNTs approaches that of 2D'BNNNTSs are also
analogues to the more explored system of carbon nanotubes (shown to harboP@#Ek)the distinct
difference of a wide bandgap of ~ 5 eV, which is independent of non-deformed nangeobeetry®*

and helicity 858 BNNTB broken sub-lattice symmetry gives rise to a macroscopic electric polanizatio
whose ground state polarization is an intrinsically nonlocal quantum effé@mall diameter BNNTs
buckle - B atoms move inward and N atoms outward - resulting in a dipolatedoylinder shell of a
negative/positive outer/inner N/B cylinder, respectiveli8€In an analogous manner, for monolayer
h-BN, a dipolar electric distribution has been shown to occur above @ogvtihe monolayer, probed

by nuclear quadrupole resonance (nuclear spinin the lattice) using a nitrogen vacancy color center
in diamond. ¥”®* BNNTs have shown intriguing physics such as the giant Stark &ffeand
transformation of BNNTs from insulating to semiconducting using physicahaetion 8 Due to their

high temperature stability, light weight, high stress endurance, resistance to oxidatioron-
defective sites!” biocompatibility and potential use as neutron shields/detectors, BNNTs are ideal
for emerging space technologié€as well as for biological cell researéH.Photo-luminescence of

BN nano-whiskers, using cathodoluminescence, has shown emission in the visible range atiibuted
point defects, quantum confinement and®ponding.}’® For BNNTSs, exciton emission was shown for
deep ultraviolet wavelengthd’® Using near bandgap excitation, defect bound excitons' emission was
independent of nanotube diameter and wall thickness (for at least 20 layers) and opgioaiiy to
behave as pieces of curved 2D h-BR.Above bandgap excitation energy has shown hints éf sp
bonded defects contributing to emissiotf! whereas X-ray excited optical luminescence was also
sensitive to tube curvaturé® Oxygen defect related radiative transitions have also been proposed.
183,184,185 BNNT transmission electron microscopy (TEM) research has visualized induced elasti
deformation in tubes for angles larger than 30 degré&spoint defects such as boron and nitrogen
vacancies, BN di-vacancies (reconstructing to Stone-W&lestructures), %7 pentagons and
heptagons atomic configurations (Stone-Walé&)°’ at tube terminations®"188and a range of helices
(from zig-zag to arm-chair) within a single tub€ Less destructive spectroscopy methods combining
AFM and near-field infrared scattering have also shown the presence of twists and structural defects.
171 From these atomic resolution and optical observations, it is clear gbatt-like atomic defect

species formation in this flexible nano-material is intimately connectegetimetry, curvature, strain

80



4. One dimensional Boron nitride nanotubes (BNNT)

and proximity to the environment due to its large surface area. Recentlgsialso been shown that
BNNT can serve as a scaffold for other colloidal wide bandgap semiconductors such‘@$ta@n®,
creating hybrid BNNT. Nevertheless, BNNT research is relatively in its primary stages,odiye
recently emerging reliable fabrication methods and difficulties arisingeparating the nanotubes

after fabrication,* AZ] Z & op+*3 E Jv e+ u] Z }838}v[ o]l ( *Z]}v ]v §Z
of commercially available BNNTs fabricated using a catalyst-free high tempepaggsure (HTP)

laser heating method” and use them to further study single Q%'23107.1119316314,194,195196197,198,199

in the BN hexagonal systems.

The chapter is divided as follows: BNNT properties are explained folloneddtailed description of
the role oxygen has in BN systems. Then, spectral analysis of emission propdstibsarfd micro-
bundles of BNNT QEs is shown. Afterwards we show that by dispersion methods, quanissiore
can be categorized in two PL spectral classes: one with relatively narrow featurdsearttier with
broader features. For each class, we conduct a spectral, phonon and lifetime analgsis.aré
supported by SEM imaging, confirming our classifications. We note that previous reports bewe sh
electron irradiation to induce SQEs in h-BN®’, therefore all SEM imaging performed here were
done after PL measurements. Finally, we demonstrate the role of curvature in low dimahBiN
systems by artificially curving 2D h-BN flakes on diamond naagpdind a Zrohemisphere. All

measurements were done at ambient conditions using sub-bandgap excitation energies.

4.1.1 Structure and components

H

HTP{ &] S EEde }u ]v Z }88}v[ o]l (}EuU }ve]eS]vPsde( vpu E}y
Figure 4.22 X t (v Z }38}v[ o000 }( * & ]JA u SAEJuOAIZS{dol[EE FuX}(

HTP fabrication is advantageous since it is catalyst-free, produces high @NiNfys, and minimizes
defects from foreign atomic species (such as carlfé#f to the BN lattice as opposed to other
methods (See Ref’® for further details). Typical wall thicknesses range between 2 to 5 layers, with
diameters of 3 nm to 6 nm and interspacing wall distances of 34Single nanotubes can be up to
200 pum long. Nevertheless, the material also contains 2-dimensiongh¢BIN, typically in the lateral
size range ob0 nm to 200 nm and also boron nanopatrticles, visualized by TEMTBr BNNT,
85176,200.20155 well as for various fabrication techniqu®&dn addition, for annealed HTP BNNT, 2D BN
oxide platelets have been visualizét.For simplicity we denote these nanomaterials, attached to the
BNNT tubular structure, asybrid material and discuss their implication. For the HTP fabrication

method the measured bandgap is 5.74 & similar to that of 2D h-BN (5.95 e%).
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4.1.2 The role of oxygen in BN hexagonal systems

Photoluminescence (PL) comparative studies in vacuum and ambient conditidid@C£% and h-

BN 2t have shown that PL is strongly affected by ambient gas molecules, attributed to estefane
defects exposed to reactive species which physisorb, such;asn oxygen healing mechanism in h-
BN for nitrogen vacancies (oxygen substituting nitrogen vacancies) has beeneshise!?! studies

and TEM microscopy:2% with a time scale of 0.6 ps once exposed to ambient conditions, whereas
h-BN was indifferent to ¢&2! In h-BN, stabilizing SQEs has been attributed to high temperature
annealing (usually 85C). Intuitively, this annealing should remove oxygen, however this procedure
is done in an inert gas environment (typically argétf).°3107.16394195,197.198,19%nd not in vacuum. The
only report of annealing in vacuum, resulting in less stable SQEs ishddsicriRef1%’. Studies on
annealing of  gin an inert argon environment have shown SQE induced on perimeters, attributed
to formation of . due to residual water/oxygen in the annealing chamizét.It has been
suggested there that similar SQEs species could be found incrystals. Perimeter oxidation has

been shown to be preferential in an independent study ongand 1 4 2%

Core level spectroscopy reveals the effects of oxidizing environments on 2D ih-Bigen,
demonstrating the creation of B, BNOand B-Q species as a substituting mechanism for nitrogen
sites. A post-anneal in vacuum at 6@demonstrated that Bxsis formed and oxygen is hot removed
with a complete destruction of the monolayéf® Using x-ray absorption, sputtering h-BN in an inert
environment resulted also in.Bs structures, attributed also to residual waterj in the chamber,
whereas using a prolonged pre-bake of the preparation chamber reduced the observed aRygen.
the best of our knowledge, in all the annealing procedures to date of h-BN SQEsg moddmake of
the annealing chamber was performed prior to annealing in inert gg4>3107.16319495197,198,199
Different studies of annealing in air revealed that oxidation can occur for temperatures ai0°C

for h-BN2%® and BNNT, forming the aforementioned 2D hybrid oxide platetét&urthermore, a PL
study for SQEs in h-BN, post-annealed in vacuum (after annealing 4% 86@Grgon) has shown stable
SQEs up to (52&) 800 K!%8 hinting to a connection of the observed temperature stability of oxygen
in the other study?% It has even been shown that SQE creation is correlated with increasing annealing
temperatures in argon with a maximum yield at temperatures of 19D®well above 700C.*% We
note that in these oxidation studie82°72%the threshold temperature for oxidation is given from
data acquired from numerous oxygen defects and does not reveal the threshold fooareéfoint-

like minute nano-Bs. The SQE studié§’193:107.163,194,195.197.1989 g ggest that although oxygen was
not directly used in annealing procedures, minute traces of oxygen were present, Ipagsiating
nano-BOs structures. In addition, X-ray absorption ion irradiation studies on F%8Bind BNNTF,

have demonstrated oxygen healing once re-exposed to ambient condititngrimdiation favorably
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creating nitrogen vacancies® h-BN irradiation was shown to also induce SQEs in other
studies.}?%197.19|n these SQE studies, irradiating and annealing were independéfit;'*therefore
exposure to ambient conditions exceeded a time scale of §'& prior to annealing, allowing oxygen

healing of freshly induced defective sites.

In our BNNT material, composed of curved h-BN units and also 2D8htB&RPO2%the surface area is
higher than a bulk (or exfoliated) h-BN crystal. The concentration of exterior surtfeetsl is
therefore also higher and healed by ambient oxygen. The high temperature method useshte
BNNT, annealing done in previous SQE studies of 2D'H8N07/163.19495197,198.199 (35 well as in this
study, see below and SlI) to stabilize emittétschemical oxidation etching shown to induce SGEs,
oxygen related photochemistiy? of photo-induced modifications of SQEs to blue wavelengthén
conjunction with observations written above, warrant an optical investigatioB0f to evaluate the
role oxygen can play in semiconductors of the boron family. Oxygen cantidoeluced during
fabrication, exposure to air prior to annealing, during annealing in chamberdnaiths of water/ g
or during the processing of h-BN in solvents/liquids (processing sensitivity andtated in 4.2.14).
The most common form of,Bxis vitreous (v-BXs) 2+212 since spontaneous crystallization ofBis
not a simple process$!® v-BO; contains B@and planar boroxol rings (an analogous h-BN ring with O
substituting N in the center ofsBs Schematict Figure 4.21), with a bandgap of ~ 6 e¥ These

planar rings can be seen as disordered planar 2D material within the bulk.

4.2 Results

Figure41 v }% 8] 0 %] SPE }( Z pol[ EEdX

4.2.1 Bulk BNNT

As a first step, bulk BNNT (see section 4.5 for preparation metinadsprobed using 735 nm Raman
excitation. We confirm the Raman-Stokes shift of BNNT with the main peak at 137Figure 4.2.n
corresponding to the Fin-plane Raman modes, with a similar PL structure to those seen in previous
infrared Raman studie$2%214215We surmise that some 3hybridization is present and the peak at

~ 3200cn!can correspond to B-OH/B-O bond¥2¢ or possibly to moisture:’>2%° For clarification,

on the wavenumber axis in Figure 4.2.a we show the known Raman shifts t&eal pponons for four

species of the boron family: h-BN, BNNT, cubic BN (c-BN) and Boric acid @Bfiallotrope of BN
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4. One dimensional Boron nitride nanotubes (BNNT)

which is isoelectric to diamortd’2'8). See below for a detailed analysis of this PL. An energy-dispersive
X-ray spectroscopy (EDX) measurement on bulk BNNT (Figure #$het) identifies 3 major atomic
components: B/N (0.17/0.39 eV, respectively), as expected, and oxygen (0.53 &yfgement with

our Raman measurements. Consistent with previous studiés’ the carbon signal (0.27 eV) is
extremely weak. Upon 532 nm CW excitation, non-bleaching emitters aredimately evident, with

no slow-rate bleaching. We observe two typical PL spectral features, which as we will show,eoriginat
from hybrid material (narrow PL features) and entwined BNNTs (broader PL featumshuP
research in 2D BN 7 has also suggested that narrow/broad PL features can be an indicator for
different emitter classesHowever, in the bulk only entwined BNNTs spectra could be discriminated
(spectral features are discussed below). We estimate an ensemble QE density usingeés@2taiion

of 0.47um2 for bulk BNNT. Nevertheless, in the bulk, single QEs could not be isolated.
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Figure 4.2: Quantum emitters in BNNEZ u] o0 }u%o}e]S]1}vU % Z}v}iv e] V.V O GreJeep oS €HL S V
emitters. Comparison to quantum emitters in 20B (a) Raman-Stokes shift measurement using 735 nm excitation for bulk
BNNT (red curve). Known Raman shifts are displayed for clatityBidrand BNNT (overlapping grey squares and grey lines),
c-BN (adjacent blue lines) and B-OH (blue line). InE&X spectra from bulk BNNT. Schemftinit cell of a typical h-BN

unit and unit cells found in vBs. (b) schematic/microscope image of suspended BNNT on Al needles. @tRLd@m QE
which is single using 22 W 594 nm CW excitation but is not singlg 28iuW 532 nm CW excitation - indicated by
autocorrelation insets ((e) and (d), respectively). . (f) PL representative spectrat$efatudispersed QEs from hybrid BNNT
material using a 550LP filter (curve 0), chemically etched h-BN using affi@@i(&urve 1) and v-8; (curves 3 and 4) (inset

- autocorrelation measurement for an y&3 QE, proving it is single (g2(0) < 0.5)) all excited with 100 pW ofrbZ2W.. (g)
Graph - PSB detuning from the ZPL, left in wavenumbers,nrighérgy. The blue dots represent suspended QEs and red dots
QEs dispersed on the substrate. Schematiepiction for different vibronics for an oxygen based defectfiayer bond

defect (left/right, respectively
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4. One dimensional Boron nitride nanotubes (BNNT)

4.2.2 Raman analysis

Material Hexagonal BN BN nanotubes cubic BN Boric
(h-BN) (BNNT) (cBN) acid
(B-OH)
(In-plane) Modes Diameter
[nm] 0.7-26 -
Raman Species| By Exq - =%
Wavenumber LO: 1453.3 -1614.8, TO: 1055,
[emrY] TQ : 1364.5- 1453.3 | 1356 -1380 LO: 1304 3251
Energy LO: 180 - 200, TO: 130.6,
[meV] TG : 169 - 180 169.3-171.2 LO: 161.5 403.3
(Radial/ Diameter 0.2t02 -
Out of plane) [nm]
Modes Raman Species Radial breathing| - =P
modes (RBM)
Wavenumber 729.1- 831.6 1000- 200 735
[em] -
Energy TOc: 103-90.3 124.1-24.8 - 91.2
[meV]
Reference 104219 220 170 221 216

Table 4.1: Raman modes and optical phonon modes for four boron species: KNBNcEBBN and boric acid (for which only
the B-OH mode is displayed). Modes are generally characterized as in-ptboet-afiplane. This classification is only valid

for h-BN, BNNT and B-OH. For c-BN, whose symmetry is zincblende, the transversgtadohé optical phonons (TO/LO,

respectively) are classified for convenience a%do- v X

Z u}

[* Z u Vv *%

]+ =1 v u

. ]c 0%0

wavenumber and energy. Diameter is valid only for BNNT whose modes dephednofror h-BN, the flake thickness

affects the modes as well, but for convenience it is not specified here.

It is seen in Figure 4.2.a that the Raman peak starts to rise at ~ #@H0Raman-Stokes modes in

BNNTSs can be more complex than in 2D h-BN: in BNNTSs the diametet as thel number of walls

1(]

of the nanotube determine the Raman-Stokes shift. Thentbdes of BNNT are analogous to

transverse optical parallel phonons (@nd longitudinal optical phonons (LO) modes of h-BN. In the

limit of increasing tube diameter the Raman shift behavior approached thatDofhZBN.?%°

Nevertheless the broad features of this peak hint to more complex features, other thaaria-pl

modes. For clarification, in Table 4.1 we list the known Raman shifts (in walklenamd energy) and

optical phonons for four species of the boron family: h-BN, BNNT, 8bic-BN) and Boric acid. c-

BN nitride is an spallotrope of BN which is isoelectric to diamoit?'8 The radial modes of BNNT
would fit only the start of the rise of the main peak at ~ 1000 ct# Tube bundling mode-softening

is well known from carbon nanotube research. Howewas, initio calculations have shown that

softening is only on the scale of ~ 10-Hor all modes in BNN¥° Since the BNNT tube diameters we

use are in the range of 3 nm to 6 i and BNNT radial modes are for diameters smaller than 2 nm,

we discard them as the cause of the broadening of this peak. Due to contributidine wavenumber
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4. One dimensional Boron nitride nanotubes (BNNT)

range of ~1000 crhto 1379 cmtwe conclude that some $ponds (as attributed for higher energy
excitations)'®! present in our BNNT material could give Raman modes similar to cebsnisee
Table 4.1). Similar c-BN modes have been attributed fohgpridization of 2D h-BN at grain
boundaries using high-resolution electron energy loss spectroscdpyAdditionally, a peak at
~ 3200cntis visible, which can correspond to B-OH/B-O baHd¢’, , or possibly to moisture?®®1’s

For clarity, the modes of the various BN species are displayed on the wavenumber axis.

4.2.3 Power-dependent photo-dynamics for Figure 4.2.c

Figure 4.3 Level scheme, metastable state frequencies and confocal scan of tmuemitter in BNNT.(a) Metastable
state frequencies; Inset: excited state frequencies. lllustration depicts three state energy level dth@ptid| scan using

22 pW 594 nm CW excitation reveals possible isolation of single QEs for BNNT suspehdeddiesA

Figure 4.4: BD; PL scan
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4. One dimensional Boron nitride nanotubes (BNNT)

4.2.4 Isolating single emitters in BNNT

Due to these observations, we reduce and disperse the nanotube material. Rudmgll string-like
amount of BNNTSs, we isolate bundles of nanotubes, whose diameters are ondimnrscale. Taking
advantage of the electrostatic polar nature of BNNTSs, we suspend the micro-bundies aluminum
needles, thus avoiding substrate contributions while preventing contact with the suspardion. A
schematic/microscope image be seen in Figureb4t@p to bottom, respectively (See Figure 4.3.b for
PL confocal scan). Remarkably, with the reduction of the amount of BNNTiahated the decrease

in excitation energy to the wavelength of 594 nm, single QEs (SQE) were isttatédure 4.2.c-eff
(curve 0)/g we present features of SQEs originatinty from BNNT hybrid materialSuspended
material data is displayed in Figure 4.2.An autocorrelation measurement reveals %0 value of
0.33 £ 0.01 (< 0.5) (Figure £ 2. orange curve) indicating the single nature of the emitter. The PL-
spectra (Figure 4.2.t orange curve) reveals a first sharp peak accompanyeadbroader peak. We fit
both with Lorentzians (blue and red fillings, respectively). Due to the high coefficidataymination

(R = 0.98) of the fitting and the similarity to PL features established in pre2ibus-BN research,
117,193,107,163,194,195,19B8199 \ye tentatively denote the lowest energetic emission peak as the zero
phonon line (ZPL) and the second peak as the phonon side band (PSB). Tt #ielwavelength

of 639 nm and the PSB is detuned ~ 120 meV (96 fram the ZPL. We note that for some SQEs the
entire PSB was absorbed inside the ZPL and could not be distinguishede(diem 4.2.10 for
example). We estimate a hybrid material SQE density of 0.17 ysimg 594 nm excitation in micro

tubes-bundle.

An analysis of the power-dependent photo-dynamics for the suspended SQE whose PL spectra is
displayed in Figure 4.2.c (orange curve) was done in order to gaintinsigthether these are
comparable to previous reports in 2D h-BN931°7 See S| for details. We denote our level scheme as
1/2/3 for the ground/excited/metastable states, respectivelg s §Z SE ve]3]}v 3SA v ] W i
zero excitation power. By analyzing the power dependence of the short/long time scale
autocorrelation measurements (|t| < ~ 30 ns, > ~ 30 ns) and converting them to tamsities , the

excited ~,»lu § *§ ¢ state rate can be extracted, respectively (see Réfor further details).

We get an excited state relaxation rate 4 s= 227 + 16 MHz, a metastable state withs= 594 £21

Hz, and an inter-system crossing (ISC) ratdg@f= 176 + 21 kHz, resembling those for SQEs in 2D h-
BN.107:193.1%|nterestingly, for some emitters with similar spectral PL peaks, the excited state lifetime
was much longer. Such an emitter can have a ~ 5 times longer excited f&titeeli(Figure 4.2 t

black curve). We show below that this can be attributed to material dimensionsesntiadin our
excitation wavelength. Emitters were completely stable under 594 nm exmitdtir ~ 3 hours of

excitation without observable bleaching. Our suspension measurements therefore show that singl
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4. One dimensional Boron nitride nanotubes (BNNT)

QEs in BNNTs fabricated using the HTP method are associated with the material gsaffjil
contribution from the substrate. Nevertheless, when switching to 532 nm excitation (foarsdte

same emitter), additional spectral features appear on the PL-spectra and the isolated emittealpec
features are absorbed in broader features (Figuredd2reen curve). This is confirmed by the higher

value of g(0) (0.61 + 0.01 > 0.5), indicating more than one emitter (Figure 42sfjuctural defect,
extending a line defect, as observed in TEM and cathodoluminescence measurevitkrdiferent

excited state energies (as depicted in FigurecAt2nset),18%115 can possibly explain this observation.
Alternatively, due to the high density of compressed material in the migta+ 0 v EEd[s 0 EP
surface area, another emitter can be present inside our confocal volume. Using 5@&itation we

were not able to isolate single quantum emitters. Furthermore, isolating esinghotubes with

precision cannot be achieved using this method.

t §Z @ (JE %%0C $A} u §Z} « (}E ] -Banehylbcetami&d BMAL), shojsnP EU E;
not to affect nanotube structurg® (see Methods for more details). Second, we once again take
advantage of the electric polarity of BNNffadopting a method of using oxygen plasmas from carbon
nanotube research??> Namely, oxygen plasma, which slightly charges the surface, is used to treat the
surface on which we rub the BNNT material afterwards (See section 4.5 for methods), thus
circumventing solvent contaminants and allowing optical isolation of QEs. hisingnethods, with

532 nm excitation alone, PL features of a single emitter could beeésblln Figure 4.2.t curve Oa
representative PL of emitters which were measured using both these methods is disgtieever,
emitter stability was affected using DMACc, limiting excitation time to eur before bleaching, hinting

to possible site-specific modification as a result of the use of DMRdNevertheless, BNNTs
chemisorption of oxygen is not likely to take place using oumpdamreparation conditions at non-
defective sites. However, defective sites such as Stone-Wales défetis® are more chemically
reactive due to local strain and bond frustratiof>®” Previous research has also shown that QEs
brightness in 2D h-BN is strongly affected by the supporting substrate (or laék’, gfpssibly
influencing radiative rates and also stability. This leads us to believe that stalabtyaffected by
DMACc or by the substrate. So as to avoid artifacts, we repeated this procedure using only DMAc
without BNNTs on SONo QEs could be found using DMAc alone. To further explore the frole o
oxygen (evident from our Raman/EDX measurements), we also plot the PL spesftransQE
(Figure 4.Z. t curve 1), created through oxidizing chemical etching of 2D h-BN (Se&Rdh
addition, we plot PL measurements from two SQEs inQs-B?'2 (Figure 4.2. t curves 23, see
Methods for details). The resemblance of the emission wavelength is apparent, with a PSiBgletun
of 149 meV (1208m?) for etched h-BN and 155 meV/113 meV (12585914 cm?, curves 2/3,
respectively) for v-BD;, although with a shift in the maximum peak wavelength. The h-Bi¢-B
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detuning resemble best the hexagon ring in-plaag'€l 2modes, respectively. A third peak is cut
off by our 550 LP filter for curve 2. The @OBSQEs PL spectra (curves 2-3) are also similar to those

reported for monolayer h-BN2’

Next, we analyze the PSB detuning from the ZPL for hybrid BNNT, which can dx Ishithe
supporting substraté!® (10 meV for 2D h-BN) and by different boron isotop&tdence, we make a
distinction between suspended and dispersed detuning. Comparing the PSB deflwormthe ZPL
between suspended and dispersed material reveals a different behavior: When dispersed on the
substrate, the detuning is shifted up compared to the suspended wavenumber (energy3.lbited

in Figure 4.2.g, where the average wavenumber for suspended material 821,02 meV) and on
SiQis 115%m? (143 meV). This shift behavior was consistent for all dispersion methods used in this
manuscript and was independent of excitation wavelength (see section 4.2.6 for sinatelexample

using 594 nm excitation). As will be shown, the PL features (FigureFidume 4.2.f) are related to
hybrid material attached to BNNT. This shift hints to a strong impact the local envirohaenh the
emitter. Interestingly, our detuning in the suspended/dispersed (on substrate) cak,clr?

/1206 cntt (102 meV/149 meV), is similar to the detuning seen fosQsBmitters 914cm/1258 cnr

1 (113 meV/155 meV) curves 3/2 , respectively. Coincidently, the vibrationrohlmxide anions
(**BQ and *BO) which due to their bond strength, retain their integrity in complex chemical
environments, has an excited state vibrational difference of 340 ¢48 meV)??* similar to the
wavenumber difference between our suspended and non-suspended material @33(41 meV).
Alternatively, we can classify the suspended phonon modes to 2D h-BREZDQalong the c-axis)
modes (see Table 4.1), possibly attenuated upon contact with the surface, makigg thedes more
prominent. Therefore, upon dispersion, a chemical change can occur in the emitter or theovihtati
freedom is diminished (a schematic is depicted in Figurey.2Zonsistent with our observation of
hybrid material on the tube exterior exposed to the environment, as will be shown. This behasio

not been observed before for QEs in suspendedNni”1*7 probably because of the relative small
area the h-BN flakes were suspended on (on the scale of 10 microns) and the less exposed
environment in a 2D h-BN lattice or possibly because of the different origiimdfees in this
manuscript. In our experiment, the material is suspended over a scale of millinfevens the
supporting aluminum needles. We demonstrate this behavior further below for suspended ahateri

with a supporting structure on a smaller scale.
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Figure 4.5 Comparison of Spectral, auto-correlation, spatial confocal anda@EM data for broad spectrum quantum
emitters in BNNT. (a to c¢)(1 to 3) compare the PL spectra (a), optical dsdanab) and SEM resolution images (c),
correlating QE spatial features and emission properties. Substrate typatenoted above each line. Column (a) (1 to 3)
displays PL spectra using 532 nm CW excitation. Insets display autocarreletisurements. (1) and (2) are for BNNT
dispersed with DMAc on a TEM grid (2) and (3) BNNT dispersed withdM#AO. (c- inset) graphically enlarged image
color coded in cyan for clarity showing a few nanotubes wrapped on a singleibanoovering the TEM grid. (d2nset) a
similar singular straight tube (d¥() metastable state decay curves for 532 nm CW excitation in logarithnhéc Bbae curve
represents low power 40 W excitation, red curve high power 500 p\étéxti A second decay component is visible on the
high power curve. (e) kilo counts per second for two SQEs withrtteeRla spectra structure, both display different counts as

a function of power.

4.2.5 SEM resolution of entwined BNNT SQEs
We now turn to spatial localization and classification of QEs in the BNNT using SEM resolution. Using
532 nm excitation our spatial resolution is diffraction-limited at best2@0 nm, which makes

distinguishing single nanotubes from nanotube bundles impossible. To overttis) we combine
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higher resolution imaging of the SEM and optical laser excitation. To this erdéposited 200 nm

of indium tin oxide (ITO) on Si®endering the substrates transparent and conductive, thus making

them compatible with both types of spectroscopy. In addition, quantum dot research has shown ITO

S} *U%o%o E *+ ulee]}v o]VvI]JVP p S} ( ]Jo o SE}v SEpssle@®p- p S} /d
states, thus blocking emitter electron transfer to these states once in the excited &alie to the

proximity of our nano-material to the environment, we expect a similar &fféo probe suspended

material, we also used a conductive gold TEM grid. The DMAc drop-castiagipre was applied to

two substrate types: Siwith ITO and a gold TEM grid.

Figure 4.5 depicts data for QEs originating from entwined BNNT material. Coluronté)€ spectral

and autocorrelation data, column (b) confocal optical excitation scans and caolohBEM scans,
where each enumerated line connects between the column features. Lines 1 and 2 datpidod
suspended BNNT on a TEM grid and line 3 for BNNT on ITO. Surprisingly, on straight single nanotubes
(without hybrid material) on the scale size of single nanotubes nerqigsion could be exhibited. A
comparison between line 1 and line 2 of Figure 4.5 reveals that emissiohasiginating from single
tubes suspended on the grid, but rather from the entwined BNNT. A closer look (Figur®eR t
insets) shows that these tubes are a combination of a few tubes wrapped on what is most likely one.
An autocorrelation measurement (inset Figure 4.5.al) reveals that this is a singfG)E (4 + 0.02

< 0.5). On numerous instances, when single tubes were isolated, we were not able toesassion
signature associated with QEs. Similar ensemble features can be seen for BNNT(loe I3 ©f
Figure 4.5). However, a cluster of curved nanotubes smaller than 1 micronbctes to emission.
Therefore, nanotube termination, known to harbor defects!®® can perhaps also play a role in
emission. For Figure 4&8, using an asymmetric peak fitting function (see 4.2.9) we subtract the
broad shoulder of the PL spectra to identify six distinct peaks superimposdideoshoulder. An
analysis (see4.2.7) leads us to conclude that most probably the ZPL is at the range of 589 nm. In
Figure 4.5.d we show a representative metastable decay behavior for this céamgters for a similar

SQE dispersed on ITO using the plasma dispersion method. Photo-dymeveiak at least two
components affecting the metastable decay|(# ~ 40 ns), one only prominent at high excitation
powers (> 500 pW). This is plotted in Figure 4.5.d on a time thgad scale. We attribute the short
component to a possible dark state, indicating an intermittent blinkap states or a different emitter
charge state, as seen for the silicon vacancy defect in diantéfidle get an excited state relaxation
rate of 4¢-= 570 + 76 MHz, a metastable state withs= 0.24 + 0.03 kHz, and an ISC rat&gf=

140 + 8 kHz. Photobleachings not observéfor this SQE, attributed to the stabilizing effect of the
ITO substrate. Interestingly, two separate SQEs of this type show different photon emimsits c

power saturation behaviors (Figure 4.5.e). This can be attributed to differelgatiic environments
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around the SQE¥” or to variations in excitation/collection efficiency due to the circular qudsi

nature of BNNT on which the emitter can be spatially located.

Figure 4.6: Comparison of Spectral, auto-correlation, spatial cdrdadaspatial SEM data for quantum emitters originating

from hybrid material in BNNT(a to e)(1 to 5) compare the PL spectra (a), optical confocal scaasdl5EM resolution

images (c)(d)(e), correlating QE spatial features and emissipenies for BNNT dispersed using DMAc o 8ith 200 nm

ITO (1-4) and on a TEM grid (5). (a,b) (1 to 2) displayseRtrsspising 594 nm CW excitation , (a)(1) Inset displays an
autocorrelation measurement. (a,b)(3 to 4) PL spectra using 532 nm CW enditatsecondary electron SEM image of a

nanotube cluster, some containing segments of singular nanotubes.dgld@Hiesolution SEM image of segments, revealing

single nanotubes branching from the nanotube cluster (upper inset)taisted tubes when tilting the detection by 30

degrees (bottom inset). Not¢ & A ¢ PE %Z] o0oC vo EP X ~ v " @EhdeyeoR) SEME u E| E
backscattering images revealing hybrid material attached to nalbpetlusters. ITO grains are visible on the substrate. (b,c)(1

to 4) have the scale of 2 um, (b,c)(5) have the scale of.1 p

93



4. One dimensional Boron nitride nanotubes (BNNT)

4.2.6 BNNT Exfoliation

We also attempted to exfoliate BNNT material, similar to the methods used for 2D h-BiEvéto
emitters bleached after ~ 1 hours of stable excitation. These samples were prepared using the same
methods as h-BN exfoliated in chapter 3 , with the difference that at the end of the exfoliatio

procedure they were submerged for 10 minutes in ethyl alcohol and afterwards dried in N2 gas.

Figure 4.7: Exfoliated BNNT with 594 nm excitation (a) photo-luminescence dfe3s(h) confocal scan reveling highly

localized emitters.

4.2.7 SQE spectrum and ZPL analysis

Figure 4.8: Detuning of the five spectral peaks to the last spectral peaks in endigyafibispectrum BNNT QE.

For the PL spectra in Figure 4.5.al1, peaks were fitted individually with Lorentzian&Bdussitions.

These were then renormalized to portray the peak they represent on the original Plraspat

denote the first peak as a potential ZPL, whereas the remaining five as poteBBal Bsing this
classification we subtract the energy between adjacent peaks. This is seen in Figure 4.8. Using
Table 4.1, the energy detuning is closest to the range of the Radial Breathiregs NREM) of BNNT.

In some instances, we observed that when switching to 594 nm excitation on rihe esaitter, the
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emission spectrum is not seen. This leads us to believe the first peak, atrnB8s the ZPL, which

can be shifted by the local electric environment.

4.2.8 SQE photo-dynamics analysis

Figure 4.9 SQE Photo-dynamics analysis linked to possible blinking. apimd emission photon trace where the average
emission is set as zero for two both powers. For low power (blue curve) emissiorislydistributed around the average
whereas for high power (red curve) deviations from the averagern(@hifts) with different magnitudes are seen. (b) excited
state frequencies as a function of 532 nm CW excitation power. (c) metastable state frequendiexctieraof 532 nm CW
excitation power in logarithmic scale (green points and bldied). Red points are the frequencies of the intermittency

occurring at higher excitation powers. (d) Best function fit for intermittency in (c).

In Figure 4.5 for low excitation power (40 uW) only one time desgpnent can be fitted, whereas
for high power (500 uW) a shorter decaying exponent is seen. Tongight, in Figure 4.8 we plot
the normalized emission photon trace by setting the average emission as zetardgpowers
(low/high) for 60 seconds (Figure 4.5.a bottom/top, respectively). The agenaission traces are the
blue/red curves, respectively. For the low power trace the emission is dispersed evdliy betow
and above the average emission. However, for the high power trace we see burstarofstited
emission well below the distribution of emission around the average. We note thse ttiewn shifts
do not have the same percentage and we can roughly classify ~ 20%, 45%/@skifzl This indicates
a switch of the emitter to a dark state which can occur on a time scale faster than our pledtarion
whose duration can vary, thus the different down shift percentage. Therefore, the emitter can be
trapped in a dark state due to an intermittent blink to trap states alifferent emitter charge state.

Using this interpretation, we can now attribute the short decaying componeriéoswitch of the
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emitter to the dark state, whose duration can vary and does not always register fulbuotime
photon trace. Therefore, our photodynamic analysis is for a three state system. The sedend
correlation function describing the photo-physics of our emitter can be vesitdbed using the?()
function derived in 2.3.2. The parameters can be derived from a three-leveélmatiich better
explains the observed experimental data. The three-level system consists of a grouitdd,ex
metastable state and an additional high-lying state to which the metastable embto optically 226
d} .v 8Z SE& ve]S8]}v & 3§ GNe &Hlow uhle approach applied to describe the
photophysics of the silicon-vacancy color center in diamé#dlhese frequency rates are shown in
Figure 4.9.c, on a logarithmic sta ( L@ hoth components. Figure 4.9. ]+ %o 0 C sfré&gdiengy.
When the power exceeds 120 uW a high frequency (MHz) component is seen {rédetbcurve
added for emphasis) larger by a few orders of magnitude than the originalydeequency (black
dots). The limiting values (i.e2 \ ra 2 \ » trrrJ ;; of various parameters that go into the

analysis are:
iZL spweagd L vaywead L s JeBErax

4.2.9 PL spectra asymmetric fitting functions
The following function was used, whe T; denotes the normalized PL intensity and x denotes the

wavelength:
(4.1)

S S
B:T, L U E #n s=—rnskF 5 I
P@eTEFA ?@e7e5A

sEA & SsEA &

4.2.10 Example of absorbed PSB for suspended material
The long pass filter is designated by the dashed line (Figligg 4.
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Figure 410: PLspectra for a suspended emitter using 594 nm excitation.

4.2.11 SEM resolution of hybrid material SQEs

In Figure 4.6 we analyze the spatial localization of emission from hybtetial dispersed using DMAc
(see section 4.5.3 for details). For lines (1) to (4), isolated narestalusters from a diluted BNNT
DMACc solution, containing isolated segments of single nanotubes were probed5 Limdor a
suspended cluster on a TEM grid. Columns (a) and (b) are similar to those is Fguvbedeas
columns (c),(d) display SEM imaging with different resolutions, tilting anglesandn (e) with
backscattering imagery. Purple lines/circles connect between the column features, whereas cyan
lines/rectangles mark entwined tube areas. From columns (b) and (c) we deduce thsgicam
originates from the tube structure and not from the ITO substrate. We see a clear tendency of
entwined twisted tubes (cyan rectangles) to exhibit concentrated emission areas, whsotsted
single nanotubes do not emit, consistent with our previous observationkyAfl rectangle areas
resulted in a broad PL spectrum and not with the sharp narrow PL features displayed im ¢a)um
The single QE in line 1 of Figure @§0) < 0.5), reveals that emission originated from hybrid material
and not from the continuous nanotubes. The brighter color of the hybrid materiabaoed to the
darker color of the tubes in the SEM backscatter images (Figure 4.6.e1, Figa® da® indicate a
different crystallographic orientation, possibly due to a differing orientation@fi2BN"® causing
the SEM electrons to scatter differentR#/228229 or different conductivity due to a changed ratio of
less boron atoms in this area or a higher atomic number, like ox§g&€has indicated from our bulk
Raman/EDX measurements (Figure 4.2.a). Hybrid nanomaterial comprisilg BNINT and 2D BN
oxide platelets have also been reported for high temperature annealed BNXiNMhe minute size of
the hybrid material is insufficient for EDX spectroscopy. The good dispersiorsttubtire isolation
and the long magnetic stirring process involved in dispersiee ¢ection 4.5 2 evident from

Figure 4.6 leads us to believe that the hybrid material is part of the tube structure@nattached
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via weak non-covalent bonds, normally holding non-defective BNNIE toglether. These are also
similar in appearance to hybrid material identified from the same vendorgu$iaM, confirming
attachment between the BNNT and the hybrid matertdl.A similar analysis is valid for the purple
lines 2-4 of Figure 4.6. The point-like emission originates fronmichybaterial smaller than our
excitation wavelength (Figure 4.6.e2). Therefore, the dielectric nano-antenna effeeis@mgovern
the emission mechanism for this QE class, affecting emission rates and saturation beffatrias,
explaining our diverse lifetimes in Figure 4.Z'lhe PL spectrum in Figure 4.6.a(1,4,5) are consistent
with that of Figure 4.2.f (curves 0/1) and structurally with that in Figure 4d2an@e curve) and for
Figure 4.6.a(2,3) to those seen in suspended material where the PSB was absdtmedmb (not
shown). Tilting the SEM image by 30 degrees (Figure 4ttdttom inse), reveals the entwined tube
areas in more detail and the hybrid material. Interestingly,
line 5 in Figure 4.6 shows that suspended entwined BNNT tubes can seeminglyeadbmgivspectra.
Nevertheless, this is the only instance where we have seen this behavior, leading us te theltev
hybrid material is present in the suspended micro-tube. The PSB detuning from the 1320 crrt
(164 meV),whj Z A § PYE]I v 8Z & vP -« FiguekhthsHows\@&, & I[ng & of
Figure 4.6 the BNNT material is located at a distance qfm ftom the supporting frame of the gold
TEM grid and from densely entwined tubes (not shown). Therefore, the PSB detuningbikettee
ZKv "p «SE S [ X
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Figure 411: Artificial structures on diamond used to curve 2D h-BN flakes for gemp@Es. (a) 532 nm CW reflection
measurement of a h-BN flake placed on top of diamond pillarstsRittzere QE were observed are marked with purple circles

(Elu Zi[ 8} ZO[X W] E  %]0o0 E E °+ E 30%F0E %]|oX & ~~ DR ()as E E }(
(c) have the same scale of 5 um. (d) 30 degree tilted SEM image of theak&3dhle bar marked with a white line is 200

vu o}vPX dZ Jve § }( %]oo E Zi[ A +ZP5E/ PZY IECVEP [E}REJPEOYRPZC h(OoEZ (o | X W
}1SZ €& %]o0 E*X &}E % ]oo E Zb{edde ef theflakkb{adi) gy Half eircle is $eén). (e) Autodiorela

U *HE u v3es (E}u %]oo E+ Zi[U Zo[U v ~(s(}b}% "E A -AZ (L IUX% |orsetE Zi[ t

PE %Z] o00C (Jo§ E Ju P Z]PZz&lBZ3yvPREZSuvBYVYA[ SIGCvSX (}o E PJ}vXe ~Pe W> %
the diamond pillar background where e '} » v}§ }A E §Z %]oo E ~v}Eu o]l i(E3) EPA &8 KZW> «9
W> e% SE }(Y U Z6[ ]« Y WhtBNMI sandBle foEvhich batkgrdlnd was subtracted. Arrows indicate

E * u 0]JVP % le ~Z+ Spuv]vP }( 8Z W~ (EJUSEZANX]W %8 4 (DE]Y]v A A vpu E-U AZ

right scale is in energy.
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4.2.12 Artificial curving of 2D BN

It has been demonstrated that SQEs in h-BN can be spatially correlated with woimldes-BN flake.

196 Therefore, to show that BN nano-material artificial curvature can be spatially correlatie@E

location, we fabricated sharp diamond pill&¥$554 nm high with the top/bottom base diameters of

93 nm/200 nm, respectively. Figureld.b displays a SEM scan of a typical pillar. Single crystal 2D h-

BN flaked?® with different thicknesses were transferred on top of the diamond substrate so that they

would artificially curve on the pillars and then annealed (see section 4.@ck#efails). Some pillar

also pierced the h-BN membrane. Figurgélda/c shows a reflection (no wavelength filters) / 550 LP

filtered 532 CW excitation confocal scan, respectively. To gain higher structural @sahgight, in

Figure 411.d/f, a SEM scan of this flake, 30 degree tilt/top view, respectively, is pegseRillars in

Azl zY «AE } « EA E u El Al$Z vuu E+ 3A}uozZi[  PEW[X /v

in perimeters of flakes. Comparing between Figutgl4.l | [(U Y Zi[ ]J* *% 5] ooC o} o]l

curving of the h-BN membrane on the pillar and, as opposed to'Refio perimeters can be seen.
}SZzY Zi[ v Zo[ -] ® VviE v EZ]18 Z3% v38IvP[ (( 38U Z}A A @

the h-BN edge (insets of FigurelZid, Figure 411.f). An AFM scan (see section 4.2.13) reveals the

% | }(Y Zi[ §} « i R BN flake faizplade fitting exactly the convergence height from

our pillar bases (1 um), therefore the top is not in contact with the pillar (dfra®s height), with an

opening angle of 16.7 degrees, wider than the pillar bases convergence point arddlede§rees.

Presumably, curving commenced when the flake started to touch the pillar bases ordenwisich

could have been modified af EA & « C vv o]J]vPX v 3} }EE o §]}v u +uE u

displayed in Figure #1.d, proving its single nature¥@) = 0.37 + 0.02 < 0.5). We note that due to the

small diameter of the pillars, pillars without h-BN flakes emit background ugser excitation.

Autocorrelation measurements using the same power (50 pW) were also conductdetge pillars

revealing no quantum signature - validating quantum emission associatitreth-BN flakes. Pillars

with h-BN on top near flake boundaries (~ 1 um away) also showed QEs clusteighgresulted in

U}E& SZ v }v ul$s EX dZ]- Figure 4t1e),FieMingA@®] =-0.82-0.01 > 0.5. QEs

Zi[U[T[U[Oo] v [A] & FigureEdbl@, dfy.] Néverthdless, these areas also displayed a

guantum signature, consistent with previous work, where SQEs were measured in an aea of

chemically etched hole or boundaries in the h-BN flake (See chaptéf @jJe discuss below in detail

the difference between curving (tenting) and piercing. For pillars markedak bhes in Figure #1.d,

no QEs were found. A rough comparison to the other pierced pillars (FidLkeYdlshows that they

have not penetrated as deeply into the flake as the other pillars, inducing lesatatevin the

surrounding area, possibly hinting further to the role of curvature or other meshas in QE

formation. To further demonstrate the role of perimeters and curvature abundant in the (eBN
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E § Zv 3UE 00CG[ G /£ (}o] 8]}veU Rigura4ll.iis @adwn Adsiis gagpon| ]v

nature (Figure 4.1.e t autocorrelation measurement). An AFM scan shows the fold height to be ~ 250
nm with a slope angle of ~ 2 degrees. Figuldd? *Z}As §Z W> % SEpuu (}E Y « (E}u
Zo[ ~ WEA « i 8} 00U v (}E 8Z Y u El A]8Z z&}o [ ~Y Ed[+ v vV}
e U% 0 ~Y ZO4h Hisgldysph®EwW » Suv]vP (E}u §Z W> (}E& o0 YOo[ Zi[ 8§} Z
from the analysis due to its ensemble nature). We identify the same two-peak structurerdaiiédi
for hybrid material in BNNT when dispersed on the substrate (Figure 4.6/aEjgdre 4.2.1g). In
addition, a similar average wavenumber (energy) detuning is seen 1889 fmkV (Figure 41.h /
Figure 4.2.1g red line, respectively). Intuitively, a pillar which would cause the 2D h-Bi&taurve
near its edge would have quasi-1D features, similar to the structure one finds itubasoComparing

SA v EZ W>+% SE }(Y *» (E}u %]oo E Zé&igure 4Y.gcuiEs6and EEd + u?
7, respectively) we see similar spectral features, although the peak maxima are shifted with respect
to one another. Similar local maxima are marked by arrows (up/down, BNNT/pHBEIN
respectively). Therefore, curved areas can result in resembling PL spectra in h-BN and BSiRitconsi
with studies showing that optically BNNT can behave as curved 2D ¥°BNurthermore, the PL
spectral fe SUE&E « & 1(( E vs (E}u 8§82 Y v §Z E u EI e Z&}0 [ ~

1(( & v SA v P (ES3](]] 0o MuEA]vVPBN WaAualsd@aEmMpted joGADRER Jv Z

on thick h-BN flakes (> hundreds of nm). On pillars on which thick h-Bplaeasl, QEs could not be
seen (not shown). Due to the higher thickness we think that the flake is mechanicatiyreststant
to deformation and piercing, and as such QEs could not form. Finally flal&N were exfoliated on
a hemisphere of @D, to insure the flake contains long segments of curved areas. The effect of as-
exfoliated compared to flakes exposed to a liquid environment was tested, confitherggnsitivity

of BN processing chemicals (see section 4.2.14).

4.2.13 Preparation of pillar sample and AFM topography

h-BN was exfoliated on a Si/2gDbstrate for maximum optical contrast. Using a PDMS stamp transfer
method?*?the flakes were then transferred to the diamond pillars. The samples were annealed at 500
°C in an Ar/H environment for 1 hour, which should not damage the tapis.?® An AFM scan is
displayed below in Figure.c, with the corresponding heights for each line (1) and (2) (Figatza4.

and Figure 4.2.b, respectively).
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Figure 412: AFM topography curves of h-BN on a diamond pillar structurarea 1 (a) and for area 2 (b) marked oe th
&D u % ~ ¢ (}E %]oo & Zi[]v §8Z ulv $ £5 v ((®RZ[ WIPZSUWJESZESXE u EI A]:
The annealing procedure used removes organic contaminants and does not intrpufincdes for

temperatures below 600C.2%

4.2.14 Curved 2D h-BN on zZit@misphere

A hemisphere of cubic Zg@vith a diameter of 3 mm (A.W.I. Industries Inc.) was cleaned in the same
method as described as cleaning Si@ the BNNT oxygen plasma method (piranha + plasma). The
half sphere was then fixated to a clean S#0bstrate using glue. Single crystal h-BN was then
exfoliated on the sphere (as depicted in FigurE3). Thus ensuring that adhesion to surface would
be imperfectt creating curvature in the flake for the areas not in contact with the hemisphere. & larg
flake containing curved regions was located using a wide field micro séogerd 413.b and
Figure 413.c twith different focus regions due to the substrate curvature, Inset Figdi2htt curved
region, where red arrow is for emphasis of the curved flake area).PL measurements of this fiake we
conducted in two modes using 12 pw, 594 nm excitation: The first nsd&ectly after exfoliation.

The second mode is after cleaning the sphere in acetone at 80° C for 15 minutes, fésrafrroom
temperature ethyl alcohol and 15 minutes of minutes of room tempar@isopropyl alcohotollowed

by drying the half sphere using pure §s, similar methods used for preparing the h-BN material in
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Ref. 117, As we will show, this resulted in different results.

Figure 413: Curved 2D h-BN on a Zi@mi-sphere wide field imaggs) lllustration of sample preparation scheme. (b),(c)

microscope wide field images of large exfoliated flake on the half sphere. Insetsliqyegd areas in detail.

PL mode 1t directly after exfoliation

We probe a large area of the flake which in the reflection scan (nw power with no filters} show
multiple curved areas (Figurel4l.a tindicated by the red curved arrow). A 600LP filtered scan reveals
(Figure 414.b, X/Y axis and X/Z axiglmost no photoluminescencexcept for one region
(Figure 414.c). This tendency of few (perhaps one or two) emitting areas in a ~ 4Qux4€can was
consistent throughout this flake. The PL spectra for two segments denoted D1 dadiiSglayed in
Figure 414.d-D1 has broad spectral features whereas D2 has sharp features. We tentatively assign the
( SUE * Jv 1T 8} «Z E% ulsSsS E- }( dC¥ orpdssibly to detEdt enelgy ZateX

of the ZrQ hemisphere, due to the consistency of these sharp peaks to appear always at ~ 692 nm
with no detuning, whereas detuning is typical for emitters in h-BMweé¥er, these were the only
areas showing emission in this segment of the flake. Emission from these wgpketaly stable with

no sign of bleaching or blinking. If we assume these originate from the 8bhn possibly attribute

the stability to a the Zrohemisphere substrate, presumably similar to the stabilizing effect assigned

in Ref1%to AbO:.
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Figure 414: Curved 2D h-BN on a Zri@emi-sphere confocal and spectral dafeflection / PL confocal scan of a ~ 40 x 40
micron scan range (a,b, respectively). (c) enlarged PL segmentyarealwhere emission is seen. d. PL spectra for both

area named D1 and D2 in c.

PL mode 2 after exposure to solvents

The picture of isolated (if any) emitting segments in Figutd dhanged drastically after the exposure
to solvents. Figure 45.a/b displays the reflection / PL (respectively) of a cross section area inside a
flake after solvent exposure. We note that due to the non-straight topographiyeoflake ourz focus
point along thex axis for the PL emission is limited. This limited focus area is deickégure 4L.5.b.

The reflection image does not suffer from this limitation due to the high bmiggs. The reflection
image reveals in detail wrinkled lines are on the flake. Red arrows mark the proncuneed regions

of the flakes. Clustering of isolated emission point along these lines are visipleg 415.b). These
emission points exhibited blinking behavior, a time trace of 200 seconds of suchidrelsadepicted

in Figure 415.c. We mark three of these as D3, D4 and D5. Figd'edidisplays the PL spectra. The
PL spectra resembles that seen in Figurefdi@.the section 4.2.1. We note that these spectral
features were not seen prior to solvent exposure. Due to the blinking nature ofrtiiéees, a clear
anti-bunching signal is difficult to observe, nevertheless for emitter D4 an indication of anuitibg
could be seen (Figurelb.e). The other emission points which were not along the wrinkled lines were
unstable and immediately bleached. The correlation of the emission areas with the ralBN fl
structure and lack of almost any emission of the material prior to solutigpgogxe is a strong

indicator of a reaction of the flake with the seemingly benign solvents. Dthetoon-invasive nature
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of the solvents, we can assume that the interaction is on the surface area of the flake, possibly oxid
groups attach to the flake exterior favorable at defective sites. These results can indidagenitiars
seen in commercial h-BN dispersed in ethanol/water can originate fromeaetion of h-BN with

liquids. Thus defective sites more prevalent in monolayer 2D h-BN weuthbtive in such a solution.

Figure 415: Curved 2D h-BN on a Zr@emi-sphere after exposure to solvent&) Reflection PL inside a flake region,
pronounced wrinkled lines are marked with red arrows. (@r&il PL of the same region. Isolated emission points are mharke

with D3,D4 and D5. The z axis focus area visible on the x axis is nvitkachalf orange circle. (c) Emission time trace for
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one emitter texhibiting blinking behavior. (d) PL spectra for D3, D4 and D5.te-cAwelation measurement for D4.

4.3 Discussion

The classification of emission from hybrid material (Figure 4.6) can twaventerpretations: A
simplistic one where the defect responsible is presumably contained only inyihedhmaterial.
However, the formation of hybrid material attached to the nanotube structure isndicator of
nanotube reconstruction, which would disrupt the nanotube structure due to defects, agopsdy
observed?® Thus, possibly a vacancy defect, shown to causieaspling between BNNT walt&-228
during the growth phase of the tube, might be located on the exterior BNNTawdlthus spbond

the whole complex. Electron energy-loss spectroscopy (EELS) spectroscopy has also shown that
curvature in BNNTs can induce® sgbridization.?3® The hybrid material could be 2D h-BN or
possibly boron oxide?®®17® due to its different color in the SEM backscatter detector. The narrow PL
features in the nano-tubes clusters in Figure 4.6 seen where hybrid material is presentysisates

it plays a vital role for this type of emitter formation. SQEs seen iysBengthens the role oxygen
defects can play in boron systems, proving that similar PSB detunirgeatained also in v-Bsto

that of hybrid BNNT SQEs. Moreover, the planar structure:@ 8&d the similar PL to that of
monolayer h-BN SQE¥ hints to an analogy between them. The oxygen atomic mass would not
compromise significantly the 2D h-BN host lattice mass, yielding similar Reigratures!®’ The
abundance of SQEs and the larger surface area exposure to the environment ofnEtdNal
compared to a bulk h-BN crystal also strengthen these observations. Possibly faaceBgpresent

in the BN lattice can be partially responsible for emission in prevRid research attributed to
h-BN107:117.1924193 | nterestingly, BBO and BNO:point defects retainthe h-E[¢ %0 v E SEY SuE
B-Qhas a random orientatiorf®® possibly resolving recent optical polarization measuremefits’’
Another possibility would be BN di-vacanci¥§ reconstructing to Stone-Wale¥’ defects07.117.188

(seen in TEM, BNNT8/ h-BN1%9), point defects or combinations with oxyget?.

For emission from BNNT entwined material (Figure 4.5), oxygen structures calcul@iss
structurespresent in v-B0s 211?19 yielded energy states in the visible range (~ 2 ¥¥)Ve can also
interpret interlayer bonding, due to the inability to see SQEs on singlgktriaibes lacking interlayer

bonding or curvature, as a source of emission.

At a first glance the structural effect of piercing and curving of h-BN carilFigure 4.1) are
different, however they can have similar effects. Namely, the former createE@-defect/rupture
in the membrane visible using SEM microscopy and the latter lowers the fome®rgy of defects,

thereby making a point atomic defect formation more likely, visiblexgiSTEM microscopy. Full
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piercing would create curvature in the membrane, surrounding the pillar @srsin Figure 4.1.c),
thereby making it also a combination of both effects. Nevertheless, the natural anaaddf point
defects in h-BN* or absorbed atoms (As demonstrated in 4.2.14)! with the combination of
curvature may give rise to QEs. Possibly, oxygen healing, stabilized by ramneetiurs on the
curvature induced or pierceghérimetel) defective sites which are very reactiv¥,causing oxidation

to be energetically favorable*® even more so favorable with the abundance of surface boron
vacancies causing atomic curvatut€. Alternatively, similar to the entwined BNNT case, interlayer

bonding between h-BN layet§1°” and strain modified energy states can also play a role.

4.4 Conclusions

We uncover a new material of the BN family for SQE use. Our results strengthemugm@yservations

in 2D h-BNY correlatingperimetersand the role of thinner material with the increase of QEs, due to
the lower energy formation of defects on the exterior. Isolating SQEs was pagsisie¢he reduction

of excitation energy and of BNNT material or their dispersion, demonstrated by thréedsetBNNT
Z*SE]|VP[ %opoo]VvP pe]vP idd vu A ]85 S]}v }EUOQVRIACR W %¥0]SusS]}eX
The high quality of fabricated BNNT / hybrid material, combined with dispetsiorg the oxygen
%0 *u U 3Z} U o0o0}A«obthg- G0 G ]ZFuEE+ A}] JvP 3Z pe }( *}oA vie v
fabrication processing (such as annealing) to work with SQEs. In addition, the coombiviafiD
material with hybrid material allows easy suspension, avoiding solvent and substragEminants,
which could advance BN QE research further. The lack of processing contaminants islastegemi
for unraveling the atomic structure giving rise to QEs, with precision atepgctroscopy technologies
available. The minute nature of the material as seen in SEM, offers potential bacigfreenQEs
upon suspension. We find that conducting surfaces, such as ITO, are advantageouisliing 8QE
excited electrons falling into possible trap states. For the first time, we showeto-one optical
correlation of visible wavelength SQEs in BN with SEM spatial resolution, for suszentied-
substrate material, possibly confirming previous observations in hgNp3107.163,19495197,198,199
Material with features smaller than our excitation wavelength elucidates dielectric natemvaa
effect, varying excitation lifetime$® The 1D nature of BNNT can allow bio-adsorption of nanotubes
with QEs for intra-cell imaging, making a single BNNT tube a natural QE camgiessienergetic
laser excitation. The spatial localizing of curved areas and QEs puts h-BN undear asibrilla with

QE observations seen in other semi-conducting TMDC*®ES (with the distinction of the large
bandgap and 2D h-BN annealing procedures). This also allows us to interpret prehseuvations of
creation of QEs in 2D h-BN: induction by electf®#’/ion °/FIB**°irradiation, chemical etching and
spatial localization on edges and between different emitter lay®fdNamely, all of these methods

induce curvature/strain and the spatial localizations are correlated with areas (such as edges) that are
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more likely to be curved than perfectly flat, and thus would be moeetige. We can also think of

vV 0]VPU 3C%] 00C pe 8} 8 Jo]l Y U + u @fwibolessgrid(]&£ [ §
concentrate large bubbles neaerimetersin a 2D flake, thus localizing smaller bubbles inside the
flake " and thus resulting in more localized QEs. We prove that h-BN PL features are sensitive to the
external environment, such as solvents/liquids (see Sl), and therefore some of the SQEs énaalmm
BN dispersed in liquid$'"'% could originate from interaction with the liquids. Bulk BNNT can be
Al A e 2 Z <[ A]8Z Z}o *U v uoCU 38Z VA]JE}vu v8 cpEE}uv « §Z
on technigues to manipulate SQEs energy levels in BNNT could lead to sensirggafothiese
emitters, exposed to the environment. Isotopic engineering of the boron species canneetdo
dramatically reduce SQE phonon-electron broadenf¥gur results indicate that artificially bending
BNNTSs might be beneficial for engineering QE formation in BNNTS, but ty®rsllihe scope of this
work. These results further highlight the high quality of material which canbbaired with high
temperature fabrication for QEs in BN systems. Implementation of the techniques in trkswith
TEM and STEM technology is straightforward, highlighting the potential ofliloensional wide

bandgap semiconductors as emerging platforms for deep bandgap point-defect engineering.

45 Methods for BNNT measurements

4.5.1 Bulk BNNT sample preparation and measurement

Cover slides 06iQ were thoroughly cleaned in a peroxymonosulfuric acigD¢HhSQ) solution for

T0Z}uE- v (8 EA E « EJve v [/ A 5§ ElUnpuieh@Gpielowas gakd v E]
}v 8Z }A E 0] v il *3 v3] 0 u}lpvs }( EEd A }¥#EENE (E}u

(N¢

placed on the glue. The sample was mounted to a room temperature setup at ambieiiticosid/Ve
avoided excitation of the area the BNNT was glued to the cover slidecsémtrated on areas tens
of microns away from the surface. Photo emission was detected using two avalphetediodes

(APDSs) in a Hanbury Brown and Twiss configuration.

4.5.2 BNNT suspension using needles

A smooth steel board with an elongated line drilled in the center with two separpiare SiO2 slides

A13Z Ju ve]}ve }( IXAO0?20iXA0?20IXA0 u Pop }Vv 3}% AZ % EiBUE X dz
spacing between them and were placed parallel to each other on the opposite etites x axis of

the board substrate so that on the y axis there is a non-intersecting area above the dniddd |

Afterwards two conductive needles were glued with their bases glued to the x axis offahenS02

slides. From bulk BNNT a small string-like amount was isolated \aithetérs on the micron scale

using tweezers. Each end of the BNNT string was placed on the conductive needtesridtet with

the conducting needles no further fixation of the BNNT string was needed.
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4.5.3 BNNT QE dispersion using DMAc

For dispersed material in Figure 4.2 and Figure 4.5, the exact same nodtBINNT dispersion was

used as in Ref®. Magnetic stirring was applied via a Teflon-coated magnet for 4 days. For Figure 4.6

we used a substantially reduced amount of BNNT, namely the smallest micro-bundiaroagtract

simply using a tweezer. The same DMACc stirring procedure was afterwards applied. For dispersion on

SiQ and SiQ0 =0/d Kk Wasiist cleaned in a peroxymonosulfuric acid@dH.SQ) solution for

TOZ}uE>. *Julo CE 8} SZ %E} pE&E « E] % E AlHKQQKE/dR B EE v}3
o v v Z}§ Slv 8 6I10E£ (JE i0Z}pEU v Z}3 [} %VE(BL GE]O}Z}0

in cold isopropyl alcohol and dried in pure dds. The TEM grids were placed in a holder where the

TEM grid is suspended on the grid areas. All substrates were placed on a bamlgtreheated to

S U% E SUE « SA v i6GA0E 3§} TIi0OE£ X dZ D 0=0-$pEichted fopS]}v A -

Tou]vX ~]v JE v Beférg dibp(césting the solution. Drop casting was done in a fume

Z}} v 8Z Z}5 %0 3 A s o0 (3}v (}JE AOU]9pE IXA(S SIHEE U (53X D} §

cool to room temperature. We could rge ]* %0 E ° D 0=0 EEd <}opus]J}ve A 1 (3§ E

since BNNT did not create sediments at the bottom of the solution, in accordance witf’Ref.

4.5.4 BNNT QE dispersion using oxygen plasma

SiQand SiQ0=0/dK +0] e-clkaGEd W@ the procedures described above. The samples were

then exposed to @%00 *u (}E AOU]JVHS » Jv A ppuX dZ]e (LESZ E o0 ve §Z
organic contaminants (which can obstruct optical excitation) and slightly chargesutbstrate

surface, increasing BNNT affinity to the substrate. Therefore, by simply rubbing a ertiah pf

material, BNNT is dispersed on the surface to allow optical isolation of QEs. Ineheditier

exposure, a sample amount of BNNT was extracted from the bulk using a clean tweezer, and the side
opposing the tweezer contact point was rubbed on the substrate while viewed under thesoope

to see the BNNT placement on the substrate. The sample was then placed on an unheated hot plate

(to promote adhesion of material to the substrate) Wiz A « $Z v Z § 8} 6i0£ X Kv 610}

E Z U (8 & AOu]Jvpsd « A SpuEvVv }(( 8Z Z}58 %0 3 v o0 313 }}o &}

455 BNNT EDX

EDX was performed using an SDD detector with a NSS system from Thermo Fisher.

4.5.6 v-BO; preparation and measurements

dZ u s Elo A+ <pl]E (E}u 3Z A dcedr@& in’ppisxymoesUlifiX adifikas
described previously was used as a substrate. Glue was placed on the substrate and iniynediate
afterwards bulk v-BD: (~cm sized) was placed on top. After waiting for the material to fixate we

probed v-BO; pe]vP §Z ATiOvu o « GE vV il >W (Jos§ E ( E A]JCEXE}u §Z
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Point like emitters could be immediately seen once probed. To verify that we wetm¢pmside the

bulk material once focused on an emitter and not on the surface we reduced the excitation power to
~nw and removed the filter, therefore probing the reflection. This confirmed we were focused in the
bulk of the material. Afterwards PL spectra was collected and anti-bunching measurements were

performed.
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5 Paramagnetic emitters in 2DBN

A glove fit lattice host for point like defects that are magneto-optic emittersémoscale probing
are semi-conducting two dimensional Van der Waals crystals. In this chapter we exgi@etum
emitting magneto-optic source embedded within hexagonal boron nitride (h-BN). W thlad for
the first time that under cryogenic conditions optical magnetic resonance (ODMR) candrgeahs
extracting the relevant gyromagnetic ratio and a possible zero field splitting (ZFS).
Photoluminescence behavior under temperature cycling and different excitations are presented,
assigning probable zero phonon lines (ZPLs) and phonon side band (PSBs) to emissiehilpeaks
*3Ju S]JvP §Z u]S SRItE factprsyResponse to rotating linear excitation is also shown.
Combining in-depth analysis from these observations we prove through the narrow OfxMRdth
that a foreign atom to the host must take part in atomic defect formation, responsible for etagn
optic emission. Our results constitute in-depth insight on a photon source which canibedutdr

nano-mangetic sensing.

5.1 Introduction

Nano-magnetic sensing is significant for understanding a range of phenomena. These range from
deciphering the structure of bio-molecules to nano-scale ferromagnetism, utilizing numerous
techniques: Nuclear magnetic resonance (NMRglectron paramagnetic resonance (EPR),
superconducting quantum interference device (SQWiSsnd optical detected magnetic resonance
(ODMR) using single photon sources (SPS) such as molecules and intra band-gap paramagnetic
atomic point defects in bulk solid semi-conducting crystals. Miniaturizing nanagtiagensors as
much as possible without impeding their sensitivity would be highly advantag®@unsder Waals

two dimensional (2D) materials allow the isolation of one monolayer to few layers gétalcas thin

as ~ 0.5 nm and could possibly circumvent the size limitations by proatimgt for a SPS magnetic
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sensor. In WSga narrow band-gap 2D material (1.35%Y, SPS originating from quantum dots

(QDs) whose emission wavelength is sensitive to large magnetic fields have been repéied.

natural question ariseswhich SPS in a 2D crystal would be suitable for ODMIDE confined

electronic structure typicalliacka meta-stable state, a prerequisite for spin polarization and ODMR
contrast, rendering them less suitable. Point defects with electronic states inside thegagnchn

be highly localized with wavefunctions confined to the atomic staleereas QDs with bound

excitons can have relatively large spread wavefunctions due to confinement on a nano-scaje range
encompassing thousands of atomg-urthermore, for quantum technologies based on manipulating
electronic spins coherence times in point defects are far longer than those achievable in QDs. A well
understood SPS in diamond is the negatively charged nitrogen vacangwi{th\a triplet (S = 1)
ground/excited state and a singlet metastable (dark) state with spin polarized electronic tragsitio
due to preferential population of the ground state spin level upon optical pumgi#gNV emission

rate (bright state) variations when exposed to magnetic fields occur due to changes in tlye deca
rates of spins relaxing through the meta-stable (dark) state, which is the basis for agsePMR.
Organic molecules, disadvantageously, usually have a singlet ground/excited (bright) state and
triplet metastable (dark) state and for ODMR require tedious analysis of the time scale length of the
dark periods3* A graphene analog van der Waals material with a band-gap of 5.95%Mjlar in

size to diamond?’ is hexagonal boron nitride (h-BN). Various SPS spanning a large emission
wavelength range have been attributed to h-BN in the!2P7194161gnd 1D form® with their

chemical structure not conclusively identified but rather computationally conjectured ugtiig D
117.108,110Thin 2D crystals have a large ratio of surface area/volume and it is becoming clear that both
sample preparation methods and source material have a huge impact on the defect density in host
crystal.’®® For example, chemically functionalized 2D graphene, lacking a band-gap, is also a room
temperature SPS originating from bound excitons excited with energies 1&dev P& %0Z v [+ ~1 E}
band-gap, placing them under the category of quantum dots (&®ahdnot under intra band-gap

point defects.

In the following we demonstrate for the first time that a paramagnetic emitter in *8akhibits
ODMR upon intra-band excitation once applying a microwave at cryogenic omsdiiVe study the

ul]$3 E[» PCE}u Pv 8] ( S}EU W> Z A]}E pv E ECIBI¥YX }v 18]}v
From the data we debate the possible spin configurations and structure. We use sintgé leigbl

as our source material from Ré#%, which has become a hallmark for high quality h-BN in research.
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5.2 Spatial properties, room temperature photoluminescence and cryogenicapiaiation

In Figure 5.1 we first analyze a paramagnetic emitter in terms of spatial locatipanfbunching

and magneto-optic response at room temperature followed by PL and absorption polarization at
cryogenic conditions. SPS in h-BN suspended from a substrate emit with a reduced coupt rate,
therefore for increased collection efficiency our h-BN is placed onsBit3trates, allowing us to

collect photons at a maximum rate of 250 KHz using 633 nm excitation. (SeeS-igf)ré’robing a

h-BN multilayer with dimensions of (~ 1 x 2 um) using 3 linearly polarized excitgers
(594nm/633nm/730nm) reveals a bright emitter which is similarly spatiallyifmchfor all

excitations roughly at the center of the flake (Figure 5.1.a). Reflection measurementsdind wi
bright/dark field images reveal the flake structure, hinting that the spatial location of our ernstte

not in a flat region, but rather a bended one or broken edge, similar to previous rep@rts.
Reconstructing the room temperature PL spectra using Lorentzian and Voigt functions (Figyre 5.
yields a good agreement to the measured PL for all three excitations. We enumerate these peaks as
R(T). We enumerate some peaks together using théaBel as they overlap or, as will be shown in
cryogenic conditions, are composed of two main peaks. Accordingfto“R the room temperature

ZPL of emitters that respond to magnetic fields is located at 727 nm which conetspour peaks

Py+5 (59anm/e3anm{228= 727 + 18 / 729 + 29 nm in Figure 5.1.b. A close observation #*Risb

reveals a small peak at 812 nm, hardly visible using our 594 nm excitation but eatiljeid using

longer wavelengths excitations; snm7zonm22¢¥= 812 + 2 / 813 + 4 nm. In brief, we surmise, that
peaks in the range of > 3 have spectral components of our paramagnetic emitter, whereas Peaks 0-
2 most probably arise from a nearby defect(s). These components are analyzed in detail below. For
more details, see Figure 5.1 % $]}vX E A£3U A § 3 §Z -opiij éSpdhse toaPv 5}
magnetic field generated from a permanent magnet. A Gaussian fitted count distribution u§ing 63
nm excitation (Figure 5.1.d), shows a non-over lapping center peak, indicating a siaglato-

optic response, previously reported for 594 nm excitatfdfThis response was also seen for 730

nm (not shown). Hanbury Brown and Twiss autocorrelation measuremeity (@n reveal the

number of emitters involved in the emission process, yielding insights on the elecstoncture. In
Figure 5.1. 3Z & «Z o]v e} Aop-e Zi[l ZIXA[] E % E » v§ §Z SZE +Z
emission of the system for |t| > ~10 s/ |t| < ~10 s, respectively . Gi) dunction (for |t| > ~10 s)

is above 1, indicating the presence of a meta-stable state (bunching), which is of significance to
observe ODMR. However, for |t| < ~10ns éFg5s* (v 3]}v } *v[8 P} opdbré¥dn v 3SZp-
one SP8ominate the emission process. Using the formula from 2.3.2 we calculate 3.®emitt

round to 3 emitters.
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Looking into the spatial spread of our emitter (Figure 5.1.c) compared to a different non
paramagnetic emitter of singular nature?(g) < 0.5), reveals that the emitter has a larger spatial

spread for all 3 excitations and has an additioo Z pu%.[ }v $Z @E&]PZS ] X dZ]e pU%o
for 730 nm excitation suggesting it can belong to another center. This spatial information further
confirms the non-single nature of our emitter. Similarly, in¥&the ¢(t) function was not

conclusively below 0.5. Thus one can speculate that this type of emitter tends to form in pydwimi
others of the same type, undistinguishable using our spatial resolution (~ 594 ). XApplying /
removing the magnetic field (Figure 5.1.e. On/Off) modulates the bunching/anti-lnmobleihavior

as the frequency of decay rates from the excited to ground and metastable states are changed, most
prominently seen on thex component, consistent with reduction of emission count (Figure 5.1.d).

For reported paramagnetic SPS in h28the magneto-optic response was seen both as a emission
reduction but also as an increase in emission. We show below under different measurements
conditions thatthe same emitterlso exhibits this behavior and we offer a possible explanation.

These observations indicate that the emitter behaves equivalently to that ofRef-or further

analysis of transition rates see R&f., which are of similar order.
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5. Paramagnetic emitters in 2DBN

Figure 5.1: Spatial, photoluminescence properties at room temperature argeaig@bsorption polarizatiora) Bright
field and dark field images of the h-BN flake on a SiO2 substrate. 4 panels displajttéreusaier 594nm/ 633nm and 730
nm and a reflection image using low power 532 nm excitation. The emitter iséocialithe same spatial coordinates
under all excitations. The reflection measurement reveals the emitter is in a spatiactaining perimeters. (b) Room
temperature PL spectra using 3 linearly polarized excitations of 594nm / 633 nm / 730 nm (top o) ek numbers

E vpu E § * W]~iG ] G 6° (}CE Z >}E vsli] v (15 XitEoy¥305in éxcitaippP § (15 C] o §Z
Excitation wavelength and optical filters used are marked in the graphs. Peak 7 is @ftargarity for 633 nm excitation
(c) High resolution confocal scan of the emitter for 594nm / 633nm / 730 nm excitation (orakme:;pée curves,
respectively). The emitter is less localized in comparison to the confocal spread ef aootiparamagnetic emitter of
singular nature, (black bar comparison in x and y profiles). (d3s&m count distribution modulation with/without a
magnetic field (black/blue, respectively). The peaks contributing to the emissiomaaked. (e) Auto-correlation

measurements with/without a magnetic field (black/blue, respectively). A moduletiorore prominently seen in the t2
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5. Paramagnetic emitters in 2DBN

component. (f) Emission count rate of the emitter for different excitation powers. The rogereare contribution of
each peak is derived from the PL spectra in (b). (g) Absorption polarizatiofi thieteonitter at 8.5K excited with 633 nm.
The grey dots are the counts collected from the APDs when rotating the excitation with &ufitédn (red line). (h) PL
spectra for a subset of angles from maxima to minima indicated in dark red in eachtseglat. Each peak is designated
above. The dark red filled curves arehe normalized intensity whereas the red curve is the natural logarithime
intensity. For Peak 7 two equivalent angles (as seen in (g)) were chosen to shomiiétely extinguished upon rotation
from maxima to minima. (i) PL spectra for all angles plotted per Peaks 3/4/5 emdffReak 3/4/5. The peak/sum
designation is indicated on the top scale. Left side is the summed profile of theatblortbnsity plot on the right for each
peak wavelength range. Each tick in the colar jplot is 2 nm and the end wave length is indicated on the top scale. The
summed profile was fitted with a dipole function for Peaks 4/5 and the totabaqbdrapole function for Peak 3 as
explained in the text. The summed profiles for Peaks 3/4/5 are super imposed in (ggittandgrk red and purple,

showing the misalignment of 86 degrees of some components of Peak 3 from all the others.

Rotating the linear excitation polarization can reveal information regardintjesrabsorption
polarization and orientation. In Figure 554 we study this dependence by monitoring emission
count rate and PL spectral features at cryogenic conditions of 8.5 K. The emissiotyintareion
as a function of excitation angle (grey points) of the 633 nm laser is fitted using-alsik)

(Figure 5.1.g, red curve). As revealed in the auto-correlation measurements in Figure 5.1.e, the
emitter is non-singular. Thus at first sight the fit indicates that the emitter consists of {nearl
polarized dipoles, in agreement with other SPS measurement in B-B&:244243To see if this

argument holds for the emission peaks we also record the PL for a subset of excitation angles from
maximum to minimum emission counts (Figure 5.22%)The cryogenic PL in Figure.B.PL reveals

two peaks which were unresolveds(F at room temperature, Rz nm{&>9= 719 and &s33 nm{®>0=

725 nm. The filled dark red curves reveal that the emission wavelength components are all
unilaterally reduced until extinction when upon rotation to the minima angle. Howewséngua

natural logarithmic function to increase the intensity of the low signal values revesti®eaks

3/4/5 are not completely extinguished (non-filled red curve, 240°). The intensége per peak of
theseis plotted for all excitation angles in Figure 5.1.i (right), with the intensity sum predilamgle

(left). Peak 4 and 5 show similar periodicity (< sirk }o)) whereas Peak 3 exhibits two different
periodicities fitted best with a quadrupole function (~ §ost «)sir? ~ }t }o) ). Therefore Peak 3

exhibits one component aligned with Peaks 4-7 and a different component which devidtes &t

* 7° from the other peaks. The linear polarization angle of excitation used in the following ODMR
measurements is indicated by the blue hik « X Z % | %}o0 E]I §]}v[e E *u% EJu%o}
total emission count in Figure 5.1.g (rescaled for clarity). We can account for the iletemp

reduction of Peaks 4,5 at the minima angle due to their high sensitivity to dewsandhe

polarization angle due to surface or flake curvature, which is known in h-BRSPS.
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5.3 Cryogenic variations in green/red excitation photoluminescenaed phonon mapping

While PL measurements of various SPS sources in h-BN at cryogenic condigonsdmay

reported 2452441%.163 none address the cryogenic PL of a paramagnetic emitter in h-BN. In

Figure 5.2wedisp C SZ u]SS E[* u ]v Widths, and Emidsaceht phonon behavior.

It has been proposed on two different SPS in h-BN that if the energy difference between the
excitation laser and the ZPL is abovBMF maximum phonon energy, a Huang-Rhys (HR) two level
electronic model is inadequate to explain the emission mechanisms in*f*BNaddition, for lower
energy ZPLs it has been proposed that excitation is mediated by cross relaxation and not through
direct laser excitationt®® Exciting with different energies can also shed light on possible charge
states.?#3¢ Thus in the following we excited the emitter with 633 nm/ 532 nm excitation separately
(All features in the figure are color coded in red/green, respectively). In Figure 5.2.a we digplay t
PL intensity in a natural logarithmic scale at 8.5K, and colsrdiahe PL intensity in natural
logarithmic scale for decreasing temperatures (bottom to top). In Figure 5.2.b, for each peak, we
display the decomposed components (denoted t U xisinge Lorentzians. Immediately noticeable
are the variations in the PL features for different excitations (marked by the black arrows). Reak 3/
and componentsx | ff Peak 7 are absent using 532 nm excitation throughout the whole
temperature range in Figure 5.2.a, Nevertheless Peak 5 retains the largest intensity for both. To gain
insight we measure the count rate distribution and high resolution PL of the emitteoutithith a

field of 130 G (Figure 5.2.c black/blue curve, respectively). The 130 G magretiecfzsdured by the
NV (not shown) corresponds to a +25% emission contrast of the h-BN emitter, in agreement with
contrast vs. magnetic field values in Réf. Comparing the 130 G PL (blue curve) with the 0 G PL
(red curve) reveals which peaks are affected by the magnetic field. The integPatedtion

(bottom charts Figure 5.2.c, grey curve) yields the percentage (blue bars) and weighing@dlefl
increased photons due to the magnetic field for each peak, revealing the donmiardaf Peak 5

(Total 27%/45.6%, percentage/weight, respectively). See figure caption for all values.edksis P
3/4/5/7 are the main peaks involved in the magnetic response. In Figure 5.2.b the FWitid ini

meV (y (black lines) for each component are displayed. As most components have a width of < ~3
meV, smaller than that of the bulk h-BN phonon DG5S (nheV) %3247 we cannot rule out multiple
ZPLs. Therefore the temperature dependence behavior is analyzed for all peaks as if each were a ZPL
in the following (Figure 5.3). Resonant excitation is required for further verification.tiétisaid,

in the following we discuss a probable scenario with more than one ZPL, assigning each peak
component a role in emission. The narrowest component for 633 nm excitation is Pealk 25

meV (Figure 5.2.b) with the highest intensity for both excitations and a dominantrtie i

magnetic response. Therefore we tentatively assign Peak$a ZPL. To see how the other peaks
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with respect to Peak 5, we plot in Figure 5.2as a detuning scale in dark blue. Typically SPS in h-
BN display a PL with a well separated PSB shifted from the ZPL, correspongli6§4200 meV.
107,109,163,195,197.21 dditionally, ungapped low energy acoustic phonons can cause multi-phonon
sidebands obscuring the ZPETaking all of these into account fits well with our observations in
Figure 5.2. the adjacent peaks ofd/x & i¢ phahons detuned by ~ <5 meV, obscuring the
ZPL(3*U % | 6r v oltixl{ ( oo ]Jv §Z & vHQ ldpteal phahbhss >K v
respectively (marked as superimposed blue double arrows in Figure 5.2.a). For both excitations, the
LO/TQ optical phonons energy range engulf Peak 7 for the full temperature range (color bars,
Figure 5.2.a). Peak 3 at first glance seems more challenging to assign, as it is astd&toked and
not in the energy range of the typical optical phonons (~ 25 to 50 meV, Figudg. SN2vertheless,
the intensity behavior of Peak 3 is correlated with Peak 5 and Peak 7 for red excitation (evident from
Figure 5.2.a, red color bar and discussed below). Furthermore both Peaks 3 and 7 have the same
number of components (Figure 5.2.b) under red excitation with similar internal pesgespacing
of w(r, XA s, xe= ey(tU{ HMr,xw ~12 meV and similar energy spacing between each

Ju% v U@, YA «B,7) A «(8,7) A «(8,7) = ~225 meV. Calculating the energy difference
between the excitation lasers to peak gields ~ 570 / 199 meV for 532 nm / 633nm, respectively.
Thus for 532 nm excitation the energy difference is more than two times the energy of the optical
phonons (169-200 meV) whereas for 633 nm it falls at the end of the optical plerergy range.
This picture fits well with the following: using 532 nm excitation Peak 5 is a ZPL wiiiehtlg d
excited by the laser whereas using 633nm excitation Peak 3 and Peak 5 are both ZPLs which are
mediated through cross relaxatidii® and Peak 7 is the PSB of Peak 5 (or possibly both). This analysis
is counter-intuitive to the model proposed in R¥F, but nevertheless our excitation energies are
both above/equal to the maximum optical phonon energies and the model iR®fefddresses two
different SPS with different wavelengths. Peak 4 with a narrow FWHM of ~ 0.56 meV suggests that it

vV 0°} % }ee] 0 *W>X ,JA A EU ]5[« ]Jvs vieldmsdble ®lg A | §} e««]Pv

However, the same analysis can done wigale4 as the ZPL or part of Peak 5, as it is detuned from
Peak 5 by 15.7 meWe note that no magneto-optic response was seen using 532 nm excita#on.
detailed phonon map under red and green excitation is displayed in Figure 5.2.d as function of
energy detuning from Peak 5, highlighting the dominant LO(T) optical phonoe, wbith is a
(JvP E% E]vs v A] v }( 3Z u]SBNGEtfiee. Extvaatihg Pors pa&l peak the
PL intensity function (See below) and their relative spectral weight we can estimate the HR. facto
We get HR values o 579&3 Lsav G §797éé L wéar G mdieating different electron phonon
couplings for different excitations. See Figure 5.2.e for further details. The different elgatanon

couplings for each excitation can be responsible for the variations in the feature of Redk73
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However the doubling of the spectral features (with 633 nm excitation) seem to indicate an
intermittent Stark shift effect which would shift the ZPL, obscured by acoustic phonons, wudbudth

translate to a shift in the optical phonons possibly due to a charge state switching.

Figure 5.2Cryogenic PL under red/green excitation analyzed with a detailed phmap.(a) Temperature dependent
intensity PL in natural logarithmic scale of the emitter using 633nm/532nm excitatiohgredn curves, respectively. The
color baths underneath each represent the natural logarithmic scale of the PLtingsaifunction of temperature. Note
that the temperature scale is not linear but consists of the temperature points depidiéglire 5.3. The temperature outer
boundaries are noted (8.5K and 295K, 8.5 and 249K, 633nm/532nm excitation, respectively). Peakamendizplayed in
§Z H% % E (E u X dZ El op ¢ 0 E %E * vSe SZ ¥ REPEAXpud/PphéhBpE S Zo *% SE
energy range is displayed on the scale. Black arrow display features avhiabsent between both excitations possibly due
to charge state switching (b) Normalized PL intensity for each peak at 8.5K in (a), destmvjtb Lorentzians, upper
graphs represent excitation with 633nm and bottom with 532 nm. Guides to the eye Inmexting components are
]*%0 C  }v 8}% <« 8Z C Z A <JulJo E v EPC *% tMP <Z }u]}v V¥ Jx S <-AHS &ve U s
are super imposed (c) Gaussian count distribution modulation (inset) witlotwtithmagnetic field (black/blue,
respectively). Due to the magnetic field increases the emission count be 25%. Top charts - PIf 8peetratter with /
without a magnetic field of 130 G (black/red curve, respectively). The difference in the PL spieetotuis colored area.
BottomtdZ Jvd PE § P (uv §]}v ~PE C HEA X 5 P}EW]vPo3Zo J(BZE %5 @ vEE® o} (E
increase and weight for each range. P3, P4+5, P4+5 till P6, P7, P8, Percentage: 18.7%, 33.2%, 39.3%, 14¢ht6.9%, W
13.2%, 67.8%, 7.3%, 8.9%, 2.8%, respectively. (d) Detailed phonon composition of the intansitiufll logarithmic
scale for red (upper) and green (bottom) excitation. An exponent line wassigotfrom the signal to display the

dominant contributions (dim red/green lines). The phonon DOS is superimpasee auapted from Ref*e The dominant
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LO mode is visible in both red/green excitation, interestingly for red excitation thed®isreplicated twice, possibly due

to charge state switching. (e) Electron phonon coupling (HR factors) for each pgedefured excitations.

5.4 Peak shift under temperature cycling and intensity behavior

In Figure 5.3.a, we analyze peak position/FWHM chang@Vidh, upper/bottom, respectively)At
elevated temperatures, not all features could be distinguished and thus the analysis is vtiil fo

first peak component displayed in Figure 5.2.b. In semi-conductors such as di&ho@aN / AIN

250 the band-gap is blue shifted upon cooling due to lattice contractions and temperature dependent
electron lattice interactions. For the NV in diamond it has been suggested that the ZPL shift is related
to this band-gap shif£®* However, in h-BN the band-gap dependence is different: above/below 100
K the band-gap is red/blue shifted, respectively, due tofhf v P SJdane]thermal expansion
coefficient for T! 70K 252 Thus we tend to discard band-gap variations as the sole cause of the ZPL
shift. We adopt the ZPL shift behavior known for defects in diamidtidvhich obey a power law of

~ =6% E > 6° with an addedB : 60f higher T powers to best describe our data. Other major
mechanisms defining the ZPL structure profile are inhomogeneous and homogeneous broadening.
Previous studies yielded & lihe width behavior on the h-BN defeéf$?*® and for the NV in

diamond a power law ~=6" E > 6' with a possible ?6° contribution.®We fit our data with all
these powers that describe best the width behavi§f® Peaks 5/7 display similar energy variations.
To gain more insight we plot the intensity of peaks 5/7 (Figure 5.3.b). The higher energyaxcitati
(532nm) resulted in the brightest intensity and thus the data is normalized by Peak 5, 532 nm
excitation. We identify two temperature regimes for 532/633 nm excitation where the intefisst

well with an exponent function (T > 100K/ 70K, respectively, dashed blue line). Beloagihie

the emission mechanism appears more complex, evermore so with 633 nm. Possiblyrikéslisol

h- E[« -gap shift behavior® The intensity of both Peaks 5/7 display a similar behavior, as
expected, indicating their correlated behavior. The ratio between the intensity of Peaks 5/7 for both
excitations (Figure 5.3.c top panel) and the ratio between the same peak for each exditatitom
panel, P5 / P7, black/grey curves, respectively) have similar scale, with 532 nm resulting ihéhe hig
intensity in all cases. Subtracting the fitteddhift functions (Figure 5.3.d.) of peaks 5/7 and 5/3
reveals that for the simulated temperature range the energy difference of péigkthe LO/TQ

optical phonons~sw) (as shown also in Figure 5.2.a), and that the energy spacing between Peak 5
andP | T sswZ vP ¢ Jv  sJu]lo E ( «Zi}ansdthet ndiEalién tevcorrelation

between peaks 3/5/7.
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Figure 5.3Photoluminescence and intensity as a function of temperafajePeak energy detune / width as a function of
temperature, upper/bottom, respectively. The detune is from the energy listed on thefttéqr both green and red

excitation (b) PL intensity for peaks 5/7/3 (noted in the upper right corner) using588ch633 nm excitation. The scale

is multiplication noted on the right side. The temperature scale is split from 0 K to 60 K and from 60 K to 250 K. The blue
dotted lines represents the regime where the intensity behavior is modified (c) Upper Icitensity ratios between peaks

5 and 7 for the 532 nm and 633 nm excitation (green/red, respectively). Bottomtdinéensity ratio for 532 nm and 633

nm excitation for Peak 5 (in black) and Peak 7 (in grey). (d) Energy detarrigrection of temperature from of Peak 7

from 5 (upper) and Peak 3 from 5 (bottom).

5.5 EPR experiments on BN

Previous research using electron paramagnetic resonance has been donekoh-BM
material irradiated by electron or gamma radiation to induce defects. These haovenmed
two major paramagnetic centers: a nitrogen vacancy interacting with a singta fone-
boron center) and a nitrogen vacancy interacting with three nearegjhimr borons. For
example the one-boron center due to the higher abundanc€®f80.42%) would be seen in
EPR as four lines (21 + 1, | = 3/22f. The EPR measured spin-lattice relaxation tifgfér
the nitrogen vacancy in h-BN improved two order of magnitudes upmiing down to
cryogenic temperatures, highlighting the importance of working in cryageandition in
order to see ODMR>*

5.6 Optically detected magnetic resonance (ODMR)
In Figure 5.4 we display ODMR of the emitter at 8.5K. To get a closes#sti of the
magnitude of the applied magnetic field, a diamond with a$RS was placed in proximity to

our sample. Interestingly, ODMR from our h-BN emitter (Figure 5.4.a) exhmbresased
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photon emission when sweeping the MW frequency for an applieedfimagnetic field.
Increased ODMR emission is also reported for defects in silicon catbitleis hints to an
initial preferential spin polarization of the dark state in theBN emitter, modified to the
bright state by the MW, as opposed to the NVvhich is preferentially spin polarized in the
bright state. We note that when no magnetic field was applieccadd not observan ODMR
peak, using our MW frequency sweep range. We discuss below theatigiie of this. ODMR
measurements can contain elements arising from inhomogeneous broadening (adaaussi
signature) and homogenous broadening (sharp Lorentzian transitions). Sharpziaoen
transitions occur due to hyperfine coupling arising from atomic nweii non-zero atomic
spin (which consist the entire pristine h-BN lattice). The Gaussiatnibution can be due to
dipolar interactions, spin lattice relaxation or unresolved hyper faticture creating a

Gaussian envelope.

124



5. Paramagnetic emitters in 2DBN

Figure 5.4: ODMR of the emitter under cryogenic conditig@sNormalized ODMR contrast of MW sweeps for tiBi\h-
emitter at different fixed magnetic field values. Parallel magnetic field value aratedin blue. The ODMR MW
frequency increases as the magnetic field is increased. Each peak is fitted using one oiigh@ractions. (b) For each
ODMR peak measured in (a) a center peak frequency is extracted and is plotted in 8Bctisradf absolute magnetic
field value and magnetic field angle. The center peak frequency is displayedasdionction of angle/ parallel magnetic
field value (left/right, respectively). A schematic of the emitter and the magnetic field Bigfdayed (c) A schematic of
the configuration used to apply ODMR. A 20gonducting copper wire is spanned in proximity to our emitter in doder
emit microwave photons. The emitter is simultaneously excited with a continuous wave (OW) B38r.

Thus, as customary in EPR measurements, we firstly fit the entire ODMRwstgreaVoigt
envelope which is a convolution of a Gaussian and a Lorentzian andveaingights on to
which elements the ODMR packet contains. We note that some of the OBMR pontained
asymmetric features and required more than one Voigt envelope to achieve a tgta
envelope fit. This is seen as blue lines in Figure 5.4.a. Takwagtage of ODMR of a NV
defect whose electronic structure and zero field splitting (ZFSya2& 0 MHz is well known,
using the equations for the magnetic field and magnetic field angkgpectively (adopted

from Ref. 2°9):

125



5. Paramagnetic emitters in 2DBN

(5.1)

R°E BF RRF &

. 6
U%Q'A

(5.2)

. YYEURER;t:R°ER FWERF {'°, FU&R°E RFRRE {'%
¢ = {{R°E FFFRRF &Fu'" ;

(5.3

¢ N ?KO:ta;

Where E=0v S ] §Z u Pv 3] .Weealcwakeahe magnetic field and angle
relative to a NV using NV ODMR peaks wherand s denote the ODMR peak frequencies
and wli< §Z Es PCE}ati® in 8rits of MHz/Gauss. The magnetic field angle is
translated to the plane of the emitter as seen in Figures.4 Az & A v} } §Z
between the magnetic field and the emitter in the plane of the eemit Using these
recalibrated values we test our fitting and quantify the Zeemaeraction, we plot the ODMR
center peaks extracted from the weight of the Voigt function(s) envelopkeoh-BN emitter
as a function of magnetic field angle and size in Figure 5.4.banQutar dependency reveals
that the peak position is mostly independent of the angle but is deteechiby the size of the
magnetic field, thus indicating an isotropic gyromagnetic ratio. Extrajpglatthe
slope/intercept point with the frequency axis we extract a g fa¢igyromagnetic ratio - slope)
of 2.06, as described for the Hamiltonian in 2.3.6. Our gyromagnetic matad similar
magnitude to that of the N\point defect in diamond®® and paramagnetic defects in h-BN
measured via EPR* The intercept value, close to 0 [MHZz], could indicate at foresight that
the ZFS@ [MHz]. However, taking into account possible magnetic field measurement errors
(crosses Figure 5l4) and our limited MW frequency rangé&0 MHz), we can shift the linear
fit up and down (purple dotted curves) while maintaining a simgyromagnetic factor of
between 1.97 to 2.14, shifting the intercept point between 10 to -10 R urple line). Thus
increasing the range of a possible ZFS. We discuss this further ihbddtav. To get insight
on the possible atomic composition of the emitter we simulate DFT calculayperfine

values for a Cpoint defect!'? and EPR literature hyperfine coupling values for the well-
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5. Paramagnetic emitters in 2DBN

studied three boron center (TBC) in Figure 5.5.a superimposedeo®@ MR peak 32 gauss
in Figure 5.4.a. The large discrepancy between the wider TBC ODMR Bidated to that

of the BN emitter immediately discards the known TBC center as a [sossibrce for our
para-magnetic center whereas the @oint defect yields a possible match. To gain insight on
the possible number of hyperfine components, in Figure 5.5.ldeseonvolute 3 different
ODMR measurements with 3,4 and 7 Voigt functions which correspomgpierfine coupling

to 1IN, 1B and 2B atoms, respectively. To estimate the best fit we plot as@tio of the
Lorentzian to Gaussian FWHMY(s®) in logarithmic scale as a function of components
frequency detuning from one Voigt envelope. Immediately evident is the asynorssift of
the peaks from the center envelope to the right. The béstC ratio is seen for coupling to 1
boron center which yields 4 components. Using this de-convolu®a guideline, we do a
series of different MW power measurements to evaluate the systems T1 andsii®y a
hyperfine coupling of 13.5 MHz to 1B atom (4 hyperfine peaks). The sup&spaditll power
measurements is depicted in Figure 5.8s a superposition of all power measurements.
Using the following relations$?®

Y

% 6692
%KIPN2AQARP——— -
° sE UBaR2

(6.4)

(5.5)

% 62
ST %KJPN:G%z; L

Where &Ais the Lorentzian FWHW,is a constant that determines the microwave photon
efficiency of absorption and C is a constant evaluated from the nhelfigfunction of
:éA;Gby the contrast. We extract a primary parameter(E}u }SZ €& K DZ u *spuE u v:
with the same wire geometry*® which we afterwards improve via fitting to the one valid for
our experiment. We extract from the power dependent contrast fittings HrelLorentzian
FWHW component of the Voigt fittings ¥ 17 + 4 ps and T =57 + 10. The FWHW and
contrast power dependence are in agreement with reports for NV ODMBDMR at room
temperature was not seen possibly due to rapid spin-lattice relaxation (i@ which

improves upon cooling down to cryogenic temperaturés.
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Figure 5.50DMRde-convolution. (a) Schematics of two point defects in h-BN, a carbon substituting a nitrogen atom and a
nitrogen vacancy, all hyperfine coupled to three near boron atoms. The expecteR §pebtra for the configuration of

each of these is displayed below. The relatively larger FWHW of the TBC point deséobutias possible candidate for

the observed para-magnetic emitter. A carbon substitute atom fits under the experineentlbpe of the ODMR signal.

(b) Using multiple Voigt functions we estimate the contribution for a different sstpafrfine components of the

homogenous (Lorérian) to non-homogeneous (Gaussian) FWWE §]31 €y in Log scale. A representative ODMR

spectra is displayed on the left. The number of components are 3,4 and 8. For threetdffgfR measurements this

ratio is displayed on the right. Couplingteo }E}v 3$}u ~3 }u%}v vSee C] 0 | Eatim BHekeasC o EP

coupling to oné“N yields a poor ratio. (c) Superposition of all ODMR power dependent measureriteras

128



5. Paramagnetic emitters in 2DBN

decomposition assuming a hyperfine coupling of 13.5 MHz to 1 boron &@®)n(d) Power dependent measurements for a
fixed magnetic field, for which we extragtand " assuming a coupling to one boron center. Note that the outer

components signal are too weak to estimate and thyisstalculated using only Peaks 2 and 3.

5.7 Conclusions

We now reflect upon the data to deduce the possible electronic configuration. Calculatiche o
possible spin configurations in R&f have suggested that a spin system (S) of S > % should be
capable to exhibiting ODMR. Such a system should have a ZFS which we have not observed in our
measurements. However, taking into account our MW sweep range and the possible calculation
error, it is possible that our ZFS was below our sweep range. Typically, for higher ordesggitem

1) morethan onesatellite ODMR peaks should appear, which we have not observed. Thus we
conclude that a probable candidate for this system is S = 1. More detailed measurementskshould
conducted in the future for verifications. ODMR can be seen as the counterpart of EPR, where in th
former the MW frequency is swept and in the latter the magnetic field is swept. EPR can give
valuable information regarding defect structure, spin configuration, transition frequencies and line
widths when thedensity of the same defect is extremely higlthe sample. A literature survey

reveals that our narrowest ODMR line width of 31 MHz (Figure 5.2.d) is in the sdend & ~100

MHz) to some of to those seen in other EPR stutiég® Nevertheless, the hyperfine interaction,
typically seen in h-BN for the nitrogen vacancies electron interacting with one/three boron(s)
center(s) (OBC/TBC, respectivel§{A?">**which should split the ODMR satellite in our

measurements is unresolved. Interestingly for carbon and hydrogen/oxygen defects in h-BN a
similar EPR line width has been obsera&mb lackinga hyperfine interaction®™* For carbon,

hyperfine splitting can be eliminated due to rapid electron exchange of nitrogen vacancies and
nearby carbon(s). This can be caused by disorder, resulting from a high lattice defect concentration,
260 or reduction in the electronic delocalization on neighboring boron atéth# degree of
delocalization can be a cause for the additional PL spectral features seen in Figure 5.3.a. This
agreement between our ODMR observations and the EPR suggests that the defect structure consists
not only of vacancy defects but aladditive impurity atomsavhich could be introduced during
exfoliation or thermal annealing?®2®°similar to DFT predictions of point defects such as #@& V
defect,1%811% and in agreement with our autocorrelation measurement§qp> 0.5, Figure 5.1.d).
Another possibility which requires further study is a hyperfine splitting anisotropy which at dicpeci
magnetic field orientation would render the hyperfine satellites unresolvable as seen iR*EPR.
Assuming a low frequency ZFS we can also explain the decrease and increase of our emission rate
when a magnetic field is applied. It is shown that ferromagnetism can be intrinsic in h-BN due to
edge N-terminated h-BN with a Curie temperature above room temperafifeurthermore

calculations predict the nitrogen vacancy in h-BN to induce a long-range magnetic inter&étion
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Even though our spatial resolution cannot conclusively pin-point the emissiooesas coming from
the edge, there is mounting evidence that point defect tend to form more easilicinity of these.
109.107Thus in order for the count rate to be truly un-effected from a magnetic field, the applied

magnetic field must first overcome an intrinsic magnetic field.

In summary we demonstrate for the first time ODMR on a two dimensional van der Waals material.
We displayed the detailed non-resonant PL features of the emitter at 8.5K at various temperature
cycling and polarization absorption properties. Our results give further insights on the electron
structure and phonon coupling of the emitter which can help to pin point in more predisi@xact
chemical nature. Our observation of a low energy peak at > 800 nm (peak 7) can assist in future
research to identify to isolate more emitters with these properties as the emissiorsin thi

wavelength is known to be scarce for SPS in i*BN.

5.8 Additional Data

5.8.1 T2* and T1 spectrandmagnetic field tilt simulation

In Figure 5.6.a the ODMR spectra for different MW power which was used to construct Figure 5.5.d.
The contrast using 4 voigt fits shows a clear power dependence (in Blue). Nevertheless the FWHM of
each fit does not conclusively vary as the MW power is changed. This can be due to unresolved
structure in the measurements. Therefore the Lorentzian component of the two inner Voigt fits are

displayed to show andZ « +Z}A o (& “&c¢hdnge as a function of power.

Figure 5.6: ODMR power depdence data and hyperfine magnetic figlel imulation depedencdga) (In blue) For four
different MW powers the ODMR spectra is de-convoluted using Voigt functions showeag @alrast vs. MW power
dependence but no clear FWHM dependence. (In magenta) The Lorentziamentaprepresenting the resolvable

hyperfine components, of the fitted Voigt functions in (a) are displayedignpithe that the FWHM is dependent on the
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MW power. (b) Simulating the tilting of the magnetic aftplane angle results in variations of the ODMR envelope, with a

good fit to the data envelope, confirming our interpretation of unresolved hyygectmponents in our ODMR signal.

To justify our interpretation of unresolved hyperfine coupling we simulate the beha¥ithe ODMR
envelope when the magnetic field has an out of plane angle tilt. This is seen in Figure 5.6.b. This
tilting show a clear variation in the FWHM of the ODMR envelope, thus approving our unresolved

hyperfine interpretation.
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6 AppendixTM(D)C and Hetero-structures

6.1 2D Hexagonal Tin Di-sulfide (ShS

6.1.1 Structure
A semiconducting indirect wide band gap van der Waals material with an dpicdigap ~ 2.2 e¥*
264 composed of earth abundant atom species, Tin (Sn) and sulfide (&)oBsiSts of two poly-types:

2H4H, for growth conditions belof@bove 800°C respectively.?%®

Figure 6.1SEM imagery of Sp&) Bulk Sng (b) exfoliated Sp®n SiQcoated with ITO for conductivity.

Figure 6.2Growth tube of SnSvith SEM imagerya)(b)CVT Grown Sp&ystals, the orange color indicates the 2.2 eV band

gap. (c)(d) Higher resolution SEM images of $nsrealing the van der Waals layered structure.

Figure 6.3TEM imagery of Sp.3¢5

6.1.2 Fabrication
Commonly done using the CVT (Chemical vapor transport) growth method. liythitsais done in a
horizontal tubular furnace as seen in Figure 6.2, using lodine as the optimum carrier agerth Srow

done using pellets of elemental tin and stoichiometric amounts of sulfur with lodine asathier.
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6.1.3 Band to band excitation
Bulk SnBwas glued to a SiCsubstrate so half of the flake is suspended, the suspended area was

probed with a 532 nm excitation laser. This is seen in Figure 6.4.

Figure 6.4: Bulk Spé&xcitation with a 532 nm laser. (a) photo-luminescence, (b) confocal scan withFa fi&dL

6.1.4 Intra-band excitation
Probing the suspended bulk with intra-band (594 nm) excitation reveals distirspeetrum peaks
and anti-bunching features, although at a certain point of time bleaching scdthis is seen in

Figure 6.5 and Figure 6.6.

Figure 6.5: Room temperature Bulk Simffra-band point defect excitaiton with a 594 nm las€rn) Photo-luminescnece

spectrum, (b) auto-correlation, (c) photon emission time trace.
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Figure 6.6: Room temperature photo-luminescnce of BulkiBm&band excitaiton with a 594 nm laséa)(b)(c) for three

point defects.

6.2 2D Hexagonal HafniurDi-sulfide (Hf9)
6.2.1 Structure

The Hf atom is sandwiched between two S atoms attached covalently. Photoemissi@s stUHIfS

ZA }S]v VIV]IE 8 VvV P % }(1X06A s BSAZVYASE B }% 3D %E} Lo
yield a

2 eV gap?°® See Figure 6.7.

6.2.2 Fabricaton
Methods for fabrication of 2D Hif$hclude CVD growth using Hf&3 the Hf source and sulfur pieces

as the S source, with the use of the following reaction:

HfCk(g) + 2S(g) + 2td) A HIS(g) + 4HCI(g)

See Figure 6.7
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Figure 6.7 Structure of HfS(@) Schematic of atomic honeycomb structure of #iSTEM image of HfS%7(c) illustration of

a growth chamber for HfSusing precursors for Hf and2

6.2.3 Band to band excitation
Bulk HfS2 was glued to a &dbstrate so half of the flake is suspended, the suspended area was
probed with a 532 nm excitation laser. The photo-lumencence spectra and confocareaisplayed

in Figure 6.8
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Figure 6.8 Band to band excitation of bulk Hi&ith a 532 nm laser.

6.3 2D Germanium sulfide (GeS)

6.3.1 Structure

Germanium sulfide has a direct and indirect band gap in the range of 1.55 tce¥.6%/ith an
orthorhombic crystal structure?®® A closely related van der Waals crystal, namely GaSe has shown to
exhibit single quantum emitters near areas where strain is present due to residual Se splsaitisg

in curvature of the 2D crystal.

Figure 6.9 GeS Structure(a)(c) Crystallographic structure of G&8271 (b) SEM image showing the van der Waals nature
of the 2D GeS crystal.
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6.3.2 Band to band excitation

Figure 610 contains confocal imagery and PL measurements for band to band excitation at room
termpature for GeS. Interestingly we see a correlation between structural crystalline like formation
visible with the SEM and to position where to emission is localized. This is similar to repartsrs

quantum emitters in GaSé&

Figure 610: Excitation of Bulk GeS, spatial and spectral propersigg.nm PL confocal scan of bulk GeS, (a) reflection, (b)
550 LP filtered image. (c) SEM images of bluk GeS, crystalline strartisesen on the exteriofd) Literature image for
localized single emitters in the related GaSe van der Waals crystatid8eockets were identified as the source of emission
causing curvature in the GaSe layéfsie) Band to band excitation of bulk GeS with a peak at ~ 1.65 ey a1§33 nm

excitation laser. (f) Comparison to literature Band to band PL of’‘GieSagreement with (e).

6.4 Hetero-Structures

6.4.1 Introduction
Assembly of hetero-structures can have numerous advantages functionalities as oditliriied
introduction. The variety of materials that can be assembled, the different thicknesses of the layer

involved, the different alignment angles at the hetero-structures and different lattioestants
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leading to different stacking configurations all contribute to the numerougtionalities which can
be achieved by their constructiotn optical research this has lead to the discovery of inter-layer
excitons at the interface of semi-conducting interfaces, which have the electrdmale separated

in the different crystals at the interfacé’? 273274

In this section we have explored using intra-bandgap excitation h-BN encapsutdtiovo un-
explored wide-band gap TMDCs, S@ad Hfg in a heteo-structure design, before and after

annealing. See Figureld.a for the detailed structure.

6.4.2 Room temperature excitation

The band gap of Sp&nd Hfgis 2.2 e\?® 264 and 2 eV gap®, respectively. Using a 730nm excitation
laser (1.69 eV) localized ratband emission could be seen on the edges of the hetero-structure in the
h-BN encapsulated area, nevertheless, these were not stable and either bleached or ionized quickl
(Figure 611.b).

Figure 611: Confocal images of a h-BN/SiH8S/h-BN hetero-structure. (a) Wide field image of a custoade hetero-
structure (b) 730nm laser excitation with a 750LP filter pinpointinglited emission (c) dark field image of same twete

structure.

6.4.3 Annealing Procedures

A hetero-structure is composed of materials that have different temperature oxidation threshold
thus the most suitable annealing temperature and environment can vary. Here we test different
annealing procedures to determine which one would be most suitable fion-BN encapsulated
hetero-structure with SnSand Hfa In Figure @.2.a/b wide bright/dark field optical images are seen
prior to annealing, respectively. From previous research, we can already concludecthayers are

not necessarily in the closest proximity. After annealing in an Argainddgn environment at 300 °C

bubbles are formed indicating a clustering of possible residue in-betweeniffieeethit 2D materials
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interfaces. A large clear area is also formed, indicating the proximity of the other afiesshe

annealing.

Figure 612 Wide field images of a hetero-structure after before and afteoafigydrogen annealing. An encapsulated
hetero-structure of (top to bottom) h-BN/SnS2/HfS2/h-BN on SiO2. (a)/gh/Brark field images of the hetero-structure,
respectively, before annealing. (c)/(d) Bright/Dark field images of éterb-structure, respectively, after annealing in an
argon/hydrogen environment at 300 °C for 12 hours. The formatibnlles (red arrows) and of the clean interface (green

arrows) after annealing are an indication to the reduced proximity of afteaitmealing.

In comparison to annealing in argon/hydrogen at low temperature (Figur2) low temperature
annealing in vacuum of a Sn& high temperature annealing the Snéhcapsulated with h-BN shows
the formation of more bubbles and therefore we concluded that low temperature anrgatin
argon/hydrogen is favorable. Perhaps the gas pressure insures the formation t¢érsipudables in
addition to the forming gas effect. To compare the tolerance ot Bnsigh temperature annealing
the SnS2 encapsulated with h-BN was annealed to 709 &gon/hydrogen for 2 hours. Bright field
images clearly show structural damage (Figufie3®). Thus we conclude that it is more favorable to

anneal at 300 °@ an argon/hydrogen environment to get a good interface proximity.
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Figure 613: Wide field images of a hetero-structure after low and high temmjoee annealing. An encapsulated hetero-
structure of (top to bottom) h-BN/SgiB-BN on Si® (a) Low temperature annealing in high vacuum at 150 °C for 12 hours.
(b) High temperature annealing in an Argon/Hydrogen enwiremt for 2 hours. Structural damage is evident after the

annealing perhaps due to the reduced temperature tolerance ofr8atrial as compared to BN
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7 Conclusions

This work presents the first steps in understanding and controlling the propeft@sotum emitters

in the new material realm of semiconducting van der Walls crystals. In depiégrstanding of these
properties with the possibility of fine tailoring them, can unleash a new realmagnetic field sensing
and tailored positioning of quantum emitters with the ease of integratectloip devices. This is true
for 2D materials and with the advancement of fabrication techniques of 1D materialsatine
methodologies could be applied. The focus of this work was hexagonal bibricie mvhich is the
easiest to explore due to its wide bandgap. The large energy range sgahaiamission of quantum
emitters in h-BN indicates large number of defect structures which are optically active. The
observation of magneto-optic sensitive emission paves and of optical riagasonance for the first
time in a 2D crystal paves way for a new platform of magpoptic sensing. Our discovery of quantum
emitters hosted in Sp&nd the first photo-luminescence spectra of Hiid GeS can be a paradigm
shift for paramagnetic defects hosted in a nuclei spin free lattice. The full unddnstpaf interface
engineering of hetero-structures could lead to 2D bi-layer chips whose p&tiodr stacking faults

are utilized to engineer their electronic structure and thus their optical emission properties.

143



7. Conclusions

144



8. Acknowledgments

8 Acknowledgments

I would like to thank first and foremost Prof. Joérg Wrachtrup for accepting me toydioatorate
degree at his lab in the framework of the IMPRS program of the Max Planck Institute. | would also
like to thank Dr. Amit Finkler, Dr. Durgra Dasari which were always involved and showed interest
the project from day one. This project would not have been successful without the calibration of D
Jurgen Smet and his devoted post doc. Dr. Youngwook kim and | thank them both for that. The
support of many of my colleagues which always were open to questions was of great value and |
would like to thank the following for this: Dr. Torsten Rendler, Dr. Matthias \AaipDr. Matthias
Pfender Dr. Felipe Favaro de Oliveira, Dr. Mohammad Rezai, Dr. Roland Nad@gniBrAntonov,

Dr. Nabeel Aslam, Dr. Sebastian Zaiser, Dr. San young lee, Dr. Andrea Zappe, Dr. Stephan
Hirschmann, Dr. Rainer Stohr, Dr. Seyed Ali Momenz&itelAndrej Denisenko, Thomas

Oeckinghaus, Ingmar Jakobi, Dr. Rolf Reuter, Dr. Thomas Wolf.

145



8. Acknowledgments

146



9. Bibliography

9 Bibliography

QD 0 1HI}JU &XV tE ZSEEu%U X ~"]vPo ( 8§ phyS.Gtas qoR0J6u}lv ®W Z
203, 3207t3225.

2) Lodahl, P.; Mahmoodian, S.; Stobbe, S. Interfacing Single Photons and Siniglsn Quas
with Photonic Nanostructure®Rev. Mod. Phy2015 87, 347t400.

3) Basché, T.; Moerner, W. E.; Orrit, M.; Talon, H. Photon Antibunching in the Fluorescence of a
Single Dye Molecule Trapped in a Sdtidys. Rev. Lett992 69, 1516t1519.

4) N. Boto, A.; Kok, P.; Abrams, D. S.; Braunstein, S.; P. Williams, C.; P. Dowling, J. Quantum
Interferometric Optical Lithography: Exploiting Entanglement to Beat the Diffraction Limit.
Phys. Rev. Let200Q 85, 2733t2736.

(5) Nagata, T.; Okamoto, R.; Sasaki, K.; Takeuchi, S. Beating the Standard Quantum Limit with
Four-Entangled PhotonScience (80-. 2007, 4, 726t730.

(6) Crespi, A.; Lobino, M.; Matthews, J. C. F.; Politi, A.; Neal, C. R.; Ramponi, R.; Osellame, R.;
K[ &] vU : X >X D -« priEghirBtio @ih £nfangled Photon&ppl. Phys. Lett.
2012 100, 1t4.

@) Thorlabs transmission specifications for an N-BK?7.
(8) Henning, T.; Salama, F. Carbon in the UnivBcsence (80-. 1998 282, 2204t2210.

9) Gross, L.; Fabian, M.; Nikolaj, M.; Peter, L.; Gerhard, M. The Chemical Structure of a Molecule
Resolved by Atomic Force Microscofgience (80-. 2009 325, 1110t1114.

(10) CLARK, C. D.; MAYCRAFT, G. W.; MITCHELL, E. W. J. Polarization of LuthiAggdence.
Phys1962 33, 378t382.

(11) Elliott, R. J.; Matthews, I. G.; Mitchell, E. W. J. The Polarization of Luminescence id.Diamon
Philos. Mag1958 3, 360t369.

(12) Jungwirth, N. R.; Chang, H. S.; Jiang, M.; Fuchs, G. D. Polarization Spectroscopy of Defect-
Based Single Photon Sources in ZRCS Nan@016 10, 1210t1215.

(13) Meuret, S.; Tizei, L. H. G.; Cazimajou, T.; Bourrellier, R.; Chang, H. C.; Treussatrt, F.; Kociak, M.
Photon Bunching in Cathodoluminescenifys. Rev. Le2015 114, 1t5.

(14) D ESfv IU >X :XV W o]v]U dXV t « 0}A«IJU sXV D 1 U :X ZXV 'loU
Single Photon Emission from a High-Purity Hexagonal Boron Nitride GPystslRev. B
2016 94, 121405.

(15) H.J, K.; M., D.; L., M. Photon Antibunching in Resonance Fluorefteiscdrey. Lett977,
39, 6911694.

(16) Diedrich, F.; Walther, H. Nonclassical Radiation of a Single StoretiysnRev. Lett987,
58, 203t207.

147



9. Bibliography

(17) Itano, W. M.; Bergquist, J. C.; Wineland, D. J. Photon Antibunching and SanBoi
Statistics from Quantum Jumps in One and Two Atéthgs. Rev. 2988 38, 559t562.

(18) Gaebel, T.; Popa, I.; Gruber, A.; Domhan, M.; Jelezko, F.; Wrachtrup, J. Stable Single-Photon
Source in the near Infraretllew J. Phy2004 6, 1t7.

(19) Kurtsiefer, C.; Mayer, S.; Zarda, P.; Weinfurter, H. Stable Solid-State Source of Single Photons.
Phys. Rev. Le200Q 85, 290t293.

(20) Seebauer, E. G.; Kratzer, M. C. Charged Point Defects in SemiconMattorsSci. Eng. R
Reports2006 55, 57t149.

(21) Englman, R. Zero-Phonon Lines in Diamond and Localized Mdelegs. Chem. Solit365
26, 1039t1044.

(22)  Fitchen, D. B.; Silsbee, R. H.; Fulton, T. A.; Wolf, E. L. ZERO-PHONON TRANSITIONS OF COLOR
CENTERS IN ALKALI HALRDES. Rev. Lett963 11, 275t277.

(23)  Friedrich, J.; Haarer, D. Photochemical Hole Burning: A Spectroscopic Study of Relaxation
Processes in Polymers and Glasgegiew. Chemie Int. Ed. Engli€84, 23, 113t140.

(24) Knox, R. S.; Small, G. J.; Mukamel, S. Low-Temperature Zero Phonon Lineshapes with Various
Brownian Oscillator Spectral Densiti€hem. Phy002 281, 1t10.

(25) Hizhnyakov, V.; Kaasik, H.; Sildos, I. Zero-Phonon Lines: The Effect of a fétrong &o
Elastic Springs in the Excited Std&thys. Status Solidi Basic R2&¥)2 234, 644t653.

(26) Neu, E.; Hepp, C.; Hauschild, M.; Gsell, S.; Fischer, M.; Sternschulte, H.; Steinmiller-Nethl, D.;
Schreck, M.; Becher, C. Low-Temperature Investigations of Single Silicon Vacancy Colour
Centres in DiamondNew J. Phy2013 15.

(27) Robins, L. H.; Tjossem, P. J. H.; Smyth, K. C.; Barnes, P. Y.; Farabaugh, E. N.; Feldman, A.
Photoluminescence Excitation by Band-Gap Optical Absorption in Chemical Vapor Deposition
Diamond FilmsJ. Appl. Phy4.990Q 69, 3702t3708.

(28) Lousber, J.; Van Wyk, J. Electron Spin Resonance in the Study of DiRepoRdog. Phys.
1978 41, 1203t1245.

(29) Goldman, M. L.; Sipahigil, A.; Doherty, M. W.; Yao, N. Y.; Bennett, S. D.; Markham, M
Twitchen, D. J.; Manson, N. B.; Kubanek, A.; Lukin, M. D. Phonon-Induced Population
Dynamics and Intersystem Crossing in Nitrogen-Vacancy Cdpists. Rev. Le2015
145502 11t6.

(30) Felton, S.; Edmonds, a. M.; Newton, M. E.; Martineau, P. M.; Fisher, D.; TwitcheBaker,
J. M. Hyperfine Interaction in the Ground State of the Negatively Charged Nitrogen Vacancy
Center in DiamondPhys. Rev. B - Condens. Matter Mater. PXQ9 79, 075203.

(31) Rogers, L. J.; Armstrong, S.; Sellars, M. J.; Manson, N. B. Infrared Emission of the NV Centre in
Diamond: Zeeman and Uniaxial Stress Studiesv J. Phy2008 10, 1t14.

148



9. Bibliography

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

Harrison, J.; Sellars, M. J.; Manson, N. B. Optical Spin Polarisation &f @enhte in
Diamond.J. Lumin2004 107, 245t248.

Doherty, M. W.; Manson, N. B.; Delaney, P.; Hollenberg, L. C. L. The Negatively Charged
Nitrogen-Vacancy Centre in Diamond: The Electronic SoliNien.J. Phy2011, 13, 025019.

Brouwer, a. C. J.; Groenen, E. J. J.; Schmidt, J. Detecting Magnetic Resonance through
Quantum Jumps of Single MoleculBéiys. Rev. Lett998 80, 3944t3947.

Doherty, M. W.; Manson, N. B.; Delaney, P.; Jelezko, F.; Wrachtrup, J.; Hollenberg, L. C. L. The
Nitrogen-Vacancy Colour Centre in Diamdnaidys. Ref2013 528, 145.

Aslam, N.; Waldherr, G.; Neumann, P.; Jelezko, F.; Wrachtrup, J. Photo-Induced lonization
Dynamics of the Nitrogen Vacancy Defect in Diamond Investigated by Single-Shot Charge
State DetectionNew J. Phy2015 013064 1t17.

Morkog, H.; Strite, S.; Gao, G. B.; Lin, M. E.; Sverdlov, B.; Burns, M. Large-Bandi&ap SiC, I
Nitride, and 11-VI ZnSe-Based Semiconductor Device Technobdieml. Phy4.994 76,
13631t1398.

Lohrmann, a.; lwamoto, N.; Bodrog, Z.; Castelletto, S.; Ohshima, T.; Karle, T. J.; Gali, a.;
Prawer, S.; McCallum, J. C.; Johnson, B. C. Single-Photon Emitting Diode iG8bicen
Nat. Commun2015 6, 7783.

Kraus, H.; Soltamov, V. a.; Riedel, D.; Vath, S.; Fuchs, F.; Sperlich, a.; Baranov, P. G.; Dyakonov,
V.; Astakhov, G. V. Room-Temperature Quantum Microwave Emitters Based on Spin Defects
in Silicon CarbidéNat. Phys2014, 10, 157t162.

Widmann, M.; Lee, S.-Y.; Rendler, T.; Son, N. T.; Fedder, H.; Paik, S.; Yang, L.-P.; Zhao, N.;
Yang, S.; Booker, ¢t al. Coherent Control of Single Spins in Silicon Carbide at Room
TemperatureNat. Mater.2014, 14, 164t168.

Kozuka, Y.; Tsukazaki, a.; Kawasaki, M. Challenges and Opportunities of ZnO-Related Single
Crystalline Heterostructures\ppl. Phys. Re2014 1.

Janotti, A.; Van De Walle, C. G. Fundamentals of Zinc Oxide as a SemicdRejootty Prog.
Phys2009 72, 1t29.

Morfa, A. J.; Gibson, B. C.; Karg, M.; Karle, T. J.; Greentree, A. D.; Mulvaney, P.yitemljeno
hanic, S. Single-Photon Emission and Quantum Characterization of Zinc Oxide Naferts.
Lett.2012 12, 949t954.

Weber, J. R.; Koehl, W. F.; Varley, J. B.; Janotti, a; Buckley, B. B.; Walle, C. G. Van De;
Awschalom, D. D.; Van de Walle, C. G.; Awschalom, D. D.; Walle, C. G.efah Qaantum
Computing with Defectd®2roc. Natl. Acad. Sci. U. S2610 107, 8513t8518.

Van Dam, B.; Bruhn, B.; Dohnal, G.; Dohnalova, K. Limits of Emission Quddtum Yie
Determination.AlIP Adv2018 8.

149



9. Bibliography

(46) Amani, M.; Lien, D. H.; Kiriya, D.; Xiao, J.; Azcatl, A.; Noh, J.; Madhvapathy, S. R.; Addou, R.;
Santosh, K. C.; Dubey, Mt;al. Near-Unity Photoluminescence Quantum Yield in MoS2.
Science (80-. 2015 350, 1065t1068.

(47) Kuzuba, T.; Era, K.; Ishii, T.; Sato, T. A Low Frequency Raman-Active Vibration of Hexagonal
Boron Nitride Solid State Commut978 25, 863t865.

(48) Gorbachev, R. V.; Riaz, I.; Nair, R. R.; Jalil, R.; Britnell, L.; Belle, B. D.; Hill, E. W¢; Kovoselo
S.; Watanabe, K.; Taniguchi,ét.al. Hunting for Monolayer Boron Nitride: Optical and
Raman SignatureSmall2011, 7, 465t468.

(49) Ferrari, A. C. Raman Spectroscopy of Graphene and Graphite: Disorder, Electran-Phono
Coupling, Doping and Nonadiabatic Effe&tslid State CommuB007, 143, 47157.

(50) Wang, J.; Ma, F.; Sun, M. Graphene, Hexagonal Boron Nitride, and Their Heterostructures:
Properties and ApplicationRSC Ade017, 7, 16801t16822.

(51) Mak, K. F.; Ju, L.; Wang, F.; Heinz, T. F. Optical Spectroscopy of Graphene: From the Far
Infrared to the UltravioletSolid State CommuRg012 152, 1341t1349.

(52) Ribeiro-Soares, J.; Almeida, R. M.; Barros, E. B.; Araujo, P. T.; Dresselhaus, M. S.;.Cancado, L
G.; Jorio, A. Group Theory Analysis of Phonons in Two-Dimensional Transition Metal
Dichalcogenides?hys. Rev. B014 90, 1t10.

(53) Velicky, M.; Toth, P. S. From Two-Dimensional Materials to Their Heterostructures: A
0 SE} Z ule3[« WAQEH-Mtaters TAda017, 8, 68t103.

(54) Cassabois, G.; Valvin, P.; Gil, B. Hexagonal Boron Nitride Is an Indirect Bandgap
SemiconductorNat. Photonic2016 10, 262t266.

(55) Topsakal, M.; Aktlrk, E.; Ciraci, S. First-Principles Study of Two- and One-Dimensional
Honeycomb Structures of Boron Nitridehys. Rev. B - Condens. Matter Mater. P2989
79, 1111.

(56) Liu, Z.; Marder, T. B. B-N versus C-C: How Similar AreAfgew? Chemie - Int. EA008 47,
2421244,

(57) Galvani, T.; Paleari, F.; Miranda, H. P. C.; Molina-Sanchez, A.; Wirtz, L.; Latil, S.;;Amara, H
Ducastelle, F. Excitons in Boron Nitride Single L&yss. Rev. B016 94, 1t15.

(58) Saito, Y.; Nojima, T.; lwasa, Y. Highly Crystalline 2D Supercondiattdrev. Mater2016
2,1t18.

(59) Qin, S.; Jungdae, K.; Qian, N.; Chih-Kang, S. Superconductivity at the Twaidiigmsi.
Science (80-. 2009 324, 1314t1318.

(60) Cudazzo, P.; Tokatly, I. V.; Rubio, A. Dielectric Screening in Two-Dimensional Insulators:
Implications for Excitonic and Impurity States in Graph&gs. Rev. B - Condens. Matter
Mater. Phys2011, 84, 1t7.

150



9. Bibliography

(61)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

Chernikov, A.; Berkelbach, T. C.; Hill, H. M.; Rigosi, A.; Li, Y.; Aslan, O. B.; Reichman, D. R.;
Hybertsen, M. S.; Heinz, T. F. Exciton Binding Energy and Nonhydrogenic Rydberg Series in
Monolayer WS2Phys. Rev. Let2014, 113, 1t5.

Zheng, W.; Jiang, Y.; Hu, X.; Li, H.; Zeng, Z.; Wang, X.; Pan, A. Light Emissend?2ipe
Transition Metal Dichalcogenides: Fundamentals and Applicathahs.Opt. Mater2018
1800420 1t29.

Tonndorf, P.; Schmidt, R.; Schneider, R.; Kern, J.; Buscema, M.; Steele, G. a.; Castellanos-
Gomez, A.; van der Zant, H. S. J.; Michaelis de Vasconcellos, S.; Bratschitsch, R. Single-Photon
Emission from Localized Excitons in an Atomically Thin SemicondDptaa2015 2, 347.

Rabouw, F. T.; de Mello Donega, C. Excited-State Dynamics in Colloidal Setnicondu
NanocrystalsTop. Curr. Cher2016 374, 1t30.

Efros, A. L.; Nesbitt, D. J. Origin and Control of Blinking in Quanturhl&otsanotechnol.
2016 11, 661t671.

Srivastava, A.; Sidler, M.; Allain, A. V.; Lembke, D. S.; Kis,lA;;RmaquU X K%3] ooC §]A
Quantum Dots in Monolayer WSd®at. Nanotechnol2015 10, 491t496.

Koperski, M.; Nogajewski, K.; Arora, a.; Cherkez, V.; Mallet, P.; Veuillen, J.-Y.; Marcus, J.;
Kossacki, P.; Potemski, M. Single Photon Emitters in Exfoliated WSe2 StriNatires.
Nanotechnol2015 10, 503t506.

Tonndorf, P.; Schwarz, S.; Kern, J.; Niehues, |.; Del Pozo-Zamudio, O.; Dmitriev, A. |.;
Bakhtinov, A. P.; Borisenko, D. N.; Kolesnikov, N. N.; Tartakovskgt Al.ISingle-Photon
Emitters in GaS€D Mater.2017, 4.

Galland, C.; Ghosh, Y.; Steinbriick, A.; Sykora, M.; Hollingsworth, J. a.; Klimov, V, H; Htoon
Two Types of Luminescence Blinking Revealed by Spectroelectrochemistry of Single Quantum
Dots.Nature2011, 479, 203t207.

Beveratos, a.; Kiihn, S.; Brouri, R.; Gacoin, T.; Poizat, J. P.; Grangier, P. Room Temperature
Stable Single-Photon Souréaur. Phys. J. ZD02 18, 191t196.

Bradac, C.; Gaebel, T.; Naidoo, N.; Sellars, M. J.; Twamley, J.; Brown, L. J.; Barnard, a. S.;
Plakhotnik, T.; Zvyagin, a. V.; Rabeau, J. R. Observation and Control of Blinking Nitrogen-
Vacancy Centres in Discrete Nanodiamomg. Nanotechnol2010, 5, 345t349.

Juskaitis, R.; Wilson, T.; M.A.A., N.; Kozubek, M. Flourescence IntegmittSirgyle
Cadmium Selenide Nanocrystdisature 1996 383, 802t804.

Xu, W.; Liu, W.; Schmidt, J. F.; Zhao, W.; Lu, X.; Raab, T.; Diederichs, C.; Gao, W.; Seletskiy, D.
V.; Xiong, Q. Correlated Fluorescence Blinking in Two-Dimensional Semiconductor
HeterostructuresNature2017, 541, 62t67.

Takagahara, T.; Takeda, K. Theory of the Quantum Confinement Effect on Excitons in
Quantum Dots of Indirect-Gap MateriaPhys. Rev. B992 46, 578t581.

151



9. Bibliography

(75) Chang, Y. K.; Hsieh, H. H.; Pong, W. F.; Tsai, M. H.; Chien, F. Z.; Tseng, P. K.; Chen, L. C.; Wang,
T.Y.; Chen, K. H.; Bhusari, D.é¥gl. Quantum Confinement Effect in Diamond Nanocrystals
Studied by X-Ray-Absorption Spectroschys Rev Leti999 82, 5377t5380.

(76) Mak, K. F.; Lee, C.; Hone, J.; Shan, J.; Heinz, T. F. Atomically Thin MoS2: A Ngap Direct-
SemiconductorPhys. Rev. Le2010, 105, 2t5.

(77) Xia, F.; Wang, H.; Xiao, D.; Dubey, M.; Ramasubramaniam, A. Two-Dimensiondl Materia
NanophotonicsNat. Photonic2014 8, 899t907.

(78) Goate; App. Helical Microtubules of Graphitic Carbett. To Nat1991, 353, 737t740.

(79) lijima, S.; Ichihashi, T. Single-Shell Carbon Nanotubes of 1-Nm Di&laeter1993 363
603t605.

(80) Odom, T.; Huang, J.; Lieber, C. STM Studies of Single-Walled Carbon Nahdtuls2002,
14, R145R167.

(81) Maiti, A. Bandgap Engineering with Strhiat. Mater.2003 2, 440t442.

(82) Wang, F.; Dukovic, G.; Brus, L. E.; Heinz, T. F. The Optical Resonances in Carbon Nanotubes
Arise from ExcitonsScience (80-. 2005 308, 838t841.

B83) ,,P o U XV 'oov U XV tl]vP GU DXV /u u}RopU X WZzZ}S}v vSs] p
Photoluminescence Spectra of a Single Carbon NanoRlbes. Rev. Le2008 100, 518.

(84) Bai, X.; Golberg, D.; Bando, Y.; Zhi, C.; Tang, C.; Mitome, M.; Kurashima, K. Deformatio
Driven Electrical Transport of Individual Boron Nitride NanotuNeso Lett2007, 7, 632t
637.

(85) Golberg, D.; Bando, Y.; Huang, Y.; Terao, T.; Mitome, M.; Tang, C.; Zhi, C. Boron Nitride
Nanotubes and Nanosheet8CS Nand010, 4, 2979t2993.

(86) Blase, X.; Rubio, a; Louie, S. G.; Cohen, M. L. Stability and Band Gap Constancy of Boron
Nitride NanotubesEurophys. Let007, 28, 335t340.

(87) Smith, M. W.; Jordan, K. C.; Park, C.; Kim, J.-W.; Lillehei, P. T.; Crooks, R.; Harrison, J. S. Very
Long Single- and Few-Walled Boron Nitride Nanotubes via the Pressurized Vapor/condenser
Method. Nanotechnology009, 20, 505604.

(88) Simple Synthesis of MoS 2 and WS 2 Nanotéloes Mater.2001, 13, 283t286.

(89) Sutter, E.; Sutter, P. 1D Wires of 2D Layered Materials: Germanium Sulfide Narsowires a
Efficient Light EmittersACS Appl. Nano Mate2018 1, 1042t1049.

(90) Kawai, H.; Kaneko, K.; Watanabe, N. Photoluminescence of AlGaAs/GaAs Queltgum
Grown by Metalorganic Chemical Vapor DepositbbrAppl. Phy4984, 56, 463t467.

(91) Zzhang, Z. H.; Liu, W.; Ju, Z.; Tan, S. T.; Ji, Y.; Kyaw, Z.; Zhang, X.; Wang, L.; Sun, X. W.; Demir, H
V. InGaN/GaN Multiple-Quantum-Well Light-Emitting Diodes with a Grading InpoSition
Suppressing the Auger Recombinatiéppl. Phys. Let2014 105.

152



9. Bibliography

(92)

(93)

(94)

(95)

(96)

(97)

(98)

(99)

(100)

(101)

(102)

(103)

(104)

Geim, a. K.; Grigorieva, I. V. Van Der Waals Heterostrudtiatese 2013 499, 419t425.

Rooney, A. P.; Kozikov, A.; Rudenko, A. N.; Prestat, E.; Hamer, M. J.; Withers, F.; Cao, Y.;
Novoselov, K. S.; Katsnelson, M. I.; Gorbacheet Rl;Observing Imperfection in Atomic
Interfaces for van Der Waals Heterostructuridano Lett2017, 17, 5222t5228.

Frisenda, R.; Navarro-Moratalla, E.; Gant, P.; Pérez De Lara, D.; Jarillo-Herrero, P.; Gorbachev
R. V.; Castellanos-Gomez, A. Recent Progress in the Assembly of Nanodevices and van Der
Waals Heterostructures by Deterministic Placement of 2D Matefldlem. Soc. Re2018

47, 53t68.

Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Castro Neto, a. H. 2D Materials and van D
Waals Heterostructuresscience (80-. 2016 353, 461t473.

Ozcelik, V. O.; Azadani, J. G.; Yang, C.; Koester, S. J.; Low, T. Band Alignment of Two-
Dimensional Semiconductors for Designing Heterostructures with Momentum Space
Matching.Phys. Rev. B016 94.

Faist, J.; Capasso, F.; Sivco, D. L.; Sirtori, C.; Hutchinson, a. L.; Cho, a. Y. Quantum Cascade
LaserScience (80-. 1994 264, 553t556.

Miller, D. L.; Kubista, K. D.; Rutter, G. M.; Ruan, M.; De Heer, W. a.; First, P. N.; Stroscio, J. a.
Structural Analysis of Multilayer Graphene via Atomic Moiré Interferom&tnys. Rev. B -
Condens. Matter Mater. Phy801Q 81, 1t6.

Kim, C. J.; Brown, L.; Graham, M. W.; Hovden, R.; Havener, R. W.; McEuen, P. L.; Muller, D. a.;
Park, J. Stacking Order Dependent Second Harmonic Generation and Topological Defects in H-
BN BilayerdNano Lett2013 13, 5660t5665.

Zhang, C.; Chuu, C. P.; Ren, X.; Li, M. Y.; Li, L. J.; Jin, C.; Chou, M. Y.; Shih,&. K. Interlay
Couplings, Moiré Patterns, and 2D Electronic Superlattices in MoS2/WSe2hetero-B8ayers.
Adv.2017, 3, 1t8.

Tongay, S.; Fan, W.; Kang, J.; Park, J.; Koldemir, U.; Suh, J.; Narang, D. S.; LiuJket Ji, J.; L
al. Tuning Interlayer Coupling in Large-Area Heterostructures with CvD-Grown MoS2and
WS2monolayerdNano Lett2014, 14, 3185t3190.

Cadiz, F.; Courtade, E.; Robert, C.; Wang, G.; Shen, Y.; Cai, H.; Taniguchi, T.; Watanabe, K.;
Carrere, H.; Lagarde, Bt;al. Excitonic Linewidth Approaching the Homogeneous Limit in
MoS2-Based van Der Waals Heterostructurégis. Rev. 2017, 7, 1t12.

K. L. Man, M.; Deckoff-Jones, S.; Winchester, A.; Shi, G.; Gupta, G.; D. Mohite, A.; Kar, S.;
Kioupakis, E.; Talapatra, S.; M. Dani, K. Protecting the Properties of Monolayer MoS2 on
Silicon Based Substrates with an Atomically Thin Bi8f#r.Re2016 160, 119.

Serrano, J.; Bosak, a.; Arenal, R.; Krisch, M.; Watanabe, K.; Taniguchi, T.; Kanda, H.; Rubio, a.;

Wirtz, L. Vibrational Properties of Hexagonal Boron Nitride: Inelastic X-Ray Scattering and Ab
Initio CalculationsPhys. Rev. Let2007, 98, 12t15.

153



9. Bibliography

(105) Nagashima, a; Tejima, N.; Gamou, Y.; Kawai, T.; Oshima, C. Electronic DispersitndRelatio
Monolayer Hexagonal Boron Nitride Formed on the Ni (111) Suiffdmes. Rev. B995 51,
4606t4613.

(106) Alem, N.; Erni, R.; Kisielowski, C.; Rossell, M. D.; Gannett, W.; Zettl, a. Atdhiicall
Hexagonal Boron Nitride Probed by Ultrahigh-Resolution Transmission Electrosddjuy.
Phys. Rev. B - Condens. Matter Mater. P29@9 80, 1t7.

(107) Chejanovsky, N.; Rezai, M.; Paolucci, F.; Kim, Y.; Rendler, T.; Rouabeh, W.; Favaro de Oliveira,
F.; Herlinger, P.; Denisenko, A.; Yangt&l. Structural Attributes and Photodynamics of
Visible Spectrum Quantum Emitters in Hexagonal Boron Nitdao Lett2016 16, 7037t
7045.

(108) Abdi, M.; Chou, J.-P.; Gali, A.; Plenio, M. B. Color Centers in Hexagonal Bdeon Nitri
Monolayers: A Group Theory and Ab Initio Analys3S Photonic018 5, 1967t1976.

(109) Chejanovsky, N.; Kim, Y.; Zappe, A.; Stuhlhofer, B.; Taniguchi, T.; Watanabe, K.; Dasari, D.
Finkler, A.; Smet, J. H.; Wrachtrup, J. Quantum Light in Curved Low Dimensional Hexagonal
Boron Nitride System&ci. Re017, 7, 1t14.

(110) Sajid, a.; Reimers, J. R.; Ford, M. J. Defect States in Hexagonal Boron Nitride: Assignments of
Observed Properties and Prediction of Properties Relevant to Quantum Computiigs.
Rev. B018 97, 119.

(111) Krivanek, O. L.; Chisholm, M. F.; Nicolosi, V.; Pennycook, T. J.; Corbin, G, Bl;; Ivalitsit,
M. F.; Own, C. S.; Szilagyi, Z. S.; Oxley, bt.&.Atom-by-Atom Structural and Chemical
Analysis by Annular Dark-Field Electron Microschipyure2010, 464, 571t574.

(112) Nistor, L.; Teodorescu, V.; Ghica, C.; Landuyt, J. Van; Dinca, G. The Influence of the H-BN
Morphology and Structure on the c-BN Growham. Relat. Mater2001, 10, 1352t1356.

(113) Alem, N.; Yazyev, O. V.; Kisielowski, C.; Denes, P.; Dahmen, U.; Hartel, P.; Hagtdmff).; Bi
M.; Jiang, B.; Louie, S. & al. Probing the oubf-Plane Distortion of Single Point Defects in
Atomically Thin Hexagonal Boron Nitride at the Picometer Sehigs. Rev. Let2011, 106,
126102.

(114) & vPU : XV « Z}us8U , XV v A U AXV ,}(u vvU AXV >}v E] U /XV >
Optically Active Defects with Nanometer Resolutidano Lett2018 18, 1739t1744.

(115) Zobelli, a.; Ewels, C. P.; Gloter, a.; Seifert, G.; Stephan, O.; Csillag, S.; Colliexy€. Defecti
Structure of BN Nanotubes: From Single Vacancies to DislocationNamesL ett2006 6,
1955t1960.

(116) Cretu, O.; Lin, Y. C.; Koshino, M.; Tizei, L. H. G.; Liu, Z.; Suenaga, K. Structure and Local
Chemical Properties of Boron-Terminated Tetravacancies in Hexagonal Boron Ritgide.
Rev. Lett2015 114, 115.

(117) Tran, T. T.; Bray, K.; Ford, M. J.; Toth, M.; Aharonovich, I. Quantum Emission From Hexagonal
Boron Nitride MonolayerdNat. Nanotechnol2015 11, 37t41.

154



9. Bibliography

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

(132)

Museur, L.; Feldbach, E.; Kanaev, A. Defect-Related Photoluminescence of Hexegonal Bo
Nitride. Phys. Rev. B - Condens. Matter Mater. P2)@8 78, 118.

Jaffrennou, P.; Barjon, J.; Lauret, J. S.; Attal-Trétout, B.; Ducastelle, F.; Loise@upéhtli@rig
Excitonic Recombinations in Hexagonal Boron Nitride by Spatially Resolved
Cathodoluminescence SpectroscopyAppl. Phy2007, 102, 44147.

Bourrellier, R.; Amato, M.; Henrique, L.; Giorgetti, C.; Gloter, A.; Heggie, M. |.; M&td, K
0.; Reining, L.; Kociak, M. Nanometric Resolved Luminescence in H-BN Flakes: Excitons and
Stacking OrdelACS Photonic014 1, 857t862.

Museur, L.; Anglos, D.; Petitet, J. P.; Michel, J. P.; Kanaev, A. V. Photolun@rafscen
Hexagonal Boron Nitride: Effect of Surface Oxidation under UV-Laser Irradiatiomin.
2007, 127, 595t600.

Museur, L.; Kanaev, A. Photoluminescence Properties of Pyrolytic Boroa. Blitdater. Sci.
2009, 44, 2560t2565.

Bourrellier, R.; Meuret, S.; Tararan, A.; Ste, O.; Kociak, M.; Tizei, L. H. G.; Zobelli, A. Bright UV
Single Photon Emission at Point Defects in H NBINo Lett2016 16, 4317t4321.

Tran, T. T.; Zachreson, C.; Berhane, A. M.; Bray, K.; Sandstrom, R. G.; Li, L. H.; Taniguchi, T.;
Watanabe, K.; Aharonovich, I.; Toth, M. Quantum Emission from Defects in Single-Crystalline
Hexagonal Boron Nitrid®hys. Rev. Apf2016 5, 216.

Taniguchi, T.; Watanabe, K. Synthesis of High-Purity Boron Nitride Single Crystals under High
Pressure by Using Ba-BN SolvédnCryst. GrowtRB007, 303, 525t529.

Arenal, R.; Stéphan, O.; Kociak, M.; Taverna, D.; Loiseau, a.; Colliex, C. Optical Gap
Measurements on Individual Boron Nitride Nanotubes by Electron Energy Loss Spectroscopy.
Microsc. Microanal2008, 14, 274t282.

Kim, K. K.; Hsu, A.; Jia, X.; Kim, S. M.; Shi, Y.; Hofmann, M.; Nezich, D.; Ragrigue#.;
Dresselhaus, M.; Palacios, &t.al. Synthesis of Monolayer Boron Nitride on Cu Foil Using
Chemical Vapor DepositioNano Lett2011, 12, 161t166.

Hui, W. C. Secret of Formulating a Selective Etching or Cleaning Solution fodiBiol®n
(BN) Thin Film$®roc. SPIE004 5276 143t153.

Jiménez, |.; Jankowski, a. F.; Terminello, L. J.; Sutherland, D. G. J.; Carlisle, J. a.; Doll, G. L.;
Tong, W. M.; Shuh, D. K.; Himpsel, F. J. Core-Level Photoabsorption Study of Defects and
Metastable Bonding Configurations in Boron NitriBays. Rev. B997, 55, 12025t12037.

Kumar, S.; Kaczmarczyk, A.; Gerardot, B. D. Strain-Induced Spatial and Spectral Isolation of
Quantum Emitters in Mono- and Bilayer WSH2no Lett2015 15, 7567t7573.

K U &X 1%]vP }(, £ P}vo }E}v E]J§E] A] /v EPhg.3]}vOW
Rev. B010 81, 075125, 16.

Wang, C.; Kurtsiefer, C.; Weinfurter, H.; Burchard, B. Single Photon Emission from SiV Centres
in Diamond Produced by lon Implantatiah.Phys. B At. Mol. Opt. Phg806 39, 37.

155



9. Bibliography

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

Inam, F. a.; Gaebel, T.; Bradac, C.; Stewart, L.; Withford, M. J.; Dawes, J. M.; Rabeau, J. R.;
Steel, M. J. Modification of Spontaneous Emission from Nanodiamond Colour Gen&res
Structured SurfacéNew J. Phy2011, 13.

Wong, D.; Velasco, J.; Ju, L.; Lee, J.; Kahn, S.; Tsai, H.-Z.; Germany, C.; Tanigaicabel.; Wa
K.; Zettl, A.et al. Characterization and Manipulation of Individual Defects in Insulating
Hexagonal Boron Nitride Using Scanning Tunnelling MicrosiiapyNanotechnol2015 10,
9491953.

Chandni, U.; Watanabe, K.; Taniguchi, T.; Eisenstein, J. P. Evidence for Defect-Mediated
Tunneling in Hexagonal Boron Nitride-Based Junctidaso Lett2015 15, 7329t7333.

Bhimanapati, G. R.; Kozuch, D.; Robinson, J. Large-Scale Synthesis and Functiofialization
Hexagonal Boron Nitride Nanoshedi#anoscal€2014, 6, 11671t11675.

MacHaka, R.; Erasmus, R. M.; Derry, T. E. Formation of cBN Nanocrystals by He+ Implantation
into hBN.Diam. Relat. Mater2010, 19, 1131t1134.

Peter, R.; Bozanic, a.; Petravic, M.; Chen, Y.; Fan, L. J.; Yang, Y. W. Formation of Defects in
Boron Nitride by Low Energy lon BombardmentAppl. Phy2009, 106.

Gibb, A. L.; Alem, N.; Chen, J. H.; Erickson, K. J.; Ciston, J.; Gautam, A.; Linck, M.; Zettl, A.
Atomic Resolution Imaging of Grain Boundary Defects in Monolayer Chemical Vapor
Deposition-Grown Hexagonal Boron NitrideAm. Chem. Sd013 135 6758t6761.

Nurunnabi, M.; Nafiujjaman, M.; Lee, S.-J.; Park, I.-K.; Huh, K. M.; Lee, Y. Pregatation
Characterization of Ultra-Thin Hexagonal Boron Nitride Nanosheets for Cancer Cell Imaging
and Neurotransmitter Sensin@hem. Commur2016 52, 6146t6149.

Kotakoski, J.; Jin, C. H.; Lehtinen, O.; Suenaga, K.; Krasheninnikov, a. V. Electron Knock-on
Damage in Hexagonal Boron Nitride MonolayBtsys. Rev. B - Condens. Matter Mater. Phys.
2010 82, 1t4.

Cretu, O,; Lin, Y.-C.; Suenaga, K. Inelastic Electron Irradiation Damage in Hexagonal Boron
Nitride. Micron2015 72, 21t27.

Zobelli, a.; Ewels, C. P.; Gloter, A.; Seifert, G. Vacancy Migration in Hexagonal Bideon Nitri
Phys. Rev. B007, 75, 1t7.

Favaro de Oliveira, F.; Momenzadeh, S. A.; Antonov, D.; Scharpf, J.; Osterkamp, C.; Naydenov,
XV : 0o I1}U &XV v]e vI}JU XV tE Z3E p% UProled pANidger-%0 S]u]l

Vacancy Centers Activated by Helium Irradiation in DiamNado Lett2016

acs.nanolett.5b04511.

Wei, X.; Wang, M.; Bando, Y.; Golberg, D. Electron-Beam-Induced Substitutional Carbon
Doping of Boron NitrideACS Nan@011, 5, 2916t2922.

Park, H.; Wadehra, A.; Wilkins, J. W.; Neto, A. H. C.; Park, H.; Wadehra, A.; Wilkins, J. W.;
Neto, A. H. C. Magnetic States and Optical Properties of Single-Layer Carbon-Doped
Hexagonal Boron Nitride Magnetic States and Optical Properties of Single-Layer Carbon-
Doped Hexagonal Boron Nitrid&ppl. Phys. LetR012 100, 1t5.

156



9. Bibliography

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

Bengu, E.; Leslie, C.; Marks, L. D.; Bengu, E.; Leslie, C.; Marks, L. D. Formation of BN
E v} & Z «®W W}ee] 0C SZ < C S} pu ] }E}v E]SE] &lJou 'E}AsZ
E v} & Z +®W W}ee] 0C 3Z < C 3} p ] 19H3Vv2Bl4t8AF. &Jou 'E}ASZ

Cheng, G.; Yao, S.; Sang, X.; Hao, B.; Zhang, D.; Yap, Y. K.; Zhu, Y. Evolution of Irradiation-
Induced Vacancy Defects in Boron Nitride NanotuBesall2016 12, 818t824.

Rasool, H. |.; Ophus, C.; Zettl, A. Atomic Defects in Two Dimensional MaAmrvidiéater.
2015 27, 5771t5777.

Jin, C.; Lin, F.; Suenaga, K.; lijima, S. Fabrication of a Freestanding Boron Nitridgeingle L
and Its Defect AssignmenfBhys. Rev. Let2009 102, 3t6.

Okada, S. Atomic Configurations and Energetics of Vacancies in Hexagonal Boron Nitride:
First-Principles Total-Energy Calculatid®tsys. Rev. B - Condens. Matter Mater. P2§89
80, 1t4.

Meyer, J. C.; Chuvilin, A.; Algara-Siller, G.; Biskupek, J.; Kaiser, U. Selective Sputtering and
Atomic Resolution Imaging of Atomically Thin Boron Nitride Membrayaso Lett2009 9,
268312689.

Huang, B.; Cao, X. K.; Jiang, H. X.; Lin, J. Y.; Wei, S. Origin of the Significantly Enhanced Optical
Transitions in Layered Boron Nitridghys. Rev. B012 155202 1t5.

Li, Q.; Zou, X.; Liu, M.; Sun, J.; Gao, Y.; Qi, Y.; Zhou, X.; Yakobson, B. [.LEhahdgzMin
Boundary Structures and Electronic Properties of Hexagonal Boron Nitride on Chldndd).
Lett.2015 15, 5804t5810.

Crdu, O.; Lin, Y.; Suenaga, K. Evidence for Active Atomic Defects in Monolayer Hexagonal
Boron Nitride: A New Mechanism of Plasticity in Two-Dimensional Mateviate Lett2014,
14, 1064t1068.

Liu, Y.; Zou, X.; Yakobson, B. I. Dislocations and Grain Boundaries indivembBahBoron
Nitride. ACS Nan@2012 6, 7053t7058.

Wang, R.; Yang, J.; Wang, S. Local Charge States in Hexagonal Boron Nitride wilal8sone
Defects Nanoscale€2016 8, 8210t8219.

Lu, G.; Wu, T.; Yuan, Q.; Wang, H.; Wang, H.; Ding, F.; Xie, X.; Jiang, M. Synthesis of Large
Single-Crystal Hexagonal Boron Nitride Grains otNCAlloy.Nat. Commun2015 6, 117.

Tews, K. H. ON THE VARIATION OF LUMINESCENCE LIFETIMES. THE APPROXIMATIONS OF -
APPROXIMATIVE METHAIDBUmMIN1974 9, 223t239.

Bradac, C.; Gaebel, T.; Pakes, C. |.; Say, J. M.; Zvyagin, A. V; Rabeau, J. R. Effect of the
Nanodiamond Host on a Nitrogen-Vacancy Color-Centre Emission Sta#2013 9, 132t
139.

Tran, T. T.; Elbadawi, C.; Totonjian, D.; Lobo, C. J.; Grosso, G.; Moon, d,;[ErgluRord,
M. J.; Aharonovich, I.; Toth, M. Robust Multicolor Single Photon Emission fronDe@écts
in Hexagonal Boron NitriddCS Nan@016 10, 7331t7338.

157



9. Bibliography

(162) Lehtinen, O.; Dumur, E.; Kotakoski, J.; Krasheninnikov, a. V.; Nordlund, K.; Keinonen, J.
Production of Defects in Hexagonal Boron Nitride Monolayer under lon Irradiaian.
Instruments Methods Phys. Re2®1, 269, 1327t1331.

(163) Jungwrth, N. R.; Calderon, B.; Ji, Y.; Spencer, M. G.; Flatté, M. E.; Fuchs, G. D. Temperature
Dependence of Wavelength Selectable Zero-Phon Emission from Single Defects in Hexagonal
Boron Nitride ACS Nang016 16, 6052t6057.

(164) Moore, a. Characterization of Pyrolytic Boron Nitride for SemiconductorrislatBrocessing.
J. Cryst. Growth.990,106, 6t15.

(165) Le Gallet, S.; Chollon, G.; Rebillat, F.; Guette, a.; Bourrat, X.; Naslain, . (Bugieel, J.
L. Microstructural and Microtextural Investigations of Boron Nitride Deposited from BCI3-
NH3-H2 Gas Mixturesd. Eur. Ceram. S&004 24, 33t44.

(166) He, B.; Qiu, M.; Yuen, M. F.; Zhang, W. J. Electrical Properties and Electronic Structure of Si-
Implanted Hexagonal Boron Nitride Filmgpl. Phys. LetR014, 105, 0121041(14).

(167) He, B.; Zhang, W. J.; Yao, Z. Q.; Chong, Y. M.; Yang, Y.; Ye, Q.; Pan, X. J.; Zapien,;J. A.; Bel
Lee, S. Tet al.P-Type Conduction in Beryllium-Implanted Hexagonal Boron Nitride Films.
Appl. Phys. Let2009, 95, 252106(1t3).

(168) Cun, H.; lannuzzi, M.; Hemmi, A.; Roth, S.; Osterwalder, J.; Greber, T. Imnmobiliioglind
Atoms beneath a Corrugated Single Layer of Boron NitNdao Lett2013 13, 2098t2103.

(169) Chopra, N. G.; Luyken, R. J.; Cherrey, K.; Crespi, V. H.; Cohen, M. L.; Louie, S. G.; Zettl, A.
Boron Nitride NanotubesScience (80-. 1995 269, 966t967.

(170) Ludger, W.; Rubio, A.; de la Concha, R.; Loiseau, A. Ab Initio Calculations of the Lattice
Dynamics of Boron Nitride Nanotubézhys. Rev. B003 68, 045425.

(171) Xu, X. G.; Gilburd, L.; Bando, Y.; Golberg, D.; Walker, G. C. Defects and Deformation of Boron
Nitride Nanotubes Studied by Joint Nanoscale Mechanical and Infrared near-Field
MicroscopyJ. Phys. Chem.2016 120, 1945t1951.

(172) Mele, E. J.; Krél, P. Electric Polarization of Heteropolar Nanotubes as angdenasePhys.
Rev. Lett2002 88, 568031t568034.

(173) Lovchinsky, I.; Sanchez-Yamagishi, J. D.; Urbach, E. K.; Choi, S.; Fang, S.; Andersen, T. I.;
Watanabe, K.; Taniguchi, T.; Bylinskii, A.; Kaxirast, &.Magnetic Resonance Spectroscopy
of an Atomically Thin Material Using a Single-Spin Q8bitnce (80-. 2017, 355, 503t507.

(174) Ishigami, M.; Sau, J. D.; Aloni, S.; Cohen, M. L.; Zettl, A. Observation of the Giant Stark Effect
in Boron-Nitride Nanotube$hys. Rev. Le2005 94, 056804.

(175) Nautiyal, P.; Loganathan, A.; Agrawal, R.; Boesl, B.; Wang, C.; Agarwal, A. Oxidative Unzipping

and Transformation of High Aspect Ratio Boron Nitride Nanotubes into White Graphene
Oxide PlateletsSci. Re2016 6, 29498.

158



9. Bibliography

(176)

a77)

(178)

(179)

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

Tiano, A. L.; Park, C.; Lee, J. W.; Luong, H. H.; Gibbons, L. J.; Chu, S,-8l;; @ppftfo, P.;
Lowther, S.; Kim, H. &t al. Boron Nitride Nanotube: Synthesis and Applicatiéiyec. SPIE
2014 9060, 906006t906019.

Chen, X.; Wu, P.; Rousseas, M.; Okawa, D.; Gartner, Z.; Zettl, A.; Bertozzi, C. R. Boron Nitride
Nanotubes Are Noncytotoxic and Can Be Functionalized for Interaction with Proteins and
CellsJ. Am. Chem. Sd009 131, 890t891.

Zhu, Y.-C.; Bando, Y.; Xue, D.-F.; Sekiguchi, T.; Golberg, D.; Xu, E-AE.New, Bbron
Nitride Whiskers: Showing Strong Ultraviolet and Visible Light Luminesdeigys. Chem. B
2004, 108, 6193t6196.

Li, L. H.; Chen, Y.; Lin, M.-Y.; Glushenkov, A. M.; Cheng, B.-M.; Yu, J. Single Ddep Ultravi
Light Emission from Boron Nitride Nanotube Filkppl. Phys. LetR010 97, 141104.

Jaffrennou, P.; Barjon, J.; Schmid, T.; Museur, L.; Kanaev, A.; Lauret, J. S.; Zhi, C. Y.; Tang, C,;
Bando, Y.; Golberg, 2t al. Near-Band-Edge Recombinations in Multiwalled Boron Nitride
Nanotubes: Cathodoluminescence and Photoluminescence Spectroscopy Measurements.

Phys. Rev. B00§ 77, 235422.

Museur, L.; Kanaev, A. Near Band-Gap Electronics Properties and Luminescence Mechanisms
of Boron Nitride Nanotubed. Appl. Phy2015 118, 084305.

Hemraj-Benny, T.; Banerjee, S.; Sambasivan, S.; Fischer, D. a.; Han, W.; Misewich, J. a.; Wong,
S. S. Investigating the Structure of Boron Nitride Nanotubes by Near-Edge X-Ray Absorption
Fine Structure (NEXAFS) SpectroscBpys. Chem. Chem. P3@B05 7, 1103t1106.

Han, W. Q.; Yu, H. G.; Zhi, C.; Wang, J.; Liu, Z.; Sekiguchi, T.; Bando, Y. Isotope Effect on Band
Gap and Radiative Transitions Properties of Boron Nitride Nanothlaes Let2008 8,
4911494,

Gou, G.; Pan, B.; Sh, L. The Nature of Radiative Transitions in O-Doped Boron Nitride
Nanotubes.J. Am. Chem. S&009 131, 4839t4845.

Tang, C.; Bando, Y.; Zhi, C.; Golberg, D. Boron-Oxygen Luminescence Centres in Boron-
Nitrogen System€hem. Commun. (CamB07, 4599t4601.

Golberg, D.; Costa, P. M. F. J.; Lourie, O.; Mitome, M.; Bai, X.; Kurashima, K.; ZhiCGC.; Tang
Bando, Y. Direct Force Measurements and Kinking under Elastic Deformation of Individual
Multiwalled Boron Nitride Nanotube®lano Lett2007, 7, 2146t2151.

Wales, D. J.; Stone, A. J. Theoretical Studies Of Icosahedral C60 And Some Related Species.
Chem. Phys. Lett986 128 501t503.

Saito, Y.; Maida, M.; Matsumoto, T. Structures of Boron Nitride Nanotubes with Single-Layer
and Multilayers Produced by Arc Dischardn. J. Appl. Phyg999, 38, 1591t163.

Golberg, D.; Mitome, M.; Bando, Y.; Tang, C. C.; Zhi, C. Y. Multi-Walled Bal@n Nitri

Nanotubes Composed of Diverse Cross-Section and Helix Type/Ap@lI®hys. A Mater. Sci.
Process2007, 88, 347t352.

159



9. Bibliography

(190) Volkmann, M.; Meyns, M.; Lesyuk, R.; Lehmann, H.; Klinke, C. AttachmentddlCollo
Nanoparticles to Boron Nitride Nanotub&shem. Mater2017, 726t734.

(191) Xu, L.; Sun, C,; Yu, H.; Ma, Q.; Qian, Y. Recent Development of the Synthesis anddzngineerin
Applications of One-Dimensional Boron Nitride Nanomaterdalslanomater2010, 2010
163561.

(192) Wrachtrup, J. 2D Materials: Single Photons at Room TempendairéNanotechnol2016
11, 718.

(193) Tran, T. T.; EIBadawi, C.; Totonjian, D.; Lobo, C. J.; Grosso, G.; Moon, H. [EmRyuRord,
M. J.; Aharonovich, |.; Toth, M. Robust Multicolor Single Photon Emission fronDe@écts
in Hexagonal Boron NitriddCS Nan@016 10, 7331t7338.

(194) Shotan, Z.; Jayakumar, H.; Considine, C. R.; Mackoit, M.; Fedder, H.; Wrachtrup, J.; Alkauskas,
A.; Doherty, M. W.; Menon, V. M.; Meriles, C. a. Photoinduced Modification of SingleaPho
Emitters in Hexagonal Boron NitrideCS Photoni@016 3, 2490t2497.

(295) Jungwirth, N. R.; Fuchs, G. D. Optical Absorption and Emission Mechanisms of Single Defects
in Hexagonal BororPhys. Rev. Le2017, 119, 116.

(196) Li, X.; Shepard, G. D.; Cupo, A.; Camporeale, N.; Shayan, K.; Luo, Y.; Meunier, V.; Strauf, S.
Non-Magnetic Quantum Emitters in Boron Nitride with Ultra-Narrow and Sideband-Free
Emission SpectrdCS Nang017.

(197) Exarhos, A. L.; Hopper, D. a.; Grote, R. R.; Alkauskas, A.; Bassett, L. C. Optical Signatures of
Quantum Emitters in Suspended Hexagonal Boron NitA@S Nan2017, 11, 3328t3336.

(198) Kianinia, M.; Regan, B.; Tawfik, S. A.; Tran, T. T.; Ford, M. J.; Aharonovich, |.; Totist M. Ro
Solid-State Quantum System Operating at 80AGS Photonic017, 4, 768t773.

(199) Grosso, G.; Moon, H.; Lienhard, B.; Ali, S.; Efetov, D. K.; Furchi, M. M.; Jeeilp{PlefFord,
M. J.; Aharonovich, I.; Englund, D. Tunable and High Purity Room-Temperature Singie Photo
Emission from Atomic Defects in Hexagonal Boron Nitedéiv2016 1611.03515.

(200) Tiano, A.; Gibbons, L.; Tsui, M.; Applin, S.; Silva, R.; Park, C.; Fay, C. Theicwulyrtanh
to Boron Nitride Nanotube Solubility and DispersiNanoscale2016 4348t4359.

(201) Lauret, J. S.; Arenal, R.; Ducastelle, F.; Loiseau, A.; Cau, M.; Attal-Tretout, B.; Rosencher, E.;
Goux-Capes, L. Optical Transitions in Single-Wall Boron Nitride Nand®hlgssRev. Lett.
2005 94, 037405.

(202) Tongay, S.; Suh, J.; Ataca, C.; Fan, W.; Luce, A.; Kang, J. S.; Liu, J.; Ko, C.; Raghunathanan, R.;
Zhou, J.et al. Defects Activated Photoluminescence in Two-Dimensional Semiconductors:
Interplay between Bound, Charged, and Free Excit8cis.Re2013 3, 2657.

(203) Pan, C. T.; Nair, R. R.; Bangert, U.; Ramasse, Q.; Jalil, R.; Zan, R.; Seabourne, C. R.; Scott, a. J.

Nanoscale Electron Diffraction and Plasmon Spectroscopy of Single- and Few-Layer Boro
Nitride. Phys. Rev. B - Condens. Matter Mater. P2§%2 85, 045440.

160



9. Bibliography

(204) Tran, T.T.; Choi, S.; Scott, J. a.; Xu, Z. Q.; Zheng, C.; Seniutinas, G.; Bendavid, A.; Fuhrer, M. S;
Toth, M.; Aharonovich, I. Room-Temperature Single-Photon Emission from Oxidized Tungsten
Disulfide MultilayersAdv. Opt. Mater2017, 5, 11t5.

(205) Lu, Y.; Tan, C.; Chou, H.; Nayak, A.; Wu, D.; Ghosh, R.; Chang, H. Y.; Hao, Y.; Wang, X.; Kim, J.
S.;et al. Thermal Oxidation of WSe2 Nanosheets Adhered on SiO2/Si Subdtiatesl ett.
2015 15, 4979t4984.

(206) Simonov, K. a.; Vinogradov, N. a.; Ng, M. L.; Vinogradov, a. S.; MartenssenphjeRski,
a. B. Controllable Oxidation of H-BN Monolayer on Ir(111) Studied by Core-Level
SpectroscopiesSurf. Sci2012, 606, 564t570.

(207) Niibe, M.; Miyamoto, K.; Mitamura, T.; Mochiji, K. Identification of B-KEutgr X-Ray
Absorption Fine Structure Peaks of Boron Nitride Thin Films Prepared by Sputtering
DepositionJ. Vac. Sci. Technol. A Vacuum, Surfaces28ii).28, 1157.

(208) Li, L. H.; Cervenka, J.; Watanabe, K.; Taniguchi, T.; Chen, Y. Strong Oxidation Resistance of
Atomically Thin Boron Nitride NanosheeA<CS Nan@014 8, 1457t1462.

(209) Caretti, I.; Jiménez, |. Point Defects in Hexagonal BN, BC3 and BCxN Compounds Studied by X-
Ray Absorption near-Edge StructuseAppl. Phy2011, 110, 023511.

(210) Petravic, M.; Peter, R.; Kavre, I.; Li, L. H.; Chen, Y.; Fan, L. J.; Yang, Y. \6h Diecorati
Nitrogen Vacancies by Oxygen Atoms in Boron Nitride Nanotéss. Chem. Chem. Phys.
2010 12, 15349t15353.

(211) Hung, I.; Howes, a. P.; Parkinson, B. G.; Anupold, T.; Samoson, A.; Brown, S. P.PHarrison,
Holland, D.; Dupree, R. Determination of the Bond-Angle Distribution in V#2203 by
11B Double Rotation (DOR) NMR Spectroschpyolid State Che2009 182, 2402t2408.

(212) Joo, C.; Werner-Zwanziger, U.; Zwanziger, J. W. Ring Structure of Boron TrioxideNslass.
Cryst. Solid200Q 261, 282t286.

(213) Li, D.; W.Y, C. Electronic Structures and Optical Properties of Low- and sigheM?hases
of Crystalline B20®hys. Rev. B. Condens. Matté86 54, 13616t13622.

(214) Zzhi, C.; Bando, Y.; Tang, C.; Golberg, D.; Xie, R.; Sekigushi, T. Phonon Characteristics and
Cathodolumininescence of Boron Nitride Nanotub&spl. Phys. LetR005 86, 049902.

(215) Dong, Z.; Song, Y. Transformations of Cold-Compressed Multiwalled BodernNdnotubes
Probed by Infrared Spectroscopy.Phys. Chem.2010 114, 1782t1788.

(216) Krishnan, K. The Raman Spectrum of BoricPAcid. Indian Acad. StB63 60, 103t109.

(217) Schmid, H. K. Phase Identification in Carbon and BN Systems byi&tB&&.Microanal.
Microstruct.1995 6, 99t111.

(218) Karch, K.; Bechstedt, F. Ab Initio Lattice Dynamics of BN and AIN: Covalent versus lonic
ForcesPhys. Rev. B997, 56, 7404t7415.

161



9. Bibliography

(219

(220)

(221)

(222)

(223)

(224)

(225)

(226)

(227)

(228)

(229)

(230)

(231)

(232)

Nai, C. T.; Lu, J.; Zhang, K.; Loh, K. P. Studying Edge Defects of Hexagonal Boron Witride Usin
High Resolution Electron Energy Loss Spectrosdopyys. Chem. Le2015 6, 4189t4193.

Arenal, R.; Ferrari, a C.; Reich, S.; Wirtz, L.; Mevellec, J.-Y.; Lefrant, S.; Rubio, a; Loiseau, a.
Raman Spectroscopy of Single-Walled Boron Nitride Nanotilzem Lett2006 6, 1812t
1816.

Reich, S.; Ferrari, a. C.; Arenal, R.; Loiseau, a.; Bello, |.; Robertson, J. Resonant Raman
Scattering in Cubic and Hexagonal Boron Nitffg/s. Rev. B005 71, 205201.

Kim, K. H.; Jang, C. W.; Kim, T. G.; Lee, S.; Kim, S. H.; Byun, Y. T. Processing Technique for
Single-Walled Carbon Nanotube-Based Sensor Afaianosci. Nanotechn@012, 12,
1251t1255.

Simon, G.; Hehlen, B.; Vacher, R.; Courtens, E. Hyper-Raman Scattering Analysis of the
Vibrations in Vitreous Boron Oxidehys. Rev. B - Condens. Matter Mater. P29@7, 76, 1t
12.

Zhai, H.; Wang, L.; Li, S.; Wang, L. Vibrationally Resolved Photoelectron Spgaifd»0op
andBO2®W  :}]JvS A% E]Ju vS o vJ. Bliys} Ghesl AjournalPhys< Chem.
A 2007, 111, 1030t1035.

Li, B.; Zhang, G.; Wang, Z.; Li, Z.; Chen, R.; Qin, C.; Gao, Y.; Xiao, L.; Jia, S. Suppressing the
Fluorescence Blinking of Single Quantum Dots Encased in N-Type Semiconductor
NanoparticlesSci. Re2016 6, 32662.

Neu, E.; Agio, M.; Becher, C. Photophysics of Single Silicon Vacancy Centers in Diamond:
Implications for Single Photon Emissi@mt. Expres2012, 20, 19956t19971.

Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin, Y.; Kim, F.; Yan, H. One-
Ju vel]}v 0 E V}*3EU SHE +®W ~CVvEZ «]s U Z @dviMéErl 3]}v U v
2003 15, 353t389.

Celik-Aktas, A.; Zuo, J. M.; Stubbins, J. F.; Tang, C.; Bando, Y. Double-Helix Structure in
Multiwall Boron Nitride Nanotubeg\cta Crystallogr. Sect. A Found. Crystal®g05 61,
533t541.

Inada, H.; Su, D.; Egerton, R. F.; Konno, M.; Wu, L.; Ciston, J.; Wall, J.;athig, Ivhalting
Using Secondary Electrons in a Scanning Transmission Electron Microscope: Experimental
Observations and Possible Mechanisiéramicroscopy2011, 111, 865t876.

Greffet, J.-J.; Hugonin, J.-P.; Besbes, M.; Lai, N. D.; Treussart, F.; Roch, J.-F. Diamond Particles
as Nanoantennas for Nitrogen-Vacancy Color Cent&atire2011, 20, 3020t3027.

Momenzadeh, S. A.; Stohr, R. J.; De Oliveira, F. F.; Brunner, A.; Denisenko, A.; Yang, S.;
Reinhard, F.; Wrachtrup, J. Nanoengineered Diamond Waveguide as a Robust Bright Platform
for Nanomagnetometry Using Shallow Nitrogen Vacancy CeiNars Lett2015 15, 165t
169.

L,.W,;,I,M,;PY H,;Q.,G,;Y,G;H, T, T, T, K, W.; LM., C.ebah.Ode-Dimensional
Electrical Contact To a Two-Dimensional Mate8alence (80-. 2013 342, 614t618.

162



9. Bibliography

(233) Fuentes, G.; Borowiak-Palen, E.; Pichler, T.; Liu, X.; Graff, a.; Behr, G.; Kalenczuk, R.; Knupfer,
M.; Fink, J. Electronic Structure of Multiwall Boron Nitride NanotuBbgs. Rev. B003 67,
116.

(234) Huang, J.; Yasuda, H.; Mori, H. HRTEM and EELS Studies on the AmorphizatgordiH
Boron Nitride Induced by Ball Milling. Am. Ceram. S&00Q, 83, 403t409.

(235) Feng, J. W.; Zhao, J. X. Theoretical Study of Oxidation of Monovacancies in HBrpagonal
Nitride (h-BN) Sheet by Oxygen Moleculkdviol. Model2014, 20, 2197.

(236) Palacios-Berraquero, C.; Kara, D. M.; Montblanch, A. R.-P.; Barbone, M.; Latawiet, P.; Yoo
D.; Ott, A. K.; Loncar, M.; Ferrari, A. C.; Atature, M. Large-Scale Quantum-Emitter Arrays in
Atomically Thin Semiconductoie:Xiv2016 1609.04244.

(237) Khestanova, E.; Guinea, F.; Fumagalli, L.; Geim, a. K.; Grigorieva, I. V. Universal Shape and
Pressure inside Bubbles Appearing in van Der Waals Heterostrudtiate££ommun2016 7,
1t10.

(238) Darbeau, R. Nuclear Magnetic Resonance (NMR) Spectroscopy: A Review and a Look at Its
Use as a Probative Tool in Deamination Chemi8jppl. Spectrosc. R&006 41, 401t425.

(239) Kohler, J.; Brouwer, a. C. J.; Groenen, E. J. J.; Schmidt, J. Single Molecule Electron
Paramagnetic Resonance Spectroscopy: Hyperfine Splitting Owing to a Single Nucleus.
Science (80-. 1995 268, 1457t1460.

(240) Drung, D.; ABmann, C.; Beyer, J.; Kirste, a.; Peters, M.; Ruede, F.; Schurig, T. Highly Sensitive
and Easye-Use SQUID SensoliSEE Trans. Appl. Superc@@D7, 17, 699t704.

(241) Upadhyayula, L. C.; Loferski, J. J.; Wold, a.; Giriat, W.; Kershaw, R. Semiconducting Properties
of Single Crystals of N- and P-Type Tungsten Diselenide (\W.S&)]. Phy4.968 39, 4736t
4740.

(242) Zhao, S.; Lavie, J.; Rondin, L.; Orcin-Chaix, L.; Diederichs, C.; Roussignol, Peughdssagn
Voisin, C.; Mullen, K.; Narita, At;al. Single Photon Emission from Graphene Quantum Dots
at Room TemperaturdNat. Commun2018 9, 115.

(243) Exarhos, A. L.; Hopper, D. a.; Patel, R. N.; Doherty, M. W.; Bassett, L. C. Magnetic-Field-
Dependent Quantum Emission in Hexagonal Boron Nitride at Room Tempefdatre.
Commun2019, 10, 1t8.

(244) Dietrich, A.; Burk, M.; Steiger, E. S.; Antoniuk, L.; Tran, T. T.; Nguyen, M.; Adigrbnovi
Jelezko, F.; Kubanek, A. Observation of Fourier Transform Limited Lines in Hexagonal Boron
Nitride. Phys. Rev. B018 98, 216.

(245) Sontheimer, B.; Braun, M.; Nikolay, N.; Sadzak, N.; Aharonovich, I.; Benson, @nBhotsd
of Quantum Emitters in Hexagonal Boron Nitride Revealed by Low-Temperature
SpectroscopyPhys. Rev. B017, 96.

(246) Hacquebard, L.; Childress, L. Charge-State Dynamics during Excitation and Depletion of th
Nitrogen-Vacancy Center in Diamoiithys. Rev. 2018 97, 1t11.

163



9. Bibliography

(247) Tohei, T.; Kuwabara, A.; Oba, F.; Tanaka, |. Debye Temperature and Stiffness of Carbon and
Boron Nitride Polymorphs from First Principles CalculatiBhgs. Rev. B006 73, 117.

(248) Kern, G.; Kresse, G.; Hafner, J. Ab Initio Calculation of the Lattice Dynamics and Phase
Diagram of Boron Nitridd?hys. Rev. B - Condens. Matter Mater. P1§39 59, 8551t8559.

(249) Varshni, Y. P. Temperature Dependence of the Energy Gap in SemiconBhyggicsl 967,
34, 149t154.

(250) Nam, K. B.; Li, J.; Lin, J. Y.; Jiang, H. X. Optical Properties of AIN and GaN in Elevated
TemperaturesAppl. Phys. LetR004, 85, 3489t3491.

(251) Feng, T.; Schwartz, B. D. Characteristics and Origin of the 1.681 eV Luminescence Center in
Chemical-Vapor-Deposited Diamond FilthsAppl. Phy4.993 73, 1415t1425.

(252) Du, X. Z.; Li, J.; Lin, J. Y.; Jiang, H. X. Temperature Dependence of the Energy Bandgap of
Multi-Layer Hexagonal Boron Nitridéppl. Phys. Let2017, 111

(253) Alkauskas, A.; Buckely, B. B.; Awschalom, D.; Van de Walle, C. G. First-Principles Theory of the
Luminescence Lineshape for the Triplet Transition in Diamond NV Céwwngsl. Phy2014
16, 1123.

(254) Fanciulli, M. Electron Paramagnetic Resonance and Relaxation in BN andHidks.Glag. B
1997, 76, 363t381.

(255) Balasubramanian, G.; Chan, I. Y.; Kolesov, R.; Al-Hmoud, M.; Tisler, J.; Shin, C.; Kim, C.; Wojcik,
A.; Hemmer, P. R.; Krueger, ét.al. Nanoscale Imaging Magnetometry with Diamond Spins
under Ambient ConditiondNature2008 455, 648t651.

(256) Wolf, T.; Neumann, P.; Nakamura, K.; Sumiya, H.; Ohshima, T.; Isoya, J.; Wrachtrup, J.
Subpicotesla Diamond MagnetometBhys. Rev. 2015 5, 1t10.

(257) Geist, D.; Romelt, G. PARAMAGNETISCHL ELEKTRONENRESONANZ IS @G0 FStHERID.
Commun2000, 2, 1964.

(258) V. A, K.; Veksjhina, N. N.; Khusidman, M. B.; Neshpor, V. S. Luminescence and Paramagnetic
Resonance of Boron Nitridéhurnal Prikl. Spektrks1969 11, 299t303.

(259) Cataldo, F.; Iglesias-Groth, S. Neutron Damage of Hexagonal Boron Nitridg: H-BN.
Radioanal. Nucl. Cher2017, 313, 261t271.

(260) Moore, A. W.; Singer, L. S. Electron Spin Resonance in Carbon-Doped Borod. Wirjce.
Chem. Solid$972 33, 343t356.

(261) Si, M. S.; Gao, D.; Yang, D.; Peng, Y.; Zhang, Z. Y.; Xue, D.; Liu, Y.; Deng, X.; Zhang, G. P.
Intrinsic Ferromagnetism in Hexagonal Boron Nitride Nanoshée@hem. Phy2014 140.

(262) Dev, P.; Xue, Y.; Zhang, P. Defect-Induced Intrinsic Magnetism in Wide-Gap IlIPijrades.
Rev. Lett2008 100, 1t4.

164



9. Bibliography

(263) Burton, L. a; Colombara, D.; Abellon, R. D.; Grozema, F. C.; Peter, L. M.; Savenije, T. J.;

Dennler, G.; Walsh, A. Synthesis, Characterization, and Electronic Structure of Single-Crystal

SnS, Sn 2 S 3, and SnShHam. Mater2013 25, 4908t4916.

(264) Zschieschang, U.; Holzmann, T.; Kuhn, A.; Aghamohammadi, M.; Lotsch, B. V.; Klauk, H.

Threshold-Voltage Control and Enhancement-Mode Characteristics in Multilayer Tin Bisulfid

Field-Effect Transistors by Gate-Oxide Passivation with an Alkylphosphonic Acid Self-
Assembled Monolayed. Appl. Phy2015 117.

(265) Huang, Y.; Sutter, E.; Sadowski, J. T.; Cotlet, M.; Monti, O. L. a; Racke, D. a; Neupane, M. R.;

Wickramaratne, D.; Lake, R. K.; Parkinson, &.al; Tin Disulfide- An Emerging Layered
Metal DicZ o }P v] ANul v uSTE®W D S E] o WE}I% EXJSe v
Nano2014 8, 10743t10755.

(266) Traving, M.; Seydel, T.; Kipp, L.; Starrost, F.; Krasovskii, E. E.; Perlov, a.;\Schattke,
Combined Photoemission and Inverse Photoemission Study of PH$2.Rev. B - Condens.
Matter Mater. Phys2001, 63, 118.

(267) Chae, S. H.; Jin, Y.; Kim, T. S.; Chung, D. S.; Na, H.; Nam, H.; Kim, H.; Perelig, B. ¥.;;Jeo
Ly, T. H.et al. Oxidation Effect in Octahedral Hafnium Disulfide Thin RGBS Nang016 10,
1309t1316.

(268) Zheng, B.; Chen, Y.; Wang, Z.; Qi, F.; Huang, Z.; Hao, X.; Li, P.; Zhang, W.; Li, Y. Vertically

Oriented Few-Layered HfSanosheets: Growth Mechanism and Optical ProperfiEs.
Mater. 2016 3, 035024.

Al

(269) Vaughn, D. D.; Patel, R. J.; Hickner, M. a.; Schaak, R. E. Single-Crystal Colloidal Nanosheets of

GeS and GeSé&. Am. Chem. S&010 132, 15170t15172.

(270) Li, F.; Liu, X.; Wang, Y.; Li, Y. Germanium Monosulfide Monolayer: AwiEmensional
Semiconductor with a High Carrier Mobilily.Mater. Chem. 2016 4, 2155t2159.

(271) Tan, D.; Lim, H. E.; Wang, F.; Mohamed, N. B.; Mouri, S.; Zhang, W.; Miyauchi, Y.; Ohfuchi, M.;

Matsuda, K. Anisotropic Optical and Electronic Properties of Two-Dimensional Layered
Germanium SulfideNano Res2017, 10, 546t555.

(272) Wu, F.; Lovorn, T.; Macdonald, a. H. Theory of Optical Absorption by Interlayersbrcito
Transition Metal Dichalcogenide Heterobilayd?hys. Rev. B018 97, 1t10.

(273) Torun, E.; Miranda, H. P. C.; Molina-Sanchez, A.; Wirtz, L. Interlayer and Intralmyes iBxci
MoS2/WS2 and MoSe2/WSe2 Heterobilay@isys. Rev. B018 97, 245427.

(274) Wilson, N. P.; Yu, H.; Rivera, P.; Yao, W.; Xu, X.; Seyler, K. L. Interlayer Valley Excitons in
Heterobilayers of Transition Metal Dichalcogenidgat. Nanotechnol2018 13, 1004t1015.

165



