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Seize the day, boys.

Make your lives extraordinary.

— John Keating,

Dead Poets Society

To my wonderful Gera

who taught me how the whole life

might not be long enough to love someone. . .
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Abstract

Defects in solid-state systems can be both detrimental, deteriorating the quality of materials, or

desired, thanks to the novel functionality they bring. Optically active point defects, producing

fluorescent light, are a great example of the latter. Naturally existing in various materials,

of which the so-called wide-bandgap materials constitute a major part, they can be used as

sensors, single-photon emitters or even quantum bits. As the defects preferentially absorb

only specific wavelengths of light, the whole material can acquire a visible macroscopic color,

becoming the more intense the more there are defects in its lattice. Due to this fact such

defects are commonly referred to as "color centers".

The most famous example of color centers is the nitrogen-vacancy (NV) center in diamond,

consisting of a nitrogen atom that substitutes carbon next to a vacancy (a missing carbon

atom) in the diamond lattice. From the 1990s NV centers have been at the forefront of the

second quantum revolution, enabling countless experimental demonstrations of quantum

phenomena, even at room temperature. Being currently widely used everywhere from secured

telecommunication networks to living cells, diamond NV centers have sparked a persistent

interest into novel fluorescent defects, both in diamond (e.g. silicon-, germanium- and tin-

vacancy centers) and in other wide-bandgap materials.

Very recently a novel class of material platforms hosting fluorescent defects has emerged –

namely layered van der Waals (vdW) materials, which can be thinned down to an ultimate

single-atom thickness, opening the door into the realm of two dimensional (2D) materials.

This area of research has virtually exploded after the discovery of graphene in 2004, followed

by continuous reports of the superb mechanical, electrical and optical properties of graphene-

based devices. The whole family of graphene-like vdW materials was rapidly and continuously

expanding with new members (graphene oxide, fluorographene, borophene, transition-metal

dichalcogenides (TMDCs), layered perovskites, etc.), each of which was enabling various

functionalities. Thus, on-demand engineering of materials with desired properties has become

a reality in the form of vdW heterostructures.

This thesis explores the properties of newly discovered color centers in a layered vdW wide-

bandgap semiconductor - hexagonal boron nitride (hBN). These optically-active defects

have shown themselves as exceptionally bright single-photon emitters (SPEs) with a tunable

emission wavelength, promising facile integration into nanophotonic circuits thanks to the 2D
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nature of the material. Moreover, the recently discovered optically-addressable spin defects in

hBN hold a great promise for quantum sensing and quantum information processing.

In the current work I have shown how optical super-resolution techniques (specifically, the

single-molecule localization microscopy, SMLM) can be useful to study the properties of

emitters in hBN, including their spectra and temporal dynamics. By engineering a specialized

waveguide-based imaging platform I managed to overcome certain limitations of SMLM-

based imaging, in particular the small field-of-view (FOV) and non-uniformity of illumination.

I have further showed how the very same imaging platform can be used for the nanophotonic

on-chip integration of hBN via direct growth.

In addition, I have also explored the behaviour of hBN defects in aqueous solutions and how

there they can be used as nanoscale charge sensors, tracking the diffusion of single protons.

Finally, I developed a novel method for the deterministic engineering of optically-active defects

in hBN via focused ion beam (FIB) irradiation and water-assisted etching. All together these

findings pave the way for the further use of optically-active defects in hBN for applications in

nanophotonics, nanofluidics and quantum sensing.

Key words: van der Waals materials, hexagonal boron nitride, hBN, 2D materials, optically

active defects, quantum emitters, fluorescence microscopy, SMLM
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Résumé

Les défauts dans les systèmes à l’état solide peuvent être à la fois défavorables, en détériorant

la qualité des matériaux, ou souhaités, grâce à la nouvelle fonctionnalité qu’ils apportent.

Les défauts ponctuels optiquement actifs, qui produisent de la lumière fluorescente, sont un

excellent exemple de ce dernier cas. Existant naturellement dans divers matériaux, dont les

matériaux à large bande interdite constituent la majeure partie, ils peuvent être utilisés comme

capteurs, émetteurs de photons uniques ou même comme des bits quantiques. Puisque les

défauts n’absorbent préférentiellement que des longueurs d’onde spécifiques de la lumière, le

matériau entier peut acquérir une couleur macroscopiquement visible, d’autant plus intense

qu’il y a de défauts dans son réseau cristallin. De ce fait, ces défauts sont fréquemment appelés

"centres de couleur".

L’exemple le plus célèbre de centre de couleur est le centre azote-lacune (NV) du diamant, qui

consiste en un atome d’azote qui remplace le carbone adjacent à une lacune (un atome de

carbone manquant) dans le réseau cristallin du diamant. Depuis les années 1990, les centres

NV ont été à l’avant-garde de la deuxième révolution quantique, permettant d’innombrables

démonstrations expérimentales de phénomènes quantiques, même à température ambiante.

Actuellement largement utilisés partout, des réseaux de télécommunication sécurisés aux

cellules vivantes, les centres NV du diamant ont stimulé un intérêt persistant pour les nou-

veaux défauts fluorescents, tant dans le diamant (par exemple, les centres NV du silicium, du

germanium et de l’étain) que dans d’autres matériaux à large bande interdite.

Très récemment, une nouvelle catégorie de plateformes matérielles hébergeant des défauts

fluorescents est apparue - les matériaux stratifiés de van der Waals (vdW), qui peuvent être

amincis jusqu’à une épaisseur ultime d’un seul atome, ouvrant ainsi la porte au domaine

des matériaux bidimensionnels (2D). Ce domaine de recherche a littéralement explosé après

la découverte du graphène en 2004, suivie de rapports continus sur les superbes propriétés

mécaniques, électriques et optiques des dispositifs à base de graphène. La famille entière

des matériaux vdW de type graphène s’est rapidement et continuellement élargie avec de

nouveaux membres (oxyde de graphène, fluorographène, borophène, dichalcogénures de

métaux de transition (TMDC), pérovskites en couches, etc.) Ainsi, l’ingénierie sur demande de

matériaux aux propriétés souhaitées est devenue une réalité sous la forme d’hétérostructures

vdW.
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Cette thèse explore les propriétés de centres de couleur récemment découverts dans un

semi-conducteur vdW à large bande interdite - le nitrure de bore hexagonal (hBN). Ces

défauts optiquement actifs se sont présentés comme des émetteurs de photons uniques (SPEs)

exceptionnellement brillants avec une longueur d’onde d’émission modulable, promettant

une intégration facile dans les circuits nanophotoniques grâce à la nature 2D du matériau. De

plus, les défauts de spin optiquement adressables récemment découverts dans le hBN sont

très prometteurs pour la détection quantique et le traitement de l’information quantique.

Dans ce travail, j’ai démontré la façon dont les techniques de super-résolution optique (spéci-

fiquement, la microscopie de localisation à molécule unique, SMLM) peuvent être utiles pour

étudier les propriétés des émetteurs dans le hBN, y compris leurs spectres et leur dynamique

temporelle. En concevant une plateforme d’imagerie spécialisée basée sur un guide d’ondes,

j’ai réussi à surmonter certaines limitations de l’imagerie basée sur la SMLM, en particu-

lier le champ de vision (FOV) limité et la non-uniformité de l’illumination. J’ai également

démontré comment cette même plateforme d’imagerie peut être utilisée pour l’intégration

nanophotonique sur puce de hBN par dépôt chimique direct.

De plus, j’ai exploré le comportement des défauts du hBN en solution aqueuse et leur utili-

sation en tant que capteurs de charge à l’échelle nanométrique, en traquant la diffusion de

protons uniques. Enfin, j’ai développé une nouvelle méthode d’ingénierie déterministe des dé-

fauts optiquement actifs dans le hBN par irradiation au moyen d’ une sonde ionique focalisée

(FIB) et gravure à base d’eau. Tous ces résultats ouvrent la voie à une utilisation plus pous-

sée des défauts optiquement actifs dans le hBN pour des applications en nanophotonique,

nanofluidique et détection quantique.

Mots clefs : matériaux de van der Waals, nitrure de bore hexagonal, hBN, défauts optiquement

actifs, émetteurs quantiques, microscopie à fluorescence, SMLM
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1 Introduction and thesis outline

"There’s Plenty of Room at the Bottom: An Invitation to Enter a New Field of Physics" - this

was the title of a lecture given by the famous physicist Richard Feynman at the American

Physical Society meeting more than 60 years ago. Feynman, who is continuously inspiring new

generations of scientists (including myself) managed to perfectly summarize in one phrase

the impressive progress that the field of micro- and nanotechnology has seen in the last half

a century. Current abilities to manipulate matter at the level of single atoms and molecules

open up countless opportunities and applications.

Interestingly enough, much of this progress was driven by the rapidly developing semiconduc-

tor industry, whose products are being used everywhere around us - from medical equipment,

to all sorts of gadgets, to cars and airplanes, to data centers that enable the Internet to function.

Powered by billions of tiny chips, they are able to process enormous amounts of informa-

tion in a fraction of a second, shaping the reality of the world we live in. It is the wonder

of miniaturizing the working units of these devices, called transistors, that enabled all the

variety of applications. Starting from a rather bulky palm-sized device with outer dimensions

exceeding several centimeters, scientists and engineers brought the dimensions of transistors

down to single nanometers, bridging the scale gap of over 10’000’000 times. This number

becomes even more impressive taking into account that currently tens of billions of such

nanometer-sized transistors are working together on a small nail-sized chip [1–3].

The micro- and nanofabrication tools that were developed and perfectionized during this

half-a-century long quest are not only essential for semiconductor industry, but have found

countless other applications. Currently, many of them are being used in the state-of-the-art

research facilities, enabling the work of millions of scientists and engineers. These tools

typically include photo- and electron-beam lithography systems, ion- and plasma etching

machines, thin film evaporators and a myriad of inspection and characterization instruments.

Among these, optical, electron and atomic-force microscopes are playing a central part al-

lowing us to actually see the nanoscale objects being created. Over decades each of these

techniques has found specific use cases, based on its advantages, requirements and limita-
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Chapter 1 Introduction and thesis outline

tions, and nowadays they are often used together complementing each other and highlighting

various aspects of the inspected samples (so-called, "correlative microscopy"). For example,

optical microscope can provide you with a quick overview of your sample, which you can then

inspect at specific locations with a scanning electron microscope (SEM) to better resolve the

nanoscale features or with an atomic force microscope (AFM) to understand the morphology

of the surface.

The first to appear historically, the simplest to use and the most widely spread at the moment

is, of course, optical microscopy (also called "light microscopy). Starting from the first ex-

periments with lenses and mirrors in the Ancient Greece and in the Arab world, first light

microscopes were developed at the end of the Middle Ages by European craftsmen and sci-

entists, including the famous physicists Galileo Galilei and Robert Hooke. Building up on

these first inventions, optical microscopes were greatly improved in the 19th century thanks

to the major advancements in the fabrication of glass, which is the most common material for

optical components. A particularly important contribution to this field has been done by a

group of talented German scientists and engineers from Jena, including Carl Zeiss, Otto Schott

and Ernst Abbe.

Collaborating with the optical workshop of Zeiss, Abbe developed the theoretical basis of de-

signing light microscopes, laying the foundation for their industrial-scale production. Abbe is

also know for formally defining the resolving power of optical microscopy. The corresponding

distance at which objects cannot be resolved by a light microscope is called the Abbe limit

and, depending on the wavelength of light used, is typically lying within the range of several

hundreds of nanometers. This limit is not due to the imperfection of the microscope or its

components, but due to the fundamental property of light to diffract at length scales smaller

than its wavelength.

Being detrimental for the exploration of the tiniest details of the nanoworld, diffraction nev-

ertheless allows one to see in the optical microscope even the tiniest sources of light - down

to the single atoms. These light emitters are generally called point sources and can be rep-

resented by any light-producing objects much smaller than the wavelength of light. The

process that allows light to be generated at such scale is called luminescence, and can orig-

inate from multiple factors, ranging from chemical reactions, to electrical stimulation to

external illumination. The latter one is called photoluminescence (PL) and typically refers to

the absorption of high-energy photons with a short wavelength and a consequtive re-emission

of lower-energy photons at a longer wavelength. Depending on the timescale of the process

photoluminescence is further divided into fluorescence (shorter timescale, quicker process)

and phosphorescence (longer timescale, slower process). You can probably remember those

star-shaped stickers on the ceiling that glow with a yellow-green color at night (especially, after

a sunny day), which is phosphorescence at play.

Fluorescence can be as well observed in everyday life, both in minerals that glow under a UV

lamp and in living organisms, such as corals and jellyfish. Moreover, fluorescent proteins,
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extracted from jellyfish and optimized in the lab, have forever changed how microscopy of

biological samples is performed. Together with fluorescent dyes that have been used to label

biological tissues from the beginning of the 20th century, they are at the core of fluorescence

microscopy - a powerful technique that forms the image of an object using not the reflected

light from an external source, but the light emitted by the nanoscale objects themselves. Such

fluorescent probes can be either produced in a living organism (fluorescent proteins) or be

attached (fluorescent dyes, nanoparticles) to the objects-of-interest via molecular interactions

(chemical bonding, antibodies, etc.).

Such point emitters of fluorescent light also exist in various materials, of which so-called

wide-bandgap materials constitute an important class. While being optically transparent for

the visible light due to their large bandgap, these materials often contain certain defects in

their atomic lattice, which become the source of fluorescence. As the defects preferentially

absorb only specific wavelengths of light, the whole material acquires a macroscopic color

tint, which becomes the more intense the more there are defects in the lattice. Due to this fact

such defects are commonly referred to as "color centers".

This thesis explores the properties of such color centers in a novel wide-bandgap semiconduc-

tor - hexagonal boron nitride (hBN), which belongs to a class of van-der-Waals (vdW) materials.

The name comes from the fact that adjacent layers of atoms in these crystals are held together

by van-der-Waals forces and can be relatively easily thinned down by the consequtive removal

of layers (e.g. using skotch tape) to the single-atom thickness, producing a two dimensional

(2D) material. The most famous member of the vdW family is graphene, for the discovery of

which a Nobel Prize in Physics was awarded to Andre Geim and Konstantin Novoselov in 2010.

There are many more vdW materials that are receiving substantial attention nowadays, e.g.

transition-metal dichalcogenides (TMDs), phosphorene, layered perovskites, etc., which are

finding numerous applications in novel optoelectronic devices.

In the following chapters of the thesis I describe the abovementioned topics in more detail.

In Chapter 2 I give a brief overview of existing and developing material platforms hosting

optically active defects, with a special emphasis on hBN. Then in Chapters 3 & 4 I show how

super-resolution techniques can be useful to study the optical properties of emitters in hBN

(with a focus on localization microscopy), including their spectra and temporal dynamics.

In Chapter 5 I show how single-molecule localization microscopy (SMLM) can benefit from

a specialized waveguide-based on-chip imaging platform, greatly improving the field-of-

view and illumination uniformity. In the same chapter I also show how this platform can be

used for the integration of hBN emitters with waveguides via direct growth. In Chapter 6 I

accentuate the behaviour of hBN defects in aqueous solutions and how their intermittent

ON-OFF switching can be used to track the diffusion of single protons at liquid-solid interfaces.

Finally, in Chapter 7 I show a novel method for the deterministic engineering of optically-

active defects in hBN via focused ion beam (FIB) irradiation and water-assisted etching. A short

conclusion of the current work as well as a brief outlook of the possible research directions in

future are presented in Chapter 8.
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2 A quest for wide-bandgap materials
hosting optically active defects

All existing materials can be in principle divided into three large groups based on how they

conduct electric current: metals, semiconductors and insulators. Metals are extremely good

carriers of electricity with electrical conductivity of up to 108 Ω−1cm−1, typical examples of

which are well-known materials like aluminum, copper and steel. Insulators, on the other

hand, almost do not conduct any electric current, creating a very high resistance from GOhms

and higher, which corresponds to the conductivity of 10−8 Ω−1cm−1 and lower. Semiconduc-

tors are taking the place in-between, spanning the approximate range of conductivities from

10−7 Ω−1cm−1 to 103 Ω−1cm−1 [4, 5].

These differences can be described by the band theory describing the valence and conduction

bands that are unique for each material and can be calculated from first principles. The key

term here is that of a "bandgap", which refers to the minimal distance between the valence

and conduction bands on a band diagram (see Fig. 2.1) . In other words, bandgap signifies

the minimum amount of energy that the system has to receive in order for the electron to

be able to jump from the valence to the conduction band. Bandgap is usually measured

in electron-volts (eV) and for conventional semiconductors lies within the 0.5-1.5 eV range,

which gives them a non-zero conductivity at room temperature and the ability to be switched

ON and OFF by applying an external bias (physical basis for the functioning of transistors!).

Insulators, on the other hand, are known not to conduct electricity at room temperature due

to the large separation between their valence and conduction bands. Nevertheless, electrical

conductivity can be achieved in these materials by increasing their temperature (or by other

means that will be discussed below). That is why these materials are also often called wide-

bandgap semiconductors, having a typical bandgap value of 4-6 eV. Well-known members of

this class of materials are diamond, quartz, silicon carbide, zinc oxide, etc. [6–8]

Bandgap of semiconductors can also be tuned by the addition of various dopants to the

pure host material. Depending on which elements are used for doping, they can effectively

shift either the conduction or the valence band of the material, thus reducing its bandgap.

Typical dopants for conventional semiconductors include phosphorus, arsenic, boron, indium
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Figure 2.1 – Electrical conductivity of various materials (a) and schematic representation of their band
structure (b-d). Adapted from Ref. [5].

and gallium [9], but many other elements can be used for more exotic semiconductors and

applications [10].

In reality, the effects of doping are far more complex than just a simple shift of the bands. What

the implanted atoms do is they introduce the so-called intra-bandgap defect states within

the bandgap of the host material [11, 12]. Transitions between these states can be induced

via thermal fluctuations (requiring much lower temperature), or by supplying external energy

(e.g. via photons or phonons). These transitions can occur not only within the intra-bandgap

states, but also lead to the consecutive population transfer from the valence to the conduction

band [13].

A common way of achieving a controllable excitation of electrons from one band to another is

to illuminate the material with light of certain energy/wavelength, that should approximately

match the energy difference between the ground and excited states. Absorption of such light

waves leads to the creation of propagating electron-hole pairs (also called excitons), which

can later recombine and emit another photon, typically of a lower energy. This gives rise to

photoluminescence that can be observed when illuminating wide-bandgap semiconductors

with UV light of a sufficiently short wavelength (≈ 200 nm) [14].

Consequently, light of a longer wavelength can be used to induce transitions between the

intra-bandgap evergy levels (Fig. 2.2), while not altering the population transfer between the

valence and the conduction bands. Well hidden within the large bandgap of a host material,
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Figure 2.2 – Schematic bandgap structure of doped semiconductors: (a) n-doped, (b) p-doped; and (c)
point defects, creating sub-levels within the bandgap, which often can be optically addressed. Adapted
from Ref. [5].

these optically addressable energy states of point defects – previously mentioned as "color

centers" – become a valuable resource for quantum technologies. They can be used as single-

photon emitters [6, 15, 16], quantum sensors [17–19], quantum memories [20, 21], and even to

process quantum information [22]. Some of the most common types of existing color centers

are described in the following sections 2.1, 2.2, and a more complete overview can be found

elsewhere [23, 24].

2.1 Color centers in diamond

Diamond has a cubic crystalline structure (C3v symmetry) with an extremely high density

(1.77×1023cm−1) and high Debye temperature (2240 K), which makes the diamond lattice

an ideal host for hundreds of stable crystallographic defects [23, 25]. Many of these defects

produce bright, continuous and non-blinking fluorescence in the visible and near-infrared

range (2.3a,b).

For example, the nitrogen-vacancy center, which is most commonly found in natural dia-

monds due to abundance of nitrogen in the atmosphere, makes the host diamond crystal

appear yellowish (2.3a). It is also the best studied diamond color center [26], which has been

used to sense various physical quantities (magnetic [17] and electric [27] fields, pH [28], strain

[29], pressure [30] and temperature [18, 31]) by utilizing its unique energy-level structure

providing an optically-detected magnetic resonance (ODMR) [32].

To understand what ODMR is, one should look at the energy-level structure of the NV− center.

A simplified diagram in Fig. 2.3c shows a ground and an excited state (both triplets with

radiative transitions between them), separated by 1.945 eV, and a singlet meta-stable state

through which the system can experience a non-radiative transition [33]. At room temperature

the sub-levels of both ground and excited states (having different spin projections ms = 0,±1)

are non-degenerate, which makes the transitions between them possible (typically, in the

microwave range). Although the optical transitions from the ground to the excited state
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conserves the spin projection, the rate of transitions to the metastable state is much higher for

the excited state with ms = ±1 than for ms = 0, so the system will mostly relax to the ground

state without emitting a photon. Normally, both sub-levels are equally-populated, but if one

applies a constant microwave signal at the transition frequency between them, this makes

the ms = ±1 states more populated (producing so-called spin polarization). More transitions

therefore occur non-radiatively and fewer photons are detected as the fluorescent signal.

Scanning the frequency of the microwaves around the transition, produces the ODMR dip

shown in Fig. 2.3d, when the frequency of the microwave signal matches the transition energy

between the spin sub-levels. The maximum achievable ODMR contrast is estimated to be

around 22% [34–36].

Figure 2.3 – Crystallographic structure (a) and a typical emission spectrum of nitrogen-vacancy center

(b) with distinct peaks of diffferent charge states of this defect: NV0 and NV−. c) Simplified energy-level

structure of NV− center and d) an example of a recorded ODMR from fluorescent nanodiamonds, fitted

with a Lorentzian. e) Spectra of some other emerging color centers in diamond. Adapted from Ref. [37].

In recent years more and more experimentally-produced diamond defects were recognized as

prominent emitters for quantum technologies: silicon- [38], germanium- [39], tin- [40] and

nickel-vacancy [41] centers. Their emission spectra are shown in Fig. 2.3e, spanning most

of the visible to near-infrared spectral range. Owing to their different energy-level structure,

each of the color centers is better suited for specific applications (e.g. quantum sensing [17,

19, 27, 28], single-photon emission [42, 43], labeling [44]). However, their production is still

challenging and has to be sufficiently upscaled before they can become a widely-used sensing

tool (which is already the case for commercially-available bulk single-crystal diamonds, poly-

crystalline diamond films and nanodiamonds with NV-centers [45]).
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2.2 Color centers in silicon carbide and zinc oxide

While bulk diamond might be shielding well its color centers from the environment, it is far

from being easy to grow and process. Therefore significant efforts are focused on exploring

point defects in more technologically available materials, such as silicon carbide (SiC) and

zinc oxide (ZnO). Both of these materials are relatively cheap and available in various forms

and sizes, up to 6" high-quality wafers [8].

Color centers in both pristine and doped zinc oxide have been reported back in 1992 [46], and

several research groups have since then observed single-photon emission from these defects

[47–49] (mostly, in nanoparticles). However, the photostability of emitters in ZnO remains an

issue and the exact atomic structure of the defect is yet to be confirmed [50]. Up to date no

signs of spin-dependent emission from color centers in zinc oxide have been reported as well.

Much better progress has been achieved with color centers in silicon carbide, which has

multiple lattice stacking configuration (polytypes) and defect types. Among them one of the

most promising are neutrally charged divacancies (VV0) [51, 52], that have been been studied

at the single emitter level [53] making them promising candidates for single-photon sources

[54]. Other defect types in silicon carbide have also demonstrated ODMR and long coherence

times [55], suitable for quantum sensing applications [56].

2.3 Optically active defects in vdW materials

Very recently a new class of materials has emerged as a promising host platform for optically-

active defects – the layered vdW materials. Due to their ability to be thinned down to atomically-

thin layers, their application in optoelectronic devices gave a great promise of further minia-

turization of components down to the ultimate limit [57, 58]. Moreover, various vdW materials

can be stacked together [59, 60], resulting in heterostructures with desired properties (e.g.

increased carrier mobility in the hBN-graphene stack (3x vs. graphene on SiO2) [61, 62], self-

cleansing of contamination [63] or even superconducting behaviour [64, 65], and many more

[59]).

Much of the recent research efforts in the quest for novel quantum emitters were focused

on two members of the vdW material family: transition-metal dichalchogenides (TMDCs)

and hexagonal boron nitride (hBN). In 2015 several research groups independently reported

single-photon emission from localized defects in tungsten diselenide (WSe2)[66–70] - a semi-

conductor with a direct bandgap of 1.7 eV. Emitters in WSe2 were initially found at the edges of

the flakes, along defect lines or in transfer-induced wrinkles and bubbles[66, 71, 72], and later

engineered at specific locations using local strain[73, 74]. Similar emitters were also found

in other TMDCs, like MoSe2, WS2 and GaSe [15], however all of them operating only at low

temperatures.
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2.3.1 Quantum emitters in hexagonal boron nitride

In contrast to TMDCs with a relatively small bandgap (1-2 eV), where light emission originates

from 0D localized excitons and can typically be measured only in a cryogenic environment [15],

color centers in hBN lie deep within its large bandgap ( 6 eV) and can be measured at room

temperature and above (up to 800 K)[75]. Owing to the wide bandgap, pristine hBN doesn’t

absorb visible light down to deep-UV[14] and constitutes a transparent crystal, similarly to

diamond changing its color depending on the contained impurities [76].

hBN is one of the two main allotropes of boron nitride (the other one being the much harder

cubic form, cBN, which is almost as hard as diamond) and is a temperature stable (up to

1600◦C in vacuum) and chemically inert material, with an excellent thermal conductivity

(100s of W ·m−1K −1), a high dielectric constant (ε ≈ 4) and a low friction coefficient [77,

78]. Thanks to these remarkable properties it is widely used as an industrial lubricant in

cosmetics, insulator and heat sink in electronics, transparent window material in optics and

as high-quality sealing agent [78, 79].

Figure 2.4 – Optical micrograph of (a) hBN crystals on Fe-Cr, (b) side view, and (c) hBN flake transferred

onto the substrate-of-interest. Reprinted with permission from Ref. [80] (d) Growth of the popularity of

hBN within the scientific community. Source: Web of Science

The rise of hBN as a commonly used substrate in the field of 2D materials came after high-

quality hBN crystals were successfully synthesised by Taniguchi and Watanabe [14, 76] and

proved to be extremely useful as an underlying layer for graphene-based devices [62] (see

the sharp increase in the number of publications mentioning hBN in Fig. 2.4d) . Since then

hBN started being widely used in vdW heterostructures [59, 60], both as a bottom and top

layer, as well as a thin spacer in various optoelectronic [81, 82] and nanofluidic devices [83,

84]. While the established way of achieving single-crystal hBN films is still its tape-assisted

mechanical exfoliation from bulk crystals [60, 85], many more techniques has been developed

to either grow and transfer [86–90] or thin down [91] hBN flakes and films. Attempts of directly
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growing hBN on the substrates of interest, including photonic chips, are also underway [92–

94], however the quality of as-grown material has to still be improved.

The discovery of room-temperature single-photon emitters in hBN was first reported in 2015

by Tran et al. [95] from defects induced in the PMMA-transferred CVD-grown hBN film by

high-temperature annealing. Later single-photon emission was measured from sparse defects

in bulk single-crystal hBN [96], as well as in exfoliated flakes [97]. Various annealing and

irradiation techniques were employed in an attempt to control the emission wavelength of

the defects in hBN [98, 99] (see Fig. 2.5), as well as their spatial distribution [97]. While the

inspected emitters were usually randomly distributed on hBN flakes with higher occurrence

at the edges, defects and wrinkles [100], recent works have shown several approaches to

deterministically induce optically-active defects in hBN [93, 101–106]. More in-depth overview

of these attempts is given in Chapter 7.

Figure 2.5 – Multicolor quantum emitters in hBN inspected using confocal microscope (a), spectra

of shorter- (b) and longer-wavelength (c) emitter types. (d) Second-order autocorrelation functions

proving the single-photon nature of the emission (g2(0) < 0.5). Adapted with permission from Ref. [98]

In addition, several groups demonstrated spectral tunability of the emission from hBN defects

using either externally applied electric field [107–110] or local strain [111–113]. Optically active

hBN defects were also successfully coupled to plasmonic structures [114, 115], optical fibers

[116], integrated waveguides [94, 117, 118], ring resonators, grating couplers and photonic

crystals [119–121]. Combined with the recent discovery of ODMR in hBN emitters both at

cryogenic conditions [122] and at room temperature [104, 123, 124] and the coherent optical

control of these emitters [125], they are becoming an increasingly attractive platform for

nanophotonics and quantum sensing.
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2.3.2 Atomic structure of defects in hBN

What is still not fully understood about optically active defects in hBN is their atomic com-

position and corresponding energy-level structure [126]. At the moment, at least two defect

types with distinct spin properties are experimentally identified with zero-phonon lines (ZPLs)

around 600 nm and 830 nm. While the ZPL variation of the first defect type was shown to

span the whole range between 550 and 750 nm [98, 127, 128], it initially didn’t show any

magnetic field dependence and, correspondingly, no ODMR (even though it was measured

later at sub-GHz frequencies [113, 122, 124]). On the contrary, the defects emitting closer to

830 nm are exhibiting pronounced ODMR around 3.5 GHz and can therefore be coherently

manipulated using optical and microwave excitation [104, 123, 125]. Another defect type has

been recently reported with a ZPL around 435-440 nm [105], but the authors didn’t comment

on its atomic origin.

Figure 2.6 – Various possible point defects in the hBN crystal lattice (a), and carbon-related defects

(b,c) responsible for the single-photon emission. (d) DFT calculations of the boron monovancies

energy states. (e) Comparison of the predicted spectra (black dashed line, basic one-layer model;

black solid line, three-layer out-of-plane distorted model) to the observed emission from region I (with

implanted carbon defects) and region II (masked during implantation). The predicted spectra are both

too low in energy and too broad compared with the experimental ones, clearly demonstrating current

state-of-the-art computational uncertainty. Adapted with permission from Refs. [129–131]

First attempts to match experimentally measured spectra with theoretical predictions of the

defect structure were made already in the first paper reporting the discovery of SPEs in hBN
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[95]. Two potential intrinsic defect types were explored using density-function theory (DFT)

calculations: nitrogen vacancy (VN ) and an anti-site complex in which nitrogen occupies the

boron site and there is a vacancy at the nitrogen site (NB VN ). The latter was considered as

the most likely defect candidate due to it’s energy level structure structure, deduced from

DFT calculations. Hovewer, the precision of discussed DFT calculations and the multitude

of parameters affecting their results, do not currently allow to identify atomic origins of the

optically active defects with certainty (see Fig. 2.6), therefore remaining an area of intense

debates [130, 131]. For example, the boron vacancy (VB ) was not explored in this study, but

later appeared in several publications [127, 129, 130], also in relation to the different charge

states of this defect type [129, 132]. Dangling bonds were also proposed as a likely source of

the observed emission around 580 nm [133].

Extrinsic defects in hBN have as well been studied using DFT methods, exploring the influence

of oxygen, carbon, silicon, sulfur, fluorine and phosphorus on the energy-level structure

of corresponding hBN defects [134]. Carbon-antisite defect (CB VN ) seemed to match well

the experimentally measured optical spectra, corroborated by other independent studies

[135]. Futher confirmation of carbon-based defects in hBN came several years later from

experiments with controlled carbon-doped hBN films, grown independently using various

methods [113]. This collaborative work has for the first time shown a direct dependence of

the density and brightness of SPEs in hBN on carbon concentration during growth. While the

ZPLs of the the carbon-related emitters varied depending on the growth method and substrate,

such defects had emission spectra in the range from 550 to 750 nm, corresponding to the first

defect type mentioned above. Extrinsic carbon-related hBN defects have also shown ODMR in

the frequency range of several hundred megahertz, depending on the applied magnetic field

[113, 124].

The spin-dependent emission from intrinsic hBN defects has been successfully measured

on hBN samples irradiated with accelerated neutrons [136] or focused ion beams [104, 123],

resulting in a broad near-IR ZPL, centered around 850 nm. Based on its ODMR and EPR spectra,

the most promising candidate for this intrinsic defect type was found to be the negatively

charged boron vacancy (V−
B ), a spin S=1 system [137] with a theoretically suggested intersystem

crossing [129]. This enables coherent manipulation of such color centers, measurements of

their relaxation times and the study of their hyperfine transitions [125]. Moreover, the ability

to deterministically create such spin defects at predefined spatial locations [104] makes this

system extremely interesting for future applications in integrated nanophotonics.
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3 Defects in hBN explored using super-
resolution microscopy

Several imaging techniques were demonstrated to be suitable for studying defects in vdW

materials at different scales. Transmission electron microscopy (TEM) [138, 139] can be

employed to image single defects over an area of several tens of square nanometers with

atomic resolution. This process is however often accompanied by the introduction of new

defects during imaging (depending on the acceleration voltage) due to intense electron-beam

irradiation of the studied sample [139, 140]. However, electron beam can not only induce new

defects, but also excite cathodoluminescence of intrinsic ones [141, 142], which allows for

in-situ detection of localized fluorescence in TEM and correlative imaging of optically active

defects [128].

Near-field techniques, such as scanning tunneling microscopy (STM) [143] and near-field

scanning optical microscopy (NSOM/SNOM) [144] have also been successfully applied to study

defects in vdW materials [145–147]. While STM can resolve single atoms (and, consequently,

point defects), it requires a conductive substrate which quenches the optical signal from the

defects. NSOM, on the other hand, works on any substrate, can directly probe the optical

response of the material and its defects, but has a coarser resolution of tens of nanometers.

Atomic Force Microscopy (AFM) has also proven to be a useful technique to visualise structural

defects down to the nanometer level and correlate them with the optoelectronic properties

of the material [148]. However, all these techniques are severely limited by the size of the

inspected area (typically, several µm2) and do not allow for high-throughput characterization.

Luckily, many optically active defects in vdW materials can be studied with a versatile far-field

optical microscopy, which is a general term for a multitude of various imaging techniques

using propagating electromagnetic fields in the optical range (100s of THz). In particular,

fluorescence laser-scanning microscopy (LSM) [149–151] has been the workhorse of experi-

mental research on fluorescent defects in solid-state materials[152–154], providing a fast and

non-destructive readout of fluorescent emission [35]. Invention of the confocal laser-scanning

microscope (CLSM) [155, 156] gave an additional advantage of optical sectioning, thus en-

abling imaging of isolated defects in bulk materials, nanoparticles and fluorophore solutions

[32, 157–159] by rejecting the out-of-plane background signal using a pinhole [160, 161].
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Figure 3.1 – Qualitative comparison of various illumination modalities in optical microscopy. a)

Confocal illumination is usually combined with point-by-point scanning and signal acquisition using a

single-pixel detector, such as photo-multiplier tubes (PMTs) or avalanche photodiodes (APDs). Sequen-

tial excitation of different fluorophores and optical sectioning capabilities allow to record emission from

each fluorophore separately and reject out-of-plane signal, which is especially advantageous for imag-

ing thick biological samples. b) Widefield illumination allows for simultaneous excitation and detection

of multiple emitters in the field-of-view (FOV) and is typically combined with multi-pixel camera

detectors - charge-coupled devices (CCDs) or complementary metal-oxide semiconductor (CMOS)

cameras. c) TIRF microscopy employs oblique illumination of the sample, generating exponentially-

decaying evanescent waves at the interface, therefore exciting only emitters very close to it (tens of

nanometers). This technique also helps avoid fluorescent background from the bulk of a thick sample,

as the excitation doesn’t reach the fluorophores in the bulk. d-f) Same imaging techniques applied to

thin vdW materials. Now widefield illumination doesn’t suffer from unwanted background fluorescence

and can be advantageous for imaging vdW materials. To further increase the contrast, TIRF modality

can be used. Dimensions are not to scale!
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While being useful for thicker samples and faster, than the above-mentioned nanoscale tech-

niques, confocal microscopy is still not ideal for high-throughput defect characterization in

large-area materials as it is at its core a sequential scanning technique. This is where widefield

optical microscopy using camera detectors to image the entire field of view in a single shot

comes in handy, particularly for defects exhibiting intermittent ON-OFF switching (blinking),

whose characterization cannot be fully done during the confocal scanning (temporal dynam-

ics of the emission cannot be characterized during a single scan). On the contrary, widefield

microscopy easily provides access to the statistical distribution of optical properties of large

ensembles of emitters, including their spectral and temporal dynamics [127].

The main disadvantage of widefield illumination, causing simultaneous excitation of emitters

within the illumination cone and leading to image blur for thick biological samples, is not

playing any role for thin vdW materials, with typical thicknesses below 100 nm. Moreover, total

internal reflection fluorescence (TIRF) microscopy can be used for a more efficient excitation

of emitters in vdW materials, which becomes especially useful once they are immersed in

solution. A qualitative comparison of these microscopy techniques is shown in Fig. 3.1.

Quantitatively, the comparison of TIRF vs. widefield excitation can be made in terms of signal-

to-noise (SNR) and signal-to-background (SBR) increase. For the same hBN flake and same

laser power this increase (highly dependant on the flake’s thickness) easily reaches 25% for

SNR and 100% for SBR, when switching from widefield to TIRF illumination (see Fig. 3.2).

Figure 3.2 – Averaged widefield (a) and TIRF (b) image of the same hBN flake containing optically

active defects. Taking line profiles on each of the images (c) one can estimate the SNR and SBR values

for both cases.

All optical techniques, however, suffer from one major drawback stemming from the wave

nature of light - diffraction, limiting their ability to resolve nanoscale objects. For examples, for

optically-active defects, emitting visible light, this limit equals to about 200 nm (laterally) and

500 nm (axially), see Eq. 3.1 and Fig. 3.1. One must note that in principle several resolution

criteria exist in literature (see, e.g. Ref. [162], Chapter 12), of which Rayleigh and Abbe limits

are the most popular, originating from astronomy and microscopy field, respectively. Even

though different resolution criteria slightly vary the exact value of the diffraction limit in

each specific case (e.g. coherent vs incoherent illumination), they are still converging to the
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above-mentioned values of several hundred nanometers for wavelengths in the spectral range

of visible light.

dx,y =
λ

2N A
=

λ

2nsi nθ
(l ater al ) dz =

2λ

N A2 =
2λ

n2si n2θ
(axi al ), (3.1)

where λ is the wavelength of light used, N A corresponds to the numerical aperture of the lens,

n is the refractive index of the working medium, and θ is the maximal half-angle at which light

can enter the lens.

The quest to overcome the diffraction limit has been mostly driven by biological applications

of fluorescence microscopy, aiming at resolving sub-cellular structures and their functional

behaviour[163, 164]. One way to overcome this limit is through the use of near-field methods

(SNOM, NSOM) mentioned above, that utilize a sharp probe scanning across the sample

to provide resolution down to several nanometers [165–170]. On the contrary, reaching

similar resolution in far-field microscopy requires substial efforts, utilizing either non-linear

illumination or temporal separation of emission [171]. A brief overview of these methods is

given in Section 3.1 with a special emphasis on localisation microscopy techniques, which are

mainly employed in this thesis.

3.1 Super-resolution optical microscopy

Before diving into various super-resolution techniques it is important to properly introduce

two basic microscopy terms - point-spread function and resolution. They are closely intercon-

nected and applicable to all optical systems, but often overlooked or misunderstood. Sections

3.1.1 and 3.1.2 aim at filling this gap. To go deeper into this subject, please refer to Ref. [172].

3.1.1 Point-spread function (PSF)

Acquiring an image of an infinitely small fluorescent particle or defect for the first time one

might be surprised to see that it doesn’t form a single bright point on a camera. On the contrary,

it shows up as a rather diffuse intensity distribution on the order of half a wavelength of the

emitted light, irrespective of the nanometric size of the fluorescent source. This intensity

distribution is called a point-spread function (PSF) and is the direct consequence of light

diffracting at the circular aperture of the imaging lens (microscope objective). As most of the

microscope objectives have a circular aperture the shape of the PSF is generally represented

by an Airy pattern, with a bright Airy disc in the middle (Fig. 3.3a).

Even though Sir George Airy himself was a 19th century astronomer, mostly interested in dis-

tant stars and telescopes rather than fluorescent emitters and microscopes, his mathematical

description of observed concentric ring patterns is still applicable for all optical instruments.

18



Defects in hBN explored using super-resolution microscopy Chapter 3

Figure 3.3 – PSF of a point object in XY and XZ planes for both widefield and confocal microscopes.

a) Point emitter in the sample plane is seen as an Airy pattern in the image plane (on the camera). b)

The intensity profile is an Airy function, which amplitude is defined as h(ν) = 2 · J1(ν)/ν, where J1(ν) is

the first-order Bessel function and ν is the optical distance, defined as ν = 2π ·a · r /(λ · f ), where r is

the radial distance from the optical axis, a is the radius of the lens, f is its focal length. c) Axial PSF

of a widefield microscope, shown in the XZ plane. d) Axial PSF of a confocal microscope, showing

an impressive axial PSF reduction, which leads to the optical sectioning capabilities of the confocal

microscope. The maximum PSF reduction is achieved with an infinitely small pinhole placed at the

focal plane of the tube lens, which also leads to the rejection of most of the fluorescent signal. In

practice, the size of the pinhole is chosen as a trade-off between axial resolution and photon counts.

In principle, it is a specific case of a more general Fraunhofer diffraction on a circular aperture

(see Chapter 8.1 from Ref. [162] for a more detailed explanation). And the example of Airy

shows a deep influence that astronomy had on microscopy, which was historically lagging

behind. Another important example of such influence are adaptive optics systems, that were

actively used in telescopes to compensate for atmospheric aberrations [173] and then found

applications in high-end optical microscopes [174].

PSF of a microscope plays a key role in image formation, be it for a point emitter or for a more

complex object that can be represented as a superposition of intensities of multiple point

sources. Generally speaking, an image I(x,y) of a certain object O(x,y) in the focal plane of an
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optical system with a certain point-spread function PSF(x,y) is represented by a convolution:

I (x, y) = O(x, y)×PSF (x, y), (3.2)

Even though the Airy pattern of a PSF is determined by the circular aperture of an objective

lens, it can be shaped to have a different intensity distribution (e.g. via a phase mask). PSF

shaping can be done both for the detection and for illumination paths of a microscope. First

case is implemented in confocal microscopes, while the second plays a key role in structured

illumination approaches, which will be discussed in section 3.1.3.

3.1.2 Resolution vs. Localization Precision

It is important to not confuse the term ’resolution’ (which typically refers to a two-point metric)

with a similar term ’localization precision’, which can also be called a one-point resolution

[175]. While localization precision defines how well one can determined the position of the

point source, resolution gives information about how close two point sources can be to be

still resolvable (based on a certain resolution criteria, of which there exist plenty [176]). This

difference is especially important in the context of localization microscopy, where localization

precision can reach single nanometers and is quite easy to calculate [177, 178], however

resolution stays in the tens of nanometers range for most super-resolution techniques and is

much trickier to estimate without any prior knowledge [179, 180].

The way that fluorescence microscopy resolution is estimated in practice is using certain

nanoscale objects with known dimensions (e.g. from electron microscopy), be it microtubules

with fixed diameter of ≈ 25 nm [181, 182], DNA-rulers based on DNA origami structures with

variable distances between fluorophores depending on their binding sites [183, 184] or other

nanoscale rulers. Moreover, resolution can also depend on the sampling of the detection (pixel

density) and labeling density in case of fluorescent probes [172]. More in-depth discussion of

these effects can be found in Refs. [185, 186].

Having described the basic terms, we can proceed to the discussion of various super-resolution

microscopy modalities, which can be divided into two main groups: structured illumination

and localization microscopy methods [171, 186–188].

3.1.3 Structured illumination methods

Structured or patterned excitation methods are surpassing the diffraction limit by introducing

certain sub-diffraction-limited features into the illumination pattern. The first method of this

kind proposed theoretically in 1994 and implemented in 1999 was the STimulation Emission

Depletion (STED) microscopy [189, 190]. This approach utilized a second laser to suppress the
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fluorescent signal, originating from the circumference of the excitation spot, by matching the

resonant energy of the transition between the excited and ground states and thereby causing

stimulated emission of photons.

Figure 3.4 – STimulated Emission Depletion (STED) microscopy. (a) The process of stimulated

emission. A fluorophore in the ground state can absorb a photon and transition to the excited state.

Spontaneous fluorescence emission brings the fluorophore back to the ground state. Stimulated

emission happens when the excited-state fluorophore encounters another photon with a wavelength

comparable to the energy difference between the ground and excited state. (b) Schematic of a STED

microscope. The excitation laser and STED laser are combined and focused on the sample. A phase

mask is placed in the light path of the STED laser to create a donut-shaped pattern in the sample plane.

(c) A donut-shaped STED laser is overlapped with the excitation laser. Due to saturated depletion,

fluorescence from everywhere except for the zero point is suppressed, leading to a decreased size of the

effective PSF. Figure reprinted with permission from Ref. [171].

To achieve the sharpening of the excitation PSF the STED laser is sent trough a phase mask,

which results in a donut-shape PSF in the focal plane. Even though this process is also

governed my diffraction, the nonlinear dependency of the depleted population of molecules

on the power of the STED laser forms an effectively smaller excitation spot in the center of the

donut beam (Fig. 3.4). By employing a sufficiently high laser power, lateral resolution of tens

of nanometers has been achieved [191], while a similar axial resolution was shown by adding a

second objective in the 4Pi configuration (4Pi-STED) [192].

Similar concepts has been employed in more general ground-state depletion (GSD) [193, 194]

and reversible saturable optical fluorescence transitions (RESOLFT) microscopies [195, 196],

aiming at decreasing the extremely high power densities necessary for STED (≈ 109 W /cm2).

With these techniques the sub-100 nm resolution can be achieved using low laser power (≈ 103

W /cm2), suitable for living biological samples. Higher laser power can be still used to achieve

single-nanometer resolution on stable emitters (e.g. color centers in diamond [197]).

A completely different approach to patterned illumination, called Structured-Illumination

Microscopy (SIM), was proposed back in 1966 by Lukosz [198] and implemented in 2000 by

Gustafsson [199]. This technique employs a sinusoidal illumination pattern, generated by

a laser beam incident on a diffraction grating. Such illumination creates a so-called Moire

pattern, which shifts high spatial frequencies to lower ones, thus enabling them to be imaged
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Figure 3.5 – The principle of SIM and sSIM. (a) To generate the illumination pattern a diffractive grating

is put into the excitation path, which splits the laser light into two beams. Their interference creates a

sinusoidal illumination pattern in the sample plane, which can saturate the fluorescence emission at

the peaks without exciting fluorophores at the zero points (b) When a sinusoidal illumination pattern

is applied to a sample, a Moiré pattern of a lower spatial frequency is generated and can be imaged by

the microscope. Several images are acquired by rotating the excitation pattern and are then used to

reconstruct the super-resolved image. sSIM further introduces a high-frequency component into the

excitation pattern, allowing features far below the diffraction limit to be resolved. Figure reprinted with

permission from Ref. [171].

by the same objective lens. Theoretically achievable resolution limit of SIM is λ/4, however

much higher resolution up to λ/12 has been demonstrated using non-linear saturated SIM

(sSIM) [200]. SIM is also particularly suitable for imaging the dynamics of biological samples in

real time [201, 202] as it generally utilizes much lower laser power than STED-like techniques

and requires only several frames to reconstruct the super-resolved image unlike localization

microscopy methods.

3.1.4 Localization microscopy methods

The basic idea of localization microscopy is easy to guess from its name. Each fluorescent emit-

ter, represented by an Airy disk, can be localised after image acquisition with high resolution.

In fact, localization precision, briefly discussed earlier, can surpass the Abbe resolution limit

by
p

N , where N is the number of detected fluorescent photons. For most fluorophores N , also

called a photon budget, lies within the range of 100-1000 photons, bringing the localization
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down to tens of nanometers and lower [177, 188, 203].

This however is not enough by itself to improve the resolution of the acquired images in case

the fluorophores are positioned closer than the diffraction limit. Such dense distribution of

emitters is nevertheless prevalent for labelling biological structures and is often the case for

solid-state defects. The key to enhancing the resolution is the ability to distinguish the signals

from nearby emitters within the diffraction-limited spot, which is mostly done by separating

their emission in time (see Fig. 3.6).

Figure 3.6 – The principle of Single-Molecule Localization Microscopy (SMLM). Individual blinking

emitters are recorded with a widefield (WF) microscope as a stack of frames (a-d) and their average (e)

gives a blurry image of an hBN flake. However, by localizing individual emitters (fitting the intensity

distribution using a 2D Gaussian) on each of the frames (f-i), one can arrive at a much higher local-

ization precision, effectively replacing a widefield PSF by a nanometer-sized point. Summing up all

localizations produces the reconstructed super-resolved image (j), allowing to distinguish individual

emitters. For larger numbers of emitters in real-life samples thousands of frames are required to

effectively sample the structure of interest. Figure inspired by Ref. [186].

The first techniques to implement this concept (PALM - PhotoActivated Localization Mi-

croscopy [204], STORM - Stochastic Optical Reconstruction Microscopy [205], FPALM - Fluo-

rescence PhotoActivation Localization Microscopy [206]) were using photoswitchable fluo-

rophores, which could be activated by a brief illumination with a shorter-wavelength laser.

After activation they could be excited from the ground to the excited state by using a laser of a

longer wavelength, which eventually caused the bleaching of the fluorophores that needed to

be reactivated with a shorter-wavelength laser for the next imaging cycle. Separating activation

and excitation of the flurophores allowed one to control the fraction of fluorophores emitting

at the same time, so that the emitters on a single frame are not too dense to be independently

localized. This activation-excitation sequence could be repeated a desired amount of times to

sample the structure of interest and obtain resolution down to tens of nanometers [204–206].

These groundbreaking super-resolution methods laid the foundation for the whole field

of Single-Molecule Localization Microscopy (SMLM) [188], which has shown tremendous
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progress since then. For example, activation, excitation and emission of fluorescence can be

also asynchronous, thus speeding up the image acquisition and simplifying the experimental

setups [207, 208]. This can be achieved either by utilizing special imaging buffers causing

redox reactions [209] or chemically engineering fluorophores with intermittent emission

[208, 210, 211]. Another SMLM approach using the binding kinetics of fluorophores to target

molecules, called Point Accumulation for Imaging in Nanoscale Topography (PAINT), was

first implemented with fluorescent dyes [207, 212, 213] and later developed to be used with

fluorescently-labeled DNA strands (DNA-PAINT) [214, 215].

In contrast to fluorescent dyes and proteins, which need to be specifically engineered or

treated to be suitable for SMLM applications, fluorescent defects in solid-state materials often

exhibit intermittent emission (blinking) by default. This blinking behaviour can be caused by

charge traps in the host material [47, 216], photo-ionisation [130, 217, 218], interaction with

dissolved charges in solutions [132, 219], etc. Even though for many applications blinking can

be detrimental (e.g. single-photon emission for quantum optics and quantum information

processing) [15], it provides an invaluable resource for SMLM [216, 220, 221]. Now, pow-

erful SMLM methods could be applied to explore the properties of optically active defects

in wide-bandgap materials on an ensemble level with nanoscale resolution, which will be

demonstrated in the following sections.

3.2 Super-resolution imaging of defects in hBN

The first attempts to image optically active defects in hBN with super-resolution techniques

utilized the GSD-like approach [222] to reduce the effective PSF of a single emitter below the

diffraction limit. While successfully exploiting the photophysics of certain hBN defects to

demonstrate the proof-of-principle PSF reduction, the early work did not attempt at resolving

two closely spaced emitters. Such imaging of two hBN emitters within a diffraction limited

spot has been done only very recently using STED [223, 224], achieving a resolution of ≈ 50

nm.

However, the first large-scale demonstration of super-resolution imaging of defects in hBN

flakes has been done using SMLM [130]. Here the authors imaged CVD-grown monolayer hBN,

which has been transferred onto silicon nitride support chips. The defects present in as-grown

hBN flakes showed bright PL signal when illuminated with both 488 and 561 nm lasers and

intense blinking when immersed in water. Two types of fluorescence emission were identified,

centered around 580 and 620 nm, by analysing thousands of optically active defects.

Further work in this direction has been focused on applying SMLM methods to study spectral

and temporal properties of hBN emitters depending on the defect fabrication method and the

environmental conditions. The details of this exciting journey are presented in chapters 4-7.
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Figure 3.7 – Imaging optically active defects in hBN flakes (a,b) with nanoscale resolution using SMLM.

The resolution of 10.7 nm is estimated as a minimum separation between two active defect sites (c,d).

Reprinted with permission from Ref. [130].
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4.1 Introduction

Defects in wide-band gap semiconductor materials lead to the creation of energy states well

within the band gap, conferring these materials with new and exciting properties due to

quantum confinement. A popular and well-studied example of point defects are nitrogen-

vacancy (NV) centers in diamond, which can act as single-photon emitters [225], ultrasensitive

magnetometers [226] and biological sensors [26].

In recent years, 2D semiconductors and insulators have emerged as new classes of materials

able to host functional defects. Single-photon emission from such defects has been demon-

strated in 2D Transition-Metal Dichalcogenides at cryogenic temperatures [66–69] and in

hexagonal boron nitride (hBN) at room temperature [95]. Defects in 2D materials show great

promise for many applications in integrated photonics [57]. The 2D nature of the material

favors integration in photonic circuits, while allowing high light-extraction efficiency [6]. De-

fects in 2D materials also exhibit high sensitivity to their environment, leading to tunable

properties [227] and allowing deterministic positioning of emitters through strain engineering

[74, 101, 228].

However, defects can also be detrimental, leading to a decrease in the electrical and me-

chanical properties of materials. For example, the use of hBN as an encapsulation layer

in nanoelectronics [62] can be dramatically affected by the presence of defects, causing in-

creased scattering or facilitated dielectric breakdown [229], and precluding for now the use of

CVD-grown hBN materials as efficient insulating layers in nanoelectronics [230].

Due to their atomic-scale nature, characterizing defects can be very difficult. Defects can

be imaged with high spatial resolution in a transmission electron microscope (TEM) [130],

but TEM imaging by itself tends to induce more defects in the sample, and is restricted to

very small (∼10 nm2) areas. High-resolution Scanning Probe Microscopy techniques have

allowed characterization of 2D materials at the single-defect level [143], and 2D material sys-

tems have also been investigated using near-field scanning optical microscopy (NSOM)[144].

Unfortunately, all these scanning techniques share similar limitation as TEM concerning

time-consuming sample preparation and small imaging areas. Finally, confocal techniques

[95] have been successful at characterizing the optical properties of single defects, but require

very sparse samples due to diffraction-limited imaging. There is thus a clear demand in the

development of new strategies allowing large-area characterization of defects in 2D materials.

With this goal in mind, we recently established single-molecule localization microscopy

(SMLM) as a viable strategy for wide-field mapping of optically active defects in hBN [130].

Using the transient emission properties of individual emitters, we could separate emitters

spatially down to 10 nm [130]. However, purely spatial SMLM techniques are still hampered

by their lack of contrast, which can lead to substantial overcounting or undercounting of

defects densities and precludes multidimensional measurement of defects properties, such as

polarization, and spectra.
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In this work, we focus on prototypical optically-active defects in hBN, and demonstrate that

the implementation of spectral information concomitant to spatial SMLM (obtained by plac-

ing a prism in the detection path) is a valuable step forward in the large-area, nondestructive

characterization of 2D materials and beyond. Our combined wide-field spectral and spatial

super-resolved technique allows the determination of statistical ensemble spectral properties,

as well as extraction of spatial, spectral and temporal dynamics of single defects. We demon-

strate our approach on both monolayers of CVD-grown hBN materials, as well as irradiation

induced surface defects in bulk exfoliated hBN materials. Similar operational principles could

be applied to transition metal dichalcogenides at cryogenic temperatures [66–69] or other

wide-band gap materials at room temperature such as aluminum nitride, silicon carbide

and perovskites [231, 232]. Our approach opens up broad perspectives in the use of SMLM

techniques for wide field characterization of defects in a variety of materials, and paves the

way for wide-field quantitative multidimensional imaging of optically-active defects [233].

4.2 Experimental set-up

Our set-up is based on a wide-field spectral super-resolution imaging scheme, using a prism

in the detection path, previously developed in a biological context [234–236], and with recent

extension in physical science fields such as chemistry [237]. As shown schematically in Figs.

4.1a-b, we excite the hBN samples using a 561 nm laser. The energy of the excitation laser

(2.21 eV) is well below the band-gap of the hBN material (∼ 6 eV), leading to the selective

excitation of defects with energies well within the band-gap of the material. Excitation beam

from the laser is focused onto the back focal plane of a high numerical aperture oil-immersion

microscope objective, leading to the widefield illumination of the sample. hBN samples are

deposited on silicon chips and immersed in water to prevent changes of refractive index in

the optical path. Wide-field photoluminescence emission from the sample is collected by the

same objective and separated from the excitation laser using dichroic and emission filters.

Emission light is then split through two paths using a beam-splitter (Fig. 4.1b). Part of the

emission going through Path 1 is directly projected onto one half of an EM-CCD chip, with a

back-projected pixel size of 100 nm (Fig. 4.1d, Path 1). Emission from individual defects leads

to the appearance of diffraction-limited spots on the camera chip (Fig. 4.1d, red boxes), which

can then be localized with sub-nanometer accuracy, with a localization uncertainty σx,y ∼ σPSFp
N

,

where σPSF ≈ 150 nm is the standard deviation of the Gaussian fit of emitter’s intensity (cor-

responding to a diffraction-limited spot fixed by the Point Spread Function with FWHM of

≈ 350 nm) and N is the number of photons emitted by the defect during the acquisition of

one frame. The second path consists of an equilateral calcium fluoride (CaF2) prism. This

dispersive element leads to an approximately linear shift ∆ySPEC [px] in the photolumines-

cence signal of each emitters relative to their emission wavelength λ, such that ∆ySPEC ∼ a×λ,

with a ≈ 0.25 px/nm (see SI Fig. 1). As shown in Fig. 4.1e, the one-to-one correspondence

between the simultaneous images of emitters in the spatial and spectral channels allows

mapping of the spectrum of each individual emitter. The sample is further mounted on a
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Figure 4.1 – Prism-based wide field spectral characterization of optical emitters in hBN. (a) Principle

of the experimental set-up, allowing simultaneous spatial and spectral Single Molecule Localization

Microscopy (SMLM) of emitters in hexagonal boron nitride (hBN). (b) Schematic of the experimental set-

up. Upon laser excitation, fluorescence signal emanating from single defects is collected by a high NA

objective and split towards two distinct paths for spatial (path 1) and spectral (path 2) characterization.

Spatial Path 1 leads to diffraction-limited spots for individual emitters, which can be localized with

sub-pixel accuracy. Spectral path 2 is composed of a dispersive prism element, shifting the fluorescence

of individual emitters according to their emission wavelength. Images from both paths are then

projected on the same chip of an EMCCD camera (see d). (c) Wide field image of CVD grown hBN flakes

transferred on Si/SiNx chips. (d) Simultaneously recorded wide field image (path 1; x,y,t) and spectral

image (path 2; λ,t) of emitters in hBN between successive frames at t and t+δt. Red boxes in Path 1

indicate spatial position of individual emitters, corresponding to diffraction-limited spots. Multicolor

boxes in Path 2 show the corresponding images of individual emitters after vertical dispersion by the

prism. Red dots in spectral channel indicate the mapped spectral position of 650 nm for each emitter in

the spatial channel. The one to one correspondence between spatial and spectral path allows to obtain

the full spectra of each individual emitter. (e) Principle of the reconstructed spectral super-resolved

image.

30



Studying ensembles of defects in hBN using sSMLM Chapter 4

piezoelectric scanner, and vertical drift is compensated using an IR-based feedback loop [238].

Residual lateral subpixel drift is compensated through postprocessing using cross-correlations

between reconstructed super-resolved images (see Methods for further experimental and

computational details).

4.3 Results and Discussion

Continuous green laser illumination of the flakes leads to photoswitching (blinking) of the

emitters between bright and dark states [130]. As shown in Fig. 1d, due to this blinking behav-

ior, only a small subset of emitters is active between each frame. This sparse activation allows

for spatial localization of individual emitters between each camera frame, and subsequent

reconstruction of a spatial and spectral map by summing up successive images, as presented

in Fig. 4.1e.

As shown in Fig. 4.2, our wide-field spectral SMLM scheme allows us to map the spectral

properties of emitters present in the hBN flakes. We first plot in Fig. 4.2a the distribution of

center spectrum for a CVD-grown flake. As can be seen in this distribution, two families of

emitters stand out clearly and are characterized by emission spectra centered approximately

around λ1 ≈ 585 nm ("green emitters") and λ2 ≈ 640 nm ("red emitters"). We can further map

the spatial position of each type of emitters in the reconstructed spatial maps of Fig. 4.2b,

by summing up individual localization events (as depicted schematically in Fig. 4.1e). The

brighter dots on the map thus represent the most active defects, which are emitting through

most of the acquired frames. This spectral map allows for a direct estimation of the spatial

localization of each defect type. Despite the presence of areas with varying densities of defects

in each flakes, no clear spatial segregation is observed between red and green emitters, as they

are homogeneously represented throughout the sample.

This type of multimodal spectral distribution is observed throughout our samples. We report

in Fig. 4.2c the values of center wavelength for 5 distinct flakes, obtained using similar growth

conditions and transfer procedures. Note that several modes can occasionally be observed for

the red emitters (Flakes 2 and 4 in Fig. 4.2c, see Fig. S2 for details). Overall, emitters centered

around 585 nm have relatively narrow spectral linewidth (FWMH ≈ 15 nm), consistent with

recent report on similar CVD-grown materials [109], while the second group of emitters (with

wavelength between approximately 610 nm and 650 nm) have larger spectral linewidth and

show a relatively large sample-to-sample variation, which can be attributed to a variation in

the local mechanical [111, 112] and electrostatic[109] environment associated with each flake

(e.g. due to residual strains developed during the transfer process). Finally, we show in Figs.

4.2d-e the evolution of the number of localizations per frames and the spectral distribution

over more than 30 minutes. As is depicted in Figs. 4.2d-e, the number of localizations per

frames decreases exponentially, with a characteristic time τ ≈ 10 s due to bleaching of the

emitters, while spectral emission remains stable, with progressive reduction of the FWMH of
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Figure 4.2 – Wide field super-resolved spectral and spatial map of single emitters in CVD-grown hBN

flakes. (a) The spectral distribution of center emission wavelengths for a CVD-grown hBN flake. A

dual distribution is observed, corresponding to green and red emitters of respective center emission

wavelength λ1 and λ2. Smaller emission peak indicated by red arrow corresponds to a phonon side-

band (see text for details). Bin size is 1 nm. (b) Corresponding spatial map with spectral contrast,

showing the position of the two types of emitters throughout the flakes. Localization events are

rendered as gaussian spots (see Methods). Spatial maps are rendered from 10,000 successive frames.

(c) Sample to sample variation of center wavelengths. Error bars are FHWM. (d) Temporal evolution of

the number of localizations per frames (acquisition with 50 ms sampling and 20 ms exposure time). (e)

Temporal evolution of the spectral distribution. Blue zone indicates the region used for reconstructing

the spatial images in (b) and the distribution in (a).

red emitters probably due to bleaching. Importantly, localizations and wavelength matching

can be performed as fast as 20 per frames, showing the potential of the technique for large-

area and high-throughput mapping in dense samples. Bleaching in turn can happen due to

irreversible photo-oxidation of defects, exposed to the external environment due to the 2D

nature of the flakes.

We now proceed in Fig. 4.3, to the characterization of the spatial, spectral and temporal

dynamics of individual emitters in hBN, using our wide-field SMLM spectral and spatial super-

32



Studying ensembles of defects in hBN using sSMLM Chapter 4

resolution scheme. We show that at least two types of defects are responsible for the observed

emission lines in CVD-grown flakes (Figs. 4.2a-c). In Fig. 4.3a we first report super-resolved

images of individual emitters, rendered as spatial histograms of localizations, using a pixel size

of 5 nm. As shown in Fig. 4.3b, we obtain approximately Gaussian distributions, corresponding

to spatial uncertainty σx between 15 and 20 nm. This value is slightly larger than the estimated

spatial uncertainty of each localization, based on photon counts (of the order of 7 nm), which

is probably due to residual drift. Remarkably, over the entire number N ≈ 1000 of localizations,

this leads to a corresponding final uncertainty for the individual defect center position as

low as σxp
N
< 1 nm for the most active defects. The central emission wavelength of individual

defects (Fig. 4.3c) and full emission spectrum (Fig. 4.3d) can then be measured using the

procedure described in Fig. 4.1d. As shown in Fig. 4.3c, for the two representative types of

emitters, relatively constant spectral emission is observed over 600 successive localization

frames, with distribution width ∆λ≈ 5 nm.

Figure 4.3 – Spatial, Spectral and Temporal dynamics for the two types of defects. (a) Super-resolved

image of individual emitters, rendered as spatial (2D) histogram of localization coordinates, with 5

nm pixel size. (b) Projected distribution along the x axis along with Gaussian fit (dotted line), allowing

the determination of localization uncertainty σx . (c) Variation of the mean emission wavelength

over successive localizations, and histogram of emission wavelength. (d) Representative spectra of

emitters. The vertical dashed line represents mean emission wavelength. Green and red arrows show

respectively phonon sideband in type A and type B emitters. (e) Time trace of emission intensity,

showing intermittency in the emission, leading to successive ON and OFF states. All measurements

presented here are acquired with 50 ms sampling and 20 ms exposure time.

Representative spectra for the first defect type ("type A") are shown in green in Fig. 4.3d. These

defects have a mean emission wavelength centered along the first peak λ1 ∼ 585 nm in the

spectral histogram of Figs. 4.2a,c. Emission spectrum is asymmetric and a phonon sideband

can be occasionaly resolved on some spectra (Fig. 4.3d, green arrow). The second type of

defect ("type B") is characterized by a mean emission wavelength centered along the second

peak λ2∼ 610-650 nm of the spectral histogram. The spectrum shows a clear Zero Phonon

Line and Phonon Sideband, leading to an energy detuning of ∼ 140 meV, consistent with

previously published work [97, 98, 239]. Remarkably, this phonon sideband is also visible on

the ensemble histograms, in the form of a third local maximum in the spectral distribution
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(Fig. 4.2a, red arrow). A representative time trace for the emission of each individual emitter

is shown in Fig. 4.3e. All defects systematically exhibit a blinking behavior, characterized by

emission intermittency, and successive ON and OFF events.

To verify the generality of our approach, we characterized defects in a second class of hBN

materials. We started from high-quality bulk hBN crystals [76], which were exfoliated and

deposited on Si/SiO2 substrate (see Fig. S3). Few emitters, corresponding to both type A and

type B, were observed on the as-exfoliated flakes, traducing the high quality of the bulk hBN

material (see Fig. S4). In order to induce defects in the structure, we exposed the exfoliated

crystals to 30 s of oxygen plasma treatment [240] (see Materials and Methods). As shown in

Fig. 4.4a, this leads to creation of emitters at the surface of the flakes, with similar blinking

behavior as in CVD-grown materials, allowing straightforward localization using SMLM-based

spectral super-resolution mapping (representative time trace shown in Fig. S5). Interestingly,

as illustrated in Figs. 4.4b-c, the spectral distribution in most of the investigated samples is

characterized by a single emission wavelength, showing preferential creation of type A emitters

by plasma treatment. Surprisingly, some of the investigated flakes also showed a significant

population of type B emitters (Fig. 4.4c, flakes number 2 and 6 and Fig. S6) although most of

these emitters are unstable and bleach irreversibly after a few tens of seconds. This differential

bleaching could be attributed to distinct chemical reactivity of the two populations of defects.

Focusing on CVD-grown hBN, we now turn in Fig. 4.5 to the photophysical properties of

emitters and specifically their intensity and blinking kinetics. We show in Fig. 4.5a a 2D

histogram of photon counts as a function of the emission wavelength for the flake investigated

in Fig. 4.2. Two clusters (green and red dashed circles) corresponding to type A and type B

defects identified in Figs. 4.2a and 4.3 stand out clearly, with high brightness of the order

of ∼5.104 photons/second. As evidenced on the map, no clear difference of brightness can

be made between each type of defects. Phonon Sideband for type A and type B emitters

can be identified in this histogram (black circled clusters). To obtain more insight into the

properties of the defects in terms of photon emission, we show in Fig. 4.5b the full distribution

of emission intensity by grouping the defects according to their wavelength. Interestingly, we

observe a long tail in the intensity distribution, in strong contrast to the Poissonian distribution

classically expected for non-blinking emitters [241].

Another interesting feature of the emitters investigated here is their blinking kinetics, also

observed in several other studies [130, 239, 241], but contrasting with other reports of long-

term emission stability for the emitters in hBN [6, 240]. To gather more insight into this blinking

behavior, we plot in Figs. 5c-d the distributions of ON and OFF time for defect types A and

B (see Materials and Methods). We observe clear power-law distributions, with Pon/off (t ) ∼
tαon/off , and αon ≈ αoff ≈ 1.9 ± 0.2 (red and green lines, Figs. 4.5c-d). Remarkably, these

power-law distributions and the associated exponents are consistent with previously observed

blinking kinetics on quantum dots [242, 243], where blinking is attributed to ionization of the

quantum dots and escape of photoexcited carriers towards surrounding charge traps in the

material. Importantly, the power-law scaling characterizes the absence of intrinsic time-scales
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Figure 4.4 – Spatial and spectral characterization of plasma treated exfoliated hBN flakes. (a) Recon-

structed map of individual emitters in exfoliated hBN flake, submitted to oxygen plasma for 30 s (see

Methods). (b) Distribution of emission wavelength. (c) Sample to sample variation of the emission

wavelength. Bin size is 4 nm.

in the blinking behavior and can be interpreted as being due to heterogeneity of charge traps

at the material’s surface. Similar mechanisms due to photoinduced ionization and change of

the charge state of the defects were proposed to explain blinking in NV centers in diamond

[218]. The blinking behavior observed in our samples might thus take its origin from charge

separation or ionization of the defects, as the monolayer nature of the CVD-grown hBN flakes,

and the creation of surface traps in plasma-treated hBN crystals, might allow in both cases for

a facilitated escape of photoexcited charge carriers towards surrounding charge traps. This

observation suggests a rationale behind the increased photostability observed in annealed

samples, as a way to desorb impurities acting as charge traps. Remarkably, the observed

similarity in blinking kinetics suggests similar charge affinities for each types of defects (red

and green dots, Figs. 4.5c-d). Finally, the long tail in the distribution of emission intensity,

shown in Fig. 4.5b, could be related to the observed power-law distribution of blinking times.

An important question remains to understand the reasons for the spectral heterogeneity

evidenced in our study and the presence of different emission lines and defects states in CVD

grown hBN and irradiated bulk hBN crystals. In the quest towards the assignment of a precise

chemical structure to optically active defects in hBN materials, recent works have shown a
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Figure 4.5 – Photo physical properties of emitters in CVD hBN. (a) 2D histogram of photon counts as a

function of emission wavelength. The two main clustered distributions are circled in green and red.

Phonon sideband of type A and type B emitters are circled in black. (b) Histogram of emission intensity.

Red and green dots correspond to each circled distribution in (a). Normalized histograms of on (c) and

off (d) times for type A and type B emitters (see Supplementary and Methods). Straight lines indicate

power-law scaling of each distribution.

widely heterogeneous spectral response of defects in hBN [97, 244], which was attributed to

different chemical structures [245, 246], but also differences in the charge states [239, 247],

local dielectric [241], electrostatic [109] and strain environment [111], as well as temperature

[244]. Multimodal emission lines with modes around 585 and 630 nm were also observed in

several studies [239, 246]. While the blinking behavior observed for each types of defects (Fig.

4.3e) is probably due to reversible ionization or charge trapping, it is also concurrent with clear

spectral stability for the emission in the ON state (Fig. 4.3c). Furthermore, the observation of

similar blinking characteristics for types A and B defects (Figs. 4.5c, d) suggests similar charge

affinities for these two populations. The differences in the spectral shape and zero phonon

line distribution of type A and B defects (Figs. 4.2c and 4.3d) could thus point to distinct
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chemical structures for these two populations, variations in their local dielectric environment

or distinct charge states. Furthermore, the large variation in spectral emission amongst type B

defects within different CVD-grown flakes might be attributed to residual strain developed

during the transfer process. Despite their relatively large uncertainty, we can expect theoretical

predictions from Density Functional Theory to further guide the identification of the exact

chemical structure of each type of defects [248], based on their emission wavelength and

spectra. Noteworthy, Adbi and coworkers [129] reported Zero Phonon Line for NB VN and V−
B

defects of 2.05 eV and 1.92 eV, respectively, corresponding to 605 nm and 647 nm emission

wavelength, which is in a relatively fair agreement with our experimental results. However,

the fact that we find predominantly one defect type in plasma treated exfoliated flakes might

also suggest that type A correspond to intrinsic defects, while type B might occur due to

substitutional doping with various impurities, such as CB VN [134], or to various oxygen or

hydrogen complexes or interstitial defects [137].

4.4 Conclusion

We have shown the potential of spectral SMLM techniques for wide-field and high-throughput

spectral mapping and characterization of defects in hBN materials. Our methodology allows

the determination of statistical ensemble spectral properties, as well as extraction of spatial,

spectral and temporal dynamics of single defects. We identify at least two types of defects

in CVD grown materials, while irradiated exfoliated flakes show predominantly one type of

defect. Further analysis of the blinking kinetics of optical emitters suggests that blinking is due

to transient trapping of photoexcited charge carriers at the material’s surface, similar to what

is observed in quantum dots. This behavior provides strategies for blinking reduction and

increase of photostability through encapsulation of defects and reduction of charge traps via

thermal annealing. Our study demonstrates the potential of spectral SMLM as a wide field and

high-throughput characterization technique in material science and paves the way towards

multidimensional mapping of defects’ properties.

4.5 Materials and Methods

4.5.1 Optical set-up

The sample is excited using a 561 nm laser (Monolitic Laser Combiner 400B, Agilent Technolo-

gies). Excitation power during imaging, measured at the back focal plane of the microscope

objective varies from 20 to 65 mW, corresponding to power densities ranging from 250-800

kW/m2. We used a high numerical aperture oil-immersion microscope objective (Olym-

pus TIRFM 100X, NA = 1.45). Wide-field photoluminescence emission from the sample is

collected by the same objective and separated from the excitation laser using dichroic and

emission filters (ZT488/561rpc-UF1 and ZET488/561m, Chroma). Paths 1 and 2 consist of

two telescopes26, sharing the same lens L1, with a respective magnification factor 1.6 (Path
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1, telescope L1-L2) and 1.4 (Path 2, telescope L1-L3). Lenses are achromatic doublet lenses

(Qioptic, L1: f/100, L2: f/160, L3: f/140). The prism (PS863, Thorlabs) is placed at the Fourier

plane between L1 and L3, at the angle of minimum deviation. The sample is mounted on a

piezoelectric scanner (Nano-Drive, MadCityLabs) to compensate for vertical drift using an

IR-based feedback loop28. EM-CCD camera (Andor iXon Life 897) is used with an EM gain of

150.

4.5.2 Fitting and spectral assignment and SMLM images

Localization: Emitters in the spatial and spectral channels are localized using the imageJ

plugin, Thunderstorm [249]. Briefly, a wavelet filter is applied to each frame. Peaks are then

fitted by 2D integrated Gaussians. In the spatial channel, only emitters with intensity at least

twice of the background are considered.

Spectral calibration: Calibration between spatial and spectral channels is conducted using red

fluorescent beads (20 nm FluoSpheres carboxylated-modified, 580/605). First, we calibrate

the field-of-view transformation between spatial and spectral channels. For an emitter with a

given wavelength, the relation between its position in the spatial and spectral channel is well

approximated by a relation of the form (xSPEC ,ySPEC ) = A.(xLOC ,yLOC ) + B, where (xSPEC ,ySPEC )

and (xLOC ,yLOC ) corresponds to the position vector of the emitter in the spectral and spatial

channels, respectively, A is a 2x2 matrix and B is a vector. Coefficients for A and B are calibrated

by raster scanning a fiducial marker of controlled emission wavelength and mapping its

position in both channels. In a second step, bandpass filters with a central wavelength of 600

nm, 630 nm and 650 nm, respectively, and FWHM of 10 nm (Thorlabs, FB600-10) are used

to calibrate the relation between the emission spectrum and the vertical shift in the spectral

channel. The relation between the vertical shift ∆ySPEC [px] of the emission spectra and the

emission wavelength λ, is well approximated by a linear relation such that ∆ySPEC ∼ a ×λ,

with a ≈ 0.25 px/nm (See Fig. S1).

Spectral assignment: In order to assign a spectra to an emitter, localized in the spatial chan-

nel at (xLOC ,yLOC ), we compute its projected position (xSPEC (λ0), ySPEC (λ0)) in the spec-

tral channel for a fixed emission wavelength λ0=650 nm. A pair-search algorithm finds

the closest localizations (x’SPEC , y’SPEC ) in a vertically-elongated rectangular zone around

(xSPEC (λ0), ySPEC (λ0)). The corresponding central emission wavelength λ is then estimated

as λ= λ0+1/a.(ySPEC (λ0)-y’SPEC ).

Spectra generation: Measured spectra in Fig. 4.3d are obtained by averaging the spectrum of

single emitters over all frames for which spectral assignment is successful.

Image generation: SMLM images (Fig. 4.2b and 4.4a) are generated as probability maps by

plotting 2D Gaussian centered on each position with a standard deviation equal to 20 nm.

Drift correction: Lateral drift is corrected using cross-correlation between reconstructed

super-resolved images on CVD-grown materials. No lateral drift correction is applied on
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exfoliated hBN flakes, as the lower density of defects leads to weak cross-correlations between

reconstructed images.

Blinking kinetics: We obtain the blinking kinetics of type A and type B defects (Fig. 4.5c-d) by

following the time-trace of 9 type A defects and 14 type B defects (histogram of mean emission

wavelength shown in Fig. S7). OFF state is clearly defined by the absence of localization (Fig.

4.3e).

4.5.3 Sample preparation

CVD-grown materials: CVD-grown materials are produced under similar conditions as de-

scribed elsewhere [89] (see Fig. S8 for SEM images of flakes on Fe foil). Briefly, as-received

Fe foil (100 µm thick, Goodfellow, 99.8% purity) is loaded in a customized CVD reactor (base

pressure 1x10−6 mbar) and heated to ∼940 ◦C in Ar (4 mbar), followed by annealing in NH3 (4

mbar). For the growth, 1x10−2 mbar NH3 is used as a carrier gas and 6x10−4 mbar borazine

(HBNH)3 is introduced into the chamber for 30 minutes. The growth is quenched by turning

off the heater allowing a cooling rate of about 200 ◦C/min.

The h-BN domains are transferred onto SiNx chips using the electrochemical bubbling method

[250] with PMMA as support layer. After transfer, PMMA is removed by successive 1-hour

rinses in hot acetone (3 rinses), hot IPA (1 rinse) and hot DI water (1 rinse). Remaining

PMMA contamination is further removed through overnight annealing at 400◦C in an Argon

atmosphere.

Exfoliated flakes: hBN multi-layer flakes are exfoliated from high quality bulk crystals [76]

and deposited onto SiO2 chips (Fig. S3). Type A and type B defects are detected at low

concentrations in just-exfoliated flakes (Fig. S4). In order to create defects, hBN crystals are

further exposed to a 30 s oxygen plasma at 100 mW under 30 sccm O2 flow. No annealing was

performed.

Sample imaging: Chips with deposited hBN flakes and CVD-grown materials are placed

upside down on round coverslips (#1.5 Micro Coverglass, Electron Microscopy Sciences, 25

mm in diameter), previously cleaned in oxygen plasma for 5 minutes. Imaging is further

performed in water at room temperature, in order to improve the optical contrast and prevent

a discontinuous change in the refractive index. Performing experiments in air by transferring

CVD-grown hBN flakes directly on a glass coverslip, we observed a similar spectral signature

as that shown in Fig. 4.2, showing that water has little effect on the observed spectral response

of this material.
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5 On-chip high-throughput imaging
platform

As discussed in Chapter 3, TIRF microscopy is highly beneficial for imaging optically-active

defects in thin vdW materials. However, as one can see in Fig. 3.1, TIRF configuration typically

has a much smaller field-of-view, than regular widefield approach, which prevents it from

being used in high-throughput applications. One way to circumvent this limitation is by

designing a dedicated high-throughput imaging platform, with decoupled illumination and

collection paths, which is the focus of the section 5.1. The text in this section is the accepted

version of the paper

Evgenii Glushkov1, Anna Archetti2, Anton Stroganov1,2, Jean Comtet1, Mukeshchand Thakur1,

Vytautas Navikas1, Martina Lihter1, Juan Francisco Gonzalez Marin3, Vitaliy Babenko4,

Stephan Hofmann4, Suliana Manley2, Aleksandra Radenovic1 Waveguide-based platform for

large-FOV imaging of optically-active defects in 2D materials. ACS Photonics 6, 12, 3100-3107

(2019).

A.R., S.M. and E.G. conceived the project and designed the experiments. A.A. developed the experi-

mental setup for waveguide-based imaging. E.G., A.A. and A.S. designed and fabricated the imaging

chips. E.G., M.T., M.L. and J.M. performed the experiments. V.B. and S.H. produced the CVD-grown

hBN samples. E.G., J.C. and V.N. performed the data analysis. E.G. wrote the paper with input from all

authors. A.R. and S.M. supervised the project.

1Laboratory of Nanoscale Biology, Institute of Bioengineering, School of Engineering, École Polytechnique
Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland.

2Laboratory of Experimental Biophysics, Institute of Physics, School of Basic Sciences, École Polytechnique
Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland.

3Laboratory of Nanoscale Electronics and Structures, Institute of Electrical Engineering and Institute of Material
Science, École Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, Switzerland.

4Department of Engineering, University of Cambridge, JJ Thomson Avenue, CB3 0FA Cambridge, United
Kingdom
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In section 5.2 we show a further development of this waveguide-based imaging platform, by

directly growing thin hBN film on it and characterizing the optically-active emitters it the

as-grown material. This approach helps avoid multiple problems related to transferring fragile

vdW materials onto the imaging chips and enables future photonic integration of hBN emitters

using CMOS-compatible processes. This section is based on the accepted version of the paper

Evgenii Glushkov1, Noah Mendelson2, Andrey Chernev1, Ritika Ritika2, Martina Lihter1, Reza

Zamani3, Jean Comtet4, Vytautas Navikas1, Igor Aharonovich2,5, Aleksandra Radenovic1 Direct

Growth of Hexagonal Boron Nitride on Photonic Chips for High-throughput Characterization.

ACS Photonics 8, 7, 2033–2040 (2021).

A.R., I.A. and E.G. conceived the project and designed the experiments. E.G. designed and fabricated

the imaging chips. N.M. performed the hBN growth. N.M. and R.R. characterized the as-grown material.

E.G. performed optical imaging, A.C. and R.Z. performed TEM characterization, M.L. did the AFM

imaging. E.G., J.C. and V.N. analyzed the data. E.G. wrote the paper with input from all authors. A.R.

and I.A. supervised the project.

5.1 Characterizing defects in 2D materials using the waveguide mi-

croscope

Waveguides have been the workhorse of integrated photonics, serving as the basis for im-

plementing compact passive components such as on-chip splitters, filters, interferometers,

resonators and, multiplexers. To add functionality to photonic chips, one further needs to

interface waveguides with other materials, which is usually done through coupling with the

evanescent field of the waveguide. This method is especially suitable for 2D materials, which

due to their minimal thickness down to just a few angstroms, are efficiently excited by the

evanescent field from the waveguide [251]. This allows for the fabrication of various active

components (light-emitting diodes, modulators, photodetectors) from 2D materials on top

of the on-chip waveguides [252, 253]. Such devices may utilize not only the optoelectronic

properties of the 2D material itself, but also those originating from the optically-active defects

in these materials [70, 254, 255]. The existence of such point emitters has been reported for

multiple transition-metal dichalcogenides (TMDCs) [66–69] at cryogenic temperatures and in

hexagonal boron nitride (hBN) [95] at room temperature. Recent works have also shown the ef-

ficient coupling of the single-photon emission from these defects into the on-chip waveguides,

making them a promising platform for the on-chip quantum optics [117, 118].

1Laboratory of Nanoscale Biology, Institute of Bioengineering, École Polytechnique Fédérale de Lausanne
(EPFL), 1015 Lausanne, Switzerland.

2School of Mathematical and Physical Sciences, University of Technology Sydney, Ultimo, NSW, 2007, Australia.
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(EPFL), 1015 Lausanne, Switzerland.
4Laboratory of Soft Matter Science and Engineering, ESPCI Paris, PSL University, CNRS, Sorbonne Université,

75005 Paris, France.
5ARC Center of Excellence for Transformative Meta-Optical Systems (TMOS), Faculty of Science, University of

Technology Sydney, Australia.
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Several imaging techniques were demonstrated to be suitable for studying such defects in

2D materials at different scales. Transmission electron microscopy (TEM) [138, 139] can be

employed to image single defects over an area of several tens of square nanometers, which

is however accompanied by the introduction of new defects during this process due to in-

tense electron-beam irradiation of the studied sample [139, 140]. Near-field techniques, such

as scanning tunneling microscopy (STM) [143] and near-field scanning optical microscopy

(NSOM) [144] have also been also successfully applied to study defects in 2D materials. How-

ever, they are all limited by the size of the inspected area (typically, less than several square

micrometers) and do not allow for high-throughput characterization of defects due to the

time needed for sequential scanning.

While this can be tolerated for certain applications, novel high-throughput inspection methods

are crucially needed to rapidly characterize defects in large-area 2D materials [256, 257].

This is especially important in the context of further wafer-scale integration of 2D materials

into standard microelectronics fabrication processes. Here a technique-of-choice would be

widefield optical microscopy, which uses camera detectors to image the entire field of view

in a single shot and thus enables fast characterization of much larger areas than the above-

mentioned methods, but provides significantly worse resolution due to the diffraction limit

[130].

The quest to overcome this limit has been central in many areas of biology, which led to

the creation of multiple super-resolution microscopy methods, including single-molecule

localization microscopy (SMLM) [204, 205]. The SMLM technique is based on acquiring a

large stack of successive images, each containing sparse switchable fluorophores, which are

then localized frame-by-frame. SMLM has become very popular in the biological community,

giving rise to the variety of implementations (PALM [204], STORM [205], SOFI [258], PAINT

[207, 215], etc.) and the creation of ready-to-use commercial super-resolution microscopes by

several manufacturers. Recently, however, this technique has found applications in material

science [221] and was applied to study optically-active defects in 2D materials, by treating

them as single emitters and reaching localization precisions below 10 nm [130]. Therefore,

SMLM allows circumventing the tradeoff between small-scale, high-resolution TEM images

and large-scale, low-resolution optical maps. Moreover, to simultaneously analyze not only

spatial, but also the spectral distribution of optically-active defects in 2D materials, a spectral

super-resolution technique was recently applied to study emitters in hBN [127]. This allowed

their properties to be studied at the ensemble level and revealed multiple populations of

fluorescent defects in this material.

Established widefield super-resolution techniques, however, typically provide a field-of-view

of less than ∼50x50 µm2, which is further reduced down to ≈20x20 µm2 in the total internal

fluorescence (TIRF) mode, especially suitable for imaging 2D materials. This mainly happens

due to the lack of the illumination uniformity achievable through high-NA objectives [259],

and is insufficient for high-throughput characterization of 2D materials. To overcome this

limitation and simultaneously increase the excitation efficiency of defects in atomically-thin
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2D materials, one can use the integrated waveguides as an imaging platform by utilizing their

evanescent field for excitation. This requires a certain re-thinking of the geometry of the

waveguides, motivated by the high-throughput imaging requirements.

In the integrated photonics community, waveguides are typically meant to be single-mode,

which limits their cross-sectional width to a fraction of a micrometer in the visible range.

Obviously, this is not sufficient for large-area imaging, where ideally the width of the imaging

waveguide should be expanded to tens of micrometers, being limited only by the imaging

objective and the chip size of the camera used (≈200 µm for commercial detectors at suitable

magnifications for single-emitter detection). Naturally, such wide waveguides are inherently

multimode, so a slow adiabatic expansion of the single-mode waveguide to reach the required

imaging width is needed in order to uniformly excite the photoluminescence in 2D materials

[260].

Following this approach, we demonstrate here the use of a waveguide-based imaging platform,

recently applied for SMLM bioimaging [184, 261], for the characterization of defects in 2D

materials. The proposed platform decouples the excitation and collection paths, allowing

the collection of the PL signal through a high-NA objective while simultaneously exciting

the optically-active 2D materials over a large area (up to 100x1000 µm2) in TIRF mode. This

allows for a hundred-fold increase in imaging speed per area, compared to traditional TIRF

microscopy or PL mapping, and paves the way towards high-throughput PL characterization

and optical inspection of defects in 2D materials.

Experimental Setup

The central element of the waveguide-based imaging platform is a silicon chip with multiple

silicon nitride (Si3N4) waveguides buried in the layer of silica cladding (Fig. 5.1a, b). The chip

was designed using numerical simulations to have a high coupling efficiency, low losses and

uniform field distribution [184], and fabricated using standard microelectronic fabrication

processes (see Materials and Methods for details). Particular attention was paid to the input

interface of the waveguides, where surface roughness strongly affects the coupling efficiency.

To mitigate those losses, we utilized a two-step lithography and etching process, designed

to minimize the damage to the input facet [184]. Further increase in coupling efficiency was

achieved by adding an inverted taper coupler (∼150 nm wide tip) at the beginning of each

waveguide that increases the effective size of the fundamental mode to match the mode size

of the input beam. Naturally, the optimal width of the input taper coupler depends on the

excitation wavelength and the coupling method used (641 nm laser light and a 50x objective,

in our case).

The second important requirement for a proper waveguide design is the reduction of trans-

mission losses, maximizing excitation in the imaging area containing the 2D material. Trans-

mission losses were reduced by covering the surface of the waveguides with a protective layer

of SiO2 cladding everywhere except for the small area, the so-called imaging well, where the

44



On-chip high-throughput imaging platform Chapter 5

Figure 5.1 – Concept and implementation of the waveguide-based platform for high-throughput PL

characterization and super-resolution imaging of 2D materials. (a) Simplified schematic of the imaging

setup, where the laser light is focused onto the tapered entrance of the waveguide from the left and is

creating an evanescent field on the surface of the imaging well. This excites the fluorescence in the

flakes of 2D materials, which is detected through the imaging column. The inset on the top left shows

the atomic structure of a 2D material (e.g. hBN) with defects. (b) Waveguide chip placed on the piezo

stage. The red laser is coupled in from the left facet and its propagation inside the waveguide is visible

due to scattering. The scattering signal is significantly higher in the imaging well (outlined in yellow),

where the protective top silica cladding is removed. (c) Multiple imaging wells on the same waveguide

chip, placed after the expansion taper reached the needed width of the waveguide (25, 50 or 100 µm in

the chip shown). (d) An SEM image of transferred CVD-grown hBN flakes inside one of the imaging

wells. Scale bar: 5 mm (b), 500 µm (c), 50 µm (d).

sample is placed for imaging (see Fig. 5.1c,d for the optical and SEM micrographs of the well,

respectively). Moreover, as discussed above, we preserved the uniform evanescent field in the

imaging wells up to 100 µm wide, by adiabatically expanding the fundamental mode from the

inverted taper coupler with an expansion rate of less than 1% (schematically shown in Fig.

5.1a).

To use the described waveguide chip, we built a simple and cost-effective upright microscope

using readily-available optomechanical components. As shown in Fig. 5.1, the platform

consists of a sample holder to immobilize the waveguide chip, which is placed on top of a

3-axis piezo stage used for alignment, a long-distance coupling objective, an excitation source

(561 nm or 641 nm laser), a high-NA imaging objective and an sCMOS camera, which collects

PL through exchangeable emission filters in between (see Materials and Methods for details).

Alternatively, the waveguide chip can be directly imaged on any existing upright microscope

with the addition of a coupling objective or a lensed fiber to couple the laser light into the

waveguide chip, which is demonstrated in the SI (Fig. S2). The use of a lensed fiber further
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reduces the cost and complexity of the platform and is especially beneficial when imaging is

performed in vacuum or in a cryogenic environment.

5.1.1 Results and discussion

To demonstrate the capabilities of the platform for the investigation of 2D materials, we

transferred CVD-grown molybdenum disulfide (MoS2) and tungsten disulfide (WS2) flakes -

two of the most often used two-dimensional TMDCs - onto the waveguide chips (see Materials

and Methods for details). Monolayers of MoS2 and WS2 exhibit bright photoluminescence in

the visible range (emission maximum at ∼670 nm for MoS2 and ∼630 nm for WS2) [262–265],

due to the direct bandgap of ∼2 eV, and possess strong excitonic effects [57], which make

them especially attractive for applications in optoelectronics and nanophotonics. Particularly

interesting is the ability of such materials to form van der Waals heterostructures with desired

functionalities [81, 266].

Though point defects in two-dimensional TMDCs are usually not optically-active at room

temperature, they have an effect on the photoluminescence of the material. The PL of TMDCs

is normally reduced with the increasing density of defects, thus serving as an indicator of the

quality of the 2D material. PL can also be enhanced through defect engineering [74, 255, 267]

and chemical treatment [267, 268]. In Fig. 5.2 we show the measured widefield PL signal from

MoS2 (Fig. 5.2a) and WS2 (Fig. 5.2b) flakes excited by the evanescent field on the surface of

waveguide chips, together with their spectra (see Materials and Methods for details). Both

materials demonstrate a bright PL signal, compared with the background, even with the

excitation laser power as low as 10 mW, measured before the coupling objective. Such power

density is orders of magnitude smaller than what is typically needed to illuminate a similar

area for PL measurements on conventional widefield microscopes.

Another advantage of the waveguide platform is the fast acquisition time for PL maps. To

obtain the PL maps in Fig. 5.2 (∼100*100 µm2) acquisition time of 100 milliseconds was used,

which makes a significant difference in comparison with the sequential scanning micro-PL,

where typical acquisition times for such large areas are on the order of minutes (1000x slower).

This difference becomes even more significant for larger-area flakes (shown in Fig. S3) and

continuous films of 2D materials, which are currently under development. An advantage of

micro-PL comes from the ability to simultaneously record the spectrum of the photolumi-

nescence, though requiring even longer integration times to achieve a good signal-to-noise

ratio. That is why for high-throughput PL analysis spectral characterization capabilities can

be further added to the demonstrated waveguide-based platform, e.g. following the approach

in Ref. [127].

Upon closer examination of the PL image of the WS2 flake (Fig. 5.2b), a pronounced dark

triangular region can be observed in the center of each flake, which presumably consists of

several atomic layers of the 2D material produced during initial growth at the nucleation

center. This is further confirmed by the atomic force microscopy (AFM) scan (Fig. 5.2c), which
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reveals an averaged line profile with a step of ∼1.5 nm at the boundary of the dark region.

These multilayer structures exhibit much dimmer photoluminescence due to the change from

a direct bandgap in monolayer WS2 to an indirect band-gap in the multilayer material [269].

Therefore, the waveguide-based platform can be used as well for a quick search of multilayer

regions on a grown monolayer 2D material, even in case of poor optical contrast.

Figure 5.2 – Photoluminescence imaging of 2D semiconductors on waveguides. (a) MoS2 flakes in

the imaging well (top) and the PL spectrum taken at the position of the cross (bottom). (b) WS2 flakes

and their PL spectrum, respectively. (c) AFM scan of dark and bright regions of the WS2 flake inside

the red square and the corresponding averaged line profile (indicated by the width of the line ends),

showing a step of ∼1.5 nm, corresponding to a multilayer material in the center of the flake. The rough

borders of the flake are due to the transfer method used. The stripes seen in (a) are also due to the

imperfections in the waveguide and transfer residues, which can disturb the mode profile and create

some interference. Scale bar: 25 µm (a, b).

To investigate the capabilities of the waveguide-based imaging platform for super-resolution

defect characterization, we transferred samples of CVD-grown monolayer hBN to the imaging

wells on a waveguide chip (see Materials and Methods for details). As monolayer hBN on top of

silicon nitride is barely visible by either bright- and dark-field optical microscopy, we directly

proceeded with the investigation of the transferred flakes using fluorescence. Typically, such

CVD-grown hBN contains a substantial density of optically-active defects, so we could excite

them using laser illumination, coupled into the on-chip waveguide, and record the emitted

signal with an sCMOS camera. A typical time-averaged widefield image clearly shows multiple

hBN flakes inside an imaging well in Figure 5.3b.

As was previously reported [130], emitters in hBN exhibit pronounced photoswitching between

the bright and dark states (blinking) under continuous laser illumination, such that only a

fraction of emitters is visible in each of the acquired frames (see Fig. S6 for the temporal

properties of the studied samples). This enables temporal separation and localization of sparse

active emitters with sub-pixel precision by fitting each of the diffraction-limited luminescence
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Figure 5.3 – Imaging of optically-active defects in hBN on waveguides. (a) An SEM image showing

multiple hBN flakes inside a single imaging well, false-colored for clarity. Si3N4 waveguide (violet),

SiO2 cladding (light-blue), hBN flakes (dark blue). A larger area is shown, compared to (b) and (c) to

demonstrate that only the parts of the flakes inside the imaging well are excited by the evanescent

field. (b) Fluorescent image obtained using 641 nm laser excitation (2’000 frames, averaged). The

observed stripes along the edges of the imaging well are due to residues and inherent impurities in

the silica cladding [270]. The impurities are activated in the high field intensity regions owing to the

curved cross-section of the waveguide [271]. (c) Reconstructed super-resolved image, obtained from

the same stack of 2’000 frames. (d-f) Correlative imaging of the ROI, shown by an orange rectangle,

with a distinct sub-micrometer feature (AFM, SMLM, SEM). Scale bar is 10 µm (a, c), all images are

obtained from a single FOV without any stitching.

spots with a 2D Gaussian intensity profiles and a reconstruction of a super-resolved image by

summing up all localizations over a large number of frames (∼2’000, in our case). The resulting

super-resolved image for the acquired image stack, reconstructed using the ThunderSTORM

plugin [249] for ImageJ [272] is shown in Fig. 5.3c. Additional reconstructed images of large-

area hBN flakes are shown in Fig. S4.

As reported in Fig. 5.3c, not only hBN flakes produce the fluorescence, especially in the areas

near the edges of the waveguide. Presumably, this parasitic signal is due to polymer residues

and inherent impurities in the silica cladding [270]. These impurities are excited in the regions

of the waveguide where the excitation field intensity is high due to the curved cross-section of

the waveguide, which was intentionally fabricated like that to minimize the scattering losses

[271]. To see the distinction between such emitters in the background versus the ones in hBN
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flakes, we additionally analyzed their temporal dynamics (SI, Fig. S6c). We also analyzed the

spectrum of the observed emission to verify it was coming from the optically-active defects in

hBN (Fig. S5), which matches the previously published spectra for CVD-grown hBN [130, 273]

and is inherently different from the photoluminescence of polymer residues [274].

To further characterize the transferred 2D material on waveguides, we performed scanning

electron microscopy (SEM) (Fig. 5.3a) and AFM (Fig. 5.3d) imaging. The strong contrast of

hBN on top of silicon nitride in SEM enables relatively quick imaging of sufficiently large areas

on the sample to locate all transferred hBN flakes and check for possible polymer residues

(visible in areas close to the imaging well in Fig. 5.3a) mainly coming from Poly(methyl

methacrylate) (PMMA), used in the transfer process (see Materials and Methods for details).

Higher-resolution SEM imaging, followed by AFM scans of the selected regions-of-interest

(ROIs), demonstrates the advantages of the waveguide imaging platform for correlative super-

resolution imaging (Fig. 5.3d-f), thanks to the natural reference frame of each imaging well

and waveguide labels, used to navigate the waveguide chip.

While acquired super-resolved images of emitters in hBN provide valuable information about

the spatial and temporal distribution of defects in the transferred flakes, for high-throughput

characterization of the material it is important to have a certain figure-of-merit, linked to the

properties of the material under study. One such figure-of-merit could be the average density

of optically-active defects [130], which would be inversely proportional to the quality of the

hBN film in comparison to the defect-free crystal. This information can be easily extracted

from the localization table (Fig. S7), used to generate the super-resolved image, which allows

for an easy integration into automated characterization procedures.

Furthermore, as both the core and the cladding of the waveguide chip are chemically sta-

ble, the platform can be readily used to explore the effect of chemical treatments on the

optical properties of 2D materials. One example is the treatment with a super-acid, such as

bis(trifluoromethane)sulfonamide, which was demonstrated to increase the photolumines-

cence of 2D materials [267]. More complicated treatments [275, 276] could be used to heal the

defects in CVD-grown 2D materials in an effort to bridge the gap in their quality in comparison

to almost defect-free bulk crystals. Moreover, using simple PDMS-based microfluidic channels

on top of the waveguide chip, one could image the temporal evolution of such treatments,

multiplexed over several waveguides on the same chip.

The waveguide-based platform is also advantageous in the context of further integration with

on-chip electronics and microwave circuits. Recent studies have identified certain optically-

active defects in hBN, that demonstrate clear signatures of an optically-detected magnetic

resonance (ODMR) [122, 123]. This discovery opens up a plethora of possibilities for the optical

manipulation and readout of spin states in hBN, which is essential for quantum information

processing and quantum sensing algorithms. Thus, the addition of microwave and DC lines

becomes a necessity and could be easily achievable on the waveguide chip with standard

microfabrication techniques.
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5.1.2 Conclusion

We have designed a novel waveguide-based platform for the investigation of defects in 2D ma-

terials and demonstrated its high-throughput capabilities for the characterization of optically-

active defects in hexagonal boron nitride. We further showed the capabilities of the waveguide-

based platform for correlative imaging of defects in 2D materials beyond the diffraction

limit. Extending this approach to other types of 2D materials (MoS2, WS2), we explored their

evanescent-field-driven photoluminescence. Therefore, our approach paves the way towards

high-throughput characterization and exploration of defects in various 2D materials both at

room temperature and in the cryogenic environment.

5.1.3 Materials and methods

Optical setup

The home-built microscope has two excitation lasers with a wavelength of 64 7nm (CUBE,

Coherent) and 562 nm (OBIS, Coherent), which are then coupled into the input facet of the on-

chip waveguides using a long-working-distance objective (50x, NA 0.55, Mitutoyo). A dipping

imaging objective (Nikon CFI Plan 100XC W, 100x magnification, NA 1.1) is mounted from

the top with the help of two connected Z-stages, one for long-travel-range vertical translation

(VAP10/M, Thorlabs) and another one for fine micrometer-positioning (LNR25D/M, Thorlabs).

The same stages hold a set of removable emission filters (ZT405/488/561/640rpc or ET700/75,

Chroma). Another mechanically-stable system, built with four posts and four rectangular

optical breadboards, holds the sCMOS camera (PRIME 95B, Photometrics) and the tube-lens

(TTL200, 200mm, Thorlabs). Such double mechanical system decouples the vertical motion of

the objective from the heavy components and ensures the stability during imaging and quick

Z-adjustment.

The waveguide chip is placed in a custom-made holder (3D-printed or micro-machined),

which is then screwed into an independent double-stage system, in which the first stage

(M-401, Newport) enables the FOV adjustment and the second one (MAX311D/M, Thorlabs)

is used to align the entrance of the waveguide with the focused laser beam and maximize

the coupling efficiency. A more detailed description of the setup can be found in Ref. [184],

together with the complete set of design files.

Chip fabrication

We fabricated channel waveguides with a rectangular cross-section using Si3N4 as the core

and SiO2 as the cladding material on standard silicon wafers, 100 mm in diameter and 525

micrometers thick. The core material, stoichiometric silicon nitride (Si3N4), 150 nm thick,

was deposited using low-pressure chemical vapor deposition (LPCVD) process on top of the 2

micrometer-thick layer of thermally-grown SiO2 on silicon substrate. To transfer the layout of

the waveguides onto the wafer, we used electron-beam lithography, followed by dry reactive
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ion etching (RIE). A top cladding layer (2 µm of SiO2) was deposited by LPCVD (LTO, Low

Temperature Oxide). Further photolithography and dry etching steps were used to define

the imaging wells. To define the waveguide facets as well as the chip borders two more steps

of photolithography and etching were needed to have a spatial separation of the smooth

waveguide entrance from the rough chip border. After the deep etching the wafer was grinded

from the back till the chips were split apart using the DAG810 automatic surface grinder. The

step-by-step fabrication process is schematically shown in SI (Fig. S1) and further detailed in

Ref. [184].

2D Material growth

CVD-grown hBN material was produced under similar conditions as described elsewhere55.

Briefly, as-received Fe foil (100 µm thick, Alfa Aesar, 99.99% purity) is loaded in a customized

CVD reactor (base pressure 1x10-6 mbar). Borazine (HBNH)3 is introduced into the chamber

through a leak valve from a liquid reservoir. After growth (45-90 s borazine exposure at 6x10−4

mbar and 900 ◦C), the heater is switched off and the foils are slowly cooled in vacuum.

MoS2 and WS2 were grown by the CVD process reported previously [257, 277].

2D Material transfer

The as-grown hBN sample was spin-coated with poly(methyl methacrylate) (PMMA, Mr=495,

4% solution in anisole, 3000 rpm) and baked for 5 min at 180◦C. The hBN/PMMA layer was

lifted-off from the Fe substrate using the electrochemical bubbling method57 and transferred

onto the waveguide chips. Similarly, MoS2 and WS2 materials, grown on sapphire substrates,

were spin-coated with PMMA (Mr=495, 4% solution in anisole, 2000 rpm) and baked for 5

min at 180◦C. The MoS2/PMMA and WS2/PMMA layers were lifted-off in DI water from the

substrate and transferred onto waveguide chips.

The 2D material flakes were precisely aligned into the wells by using a micropositioning stage

and a recently reported transfer method [278]. After the transfer, PMMA was removed by a

successive 1-hour rinse in hot acetone (3 rinses), hot IPA (1 rinse) and hot DI water (1 rinse).

Remaining PMMA contamination is further cleaned by annealing at 400◦C in argon (100 sccm)

and hydrogen (10 sccm) atmosphere for 8h.

Imaging and data analysis

Imaging was performed using a dipping objective with DI water and an excitation power of

the laser varying from 10 to 100 mW. The acquisition time of the sCMOS camera was adjusted

to maximize the signal-to-noise without creating overlapping localizations (typically, 50-100

ms). The acquired stacks of thousands of frames were recorded using Micro-Manager [279]

and saved as TIFF files. These files were then imported to the ImageJ software [272] and
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analyzed using the Thunderstorm plugin [249]. The analysis consisted of applying a wavelet

filter to each frame and fitting the peak intensities by 2D Gaussian profiles. Only emitters with

intensities at least 1.2 times the standard deviation were then assembled into a localization

table, which was used to render the super-resolved image (Normalized Gaussian).

Photoluminescence spectrum

Micro-photoluminescence measurements were performed in air at room temperature. A 50x

air objective was used to focus the 488 nm laser on a 2 µm spot on the sample to excite the PL,

which was collected through the same objective onto the spectrometer (Andor Newton). Laser

power was fixed to 300 µW and 450 µW for MoS2 and WS2, respectively. The acquisition time

was set to 60 seconds for the spectra shown in Fig. 5.2.

AFM & SEM imaging

The devices were imaged using an atomic force microscope (Asylum Research Cypher) operat-

ing in AC mode. The SEM imaging was performed using a ZEISS Leo electron microscope at 1

kV acceleration voltage.
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5.2 On-chip CVD growth of hBN for high-throughput characteriza-

tion and facile device integration

Characterizing defects in as-grown crystalline materials is a crucial step towards their further

use in devices and applications. This is especially true for the rapidly developing field of

two-dimensional (2D) materials, where defects in the crystalline structure drastically alter

their mechanical, optical, electronic and quantum properties. Typically, such defects are

characterized by means of scanning confocal microscopy [95], near-field scanning optical

microscopy (NSOM) [144, 147], and atomic force (AFM) [148] or scanning tunneling (STM)

microscopies [143, 280]. For the atomically-high resolution of structural defects, transmission

electron microscope (TEM) is often utilized [128, 139], however this approach can also induce

additional defects in the material under study [140]. The main disadvantage of all these

characterization approaches is a small field-of-view (FOV) of up to 100 nm2, which makes

them incompatible with high-throughput wafer-scale processes, crucial for microelectronics

and photonics industries.

On the contrary, widefield optical microscopy is routinely used for material characterization

purposes, allowing for high-speed inspection, but lacking the nanoscale resolution needed to

detect single defects. This disadvantage can be often compensated through the use of various

super-resolution microscopy techniques, including single-molecule localization microscopy

(SMLM) [204, 205]. SMLM has been recently used for the characterization of optically-active

defects in 2D materials [127, 130, 132], in particular those with "blinking" defects (stochasti-

cally switching between their ON and OFF states), such as in hexagonal Boron Nitride (hBN).

Furthermore, the use of specialized on-chip imaging platforms [184] has drastically increased

the throughput of the technique [281].

Defects, however, are not only intrinsic properties of 2D materials, occurring during their

growth on a catalytic metal substrate (typically, Cu, Fe, Pt) [88, 282, 283]. Inspection and

incorporation of 2D materials into functional or test devices very often requires a transfer step

to move the grown 2D material onto the substrate of interest. Naturally, this process might

induce additional defects [284] and, in most cases, contamination from the transfer process

[278]. During the transfer, the 2D material can also crack, acquire wrinkles and trap tiny air

bubbles, all of which unpredictably changes the local stress and influences the optoelectronic

properties of its defects [72, 100, 111, 278, 284, 285].

To tackle this challenge, we report here the direct growth of hexagonal boron nitride on silicon

nitride-based waveguide imaging chips and demonstrate both confocal and high-throughput

widefield characterization of the as-grown material and its optically-active defects, under

various imaging conditions. We also compare this approach to the previously demonstrated

polymer-assisted transfer process, and show the clear advantage of having an intact material,

enabled by the direct growth, particularly in an aqueous environment. We further characterize

the obtained 2D material using TEM, electron energy loss spectroscopy (EELS), and Raman

spectroscopy, confirming the chemical and structural composition of CVD-grown hBN.
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5.2.1 Results and discussion

Figure 5.4 – Direct growth of hBN on silicon nitride photonic chips. a) Furnace for CVD growth of

few-layer hBN with loaded silicon nitride substrates. b) Single 10x20 mm chip with multiple silicon

nitride waveguides, running horizontally across the whole chip. Scale bar: 5 mm c) Optical micrograph

of the zoomed-in region from b), showing a number of imaging wells on waveguides. Scale bar: 100

µm d) Scanning electron microscope (SEM) micrograph of a zoomed-in area next to the imaging well

(dashed rectangle in c) after the growth. Scale bar: 20 µm e) AFM image of the directly grown hBN film

on silicon nitride. Scale bar: 2 µm

We performed a low-pressure chemical vapor deposition (LPCVD) growth of hBN directly on

the fabricated silicon nitride waveguides in a quartz tube furnace using ammonia borane as a

precursor [109, 286]. The schematic of the CVD reactor is shown in Fig. 5.4a and the detailed

description of the growth process can be found in Materials and Methods section below.

Waveguide imaging chips were fabricated on silicon wafers using silicon nitride as a core layer

and silicon dioxide as top and bottom cladding. Each chip contained several waveguides (Fig.

5.4b) with imaging wells (Fig. 5.4c, d) - areas where protective top cladding was removed to

have direct access to the surface of the waveguide core. After extensive cleaning, waveguide

chips were loaded into the furnace and left in vacuum overnight. The growth was performed at

a temperature of 1200oC for 45 minutes, which resulted in a formation of an hBN film covering

the whole surface of the chips [131].

While it is not straightforward to observe the uniformly-grown hBN layer on the optical

micrographs (Fig. 5.4b,c), the SEM image (Fig. 5.4d) shows an increased surface roughness

after the growth, which is further confirmed by the AFM analysis in Fig. 5.4e and Figs. S1-2 in

the Supplementary Information. The grown material has a comparable morphology inside

and outside the imaging well, i.e. on crystalline silicon nitride versus amorphous silicon

dioxide, which is shown in Fig. S1. The relatively high surface roughness [92] is due to the

growth protocol optimized to efficiently incorporate optically-active emitters in hBN (Fig.

S3), which results in a uniform, but non-epitaxial growth of the hBN film, confirmed by the

Raman and Energy Dispersive X-ray spectroscopy (EDX), and TEM (Figs. S3-S5). Further TEM

analysis, including the Electron Energy Loss Spectroscopy (EELS), confirms the structural and
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elemental composition of the grown hBN film (Figs. S5,S6).

Figure 5.5 – Confocal imaging of directly-grown (a-c) vs transferred (d-f) hexagonal boron nitride. a,d)

Confocal scans of the area next to the imaging well. b,e) Representative spectra of one of the inspected

emitters from the confocal scans. c,f) Autocorrelation functions for the same emitters, confirming their

single-photon nature. The bright lines visible in d) are supposedly transfer-induced wrinkles, possibly

containing polymer residues. All measurements were done in air.

Directly after growth, the imaging chips were inspected using a home-built confocal mi-

croscope, revealing multiple single-photon emitters (SPEs) in the as-grown material with

characteristics similar to the ones reported in literature [109]. The results of this characteriza-

tion are shown in Fig. 5.5a-c. In parallel, hBN grown via a similar CVD-process on copper foil

[109] was transferred onto one of the clean imaging chips using a standard polymer-assisted

transfer process [278]. This chip with transferred hBN was inspected as well using the same

confocal microscope and the results of its inspection are shown in Fig. 5.5d-f.

On both chips it is possible to identify the characteristic SPEs in hBN in the visible region.

Representative spectra, taken in air, in each case (Fig. 5.5b,e) display sharp ZPL lines at 578 nm

and 590 nm for the direct growth and transferred samples, respectively. In both cases quantum

emission is confirmed via second order autocorrelation analysis displaying g2(0)<0.5 (Fig.

5.5c,f). However, when comparing the two approaches, one can notice the presence of cracks,

folds and polymer residues in the transferred hBN and their absence in the as-grown material.

Importantly, this has far-reaching consequences for large-area statistical characterization of

the optically-active defects in the material, which we further demonstrate using widefield

localization microscopy.

Most of the widefield imaging presented further was performed using the custom-built waveg-

uide microscope, schematically shown in Fig. 5.6a and described in detail in Ref. [184].

Importantly, and in contrast to confocal measurements in Fig. 5.5, all widefield characteriza-
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tion displayed in Figs. 5.6-5.8 was done in water to explore the charge dynamics of emitters

and maximize the achievable collection efficiency and resolution. Briefly, the imaging chips

with hBN on top were placed into a custom-made sample holder and the laser light was

coupled into the on-chip waveguides using a long working distance objective. The evanescent

field of the propagating light excited the optically-active hBN defects on the waveguide surface

(inside the imaging wells where the protective cladding has been removed). The excited region

of the waveguide is highlighted in Fig. 5.6b by the red rectangle. The fluorescent signal was

captured by a separate water-dipping objective and recorded using an sCMOS camera (see

Materials and methods for the details of the imaging setup).

Figure 5.6 – Waveguide-based widefield imaging of optically-active emitters in as-grown hBN. a)

Simplified schematic of the waveguide microscope. b) Overview of the imaging wells when the laser

light is coupled into one of the waveguides (red rectangle). Scale bar: 250 µm c) Reconstructed image

of emitters in hBN inside the imaging well, highlighted in b). Scale bar: 25 µm d) Zoom-in on a region

in c), showing individual emitters. Scale bar: 1 µm

While the utilized imaging platform can be used to characterize any type of fluorescent

defects, including the optically stable centers, blinking is often observed as a result of emitters

interacting with their local environment [130, 132]. This effect is significantly enhanced once

the material is immersed in liquid, which is necessary for applications in nanofluidics and

biosensing [132, 219, 287, 288]. Moreover, as high-resolution imaging is in general mostly

performed in aqueous solutions to compensate for the refractive index mismatch, the induced

ON-OFF switching of the optically-active defects allows for their precise spatial localization

and attribution of their properties using SMLM techniques [127, 130].

Each SMLM recording consists of several thousand frames, acquired with a typical exposure

time between 20 and 100 ms, which are then processed to localize the point emitters and

reconstruct the super-resolved image. The result of this process is shown in Fig. 5.6c and

one can see a relatively uniform coverage of the surface of hBN in the imaging wells by the

optically-active defects. A zoom-in on one of the areas in Fig. 5.6d shows isolated optically-

active emitters, with a typical localization uncertainty around 60 nm (Fig. 5.7a). This value is

estimated by analysing the distribution of localizations for each emitter, shown in the inset of
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Fig. 5.7a.

To further assess the ensemble properties of the optically-active defects, we utilized a spectral

super-resolution (sSMLM) technique, providing a combined spatial and spectral information

about the localized defects [127]. Such capabilities could be easily integrated into the waveg-

uide microscope by introducing a dispersive prism into the collection path, however here

the existing setup with the direct excitation was used. This approach allowed us to see the

spectral distribution of the optically-active emitters over the whole FOV, revealing two sets of

defects ("green" and "red") activated either by 561 or 647 nm laser illumination, respectively

(Fig. 5.7b). These two sets of emitters were previously reported in Refs. [127, 273], where

the emission peak around 580 nm is attributed to the zero-phonon line (ZPL) of the most

commonly observed defect type [113]. The emission at 610 nm may originate from either the

phonon side band of the emitters or additional family of ZPLs, known to occur in as-grown

materials [273], while the relative amplitudes of these peaks can be influenced by the emission

filters used (50% transmission at 575 nm, in this case). It is important to note here, that the

sSMLM technique shows a statistical distribution of spectra across the FOV, so it should be

viewed as an averaged overlay of all recorded spectra of isolated emitters.

The third peak in Fig. 5.7b, centered around 670 nm, most probably corresponds to an hBN

defect of another type. Its emission is not very pronounced when excited with a green laser

(532 or 561 nm), but is significantly enhanced upon excitation with the 647 nm laser. This

defect type has been previously reported in Refs. [127, 273] and is observed in both exfoliated

and CVD-grown hBN. The spatial distribution of both types of defects is shown in Fig. 5.7c,

with little spatial co-localization of the defect sites. This question remains to be further

explored on ensembles of defects with varying density. In Fig. 5.7d we have also checked the

ON-OFF statistics of defects in as-grown hBN, which has a similar power-law distribution

(P (t ) = C tα, with αON ≈ -2.0, αOF F≈ -1.5) for both excitation wavelengths, to those reported

in literature [127, 281] (see Materials and methods for the details). This graph clearly shows

longer average OFF times for both types of emitters, while the power-law dependence hints

on the absence of the intrinsic timescales in the blinking behaviour, which can result from

photoinduced ionization and charge state transitions due to the charge traps at the surface of

the material.

Finally, we compare the optically-active defects in as-grown hBN on the imaging chip to the

ones in the hBN film, transferred onto the imaging chip using the PMMA-assisted wet transfer

method [278]. We first inspected the samples with both as-grown and transferred material

using SEM, which enables quick visualization of possible residues and contamination. Indeed,

in Fig. 5.8a most of the contrast on the image comes from the residual polymer film, which

is further confirmed by AFM imaging in Fig. S7. Additionally, one can see multiple transfer-

induced tears in the transferred hBN film. In contrast to that, the surface of the chip with an

as-grown hBN looks clean and smooth (Fig. 5.8c). A closer comparison of the surfaces of two

chips is provided by AFM measurements in Figs. S1,S7-8.
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Figure 5.7 – Ensemble properties of optically-active emitters in as-grown hBN. a) Typical Gaussian

intensity profile of an individual highlighted emitter in Fig. 5.6d. The inset shows a further zoom-

in into the reconstructed image of the localized emitter. Scale bar: 100 nm b) Spectral statistics of

emitters in the as-grown hBN, obtained using an sSMLM technique. Semi-transparent lines show the

laser excitation wavelengths. Coloured semi-transparent regions represent the transmission bands

of the emission filters used. c) The spatial map of two types of emitters, coloured according to their

spectra. Scale bars: 5 µm, 100 nm (zoom-ins) d) Temporal statistics of blinking emitters, showing the

distribution of their ON and OFF times for two excitation wavelengths (561 nm and 647 nm).

The fluorescence images of the transferred and directly grown hBN further confirm the differ-

ences in terms of sample cleanliness between the two approaches. Looking at the imaging

wells of waveguide chips in Figs. 5.8b,d, one can see the transfer-induced imperfections and

contamination in Fig. 5.8b and their absence in Fig. 5.8d. Contamination-induced fluores-

cent background also influences the proper localization of emitters by the SMLM algorithm,

leading to reconstruction artefacts, which is why we don’t display the reconstructed super-

resolved image in Fig. 5.8b. On the other hand, the as-grown material shows predominant

emission from the isolated optically active defects that exhibit blinking, and the reconstructed

super-resolution image can be obtained, as shown at the bottom right of Fig. 5.8d.

58



On-chip high-throughput imaging platform Chapter 5

Figure 5.8 – Large-FOV imaging of transferred vs directly-grown hBN. a) SEM micrograph of transferred

hBN film inside the imaging well on the waveguide chip. Some of the thicker residues from the PMMA-

assisted wet transfer can be seen as darker regions on top of the hBN film with transfer-induced

tears. b) Averaged stack of fluorescence images of the area inside the imaging well, obtained using

the waveguide-based platform. c) SEM micrograph of the imaging well on the waveguide chip with

directly-grown hBN. d) Composite image of the defects in directly-grown hBN. Imaging performed the

same way as in b). Top left part shows the averaged stack of fluorescence data, while the bottom right

shows the reconstructed super-resolved image. No isolated flakes are seen as hBN uniformly covers the

area of the chip. Insets show a zoom-in on a selected emitter. Scale bar: 25 µm (a-d), 100 nm (insets) e)

Averaged ensemble emission spectra of the photoluminescence in transferred vs as-grown material,

obtained from hundreds of localized emitters from respective samples. f) Temporal intensity traces of

the highlighted emitters in b) and d), respectively. g) Whole-FOV temporal statistics of the emitters in

b) and d), confirming at the ensemble level the observed temporal dynamics seen in f). All imaging

was done in DI water.

To further elaborate on these differences, we studied the spectral and temporal (Fig. 5.8e-

g) characteristics of the defects in as-grown and transferred materials. Averaged emission

spectra from the ensemble of emitters found on both types of samples, are shown in Fig.

5.8e, demonstrating previously-described ZPLs. The diagram includes any localized emission,

irrespective of its source, with a sufficiently small spot size (100 nm <σ< 1000 nm). Relatively

broader peaks and a higher background for the transferred material can be attributed to

the transfer-induced contamination [289]. The spectral measurements were done using an

sSMLM setup, described above (see Materials and methods for more information).
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Comparing the temporal behaviour of emitters, we found that the ones in the transferred

hBN film did not exhibit the typical blinking behaviour in water, in contrast to the emitters

in the as-grown material (Fig. 5.8f). This is the case not just for selected emitters, but stays

valid for the hundreds of them in more than a 100x100 µm2 FOV (Fig. 5.8g). Therefore, the

super-resolution enhancement was achieved only for the emitters in the as-grown sample,

increasing the ability to detect closely-spaced individual defects below the diffraction limit

(Fig. 5.8d, insets).

The performed analysis shows the benefits of the widefield SMLM technique for optical

studies of fluorescent defects in 2D materials. This is especially true for blinking defects,

which can easily go undetected during confocal scanning. Both techniques, however, are

complementary to each other and help to properly validate the observed emission patterns.

Their co-integration in a single optical setup, together with the capabilities of a large-FOV

spectral SMLM, will be a necessary next step to increase the throughput of such optical

inspection.

Naturally, growth of 2D materials on dielectric substrates is still far from being defect-free

monolayers, but even in the current state the material is already useful for certain applications

in nanophotonics. Constant progress in this field renders a CMOS-compatible wafer-scale

process reachable in the nearest future. Such process will allow having several dedicated

imaging chips per wafer, to characterize the as-grown material, while filling the rest of the

wafer with functional devices.

In-situ fast and high-throughput characterization of quantum emitters on waveguides can also

accelerate the integration of 2D materials with nanophotonic circuits. To this extent, emitters

of choice can be coupled onto the selected on-chip waveguides and addressed through them.

This has already been shown with the exfoliated flakes [117], and the possibility of directly

growing the 2D materials [94] will largely simplify this process, allowing its CMOS-compatible

scale-up.

5.2.2 Conclusions

We demonstrated direct growth of an hBN film on silicon nitride photonic chips. The embed-

ded optically-active defects in the as-grown hBN were characterized using both a standard

confocal microscope and a novel large-FOV waveguide-based imaging platform. The latter

clearly unveils the advantages of the direct growth approach over PMMA-assisted wet trans-

fer for the integration of hBN with photonic chips. The presented growth method could be

extended to wafer-scale devices, diminishing the need for wet transfer of 2D materials that

often results in cracks, wrinkles and polymer residues. Our approach paves the way for the

future use of CVD-grown hBN in integrated photonics, coupled with high-throughput optical

methods for 2D materials characterization.
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5.2.3 Materials and methods

LPCVD growth and transfer of hBN

hBN was grown via low pressure chemical vapor deposition (LPCVD) in a tube furnace, using

a similar protocol and setup and described in detail elsewhere26. Ammonia borane (Sigma

Aldrich) was used as a precursor for growth. Growth was performed for 1 hour at 1200oC, a

pressure of 2 torr, in an Ar/H2 (5%) environment, and the precursor was heated to 95oC for sub-

limation. The waveguide substrates were heated to 1200oC in an Ar/H2 environment and kept

at this temperature for 1 hour prior to growth to remove any residual surface contaminants.

hBN films grown on copper were transferred to prefabricated waveguide samples using a

PMMA assisted wet-transfer technique [109]. Briefly, PMMA (Microchem A3) was spin coated

on the as-grown sample. Copper was etched with a 0.5M ammonium persulfate solution, after

which the PMMA/hBN film was washed in water before being picked up on the waveguide

sample. Finally, PMMA was removed in warm acetone overnight.

Raman characterization

Raman analysis was performed on an In-Via confocal Raman (Renishaw) system with a 633

nm excitation laser. Spectrometer calibration was performed using a blank Si substrate to 520

cm−1.

Confocal characterization

PL experiments were performed with a lab-built scanning confocal microscope utilizing

a continuous wave (CW) 532-nm laser excitation source (Gem 532, Laser Quantum Ltd.).

The CW pump laser was passed through a 532 nm line filter and a half-waveplate before

focusing on the sample with a high numerical aperture objective (100×, NA =0.9, Nikon). A

fast steering X−Y steering mirror (FSM-300) was used for scanning. Light emission was filtered

through a 532-nm dichroic mirror (532 nm laser BrightLine, Semrock), with an additional

568-nm long pass filter (Semrock) to fully remove laser light. The sample emission was

then collected through a graded-index multimode fiber with an aperture of 62.5 µm, and

subsequently directed to a spectrometer (Acton Spectra Pro, Princeton Instrument Inc.) or to

two avalanche photodiodes (Excelitas Technologies) in a Hanbury Brown-Twiss configuration

for spectroscopy and photon counting measurements, respectively. Time-correlated single

photon counting was performed via a (PicoHarp 300, PicoQuant). All g2(τ) measurements

were analyzed and fit without background correction, and without additional spectral filtering.
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TEM characterization

Samples were imaged and characterized by means of transmission electron microscopy (TEM).

Images were obtained with 80 kV of accelerating voltage to not induce additional defects into

the material. Fig. S5 was obtained using FEI Talos in the high-resolution TEM (HRTEM)

mode. Fig. S6 was obtained in the scanning TEM (STEM) mode of a double-Cs-corrected and

monochromated FEI Titan Themis in order to perform the electron energy loss spectroscopy

(EELS) analysis to measure the bandgap energy and confirm the material composition.

Widefield fluorescence imaging

Imaging was performed using a waveguide microscope described in Refs. 14,15. Briefly, laser

light was coupled into the on-chip waveguide using a long-working distance objective (Mitu-

toyo, 50x, NA 0.55) with a nominal laser power from 50 to 100mW. The excited fluorescence

was collected through a dipping objective (CFI Plan 100XC W, 100x magnification, NA 1.1)

in DI water and imaged on the sCMOS camera (PRIME 95B, Photometrics). The acquisition

time of the sCMOS camera was adjusted to maximize the signal-to-noise without creating

overlapping localizations (typically, 50-100 ms). The acquired stacks of thousands of frames

were recorded using Micro-Manager [279] and saved as TIFF files.

Super-resolution image processing

The acquired image stacks were imported to the ImageJ software [272] and analyzed using

the Thunderstorm plugin [249]. The analysis consisted of applying a wavelet filter to each

frame and fitting the peak intensities by 2D Gaussian profiles. Only emitters with intensities

larger than the standard deviation were then assembled into a localization table, which was

used to render the super-resolved image. The temporal and spectral statistics were analysed

in MATLAB. Briefly, the duration of ON and OFF states was calculated for each emitter from

the localization table, and their distribution was plotted on the log-log scale (Fig. 5.7d) for two

excitation wavelengths. The spectral statistics was acquired following the protocol in Ref. [127].

All processing scripts used are available upon a reasonable request from the corresponding

authors.

AFM & SEM analysis

The devices were imaged using an atomic force microscope (Asylum Research Cypher) operat-

ing in AC mode. The SEM imaging was performed using a ZEISS Leo electron microscope at 1

kV acceleration voltage. The EDX analysis was done using a ZEISS Merlin electron microscope.
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6 Defects in hBN reveal the complex
charge dynamics in aqueous solutions

In this chapter I will show how SMLM-based tracking of blinking defects in hBN helps uncover
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Chapter 6 Defects in hBN reveal the complex charge dynamics in aqueous solutions

Proton transport in bulk water is known to occur via the so-called Grotthuss mechanisms

[290], whereby protons tunnel between individual water molecules along liquid wires formed

by hydrogen bonds. This remarkable transport mechanism, speculated almost 200 years ago

explains the anomalous and peculiarly high mobility of hydronium and hydroxide ions in

bulk water [291]. At interfaces, the situation is much more complex, with experimental and

theoretical efforts pointing to a wealth of effects, ranging from specific proton desorption

barrier [292] potentially facilitated by interactions with water molecules [293] and hydrogen

bonding [294–296], peculiar charging effects due to water negative self-ion [297], to 2D con-

finement of protons at hydrophobic interfaces, leading to facilitated lateral transport [298–

301]. However, interfacial transport of protons, and its relation with the surrounding aqueous

water environment has so far remained elusive, due to the lack of direct measurements at

the single molecule scale and in environmental conditions. A finer molecular understanding

of proton transport at interfaces would have fundamental importance for a range of fields

and materials, from cell membranes in biology [298–301], metallic and oxide surfaces for

catalysis and surface science [293, 302–304], to polymeric surfaces for fuel cells [305–309] and

membrane science [310–313].

Here, we use single molecule localization microscopy to resolve the transport of individual

excess protons between defects at the surface of hexagonal boron nitride (hBN) crystals. Our

label-free approach relies on the protonation-induced optical activation of defects at the

surface of the flake. Building upon the recent application of super-resolution microscopy to

hBN defects [127, 130], we are able to follow spatial trajectories of individual excess protons,

through successive hopping and activation of surface defects. We reveal heterogeneous water

mediated proton mobility under illumination, with proton transport limited by desorption

from individual defects. Our observations demonstrate that interfacial water provides a prefer-

ential pathway for proton and charge transport. This finding, along with the chemical nature

of the defects in aqueous conditions, are corroborated by full quantum molecular dynamic

simulations of pristine and defected hBN/water interfaces. Our findings and observations

have general implications for proton transport between titrable surface groups or surface

traps, as arising at a variety of biological [298, 300, 314] and solid-state [292, 302, 305, 307, 315]

interfaces.

6.1 Reactivity of hBN surface defects in aqueous conditions

As shown in Figure 1a, our sample is composed of multilayer boron nitride flakes, exfoliated

from high quality crystals [76]. Such exfoliated hBN flakes are atomically smooth and host

very few intrinsic defect sites [316]. Defects are deterministically induced at the surface of

the flake through a brief low-power oxygen plasma treatment [127, 317] (SI S1.4). Wide-field

illumination of the sample with a continuous green laser (λexc = 565 nm) leads to localized

emission from optically active defects at the surface of the flake, characterized by uniform

emission at 585 nm (2.08 eV), consistent with previous reports [127, 239] (Fig. S1).
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Figure 6.1 – Reactivity of hBN defects in aqueous conditions: protonation activates defects. a) hBN

crystal containing irradiation-induced surface defects is illuminated by a continuous green laser,

leading to localized emission from optically active defects (red). The crystal can be exposed to various

environmental conditions (air or water solutions of varying acidity). Inset: Zoom on a surface defect

(protonated boron vacancy VBH), surrounded by water molecules. Boron, nitrogen, oxygen and

hydrogen atoms are represented respectively as blue, green, red and white. (b-d) Larger defect reactivity

in aqueous acidic conditions, comparing flake in air (i), in basic (ii, pH 9.8) and acidic (iii, pH 3.4) water

solutions. b) Wide field image of an hBN flake, obtained with 20 ms exposure time. Emission from

individual surface defects can be localized with ∼ 5-40 nm uncertainty (red and blue circles, see SI

S1.2). Scale bar: 5 µm. c) Reconstructed super-resolved images of the flake surface (SI S1.3). Scale bar:

1 µm. d) Number N of emissive defects as a function of time for the three environmental conditions. In

air, the number of active defects is consistently small. In water, we observe a large number of active

defects upon illumination, which decreases to reach a steady-state (dashed box, see SI S2 and Fig.

S5 for analysis of the relaxation kinetics). Inset shows the histogram of the number of active defects

per frame at steady-state N stead y−st ate , fitted by Poisson distributions. Vertical lines in inset show

the average number of defects per frame. A larger activity of surface defects is evidenced in acidic

conditions, consistent with protonation induced activation of surface defects. e) Three state model for

the protonation induced transition between non-emissive negatively charged boron vacancy V −
B , and

emissive neutral protonated boron vacancy VBH, with excited state V ∗
B H (Fig. S4).

Remarkably, as shown in Figs. 1b-d, we observe a drastic change in the photoluminescence

response of the hBN flake when exposed to air (i, black) or to aqueous solutions of varying

acidity (ii blue; iii red, corresponding to pH 9.8 and pH 3.4), pointing to the high reactivity of

surface defects in aqueous conditions. 6.1b shows the wide field image of the hBN flake under

uniform illumination, with the flake physical boundary highlighted as white contour. For each

frame, emission originating from surface defects can be localized with subwavelength uncer-
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tainty, with a typical localization uncertainty σLOC ≈ 5−40 nm, scaling as σLOC ∼σPSF/
√

Nφ,

with σPSF ≈ 150 nm fixed by the point spread function of the microscope and Nφ the number

of emitted photons (Fig. 1b, black, blue and red circles, SI S1.2). Consecutive localization of

emitters over successive frames (here 20’000) allows us to reconstruct a super-resolved spatial

map of the defects at the surface of the crystal [127, 130], with a zoom on a 2x2 µm2 area

shown in 6.1c. We observe in 6.1c that while only few defects are active in air, a large number of

defects are homogeneously activated in aqueous conditions (Fig. S9 for super-resolved maps

of the entire flake). This difference is also highlighted by monitoring the number N of emissive

defects per frame under illumination (6.1d, inset). In air, the number of active defects per

frame is consistently low, with <N> ≈ 0.3 active defects/20 ms. Immersing the flake in water,

we observe upon illumination an initially very large number of active defects (here N ≈ 70,

corresponding to ≈1 active site/µm2), pointing to the activation of defects luminescence due

to solvent molecules (Fig. S9). The number of active defects decreases upon illumination

over tens of seconds (Fig. S5), to reach a steady-state, characterized by <N> ≈ 1−4 active

defects/20 ms. Importantly, the luminescent state of defects is recovered over sufficiently long

dark periods as well as through successive drying and wetting steps (Figs. S6, S7).

Varying water acidity further allows us to identify environmental protons H+ as being the

chemical species responsible for the activation of defect luminescence. Comparing the two

pH conditions in Figs. 1b-d, we indeed observe an increase by a factor of ≈ 2 in the number

of emissive defects at acidic pH (6.1d, inset), as well as an increase in the density of acti-

vated emitters (6.1c). This monotonic increase in defect’s activity in acidic conditions was

systematically observed in all investigated crystals over 12 pH units (Fig. S10).

To rationalize our observations, we perform ab-initio molecular dynamic simulations of a

defective hBN interface in water (6.1a, inset, SI S5 and Supplementary Movie 1). Based on

recent simulations on anhydrous bulk hBN defects [137] and high-resolution TEM images of

hBN monolayers [130, 318], we probed the reactivity of boron monovacancy complexes in

water, namely VBH (identified as the likely 2 eV emitter [137]), and V −
B (non-emissive at 2 eV,

having a lower acceptor defect state in the gap). Our simulations demonstrate that solvated

aqueous protons behave like charge-compensating centers and incorporate easily on the

negatively charged defect V −
B , through V −

B +H+⇒VBH, consistent with the large activation of

luminescence observed in the aqueous environment.

These numerical observations allow us to propose the phenomenological three-state model,

depicted in 6.1e. In the absence of illumination, the number of protonated defects is fixed by

acid-base equilibrium V −
B +H+⇔VBH. Probing this equilibrium experimentally, we determine

a pKa ≥ 14, consistent with the strong basicity evidenced by the simulations (Fig. S8). Upon

illumination, defects in the protonated state are converted to their excited state V ∗
B H, from

which they can either radiatively decay back to the ground state VBH, or lose their protons

to be converted back to V −
B , through an excited state proton transfer [319] (Fig. S4). This

second non-radiative pathway leads to the initial decrease of the number of active defects

upon illumination (6.1d and Fig. S5) by effectively shifting the chemical equilibrium between
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V −
B and VBH, reaching a second steady-state level under constant laser illumination. This

photoacidic behavior is consistent with the relative excited state energy levels of the protonated

and deprotonated defect [137] (Fig. S4). Consistently, a decrease in the number of active

defects at steady-state is observed for increasing illumination power (Fig. S11). While reported

here for the first time for defects in hBN, this ON/OFF transition between distinct protonation

states is commonly observed for fluorescent dyes [320, 321]. Note finally, that while our

observations and ab-initio simulations are consistent with the VBH/V −
B transition between

emissive and non-emissive states, other types of defects with nitrogen dangling bonds and

distinct protonation states could also be responsible for these observations.

Figure 6.2 – Luminescence migration reveals proton trajectories. a) Time series for spatial migration

of luminescence at the surface of the flake, with wide field images showing localized diffraction-limited

spot at the surface of the flake (red cross) and reconstructed spatial trajectory in red (Supplementary

Movie). Scale bar: 500 nm. Projected pixel size is 100 nm. b) Reconstructed trajectories showing

successive activation of adjacent defects at the surface of the flake and color-coded with increasing

time. Localized defects are represented as dots, with radius corresponding to localization uncertainty.

c) Schematic depicting luminescence migration events, consisting of successive (i) proton adsorption

(appearance of a luminescence spot at the surface of the flake) (ii) excess proton hopping between

surface defects (diffusion of the luminescence spot) and (iii) proton desorption from the surface of the

flake (disappearance of the luminescence spot).

6.2 Luminescence migration reveals proton trajectories

Since the defects are emissive in their protonated form, monitoring luminescence events at

the flake’s surface allows us to directly track down the spatiotemporal dynamics of defects

protonation. 6.2a shows the temporal evolution over 600 ms of the luminescence in a 1x1 µm2

region at the surface of a flake immersed in DI water (pH ∼ 5.5), with subpixel localization

of the emitter’s position shown as the red cross. As highlighted in this sequence of images, a

69



Chapter 6 Defects in hBN reveal the complex charge dynamics in aqueous solutions

single diffraction-limited luminescence spot spatially wanders between successive frames over

a total distance of ≈ 500 nm. Consecutive localizations allow us to reconstruct the position

of successively activated defects, shown as the red line trace in 6.2a and the reconstructed

trajectory in 6.2b, with radius corresponding to uncertainty in localizations. The observation of

the consecutive activation of luminescence of nearby defects over 30 successive frames, points

to the presence of a single activating excess proton, hopping from defects to defects (6.2c,

inset) and leading to the observed spatiotemporal activation of luminescence. Importantly,

monitoring defect activation over the whole flake allows us to discard artefacts in these

observed trajectories related to stage drift or random activation of emitters (Figs. S14 and S15).

As schematically represented in Fig. 6.2c, this observed sequence of correlated luminescence

events must then corresponds to (i) the adsorption of a proton at one defect’s site, leading

to the appearance of a luminescence spot at the flake’s surface (6.2a, t = 0 ms) followed by

(ii) the hopping of the excess proton between nearby surface defects over the total residence

time T R , with successive hopping length δl and (iii) the desorption of the proton from the

flake surface, leading to the extinction of luminescence (6.2a, t = 620 ms). Importantly, we

demonstrate through simulations that such correlated luminescence events and trajectories

cannot stem from the random activation of emitters at the surface and must correspond to

the correlated transfer of a single excess proton between defects (SI S3.4). Following the three-

state model of 6.1e, the variation in luminescence intensity observed between successive

frames could stem from fluctuations between radiative and non-radiative recombination

of the excited defects, e.g. due to transient proton unbinding and geminate recombination.

Albeit in a different context, the concepts presented here for single proton tracking are similar

to strategies explored in single molecule and single enzyme catalysis [322–324].

These correlated proton trajectories occur consistently and repeatedly upon constant illu-

mination (Supplementary Movie 2). We track and analyze their dynamics using standard

single particle tracking techniques [325], focusing on the steady-state regime with a constant

averaged density of active defects per frame of ≈0.1-1 per 10 µm2 (6.1d, dashed boxes). Indi-

vidual trajectories are defined by correlating localizations less than ∼300 nm apart between

successive time frames. This threshold is rigorously defined by measuring the statistics of

hopping length δl (Fig. S13). Importantly, this tracking methodology is robust with respect

to the correlation length and sampling time and is validated against simulations of random

activation of emitters (Fig. S14). As shown in 6.3, ≈ 1700 individual trajectories longer than

200 ms (10 successive frames) can be successfully identified over 180 s (Supplementary Movie

2). Representative trajectories are highlighted in 6.3a-c (see also Fig. S19 and Supplementary

Movies 4-8). Remarkably, a large heterogeneity is observed between distinct trajectories at

the single molecule scale. Some excess protons remain at a fixed position (a), while others

migrate over up to 1 µm (6.3, (b-c) and Fig. S19). Long adsorbing steps (40-100 ms) within

one uncertainty-limited defect, separated by relatively long hopping events (50-200 nm) are

also observed in some trajectories (red dashed circles, (c)). For each individual trajectory, we

can compute the associated Square Displacement SD(t ) = (X (t )−X (t = 0))2 which charac-

terizes the diffusive character of these random walks. From the initial increase of the square
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Figure 6.3 – Large-scale mapping of proton trajectories. Trajectories longer than 10 frames (200

ms) measured at the surface of the flake. (a-c) Highlighted representative trajectories, with the cor-

responding evolution of the mean square displacement MSD (Supplementary Movies 4-6). Defect

positions are rendered as circles with radius corresponding to the localization uncertainty. SD is square

displacement. Black dashed line is a linear fit of the SD for the first 300 ms. In c), dashed red circles in

trajectory and red arrows in SD show adsorbing steps at some defect sites.

displacement with time, one can extract a diffusion coefficient D for each individual trajectory,

as SD = 4.D.t (dashed line in the SD graphs), which is found to be respectively Da) ≈ 10−16

m2s−1 (no diffusion), Db) ≈ 25 ·10−14 m2s−1 and Dc) ≈ 8 ·10−14 m2s−1. Note the larger number

of observed trajectories at the edges might be due to a larger density of defects (see Fig. S27).

6.3 Interfacial mobility and desorption-limited transport

As shown in 6.4a, we characterize the interfacial mobility of protons at the surface of the flake

through the evolution of the Mean Square Displacement MSD averaged over all observed tra-

jectories (the averaged MSD = < (X (t )−X (t = 0))2 > is a well-defined quantity, independent

of sampling time and tracking parameters, see SI S3). As shown in 6.4a, the MSD follows an

initial linear increase, characteristic of a standard diffusive behavior at short times (t < 300 ms),

followed by a sub-diffusive behavior at longer times, possibly due to longer adsorbing events

at some defect’s sites. The linear regime allows us to define the average diffusion coefficient D

= 2.8x10−14 m2s−1 and typically found of the order of 10−14 m2s−1 for the majority of flakes.

We further show in the inset the broad distribution of diffusion coefficients from individual

single-molecule trajectories, with a significant proportion of trajectories characterized by

no net observed motion (D < 1.10−16 m2s−1, as in 6.3a). In order to analyze in more details

the statistics of these bi-dimensional proton walks, we plot respectively in Figs. 6.4b,c the

distribution of hopping length δl and residence time T R at the surface (calculated as TR =
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NR∆t, with NR the trajectory length in frames and ∆t = 20 ms the sampling time). Those

distributions are well approximated by power laws N (δl ) ∼ δl−ν and N (TR) ∼ T −µ
R , with here

ν≈ 2.6 and µ≈ 1.6, and which are found typically in the range ν ∈ [2.4−4] and µ ∈ [1.6−2.5]

(Fig. S13). The power law scaling for the jump length δl is reminiscent of Levy-type processes

[326, 327], and demonstrates the anomalous non-Brownian character of these hopping events,

due to the finite distance between randomly distributed defects (defect density on this flake

can be estimated to be at least 500 µm−2, leading to an averaged inter-defect distance of

40 nm). The power-law scaling of the residence time naturally arises from the length of a

diffusion-controlled escape process, and is larger than for normal diffusion, for which µ = 1.5.

Importantly, a large fraction (∼70%) of protons remains on the flakes’ surface between each

frame, leading to trajectories which are subsequently analyzed (Fig. S20).

The orders of magnitude difference between the measured diffusion coefficient D ≈10−14

m2/s for proton surface transport and the hydronium diffusion coefficient in the bulk [315,

319, 328] Dbulk ≈ 10−8 − 10−7 m2/s and at biological membranes [299–301] Dmembrane ≈
10−11 −10

−9
m2/s suggests the presence of a strong rate-limiting step for interfacial proton

transport. We thus compare the surface transport of the two isotopes - hydrogen and deu-

terium (6.4d, comparing transport in H2O and D2O in a distinct flake, see also Fig. S22). As

shown in 6.4d, diffusion is hindered in D2O by at least a factor of 4 compared to H2O. This

isotopic hindrance to diffusion is larger than the factor 1.5 to 2 that one would expect from

hindrance of either Grotthuss-like proton transfer or self-diffusion [329, 330], pointing to

desorption from defects rather than transport between nearby defects as the rate-limiting step

for excess proton transport. Such desorption-limited transport is consistent with the low value

of the interfacial diffusion coefficient, the large distribution in diffusion coefficients observed

in individual trajectories (6.4a, inset), as well as the long adsorbing steps evidenced at some

defects’ sites (6.3, trajectories a and c). Note finally that this hindered desorption-limited

transport validates a posteriori the choice of our spatiotemporal resolution (∆t = 10−20 ms

and ∆l = 300 nm) for which the largest measurable diffusion coefficient is ∆l 2/4∆t ∼ 10−12

m2/s. This value, despite being smaller than the bulk hydronium diffusion coefficients, re-

mains two orders of magnitude larger than the desorption-limited interfacial diffusivities,

allowing us to consistently measure and characterize the hindered interfacial proton transport

between defects (SI S3). Additional characterization of the proton transit time between defects

(corresponding to unhindered interfacial proton transport) would require at this 100 nm

scale a temporal resolution δt ≈ 1 µs, unreachable even with state-of-the-art single molecule

tracking techniques [331].

Based on these insights, we can, for desorption-limited transport, express the diffusion co-

efficient as D = 1
4Γa2, with Γ [s−1] a jump rate and a the characteristic jump length between

nearby defects. This jump rate scales as Γ∼ νexp
(
−∆F

kT

)
, with ν [s−1] a molecular frequency

and ∆F a free energy desorption barrier from the defect [332]. As an order of magnitude

estimate, we take the attempt frequency as ν∼ 1/τ with τ of the order of nanoseconds corre-

sponding to the excited state lifetime [95] (Fig. S2) and a ≈ 10−100 nm, leading to a typical

desorption energy barrier of 16-20 kB T ≈ 0.4-0.5 eV. As shown in 6.4e, we indeed observe
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an increase in proton mobility with increasing temperature, from which we extract a mean

activation energy ∆E ≈ 0.62±0.12 eV, demonstrating the predominantly enthalpic nature of

this free-energy barrier (Fig. S28). This barrier then characterizes the energy necessary to

break the NH covalent bond from the excited defect VBH∗and for the solvated H+ to escape

the electrostatic attraction of the negatively charged vacancy V −
B . Consistently, this barrier is

much smaller than the hydrogen removal energy > 2.34 eV predicted to break the NH bond

from the VBH defect in gas phase [137], as the proton desorption barrier might be reduced

here by the presence of nearby hydrogen accepting water molecules, as well as by the laser

irradiation. Indeed, we did not observe any proton mobility in air (Fig. S26), despite the

presence of adsorbed water at the flake surface in ambient conditions (40% relative humidity),

demonstrating the crucial role of bulk water in mediating proton mobility at the flake’s surface

and consistent with recent simulations [295]. Desorption-limited transport is furthermore

confirmed by the weak dependence of mobility on illumination power (Fig. S21). Furthermore,

as shown in Figs. S23-S24, the presence of salt and dissolved gas does not affect significantly

the interfacial proton mobility, while we observed in a majority of flakes a net increase in

mobility at low pH (Fig. S25), consistent with increased defect activity and change of surface

state. Finally, we note that the high purity and atomic flatness of the hBN surfaces should

also lead to reduced probability of proton trapping at non-emissive sites, allowing the direct

observation of excess proton transport between nearby defects.

6.4 Proton charge segregation at the solid/water interface

The emerging picture is thus that of a desorption-limited transport of protons between surface

defects, mediated by interfacial water. While several experiments have reported evidence

for interfacial proton mobility at surfaces through ensemble measurements [298–301, 333],

the trajectories observed here at the flake’s surface (Figs. 6.2, 6.3) represent the first direct

observation at the single-molecule scale of the interfacial segregation of proton excess at the

solid-water interface, demonstrating that interfacial water provides a preferential pathway for

charge transport. Indeed, in the absence of any free-energy barrier trapping protons at the

interface, a proton desorbing into the bulk would irreversibly diffuse over δl ∼√
Dbulk ·δt ≈

300 µm during the δt = 20 ms sampling time, preventing any correlations in the activation of

defects ≈100 nm apart. The power-law tail of the surface residence time (6.4c), concomitant

with the finite diffusivity (6.4a) accordingly demonstrates the large probability of near-surface

charges to remain segregated and mobile at the surface. In-plane proton transport at the flake

surface (6.2b, step ii) must thus be favored compared to irreversible proton desorption into

the bulk (6.2b, step iii), due to the presence of an interfacial free-energy barrier leading to

segregation of the excess protons at the hBN/water interface.

To probe the segregation of interfacial protons in more detail, we simulated the dynamics of a

hydronium ion at the interface of water and pristine hBN (6.4f). As observed in this 20 ps tra-

jectory (Supplementary Movie 9), the hydronium ion indeed remains segregated (physisorbed)

at the interface, while keeping high latteral mobility through Grotthus transfer, with a lateral
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Figure 6.4 – Mobility and segregation of protons at interfaces. a) Variation of the averaged mean

square displacement MSD as a function of time for the flake in 6.3. Dashed line is a linear fit from

which we extract the averaged diffusion coefficient D = 2.8x10−14 m2s−1. Inset shows the distribution of

the diffusion coefficient determined on individual trajectories, with vertical dashed line the averaged

diffusion coefficient. b) Distribution of step length δl between successive jumps. Dashed line is power-

law fit with exponent α≈ 2.6. c) Distribution of residence time T R . Dashed line is power-law fit with

exponent µ≈ 1.6. d) Isotope effect, comparing diffusion coefficient in D2O and H2O in a distinct flake.

Error bars represent standard deviation in diffusion coefficient. e) Variation of diffusion coefficient as

a function of inverse temperature for 5 distinct flakes, with linear fits shown as dashed colored lines.

Black dashed lines are visual guides showing activated Arrhenius behavior with the mean activation

energy of 0.62 eV (see Fig. S28). f) Simulation snapshot of the trajectory of an aqueous hydronium

ion physisorbed at the pristine hBN/water interface (See Supplementary Movie 9). Inset shows the

computed free energy profile of the hydronium ion as it approaches the hBN layer, with a physisorption

well of -0.3 eV centered around the maximum of water density at 3.3 Å (blue vertical dotted line in inset,

see SI S5).

diffusion coefficient D ≈ 8.10−9 m2.s−1, close to the bulk hydronium diffusion coefficient [291,

319, 328] Dbulk ≈ 10−8 −10−7 m2s−1. As shown in the inset of 6.4f, the computation of the

free-energy of the aqueous hydronium approaching a pristine hBN surface further confirms

the presence of an interfacial -0.3 eV physisorption well (SI S5). Mechanistically, several effects

can be invoked to explain the observed affinity of protons to interfaces. First, in hydronium

ions, assymetric charge distribution leads to an amphiphilic surfactant-like character [301,

334], which could lead to segregation due to the hydrophobic nature of the hBN interface.

Second, the ionic nature of the insulating hBN crystal [335] could also be responsible for

electrostatic trapping of the positively charged hydronium ion. Third, as hydronium donates

three hydrogen bonds to water it leads to straining and disruption of the hydrogen bonding

network [336]. This effect is reduced at interfaces - at which the hydronium oxygen tend to

point away from water48- and could lead to trapping of the ion [299, 301, 333, 336]. These

simulations suggest that surface transport is characterized by purely bidimensional diffusion

at the solid/water interface. In our experiments, measuring whether interfacial proton trans-

port indeed corresponds to purely bidimensional diffusion would require detailed analysis

of the statistical properties of the proton transit time between adjacent defects. At this 100

nm scale, such measurements would require a temporal resolution of δt ≈ 1 µs, unfortunately
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unreachable even with current state-of-the-art single molecule tracking techniques [331].

6.5 Conclusion

The combination of super-resolution microscopy and single particle tracking on hBN defects

allowed us to reveal proton trajectories between adjacent surface defects at the single-molecule

scale. These observations establish that interfacial water provides a preferential pathway for

proton transport, with excess proton remaining segregated at the hBN/water interface, leading

to the observed spatiotemporal correlations in the activation of nearby defects. The direct

observation of this interfacial proton pathway has broad implications for charge transport

in a range of fields and materials, and suggests to tune defects’ densities, binding affinities

and illumination to optimize and control interfacial proton transport. Our experiments thus

represent a promising platform for the investigation of proton transport at the single molecule

scale, opening up a number of avenues, e.g. related to the interplay of flow or confinement

with molecular charge transport at liquid/solid interfaces.
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7 Focused Ion Beam enables surface
defect engineering in hBN

After exploring the properties of intrinsic and randomly-induced hBN defects, we transition

to deterministic engineering of such defects in pre-defined locations. This chapter reviews

the current research attempts in this direction, with a particular emphasis on using focused

ion beams for this task, and offers a deeper understanding of ion beam interactions with hBN.

The text of the chapter is based on the preprint version of the paper
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7.1 Introduction

Optically-active defects in van-der-Waals (vdW) materials have attracted a lot of attention

recently, finding applications in the fields of nanophotonics, quantum sensing and nanoflu-

idics [16, 60, 83, 84, 337]. In particular, hexagonal boron nitride (hBN) has emerged as a

promising material platform, hosting a plethora of optically-addressable defects within its

large bandgap (≈ 6 eV) [58]. Having initially established themselves as bright and stable

single-photon sources [338], defects in hBN have since then been proven to be useful for the

integration into hybrid photonic devices [120], super-resolution imaging [127, 130, 281] and

studying complex charge dynamics in aqueous environments [132, 219]. Moreover, several

recent works have demonstrated spin-dependent emission from defects in hBN [122] at room

temperature [104, 123, 124], opening novel avenues for this material platform [125].

Defects in hBN are either randomly formed during growth [88, 130], post-growth doping

[339] or exfoliation from bulk crystals [97], or can be intentionally induced in the pristine

material using large-area irradiation with ions [99, 127, 317], neutrons [136], or using high-

temperature annealing [338]. While these approaches reliably produce quantum emitters in

hBN, they result in a random spatial distribution of defects, thus complicating their proper and

reliable characterization using correlated microscopy [128], and hindering their applications

in integrated devices for nanophotonics [120] and nanofluidics (e.g. to systematically study

the dynamics of charge transfer at liquid-solid interfaces [132, 219]). Recent attempts to

generate defects in hBN at precise spatial locations included strain engineering through either

exfoliating [101] or growing hBN material on patterned substrates [93], which offer scalability,

but limited subsequent integration. Other patterning approaches included the use of pulsed

lasers [102, 106], focused electron [105] and ion beams [103, 104] to locally damage the hBN

lattice and generate emitters with desired properties.

Focused ion beam (FIB) seems an especially appealing technique for the generation of

optically-active defects in vdW materials due to its versatility, high resolution, ease-of-use and

potential scalability. Notably, FIB has found widespread use for patterning of 2D materials

as a resist-free method [340, 341], mitigating omnipresent polymer contamination of the

patterned material, and emergence of commercially-available plasma FIB (PFIB) machines,

employing ions of inert gases, such as argon and xenon, instead of liquid metals, has solved

the long-standing problem of sample contamination by gallium ions in the traditional FIB

systems [342, 343]. Nevertheless, while deterministic defect generation in hBN using FIB

has been recently demonstrated [103, 104], achieving sub-micron spatial accuracy, a proper

understanding of the FIB irradiation effects and the formation of defect sites in hBN is lacking.

In this work we present a systematic study of these effects, arising from the beam interacting

not only with the thin layer of hBN itself, but also with the substrate, on which it is placed. We

also show, that the FIB-induced defects are strongly influenced by the environment in which

the irradiated samples are used. In particular, we uncover a new mechanism of water-assisted

etching of FIB-irradiated hBN defects, leading to a drastic structural and optical transitions in
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irradiated sites. Moreover, by utilizing novel super-resolution microscopy technique correlated

with AFM imaging, we are able to explicitly show the localization of emitters in hBN at the rim

of FIB-induced defect sites, in good agreement with a hypothesis that exists in literature [103].

7.2 Results and discussion

Figure 7.1 – Generation of FIB-induced optically active defects in exfoliated hBN flakes. a) Schematic

representation of the defect writing process on an hBN flake using FIB. The inset shows a scanning elec-

tron microscope (SEM) image of a patterned flake inside the FIB chamber. b-d) Simplified schematic

of the FIB-induced defect generation process: being a result of Xe ions interacting with the substrate

(b) which is partially milled (c), creating a defected region and a void beneath the hBN flake (d). e)

Fluorescence image of the generated pattern of optically-active defects. Imaging done in water. f)

Characteristic spectrum of FIB-induced defects, taken from a dried sample in air. Scale bars: 10 µm (a,

inset), 5 µm (e)

We employed the Helios G4 Xe PFIB system to investigate the influence of Xe ions irradiation

on pristine hBN flakes, containing very few intrinsic defects [344]. The flakes were prepared on

cleaned SiO2 substrates with gold markers by mechanical exfoliation from high-quality hBN

crystals [76], resulting in a typical thickness of hBN flakes ranging between 10-100 nm. Directly

after exfoliation the samples were loaded into the PFIB machine and irradiated with a pre-

defined pattern (Fig. 1a). The irradiated flakes were briefly checked in the built-in SEM, clearly

demonstrating the FIB-induced changes in the morphology of the sample (Fig. 7.1a, inset).

The simplified mechanistic understanding of these changes is shown in Fig. 7.1b-d, where

defects are generated as a result of Xe ions interacting with the substrate. After unloading

from the FIB machine the samples were inspected on a home-built fluorescence microscope

confirming the creation of optically-active defects at the irradiated hBN sites (Fig. 7.1e). The

spectral characteristics of FIB patterned defects perfectly agree with the previously reported

ones for Xe FIB [104], with the broad emission peak centered around 830 nm (Fig. 7.1f). See

Materials and methods for the details of the setup used.

To verify the structural changes induced on hBN flakes by the ion beam a detailed high-

resolution transmission electron microscopy (TEM) study of the milled area cross-section
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Figure 7.2 – Exploring mechanical effects of FIB irradiation using TEM. a) Irradiated hBN flake

on a glass substrate, with 3µm-spaced defect sites (seen as brighter spots on top of a darker hBN

surface, marked with the line). b) a lamella of the hBN flake cross-section cut along the dashed line

marked in a). A thin layer of carbon was sputtered on top of the flake to prevent charge accumulation.

c) A cross-sectional image of the irradiated hBN area and d) corresponding fast Fourier Transform

(FFT) compared to e) the pristine area image of the hBN/glass interface and its FFT f) shows a clear

mechanical deterioration of hBN layers and the local amorphization of the material. Scale bars: 10 nm

was performed (Fig. 7.2). An hBN flake irradiated with typical experimental parameters (see

Methods) was cut along the irradiated spots (Fig. 7.2a) with a Ga FIB system to create a thin

lamella (Fig. 7.2b) suitable for TEM imaging. A high resolution image of the hBN/glass area on

the irradiated spot (Fig. 7.2c) shows visible signs of mechanical damage and perforation caused

by the PFIB on the hBN flake layers. Most of the damage is seen at the hBN/glass boundary due

to the ion collision cascades, secondary electron emission and substrate particle sputtering

occurring in the interaction volume area underneath the patterned spot (schematically marked

in Fig. 7.1c). These effects lead to the hBN milling selectively occurring from beneath the

flake, at the hBN/glass interface. Consecutively, this leads to the creation of the blister in

between the hBN and glass substrate filled with the milled debris comprising of amorphized

and recrystalized hBN as well as particles sputtered from within the substrate. The FFT of

the irradiated flake area (Fig. 7.2d) shows signs of substantial amorphization and mechanical

damage (smearing of the FFT pattern) of the hBN crystal lattice which can be associated with

hBN blistering. The PFIB milling damage is especially visible when compared to unirradiated,

pristine hBN/glass interface area (Fig. 7.2e) and its corresponding, clear FFT (Fig. 7.2f) image.

To explore the optical properties of FIB-induced defects, we have used both a home-built

confocal setup and a widefield super-resolution microscope, optimized for the single-molecule

localization microscopy (SMLM) [127]. We started with an hBN flake irradiated with line
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Figure 7.3 – Optical and structural characterization of irradiated defect sites. a) Averaged fluorescence

image (under a 561 nm excitation) of an hBN flake with FIB-irradiated horizontal line patterns of

a gradually increasing dose, which results in the creation of optically-active defects of increasing

intensity. Imaging is performed in DI water, pH 5.8. b) Zoom-ins from (a), processed using localization

microscopy algorithms, reveal two different types of emission: dim diffused emitters (type I) which are

not picked up by the algorithm, and bright localized ones (type II) which are clearly visible. c) AFM

scans of respective areas. Two types of emitters from optical images can be easily correlated with the

difference in morphology, depending on the irradiation dose: hills are formed for lower doses and

holes for higher ones. Imaging done in air, after thoroughly drying the immersed sample. d) Extracted

signal intensities (signal-to-background ratio, SBR) and height/depth of the FIB induced defects vs.

irradiation dose, showing the dose-dependent hill-to-hole transition. e) Spectra of two defect types in

water. f) Change in brightness of two types of emitters after a long immersion in water. g) Comparison

of the temporal dynamics of emitters before and after the long immersion. Scale bars: 5 µm (a), 1 µm

(b,c)

patterns of varied irradiation dose (1−8×1014 ions/cm2) to see how it affects the fluorescent

emission from defects. From the averaged image stack, shown in Fig. 7.3a, one can see four

horizontal lines of various intensity corresponding to the irradiated pattern of a gradually

increasing dose. The zoom-ins into each of these lines in Fig. 7.3b are processed using an

SMLM algorithm to precisely localize the isolated emission spots. However, one can see that

in the top two images the localization algorithm fails to localize the emitters as their emission

is rather dim and diffused (SBR of ∼ 5−10%). In contrast to that, the emitters in the bottom

two lines are easily localized and are seen as regular bright spots with SBR of ∼ 30−50% and

∼ 500 nm pitch distance (Fig. S7.6).

To understand this difference in observed emission we performed AFM measurements on the

same lines (Fig. 7.3c). One can immediately see that two types of emitters correspond to either
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hill-type or hole-type defects created by the FIB depending on the irradiation dose. Therefore

we will be calling these defects from now on hills and holes, respectively. The dose-dependent

transition from one defect type to the other is shown in Fig. 7.3d and in the Supplementary

Information (Fig.S7.6). The optical differences between two types of defects go much further

than just their intensity. In Fig. 7.3e one can see an appearance of another spectral emission

peak around 650 nm, measured from hole-type defects in water, while hill-type defects still

show predominant emission around 800 nm. The 800 nm emission is also present in the

spectrum of holes and is attributed to the remaining damaged material and/or strain around

the hole. We further discuss the spatial distribution of these two emission lines in Fig. S7.14.

Another difference concerns the long-term evolution of the measured emission from holes

vs. hills when the sample is immersed in an aqueous solution for a long time (tens of hours).

In Fig. 7.3f one can see the steady increase in the signal intensity for holes and an absence

of such increase for hills. This graph was obtained by analysing the timelapse images of

the irradiated area, fitting the maximal intensity values at each defect site and normalizing

it to its local background. An example of such images before and after the timelapse is

shown in the inset and the full protocol can be found in Fig. S7.7. Finally, the temporal

traces from both types of defects in the steady-state, shown in Fig. 7.3g, demonstrate sharp

transitions between different intensity levels (blinking) for the emission originating from

holes, but not from hills. This blinking behaviour is further intensified after a long stay in

water which we link to the accumulation of dangling bonds and functional groups in the

circumference of the hole-like defects and enhanced interaction with diffusing charges. The

exact chemical composition of the defect sites is not yet know and remains the topic of future

studies. Additional characterization of the optical properties of the created defects is shown

in Fig. S7.9: bleaching, lifetime and saturation curves, as well as optically-detected magnetic

resonance (ODMR) at 3.4 GHz perfectly matching the previously reported one [104].

Figure 7.4 – Water-assisted etching of irradiated defect sites. a) AFM images of the same area on the

irradiated flake before and after immersing it in water. Scale bar: 3 µm b) Pseudo-3D reconstruction

of a single defect site before (top) and after water (bottom). c) Schematic representation of the water-

assisted hill-to-hole transition. d) Dependence of the average peak height/depth of irradiated sites on

irradiation dose.

Following the structural-optical transitions between two types of FIB-induced defects, im-

mersed in the imaging medium (DI water), we explored in more detail its influence on the

formation of defects. Having obtained an AFM scan of a marked area of an hBN flake just
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after FIB irradiation, we observed the creation of only hill-type structures, even though the

irradiation doses were high enough to create holes (in comparison to Fig. 7.3). However, after

immersing the sample in water and imaging the same area with AFM again we have noticed

the immediate creation of holes in the irradiated regions (Fig. 7.4a). The observed etching

happened at a timescale faster than 2 consecutive AFM scans of the same area ( 20 minutes

long each), suggesting a very fast dissolution process (Fig. S7.10). The 3D zoom-ins of the

selected defect are shown in Fig. 7.4b and perfectly illustrate the water-mediated hill-to-hole

transition. Fig. 7.4d shows a simplified schematic of the etching process, where the damaged

hBN material at the irradiated sites (seen in Fig. 7.2) is quickly removed by water. However,

once the holes are created their size doesn’t seem to noticeably change both in air and in water

over the course of days as seen in Fig. S7.11.

The dependence of the created height/depth of the hills/holes, respectively, on the irradiation

dose is shown in Fig. 7.4d, suggesting a quasi-continuous hill-to-hole transition at a lower

dose (∼ 3×1014 ions/cm2 on Fig. 7.3d). The slight linear increase in the height of the hills at

longer irradiation times probably comes from either more sputtering or a continuous cavity

growth underneath hBN, which makes the thin flake bulk up. The saturation behaviour for

the depth of the created hills can be explained by water fully etching through the hBN flake

and reaching the substrate material. Combining these findings with data from Fig. 7.3, we

conclude that the observed hill-to-hole transition is caused by water and is dose-dependent,

i.e. starting from a certain FIB irradiation dose, which mechanically damages the hBN material

enough for the water to dissolve it. This claim is supported by the TEM inspection of the

irradiated areas in Fig. 7.2 and literature studying reactivity of mechanically damaged hBN in

water [345]. This defect formation process is unique for hBN flakes deposited on substrates

with thicknesses much larger than the typical beam penetration depth (< 100 nm) [104], due

to the unique FIB-substrate interaction effects, illustrated in Fig. 7.2. No hole formation or

subsequent structural or optical changes in water were observed for FIB-irradiated hBN flakes

which were suspended over holes or supported on thin membranes. An example of such

sample and its AFM analysis directly after irradiation is shown in Fig. S7.8, demonstrating

the creation of hole-type defects pierced by the ion beam in the suspended hBN without any

influence of water.

Finally, to better understand the origins of the emission, we performed correlative SMLM

and AFM imaging of the hole-type defects. Briefly, we first acquired stacks of thousands of

widefield images of irradiated hBN flakes with isolated defect sites immersed in DI water. The

averaged image from one of these stacks is shown in the top-left part of Fig. 7.5a, while in

the bottom-right part we show a reconstructed super-resolved image, processed by a novel

deep-learning based localization algorithm DECODE [346]. Already in some of the bright

defect sites in the averaged widefield image one can notice the presence of a darker central

region, hinting on the probable emission from the edges of the formed hole as was suggested

in literature [103]. However, by using DECODE (DEep COntext DEpendent) method for deep-

learning based single-molecule localization [346] to detect and localize blinking emitters

from FIB-induced defects, we arrive at the first direct evidence of such edge-related emission,
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which is shown in detail in the zoom-in in Fig. 7.5b. Acquired AFM image of the same area

matches well the SMLM data (Fig. 7.5c). To further verify and visualize the spatial distribution

of emitters, we show the overlayed and rendered AFM-DECODE image in Fig. 7.5d, where

one can clearly see the emergence of the fluorescent emission from the edge of the hole-type

defects.

Figure 7.5 – Correlated super-resolution and atomic force microscopy of FIB-induced defects in hBN.

a) Averaged fluorescence image of an irradiated hBN flake (2D array of isolated defects, 3 µm apart),

overlayed by the super-resolved image of the same flake (processed using SMLM package DECODE).

b) Zoom-in into the dashed red area around the isolated defect site (overlayed widefield/SMLM) c)

AFM scan of the same area, perfectly matching the fluorescence data. d) Line profiles from zoom-ins

in (b) and (c), showing cross-sections of the same defect site in widefield, SMLM and AFM images

e) Correlated AFM-SMLM image of four defect sites from a dashed blue area in (a), clearly showing

precise spatial localization of optically-active emitters at the rim of the holes, formed by FIB irradiation

and activated by water. Scale bars: 3 µm (a), 400 nm (b,c), 1 µm (e)

While the hole-type defects, demonstrated in Fig. 7.5, are relatively large, smaller sub-100 nm

defects were successfully created using the current technique and measured with AFM (see

Fig. 7.4a and Fig. S7.12). However, having dense emitters on the rim of the defect sites hinders

their analysis with SMLM-based super-resolution optical microscopy. Further optimization

of irradiation parameters and imaging conditions will be aimed at enabling the use of the

FIB-created emitters for multiple super-resolution microscopy modalities. Moreover, better

spatial resolution and smaller waist of the ion beam, such as in the Helium Ion Microscopes

(HIMs), can further decrease the affected defect sites by 1-2 orders of magnitude [347–349],

paving the way for deterministic creation of atomically-small isolated defects with nanometer

precision emitting single photons. Further miniaturization of optically-active defects to below

100 nm scale should also enable new studies of nanofluidic phenomena at the liquid-solid

interfaces [132, 219] with unprecedented spatial control over the nanoscale charge dynamics.
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7.3 Conclusion

We presented a systematic study of the focused ion beam interactions with supported thin

exfoliated hexagonal boron nitride flakes, leading to the creation of optically-active spin

defects. We showed that the defect creation is the result of the ion beam interacting not only

with the thin hBN flakes, but also with the substrate, on which it is supported. Moreover,

both the structural and optical properties of the induced defects are dose-dependent and

undergo irreversible transitions in aqueous solutions, representing a new mechanism of water-

assisted formation of FIB-irradiated hBN defects. By utilizing super-resolution microscopy

correlated with AFM imaging, we are able to explicitly show the localization of emitters at the

rim of the created defect site. Our findings lay the foundation for FIB-assisted engineering of

optically-active defects in hBN with nanoscale control for nanophotonics, quantum sensing

and nanofluidics.

7.4 Methods

7.4.1 Sample preparation

hBN flakes from high quality crystals [76] were exfoliated onto glass coverslips (no. 1.5 Micro

Coverglass, Electron Microscopy Sciences, 25 mm in diameter), pre-patterned with gold mark-

ers for easier navigation and electrode mesh to prevent accumulation of charges. Exfoliation

was done either using tape or gel-pack stamps. The flakes for TEM grids (Norcada, NT025C)

were polymer-transferred. Si/SiO2 substrates have also been used, with similar patterning

results.

7.4.2 FIB irradiation

Irradiation and hBN patterning was done on Helios G4 PFIB UXe system with Xenon Plasma

FIB column. All experiments were done at 30kV and 100pA Xe beam with varying parameters of

dwell time and pitch distance between irradiated spots. By varying the dwell time from 100µs

to up to 2ms we effectively increase the irradiation dose and pattern outcome in the form of

irradiated spot size. Pitch distance is typically set to 3 µm for studying isolated defects and

between 300 and 500 nm in case of tighter arrays and line patterns. Typical ion fluence/dose

ranges from 1.2×1014 to 2.5×1015 ions/cm2 for dwell time range of 100 µs to 2 ms.

7.4.3 Optical inspection

Widefield imaging has been done on a custom widefield fluorescence microscope, described

elsewhere [127, 130]. Briefly, the emitters are excited using either 488 or 561 nm laser (Monolitic

Laser Combiner 400B, Agilent Technologies), which is collimated and focused on the back focal

plane of a high-numerical aperture oil-immersion microscope objective (Olympus TIRFM
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100X, NA: 1.45). This creates a wide-field illumination of the sample in an area of ≈ 25µm2.

Fluorescence emission from the sample is collected by the same objective and spectrally

separated from the excitation light using dichroic and emission filters (ZT488/561rpc-UF1 and

ZET488/561m, Chroma) before being projected on an EMCCD camera (Andor iXon Life 897)

with EM gain of 150. An additional spectral path, mounted in parallel to the localization path

allows for simultaneous measurements of the emission spectra from individual emitters [127].

The sample itself is mounted in a sealed fluidic chamber, which is placed on a piezoelectric

scanner (Nano-Drive, MadCityLabs) for fine focus and drift compensation using an IR-based

feedback loop which is especially important for long-term measurements. Typical exposure

time is 20-50 ms and typical laser power 50-100 mW. A typical acquired image stack contained

2-10 thousand frames.

Confocal imaging was done on two different setups, utilizing either 532 nm or 561 nm exci-

tation lasers and APDs as well as spectrometers to detect the emitted light. The first setup

was used to obtain both emission and absorption spectra of defects to make their 2D spectral

maps. However, due to the limitations in construction this setup could only be used to image

samples in air. In order to perform emission measurements a diode pumped solid state (DPSS)

laser (DJ532-40, ThorLabs) at 532 nm was used. The laser beam was passed through a single

mode fiber (P3-460B-FC-1, ThorLabs) to obtain a gaussian beam profile. Afterwards, a narrow

bandpass filter (FL05532-1, ThorLabs) was is placed in the beam path to remove any unwanted

features from the laser spectrum. A 100X, 0.9 NA objective (MPLFLN, Olympus) focused the

beam on the sample and collected the emission. The sample was mounted vertically on a

piezoelectric stage (Nano-Drive, MadCityLabs) and a raster scan was performed to obtain

the spectral maps. The laser line was removed from the emission spectra by a longpass filter

(FELH0550, ThorLabs) and the signal was recorded using a spectrograph (Kymera 193i, Andor)

with a CCD (iDus, Andor). For absorption measurement, the sample was illuminated from the

back by a calibrated halogen lamp (SLS201L, ThorLabs). The transmitted light was collected,

on the opposite side of the sample, by 100X, 0.9 NA objective (MPLFLN, Olympus) and the

spectrum was recorded with the CCD. In order to extract the absorption, a measurement was

first made on the substrate and used a background signal.

To compensate for this we utilized a second confocal setup in an inverted microscope con-

figuration allowing us to image samples in liquid. Here the emission was split between two

fiber-coupled APDs (SPCM-AQRH, Excelitas) in an HBT configuration. One of the APDs

could be switched with a fiber-coupled spectrometer (QE Pro, Ocean Optics) to measure the

emission spectra in liquid. The setup could also perform lifetime and photon correlation

measurements using the PicoHarp TCSPC module (PicoQuant).

7.4.4 TEM Imaging

The lamella for cross-section imaging was cut using the Zeiss NVision 40 CrossBeam system.

Irradiated flake chosen for cross-section imaging was patterned using default array parameters
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i.e. 30kV, 100pA Xe FIB. High resolution TEM imaging was performed at Talos L120C G2 using

80kV electron beam.

7.4.5 AFM imaging and image processing

For the AFM imaging a customized AFM, consisting of a Dimension Icon AFM head (Bruker)

mounted above an optical microscope (Olympus IX83), was used. The position of the hBN

flakes with respect to the cantilever was detected with the optical microscope. AFM images in

air were recorded at a line rate of 0.5H z with RTESPA-150 cantilevers (Bruker) with a nominal

spring constant of 6N m−1 in tapping mode. The cantilever drive frequency and amplitude

were determined by automated cantilever tuning. AFM images in fluid were acquired at 0.5H z

line rate using ScanAsyst Fluid cantilevers (Bruker) with a nominal spring constant of 0.7N m−1

in PeakForce quantitative nanomechanical mode (QNM) at an oscillation rate of 1kH z and a

force setpoint of 3nN . The images were processed with a standard scanning probe software

(Gwyddion).

7.4.6 SMLM processing

Acquired image stacks from the widefield microscope were processed using several SMLM

algorithms: ThunderSTORM [350], SOFI [] and DECODE [346], a new deep learning-based

localization algorithm. DECODE processing is beneficial in this case as the emitter density

around the rim is high (Fig. S7.15) and standard SMLM algorithms, such as Thunderstorm

[350], are failing to properly localize individual emitters, resulting in localization artifacts (Figs.

S7.15,7.16). To utilize DECODE, We trained the neural network provided by the authors using

simulated frames with a high density of emitters (5 µm−2), a realistic intensity distribution

(1000 ± 800 photons/event), and the experimental point spread function calibrated with

fluorescent beads.

Another approach to analyse such type of data with dense emitters is to use the super-

resolution optical fluctuation imaging (SOFI), which better tolerates the high density of

emitters and similarly to DECODE shows the clear existence of the fluorescent rim at the

edge of hole-type defects (Fig. S7.16). SOFI images were processed using a previously pub-

lished algorithm [351]. Both SOFI and DECODE approaches have allowed to clearly resolve

rims of the defect sites, but DECODE led to fewer image artifacts than SOFI.
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7.5 Supplementary Information

Figure 7.6 – Analysis of FIB-induced line patterns of structural and optically active defects. a) Fluores-

cence image of an exfoliated hBN flake, with lines of defect sites, induced by the FIB. Irradiation dose

increases from the top to the bottom line. In-line pitch: 500 nm. b) Average intensity of each line of

defects. c) SMLM images of the defect lines. d) AFM images of the defect lines. Two distinct groups

of defects are produced, depending on the irradiation dose: hills for lower doses and holes for higher

ones. e) Line profiles of the emitters in (c) with calculated average pitch distance. f) Line profiles of the

AFM images in (d). Scale bars: 5mm (a), 1mm (c,d)
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Figure 7.7 – Calculating Signal-To-Background Ratio values from processed widefield images (averaged

stacks). Each emitter’s position was manually selected, then the maximum intensity pixels were

automatically found and averaged to get the signal value. To obtain the local background value the

intensities of border pixels (indicated by red squares) were averaged. The final SBR value was calculated

as the signal value divided by the background value. Pixel size: 100 nm

Figure 7.8 – AFM analysis of suspended FIB-irradiated hBN flakes. a) Silicon nitride TEM grid with a

thin hBN flake, irradiated with a 2D array of defects (pitch distance 600 nm, beam current 100 pA, dwell

time 1.4 ms). b) Zoom-in into highlighted region in (a). c) Height profiles along respective lines in (b),

showing that the flake is fully pierced by the ion beam. d) A thicker hBN flake on the same TEM grid,

patterned with the same FIB parameters. e) Zoom-in into highlighted region in (d). f) Height profiles

along respective lines in (e), showing that the flake is only partially milled by the ion beam. Scale bars:

1 µm (a,d), 500 nm (b,e)
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Figure 7.9 – Additional characterization of optical properties of FIB-induced defects. a) Bleaching

curves under 488 nm and 561 nm CW illumination. Double-exponent fit for the 488 illumination

hints on two types of emitters being bleached. b) Fluorescence lifetime of hole- and hill-type defects

under pulsed 561 nm illumination (background-corrected). While amplitude of fluorescence differs

significantly, the lifetimes are quite similar, ≈ 1.1 ns. c) Saturation curve for the hole-type defects

(Psat ≈ 50% of laser power, corresponding to ≈ 50 mW) d) ODMR curves for varying microwave power,

for hole-type defects. Measurement done on a dried sample in air.

Figure 7.10 – AFM analysis of FIB-irradiated hBN flakes before (a-c) and directly after (d-f) immersing

the sample in water. The hole formation therefore happens on a timescale faster than a single high-

resolution AFM scan (≈ 20 minutes). Scale bars: 1 µm (a,d), 500 nm (b,e)
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Figure 7.11 – AFM timelapse of the same irradiated hBN flake immersed in water. a) After 22 hours. b)

After 30 hours. c) Height profiles along respective lines in (a, b), showing that the holes are not changing

their diameter (≈ 400 nm) much over time. Scale bars: 1 µm (a,d), 500 nm (b,e)

Figure 7.12 – Dependence of hole size on irradiation dose (dwell time). a) AFM images of isolated

holes after water. b) Height profiles of their cross-sections. Scale bar: 100 nm
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Figure 7.13 – Absorption spectra of defects before and after water treatment. The measurement was

done in transmission using a white light source. The background measured next to the irradiated flake

was subtracted from the recorded signal.

Figure 7.14 – Confocal spectral mapping of produced defects with varying irradiation dose. Emission

pattern at a) 610 nm and b) 830 nm, corresponding to two spectral peaks observed in Fig. 3 in the main

text. The emission at 830 nm seems to come from a larger ring around the defect site, while the 610

emission is more localized towards the center. Pixel size: 250 nm
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Figure 7.15 – a) Montage of a single FIB-induced defect site, emitting over 100 frames (2 seconds).

Fluctuations in fluorescence intensity and spatial distributions are well visible, but the density of

emitters is high, which prevents the localization of single emitters b) Same montage with an overlay of

the SMLM detections, performed by ThunderSTORM [350] algorithm. One can notice multiple false

localizations due to high emitter density, leading to artifacts in the reconstructed image below. Scale

bar: 1 µm

Figure 7.16 – Processed widefield images of fluorescent defects. a) Averaged image of the stack of

10’000 frames with 20 ms exposure. b) Reconstructed image, summing up localizations of the same

image stack, processed by the ThunderSTORM plugin. c) Result of super-resolution optical fluctuation

imaging (SOFI) processing, clearly displaying the grouping of emitters around the defect rim. Scale bar:

3 µm (a-c), 500 nm (insets)
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In this chapter I will summarize the research results obtained during my PhD studies and will

provide a personal outlook on the future developments in the field of optically active hBN

defects. Everything written in this chapter reflects my personal attitude and views.

Starting my PhD journey with fluorescent nanodiamonds containing NV centers, I used them

as an established and well-studied platform to study novel (an, in a way, more exotic) defects in

vdW materials with a special emphasis on highly promising emitters in hBN. As the work was

already underway when I joined the lab, I could quickly learn from the more experienced lab

members and continue their efforts in this research direction. In parallel, I was also building a

custom combined confocal/widefield microscope, described in Appendix A.1, which allows

to perform both widefield fluorescence microscopy and a scanning one, capable of spectral,

lifetime and photon statistics measurements. All these measurement modalities, calibrated

on nanodiamonds, were extremely useful to study the optical properties of emitters in hBN.

My first contribution, however, started from performing experiments with Dr. Jean Comtet,

who has built a custom spectral localization microscope, allowing both to record the spatial,

temporal and spectral distribution of optically active defects in hBN on an ensemble scale.

While first we started imaging intrinsic defects in CVD-grown monolayer hBN, which had

to be transferred from a metallic growth substrate to the dielectric one to not quench the

fluorescence from defects, we later transitioned to inducing optically active defects in pristine

exfoliated hBN flakes using O2 plasma. We observed at least two distinct spectral groups of

emitters on both types of samples (with emission lines at 585 and 650 nm, respectively) and

characterized their photophysical properties, described in detail in Chapter 4.

As the spectral SMLM setup uses half of the camera sensor to detect the spatial information,

and the other half - for the spectral one, the already limited (by the high NA objective) field-of-

view is shrunk even further, rendering suitable imaging area to about 20x20 µm2. Knowing,

that a similar problem exists for TIRF microscopy, where it is further deteriorated by the non-

uniformity of illumination, together with Dr. Anna Archetti we started developing a specialized

waveguide-based imaging platform meant to circumvent these shortfalls (which are not only
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limiting the microscopy throughput, but can also introduce imaging artefacts). As a result of

our endeavours, we managed to increase the field-of-view by at least 25 times, still having a

uniform illumination of the sample. Tackling together all aspects of simulating, designing and

measuring such on-chip platform took quite some effort, but resulted in 3 publications over 3

years, spanning from DNA-PAINT applications, to high-throughput imaging of transferred

and as-grown two-dimensional materials, described in Chapter 5.

While imaging 2D materials on waveguides for hours in dark room, my eyes started seeing

tracks of fluorescent emitters on the surface of hBN flakes, which I first attributed to eye

fatigue. However, the reconstructed SMLM images we also from time to time showing a similar

picture, indicating that the emitters were switching ON and OFF in a coordinated fashion.

Discussing these findings with Dr. Jean Comtet led to an extremely fruitful project, where the

appearance of such fluorescence tracks was attributed to charged particles, diffusing along the

defects sites and sequentially activating their fluorescence by adsorbing on their surface and

changing their charge state. Performing multiple tracking experiments with varying pH and

temperature of the aqueous solution covering hBN surface, and carefully analysing the data,

we were able to pinpoint single excess protons as the diffusing charged particles responsible

for the correlated defect activation. This work, described in detail in Chapter 6, is opening a

whole new field of investigating complex charge dynamics at the liquid-solid interfaces using

optically active defects. More experiments in mixtures of various solvents have followed, some

of which are described in Ref. [219].

Finally, to be able to reliably and systematically explore nanoscale phenomena in liquids

using hBN emitters, we needed to be able to have a good degree of control over the locations

of individual defect sites. After several attempts on using e-beam irradiation or patterned

substrates for this purpose, together with another PhD student, Michal Macha, we employed

Xe pFIB to deterministically create the optically active defects in thin exfoliated hBN flakes.

Optimizing the irradiation parameters took quite a while, but allowed us to achieve sub-100

nm defect sizes with the positioning accuracy of tens of nanometers. Moreover, during this

project we discovered a remarkable structural-optical transition between different defect types,

induced by the FIB, depending on the irradiation dose and assisted by aqueous solutions in

which the irradiated flake was immersed. Utilizing correlated SMLM-AFM imaging coupled

with state-of-the-art processing algorithms, we managed to directly visualise the spatial

distribution of fluorescence within a single diffraction-limited defect site. The first steps on

this exciting journey are described in Chapter 7.

Looking into the future I can easily see how all the techniques mentioned above are con-

verging to explore in detail the complex charge dynamics at the liquid-solid interfaces using

engineered optically-active defects. Spin-dependent emission from such defects can serve as

a nanoscale sensor to monitor the fast processes happening at a single-charge scale. Seeing

experiments with NV centers in bulk diamond [352, 353] and nanodiamonds [19], I am quite

certain that they will be implemented with hBN emitters as well. Moreover, not only detec-

tion of nanoscale charges might be possible, but also their manipulation due to preferential
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pathways along the liquid-solid interfaces and induced hydrogen-bonding networks. This will

require a 1-2 orders of magnitude better control over the size and position of the defects and

should be implementable using state-of-the-art helium microscopes.

Another promising avenue opens up with the development of novel single-photon avalanche

detector (SPAD) arrays [354], bringing their ultimate sensitivity and picosecond temporal

resolution to the traditional widefield microscopes, currently limited by the low signal-to-

noise and millisecond time resolution. Application and further development of such detectors

to study dynamics of hBN emitters might reveal many exciting details currently inaccessible

due to equipment constraints. Using SPAD detectors might also enable the high-throughput

quantum sensing applications on arrays of emitters, combined with biological samples [355],

micro- or nanofluidic channels.

To harness the full potential of emitters in hBN, it would be advantageous to achieve their

electrical excitation [11] and readout, similar to the photoelectrical detection of magnetic

resonance (PDMR) demonstrated for NV centers in diamond [13]. This could be highly

advantageous for co-integration of hBN emitters into photonic integrated circuits (PICs) and

their use in real-life devices. One example of such device can be the quantum random number

generator (QRNG), based on the single-photon emission from optically active defects in hBN.

While currently demonstrated at the laboratory scale, its integration into a miniaturized device

will be crucial for its real-life applications [356]. Another rapidly developing application for

spin defects in hBN will be their use as nanoscale sensors for temperature, pressure, strain,

etc. [357, 358]

Finishing this outlook, I would also like to reflect on the future of on-chip imaging platforms.

After the initial development of imaging waveguides on traditional substrates, like silicon,

which are non-transparent for visible light [184, 261], the next step would be to fabricate such

waveguides on transparent substrates (e.g. fused silica [359]). This will allow such chips to

be used not only on upright microscopes, but also on inverted ones, which are commonly

used in biology. Moreover, it will enable the use of higher-NA oil-immersion microscope

objectives, enhancing the achievable resolution. Having the imaging objective at the bottom

of the chip will also allow for additional co-integration with microfluidics on top [184]. Further

benefits can also come from the electrical tuning of the penetration depth of the evanescent

field, which can be achieved using transparent conductive films, such as polymers or indium

tin oxide (ITO). However, the ultimate challenge for the on-chip imaging platform is their

ease-of-use and accessibility for the larger imaging community, and further developments are

needed to make this imaging modality widely used.
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A.1 Optical setup

Even though during my PhD I worked on multiple optical setups, mentioned throughout this

thesis, one is particularly close to my heart as I was disassembling and assembling it again

so many times during 5 years! Sometimes I felt like I was still the same 5-year-old kid still

playing LEGO, just the kits became a bit more complex and expensive (but not less fun!). This

ever-changing multi-purpose home-built confocal/widefield microscope, known as "Evgenii’s

setup", is shown in Fig. A.1 and Fig. A.2 below.

This setup allows to both excite fluorescence using three excitation lasers (561 nm CW (Spectra-

Physics, Excelsior), 561 nm CW and pulsed (PicoQuant LDH-561), 470 nm CW and pulsed

(PicoQuant LDH-D-C-470)), see the geometry and navigate around (using motorized micro-

and piezo nano-stages) with white light illumination, and perform the detection using sCMOS

camera (Andor Neo) or fiber-coupled APDs (Excelitas, SPCM-AQRH-14), one of which can be

easily swapped with a fiber-coupled portable spectrometer (Thorlabs OSA) to check the spec-

trum of the emission. Two APDs in the Hanburry-Brown-Twiss (HBT) configuration not only

allow to perform lifetime measurements thanks to the fast counting electronics (dual-channel

PicoHarp 300, PicoQuant), but also to collect photon statistics for bunching/antibunching

measurements. And the addition of the microwave source (Keysight N5180) connected to

a microwave antenna allows one to perform ODMR measurements. The setup also has an

infrared laser (1064 nm, Coherent Mephisto) for optical trapping applications.
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Figure A.1 – Schematic of the multi-purpose home-built confocal/widefield microscope. DM -

dichroic mirror, FM - flip mirror, BE/BC - beam expander/beam collimator, EOD - electro-optical

deflectors, AOD - acousto-optical deflectors, N - notch filter, BP - banpass filter, TL - tube lens.

Figure A.2 – Photograph of the home-built confocal/widefield microscopy setup with labels.
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A.2 Sample holder for microwave measurements

Coming from the superconducting circuits community, I was used to work with microwave

structures. Therefore I designed, developed and fabricated a modular PCB-based sample

holder for microwave measurements (aiming at doing ODMR of NV centers and defects in

hBN). The sample holder, two versions of which are shown in Fig. A.3a, consisted of a printed

circuit board (PCB) and a glass coverslip (25 mm in diameter, 170 µm thick), which was glued

and wire-bonded to the PCB. Both PCB and coverslips were patterned to have a coplanar

waveguide (CPW) to conduct microwaves in the 1-5 GHz range, generated by a MW source

and supplied to the PCB via an SMA cable plugged into an SMA connector (Fig. A.3b). The

fluorescent samples under study were placed in the middle of the coverslip (Fig. A.3c), ideally

in between the ground and the central wire leaving the optical window of 40 µm wide and

several mm long (Fig. A.3d). Such holder allowed for the efficient delivery of microwave power

to the inspected samples. Calculations of the CPW dimensions were done in TXLine and the

layout was made in the free K-Layout editor, fabrication was done in ACI and CMI at EPFL.

Figure A.3 – a) Two versions of the assembled PCB-based sample holder (with vertically and

horizontally-placed SMA connectors, from FR4 or Rogers 4003c laminate, respectively). b) Sample

holder mounted on the optical setup from A.1 with a connected SMA cable from the MW source. c)

Patterned using photolithography and metal sputtering 25mm glass coverslip. d) Optical windows

40 µm wide and several mm long between the ground and the central wire of the CPW microwave

antenna.
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A.3 Patterned microscopy coverslips

Most of the microscopy samples greatly profit from having markers for navigation, which can

be very tricky with a high-NA objective. That is why I fabricated patterned coverslips with

navigation markers and, optionally, electrodes for grounding and/or applying electrical bias

(Fig. A.4). Starting from a tedious coating/photolithography/sputtering/lift-off process, I also

employed a resist-free 1-step deposition process through a fabricated stencil mask in a silicon

nitride membrane.

Figure A.4 – a) Patterned microscopy coverslip with a grid of markers and interdigitated electrodes. b)

SEM zoom-in into a central region of the patterned coverslip. Field of view is similar to that of a 60x

microscope objective. Scale bar: 10 mm (a), 50 µm (b)
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B List of publications

While the chapters of this thesis are composed of my most significant contributions, there

were several more publications during my PhD which I co-authored. Therefore, I present

them below as a part of my publication list in a chronological order, mentioning my personal

contribution to each paper. Other publications from my undergraduate studies can be found

in the attached CV at the end of the thesis.

1. Fluorescent Nanodiamonds as Versatile Intracellular Temperature Sensors. Evgenii

Glushkov, Vytautas Navikas, Aleksandra Radenovic. CHIMIA International Journal

for Chemistry, 73, 1, (2019), pp. 73-77(5).

I performed detailed literature analysis and wrote the text of this review paper, having

discussed it with other co-authors.

2. Waveguide-PAINT offers an open platform for large field-of-view super-resolution imag-

ing. Anna Archetti, Evgenii Glushkov, Cristian Sieben, Anton Stroganov, Aleksandra

Radenovic, and Suliana Manley. Nature Communications (2019), vol. 10, no. 1, pp. 1–9.

Together with the first author of this paper I have designed, fabricated and characterized

the on-chip waveguides. I have also written a part of the manuscript, prepared several

figures, and proof-read and corrected the paper.

3. Wide-field spectral super-resolution mapping of optically active defects in hBN. Jean

Comtet, Evgenii Glushkov, Vytautas Navikas, Jiandong Feng, Vitaliy Babenko, Stephan

Hofmann, Kenji Watanabe, Takashi Taniguchi, Aleksandra Radenovic. Nano Lett. (2019),

19, 4, 2516–2523.

I aided in preparing the samples, including hBN exfoliation and transfer, helped with

data analysis and interpretation of results. I have also discussed the results with co-

authors, proof-read and corrected the whole manuscript.
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4. Facile Production of Hexagonal Boron Nitride Nanoparticles by Cryogenic Exfoliation.

Ngoc My Hanh Duong, Evgenii Glushkov, Andrey Chernev, Vytautas Navikas, Jean

Comtet, Minh Anh Phan Nguyen, Milos Toth, Aleksandra Radenovic, Toan Trong Tran,

Igor Aharonovich. Nano Lett. (2019), 19, 8, 5417–5422.

I performed SMLM imaging of hBN nanoflakes, analysed blinking statistics of emitters

in them, wrote part of the manuscript, and aided in making figures. I have also discussed

the results, proof-read and corrected the whole manuscript.

5. Waveguide-based platform for large-FOV imaging of optically-active defects in 2D ma-

terials. Evgenii Glushkov, Anna Archetti, Anton Stroganov, Jean Comtent, Mukeshc-

hand Thakur, Vytautas Navikas, Martina Lihter, Juan Marin Gonzalez, VItaliy Babenko,

Stephan Hofmann, Suliana Manley, Aleksandra Radenovic. ACS Photonics (2019), 6, 12,

3100–3107.

I have designed, fabricated and characterized the waveguide chips. I have further

performed the transfer of hBN into the imaging wells and all the imaging experiments

mentioned in the paper. I have analysed the data, made the figures and wrote the paper.

6. Direct observation of water mediated single proton transport between hBN surface defects.

Jean Comtet, Benoit Grosjean, Evgenii Glushkov, Ahmet Avsar, Kenji Watanabe, Takashi

Taniguchi, Rodolphe Vuilleumier, Marie-Laure Bocquet and Aleksandra Radenovic.

Nature Nanotechnology (2020), 15, 7, 598-604.

I have observed the effect and discussed it with the lead author of the paper. I have

further aided with sample preparation, characterization experiments and data interpre-

tation. I have also discussed the results, proof-read and corrected the whole manuscript.

7. Direct growth of hexagonal boron nitride on photonic chips for high-throughput charac-

terization. Evgenii Glushkov, Noah Mendelson, Andrey Chernev, Ritika Ritika, Martina

Lihter, Reza R. Zamani, Jean Comtet, Vytautas Navikas, Igor Aharonovich, Aleksandra

Radenovic. ACS Photonics (2021) 8, 7, 2033–2040.

I have designed, fabricated and characterized the waveguide chips. I have further

performed the super-resolution imaging of as-grown and transferred hBN, analysed

the data, made most of the figures and wrote most of the paper with input from other

co-authors.

8. Anomalous interfacial dynamics of single proton charges in binary aqueous solutions.

Jean Comtet, Archith Rayabharam, Evgenii Glushkov, Miao Zhang, Avsar Ahmet, Kenji

Watanabe, Takashi Taniguchi, Narayana R Aluru, Aleksandra Radenovic. (2021) arXiv,

arXiv: 2101.00231 (accepted in Science Advances)

I have performed imaging experiments and and discussed them with the lead author of

the paper. I have further aided with sample preparation and data interpretation. I have

also discussed the results, proof-read and corrected the whole manuscript.
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9. Engineering optically active defects in hexagonal boron nitride using focused ion beam

and water. Evgenii Glushkov, Michal Macha, Esther Rath, Vytautas Navikas, Nathan

Ronceray, Cheol Yeon Cheon, Ahmet Avsar, Ahmed Aqeel, Kenji Watanabe, Takashi

Taniguchi, Ivan Shorubalko, Andras Kis, Georg Fantner and Aleksandra Radenovic.

(2021) (under review)

I have designed the study, observed the effects, and performed the optical imaging

experiments. I have also coordinated the work of other co-authors, did the data analysis,

made most of the figures and drafted the main text of the paper with the input from all

co-authors.
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350. Ovesn, M., Křížek, P., Borkovec, J., Švindrych, Z. & Hagen, G. M. ThunderSTORM: a

comprehensive ImageJ plug-in for PALM and STORM data analysis and super-resolution

imaging. Bioinformatics 30, 2389–2390 (2014).

351. Geissbuehler, S. et al. Mapping molecular statistics with balanced super-resolution

optical fluctuation imaging (bSOFI). Optical Nanoscopy 1, 1–7. ISSN: 21922853 (2012).

352. Aslam, N. et al. Nanoscale nuclear magnetic resonance with chemical resolution. Science

357, 67–71. ISSN: 10959203 (2017).

353. Glenn, D. R. et al. High-resolution magnetic resonance spectroscopy using a Solid-State

spin sensor. Nature 555, 351–354. ISSN: 14764687 (2018).

354. Morimoto, K. et al. Megapixel time-gated SPAD image sensor for 2D and 3D imaging

applications. Optica 7, 346. ISSN: 2334-2536. arXiv: 1912.12910 (2020).

355. Zickus, V. et al. Fluorescence lifetime imaging with a megapixel SPAD camera and

neural network lifetime estimation. Scientific Reports 10, 1–10. ISSN: 20452322. https:

//doi.org/10.1038/s41598-020-77737-0 (2020).

356. Wen, C. et al. Advanced Data Encryption using 2D Materials. Advanced Materials 33,

2100185.

357. Liu, W. et al. Temperature-dependent energy-level shifts of Spin Defects in hexagonal

Boron Nitride, 1–6. arXiv: 2101.09920. http://arxiv.org/abs/2101.09920 (2021).

358. Gottscholl, A. et al. Sub-nanoscale Temperature, Magnetic Field and Pressure sensing

with Spin Centers in 2D hexagonal Boron Nitride, 1–9. arXiv: 2102.10890. http://arxiv.

org/abs/2102.10890 (2021).

359. Priyadarshi, A. et al. A transparent waveguide chip for versatile TIRF-based microscopy

and nanoscopy. arXiv preprint arXiv:2006.07275 (2020).

130

http://dx.doi.org/10.1016/j.mee.2013.09.018
http://dx.doi.org/10.1016/j.mee.2013.09.018
https://arxiv.org/abs/1912.12910
https://doi.org/10.1038/s41598-020-77737-0
https://doi.org/10.1038/s41598-020-77737-0
https://arxiv.org/abs/2101.09920
http://arxiv.org/abs/2101.09920
https://arxiv.org/abs/2102.10890
http://arxiv.org/abs/2102.10890
http://arxiv.org/abs/2102.10890


Evgenii Glushkov | CV
Chemin de Champagne, 2 – 1025 St-Sulpice – Switzerland
H +41 78 971 48 30 • B evgenii.glushkov@epfl.ch

Í instagram.com/phdsuisse • linkedin.com/in/evgenii-glushkov

Education
École polytechnique fédérale de Lausanne Lausanne
PhD 2016–to date
Microsystems and Microelectronics
Moscow Institute of Physics and Technology Dolgoprudnii
Masters, 4.8/5 2014–2016
Physics and Technology of Nanostructures
Moscow Institute of Physics and Technology Dolgoprudnii
Bachelors, 4.5/5 2010–2014
Applied Physics and Mathematics

Work and Research
Laboratory of Nanoscale Biology EPFL
prof. Aleksandra Radenovic 2016–to date
Optically-active defects as quantum probes for imaging and sensing.
Laboratory of Artificial Quantum Systems MIPT
prof. Oleg Astafiev 2014–2016
Superconducting circuits for quantum optics.
Laboratory of Photonics and Quantum Measurements EPFL
prof. Tobias Kippenberg 07.2015–12.2015
Circuit electromechanics with 3D cavities.
Laboratory of Superconducting Metamaterials NUST MISIS
prof. Alexey Ustinov 2013–2015
Superconducting flux qubits.

Research Topics
{ Super-resolution microscopy { Optically-active defects in novel materials
{ Design & fabrication of nanostructures { Quantum optics & Quantum Information

Skills & Experience
Science education & outreach: Teaching
physics to high school and university students,
writing for popular science magazines, presenting
at various sci-comm events

Organization: Leading full-stack organization &
planning of multiple online & in-person science-
related events ranging from tens to hundreds of
participants

Optics: Designing, building and maintaining var-
ious home-built optical microscopes

Cleanroom fabrication: 6 years of experience
in micro- and nanofabrication

Programming: Python, Matlab, LabVIEW, C,
Arduino

Simulation & Design: COMSOL, SolidWorks,
Autodesk Inventor

1/2
131



Science Education & Outreach
My passion for teaching physics was ignited by my incredible physics teacher in high school. Since
my Bachelor’s I was teaching physics-related subjects first to middle- and high school students
(including summer camps), and then to university students. With the support of several personal
grants (Potanin Scholarship, Rosmolodezh, Moscow Government Scholarship), I was also developing
study plans and educational activities (including hands-on experiments) for all of these courses.
Alongside that I was writing for multiple popular science magazines (nplus1.ru, novayagazeta.ru,
nauka.tass.ru), giving talks at sci-comm events and participating in competitions for young
scientists: Exposure Science Film Hackathon, My Thesis in 180 seconds, Science Slam, EPFL Open
Days (where I presented my portable fluorescence microscope), etc. I was also one of the authors of
a popular science comic book, that was published in collaboration with Skoltech.
During my PhD I highly enjoyed supervising students, both for individual lab projects and team
competitions. In 2016-2018, I was a team leader of EPFL teams for two international student
competitions: International Physicists’ Tournament (IPT, iptnet.info) and SensUs Biosensor
Competition (sensus.org). Both teams won the competitions in 2018.

Experience as an organizer
I’ve been organizing multiple science-related events: monthly Symposium for PhD students at
EPFL, a Summer School in Davos, a Scientific Meeting for my research center (NCCR Bio-inspired
Materials). Since 2017 I serve as the representative of the International Physicists’ Tournament in
Switzerland, responsible for organizing the Swiss National Selections and forming the Swiss national
team. I was also leading the organization of the IPT 2019 for more than 200 students from 20
countries.

Recent Publications
{ Comtet, J., Grosjean, B., Glushkov, E. et al. Direct observation of water-mediated single-proton
transport between hBN surface defects. Nature Nanotechnology 15, 598–604 (2020).

{ Glushkov, E. et al. Waveguide-Based Platform for Large-FOV Imaging of Optically Active Defects
in 2D Materials. ACS Photonics 6, 3100–3107 (2019).

{ Duong, N. M. H., Glushkov, E. et al. Facile production of hexagonal boron nitride nanoparticles
by cryogenic exfoliation. Nano Lett. 19, (2019).

{ Comtet, J., Glushkov, E. et al. Wide-Field Spectral Super-Resolution Mapping of Optically
Active Defects in Hexagonal Boron Nitride. Nano Lett. 19, 2516–2523 (2019).

{ Archetti, A., Glushkov, E. et al. Waveguide-PAINT offers an open platform for large field-of-view
super-resolution imaging. Nature Communications, 10 (2019).

{ Glushkov, E., Navikas, V., Radenovic, A. Fluorescent nanodiamonds as versatile intracellular
temperature sensors. Chimia, 73, 73-77 (2019).

{ Full list of publications: https://scholar.google.com/citations?user=0wA2zzYAAAAJ

Languages
Russian: C2 Mother tongue
English: C1 Fluent
French: B2 EPFL Language Center
German: B2 DSH-2

2/2
132


	Acknowledgements
	Abstract (English/Français)
	List of figures
	Introduction and thesis outline
	A quest for wide-bandgap materials hosting optically active defects
	Color centers in diamond
	Color centers in silicon carbide and zinc oxide
	Optically active defects in vdW materials
	Quantum emitters in hexagonal boron nitride
	Atomic structure of defects in hBN


	Defects in hBN explored using super-resolution microscopy
	Super-resolution optical microscopy
	Point-spread function (PSF)
	Resolution vs. Localization Precision
	Structured illumination methods
	Localization microscopy methods

	Super-resolution imaging of defects in hBN

	Studying ensembles of defects in hBN using sSMLM
	Introduction
	Experimental set-up
	Results and Discussion
	Conclusion
	Materials and Methods
	Optical set-up
	Fitting and spectral assignment and SMLM images
	Sample preparation


	On-chip high-throughput imaging platform
	Characterizing defects in 2D materials using the waveguide microscope
	Results and discussion
	Conclusion
	Materials and methods

	On-chip CVD growth of hBN for high-throughput characterization and facile device integration
	Results and discussion
	Conclusions
	Materials and methods


	Defects in hBN reveal the complex charge dynamics in aqueous solutions
	Reactivity of hBN surface defects in aqueous conditions
	Luminescence migration reveals proton trajectories
	Interfacial mobility and desorption-limited transport
	Proton charge segregation at the solid/water interface
	Conclusion

	Focused Ion Beam enables surface defect engineering in hBN
	Introduction
	Results and discussion
	Conclusion
	Methods
	Sample preparation
	FIB irradiation
	Optical inspection
	TEM Imaging
	AFM imaging and image processing
	SMLM processing
	Acknowledgements

	Supplementary Information

	Conclusion and outlook
	Experimental hardware & methods
	Optical setup
	Sample holder for microwave measurements
	Patterned microscopy coverslips

	List of publications
	Bibliography
	Curriculum Vitae



