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Epitaxial Hexagonal Boron Nitride: from Color Centers to
Wafer Scale Heterostructures

ABSTRACT

In recent years, hexagonal boron nitride (hBN) has established its position among two
dimensional materials as an irreplaceable component of ultrathin heterostructures. Owing
to its high durability, wide bandgap, and flat surface with ideally no dangling bonds, it was
found to improve the performance and provide protection for other van der Waals crystals.
The material has also gathered a lot of attention due to its potential use in quantum techno-
logical applications. Point defects in the atomic structure of hexagonal boron nitride can be
optically active. The emission from such color centers can be highly sensitive to local environ-
mental properties like strain, electric and magnetic field, making them promising candidates
for nanosensors.

This thesis addresses the topic of hBN applications and properties in two ways: on a
macro- and nano-scale. In the studies, we use large-area, ultrathin material grown by Metalor-
ganic Vapor Phase Epitaxy (MOVDPE) to fabricate heterostructures with other two-dimensional
materials.

Chapters from 1 to 4 present the motivation, the theoretical background, and the overview
of studied materials, as well as fabrication and characterization methods. Chapter S describes
the experimental setups used and the developed large-area transfer technique, which is key to
other elements of the work.

In chapter 6, we present a combined heteroepitaxial growth method aimed at the large-
area fabrication of high optical quality monolayers of molybdenum diselenide (MoSe,) - a
representative of 2D material semiconductors. We tested the utility of epitaxial hBN as a
substrate that improves the performance of the subsequently grown monolayer crystal. Our
studies include two approaches: MoSe; growth on as-grown and on transferred hBN layers.
Morphology, structural, and optical spectroscopy studies unveil a high uniformity and re-
peatability of fabricated samples. Photoluminescence measurements performed at low tem-
peratures show a high optical quality of the grown MoSe; layers manifested by narrow and
resolved excitonic lines. An additional transfer step of the hBN layer onto a silicon/silicon
dioxide substrate allowed us to perform electrical gating of the structures, which enabled con-
trol of the well-resolved MoSe; charged-to-neutral exciton intensity ratio.

In chapter 7, we delve into the nanoscale interactions between 2D magnets and color
centers in epitaxial hBN. We show the fabrication scheme and challenges related to the sta-
bility of the heterostructures. Optical studies allow us to characterize defects typically found
in untreated epitaxial layers. Spectroscopy measurements performed with varying tempera-
ture resulted in an intriguing observation of a change in defect-related emission energy and a
cut-off correlated with an antiferromagnetic-paramagnetic phase transition in a 2D magnet,
chromium thiophosphate. Further studies performed in an external magnetic field showed
additional interesting effects. At a magnetic field corresponding to the so-called spin-flop



transition in a 2D magnet, the intensity of the hBN color center emission drastically drops,
and its energy slightly shifts. We discuss the origin of the observed phenomena, consider-
ing mechanical strain and/or changes in an electric and magnetic field as possible explana-
tions. Studies of the hBN/2D magnet heterostructures are supplemented by the results of
polarization-resolved optical probing. We present the angular dependencies collected at var-
ious magnetic fields for the Raman signal of a 2D magnet and the hBN defect-related emis-
sion, which provides valuable information about the symmetry of the electronic states in-
volved in the investigated optical properties.

The thesis is concluded in chapter 8, pointing out opportunities for further development
and applications of the presented research.

The described results show that hBN is a prospective material that can already be scaled
up and used in macro-sized heterostructures and devices. Simultaneously, hBN provides a
great platform for studying basic physical phenomena related to 2D semiconductor systems
on the nanoscale. The presented findings, considering color centers in hBN and their inter-
action with 2D magnets, open a wide path to applications related to quantum technologies
and sensing, while the combined growth of MoSe; on hBN holds great promise for scaling
up van der Waals heterostructure fabrication.
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Epitaksjalny Heksagonalny Azotek Boru: od Centréw
Barwnych po Wielkopowierzchniowe Heterostruktury

STRESZCZENIE

W ostatnich latach heksagonalny azotek boru (hBN) ugruntowat swoja pozycje wsréd ma-
terialéw dwuwymiarowych (2D) jako niezastapiony element ultracienkich heterostruktur.
Ze wzgledu na wysoka trwatosé, szeroka przerwe pasmows i plaski iterfejs bez tzw. wolnych
wigzan, moze on poprawiac wlasnosciizapewnia¢ ochrone innym krysztatom van der Waalsa.
hBN przyciagnat réwniez wiele uwagi ze wzgledu na jego potencjalne zastosowanie w roz-
woju technologii kwantowych. Punktowe defekty w strukturze atomowej heksagonalnego
azotku boru mogg by¢ czynne optycznie. Emisja z takich centréw barwnych moze by¢ wysoce
wrazliwa na lokalne warunki, takie jak naprezenia czy pole elektryczne i magnetyczne, czyniac
je obiecujacymi kandydatami do budowy nanosensoréw.

Niniejsza praca podejmuje temat zastosowan i whasciwosci hBN na dwéch skalach: makro
i nano. W opisywanych badaniach wykorzystujemy wielkopowierzchniowy, ultracienki ma-
terial wytworzony metoda Epitaksji z Fazy Gazowej ze Zwiazkéw Metaloorganicznych (eng.
MOVPE) do wytwarzania heterostruktur hBN z innymi materiatami 2D.

Rozdzialy od 1 do 4 przedstawiajg motywacje, podstawy teoretyczne i przeglad badanych
materialdéw, a takze metody ich wytwarzania i charakteryzacji. Rozdzial 5 opisuje wykorzys-
tane ukltady pomiarowe, a takze opracowana technike transferu wielkopowierzchniowych
warstw hBN, ktéra jest kluczowa dla innych elementéw pracy.

W rozdziale 6 przedstawiamy heteroepitaksjalng metode wzrostu, majacg na celu wyt-
warzanie wielkopowierzchniowych monowarstw diselenku molibdenu (MoSe;), przedsta-
wiciela dwuwymiarowych pétprzewodnikéw, o wysokiej jakosci optycznej. Przetestowal-
i$my funkcjonalnos¢ epitaksjalnych warstw hBN jako podtoza, ktére poprawia jako$é kolejno
hodowanych monowartw. Nasze badania obejmuja dwa podejécia: wzrost MoSe, bezposred-
nio na wyhodowanych metodg MOVPE warstwach hBN, a takze na warstwach hBN trans-
ferowanych na inne podloza. Badania morfologii, struktury i wlasnosci optycznych ujaw-
niaja wysokg jednorodno$¢ i powtarzalno$¢ wytworzonych prébek. Pomiary fotolumines-
cencji wykonane w niskich temperaturach wykazuja wysoka jako$¢ optyczng hodowanych
warstw MoSes, przejawiajacy sie waskimi i rozdzielonymi linjami ekscytonowymi. Trans-
ter warstw hBN na podtoza krzem/dwutlenek krzemu pozwolit na elektryczne bramkowanie
struktur i umozliwit kontrole stosunku intensywnosci natadowanego do neutralnego ekscy-
tonu MoSes,.

W rozdziale 7 przedstawiamy badania nad interakcjami w skali nano pomiedzy magne-
sami 2D i centrami barwnymi w epitaksjalnych warstwach hBN. Przedstawiamy schemat
wytwarzania probek i wyzwania zwigzane z niska stabilno$cia heterostruktur. Badania opty-
czne pozwalajg nam scharakteryzowa¢ defekty zwykle wystepujace w wyhodowanych warst-
wach epitaksjalnych. Pomiary spektroskopowe wykonane w szerokim zakresie temperatur
zaowocowaly obserwacja zmiany energii emisji zwiazanej z defektami w hBN skorelowang
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z przejsciem fazowym antyferromagnetyk-paramagnetyk w uzytym dwuwymiarowym mag-
nesie. Pomiary przeprowadzone w zewngtrznym polu magnetycznym wykazaty intrygujacy
efekt zanikania i zmiany energii emisji z centrum barwnego w hBN zachodzacy w polu mag-
netycznym odpowiadajacym tak zwanemu przejéciu spin-flop w magnesie 2D. W rozdziale
dyskutujemy mozliwe przyczyny obserwowanych zjawisk, wskazujac na odksztalcenia me-
chaniczne lub zmiany w lokalnym polu elektrycznym i magnetycznym. Badania heterostruk-
tur hBN/magnesy 2D sa uzupelnione o wyniki spektroskopii optycznej przy pobudzaniu i
detekeji z réznymi polaryzacjami Swiatta. Przedstawiamy zaleznosci katowe widm zebranych
w zewngetrznych polach magnetycznych dla sygnatéw Ramanowskich pochodzacych od bada-
nego magnesu 2D i emisji zwiazanej z defektami hBN, co dostarcza cennych informacji o
symetrii stanéw elektronowych w badanych strukturach.

Rozprawa jest podsumowana w rozdziale 8, wskazujac mozliwosci dalszego rozwoju i za-
stosowan przedstawionych badari.

Opisane wyniki pokazuja, ze hBN jest przyszto$ciowym materiatem, ktéry mozna skalowaé
i stosowaé w heterostrukturach i urzadzeniach o rozmiarach makro. Jednoczesnie hBN za-
pewnia doskonatg platforme do badania podstawowych zjawisk fizycznych w skali nano. Przed-
stawione wyniki dotyczace centréw koloréw w hBN i ich interakcji z magnesami 2D otwier-
aja szeroka Sciezke do zastosowan zwiagzanych z technologiami kwantowymi i nanosensorami,
podczas gdy heteroepitaksjalny wzrost MoSes na hBN ma potencjat na zwickszenie skali wyt-
warzania heterostruktur van der Waalsa.
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List of abbreviations used in the work

2D - two dimensional

AFM - atomic force microscope

CrBrs — chromium bromide

CrPS4 - chromium thiophosphate

hBN - hexagonal boron nitride

HWP - half waveplate

MBE - molecular beam epitaxy

MoSe; — molybdenum diselenide
MOVPE - metalorganic vapour phase epitaxy
PL - photoluminescence

PSB - phonon sideband

SEM - scanning electron microscope
TMDC - transition metal dichalcogenides
vdW — van der Waals

ZPL - zero phonon line
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Motivation

Quantum technologies have become one of the most intensively developing fields, promising
significant improvements over their classical counterparts. Quantum communication may
offer more security, while quantum computers could be used to solve specific mathematical
problems or calculate protein conformations, indispensable in the search for new medicines
[1]. New sensors would push the boundaries of knowledge giving access to atomic-scale res-
olution [2].

All of these thrilling applications need the development of appropriate building blocks,



ready to meet high expectations. Only one atomic layer thick, so-called two-dimensional ma-
terials are innately rooted in the quantum world, making them great platforms for advancing
various technologies. To utilize 2D crystals we must establish ways to fabricate them on a
large scale, as well as profoundly discover and understand their properties.

In this work, we focus on hexagonal boron nitride (hBN): a promising two-dimensional
material, that has become an irreplaceable component of most structures consisting of other
ultrathin crystals. We explore large-area epitaxial hBN in two ways: on a nano- and macro-
scale.

The first aim of the dissertation was to test the potential of using large-area hBN as a sub-
strate for further, scalable fabrication of high-quality monolayers of other two-dimensional
materials, namely molybdenum diselenide. We additionally explore the possibility of creat-
ing functional devices from the fabricated heterostructures by gating. The second aim of this
work was to study the interactions between epitaxial hBN and nano-magnets. In particular,
to explore the possibility of using hBN as a sensor of local strain or magnetic field. Unveil-
ing the properties of hBN color centers on an atomic scale opens the path for applications
like the development of operating on a nanoscale sensing foil — a material integrated into the
structure, and providing information about the local environment.

We hope that our discoveries will contribute to the development of quantum technolo-
gies, both at the level of understanding the basic processes occurring in two dimensions, as

well as advancing fabrication methods that can be used on a large scale.



Materials

2.1 INTRODUCTION

Rapid technical development constantly demands more efficient, miniaturized, and reliable
solutions, propelling the search for novel materials. Studies of graphene opened the way for
a whole new branch of research focusing on ultrathin crystalline layers [3, 4]. In these ma-
terials, atoms strongly connected via covalent bonds form layers. These in turn are stacked

on top of each other and connected only by relatively weak van der Waals interaction. Such



a structure allows for the study of physical phenomena of two-dimensional systems, which
can vary greatly from their bulk counterparts. Intriguing optical, electrical, and mechanical
properties make 2D crystals a viable solution for the development of novel devices, as well as
create a playground for basic research. Moreover, various 2D materials can be stacked on one
another to create so-called van der Waals heterostructures — carefully designed systems that
derive their properties from selected materials. Up to this day, more than a thousand crystals
are predicted to be stable in their 2D form [5]. In the next sections, we present the structure,

properties, and production method of 2D materials that are of interest to this work.

2.2 BORON NITRIDE

Boron nitride belongs to the nitrides family — inorganic compounds consisting of nitrogen
atoms. Among them, the group of semiconductor, III-V group materials was intensively
studied due to their applications in various optical and electrical devices. The best-known
representatives of these nitrides are: gallium nitride (GaN), aluminum nitride (AIN), and
indium nitride (InN). They crystallize either in zinc blend or wurtzite form, with the latter
being the most thermodynamically favorable and stable polytype. The mentioned nitrides
possess a very similar lattice constant of 3.2 A, which enables the creation of mixed crystals
(ex. Al In,;N, where 0 < x < 1). Due to the bandgap varying from ~0.5 eV for InN up
to ~6.3 eV for AIN, changing the amount of group III element in an alloy allows for a wide
range of bandgap engineering [6].

Overcoming the obstacle of doping GaN for p-type allowed to construct an efficient blue
light-emitting diode [7]. For this advancement the Nobel Prize was granted to Isamu Akasaki,
Shuji Nakamura, and Hiroshi Amano. High energy, efficient light sources revolutionized the

display market, pushing the development of ubiquitous TV and smartphone screens. The



discovery was also unprecedented in more professional applications, as it allowed to building
lasers emitting light in the deep-UV range. These light sources found their purpose ex. in:
material research, lithography, medicine, and surface decontamination [8]. Additionally, ITI-
V group nitrides possess high electron mobility and saturation velocity, making them perfect
materials for electronic applications [9]. For instance, in recent years GaN-based ultrafast
chargers proved to be commercially available, more efficient alternatives than widely used
silicon-based chargers. It is no wonder that finally scientists turned their attention to a much

less studied III-V nitride — boron nitride. The material occurs in multiple forms:

¢ Amorphous: Atoms do not form long-range arrangement, as the material consists of
multiple grains with sp2 or sp3 bonding type. Amorphous BN is usually formed as an

intermediate layer during the growth process of other, crystalline BN phases. [10, 11]

¢ Cubic: crystallizes in zinc-blende structure with lattice constants: a=2.55 A, c=417 A
(fig. 2.1a) [12, 13]. The material is extremely hard, hence its wide use as an abrasive
and a protective coating for cutting tools. Moreover, cubic BN manifests high thermal
conductivity, wide ( 6.1-6.4 V) bandgap, and (unlike diamond) is insoluble in ferrous
metals at high temperatures. Due to its high transmittance over a wide spectral range,

it can be used in X-ray membranes [14].

* Wurtzite: metastable boron nitride polytype with lattice constants a=2.55 A, c=421A
(fig. 2.1b) [15]. It can be produced from the hexagonal boron nitride in a high-
pressure shock compression process. Obtaining bulk crystals of wurtzite BN consti-
tutes a challenge due to technical difficulties in stabilizing it at atmospheric pressure.
Some solutions like introducing three-dimensional networks of defects were proposed
to overcome this problem [16], however, more research is needed to develop a reliable

synthesis scheme.



* Hexagonal: crystallizes in a honey-comb structure, similar to graphite (fig. 2.1c), and

is the most stable polymorph of boron nitride. As a material crucial to this work, it is

described in more detail in the next sections.

Figure 2.1: Schematic illustration of different crystal structures of boron nitride: a) cubic, b) wurtzite,
c) hexagonal. The illustration was made using VESTA software [17].

2

2.2.1 BORON NITRIDE WITH SP° HYBRIDISATION

Orbital hybridization describes the idea of mixing atomic orbitals to correctly predict the
shape and structure of molecules and crystals. For instance, in the case of a simple methane
molecule (CHy), we observe a tetrahedral geometry with C-H bonds arranged around a cen-
tral carbon atom. Bonds are of the same length and strength, with angles equal to 109.5 deg
between them [18]. One 2s and three 2p orbitals of carbon form covalent bonds with four
hydrogen atoms to create an energetically favorable structure. Such hybridization (called sp®)
is present in classical nitrides (like previously mentioned GaN, InN, and AIN) and is intrin-
sically three-dimensional.

On the contrary, in the case of sp? hybridization, one s orbital is mixed with two p orbitals
to form a flat, two-dimensional structure, with 120° bond angles. Boron nitride with sp2

hybridization combines the advantages of typical III-V semiconductors like a large bandgap
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and high thermal and chemical stability, with possibilities deriving from its two-dimensional

nature [19].

2.2.2 STRUCTURE

Boron nitride with sp® hybridization is a representative of van der Waals materials: boron
and nitrogen atoms are arranged alternately in a flat, honey-comb structure with interatomic
distances of 1.45 A. Atomic layers can be stacked differently in respect to each other forming
various polytypes. The most stable one is hexagonal boron nitride (hBN), with point group
symmetry P63/mmc and lattice constants of a=2.503 A and c=6.661 A. Layers are arranged
in AA’ pattern, with nitrogen atoms from one layer lying directly over boron atoms from
another layer and so on (fig. 2.2a).

Another sp? hybridized polytype is thombohedral boron nitride (rBN), where three ad-
jacent layers are translated and set in ABC configuration (figure 2.2b). The material possesses
R3m symmetry with lattice constants: a=2.504 A and ¢=10.008 A [20, 21].

The next representative of sp? bonded boron nitride is its turbostratic form (¢BN). In this
least ordered polytype, layers are translated and twisted randomly with respect to each other
(figure 2.2 ¢) [19, 22]. It is worth noting that there are even more BN polytypes following
different stacking orders (like AB, CA etc.) [23]. It is worth mentioning that all three men-
tioned polytypes: hBN, rBN, and tBN, are often called hexagonal boron nitride, especially
when talking about a single-layer material, where there is no stacking of different layers. In
this work we also adopt this naming approach, even though our epitaxial layers are usually a

mixture of different polytypes [24].
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Figure 2.2: Schematic illustration of different crystal structures of sp2 bonded boron nitride: a) hexag-
onal, b) rhombohedral, ¢) turbostratic. The illustration was made using VESTA software [17].

2.2.3 FABRICATION

Boron nitride with sp2 hybridization does not occur naturally and has been fabricated syn-
thetically since the beginning of the XX century. To obtain the material, we distinguish two

approaches: bulk crystals and deposition techniques.

BULK CRYSTAL GROWTH As s.p2 hybridized BN is a promising material, a lot of effort
came into obtaining high purity and structural quality crystals. After decades of growth op-
timization, crystals made by Takashi Taniguchi and Kenji Watanabe are believed to possess
the best structural, physical, and chemical properties [25, 26].

For this approach, the temperature gradient method utilizing high pressure (HP) high
temperature (HT) apparatus is used. Hot-pressed hBN discs and powder hBN are initially
heated at temperatures over 2000 °C in a nitrogen flow to remove the oxygen. Then, the
material is placed in a barium boron nitride (BazB2Ny) solvent and encapsulated in a molyb-
denum chamber. The sample is then compressed at pressures varying between 4-5 GPa at

temperatures over 1500 °C for 20-80 h (varying on the process). After the growth, the molyb-
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denum capsule is dissolved in aqua regia [26, 27]. The obtained crystals are almost transpar-
ent and just around 1x1x0.1 mm small. Performed secondary-ion mass spectrometry (SIMS)
characterization indicates that the number of oxygen and carbon impurities is as low as 10'®
atoms/cm®. Cathodoluminescence studies show, that the material possesses a large bandgap
of ~6 eV and additionally can emit light from the defects at various energies [28].

hBN crystals grown by Taniguchi and Watanabe were
proven essential to produce high-quality 2-dimensional
heterostructures. Another method worth noting for fabri-
cating bulk hBN crystals is metallic flux growth technology
using high-temperature Ni-Cr flux to grow high-quality
crystals [29, 30].

As a material indispensable for layered crystals studies, Figure 2.3: A photo of commer-

cially available hBN crystals (hg

hBN has also become commercially available and is oftered  g/gphene).
by various manufacturers like hg graphene (figure 2.3) or

Saint-Gobain. Its quality, especially the number of impurities is slightly worse than for the

hBN offered by Taniguchi and Watanabe, but still sufficient for most of the research [31, 32].

DEerosITiION METHODS  For any material to be used in real-world devices, it is crucial to
produce it in a reproducible manner on a large scale. Despite the high structural quality of
bulk crystals grown in the HPHT method, their small lateral size prevents them from being
used in any industrial applications. Bottom-up approaches, where thin materials are grown
on large-area substrates, provide a solution to the scalability problem, however simultane-
ously open up a whole new package of challenges.

One of the most established bottom-up approaches is Chemical Vapor Deposition (CVD)

dating back to the XIX century. In principle, this method requires a reaction chamber, where
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volatile precursors can react on or in the vicinity of a heated substrate to form the given solid
material [33]. The term CVD describes a whole family of fabrication methods with the same
working principle, differing by various parameters like operating pressure, temperature, type
of reagents, etc. Figure 2.4 shows a CVD reactor typically used in a laboratory environment.
It uses a quartz tube as a reaction chamber and is a hot-wall system, meaning that the sub-
strate is heated externally by the radiation from the heated tube walls. Pipes supply the tube

with a controllable, continuous flow of carrier gases and source material. So far, large-area

Figure 2.4: A photo of Thermo Scientific CVD reactor used at ICFO institute in Spain. The setup consists
of a quartz tube placed in a furnace that can heat it up to 1050°C. The substrate is put on a spoon-like
holder and placed in the middle of the growth tube before the process. During the growth, various
gases are supplied into the tube continuously in specific proportions for a given material. Some of the
gases, like argon or hydrogen serve as carrier gases while others, like methane, provide the material
for the growth.

hBN CVD growth was demonstrated on metallic foils like copper and platinum [34, 35], or
without using a metal catalyst [36]. Some groups reported the formation of a single crystal
on the whole wafer [37-39]. However, it is challenging to achieve high-quality thicker than
mono- or few-layer samples [40]. Even though CVD-grown hBN became commercially avail-

able, recent studies show that the provided samples do not meet the properties given in the
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manufacturer’s specifications [41].

Another approach to grow hBN includes utilizing molecular beam epitaxy (MBE). This
technique (described in more detail in chapter 3) allows to precisely grow subsequent layers
of the material in an ultra-pure environment. MBE growth performed on a nickel foil al-
lowed to obtain highly crystalline atomically thin hBN star-like islands [42—-44]. The biggest
drawbacks of using MBE to grow large-area layers are its high cost and slow rate of material
growth.

In comparison, Metalorganic Vapor Phase Epitaxy (MOVDPE) allows to grow relatively
high-quality layers of hBN cheaper and faster. In this work we explore the quality of the hRBN
layers produced by our group with this method. We study the utility of obtained samples for
two main applications: as a large-area substrate for further growth of other 2D materials, and

as a host for color centers.

2.2.4 PROPERTIES

hBN is characterized by a high chemical and thermal stability making it a very resistant mate-
rial toward any environmental factors [19, 45, 46]. Interestingly, the material possesses a neg-
ative thermal expansion coefficient in-plane (-2.83x 107% K~ at room temperature), which
significantly influences the morphology of the samples obtained during epitaxial growth at
high temperatures [47].

hBN possesses a wide bandgap determined to be ~5.95 ¢V [25]. There was a long dis-
cussion about the nature of the energy gap and band structure, with some sources claiming
the occurrence of a direct bandgap [25] or that the bandgap changes from indirect to direct
in the monolayer limit [48]. Eventually, the consensus is that the bandgap has an indirect
nature; however, due to the high photoluminescence effectiveness, the material can, under

some circumstances, act as a direct bandgap semiconductor [28].
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Symmetry analysis classifies the optical phonons of hBN in the center of the Brillouin
zone as the irreducible representations of the P63/mmc group as follows: E,,+Ag,+2Eo,+2By,,.
Out-of-plane Ay, and in-plane E;,, modes are infrared active, in-plane Eo, modes are Raman
active, and By, modes are optically inactive [49, 50]. Experimental studies showed infrared
active modes at 783 cm ™! and 1510 cm ™! for excitation with light polarized parallel, and
767 cm™ ! and 1367 cm ™! for light polarization perpendicular to the hBN c-axis. Raman
signal is detected at 51.8 cm ™! and 1366.2 cm™! [49]. Position and width of the observed
Raman peak are useful indicators of the material’s quality: strain and disorder caused by the

presence of defects, which will also be used in this work.

COLOR CENTERS

Real-life crystals are not perfect: sometimes they can lack an atom in some places, or one atom
can be replaced by another. Doping — a deliberate replacement of some of the atoms of one
element with another allows for improving and controlling material conductivity. Efficient
doping has become crucial for the development of modern electronics.

Defects that appear only around a single lattice point in the crystal structure are called
point defects and can be useful in developing new devices. The appearance of defects result
in the formation of additional energy levels within the bandgap of a given material, which
effectively acts like an artificial atom. Such centers can emit light or be sensitive to the mag-
netic field. One of the best-known and described defects are nitrogen vacancies in diamond,
which are used for magnetometry [51, 52]. However, for some applications it is beneficial
to place color centers very close to the studied samples. Hence, intrinsically two dimensional
materials started to be intensively studied in the search of well-performing defects.

hBN with its large bandgap hosts a wide range of impurities, vacancies, substitutions,

interstitial, or self-interstitial defects [53]. Various symmetries of color centers result in light

16



emission with wavelengths ranging from UV [54], through visible [55], to infrared [56].

Ultrathin hBN layers exfoliated from bulk are usually of very high quality, so light emis-
sion from the defects has to be activated artificially. It can be done, for example, by annealing
in a high temperature [55, 57], slight destruction of the layers by neutron or ion beam irra-
diation [56, 58, 59], or by applying strain [60].

Second-order correlation function measurements allow to qualify some of the emitters
found in hBN as single photon sources [61, 62]. Emitted photons manifest antibunching
behavior, making them purely quantum optical objects. Single photon sources are essential
building blocks for quantum information applications.

Another intriguing class of emitters found in hBN includes optically active spin defects.
So far, negative boron vacancies (V) are the best-understood system manifesting an elec-
tronic spin-triplet with a ground state zero-field splitting (ZES) [2]. The photoluminescence
signal of V5 is centered around 850 nm and spectrally wide. Recent studies show, that other
types of defects (ex. carbon-related) can be also sensitive to magnetic field [63-65].

Light emission from the color centers in hBN can be altered by a number of external
factors. Firstly, some emitters are sensitive to the electric field, and manifest Stark effect [66—
68]. Other emitters can be switched on and off on demand by applying the voltage [69-71].

Lastly, color centers can be sensitive to local mechanical stress in the material [72-74].

2.2.5 APPLICATIONS

Due to its structure and easy detachment of the layers, hBN has been used in the cosmetics in-
dustry and asalubricant [75]. Itis also an excellent absorbent of oils and organic compounds,
making it a prominent platform for purification technologies [76]. Due to its wide bandgap,
hBN may find applications as a deep UV light source [77]. However, the real boom in the

popularity of the material came with the development of other 2D materials. hBN became
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an omnipresent component of practically all ultrathin heterostructures. It serves as a protec-
tive layer against environmental conditions, as well as a non-conductive spacer. Additionally,
a flat interface of hBN, ideally without any dangling bonds, provides a good dielectric envi-
ronment and no charge traps for neighboring crystals.

Recent studies considering light emitting defects in hBN show their potential in the field
of quantum technologies. Single photon emitters could prove useful in quantum informa-
tion processing [62]. hBN can be also used for the development of ultrasensitive, atomic-scale

sensors of pressure, strain, or magnetic field [2].

2.3 TRANSITION METAL DICHALCOGENIDES

Intensive studies of graphene at the beginning of the XXI century have resulted in numerous
proposals of possible applications of this material in the fields of energy storage, solar cells,
and biomedical [78, 79]. However, due to the zero-energy gap, the construction of logic
electronic devices with graphene is limited [80]. Hence, yet another group of 2D materials:
transition metal dichalcogenides (TMDC) has become a hot topic in the materials study [81,
82]. The whole family of TMDC:s shares the same general formula M X5, where M denotesa
transition metal atom (M = Mo, T'a, W, T%...),and S - chalcogen atoms (S = 5, Se, Te).
One-layer TMDC is built out of three atomic planes, with a transition metal element plane
sandwiched between two chalcogenide planes: X-M-X (Fig. 2.5).

TMDCs manifest various exciting electronic, optical, and catalytic characteristics, de-
pending strongly on the number of atomic layers of a given material. The most prominent
example of such behavior is a transition from an indirect to a direct bandgap in a single-
layer limit, firstly observed and described in molybdenum disulfide [83-85]. Additionally,

TMDC:s ofter a wide range of band engineering realized by doping, straining, or creating
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heterostructures and alloys [86-89]. Due to the reduced dielectric screening, in 2D form,
TMDC:s possess strongly bound excitons with binding energies even an order of magnitude
greater than in traditionally used 3D semiconductors [90, 91]. Some TMDCs manifest spin
and valley degrees of freedom, opening possibilities of utilizing them in novel spintronic and
valleytronic devices [92-95]. Described materials make a great platform for studying basic
physical phenomena like charge density waves [96, 97], or topological effects [98, 99].
Many proof-of-principle devices like field-eftect transistors [90], photodetectors [100]
and quantum emitters [101, 102] have been realized using TMDCs layers. However, the
highest quality (best structural properties, highest mobility, etc.) samples are still obtained via
mechanical exfoliation. There is an ongoing effort toward large-area production of ultrathin
crystal layers using methods like MBE [103], MOVDPE [104], CVD [105] or ALD [106].
The next section presents a representative of the TMDC family, molybdenum diselenide

(MoSes), which is one of the main subjects of this work.

2.3.1 MOLYBDENUM DISELENIDE

MoSes, like other TMDC:s, follows the general formula M X5 and its single atomic layer
is built of three atomic planes: selenium, molybdenum, and selenium. Mo and Se atoms
are covalently bound, while subsequent atomic layers are weakly bound via van der Waals
forces. The material may exist as different polymorphs: namely 2H and 1T phases (Fig. 2.5).
However, only the 2H phase is thermodynamically stable.

In the bulk form, MoSe; manifests an indirect bandgap, which undergoes a transition
to a direct bandgap (1.55 eV) in the monolayer limit [107]. The D¢, point group predicts

four Raman active modes: three in-plane E, E! ,and E2

29> 290 and one out-of-plane mode A ;.

In the backscattering geometry we usually see the Eyy mode at ~286 cm! and A4 mode at

~242 cm! [108]. The energy and intensity of the modes changes with the number of layers
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Figure 2.5: Schematic illustration of a crystal structure of molybdenum diselenide, a representative of
TMDC. The illustration was made using VESTA software [17].

of the material, making Raman spectroscopy a great tool for determining the thickness of the
MoSe; layer. Similarly, photoluminescence can also provide information about the material
thickness. At room temperature, the PL signal from a monolayer forms a single maximum
and is ~20 times more intense than the one obtained for a bilayer (which branches into two
wide maxima) [108]. For high-quality MoSe; samples, low-temperature PL spectra unveil
narrow and well-resolved excitonic peaks [109]. Properties of MoSe, make it a promising ma-

terial for applications like photoelectrochemical and solar cells, electrocatalysts, or biosensors

[110].

2.4 ULTRATHIN MAGNETS

2.4.1 THEORETICAL DESCRIPTION
MAGNETISM IN SOLIDS

Magnetic materials have been known to humans for ages. First mentions of magnetite: nat-
urally occurring mineral and iron ore, can be found as far back as 4th century BC in ancient

China and Greece. For centuries people were using magnetic materials to produce compasses
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invaluable for navigation. A mathematical description of the connection between electricity
and magnetism was developed in the XIX century with the works of Hans Christian Orsted,
Michael Faraday, and James Clerk Maxwell.
Magnetism in a material is associated with an ordered arrangement of magnetic moments on
alarge, macroscopic scale, as well as with a spontaneous breaking of the time-reversal symme-
try.

The magnetic moment is defined as a vector that describes the magnitude of torque that

an object experiences in a magnetic field as follows:

T=puxDB, (2.1)

where: 7 - torque, ¢ — magnetic moment, 5 — uniform magnetic field. It can be attributed
to macroscopic objects like planets and stars, loops of electric current, and microscopic scale
objects like elementary particles and molecules.

Some materials manifest a spontaneous arrangement of their intrinsic magnetic moments
(ferromagnets, ferrimagnets, antiferromagnets). Other materials (or all materials above their
proper critical temperature) do not possess a spontaneous magnetization and react differ-
ently to the applied magnetic field and thus can be categorized by the magnetic susceptibility
(usually denoted as x): a quantity that determines how much the material will be magnetized
when put into the magnetic field. For x > 0 we distinguish paramagnets and for x < 0 we
distinguish diamagnets [111].

The formulation of Maxwell’s equations, as well as Boltzmann’s statistical thermody-
namics, allowed the development of the first microscopic models of magnetism in systems of
atoms and molecules. In these approximations, magnetic moments are permanently assigned

to particles, acting like micro-magnets, which can align with the applied magnetic field. At
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absolute zero temperature, all of the elementary magnets would be aligned parallel to the field,
while with increasing temperature, thermal fluctuations would destroy the order following

the formula known also as Curie’s law:

C
X =7 (2.2)

where x stands for magnetic susceptibility, 7" is the temperature and C'is the Curie constant
dependent on the number density and magnetic moments of the particles. Curie’s law de-
scribes systems only in a classical limit: high temperatures and relatively low magnetic field.
It is also applicable just to paramagnets: materials weakly attracted to a magnetic field that
can induce an internal magnetic field in the same direction.

Parallelly, Langevin formulated a classical description of diamagnetism: a situation where
a magnetic field induced in a material has the opposite direction to the external magnetic
field, the material is repelled from the magnetic field. For diamagnetics (like copper, water,
or bismuth), magnetic susceptibility is smaller than 0 and described by the following formula:

_ wNZ e? 9

X=———<7r">, (2.3)
6m

where /4 is vacuum permeability, 7 — mean square distance of the electrons from the nucleus,
Z — number of charged particles, electrons, N — number of atoms per unit volume, m -
electron mass, and e — electron charge [111].

However, with the works of Hendrika van Leeuwen, it became clear that magnetic phe-
nomena can not be explained classically. Hence, a quantum mechanical approach is necessary
to describe magnetism in solids, especially in 2D materials.

The Quantum mechanical electron state in an atom can be fully represented by a set of

quantum numbers:
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* principal n € 1,2, 3... - denoting the electron shell (energy level) of a particle,

e azimuthal [ € 0,1,2,...,n — 1 — describing orbital angular momentum and hence

the shape of the orbital,

* magneticmy € —,...0, ...l - characterizing the direction of an orbital in three-dimensional

space,

* spinm, € —1/2,41/2 — describing the intrinsic angular momentum (or spin) of an

electron.

By using quantum numbers and introducing a so-called molecular field responsible for
spontaneous magnetic ordering, Pierre Weiss formulated a formula describing ferromagnets
in their paramagnetic regime, known also as Curie-Weiss law:

c HBY

=—— wh = —M, 1 2.4
X = g where C' = E2IM(J + 1), 24)

with M, — magnetic momentat " = 0, y15 — Bohr magneton, g — Lande factor, kg — Boltz-
mann constant, and .JJ — angular momentum quantum number. Below the critical tempera-
ture Tt (known also as Curie temperature), the system is spontaneously magnetized [111].
To describe magnetic phenomena in crystals, one must take into consideration the in-
teraction between neighboring atoms and electrons. Some spin arrangements are favored in
specific systems and can spread in the whole object. At hypothetical zero temperature long-
range spin ordering can occur in any-dimensional system. With the increase of the temper-
ature, thermal fluctuations start to overcome the spin ordering on large scales and destroy
it above the phase transition temperature Tc. Whether this critical temperature is finite or
equals zero, is determined by the effectiveness of thermal fluctuations in a given system, spec-

ified by its various parameters such as the dimensionality.
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The most commonly used model of magnetic effects in crystals is the Heisenberg model,
first formulated in 1928. It assumes a periodic lattice with sites (denoted with ¢, j) occupied
by a spin that can be described as an operator S. Spin is treated as a quantum mechanical

observable. The energy of such a system is given by a Heisenberg Hamiltonian /-

1

H=—; > (S-S + ASSE) — ZA(S;)Q, (2.5)

<ij>

where J is the exchange coupling constant, decreasing quickly with the distance between
lattice sites 7 and j. For J > O spins are arranged parallelly (ferromagnetic behaviour) and for
J < 0 spinsare arranged in an anti-parallel manner (anti-ferromagnetic behaviour). J can be
calculated theoretically from first-principles calculations or found experimentally by fitting
the inelastic neutron scattering data to the Heisenberg Hamiltonian. A describes exchange
(inter-site) and A describes on-site magnetic anisotropies, crucial for the occurrence of along-

range magnetic ordering in two dimensions [112, 113].

WHY 2D MAGNETS REMAINED ELUSIVE FOR SO LONG?

In 1966, the Mermin-Wagner theorem was published,
analyzing the isotropic (spins can point in any direction)
Heisenberg model [114]. The theorem states, that con-
tinuous symmetries can not be spontaneously broken in
a two or less-dimensional system exhibiting short-range

interactions, at finite temperatures.

In the case of a one-dimensional system, one can

consider a chain of interacting spins. AtT" = 0, they Figure 2.6: Schematic illustration of a
spin wave in a 1-dimensional array of
are perfectly ordered, however, at a higher temperature, interacting spins.
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one spin can be thrown out of the alignment and start
rotating. Due to the interactions, other spins will also start rotating, forming a so-called spin
wave (fig. 2.6). Such an elementary excitation of the spin-lattice is also called a magnon in the
quasiparticle approach. For a considered chain of spins in the infinite length limit, the total
energy of the lowest excitation mode goes to zero. Simultaneously, excitations increase the
system entropy and, therefore, are favored. In other words, a long-range magnetic ordering
in a one-dimensional case is possible only for 7" = 0.

The situation is different in the case of two-dimensional systems. To describe sponta-
neous magnetization in 2D materials, it is important to consider so-called spin dimensional-

ity (n) — the number of spin components (fig 2.7).

Ising Heisenberg

Figure 2.7: Schematic illustration of a concept of spin dimensionality (illustration based on [112]). n
denotes the number of spin components for systems described by Ising, XY, and isotropic Heisenberg
models.

For n = 1 spins can only point in two possible orientations ("up” and "down”). Such a
system of one-component localized spins is called the Ising model, and its solution shows a
magnetic order phase transition for T > 0 [115].

For n = 2 spin direction is restricted to a plane, described by the XY model. Such a
system can undergo Berezinskii—Kosterlitz—Thouless transition at finite temperature to a
quasi-long-range order phase. This is an example of 7nfinite order phase transition that is

continuous but does not break any symmetry [116].
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Forn = 3 spins possess 3 components — it is the case of the previously described isotropic
Heisenberg model. Mermin-Wagner theorem prevents any long-range magnetic ordering in
such a system.

Such theoretical predictions, as well as experimental difficulties, impeded the 2D magnets
research. However, with the discoveries in the van der Waals materials family, in 2016, 2D
magnets were finally obtained experimentally [117, 118].

In the real world, 2D material flakes have typical sizes in at most millimeter range. It was
recently shown [119] that the short-range interactions in such a small, laboratory setup are,
indeed, strong enough to stabilize magnetic ordering at finite temperatures without the mag-
netic anisotropy. Moreover, the calculations show that the so-called crossover temperature
(maximum temperature where short-range interactions may grant magnetic ordering in the

sample) is over 4 K for a system as large as the entire known universe (order of 10%° m).

EXCHANGE INTERACTION MECHANISMS IN 2D MAGNETS

Another aspect of exploring magnetism in 2D is understanding the type of exchange interac-
tion in specific materials. The symmetry and specific elements building the crystal constitute
different spin localizations and interactions.

The magnetic ground state of an atom can be determined using Hund’s rules, which de-
scribe spin-spin coupling, orbital-orbital, and spin-orbit coupling. The application of these
rules to various atoms specifies the order of filling of the electron shells and subshells. Then,

spins can interact via the following exchange types [113]:

* Direct exchange occurs for systems where electronic wavefunctions overlap and there-
fore the interaction is short-ranged and relatively weak [120]. It requires hopping be-

tween nearest neighbors’ orbitals. Itis usually found in transition metals with localized
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d-orbitals [121]. Despite being weak, direct exchange was found as the main mecha-
nism for magnetic coupling for example in 1T-TaNy 2D magnet [122]. It can also
accompany other types of interactions and be responsible for one electron-hopping

path like in the case of monolayer MnSeSs [123, 124].

Superexchange interaction occurs between non-neighboring magnetic ions but needs
to be mediated by the neighboring non-magnetic ions. This type of interaction be-
tween p and d orbitals is very common and is the predominant mechanism responsi-
ble either for ferromagnetic or antiferromagnetic ordering in various 2D magnets like
the family of MX’enes [125, 126], chromium trihalides [127-129] and other layered

materials like C'roGesTeg [130].

Sometimes, the interaction is mediated not by one, but more non-magnetic ions. It is

then called super-superexchange interaction and was found in Cr /3 [118, 131]

Double exchange occurs when two ions are in different oxidation states. The inter-
action works similarly to the superexchange: an electron can hop from one magnetic
ion to the other by a mediating non-magnetic ion, however in the double exchange
case one magnetic ion has to have an extra electron compared to the other [132]. In

the field of 2D magnets, double exchange was found as the main ordering mechanism

for Cr3 Xy (where X=S, Se, Te) [133].

RKKY (Ruderman—Kittel-Kasuya—Yosida interaction) is a type of exchange mech-
anism that couples different nuclear magnetic moments or strongly localized spins
of electrons occupying inner d or f shells via the conduction electrons [134-136].
RKKY interaction is most commonly found in 3D rare-earth metals [137] but can be

also used to describe magnetic interactions in two-dimensional MnSiTes [138].
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¢ Itinerant magnetism occurs for metallic materials, where unpaired delocalized elec-
trons can transfer magnetic interaction. In such systems, electrons can occupy narrow
bands - different for electrons with spin-up and spin-down. We can define an effec-
tive exchange energy per electron pair, that describes the energy gained when switch-
ing from anti-parallel to parallel spins. In order to gain such energy, electrons need to
move from one eg. spin-up subband to the spin-down subband. Such transfer how-
ever increases also the kinetic energy. Thus, the interplay between the exchange energy
and kinetic energy (given by a Stoner criterium) in the ground state of the system at a
given temperature determines whether the material is para- or ferromagnetic [139]. In
2D materials itinerant magnetism is responsible for high, (around 300 K) Curie tem-
perature in V' X5 (X=S, Se, Te) compounds [140, 141], as well as in Fe3GeT'e; and

NiTaySeg crystals [142, 143].

Figure 2.8 depicts schematically various types of exchange interactions found in 2D magnets,
their division in terms of the localization of spins, and the metallic/non-metallic nature of the

compounds.

2.4.2 SELECTED 2-DIMENSIONAL MAGNETS
CHROMIUM TRIHALIDES

Among discovered 2D magnets, the family of chromium trihalides (with general formula
CrX3, where X=Cl, Br, I) provides a perfect platform for studying different spin arrange-
ments as each of these materials exhibits different spin-dimensionality and magnetic ordering
[144].

Heterostructures consisting of chromium trihalides allow exploration of various phe-

nomena like exchange bias [138], magnon-assisted tunneling [145] or layer-resolved mag-
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Figure 2.8: Diagram of various exchange interactions occurring in 2D magnets [113]. RKKY (violet
frame): coupling constant j as a function of 7 distance from the magnetic ion nucleus. In this type
of interaction, well-localized nuclear spins interact via conduction electrons. Non-localized itinerant
electrons (yellow frame) dominate systems’ magnetic interactions when parallelly ordered spins mini-
mize the energy of the ground state, despite the gained kinetic energy. Double exchange (red frame)
occurs between two magnetic ions with different numbers of electrons on the outer shell and is me-
diated by a non-magnetic ion. Superexchange (green frame) occurs between two magnetic ions with
the same number of electrons on the outer shell and is mediated by a non-magnetic ion. The double
and super exchange interaction scheme was shown using manganese and oxygen ions as examples.

netic proximity effect [146, 147]. When combined with transition metal dichalcogenides,

chromium trihalides can influence the optical response of given materials [148, 149].
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CHROMIUM THIOPHOSPHATE

Another 2D magnet used in this work is chromium thiophosphate (CrPSy). The material
manifests monoclinic symmetry with space group C2/m [150, 151]. Lattice constants are
a = 10871 A,b = 7.254 A, c = 6.140 A, B = 91.88[150]. Layers of sulfur atoms
are arranged in a puckered fashion, adopting hexagonal close packing along the a-axis, while
chromium atoms form a square lattice. Each chromium atom is surrounded by six sulfur
atoms, forming a subtly distorted octahedron. Additionally, three CrS¢ octahedra are con-
nected by a singular phosphorus atom (figure 2.9). The material belongs to the van der Waals
materials family and, hence can be exfoliated down to single atomic layers. CrPS, is a repre-
sentative of ternary transition metal chalcogenides (TTMC): layered compounds consisting
of three elements. In contrast to the intensively studied transition metal dichalcogenides,
many of the TTMC exhibit magnetic ordering.

Bulk CrPS, crystals can be synthesized using the CVT method and have been synthe-
sized this way since the 70s [152]. The theoretical analysis predicts vibrational symmetries
of I' = 17A + 19B, where all modes are both infrared and Raman active [153, 154]. Raman
measurements are a powerful tool for determining the thickness of the material in a few-layer
limit [150]. CrPSy is a semiconductor with a bandgap of around 1.4 eV [150, 155]. It was
shown [155], that under high pressure (over 3 GPa), the material exhibits an insulator-metal
phase transition.

CrPS,4 demonstrates antiferromagnetic behavior with a Neel temperature of 36 K [156]
for bulk samples. Neel temperature decreases with the decreasing number of layers and was
found to be 25 K for a single atomic layer [157]. The type of antiferromagnetic ordering was
intensively discussed with some works opting for a c-type [156] and others for a-type [157,

158] antiferromagnetism. The current consensus leans towards a-type antiferromagnetism,
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Figure 2.9: a) A photo of a bulk CrPS4 crystal. b) Structure of CrPS4 crystal (top view). The mate-
rial crystallizes in a ¢/2m monoclinic structure. c) Side view of CrPS4 crystal. Arrows schematically
indicate spin arrangements between the layers. Antiferromagnetic ordering appears below the Neel
temperature of around 36 K. The visualization was prepared using VESTA software [17].

meaning that spins within one layer are ordered ferromagnetically out of plane, while spins
from different layers are facing in the opposite direction (fig. 2.9 ¢). In the few-layer limit,
such a spin arrangement grants ferromagnetic behavior for odd and antiferromagnetic behav-
ior for even number of atomic layers. At an external magnetic field (applied perpendicularly
to the material plane) of around 0.7 T, CrPS, displays a so-called spin-flop transition, when
itis energetically favorable to "flop” spins (or more accurately Neel vector) from out-of-plane
to in-plane direction [156]. This behavior makes CrPS, an attractive candidate for spintron-
ics devices. The spin-flop transition can be electrically detected and controlled, making a step
toward read-out technologies for future memory devices [159, 160]. Further increase of the
external magnetic field causes further canting of the flopped magnetic moments. At higher

fields of ~8 T, this state becomes saturated and the material undergoes yet another: spin flip

31



transition. Magnetic moments flip in the same out-of-plane direction, resulting in ferromag-
netic behavior [161].

The possibility of changing the spin direction in the CrPS, crystal is also important for
this work. Such tunability allows us to study the influence of different magnetic states applied
locally to other 2D materials.

Chromium thiophosphate is a highly anisotropic system. X-ray diftraction and nanores-
onator frequency measurements show that the material exhibits temperature-dependent anoma-
lous behavior of the & lattice parameter [162, 163]. While heating, lattice parameters 2 and ¢
manifest a typical, slightly positive tensile strain. However, chromium-chromium distances
decrease along the & axis, pointing at the negative temperature expansion coefhicient, with a
well-pronounced feature near the phase transition temperature [163].

Unlike other 2D magnets, CrPS, does not require special storage or handling in an inert
gas chamber. It is one of the most air-stable 2D magnets, that does not show signs of degra-
dation over days in normal conditions even in its few-layer form [157]. That s also the reason

why this material was extensively used to create heterostructures studied in this work.
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Epitaxial techniques

The term epitaxy comes from Greek and literally means ep7— "on top of, above” and zaxzs— "an
ordered matter”. In the epitaxial manufacturing process, a thin layer of a crystalline material
is grown on top of a crystalline substrate, duplicating its crystal lattice. We distinguish two

main types of epitaxy, depending on the used substrate:
* homoepitaxy: when the grown material is the same as the substrate

* heteroepitaxy: when the grown material is different than the one used as a substrate.
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In the case of heteroepitaxy, it is important to carefully select the optimal substrate with a
similar lattice constant as the grown material. A significant mismatch between lattice con-
stants can lead to strain in the produced material, as well as non-epitaxial growth and the

formation of islands (3-dimensional clusters of atoms) [164, 165].

Figure 3.1: A schematicillustration of three epitaxial growth modes. Green arrows depict the direction
of further growth of the material. Figure is based on [166]

Figure 3.1 depicts three primary epitaxy modes [166]:

* Frank-van der Merwe growth occurs when the lattice constant of the substrate is aligned
with the grown material. The new crystal grows layer by layer, maintaining the crys-

tallinity of the substrate.

o Stranski-Krastanow growth is present when vertical interaction energies between material-
substrate atoms are significantly larger than material-material atoms and the lattice
constant is not matched. The initial growth of a few layers of the material is followed

by the formation of 3-dimensional islands.

* For Volmer-Weber growth vertical interaction energies between material-material atoms
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are much greater than those for substrate-material atoms. Such a situation results in

the formation of 3-dimensional islands from the very beginning of the growth process.

Epitaxial techniques allow the growth of high-quality, crystalline materials on large-area sub-
strates. While epitaxial growth is not the main subject of this dissertation, epitaxial samples
were intensively studied and post-processed. Therefore, for a better understanding, it is cru-

cial to present the techniques, their capabilities, and limitations.

3.1 MOVPE

MOVPE: Metalorganic Vapor Phase Epitaxy is a method that uses chemical reactions be-
tween metal-organic compounds to grow a chosen, crystalline material. Precursors of a cho-
sen elementare transported in a flow of carrier gas (like nitrogen or hydrogen) into the reactor.
hBN samples described in this work were grown in AIXTRON CCS 3x2” setup depicted in

Fig. 3.2 by Dr. Aleksandra Krystyna Dabrowska.

Figure 3.2: A photo of MOVPE setup at the Faculty of Physics, University of Warsaw.

35



For the growth of hBN, ammonia (NH3) is used as a nitrogen and triethylborane (TEB)
as a boron precursor. Before the growth, ammonia, and hydrogen (used as a carrier gas in
the process) flow through Entegris purifiers to minimize the concentration of any foreign
elements. TEB is stored in aliquid form in a so-called metallic "bubbler”, where it evaporates
and is transported further by hydrogen gas. Precursors enter the showerhead reactor (Fig.

3.3), where at temperatures as high as 1400 °C), the growth process takes place.

Figure 3.3: A photo of MOVPE showerhead at the Faculty of Physics, University of Warsaw.

Reagents are injected through small (dia. 0.6 mm), densely packed (100/inch?) holes in
the upper lid of the reactor. Chemical reactions occur over three 2” sapphire substrates placed
in a graphite susceptor covered by a 100 pum layer of silicon carbide for protection from heat
and chemicals. Substrates (together with the susceptor) can be rotated during the growth and
are heated from the bottom by a three-zone coil heater. The temperature of the substrates
during the growth is read with an optical pyrometer. The pressure in the reactor chamber

can be varied from 0 up to 1300 mbar.
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All by-product gases from the growth process are neutralized in a scrubber purifier and
either recovered (ammonia) or released into the atmosphere.

TEB reacts with ammonia by the following chemical reaction:

(CQH{,);J,B + NH3 — BN + BOQHG. (31)

Growth conditions like temperature, pressure, ammonia, and TEB flows or substrate off-
cut influence the quality of the grown sample. hBN used in this work was produced by the

following growth modes:

* CFG (Continnous Flow Growth). In this mode, precursors are injected into the reactor
simultaneously. The growth can occur either in the oversaturation of TEB (very fast)
or ammonia (very slow, self-limiting growth) [167]. In this mode, growth conditions
must be precisely selected as it is extremely challenging to obtain highly crystalline,

epitaxial hBN [168, 169].

* FME (Flow-rate Modulation Epitaxy) method involves using alternating TEB and am-
monia flow pulses lasting for seconds. This growth technique allows to overcome the
self-limiting behavior of hBN layers. However, the produced samples are not of the

highest structural quality, with lots of crystal defects [168, 170].

* CGM (Combined Growth Mode) developed in-house mainly by Dr. Aleksandra Dabrowska
merges two growth modes (CFG and FME) to produce high structural quality mate-
rial. In this scheme, CFG mode is used to grow a few-layers bufter, and then, FME
mode is used to further grow the material. Such a growth mode can be seen as a ho-
moepitaxial growth of hBN on hBN buffer and was found to result in higher crys-

tallinity and better control of the density of point-like defects [171].
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3.2 MBE

MBE (Molecular Beam Epitaxy) utilizes ultra-pure elements that are deposited onto the sub-
strate in an ultra-high vacuum. MoSe; layers described in this work were grown in the MBE
setup at the Faculty of Physics, University of Warsaw, in the group of Prof. Wojciech Pacuski,
by him and MSc. Julia Kucharek. In this setup, two types of element sources are used. In the
first one, known also as Knudsen or effusion cell, elements are stored in special conical cru-
cibles that fit up to dozens of grams of a chosen material. A cylindrical heater is used to heat
up the molecular source and control the flux of elements bombarding the substrate. Another
element source is used in the case of metals that sublimate at high temperatures. A chosen
metal is formed into a cylindrical rod and placed in the molecular source. Then it is bom-
barded with electrons accelerated by a high voltage applied to a metal rod and a tungsten coil.
The bombarded rod heats up and effectively sublimates. The flux of the material can be con-
trolled by applying different voltages. The growth chamber is kept in an ultra-high vacuum
(~ 107! mbar) provided by a set of vacuum pumps. The setup is equipped with a loading
and a preparation chamber to minimize the contamination in the growth chamber. Firstly,
membrane and turbomolecular pumps decrease the pressure in the loading chamber down
to ~ 1078 mbar, then an ionic pump is used to maintain the pressure of ~ 107 mbar in
the preparation chamber. Another ionic pump, aided by a cryogenic pump allows to obtain
~ 107! mbar in the growth chamber. Such an ultra-high vacuum allows for molecule-
free paths as long as a few kilometers. A custom-cut molybdenum holder can fit various
shapes and sizes of growth substrates. MBE allows for a very precise, down to a single atomic
layer control of the grown crystal thickness. Such a high accuracy is ensured by the RHEED
(Reflection High Energy Electron Diffraction) technique. By observing the intensity of the

electron beam directed at a small angle to the surface of the growing material, we obtain in-
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formation about its structure (whether it is amorphous, polycrystalline, or crystalline).
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Methods

In this work, the emphasis is set on the optical properties of the materials. The way light in-
teracts with matter can reveal a lot of information about the structure and quality of studied
solids. Spectroscopic results complemented by sample morphology imaging provide a pow-
erful tool for studying novel ultrathin structures. In the next sections, we present an overview

of characterization techniques used in this work.
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4.1 OPTICAL CHARACTERIZATION

Scattering is one of the most widespread light-matter interactions. When illuminated by elec-
tromagnetic waves, a scattering medium (i.e. molecules, solids, etc.) can change the energy
and/or direction of the incident light. Scattering can be separated into elastic (when the en-
ergy of the scattered photon is conserved) and non-elastic (when the energy of the scattered
photon is not conserved) processes. An example of elastic scattering occurring for the parti-
cles (or other medium) of sizes much smaller than the scattered light is Rayleigh scattering,
inversely proportional to the fourth power of the wavelength of the light. This process is re-
sponsible for example for the blue color of the sky. Usually, about 0.1%-0.01% of the incident

photons is a subject to Rayleigh scattering [172].

4.1.1 RAMAN SCATTERING

Even a smaller amount of incident photons, about 1 in a million is scattered inelastically
[173]. A portion of photon energy can be transferred into (or taken from) the vibrational
or rotational energy of a scattering medium. When the scattered photon energy is smaller
than the incident photon energy, it is referred to as Stokes radiation, when scattered pho-
ton gains energy it is anti-Stokes radiation. The effect was predicted theoretically in 1923 by
Adolf Smekal [174] and then confirmed experimentally in 1928 by Chandrasekhara Venkata
Raman [175], named after him and awarded a Nobel prize in 1930.

In crystals, a photon can be scattered with the creation or annihilation of a phonon (col-
lective excitation in a crystal lattice related to vibrations). First-order Raman scattering is

conditioned by the following selection rules:

w=w £ k=k £K, (4.1)
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where w, k indicate the frequency and wavevector of the incident photon, w’, k’ - scattered
photon and €2, K - phonon [111]. The rules come from the energy and momentum conser-

vation laws and are schematically depicted in Fig. 4.1.

Figure 4.1: A schematic illustration of Raman scattering selection rules [111]. w, k describe the fre-
quency and wavevector of the incident photon, w’, k’ - scattered photon and 2, K - phonon.

The interaction between electromagnetic waves and matter can be described in terms of
electronic polarizability — the tendency of a charge distribution, to be distorted by an external
electric field. In the case of Raman scattering, light interacts with the valence band electrons
and causes the displacement of the electron cloud in relation to the positively charged nu-
cleus. Asaresult, a dipole moment p arises, and is proportional to the electric field E causing
it:

p = cE. (4.2)

a denotes polarizability, a coefficient that describes how an electric field applied in one direc-
tion affects the charge distribution in a given direction in a material. For isotropic molecules,
polarizability is a scalar. In general, however, the material can be anisotropic and interact

with light differently, depending on its direction. Hence, polarizability can be described by
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a tensor « that satisfies the following equation [176]:

Qij = | Qyz  Qyy Oy | > (4.3)

where z, Y, z components denote directions of the incident light (z) and the second (j) the
direction in the material.

In solid-state, polarizability is usually defined as a dipole moment per unit volume. The
intensity of the electric vector is time-dependent. Hence, the dipole moment is subjected to
oscillations, which means that the polarizability is also changing. In a harmonic approxima-

tion, the polarizability can be denoted as:

aij = (uj)o + (aaij) Q, (4.4)
0

where () describes the nuclei displacement from the equilibrium, and («;;)o describes the
nuclei equilibrium position. Vibrations that cause the change of polarizability: (g—g)o #0
are Raman active [177, 178].

Raman scattering is highly dependent on the crystal symmetry, as well as the polarization
of the incident light. Indeed, in order to theoretically determine which phonon modes are
Raman-active, one must look into the symmetry group of a given material and find the irre-
ducible representations. The group theory predicts which irreducible representations with
basis functions corresponding to quadratic terms of x,y,2 are Raman-active [179].

Additionally, polarizability depends on the frequency of the scattered light, therefore
some Raman modes can be observed only for specific excitation wavelengths. Exciting the

material with photons whose energy corresponds to the energy of so-called van Hove singu-
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larity [180] (resonant Raman scattering) also provides information about electronic energy
bands.

The Raman tensor (R) is a mathematical representation that describes the change in po-
larizability of a material, and can be defined as a derivative of polarizability with respect to

the displacement coordinate (()) [181]:

. Oa
R=—. (4.5)
0Q
Polarization-resolved measurements allow to designate parameters of the Raman tensor of a

given material. While studying the samples’ response to a linear polarization excitation, one

can expect the intensity of scattered light to behave like:

I e Req|”, (4.6)

where e, — scattered light vector, e; — incident light vector, R — Raman tensor correspond-
ing to a specific mode symmetry. In the experiment, it is important to carefully define the
laboratory setup orientation in relation to the crystal axes and light polarization direction.
Raman scattering is a powerful tool for quick and non-invasive study of various materials,
including ultrathin crystals. It does not require specific sample preparation and can be used
with micrometer precision. Such precise, micrometer-scale mapping allows for local studies
of the properties of the material like local strain or defects. In the case of 2D materials, it can
determine the number of layers of a crystal due to the smaller number of available phonon
modes in the few-layer limit or can help to determine twisting of subsequent layers in the

structure [179, 182-184].
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4.1.2 PHOTOLUMINESCENCE

When interacting with matter, light can be also absorbed, leading to the excitation of an elec-
tron to a higher energy state. In semiconductors, a photon with an energy higher than the
band gap can excite an electron from the valence band to the conduction band. Then, by
non-radiative processes, the electron can lose some energy and eventually come back into its
ground state by emitting a photon. The described phenomenon is called photoluminescence
and for example, can be used to study the bandgap of various materials [185, 186]. However,
photoluminescence can also be observed when the energy of the excitation photon is lower
than the material’s bandgap. Such a behavior can be attributed to phenomena like excitons

and defects, both of which are of interest to this work.

Excrrons Anelectron can be excited to a higher energy state. Then, itinteracts (Coulomb
interaction) with a positively charged hole in the valence band. This bound state can be
treated as a quasiparticle — exciton, characterized by a wavevector describing its propagation
through the crystal lattice. The energy needed to separate the electron and hole is called the
binding energy (schematically depicted in Fig. 4.2).

Traditionally, excitons are usually categorized into two limiting cases: localized and delo-
calized.

Tightly bound, Frenkel excitons are usually well localized around a specific atom or a
unit cell. Such excitation can travel through the crystal by hopping between neighboring
atoms. Frenkel excitons are usually found in alkali halides and molecular crystals and manifest
binding energy in the 0.1-1.5 eV order of magnitude [111].

Delocalized excitons with big radii (also called Wannier-Mott excitons) are weakly bound.

Their binding energy is in the range of a few to hundred meV. Such excitons usually appear
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in materials with a high dielectric constant, which results in electric field screening and re-
duction of the electron-hole Coulomb interaction. In 3D, Wannier-Mott exciton binding
energy can be described by a modified hydrogen Rydberg equation, including electron and
hole effective masses [111].

Studies of excitonic behavior in 2D systems unveiled many interesting many-particle phe-
nomena. In the few-layer limit, the dielectric screening is relatively weak. This, combined
with large geometrical confinement leads to strong Coulomb interactions, allowing for the
observation of various types of excitons, also at high temperatures [187-189].

In this work, we focused on studying the excitons in TMDC layers as indicators of the
optical quality of the samples. TMDC, as one of the most intensively studied families of
2D materials, provided a plethora of excitonic processes, revealing information about the
materials’ properties and their potential applications.

In TMDC, we observe a different optical response, as a function of the number of lay-
ers. Due to the weaker interlayer interactions, recorded exciton energies differ. For some of
TMDC, like MoS; or MoSes, the nature of the bandgap changes from an indirect to direct
in their monolayer limit [83, 84, 190], making photoluminescence measurements a powerful
tool for studying the thickness of these materials.

Additionally, TMDCs manifest a large spin-orbit coupling — an interaction of a particle’s
spin with its motion inside a potential. Such a coupling results in energy levels splitting in the
valence and conduction band. In molybdenum and tungsten-based TMDC, band separation
can reach as much as 200-400 meV, allowing observable optical transitions [191].

Circular dichroism — a phenomenon, where left-, or right-hand side circularly polarized
light interacts differently with a material is also present in TMDC. The material excited by a
circularly polarized light manifests optical transitions only in K+ or K- valley (extrema in the

band structure), depending on the polarization direction [192-194]. Excitons can then form
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Figure 4.2: A schematic illustration of exciton types found in TMDC. Figure based on [188].

between different valleys, opening the door for valleytronics — a field utilizing valley degree of

freedom to store and process information [195].

TrioNs  Electron-hole complexes are not the only possible ones found in semiconductors.
As first proposed by Murray A. Lampert in 1958, we can observe charged excitons, also called
trions [196]. Trions can be either positively or negatively charged, consisting of two holes and
one electron, or two electrons and one hole [197]. Charged excitons offer a great platform
for investigating spin physics or electron-nuclei hyperfine structures in 3D confined systems
[198]. In the field of 2D materials, trions are interesting for fundamental studies of many-
body interactions as well as for valleytronic or optoelectronic applications [90, 199].

In high-quality, monolayer materials like MoSes, exciton charging can be electrostatically
tuned. By fabricating a field effect transistor and applying a gate voltage, excitons within the
sample can be converted from neutral to positively or negatively charged. Such a tuning is
necessary for the development of optoelectronic devices like light sources, excitonic circuits,

or photodetectors [200].
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4.2 IMAGING TECHNIQUES

4.2.1 SEM

Scanning Electron Microscopy (SEM) is a powerful tool for studying the morphology of the
samples on the nanoscale. In this method, the sample is scanned with a focused electron
beam. The electrons’ wavelengths are orders of magnitude shorter (in the range of several
picometers) than that of visible light, which allows it to overcome the diffraction limit present
in optical microscopy. The electron beam originates from the electron gun and can be altered
by the accelerating voltage and currentintensity. Electronsinteract with the studied specimen
on different depths. In the most common mode Secondary Electrons (SE) are detected. SE
originate from the atoms excited with the primary electron beam. They possess relatively
low energy (~50 eV) so they can only come from a few nanometers deep into the sample.
SE are well localized and allows to image the topography of the sample with more than 1 nm
resolution. Another SEM mode involves detecting Back-Scattered Electrons (BSE). These
are the high-energy electrons elastically scattered from the sample from higher depths (>50
nm) and can provide information about the atomic number of the studied specimen. The
electron beam focused on the sample can also stimulate the emission of characteristic X-rays.
Such an analysis allows to learn about the chemical composition of the studied material [201,
202].

SEM images presented in this work were collected with a Dual Beam HELIOS NanoLab

600 setup equipped with Energy dispersive X-ray add-on.

4.2.2 AFM

Atomic Force Microscopy (AFM) allows to determine the thickness of the samples with the-

oretical precision up to 0.01 nm. The principle of operation is based on measuring the in-
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teraction between a mechanical probe and the sample. The probe is built out of a cantilever
ended with a sharp tip. The laser light reflects from the cantilever and is detected by a photo-
diode, providing a signal about the position of the cantilever to the feedback loop. During the
measurement, the probe is scanning over the sample. Due to the van der Waals interaction,
the cantilever is either attracted or repelled from the sample. The probe can either touch the
studied material (contact mode) or stay at some distance from it (non-contact mode). Each
mode has its benefits and drawbacks and needs to be selected according to the properties of
the specific sample.

AFM imaging of the samples studied in this work was performed on Scienta Omicron VI’
XA and Bruker Dimension Icon Nanoscope VI systems.

Figure 4.3 presents a comparison between the two described morphology imaging tech-

niques: AFM and SEM.

Figure 4.3: A comparison between the a) AFM and b) SEM image of the same hBN sample transferred
onto a silicon/silicon dioxide substrate.
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4.2.3 OPTICAL MICROSCOPY

Optical imaging was an indispensable part of preparing samples studied in this work. This
imaging technique is limited by the visible light wavelength used to illuminate the specimen.
The resolution can be described by the following equation: d = ﬁ, where d is the smallest
visible object, A — wavelength of the light used for illumination, NA — numerical aperture of
the objective.

Optical microscopy is extremely useful when determining the thickness of flakes of the
nanomaterials. Light reflects from different surfaces of the sample: for example: from the
exfoliated flake, SiO5 layer, and silicon substrate. Then, the reflected rays interfere with each
other resulting in visible for an eye optical contrast and various colors for different thickness
of the nanocrystals [203]. Comparison of AFM and optical images allows to calibrate which
observed optical contrast corresponds to which number of layers, and provides an easy and

quick method to precisely determine the thickness of the flakes (fig. 4.4).

Figure 4.4: Left: AFM measurement of a CrPSy flake showing its thickness. Right: Optical image of
the region measured by AFM. After calibration with AFM images, optical contrast can quickly provide
information about the thickness of the layers.
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Experimental

5.1 MEASUREMENT SETUPS

5..1 OPTICAL SPECTROMETERS

The optical spectrometer is an instrument that allows studying the intensity of light as a func-
tion of energy. In this work, the emphasis is put on the optical properties of chosen materials,
hence spectrometers were the basic tools for most of the measurements. During the studies,

two main setups were used: Renishaw inVia spectrometer with a relatively easy user inter-
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face and just a few personalization functions, and a much more customizable spectrometer:

HORIBA T64000. In the next paragraph, principles of operation are presented.

HoRIBA SPECTROMETER

Figure 5.1 shows a photo of the used setup, as well as the Horiba T64000 spectrometer con-
struction. The setup is equipped with 325 nm, 442 nm, 532 nm, 633 nm, 785 nm, and 1064
nm continuous wave laser sources. Light from the laser is directed to the microscope and
focused on the sample. Then, after interacting with the sample, the light goes back through
the objective and enters the spectrometer slit. Then the light is split by a diffraction grating
and then detected by a CCD camera. The setup features a mode using three diftraction grat-
ings for higher resolution. Such a setting involves more reflections and significantly reduces
the intensity. Since measurements performed for this work required a cryostat (light had to
pass through the glass window) and spatial mapping, while simultaneously not requiring the
highest resolution, we used the spectrometer in single-grating mode.

The setup is equipped with mounts compatible with a constant-flow cryostat MicrostatHires
Oxford Instruments, allowing measurements to be performed down to 4 K. Temperature
control is ensured by an Oxford Instruments MercuryiTC controller. A motorized stage
(Thorlabs) with 100 nm spatial resolution and in-house software allows spatial mapping of
the samples. Additionally, samples can be electrically contacted, and voltage can be applied

with an Agilent B2901 source measured unit.
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Figure 5.1: Top: a photo of a used Horiba spectrometer with additional equipment. Bottom: schematic
illustration of the spectrometer setup (illustration comes from the official Horiba user manual).

RENISHAW INVIA SPECTROMETERS

Our group possesses two Renishaw inVia spectrometer setups with confocal microscopes
and slightly different hardware and software specifications. One system is equipped with
continuous wave laser sources of: 532 nm, and 785 nm, while the other one offers 633 nm,
and 785 nm laser illumination. Setups contain XYZ motorized stages with a 100 nm step,
that allows precise and automated mapping of the samples. One of the setups, presented in
Fig. 5.2 offers measurements with different light polarizations as well as an automatic focus

during mapping.
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Figure 5.2: A photo of the Renishaw spectrometer setup used in this work.

MAGNETO-OPTICAL SETUP

Thanks to the courtesy of Prof. Maciej Molas and his group, a part of the measurements for
this work was conducted in his laboratory equipped with the superconducting magnet Cryo-
genic, able to provide magnetic fields as high as 17 T (fig. 5.3). In this setup, the sample is
mounted on a special probe equipped with precise piezoelectric Attocube positioners. Mea-
surements are possible in a wide range of temperatures (6-300 K). The employed Azzocube ob-
jective works in high magnetic fields and low temperatures and can focus the incident beam
to an excitation spot of about 1 pm?. The signal is detected by Princeton Instruments Spec-

traPro HRS spectrometer equipped with three diffraction gratings (300, 600, and 1800).

5.2 SAMPLE PREPARATION AND MANIPULATION OF ULTRATHIN LAYERS

5.2. MECHANICAL EXFOLIATION

Mechanical exfoliation is the most widespread technique of obtaining ultrathin layers from
bulk van der Waals crystals. It is also called a ”scotch tape” method, as it utilizes special adhe-
sive tapes [204]. To perform mechanical exfoliation, a bulk crystal is placed in the middle of a

piece of tape, which is then repeatedly stuck and peeled off to uniformly spread the material
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Figure 5.3: A photo of the used superconductive magnet.

over the entire tape. It is then glued to the chosen substrate, and very slowly removed after
at least one hour. The process results in a random distribution of flakes with different sizes
and thicknesses. The method is quick and simple, however small sizes of obtained flakes and
their random properties prevent its use on a larger than laboratory scale.

In order to place flakes onto the desired areas on the sample (such as contacts or other
flakes), a polydimethylsiloxane (PDMS) stamp can be used [205]. A schematic illustration of
this process is depicted in fig. 5.4. In the used method a PDMS film (in our work also called
gelfilm, from the company name) is placed on a microscope slide and secured with adhesive
tape. Then, the tape with the exfoliated crystal is glued to the gelfilm. After some time (de-
pending on the exfoliated material) the tape is quickly removed. Then, the microscope slide

can be put upside down in a precision mount in order to embed flakes in a specific place.
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Figure 5.4: Schematic illustration of a mechanical exfoliation scheme using a PDMS film to transfer
ultrathin flakes.

In this work we used a mask aligner — a device originally used to precisely position lithog-

raphy masks, to create heterostructures of nanomaterials. The setup is shown in fig. 5.5.

Figure 5.5: A photo of the mask aligner setup Karl Suess MJB 3. In this work, it was used to precisely
transfer ultrathin flakes.

The microscope slide was mounted upside down in a non-moving holder. A new sub-
strate is mounted with adhesive tape to a moving table equipped with micrometer screws.
The gelfilm and substrate were very carefully and slowly put in contact. After some time

(usually ~30 min), layers were carefully moved away from each other.
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5.2.2 DELAMINATION AND TRANSFER OF LARGE-AREA LAYERS

MOVPE growth of hBN layers is conducted at temperatures as high as 1300-1400°C. Such
conditions require taking into account the thermal expansion coefhicients of the substrate
and grown material to understand their morphology and interface. In the case of hBN and
sapphire, the difference is relatively large, as the thermal expansion coefficients are -2.83 X
107K~ for hBN [47] and 9 x 10% K~ for sapphire [206]. During the growth, the hBN
layer lies flat on the substrate. The situation changes when the sample is cooled down to room
temperature. The hBN layer expands more than the sapphire substrate shrinks. If the ma-
terial is continuous and of good crystallinity, it forms wrinkles on the entire surface, which
house material separated from the substrate (fig. 5.6 g). Rather counterintuitive, the appear-
ance of the wrinkles was found to actually relax the material [207-209]. If the adhesion of
hBN layers to the sapphire wafer is weak, the material can ”slide” on the substrate during the
cool down [210].

We observed, that when the sample is immersed in a polar liquid (ex. water), the hBN
layer delaminates and floats, allowing it to be transferred onto a different substrate. The oc-
currence and speed of delamination depend mostly on the thickness and growth mode of the
sample. During the optimization, we noticed that in general, the thicker the hBN layer, the
better it delaminates. More than ~50 nm thick samples detached in the blink of an eye when
put into the water. The process was so sudden, that sometimes it resulted in the segmenta-
tion of the layers. On the other hand, thinner samples needed more time to delaminate, and
for some (thicknesses <8 nm) immersion did not initiate the detachment from the substrate.

We discovered that reducing the surface tension by adding isopropanol, significantly im-
proves the delamination process of thin samples, while simultaneously making it less sudden.

At the same time, too high contents of isopropanol in the solution with water resulted in too

59



Figure 5.6: Schematic illustration of macroscopic hBN layer transfer. a) A photo of an as-grown 16
nm thick hBN layer on a sapphire substrate. b) When immersed in a water-isopropanol solution, the
material gradually delaminates from the substrate. c) The delaminated ultrathin hBN floats on the
liquid surface. d, e) The layer can be delicately transferred onto another substrate. f) An hBN layer
transferred onto silicon/silicon dioxide substrate. After drying on a hot-plate 16 nm thick hBN layer
appears bluish. g) SEM image of as-grown MOVPE hBN layer, shows a characteristic mesh of wrinkles.
h) SEM image after the transfer shows that the wrinkles vanish after the delamination.

little surface tension and drowning of the whole sample without triggering the delamination.
We have determined the optimal water-isopropanol solution to be ~10:1.

We found a way to delaminate also thin samples (<8 nm), by sticking a PDMS frame onto
them. The frame worked in two ways: it applied additional stress on the structure, allowing
it to delaminate, or initiated the delamination by mechanically unsticking the ultrathin layer.
By this method we managed to transfer hBN samples as thin as ~1 nm.

Fig. 5.6 a-f) shows photos of a transfer of a ~16 nm thick hBN sample. As described ear-
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lier, the sample was carefully immersed in water-isopropanol solution to trigger the delamina-
tion. Parts of the hBN layer adhered better to the substrate, demanding careful handling and
a low immersion speed. The ~1x1 cm material was successfully moved to a silicon/silicon
dioxide substrate without any significant ruptures. The sample was pulled out of the solution
very slowly to dispose of excessive liquid residues. After the process, the sample was heated
on a hot-plate at first at ~80°C for S minutes to avoid boiling the remaining water, and then
at ~150°C for at least half an hour.

SEM images collected after the transfer show, that the hBN layer significantly flattens
out (fig. 5.6 h). Indeed, floating layers without contact with the substrate straighten out and
behave like a very thin plastic foil. During the pull-out, some parts of the layer stick to the new
substrate quicker than the others which results in the formation of folds (fig. 5.6 h). Still, the
transferred sample is much smoother allowing for better imaging for example by AFM.

The presented wet exfoliation and transfer method was used to prepare substrates for
MBE growth of other materials presented in chapter 6 and heterostructures with 2D magnets

described in chapter 7.
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Heteroepitaxy

6.1 INTRODUCTION

The incorporation of atomically thin materials into real-world devices requires major ad-
vancements in their fabrication schemes. Mechanical exfoliation allows to produce high-
quality samples and to realize proof-of-concept ideas. However, the scalability, homogene-
ity, and repeatability limitations still suppress the applications with 2D layers. The scalability

constraint has been addressed for some time by the optimization of wafer-scale growth tech-

63



niques [211, 212]. One of the most popular approaches includes the development of CVD
(chemical vapor deposition), PVD (physical vapor deposition), thermolysis and laser anneal-
ing methods [213-218]. The structural, electrical, and optical quality of such structures still
remains inferior to their mechanically exfoliated counterparts. Some of the approaches in-
volve post-processing of the samples: further transfer or encapsulation of the grown layer,
which allows for improved quality of the material [219, 220].

Another promising approach is using epitaxial methods like MBE and MOVPE to pro-
duce large-area materials [221]. MBE offers the fabrication of high-purity material with
atomic precision [222-227]. However, it is also a time-consuming technique, making it non-
efficient for the growth of thicker samples. Therefore, the approach when MBE is used to
create just a single layer of material on an appropriate substrate seems like a viable option.

As shown before by the group of Prof. Wojciech Pacuski, MBE can be used to fabricate
high optical quality monolayer material on previously exfoliated hBN flakes on silicon/silicon
dioxide substrate [228]. The optical quality of the samples was probed by photoluminescence
studies and demonstrated by narrow and well-resolved excitonic lines at cryogenic tempera-
tures. The proximity of atomically flat hBN layers without so-called out-of-plane dangling
bonds helps to improve the dielectric surrounding and, as a result, optical properties of other
materials like TMDC, in particular, MoSe,. The size of hBN flakes limited the area of high-
quality MoSe, layers. In this work, we show that the epitaxial growth of high-quality MoSe;
can be extended using large-area hBN layers grown by MOVPE, making it a fully scalable
solution.

MOVPE provides a reliable method to produce large-area materials layer by layer at a rel-
atively high speed [171]. In this work, we followed two main fabrication schemes illustrated
in figure 6.1. One approach was to grow MOVPE hBN on a 2” sapphire substrate and sub-

sequently grow MBE MoSe; on the as-grown sample. The second approach included also
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an additional step of large-area hBN transfer onto another substrate (silicon/silicon dioxide)
and only then MBE growth of MoSe;. Such an approach allowed us to clear out the wrinkles
formed on hBN samples, thereby allowing better surface imaging. The transfer step made it

also possible to electrically contact the sample and control its charge carrier populations.

Figure 6.1: Schematic illustration of a heteroepitaxy sequence. Firstly, hBN is grown by MOVPE on
a 2" sapphire substrate. Subsequently, MBE is used to grow a single layer of MoSey. Alternatively,
after MOVPE growth, large-area hBN layers can be transferred onto other materials like silicon/silicon
dioxide, and subsequently, MoSes can be grown on top using MBE.

The nextsections present the results of such heteroepitaxial growth of large-area hBN/MoSe,

structures.

6.2 MBE GrROWTH ON As-GROWN MOVPE uBN

The starting point of our study was using as-grown MOVPE hBN as a substrate for MBE
growth of MoSes. During the studies we tested 11 hBN substrates, however, for clarity we
present results for three representative hBN samples. On each of the hBN samples, we per-
formed several MBE growths with varying growth times and number of annealing steps. Ta-
ble 6.1 presents the growth parameters of the studied samples.

While choosing hBN substrates, we focused on the ones with high crystallinity, as they
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Table 6.1: Growth parameters of the samples used in this study. hBN samples vary by their thickness.
Each MBE process resulted in depositing ~1 ML of MoSes, however, each was performed at a differ-
ent rate and with a different number of annealing steps. Sample indices in the brackets correspond to
the indices used internally by the group.

MOVPE

sample thickness | growth mode
hBN1 (G065) 13.6 nm CGM
hBN2 (G037) 3.5 nm CGM

hBN3 (G004, G0S1) | 1.5nm CFG
MBE

sample time of growth

MoSes A 15h

MoSe,B Sh

MoSe,C S5x1h

should provide the best environment for other 2D materials. On the other hand, the thick-
ness of the hBN spacer also plays an important role, as the interaction with the substrate is
present even with spacers ~40 nm thick [229]. MOVPE allows to grow high-quality hBN
layers by performing described in 3.1 section CFG (Continuous Flow Growth) mode, which
manifests a self-limiting behavior [230]. In this work, apart from samples grown with CFG
(Continuous Flow Growth) mode we studied also thicker samples obtained by the in-house
developed CGM (Combined Growth Mode) technique described in 3.1 section [171].

Fig. 6.2 a-d) shows the morphology of the thickest (hBN1) and thinnest (hBN3) of the
studied samples. SEM and AFM images provide information about the characteristic wrin-
kle mesh that appears in hBN layers as a result of the cool-down after the high-temperature
growth. Apart from the wrinkles, three-dimensional precipitates also appear on the surface
of the sample. Their presence is related to the formation of out-of-plane nucleation centers
during the MOVDPE growth process. Images show, that the thinner the hBN layers, the less
visible and finer is the wrinkles mesh.

The employed hBN layers were further characterized by Fourier transform infrared spec-
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troscopy (FTIR). Fig. 6.2 e) depicts spectra obtained for samples hBN1 and hBN3. Fits
obtained by Dynamic Dielectric Function approximation allowed us to precisely determine
the thickness of the layers [171]. The observed peak ~1367 cm™! corresponds to the IR
active mode Ey,,, confirming the formation of a sp2 hybridized material [231].

The X-ray diffraction studies presented in fig. 6.2 f) provide information about the struc-
tural quality of the hBN layers. For sample hBN1, the peak is observed at 26.3°, which in-
dicates a majority contribution of hBN with a small addition of tBN. For sample hBN3 the

signal is much broader, less intense, and shifted to 24.7° suggesting mostly turbostratic (tBN)

contribution [168].
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Figure 6.2: SEM images of samples a) hBN1 and b) hBN3. The thinner the sample, the smaller and
less visible the post-growth wrinkles mesh is. AFM images of samples c¢) hBN 1 and d) hBN 3. ¢)
FTIR spectra collected for samples hBN1 and hBN3 allow to precisely determine their thickness. f)
X-ray diffraction provides information about the structural composition of the samples. Sample hBN1
contains mostly hBN with a small addition of tBN, while sample hBN3 consists mostly of tBN. g) Low-
temperature PL spectra collected for different MBE growths (MoSe;A-C) on different MOVPE hBN
samples (hBN1-3).

Fig. 6.2 g) shows the low-temperature (5 K) PL spectra for MoSe; layers grown by various
MBE processes on various hBN samples. The high optical quality of the MoSe; layer can be

shown by separated excitonic lines corresponding to the A exciton (X% ) and charged exciton
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(XC) also called trion. Such a separation was mostly observed for mechanically exfoliated
material [200, 232-234] and for MBE grown MoSe; on mechanically exfoliated hBN [228].

The starting point of the optimization for heteroepitaxial growth was utilizing a long (15
hours) MBE process (MoSezA) which proved successful in the growth on exfoliated hBN
flakes. This approach resulted in a broad PL spectrum, which could indicate the formation
of more than one layer of the material. As a result, we shortened the MBE growth time (5
hours), which positively impacted the optical quality of the fabricated samples, by narrowing
the low-temperature PL signal. The best outcomes were achieved after introducing several
annealing steps into the MBE process (5 times 1-hour long growth). The comparison of PL
spectra obtained for three hBN samples of different thicknesses which underwent the same
MBE process (MoSezC), shows that the best separation of excitonic lines is achieved for the
thinnest hBN layer.

To further confirm the formation of MoSe; layer in the samples, we performed TEM
imaging of the cross-section of sample hBN3 MoSe,C (fig. 6.3). At the bottom, a well-
ordered sapphire substrate is visible. Then, a thin layer of aluminum nitride followed by a
layer of amorphous BN (aBN) is visible. Such a structure is typical for high-temperature
MOVPE hBN growth [171]. Around ~1 nm thick hBN layer can be seen, which is in agree-
ment with the FTIR measurements. We see, that the hBN layer is not perfectly continuous,
but rather forms islands. Nevertheless, it appears in most areas of the sample. On top of
the BN layer, a monolayer MoSe; is visible. The material reproduces the shape of BN layers,
making it difficult to obtain an image of a long segment of monolayer MoSe;. The sample
had to be additionally covered by an Au cap, in order to eliminate the charging effects. The
deposition of the cap could partially destroy the delicate MoSe; layer.

The blue area marked in fig. 6.3 b) was used to extract the intensity graph shown in fig.

6.3 c). The profile allows us to extract the interlayer spacing to be 0.34 nm which is slightly
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Figure 6.3: Transmission electron microscope (TEM) image of the sample hBN3 MoSe5C. a) The cross
section shows the sample’s layers: a sapphire substrate, interface made out of AIN and amorphous
BN, and ~1 nm thick layer of hBN followed by a monolayer MoSey. The sample is covered by an
Au cap, to prevent charging. b) Zoom-in of the area marked in green in panel a). c) Intensity profile
showing 0.34 nm interlayer spacing between BN layers.

larger than the literature value of 0.33 nm for hBN [40]. This result corresponds with the
XRD measurements suggesting a mostly turbostratic layer stacking for ultrathin BN layers
[171, 210].

Figure 6.4 shows a comparison of low-temperature PL spectra collected for heteroepi-
taxial sample hBN3 MoSe;C and MoSe; layer grown by MBE directly on a silicon/silicon
dioxide substrate. Panel a) depicts two excitonic peaks typical for MoSes. Peaks correspond
to the neutral A exciton at 1655 meV and trion at 1627 meV. The obtained values are in
agreement with previous reports [200, 232, 235, 236]. The width of the peaks is 22 meV
which is still an order of magnitude higher than the values obtained for the best points found

in mechanically exfoliated samples [109]. However, our heteroepitaxial technique shows a
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two-fold improvement in comparison to the material grown directly on the Si/SiO5 (panel b
in fig. 6.4). Additionally, the intensity of the recorded peaks is more than an order of magni-
tude higher than the one found in MoSe; on Si/SiO,.

The inset in fig. 6.4 shows the PL spectrum of sample hBN3 MoSe; in a larger spectral
range. Marked in pink features at 1.7 — 1.8 eV correspond to the sapphire substrate, and the

background emission originates from the defect states in the hBN layer [237].

Figure 6.4: A comparison of low-temperature (5 K) PL spectra (532 nm CW laser excitation) gathered
for a) heteroepitaxial sample hBN3 MoSe, and b) MBE growth of MoSe, directly on the Si/SiO9 sub-
strate. The excitonic peaks are well-resolved and relatively narrow for the heteroepitaxial sample. The
inset shows the PL signal at a larger spectral range. Features originating from the sapphire substrate
(pink area) as well as a high-intensity background originating from defect states in hBN are visible.

To further characterize the samples, we performed temperature-dependent PL measure-
ments. The result of this experiment is depicted in fig. 6.5. We observe a red shift and widen-
ing of the excitonic peaks, as well as the disappearance of the XC signal with the increasing
temperature. The red shift is a well-described phenomenon arising from the reduction of
the band gap in MoSe; with rising temperature [200, 238]. Fig. 6.5 b) shows the extracted

energies of the neutral and charged excitons with fits adapted from [200].
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Figure 6.5: a) Temperature evolution of PL spectra collected for sample hBN3 MoSe;C. b) Energy
dependence for the neutral and charged exciton with fits adapted from [200]. The temperature evo-
lution is typical for unstrained MoSes, layers.

The result indicates a typical band-gap energy dependence found in unstrained MoSe;
layers, which suggests weak interaction with the hBN substrate [200]. The promising results

obtained for small samples prompted us to perform growth on a large scale.

6.2.1 WAFER SCALE GROWTH

We repeated the best MOVPE and MBE growth processes on a whole 2” sapphire wafer to
prove that our approach is a fully scalable growth method. Fig. 6.6 a) shows a photo of
the large-area sample. MoSey layer can be seen with the naked eye in a slightly brownish
color. The transparent outer ring is a result of using a frame to hold the substrate in the MBE
chamber.

To check the uniformity of the MoSe; layer, we performed a large-area Raman mapping
at room temperature. Spectra were measured with the Renishaw inVia spectrometer. The

sample was excited by a A=532 nm laser with a power of 320 /W and a 20x objective (NA 0.4).
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For the analysis we chose the more intense out-of-plane A;, peak. The map presented in
fig. 6.6 b) indicates a uniform coverage of the wafer with the MoSe, layer. The energy of the
Raman signal is also a powerful tool in determining the thickness of the material. According
to previous reports, the out-of-plane mode redshifts while the in-plane mode blueshifts with
a decreasing number of layers [108]. Fig. 6.6 c) shows a typical Raman spectrum collected
in a random place of the sample. The observed Raman peak positions correspond to the
appearance of a single layer of MoSe,. Fig. 6.6 d) depicts the statistical analysis of the Ay,
peak position on the whole wafer. The standard deviation from the mean value of the energy
of the peak (F4,,=241.06 cm ™) is small (04,,=0.85 cm™") confirming the formation of
mostly MoSe; monolayer.
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Figure 6.6: a) A photo of 2” sapphire wafer with MOVPE grown hBN and MBE grown MoSey. Due
to the interference, the MoSey layer is visible with the naked eye in a brownish color. b) The result
of Raman mapping (peak A1) of the whole area of the sample. The material’s coverage is uniform
throughout the whole wafer. c) The recorded Raman signal shows characteristic MoSe, peaks: Ay,
at ~241 cm~ ! and a less intense Egg at ~291 cm™~ L. d) Statistical analysis of the Raman signal (peak
Alg) shows a small dispersion of the peak position, proving a good homogeneity of the sample and
the formation of monolayer material.

Photoluminescence spectra can also serve as a precise indicator of the thickness of MoSes.
In the monolayer limit, there are no longer any interlayer interactions, resulting in the change
of the bandgap from indirect to direct [239]. Atroom temperature, the PL spectrum consists

of one broad feature corresponding to the neutral exciton A. For a monolayer, the energy of
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the peak is centered at ~1.57 eV, while for a bilayer the peak is centered at ~1.54 ¢V [108].
Fig. 6.7 shows the result of PL mapping of the whole wafer. Measurements were done

using the Renishaw InVia spectrometer, and A=633 nm laser illumination with 550 ;W laser

power and a 20x objective (NA 0.4). Three graphs present the parameters of the X% peak

extracted from fitting a Lorentz profile to each of the gathered spectra.

Figure 6.7: Results of the room-temperature PL mapping of the whole wafer. X% peak parameters are
extracted from fitting a Lorentzian profile to the data: a) width, b) energy, c) amplitude of the excitonic
peak. d) Histograms show a small standard deviation of the analyzed parameters.

All three plots show a small variation of the analyzed parameters. The peak width with
a mean value of (68+6) meV is relatively low for the room-temperature spectra [200]. The
mean energy of the excitonic line is (1569.1£2.2) meV, which corresponds to the previously

observed value for a single-layer MoSes [108]. Another important factor in determining the
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thickness of TMD layers is the intensity of the observed excitonic peaks. For monolayers,
the signal can be even more than 20 times more intense than for a bilayer [108]. PL map-
ping shows a rather uniform distribution of the excitonic peak intensity, indicating that the

monolayer is present in all parts of the sample.
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Figure 6.8: Statistical analysis for low-temperature (5 K) PL spectra measured along a 1 cm line. The
histograms show the distribution of excitonic peak a,c) energies and b,d) widths extracted from fitting
Lorentzian profiles to the signals originating from neutral (X%) and charged exciton (XC) in MoSes.

This optical, large-scale observation considering a homogeneous intensity as well as a
small spread of the exciton peak energy, together with nano-scale TEM characterization pro-
vides an insight into the structure of the fabricated structure, indicating the formation of
mostly monolayer material on the whole wafer.

To further probe the optical quality and uniformity of the samples, we performed low-
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temperature (5 K) PL mapping. Due to the limited size of the cryostat window, we measured
100 spectra equidistant along a straight, 1 cm long line. The spectra were gathered with the
HORIBA T64000 system, with 532 nm cw laser excitation. A sum of two Lorentzian pro-
files was fitted to the collected spectra. A statistical analysis of parameters for X% and XC is
presented in fig. 6.8.

The obtained results indicate a high homogeneity of the samples. For the neutral ex-
citon, we extracted the mean energy of (1655.43 & 0.14) meV with the mean FWHM of
(24.04 = 0.84) meV, while the mean energy for trion was (1626.49 & 0.17) meV with FWHM
of (21.5 & 1.8) meV.

The performed optimization leads to the conclusion, that the best optical quality of the
samples is obtained for the thinnest hBN as-grown layers. This observation leads to yet an-
other consideration — is the thickness of the hBN layer a key parameter, or do wrinkles sig-
nificantly influence the MoSe; growth? For the thinnest hBN samples, the wrinkles are the
least visible, while for thicker hBN layers, the wrinkles protrude substantially. In the next

section, we explore the MoSe; quality grown on the transferred wrinkle-free hBN layers.

6.3 MBE GROWTH ON TRANSFERRED MOVPE uBN

6.3.1 SAMPLE MORPHOLOGY

The heteroepitaxial growth presented in the last section constituted the starting point for
further optimization of the process. Now, we wanted to assess whether the wet transfer
described in the section 5.2.2 can improve the quality of the grown layers. Undoubtedly,
this process removes the micro-wrinkle mesh, which should strongly influence the growth
process. While in the last section, we focused on determining the influence of hBN spacer

thickness on the quality of MoSey, in this part we put emphasis on the influence of hBN
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morphology on the subsequent heteroepitaxial growth.

For this part of the work, we decided to compare our results with the MoSe, grown by
MBE on the highest quality mechanically exfoliated flakes, obtained from the crystals from
the laboratory of Takashi Taniguchi and Kenji Watanabe.

Thanks to the constantimprovement of the MOVPE growth of hBN samples by dr Alek-
sandra Dabrowska, we were able to use even better quality layers for this study. More op-
timized growth schemes resulted in improved interface quality and crystallinity. We have
chosen three representative hBN layers for further heteroepitaxial growth. Encouraged by
the previous promising outcomes with thin material, we selected samples hBNS and hBN6
grown by a CFG mode, both around 2 nm thick. Sample hBNS was additionally annealed
at 1400°C in a nitrogen atmosphere. This procedure was proven useful in flattening the ob-
tained layers [210].

Additionally, we have chosen one thicker sample hBN4 (thickness: ~16 nm) fabricated
by a combined growth mode (CGM), which possessed a well-ordered crystallographic struc-

ture. Table 6.2 shows aggregate MOVPE growth data for samples hBN4-6.

Table 6.2: MOVPE growth parameters of hBN samples used as a substrate for heteroepitaxial growth
of MoSes, after the wet transfer to Si/SiOs.

MOVPE
sample thickness growth mode
hBN4 (G141, G142) | 16nm CGM
hBNS (G149) 2 nm CFG + N; annealing
hBN6 (G153) 2nm CFG

Fig. 6.9 shows a comparison between the morphologies of samples hBN4 and hBNS
probed by SEM imaging. A well-pronounced wrinkle mesh is visible for the thicker hRBN
layer, while wrinkles are practically not visible in the case of a thin sample. The optimization

of MOVPE growth allowed us to drastically reduce the number of 3-dimensional precipitates
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appearing on the material surface.

Figure 6.9: SEM images of as-grown samples hBN4 and hBN5. A micro-wrinkle mesh is well-visible
for the thicker (~16 nm) layer hBN4. The development of MOVPE growth parameters allowed to
practically eliminate the out-of-plane precipitations.

hBN layers were transferred to a silicon/silicon dioxide substrate using the wet delamina-
tion scheme described in detail the section 5.2.2. The thicker sample hBN4 was very easy to
transfer, as it detached without any cracks and did not form many wrinkles after the deposi-
tion on the new substrate. The transfer of this specific sample is shown in fig. 5.6.

Thinner hBN samples posed a bigger challenge to transfer since the delamination pro-
cess did not initiate by immersion in water-IPA solution. To overcome this limitation, we
attached PDMS frames to the samples [240]. This action allowed to delaminate significant
parts of the hBN layers and place them onto the new substrate.

Samples hBN 4-6 were transferred to Si/SiO; substrates, and heated for at least 30 min
at 150°C. Subsequently, each sample was cut into three pieces. Then, samples were used
as substrates for further MBE growth of MoSe;. For every MBE process (MBE D-F), a set
of four substrates was used simultaneously to ensure the same growth conditions. The set
of four substrates included: one piece of each MOVPE-grown sample (hBN 4-6), as well

as a piece of Si/SiOy with small, mechanically exfoliated hBN flakes, serving as a reference.

77



Table 6.3: Growth parameters for MBE processes: D, E and F.

MBE
Process D E F
Pre-growth annealing temp. 780°C 780°C 780°C
Pre-growth annealing time | To reach 780 °C | To reach 780 °C | 2hin 780 °C

Growth temp. 300°C 300°C 300°C

Growth time 2h 15h 40 min
Post-growth annealing temp. 780 °C 780°C 780 °C
Post-growth annealing time 3h 2h 2h

Opverall, three different MBE processes were performed (MBE D-F) on three sets of samples
(hBN 4-6 on Si/SiO», and exfoliated hBN on Si/SiOs).

The starting point was the process MBE D optimized for the best MoSe; growth on hBN
flakes. Then, the deposited amount of source elements was gradually reduced for processes
MBE E and MBE F.

Each MBE process followed the same scheme: pre-growth annealing, growth, and post-
growth annealing as summarized in the table 6.3.

For processes MBE D and E, the temperature of the substrate was raised to 780 °C and
right away cooled to the growth temperature of 300 °C. During the process MBE F, sub-
strates were annealed significantly longer, for 2 hours, to outgas them, and relax the hBN
layer. For the subsequent processes, the time of growth was reduced from 2 hours, through
1.5 hours, to 40 minutes. The MBE growths were followed by yetanother annealingat 780 °C.

Fig. 6.10 shows a comparison of AFM images of hBN samples as-grown, after the transfer
and after MBE processes D-F. Thin as-grown hBN layers (6.10 f,k) manifest a much finer
wrinkles mesh as compared to the thicker material (6.10 a). Images collected for hBN layers
after the transfer allow to study the morphology of the material itself. The surface of the thick
sample hBN4 reminds stacks of triangular terraces, mostly oriented in the same direction.

Thinner samples hBN 5 and hBN 6 appear as a torn is some places, slightly uneven layer.
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The wet transfer eliminated the micro wrinkles pattern but led to the formation of longer,
bigger folds. This behavior, which occurs mainly in thinner samples, can be explained by the
wet transfer process. Difterent parts of a floating layer stick to the new substrate unevenly: at
slightly different times and not in a perfectly straightened position, causing the appearance
of new wrinkles. Additionally, the direction of the wrinkling corresponds to the direction of
pulling out the substrate from the solution. In the future, the process can be automated to
ensure uniform substrate pulling at precisely set angle.

AFM images collected after the MBE growth (fig. 6.10 panels c-¢, h-j, m-o0) show that all
hBN layers were covered with additional material. The morphology of the heterostructures
is best visible for samples utilizing hBN 4, where MoSe, flakes overgrow triangular terraces.
Images obtained for MBE process D, which used the largest amount of reagents, suggest a sig-
nificant number of multilayer MoSe; areas. The reduction of growth time, and consequently
the amount of elements used, resulted in a smoother sample morphology (MBE processes E
and F), indicating mostly monolayer coverage.

Fig. 6.11 shows a comparison between MBE growth on epitaxial and exfoliated hBN.

Images collected for bulk exfoliated material indicate a smooth and atomically flat sur-
face of the hBN flake, with overgrown MoSe; islands with sizes up to 70 nm in diameter
(Fig. 6.11). As the MBE process D was optimized for the growth on exfoliated hBN, the cov-
erage with MoSes is the highest. The height of a single MoSe; layer calculated from structural
models [241] is less than one nanometer, which corresponds well to the height of observed is-
lands. Additionally, mostly in the vicinity of edges, the formation of a second and sometimes
third layer of MoSe; can be seen.

For MBE processes E and F we see a gradual reduction of the MoSe; coverage of the hBN
flake. However, despite the reduction of reagents, the inclusions of two, and more layers are

still present. This observation suggests that the flat surface of an exfoliated hBN flake does not
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Figure 6.10: AFM images collected for the samples a-e) hBN 4, f-j) hBN 5, k-o0) hBN 6, as-grown on
the sapphire substrate, after the transfer to Si/SiO9 substrate, and after MBE growth processes D-F.
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provide enough nucleation centers for the initiation of MoSe; growth. The material starts to
grow near the sharp edges, resulting in the unwanted formation of more than one layer, even
for the process MBE F using the smallest number of reagents.

According to AFM measurements epitaxial hBN 4 sample has a roughness of ~2.5 nm,
and is made of numerous triangular terraces. Such a morphology creates many nucleation
centers for the further growth of other materials. The increased growth on the wrinkles and at
the point defects found near the substrate surface was previously observed and documented
[242-245]. Our epitaxial hBN provides uniformly spread irregularities, allowing homoge-
neous growth on the whole area of the sample. AFM images corresponding to subsequent
MBE processes (fig. 6.11) indicate that more MoSe, was deposited than in the case of the
growth on exfoliated flakes. Process MBE D using the largest amount of source elements re-
sulted in epitaxial hBN terraces completely covered with material suggesting the appearance
of more than one layer. Process MBE F which used the smallest amount of reagents resulted
in seemingly uniform coverage with almost touching MoSe; flakes without any significant
contribution of multilayers.

A large number of edges and irregularities found in the epitaxial hBN samples promote
the uniform growth of other materials. Additionally, it uses a smaller amount of resources,

making it beneficial for any scalable real-world applications.

6.3.2 OPTICAL PROPERTIES OF THE MOSEo/HBN HETEROSTRUCTURES

We performed low-temperature (5 K) spectroscopy studies to determine the optical quality
of fabricated heterostructures. Fig. 6.12 presents the PL spectra collected for epitaxial hLBN
samples 4-6 and exfoliated flakes, after MBE growth processes D-F.

As described in the previous section 6.2, for high-quality MoSe; excitonic peaks are nar-

row and well-resolved at cryogenic temperatures. In monolayers the lower energy peak ~1.63 eV

81



Figure 6.11: AFM images comparing the effect of different MBE processes (D-E) on the morphology of
samples: epitaxial hBN 4 and exfoliated hBN flakes. Many sharp edges and terraces found in epitaxial
hBN provide nucleation centers for easy and uniform growth of MoSes. On the contrary, atomically
flat mechanically exfoliated hBN flakes do not promote the growth resulting in smaller MoSey cover-

age with many multilayer inclusions.
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Figure 6.12: A comparison between PL spectra gathered at 5 K, for samples using hBN samples 4-6,
as well as exfoliated hBN flakes as substrates for further MBE growth of MoSe,. Subsequent MBE
processes (D-F) use gradually smaller amount of source elements.

corresponds to the charged exciton, while the higher energy peak ~1.66 €V corresponds to a
neutral exciton [200] (section 4.1.2). Additionally, the intensity ratio between the excitonic
peaks depends on the carrier concentration in the material [109].

Unsurprisingly, MBE process D optimized for and performed on exfoliated hBN flakes,
results in narrow and resolved excitonic peaks with slightly dominating neutral exciton con-
tribution. For processes MBE E and F using a smaller amount of reagents, the intensity ratio
between a trion and exciton A shifts, resulting in a higher charged exciton intensity. The
energy and width of the excitonic lines do not change significantly, suggesting a high qual-

ity of the obtained monolayers. Additionally, we observe a broad feature at ~1.5 eV which
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corresponds to the appearance of a bilayer material [108].

MBE process D performed in epitaxial hBN results in broader excitonic features. A slight
separation of the lines is observed only for samples hBN 4 and hBN 6. Furthermore, a broad
peak indicating the occurrence of a bilayer MoSe; is visible for all of the epitaxial samples.
The optical quality of the studied heterostructures significantly improves with lowering the
amount of used source materials. The best results are obtained for the process MBE F. All
epitaxial samples manifest the separation and narrowing of the excitonic lines. For all of the
epitaxial heterostructures the contribution of the neutral exciton dominates over the trion.

According to the literature, mechanically exfoliated MoSes monolayers usually manifest
n-type doping [246] resulting in a higher intensity of a trion-related feature [200, 234, 246].
Our results for epitaxial hBN samples and MBE process D on exfoliated flakes indicate an in-
verse relationship. Other works point to several possible explanations for this phenomenon.
The MoSe; charge state can be influenced by point defects or charge transfer from the sub-
strate [229, 238, 246, 247]. Apart from that, applying voltage and changing the laser excita-
tion power [200, 246] can be used to influence the neutral to charged exciton intensity ratio.

Reports show [229], that the thickness of the hBN spacer greatly influences the prop-
erties of MoSes. Thin hBN barrier allows charge to tunnel from the impurities of Si/SiOs
substrate influencing the carrier concentration of the monolayer. In our experiment, we em-
ployed both thick (hBN 4) and thin (hBN 5 and 6) epitaxial samples and did not observe
changes in charged to neutral exciton intensity ratio between them. However, looking at the
morphology images of epitaxial hBN samples, as well as observing rich defect-related light
emission (further described in chapter 7), we anticipate MOVPE hBN to have the biggest
influence on the charge state of the MoSe; layer grown on top of it. Since epitaxial hBN pos-
sesses many edges, irregularities, and structure defects, we suspect that such features in hBN

can lead to changes in the doping of the MoSe; monolayer.
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Fig. 6.13 shows a comparison between low-temperature PL spectra collected for samples

grown in MBE process F on epitaxial hBN 4 and on exfoliated flakes.

Figure 6.13: PL spectra collected for MBE process F performed on a) epitaxial sample hBN 4, b) me-
chanically exfoliated hBN flake.

Similar to the previous section, we fitted a sum of two Lorentzian profiles to the data to
extract the exact peak energies and widths. We obtained widths as narrow as 14 meV and
13 meV for X% and XC, respectively, in the case of MBE growth on epitaxial hBN, and
10 meV and 9 meV for XY and XC, respectively, in the case of MBE growth on exfoliated
hBN. The results are comparable, yet still inferior to the best points found in fully exfoliated
samples or best MBE growths on exfoliated hBN flakes [228].

In AFM imaging (fig. 6.10 and fig. 6.11) we identified some parts of the MoSe; flakes
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as multilayer inclusions. Optical spectroscopy results agree with this observation. Fig. 6.14
shows a zoom into the PL spectra at the energy range corresponding to the MoSes bilayer

signal (~1.5 eV) with fitted peak areas A (arb. units).
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Figure 6.14: Low-temperature PL spectra collected for MBE processes D-F performed on samples hBN
4 and on exfoliated hBN flakes. Zoom-ins show the spectral region where the feature corresponding
to the MoSes bilayer appears. The contribution of the bilayer decreases with the decreasing amount
of source elements used in the MBE growth.

For MBE process D we observe a significant contribution of a bilayer related peak. This
contribution is ~3 times larger in the case of growth on epitaxial hBN, suggesting a large
amount of overgrown MoSe;. The reduction of source elements for the MBE processes E
and F significantly lowers the bilayer contribution. A much larger share of bilayer MoSes is
formed in the case of growth on exfoliated hBN flakes, which agrees with the morphology
imaging. Flat surfaces of hBN flakes do not promote the MBE growth. Mostly rough edges

of already fabricated MoSe layers serve as new nucleation centers.
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In the case of growth on ’rough’ epitaxial hBN layers, the morphology irregularities are
uniformly spread across the sample, constituting many nucleation centers. The bilayer-related
peak area recorded for the MBE growth F is almost negligible, suggesting mainly MoSes
monolayer coverage.

To further characterize the quality of the samples, we performed low-temperature photo-
luminescence mapping of samples using epitaxial hBN 4 and exfoliated hBN flakes as a sub-
strate for further MBE growth. The samples were mapped using a 532 nm laser in 50x50 pim
areas. We fitted the sum of Lorentzian profiles to extract excitonic positions and linewidths
presented in fig. 6.15 (columns 1 and 2).

Histograms presented in the third column in fig. 6.15 and table 6.4 show the results of

the performed statistical analysis.

MoSey growth on | MoSe; growth on
MOVPE hBN exfoliated hBN
XY, peak position (meV) | 1655.94+0.13 | 1657.18 £0.74
XC peak position (meV) | 1627.17 4+ 0.24 1630.59 £ 0.75
XY peak width (meV) 15.0 + 0.4 10.8 £ 1.2
XC peak width (meV) 11.2+ 0.7 7.0£0.5

Table 6.4: A summary of statistical analysis of the excitonic peaks properties extracted from the PL
mapping of MoSey grown on MOVPE and exfoliated hBN.

Mean linewidths obtained for the growth on exfoliated flakes are as expected smaller than
in the case of growth on epitaxial layers. However, the spread of the excitonic peaks positions
and widths is significantly smaller for the MoSe, grown on epitaxial hBN.

Literature reports point at the mechanical exfoliation process as a reason for the large vari-
ance in MoSey properties. The deterministic encapsulation in hBN flakes can lead to strain
distribution resulting in the excitonic peaks’ variations of ~1.5 meV [236], agreeing with

our findings. Additionally, the use of tapes during the exfoliation can result in the polymer
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Figure 6.15: PL maps showing the spatial distribution of exciton-related peaks for MoSey grown on
epitaxial hBN (1st column) and exfoliated hBN (2nd column). The 3rd column depicts histograms
presenting the spread of the position and widths of the excitonic lines.
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residues on the flakes, locally influencing the properties of the grown MoSe; layer [248].

Our heteroepitaxial approach excludes the use of any polymer, leaving a clean interface
to perform further growths. Our results showing a great uniformity of the fabricated MoSes
also suggest, that the large-area hBN layers are relaxed, even after the wet transfer.

On exfoliated flakes, researchers typically report spectra only for the best spots, which are
much narrower (down to ~2-3 meV for MoSe; monolayers) [232]. However, such spectra
are not representative of the whole flake, mostly because of the strain and fabrication residues
like bubbles or small polymer pieces [236]. MoSe, samples grown by our heteroepitaxial
method are characterized by broader excitonic lines (~11-15 meV), however, manifest much
better homogeneity. Photoluminescence mapping on a micro, as well as macro scale, shows
that the optical properties are uniform in our epitaxial samples. Such high homogeneity, as
well as the possibility of performing growths repetitively in the same conditions, renders our

approach as a viable solution for optoelectronic applications.

ELECTRICAL CHARACTERIZATION As shown in the previous reports [200], applying a
voltage to the MoSe; layer allows to electrically control the charge state of the structure. The
tunability from positive through neutral to negative exciton charge state is manifested in
the gate voltage-dependent photoluminescence measurement. While changing the applied
electric field, the intensity ratio between charged and neutral excitons changes, indicating
electrostatic doping in the MoSe; layer [200]. The described electrical control is important
for the optoelectronic applications, as well as from a fundamental research perspective [249,
250]. However, the electrostatic tunability was demonstrated only for high-quality, micro-
scale devices. In this work, we present the electrical control of the exciton charge state on our
large-area material, further proving its quality and usability in future applications.

The electrical control of the charge state is usually demonstrated in the field effect tran-
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sistor structures [200]. In such devices, the back gating is achieved by applying the voltage
to a conductive substrate (like Si) separated by a thin layer of dielectric (like SiO5) from the
active MoSe layer. Additionally, electrical contacts are fabricated lithographically on top of
the structure.

In our case, gating of the as-grown hBN/MoSe; layers was experimentally not feasible,
due to 430 pm thick sapphire wafers used as a substrate, efhiciently screening any back-gate.
However, MoSe; samples grown on epitaxial hBN layers transferred to Si/SiO; allowed us to
back-gate the structure and perform electrical characterization.

We tested a simplistic approach for our samples and used silver paste to create top and
back contacts, as schematically presented in fig. 6.16 a). The conductive p-doped silicon
served as a gate, while a 90 nm thick SiO; layer was used as a dielectric. The sample was glued
using silver paste to the non-conductive sapphire and then glued on the cold finger of the
cryostat to avoid a short circuit. We performed low-temperature PL studies by illuminating
the sample with a lateral distance of ~100 i from the top contact. Applied gate voltages
ranged from -30 V to +30 V. We avoided applying higher voltages to prevent the dielectric
layer breakdown of the SiO5 layer.

Fig. 6.16 b) shows photoluminescence spectra collected at the same spot on the sam-
ple, but with three different gate voltages applied. For 30 V, the neutral exciton contribu-
tion is only slightly higher than the charged exciton contribution (the intensity ratio equals:
Ixo /Ixc = 1.42). The situation changes with decreasing gate voltage. At-30V, we observe
asignificant dominance of the neutral exciton intensity (the intensity ratio equals: o /Ixc =
2.81).

Fig. 6.16 ¢) presents the photoluminescence intensity map for data collected at-2V -30V
gate voltage range. We observe a gradual change of the neutral to charged exciton intensity

ratio, further proving the electric tunability of the charge states in our samples. Fig. 6.16 d)
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Figure 6.16: a) Schematic illustration of our large-area hBN/MoSey heterostructure used for the
electro-optical characterization. b) A comparison between low-temperature PL spectra recorded for
various gate voltages. c) PL map as a function of applied voltage (spectra were normalized to the
maximum value obtained for -30 V). d) Peak areas extracted for the charged and neutral excitons at
different voltages. The highest variability is observed for negative voltages.

shows the neutral and charged exciton peak areas extracted from fitting Lorentzian profiles
to the data, as a function of the gate voltage. The difference between peak intensities is the
biggest for the highest applied gate voltage, and decreases as it approaches zero.

The results show, that the excitonic species in large-area epitaxial samples can be electri-
cally controlled. Additionally, a simplistic electrical contacts fabrication scheme using easily
available silver paste, was enough to demonstrate the tunability in the structure. No need to
use photolithography to gate the samples is beneficial, as it shortens the time needed for each
structure characterization, and is a cleaner fabrication method, not leaving any resist residues

on the material.
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While other works [200, 251, 252] present such electrical control on a microscale with
exfoliated material, our approach allows to gate large-area, centimeter-sized samples. Tuning
of the optoelectrical properties of various TMDs is crucial for their future use in real-world

devices.

6.3.3 CONCLUSIONS

In this chapter, we presented a combined epitaxial growth method to fabricate high-quality
monolayers of molybdenum diselenide. We have taken two main approaches: MBE growth
on as-grown and transferred MOVPE hBN. We optimized epitaxial growth processes to ob-
tain high-optical-quality samples, as manifested by narrow and resolved excitonic lines in PL
measurements at low-temperatures.

In the case of MoSe; growth on as-grown hBN layers, the key parameter was the thickness
of the hBN spacer. Ultilizing thinner (~1.5 nm) samples allowed to obtain the best results.
Such an approach is well-suited to a scalable production, as it does not require additional
transfer steps: the wafer can be transported directly between MOVPE and MBE systems.

However, even better optical properties of the samples were achieved for the MoSe; growth
on transferred hBN layers. In this scheme, the crystalline quality of the hBN layer became a
key factor that affected the quality of the entire structure. The transfer step allowed us to re-
move the micro wrinkles that form during a cool-down after the growth process of the hBN
layers. The lack of wrinkles resulted in better morphology and positively influenced subse-
quent MBE growth. The irregularities and edges that are characteristic of the epitaxial hRBN
samples promoted MoSe; nucleation and ensured uniform coverage. Additionally, transfer-
ring the hBN layer onto a Si/SiO; substrate enabled the electrical gating of the structure. By
probing gate-voltage-dependent photoluminescence spectra, we demonstrate the electrical

control of the charge carrier concentration in MoSe; grown on large-area hBN.
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We observed a significant improvement in the optical quality of the MoSe; layers grown
on epitaxial hBN samples as large as 2”. The optimization of such structures is a complicated
problem dependent on various parameters like MOVPE and MBE growth schemes, and sub-
strate treatment between the epitaxial processes. Thanks to the systematic characterization
of the samples and feedback provided, we managed to optimize the epitaxial processes to-
wards the fabrication of high-optical-quality samples. While many parameters can be further
improved, the proposed heteroepitaxial method brings us closer to developing reproducible
and scalable fabrication schemes that are necessary for industrial applications.

It is worth highlighting that the presented combined growth scheme can also be imple-
mented to other 2D materials, not only MoSes, but also other TMDs and other classes of van
der Waals crystals, like 2D magnets. Further improvement of the large-area hBN growth con-
trol, resulting in higher layer quality, gives hope that epitaxial hBN can become a universal
template for future 2D materials production. Overcoming the scalability limitation is crucial
for developing new generations of devices such as light sources, photodetectors, sensors, or
building blocks for quantum technologies.

Some of the presented results were published in two articles in high-impact scientific jour-

nals [253, 254].
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hBN/2D magnet heterostructures

7.1 INTRODUCTION

In this chapter, we undertake the topic of hBN properties and applications on the nanoscale.
As shown in the previous chapter, our epitaxial material can significantly improve the optical
quality of other 2D crystals and can be integrated into large-area heterostructures. However,
hBN being a wide bandgap semiconductor is itself an interesting platform for studying basic

physical phenomena. Color centers in hBN are an intensively developing research direction
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aimed at creating two-dimensional quantum platforms like single photon emitters and nano-
sensors. In this work, we decided to study the interaction between optically active defects in
hBN and an intriguing class of 2D materials — nanomagnets.

In the beginning, we used chromium trihalides received thanks to the courtesy of Prof.
Jacek Jasinski from the University of Louisville to build our structures. Crystals of Crls,
CrBrs, and CrClj seemed like a perfect fit for our experiments as each of them offered differ-
ent magnetic ordering and spin arrangements in a few-layer limit. Unfortunately, the crystals
were not stable enough for our long-term experimental needs and were not compatible with
our wet exfoliation technique. Hence, we switched to another 2D magnet: chromium thio-
phosphate. We performed optical characterization of the structures in different conditions:
with varying temperature, applied voltage, and in external magnetic field.

Apart from confirming the structural properties predicted in the literature, we obtained
two intriguing results indicating the presence of interaction between a defect in hBN and
the magnetic state of CrPS,. In temperature-dependent experiments, we found a correla-
tion between the color center emission energy and an antiferromagnetic-paramagnetic phase
transition in the underlying nanomagnet. In the external magnetic field-dependent measure-
ments, we found that the defect emission energy and intensity drastically change upon the

spin-flop transition in CrPS,.

7.2 SAMPLE PREPARATION

For this study, we fabricated three main types of samples consisting of:

* mechanically exfoliated, commercially available hBN and CrX3 - for initial character-

ization;
* cpitaxial hBN and CrX3;
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* cpitaxial hBN and CrPS,.

For the first type of samples, we performed a standard mechanical exfoliation as described in
chapter 5.2.1.

For the samples containing epitaxial hBN, we used the wet delamination technique de-
scribed in chapter 5.2.2 to transfer chosen hBN layers onto the silicon/silicon dioxide sub-
strate. After this step, we heated the samples on a hotplate at ~150°C for at least 30 min to
evaporate the remaining water. Substrates prepared in this manner could be stored in a pro-
tective atmosphere for a few weeks and reheated for the next fabrication steps. Fig. 7.1 a,b)
shows SEM images of a ~16 nm thick epitaxial hBN layer before and after the transfer. Such
a step helps to eliminate the wrinkle mesh present on the sample after the MOVPE growth
process.

During this study, we optimized the exfoliation process of nanomagnets. The crystals
were stored in a protective atmosphere and taken out into the air only for exfoliation. Four
exfoliation tapes with different viscosities were tested. The Microworld FO7 tape with a
medium viscosity (70/135 g/25 mm) proved to be the best for obtaining thin flakes of regu-
lar shapes. During transfer onto SiO2/hBN substrates, a problem was encountered: transfer
directly from the exfoliation tape turned out to be ineffective because the tape also peeled oft
the hBN layer from the substrate. In order to solve the problem, we used the flake transfer
method using a gel film made of PDMS. In this case, three types of gel films from GelPack
were tested, the best of which was X4, which provided the transfer of the largest number of
flakes while avoiding the peeling oft of the hBN layer. The best quality of transferred flakes
was achieved for the samples for which we left the applied PDMS film overnight before re-
moving it.

Quickly after removing the PDMS, we again heated the samples, this time however at a
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lower temperature of <100°C to ensure the safety of the 2D magnets flakes. As the last step,
we performed the wet exfoliation and transfer of hBN onto the prepared samples followed by
yet another heating treatment. Fig. 7.1 ¢) depicts the schematic structure of a heterostructure
containing epitaxial hBN and a 2D magnet, while fig. 7.1 d-f) shows the optical images of

the subsequent steps of sample fabrication.

Figure 7.1: a) SEM image of ~16 nm thick hBN sample on a sapphire substrate. b) SEM image of
~16 nm thick hBN sample after wet delamination and transfer onto Si/SiO9 substrate. After this
process, the characteristic post-growth wrinkles are smoothed out. c) Schematic illustration of a cross-
section of samples. d-f) Optical images showing the step-by-step assembly process of a large-area
hBN/CrPS4/hBN heterostructure.

Interestingly, we did not observe significant differences in the adhesion of flakes of 2D
magnets to the Si/SiO; substrate and epitaxial hBN layer, so we could cover a large area of the
sample with flakes of different thicknesses and sizes. Such samples provide a great platform
for studying various material arrangements at once. Measurements are not limited to a single

specific flake like in the case of mechanically exfoliated structures.
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The presented sample fabrication method required putting the structure with exfoli-
ated 2D magnets into the deionized water. Even though immersion in liquid did not detach
magnetic flakes from the substrate, and did not dissolve them, it was not beneficial for their
durability. After a few tries, we decided to proceed only with chromium bromide from the
chromium trihalides family, as other compounds visibly degraded right after the fabrication.
Unfortunately, after performing a series of low-temperature measurements, samples consist-
ing of CrBrgz were also destroyed and unusable, leading us to switch to CrPS,, which proved

to be much more stable.

Figure 7.2: a) Optical image of a delaminated hBN layer deposited on a Si/SiO9 substrate with ex-
foliated flakes of magnetic CrBrs, b) image of the same fragment of the sample after covering the
structure with another hBN layer.

As presented in fig.7.2 applying another hBN layer generates wrinkles and bubbles up to
400 pm in diameter, filled most probably with residual water used for delamination. When
activated, for example by laser irradiation, the residual water could interact with a 2D mag-
net and dissolve it. As shown in the fig. 7.3, even weak irradiation lead to irreversible dam-
age to the magnetic flake. According to literature, CrBrs is soluble in hot water and forms
CrBr3(H20)3 [255].

Keeping the samples in the desiccator between the measurements greatly improved their
lifetimes. Fig.7.4 shows a comparison between the appearance of CrBrj flakes right after exfo-

liation (panel a), and after two months from the fabrication, while being kept in a desiccator

99



a)- -
C)- -

Figure 7.3: Optical microscope photograph of a CrBr3 flake encapsulated in hBN, a) just after sample
preparation, b) just after irradiation with a green laser (wavelength 532 nm), c) 5 minutes after irradi-

ation, d) 12 hours after irradiation.

(panelb). Atfirst glance the flake looks similar, but a closer look reveals slowly progressing de-
terioration of the material at the edges, wrinkles, and around small bubbles. In these regions

is the largest accumulation of water residues responsible for the destruction of flakes.

Figure 7.4: Optical microscope photo of the encapsulated CrBrg flake a) just after encapsulation b)
after two months in a desiccator. Even though the damages are not prominent, it is visible that small
bubbles, likely filled with residual water act as precursors of deterioration. The red arrow points to
the area of the flake which deteriorated over time.

DEGRADATION DUE TO FLATTENING Deterioration of the magnetic flakes was not the

only reason behind changes in the samples. After long-term studies of the structures, we
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found that numerous pumping cycles and keeping the samples in vacuum for a prolonged
period of time drastically change their mechanical properties. The change is best visible in
the areas with hBN wrinkles. After several measurement sessions, folds would flatten, most
likely due to sudden changes of pressure (fig. 7.5). Unfortunately, this process was sometimes
responsible for the deactivation of the emitters in hBN layers.

After revealing this effect, we made efforts to flatten out the samples right after their fabri-
cation to work only with stable systems. We achieved that by prolonged heating in a vacuum
furnace and performing several pumping cycles. Despite these efforts, some samples still ex-

hibited changes after long measurement periods.

Figure 7.5: Optical microscope photo of the encapsulated CrPS, flake during low-temperature mea-
surements (before), and after more than a dozen pumping cycles and keeping the sample in the des-
iccator for two months. Well-pronounced hBN wrinkles collapse, dramatically changing the stress
distribution on the sample.

7.2.1 SAMPLES WITH ELECTRICAL CONTACTS

Recent studies show, that the magnetic state of 2D magnets can be electrically controlled. By
applying a voltage to the flakes, they can undergo transitions like the previously described spin
flop (change of the spin direction from out-of-plane to in-plane) and spin-flip (change from
spin-up, spin-down state for alternating layers to perpendicular out-of-plane arrangement in

all layers). By measuring magnetoresistance in Pt/Crl3 heterostructures, it was shown, that
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spin-flop transition can be induced by spin currents injected from Pt via the spin Hall ef-
fect [256]. For very thin, bilayer Crl; flakes, it was possible to electrically induce a transition
from an antiferromagnetic to a ferromagnetic ground state in the absence of a magnetic field
[257, 258]. So far in CrPSy, the application of gate voltage was proven to influence the ex-
ternal field needed to induce a spin-flip transition [159, 160]. This behavior was shown for
relatively thick, 10 nm samples [160]. In light of recent discoveries, electrical tuning of ultra-
thin magnets, especially in their few-layer limit, seems like a promising method to alter their
magnetic properties.

In order to explore this route, we prepared 6 nanodevices consisting of electrically con-

tacted CrPS,;/hBN heterostructures.

To ensure the highest purity of the samples, we decided to prepare metallic contacts on
§i/SiO; substrate, and subsequently exfoliate ultrathin magnets on top of them. To precisely
manufacture micrometer-sized features, we were using the maskless photolithography system
POLOS uPrinter. The system allows the illumination of designed features on the sample
covered with a photoactivated resist with UV light. There are two types of available resists:
positive and negative, reacting differently to the illumination, as depicted schematically in
Fig. 7.6. Light illumination makes a positive resist more (around an order of magnitude)
soluble in the developer, while a negative resist will be hardened. Usually, positive resists allow
for higher resolution of the patterns and maintain their size better, hence are more often used
in laboratories. However, their adhesion to the silicon substrates is worse than for negative
resists, and the creation of straight, rectangular edges is also more difficult (Fig. 7.6) [259,
260]. Light penetrates resists better near the surface: these areas are softened (hardened) more
than the lower parts. Therefore, after the development process (removal of softened (not-

hardened) parts of a resist), the remaining resists take the shape of a trapezoid. This undercut
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is very beneficial for the lift-oft process. Then, in the sputtering process, the whole sample is
covered with a metal layer. The remaining resist is removed in the lift-off process. Due to the
shape of resist slopes, the resulting metallic contacts may have different edge morphologies.
For the positive resist, contacts tend to have sharp edges, which is not ideal for exfoliating
ultrathin, sensitive flakes of 2D materials.

A double-layer resist approach was utilized to achieve a smooth, rectangular contact shape.
First, substrates were covered with three layers: a primer (heksametylodisilazane: HMDS),
to secure good adhesion, and two layers of different positive resists: photoactivated by differ-
ent light wavelengths (bottom resist supporting the lift-oft process: LOR 34, top, imaging
resist: ma-P 1215). Every layer was spin-coated and heated on a hot plate. Then, structures
were patterned by light, which activated only the imaging layer of the resist. On one sub-
strate, a light-dose test was made, to define the adequate illumination time, long enough to
ensure good penetration through the whole resist layer thickness, but also short enough to

maintain high pattern resolution.

Subsequently, structures were immersed in developer (Microposit MF-CD-26), and rinsed
in deionised water. To cover the samples with a metallic layer, Precision Etching Coating Sys-
tem (PECS) GATAN model 682 setup equipped with argon ion guns was used. In this setup,
argon ions are electrically accelerated to hit a target made of a single element like carbon, gold,
or chromium. For making the contacts, two elements were evaporated: firstly 5 nm of tita-
nium to ensure good adhesion to Si/SiO; substrate, and then 50 nm of gold. In the last step,
samples were put in 80° C hot acetone for 1.5 h to lift off the remaining resist, then rinsed in
deionized water and dried in clean nitrogen flow.

We used the PDMS transfer technique to precisely transfer exfoliated flakes of CrPSy

onto the pre-patterned substrates. Flakes manifested good adhesion. After this step, we cov-

103



Figure 7.6: Schematic illustration of maskless photolithography process steps using positive, negative,
and double-layer resists. Firstly, samples are illuminated with UV light to soften the positive and
harden the negative resist. After the development in a solvent, the remaining resist forms trapezoid
structures, allowing sputtering of a chosen metal in exposed areas. The lift-off process allows the
removal of the resist, leaving precisely positioned contacts. Sputtered metal takes the shape of holes
inthe resist, which, in the case of positive resist, results in the formation of sharp edges. To prevent this
situation, a double-layer resist method can be utilized. Then, only the top resist layer is photoactivated.
In the development step, however, also the bottom resist is removed, leaving a slightly underetched
structure, allowing the formation of smooth, rectangular contacts.

ered the samples with various MOVPE hBN layers using the wet-transfer technique. Flakes
did not detach from the substrate even after immersing them in a water-isopropanol solution.

Step-by-step photos of the devices fabrication are presented in Fig. 7.7. The four yel-
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low, symmetric features are the fabricated contacts. On top of them, mechanically exfoliated
CrPS, flakes were carefully positioned. Chosen ultrathin flakes cover the spaces between the
contacts, allowing in-plane electrical measurements. Subsequently, the samples were covered

with large-area hBN layers (blueish color).

Figure 7.7: Optical image of fabricated CrPS,/epitaxial hBN heterostructures. The top panels show
three devices with electrical contacts with exfoliated CrPS, flakes. The bottom panels show the same
devices after covering them with large-area epitaxial hBN layers. Yellow, regular structures are metallic
contacts, colorful, irregular features are exfoliated CrPS, flakes, while bluish areas are epitaxial hBN

layers.

7.3 DEFECTS IN EPITAXIAL HBN LAYERS: AN OVERVIEW

The search for optically active defects in epitaxial hBN started with determining potentially

interesting samples from the MOVPE growth processes. In this work, we focused on un-
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treated hBN layers, because typically used defect activation methods (like plasma treatment
and neutron or electron beam irradiation) could easily destroy delicate heterostructures.

We chose promising hBN samples, each of them characterized by good crystalline quality,
easy delamination, and the potential to host mostly carbon-related defects. In the first round
of examination, we performed PL mapping at room temperature to determine the overall po-
sitions of the light-emitting centers. We mostly illuminated hBN/CrBrs/hBN samples with
2 532 nm and 633 nm continuous wave laser. With this method we found defects character-
ized by a relatively broad spectrum (FWHM ~18 meV), with energies close to the excitation

laser (fig. 7.8).

Figure 7.8: A comparison between defect emission at a) 300 K and b) 4 K. The defect emission ob-
served at room temperature is broad (FWHM ~18 meV) and not very bright compared to a broad
background signal. The spectrum recorded on the same spot on the sample at cryogenic temperature
is similar, but with a much less pronounced emission peak.

However, when samples were cooled down to ~4 K, color centers observed at the room
temperature were either fading or completely disappearing, while others appeared at different

positions or spectral ranges (fig.7.8). Given that the used 2D magnets undergo their corre-
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sponding paramagnetic-magnetic phase transitions around 20-40 K, we decided to focus on
low-temperature studies.

Fig.7.9 shows exemplary PL mapping results obtained for hBN/CrPS4/hBN samples, at
~4XK, with a 633 nm excitinglaser. An optical image with a red dashed rectangle indicates the
map area consisting of either encapsulated CrPS, flakes or covered by a single or double layer
of ~16 nm thick hBN layer. The integrated emission intensity allows to designate the spatial
distribution of light-emitting points in a 1.76-1.95 eV spectral range. Bright color centers are
mostly positioned at various irregularities of the sample: at the edges of CrPS, flakes or at the
hBN wrinkles. This observation corresponds well to reports stating that emitters in hBN can
be activated by strain [261]. The analysis of the Raman signal originating from silicon and
CrPS, (fig.7.9 c,d) allows to precisely determine the position of the magnetic flakes, as well
as thinner areas of hBN layers. The observed signal corresponds well to the optical image of
the studied area.

In the search for defects worth further characterization (and by that, we mean stable over
time, bright emitters), we performed PL mapping of various areas on many samples. Fig.
7.10 shows the distribution of the light emitted by defects found in the combined area of 12
125 y.mz, while excited with a 633 nm laser. The analysis showed the presence of 296 defects,
which averages to ~2.4 defects per 100 pm?. It is worth noting that in the presented statistics
all of the color centers were taken into consideration: also those with small intensity and poor
time stability. Such ’poor-quality’ emitters constituted the vast majority of the found centers.
Defects featuring the desired properties were found less often, approximately 2-3 per 2500
um?. The data for the presented statistics were collected in the 1.7-1.95 eV spectral range.
The histogram shows two maxima in the distribution of emitters” energy. One maximum
is situated close to the energy of the exciting laser, around 1.95 eV. Another maximum is

detuned from the first one by around 150 meV. This value corresponds with the previously
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Figure 7.9: a) An optical image of an exemplary PL mapped area of the hBN/CrPS,/hBN sample. The
red dashed rectangle specifies the mapped region. b) Map showing the integrated intensity of optically
active color centers (in 1.76-1.95 eV spectral range). Defects are usually present at the irregularities
and edges of the CrPS, flakes or hBN layers. Extracted Raman peak intensity originating from c)
silicon, d) CrPS, aligns well with the optical picture.

reported energy of the LO (longitudinal optical) phonon at the K point of the Brillouin zone
in hBN [262, 263]. The observed color centers can be also excited resonantly (zero phonon
line with the energy close to the laser) and followed by a phonon side band separated by 170
meV, which is a typical value for carbon-based defects, and correlates to the LO phonon at
the I' point of the Brillouin zone in hBN [262, 264].

Fig. 7.11 a) depicts the time dependence of a PL signal originating from a ’poor-quality’
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Figure 7.10: A histogram showing the energy distribution of hBN defect-related peaks in 1.76-1.95
eV spectral range, under the 633 nm laser illumination at ~5 K. Arrows indicate typical zero phonon
line (ZPL) - phonon sidebands (PSB) energy separation typically recorded for the defects in hBN.

defect. Its emission energy (initially around 1.943 V) randomly and rapidly changes over
time (spectral diffusion), while its intensity randomly drops or strengthens (blinking), or even
completely disappears (photo-bleaching) [265, 266]. Such blinking behavior was frequently
observed in hBN color centers and is usually assigned to the presence of dangling bonds and
charge traps in the material, which generate and lead to random electric fields and Fermi
level modifications. However, the exact mechanisms explaining this unstable PL behavior still
remain elusive [58, 267]. Although such ’poor-quality’ color centers constitute the majority
of found defects, it was not uncommon to uncover stable emitters, as demonstrated by the
time dependence in fig. 7.11b).

In the low-temperature mapping, we could distinguish mostly two types of bright defects
(fig. 7.11 c). Type I is characterized by a very narrow spectrum with FWHM ~0.3 meV
and a slightly asymmetric profile, characteristic of acoustic phonons at the lower energetic
shoulder of the zero phonon line [263, 268]. Type I1 is characterized by a broader spectrum,

where many different maxima are spread out over a spectral range of ~30 meV. Even though
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Figure 7.11: PL intensity time dependence for a) ‘poor-quality’ defect, characterized by many blinking
events and spectral diffusion, b) 'good-quality’ defect steadily emitting light upon illumination. c) A
comparison between the spectra of the two main types of defects recorded on the sample. Type I:
the defect is characterized by a single, bright, and narrow PL peak, type Il: the emission spectrum is
broad, with many maxima.

the exact structural origin of this kind of emission is still being discussed, it was previously

observed for hBN color centers [53].

7.4 INITIAL RESULTS OBTAINED FOR HBN/CRX3 SAMPLES

7.4.1 STRUCTURES WITH EXFOLIATED HBN FLAKES

As a starting point to study the interaction between defects in hBN and 2D magnets, we pre-
pared heterostructures containing one of the chromium trihalides - chromium tribromide
(CrBrs) and commercially available hBN (purchased from HQ graphene). We encapsulated
a few-layered CrBrj flake between two hBN layers using described in 5.2.1 section, mechan-
ical exfoliation and deterministic transfer (fig. 7.13 a). Low-temperature PL measurements
showed that an additional peak appears in the spectrum at around 720 nm (fig. 7.12). The
peak is observed only below the temperature of the CrBrs magnetic phase transition. The

PL signal originating from CrBrs is centered around 900 nm, so at lower energies than the
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observed peak [269, 270].
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Figure 7.12: Photoluminescence signal of CrBr3/hBN heterostructure in a) a wide spectral range
(peaks in the violet area of the graph correspond to Raman spectra of a silicon substrate and hBN)
b) focused on the CrBr3 induced PL peak.

Fig. 7.13 shows the optical image of the studied flake and the 720 nm peak intensity map.
The results indicate that the signal comes only from the area of the encapsulated flake. The
appearance of an additional emission peak can be a manifestation of the interaction between
the defect state in hBN and a 2D magnet. The energy of the observed emission peak corre-
sponds to previously reported defect-related emission from hBN in a magnetic field [271].
On the other hand, demonstrations found in the literature usually point to the necessity to
artificially activate the defects, hence, it is unlikely that an untreated, commercially available
hBN layer would give rise to uniformly spaced, light-emitting centers.

After the low-temperature measurements, the CrBrs flake was significantly damaged.
Promising initial results obtained for samples fabricated of only mechanically exfoliated flakes
allowed us to move further and focus on studying the interaction between epitaxial hBN and

2D magnets.
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Figure 7.13: a) Optical image of the prepared CrBr3/hBN heterostructure. b) 720 nm peak intensity
map shows that the signal appears only in the area of the flake.

7.4.2 STRUCTURES WITH MOVPE GrRowN HBN

For this study, we used a sample with randomly exfoliated CrBrs flakes of various sizes and
thicknesses, encapsulated between two ~16 nm thick hBN layers. Interestingly, it was the
same sample hBN 4 (MOVDPE processes G141, G142), which was found to be the best sub-
strate for further growth of MoSe; in chapter 6. During the experiment, we mostly focused
on gathering PL data at temperatures close to the Curie temperature of CrBrs (estimated to
be ~ 25 K for monolayers [272], up to around 37 K for bulk [273]). The general methodol-
ogy was to map the chosen region of the sample at 5 K to find bright and stable emitters and
then proceed to check whether the signal changes close to the phase transition temperature.
In this section, we present the most interesting results obtained for heterostructures utilizing
CrBrs, which has initiated further studies on different structures.

Fig. 7.14 a) presents a broad PL spectrum measured on a small hBN wrinkle positioned
on a thick (~60 nm) CrBrj flake (inset). The spectrum consists of a broad signal centered

around 1.35 eV originating from CrBrs photoluminescence, as well as a series of narrow,
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high-energy peaks originating from the Raman signal of silicon and CrBr3 [274]. Apart from
these, two narrow, bright peaks at energies 1.797 €V and 1.776 eV are also visible. We as-
cribe them to the presence of optically active defects in the hBN layer, as they only appear
on a special localisation. Fig. 7.14 b) shows a close-up of the observed signal. Defect-related
peaks are asymmetric, sharp at higher energy, and slowly declining at lower energies, which
constitutes a typical zero-phonon line of the defects found in hBN. When we zoom in the
spectrum exactly 150 meV below the defect-related emission energy, we discover two low-
intensity broader features, corresponding to the phonon side bands (fig. 7.14 c).

The two ZPLs were correlated: if one slightly darkened or changed its energy, the other
one mimicked it, which leads to the conclusion that both peaks could originate from the
same defect center.

The temperature-dependent studies unveiled an interesting evolution of the studied peak
energy. While Raman signals originating from the silicon substrate and an underlying CrBrj
flake have not experienced a significant shift (fig. 7.15 a), the defect-related emission energy
changes at different temperatures (fig. 7.15 b). To further investigate this phenomenon,
we recorded PL spectra at more temperatures during both: the cool down and heat up pro-
cess. The temperature was stabilized for at least S min before every measurement, which was
found to be sufficient to reach the stable temperature of the sample. The defect-related sig-
nal was maximized every time by carefully adjusting the position of the sample. For clarity,
in the following analysis, we focus only on the most intense defect emission, as the other one
showed the same characteristic. Fig. 7.15 c) depicts the temperature-dependent changes of
defect-related emission energy during the cool down (blue) and heating up (red) of the sam-
ple. Contrary to the stable Raman signal, both dependencies show a pronounced cut-off
around 35-37 K. This temperature corresponds well to the previously reported Curie tem-

perature for CrBrg [273].
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Figure 7.14: a) Wide spectral PL of the CrBrg/hBN sample using a 633 nm laser illumination. The
inset shows the exact point of data collection: on an hBN wrinkle on top of a thick 2D magnet flake.
A broad feature in the spectrum centered around 1.35 €V originates from CrBrs photoluminescence.
b) Narrow peaks observed in the higher energy range correspond to the Raman signal from silicon and
CrBr3, while two asymmetric peaks centered at 1.797 and 1.776 €V originate from the defect states
in hBN layer. c) At energies ~150 meV below the defect-related peaks, low-intensity, broad features
can be seen, which we ascribe to the observation of phonon sidebands (phonon modes observed at
the K point of the Brillouin zone).

Measurements were performed in the following manner: the sample was first cooled
down to cryogenic temperatures, stabilized, and then the PL spectra dependency for heat-
ing up was recorded. The cooldown dependency measurements followed quickly after that.
One can see, that the low temperature readings do not overlap. Since color centers in hBN
can be sensitive to their surroundings [275, 276], a slightly different strain, magnetic order-
ing, or electric charge distribution can lead to different final states during temperature change

cycles.
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Figure 7.15: a) The Raman signals originating from the silicon substrate and thick CrBr3 flake do not
significantly change their positions and intensity at various temperatures. b) Defect-related peak emis-
sion displays a slight shift in temperature-dependent measurements. Solid lines show Lorentzian pro-
file fits to the most intense PL feature. c) hBN defect-related emission energy temperature depen-
dencies extracted during cooldown (blue) and heating (red) cycle. Around 35-37 K, a discontinuity
can be spotted for both dependencies, corresponding with the Curie temperature of an underlying
2D magnetic material.

The observed discontinuities showed a change of around 0.5 meV to the ZPL energy
during the transition. The shift is rather small and comparable to small shifts resulting from
minor changes in the measurement location. In order to check whether the observed effect
is not due to the micro shifts of the sample, we extracted the emission energy from PL maps
measured at various temperatures (fig. 7.16). Fig. 7.16 b) shows the intensity map of the

defect-related peak at 20 K. The spatial intensity distribution forms a Gaussian profile, as ex-
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pected for a point defect illuminated by a laser beam also characterized by a Gaussian intensity
distribution.

A Lorentzian profile was fitted to the defect-related peak for all of the points of the maps.
Fig. 7.16 c) shows the spatial distribution of the peak energy at 20 K, resembling a linear
gradient. White areas on the map indicate points where the defect-related peak could no
longer be observed, and the fitting did not converge. We averaged the emission energy values
from each map and obtained a result confirming our previous observations (fig. 7.16) a). This

time, the energy shift during a magnetic-paramagnetic transition was even bigger ~1 meV.

Figure 7.16: a) Temperature dependence of defect-related emission energy extracted from averaged
PL maps. b) A typical Gaussian intensity profile of the defect emission at 20 K. c) Spatial distribution
of the studied peak energy showing a linear gradient.

We acknowledge that the observed energy shift lies within the margin of error, and the
phenomenon needs more study. The described result was a motivation for further measure-
ments with another 2D magnet to confirm that such effects can occur. On account of con-
tinuity, we describe our initial predictions here, while the following sections present results
for a different 2D magnet.

The obtained result shows that the emission from the defects in hBN correlates with the

ferromagnetic-paramagnetic phase transition temperature. This observation leads to the con-
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clusion that the already used in the heterostructures hBN can be used as a sensor of the state
of the underlying material. However what it the exact mechanism behind this interaction?

The emission energy of the defects in hBN can be modulated in many different ways.
Some color centers in hBN, like boron vacancies, are spin-dependent and can interact with
neighboring materials magnetically [56, 63]. Itis also possible to use an electric field to acti-
vate and tune the emitters exhibiting the Stark effect [66, 67, 70]. Another method utilizes
mechanical strain to tune the emission up to 12 nm [60, 72-74, 277].

To connect it with the state of an underlying 2D magnet, we must look at the temperature-
dependent structural properties of CrBrs. The material exhibits an anomalous thermal ex-
pansion coefhicient evolution. Under the Curie temperature, the coefficient for the a (in-
plane) lattice parameter is negative, while over this temperature, as well as for ¢ (out-of-plane)
lattice parameter, it is positive, as shown by the neutron and X-ray diffraction studies [278,
279]. Below the Curie temperature, the interatomic distances drastically change, which affect
the exchange interaction responsible for the magnetic properties of the material. Addition-
ally, structural changes can be tracked by Raman spectroscopy of different phonon modes
[270, 279]. In the literature, an anomalous rise in the phonon frequency is observed below
the Curie temperature, as opposed to the expected thermal behavior originating from the
anharmonic approach [279, 280]. Such a behavior indicates a strong spin—phonon coupling
in CrBrj layers and is believed to modify the magnetic exchange interactions in the material
[279].

We wanted to assess if a similar characteristic is visible in our studied sample. Fig. 7.17
shows the temperature evolution of two CrBrs phonon energies with A, (blue) and Eyg (red)
symmetries [272]. Raman spectra were measured at the same point where the defect-related

emission appeared. A typical temperature dependence can be described by the following an-
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harmonic model presented in [280]:

2 3 3
U(T) =1y + A (1 + —eﬁVo/2k?BT) +B (1 + osmier + GEVO/%BT) , (7.1)

where vy, A, B are fitted parameters.

Figure 7.17: Temperature evolution of two Raman modes originating from CrBrg, with fitted curves
derived from an anharmonic approach of phonon temperature dependence. Green coloring indicates
the ferromagnetic region.

Our results presented in Fig. 7.17 are consistent with literature reports. Below the Curie
temperature, the phonon energy for both studied modes anomalously increases, deviating
from the anharmonic model. This behavior indicates a strong spin-phonon coupling in the
material. A Curie temperature of ~37 K extracted from our Raman spectroscopy studies of

CrBrj aligns with the value predicted from the hBN color center characteristic.
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7.5  PROPERTIES OF HBN/CRPS, STRUCTURES

Promising results obtained for CrBrs/hBN samples prompted us to conduct further studies,
this time on heterostructures containing a different, more resistant to environmental condi-
tions chromium thiophosphate [157]. The samples were prepared in the previously described
wet transfer scheme (fig. 7.1). Unless written otherwise, the hBN used for the structures was
sample hBN 4. We wanted to study whether the temperature-dependent effect can be ob-
served in heterostructures containing another 2D magnet, as well as to study the hBN/2D

magnet interactions in external electric and magnetic fields.

7.5.0 TEMPERATURE-DEPENDENT MEASUREMENTS

Similar to before, we mapped photoluminescence at various areas of the sample in order to
find bright and stable defects. Fig. 7.18 depicts an exemplary defect that manifests an in-
teresting temperature evolution. The color center is found right on the edge of a ~12 nm
thick CrPS, flake, on a fork-like hBN wrinkle. Again, the emitters’ spatial intensity corre-
sponds to a Gaussian profile. Fig. 7.18 b) shows the PL spectrum of the studied emitter.
A broad and rich low-energy feature corresponds to excitonic emissions from CrPS,. Bi-
furcated characteristics of this signal can be altered by temperature, number of layers, and
density of defects in the 2D magnet structure [281, 282]. Raman signals from the magnetic
flake and the substrate can be seen at high energies. Finally, a narrow and bright asymmetric
feature at ~1.87 eV corresponds to the defect emission.

Further optical studies performed in the region allow us to precisely determine the posi-
tion of CrPS, flakes (fig. 7.19 a-c). Interestingly, one can observe a slight enhancement of the
Raman signal of CrPS; at the hBN wrinkles position. A possible explanation for this phe-

nomenon is that hBN layers form micro-membranes at the flakes’ edges. Our recent studies
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Figure 7.18: a) Optical image of a hBN/CrPS4/hBN sample. The heterostructure consists of 2D mag-
net flakes of various shapes and thicknesses, as well as many hBN layer wrinkles. The inset shows
a spatial intensity distribution of a defect-related light emission. b) A broad spectrum of the studied
emitter illuminated by a 633 nm CW laser. Broad low-energy peaks originate from the photolumines-
cence signal from CrPS4. Narrow, high-energy peaks correspond to the Raman signal of silicon and
CrPS4. The defect-related peak around 1.87 €V is bright and narrow.

show that such suspended structures are capable of amplifying Raman signals due to inter-
ference [283].

Similar to the previously observed dependencies for hBN/CrBrj samples, the spatial pro-
file of the mapped emitter energy is a linear gradient (Fig. 7.19 d). Time-dependent studies
(fig. 7.19 e) depict a great stability of the studied defect, showing no bleaching or blinking.
Although very narrow (<1 meV) at low temperature (<60 K), the emission from the defect
exponentially broadens with an increase in temperature (fig. 7.19 f). The observed exponen-
tial dependency of the broadening parameter (I'(7")) suggests that it can be described with

the following formula [284]:

I'to

I'T)="r T
(T) ot +exp(hu/k;T)—l’

(7.2)

where: I'g - zero temperature broadening parameter, 7, I'Lo — parameters describing inter-

actions of excitons with acoustic and optical phonons accordingly, and hv — phonon energy.
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The extracted phonon energy is (54+12) meV, which corresponds to the energies of acoustic
phonons from the M and K Brillouin zone [285]. This observation suggests a strong local-

ization of the center and the coupling with phonons from the Brillouin zone boundary.

Figure 7.19: a) An optical image of the sample with a red dashed rectangle indicating the mapped
region, and a red arrow pointing to the emitter position. Raman signals from b) CrPS4 and c) silicon
correspond to the optical picture and show a slight enhancement near the hBN wrinkles. d) A spatial
distribution of the defect’s peak position. e€) Time-dependent PL measurements of the studied color
center show excellent stability. f) Temperature evolution of the defect-related peak width shows ex-
ponential broadening (fitted formula based on [284]).

To precisely determine the emitter’s energy temperature evolution, we again used the
method of averaging the values obtained from PL maps. The result of our approach is pre-
sented in fig. 7.20 a). Below the Neel temperature of CrPS,, the emitter’s energy increases
linearly by ~1.5 meV. At the temperature of ~35 K, we see a clear cut-off, the dependency
reverses, and the peak energy slowly decreases. The dependence is clearly observed for both:
heating up and cooling of the sample. The outcome could be reproduced even 4 days after

the initial experiment, after a few more cooling and pumping cycles. Our result is consistent
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with other literature reports, determining the phase of the 2D magnet by Magneto-optic Kerr

effect microscopy [157] or magnetic susceptibility measurements [286].

Figure 7.20: a) Temperature dependence of an emitter energy. Each value is extracted from averaged
PL maps measured at each temperature. b) The result is reproduced after 4 days. c) An optical image
of the studied sample with an overlayed atomic structure and crystallographic orientations (for clarity
image shows CrPS, flake before covering with a top hBN layer).

To understand the observed phenomena, we look into the structural properties of the
studied 2D magnet. Fig. 7.20 c) shows an optical image of the studied region before cov-
ering it with a top hBN layer to better depict the crystallographic orientation of the flakes.
Mechanical exfoliation leaves the flakes with preferentially cleaved edges with characteristic

angles of 112.5° and 67.5°, which allows us to determine their relative orientation [150, 287].
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The studied emitter is placed at the edge of the flake, perpendicular to the CrPS, b axis.
We performed an analysis of CrPS4 Raman spectra measured at the same position as the
emitter to determine whether the temperature evolution of phonon modes can be also useful

in tracking the phase transition. Fig. 7.21 shows the studied peaks, marked after [150].

Figure 7.21: Analyzed CrPS4 Raman peaks. Spectrum is measured at 25 K, under a 633 nm laser
illumination.

Unfortunately, due to a relatively strong background originating from an hBN layer,
we could take into consideration only eight phonons. Two peaks (A;: 117.9 cm ™, Bo:
115.2cm™ ) are spectrally close, and even though the used diffraction grating (600 grooves/mm)
should be able in principle to resolve them, we observed only one peak. A possible expla-
nation is that according to [288] By peak intensity is significantly lower than A;, hence we
most likely observe only the A; contribution. The measurement was made in an unpolarized
setup, meaning that the incoming and detected light did not pass through any polarization
optics for higher signal excitation intensity. Still, in such a setup, light coming from the laser
is mostly linearly polarized.

Fig. 7.22 shows the Raman shifts of the studied phonon modes. All of the peaks show
a general behaviour of decreasing energy with rising temperature. Peak Ag manifests char-
acteristics similar to those observed in hBN/CrBrs samples: the phonon energy rapidly rises

below the Neel temperature of CrPS,. The Raman shift A;/B; also has an interesting char-
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acteristic, with a pronounced maximum between 35-55 K which was not observed in other
works [163, 288]. This phonon mode additionally shows the greatest range of variability.
According to the literature, peak As should manifest the biggest energy changes upon ap-
proaching Neel temperature, with a sudden intensity drop over this temperature [163, 288].
Indeed, we observed Aj signal decline, with a complete extinction over 80 K, however these
changes did not show a clear cut-off. Such a behaviour can be due to the far oft-resonant
excitation of the flakes discussed in [288]. The excitation energy dependence in the material
is explained by a resonance with the bandgap transition observed at ~2.4 eV [152]. Addi-
tionally, the temperature and magnetic transitions can alter band structure and resonance
conditions, particularly when excitation energy approaches the bandgap [288]. In our case,
the excitation is far off-resonant (1.96 eV), which does not give as pronounced correlation
with the phase transition temperature.

When we look closer at the structural properties of CrPSy, we learn that it is a highly
anisotropic system. X-ray diffraction and nanoresonator frequency analysis show, that the
material has a different mechanical response in different directions [162, 163]. While a and ¢
lattice parameters manifest a typically observed, slightly positive thermal expansion, the b axis
shows an anomalous characteristic. The chromium-chromium distances decrease along the b
axis when heated, resulting in a negative temperature expansion coefhicient and a pronounced
feature near the Neel temperature. Looking back at the position of the studied defect on the
sample (fig. 7.20 c), the emitter lies directly on the edge of the flake perpendicular to the
crystallographic b axis. Therefore, this point should experience the highest strain from an
underlying 2D magnet.

To further check whether the defect ZPL tuning could originate from a direct effect of the
temperature sweep, we performed additional studies on other emitters, either found on hBN

layer only (fig. 7.23 a) or on a flat region in the middle of CrPS, flake (fig. 7.23 b). Again,
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Figure 7.22: Temperature dependence of Raman shifts of 8 studied CrPS, phonon modes. Gray areas
indicate the antiferromagnetic state of the nanomagnet.

we measured PL maps to average the peak’s energy at each temperature. The obtained results
indicate, that the temperature itself does not significantly influence the optical response from
color centers and does not result in a cut-oft characteristic like the one shown in Fig. 7.20.
In the case of a point positioned on the flat CrPS, flake, a small maximum can be observed
around the Neel temperature (fig. 7.23 b). It is not unusual, as the underlying flake still
undergoes mechanical changes, just not as pronounced as in the case of the point positioned
at the edge. However, with our setup, we can not unequivocally determine whether this
effect is dependent on the 2D magnet phase transition: the difference between the defect’s

ZPL energy in the low-temperature state and near the phase transition is small (<0.5 meV),
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comparable to the measurement resolution.

Figure 7.23: Temperature dependence of ZPL energy of color centers found on a) hBN layer, b) flat
CrPS, flake, extracted from PL maps gathered at each temperature. Both dependencies do not show
significant changes.

In this section, we presented unusual temperature dependencies of emitters in hBN layers
positioned at CrPS, flakes. There are different possible explanations of the observed behav-
ior, including mechanical strain, local charging, or direct magnetic interaction. To further
explore processes occurring in the hBN/CrPSy system, we performed optical measurements

in an external magnetic field.

7.5.2 EXTERNAL MAGNETIC FIELD MEASUREMENTS

All of the measurements presented in this section were performed using the setup described in
section 5.1.1. The applied magnetic field was directed perpendicularly to the sample surface.

We utilized sample hBN 4, and the measurements were performed at 10 K with a 633
nm laser excitation unless otherwise noted. We performed PL mapping to determine the
positions of the defects, and measured time-dependencies to check their stability. We probed
the optical response of 39 stable emitters in a high external magnetic field. Below we present
the most interesting findings.

Fig. 7.24 a) presents a PL spectrum of the studied emitter. The defect was positioned
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at the edge of a thick (~100 nm) CrPS, flake. The PL signal is extremely rich: it bifurcates
into many different peaks and maxima. A closer analysis allows us to notice the patterns
appearing in the spectrum. Parts of the signal are reproduced at energies ~170 meV lower
than the original corresponding to the phonons from I" point of the Brillouin zone found in
hBN. This observation allowed us to separate the spectrum into five features, marked with
numbers 0-4 and different colors in the picture 7.24 a). ZPLs occupy the high-energy part
of the spectrum (also marked with a dark violet rectangle with the Roman number I). The
shape of the highest-energy maximum centered around the laser energy indicates, that the
color center was excited resonantly. At lower energies (part of the spectrum marked with the
Roman number II and a violet rectangle), we observe phonon sidebands reconstructing the
trends of the ZPL region. One can see, that some narrow features present in ZPL 1, around
1.9 eV, are not repeated in the phonon sideband (PSB). It is due to the fact, that these peaks
correspond to the Raman signal of silicon and CrPSy.

Atlow energies (<1.62 eV) we were able to observe yet another PSB (marked with a light
violet rectangle and the Roman number III). The observed maxima (0-4) possess a spectral
width in the range of 30-45 meV, corresponding to the reported energy region of phonon
states with high-density states in the M and K directions of the Brillouin zone [289]. All of
them manifest a similar characteristic: the feature starts at high energy with a narrow peak,
and then the intensity rapidly rises to a narrow maximum. Atlower energies, the slope slowly
decreases with a set of smaller, narrow peaks. Such a spectral shape is not unusual for emit-
ters in hBN and was reported previously [53, 263]. All ZPLs are separated from their corre-
sponding PSBs by a very similar spectral distance ranging between 171-175 meV. This value
perfectly matches the reported LO phonon energy for hBN [262, 263]. Fig. 7.25 further
visualizes the similarity between specific features and shows a zoom into the maxima marked

with number 4 (pink background color in Fig. 7.24 a), where the blue spectrum is the ZPL
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Figure 7.24: a) The PL spectrum of the studied emitter, excited by a 633 nm laser. The spectrum
consists of five ZPLs (numbers 0-4, region |), followed by corresponding phonon side bands (numbers
0-4, regions Il and Ill). b) PL time dependence shows good stability of the color center. c) Spectra
measured before (blue), during (red), and after (black) the spin-flop transition of CrPS4. A signal from
the hBN emitter drastically decreases and shifts ~ 1.5 meV, while the silicon Raman signal remains
the same.

(markings I, 4), and the red spectrum shows the corresponding phonon sideband (markings
I1, 4). We see that the overall shape and specific peaks are reproduced at lower energy.

We suspect that the observed signal originates from a cluster of defects of the same type
positioned very close to each other. Maxima (0-4) possess similar spectral shapes. As we will
show later, their behavior in the external magnetic field is also identical, apart from the feature

centered around 1.88 eV (marked with number 2 and green color in fig. 7.24 a).
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Figure 7.25: Overlaid spectra show ZPL number 4 (blue) and its corresponding phonon side band (red)
number 4, region |l. ZPL spectral features are reproduced at lower-energy PSB. This figure follows the
markings from Fig. 7.24 a).

The stability of the signal is good, as confirmed by the time-dependent PL measurement
(7.24Db). The emitter energy does not diffuse and experiences very little blinking events. The
emission was stable throughout the whole experiment period (several days) and after a few
external magnetic field sweeps.

Measurements performed in an external magnetic field (Faraday configuration) unveil an
anomalous behavior of the color center emission. While slowly sweeping the magnetic field
up, at a rate of ~0.5 mT/s, the signal suddenly drops almost to zero at 0.72 T (fig. 7.26 a).
While sweeping the magnetic field back down, the signal appears again at 0.51 T (fig. 7.26
b). By spatially mapping the area we confirmed that the effect is not caused by a spatial shift
of the sample. Additionally, the Raman signal from the substrate (~1893 meV) stays the
same with the changing magnetic field. As presented in fig. 7.24 c), apart from the switching
behavior, the defect-related emission experiences a spectral shift of ~1.5 meV.

The external magnetic field at which we observe the switching of the emitter coincides
with the magnetic field needed to trigger the spin flop transition in CrPS4. There is no clear
consensus as to what is the exact value, as it also depends on the pressure, layer thickness,

and temperature. Various reports provide different magnitudes of the external magnetic field
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needed for the spin flop transition to occur, varying from ~0.6 T [160], 0.9 T [157, 161, 290]

up to ~1.2 T [163].
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Figure 7.26: PL intensity evolution during a slow (~0.5 mT/s) magnetic sweep a) up, b) down. c) The
anomalous magnetic field dependency of the emitter energy shows a drastic shift at ~1.1 T during
a fast magnetic field sweep. d) A color center positioned at the hBN layer does not show a sharp
transition feature.

Results obtained for slow magnetic field sweeps indicate the presence of a hysteresis for a
spin flop phase transition in CrPS,. The external magnetic field at which we observed switch-
ing off the signal was ~0.2 T smaller than the one at which we observed switching off of the
emitter.

To further characterize the observed effect, we also performed fast sweeps (~5 mT/s) at
a larger range of magnetic fields (0-10 T). Fig. 7.26 c) depicts the energy of the emitter (ZPL
~1.92 V) extracted from fitting a lorentzian profile to the PL spectra collected at each exter-
nal magnetic field. The dependency shows a sudden change of ~1.5 meV at 1.1 T. At higher
magnetic fields, the dependency shows a slight, linear slope of (0.017£0.04) meV/T. We can

compare this result to the behavior of an emitter placed in an hBN layer only, presented in fig.
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7.26d). The dependency does not show any sudden changes and cutoffs. However, similarily
to the emitter in an hBN/CrPS, structure, we observe a small slope of (0.01140.02) meV/T.
This result may indicate that some color centers in MOVPE hBN do possess a spin degree of
freedom and can interact with the environment purely magnetically. So far, only boron va-
canciesin hBN (V) possess well understood optically addressable spin properties [S6]. Such
defects do not appear in the MOVPE samples spontaneously but need to be artificially cre-
ated, for instance by neutron irradiation. However, theoretical predictions and initial studies
show that other types of defects (ex. carbon-related) can also possess magnetic properties [63,
64]. We can not observe any evident splitting of the emission peaks in our PL results, typically
expected for the Zeeman effect. We see a small linear shift at the accuracy limit of the experi-
mental system. We also can not rule out the possibility of micro-mechanical shifts during the
wide magnetic sweep, resulting in the emitter energy shifts. Nevertheless, the big switching
off and on effect can not be explained as simple sample position changes.

Fig. 7.27 a-b) shows PL intensity maps of the studied emitter for fast, wide-range external
magnetic field sweeps. Results confirm the previously observed switching behavior of the
defect emission at magnetic fields corresponding to the spin flop phase transition in CrPS,.
During these measurements, the switching happened at a slightly higher magnetic field of
1.2 T for sweeping up and 1.1 T for sweeping down. We ascribe this change to much faster
magnetic field changes, which is followed by slower switching of magnetic domains in the
CrPS, flake.

One can see, that apart from switching behavior, the signal intensity from the emitter
manifests a minimum at ~4 T (fig. 7.27 a,b). The intensity of the emission possesses a sine-
like characteristic, as opposed to the non-changing Raman signal originating from the silicon
substrate. Later performed polarization-dependent studies allowed us to fully understand the

origin of this effect. Here we present conclusions, while the full explanation is presented in
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the next section.

In the used experiment setup, the laser light is directed to the sample without passing
additional polarization optics. Hence, the beam going into the superconductive magnet is
mostly linearly polarized. A microscope objective focusing the light on the sample is placed
right next to it, inside the magnet. The polarization of light passing through a glass in the
objective in the external magnetic field is therefore rotated according to the Faraday eftect.

Since most hBN defects are usually acting like electric dipoles, the rotation of the polar-
ization of the incident laser light influences their emission intensity. Fig. 7.27c) depicts the
intensity profile extracted for the studied defect emission. The dependence shows a rapid cut-
offat 1.1 T (spin flop in CrPS,), and then a sine-like behavior consistent with the postulated
Faraday effect. To quantitatively determine the observed effect, we studied the laser line re-
flected from the gold deposited on the sample (insetin fig. 7.27 ¢). The sine-like characteristic
allowed us to determine the magnitude of the Faraday effect occurring in the objective. An
external magnetic field of 3.74 T results in the 90° difference between the linear polarization
of incoming and detected light.

When we take a look at the intensity maps (fig. 7.27 a,b) and individual spectra collected
at various magnetic fields (fig. 7.27 c), we can see an anomalous behavior of ZPL 2, centered
around 1.88 eV. At an external magnetic field over the spin flop transition, its intensity is
reduced much less than in the case of other ZPLs. In addition, the corresponding excitation
becomes destabilized showing signs of blinking and spectral diffusion. In contrast, signals
ascribed to other ZPLs and their phonon sidebands (PSB) show a much more stable behavior
with little blinking events. This observation leads us to the conclusion, that we observe a
cluster of similar defects spatially placed close to each other, but slightly differently reacting
to the proximity of CrPS, flake and its changing magnetic phases.

The exact description of the anomalous effects observed at high magnetic fields remains
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Figure 7.27: Intensity of the PL signal of a studied emitter during a fast (~5 mT/s) magnetic field sweep
in the 0-10 T range for sweeping a) up and b) down. Faraday effect occurring in the glass objective is
responsible for the appearance a distinct PL signal minimum around 4 T. c¢) The hBN emitter intensity
(blue) shows a clear cutoff at the external magnetic field corresponding to the spin flop transition in
CrPS,. Apart from this feature, the intensity manifests a sine-like behavior originating from the laser
polarization rotation by a Faraday effect in the experimental setup. Inset shows the intensity profile
of a laser line reflected from a mirror on the sample, showing a sine-like characteristic with a period
of 3.74 T. d) Individual PL spectra measured at different magnetic fields below the spin flop transition
(black) and over the transition (other colors). e) An energy shift of 1.3 meV is observed between the
PL spectra measured at 0 T and 1.5 T f) hBN emitter energy evolution in an external magnetic field
extracted from fits to ZPL 1 and PSB O (notation form fig. 7.24) shows the same evolution with a slight
shift of 0.017 meV/T.

elusive, yet the presented results allow us to formulate possible explanations. We see a dras-
tic decrease in the signal intensity and an energy shift of ~1.3-1.5 meV for the observed
ZPLs (fig. 7.27 e). Additionally, a small linear change ~0.017 meV/T of emission energy
is detected (fig. 7.27) for all (except the anomalous ZPL 2) emitters. If we extrapolate these

changes to the values of ~1.3-1.5 meV observed during the spin flop transition, we obtain
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effective fields as large as 80-90 T necessary to trigger such changes. Although hard to obtain
in a large-scale laboratory setting, such magnetic field magnitudes are not extraordinary in
the world of 2D magnets, on a nanoscale. For example, such fields were predicted for the
proximity effect in CrBrs/MoS, heterostructures [291]. On the other hand, changes of the
local electric field are known to cause switching off and darkening of the emitters in hBN
[66,69-71,276,292]. These effects are usually explained as photo-doping [263] or charging
(saturation) happening in the charge trap sites [69]. Such a mechanism is well described in
graphene/hBN heterostructures [69, 70]. The Fermi level of graphene is tuned by applying
the voltage, which changes the charge state of a defect, and eventually causes its darkening or
deactivation. Undoubtedly, our structure consisting of a CrPS, flake and an hBN layer with
an embedded color center strongly interacts via strain, mechanical shifts, and/or changes of
local magnetic and electric fields. In the next section, we further explore the possibility of

electrically tuning the defect-related light emission.

IMPACT OF ELECTRIC FIELD

We studied whether the emission from the color centers found in our samples can be tuned
by applying a voltage. In order to do so, we glued samples described in 7.2.1 section using
silver paste to a sapphire substrate, and then glued the sapphire to the cold finger of the cryo-
stat (fig. 7.28). Such a configuration allowed us to backgate the sample, without contacting
it to the grounded cold finger. A piece of sapphire provided electrical insulation while offer-
ing good thermal conductivity. We cooled the samples to 5 K and performed PL mapping
(633 nm laser excitation) in the areas between contacts to find light emitters. We tested 6 de-
vices and found only 4 stable emitters close to the contacts. Then, we measured photolumi-
nescence as a function of the voltage applied parallel and perpendicularly to the sample. The

results for one of the studied defects (perpendicular configuration) are shown in fig. 7.28b).
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None of the points manifested any relationship between the applied voltage and the optical
response. Either the found defects were not sensitive to the electric field, the applied voltage
was too small, or the created heterostructures did not have a good electrical contact. ~90 nm
thick layer of SiO; prevented us from applying higher voltage in the backgate configuration
to avoid a short circuit. The fabrication process of the heterostructures should also be bet-
ter optimized to ensure good electrical contacts. It can be achieved for example by adding
graphene layers to the structure to serve as back and top gates.

Nevertheless, metallic contacts unexpectedly turned out to be very useful during mea-
surements in the magnet. In the used configuration, a sample preview can be done only with
the defocused laser light (fig. 7.28 ¢). Then, only the edges of the flakes can be seen, and
finding the desired spot on the sample is extremely challenging. In our measurements well-
reflecting electrical contacts served as markers of the position on the sample, which, com-
bined with previously collected optical images made finding the specific position on the sam-

ple relatively easy.

Figure 7.28: a) A photo of an electrically contacted sample glued into the cryostat. b) PL spectra of
an exemplary defect show no changes for different applied voltages. c) A screenshot of the available
imaging by a defocused laser in the magnet. In the setup, only the edges of the flakes are visible.
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POLARIZATION-RESOLVED MEASUREMENTS

At the time of measuring external magnetic field dependencies for the emitter whose behav-
ior correlated with the spin flop transition in CrPSy4, we were not able to fully explain the
signal fading and around 4 T (fig. 7.27) other effects. We decided to complement the studies
by performing polarization-dependent measurements. In the meantime, the studied sample
has changed dramatically due to the flattening of hBN layers, which deactivated the studied
emitters. Eventually, measurements were performed on previously described samples with
electrical contacts.

In theinitial experiments, we placed a half-waveplate (HWP or A\/2 waveplate) behind the
beam splitter as depicted in fig. 7.29 (configuration A). Light polarization coming from the
laser was additionally corrected by a linear polarizer. The polarizers were positioned relative
to each other to maximize the signal (reflected laser line). The HWP mounted behind the
beam splitter provided the rotation of polarization of both: excitation and detected beams,
mimicking the rotation of the sample.

We collected PL spectra of different defects and of CrPS, flakes as a function of HWP
rotation. We fitted the Lorentzian profile to the Raman signal from silicon and CrPSy, as
well as several defect-related peaks. Fig. 7.30 shows the polarization dependencies at various
external magnetic fields for silicon Raman signal and an exemplary hBN emitter. Labels on
the radial axis of the graphs correspond to the doubled angle of the physical rotation angle
of HWP (physical rotation of HWP of 45° corresponds to the 90° rotation of light polariza-
tion).

The polarization dependency of silicon resembles a four-leaf clover, and its intensity does
not change as a function of magnetic field. However, the magnetic field evolution of the hBN

emitter shows more complicated behavior. At 0 T it resembles an ’8’ with two pronounced
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Figure 7.29: Schematic illustration of polarization setup A. Half waveplate is positioned behind the
beamsplitter providing the rotation of the polarization of light exciting and detected from the sample.

Figure 7.30: External magnetic field evolution of signal intensity as a function of doubled HWP (con-
figuration A) rotation.

maxima. With a rising magnetic field, the intensity of the signal decreases, and at ~3-4 T the
signal resembles an uneven four-leaf clover. At higher magnetic fields we again observe an’8’,
this time rotated by 90 degrees in relation to the one recorded at 0 T.

To better understand the observed effect we decided to perform measurements in a dif-

ferent configuration granting us independent control of light polarization at excitation and

137



detection (fig. 7.31). In experiment configuration B one of the HWDPs (positioned in the
excitation part of the setup) was physically rotated in 0-180° range. Another HWP (posi-
tioned in the detection part of the setup) was fixed at one of two positions: at 60° or 105°
(these specific angles come from the scale on the mount). The positions correspond to two

perpendicular polarizations of light.

Figure 7.31: Schematic illustration of polarization setup B. One half waveplate is positioned in the
‘excitation’ part of the setup, and during measurements is physically rotated in 0-180° range, which
corresponds to 360° polarization rotation. Another half waveplate is positioned in the 'detection’ part
of the setup and set in two fixed positions (60° and 105°) physically rotated by 45°.

We performed measurements at various external magnetic fields collecting Raman sig-
nals from the substrate and magnetic flakes, as well as several light-emitting defects. For each
point, we collected full angular dependency by rotating excitation’ HWP at 0-180° range, at
both settings (60° and 105°) of the 'detection” HWP.

Fig. 7.32 shows Raman spectra collected at 0 T, for two ‘detection” HWP settings. The
analyzed peaks of different symmetries are marked following the notation found in [287,

288]. Spectra were collected at 10 K, with a 514 nm excitation laser. The signal was collected
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from a bulk (>100 nm thick) CrPS, flake, that was not covered by an hBN layer to avoid

background and additional signals.

Figure 7.32: Raman spectra of a bulk flake of CrPS, collected at 10 K and O T. Black and red lines
correspond to two settings of HWP positioned at the detection part of the polarization setup. Raman
modes are marked with letters corresponding to their symmetry.

Fig. 7.33 show the results of polarization-resolved measurements for Raman CrPS, signal

~85cm™!

corresponding to the B; peak [287]. Polar plots present the intensity of the peak
extracted from the Lorentzian profile fitting to Raman spectra. Orange points correspond
to the 60°, while green points to 105° setting of the ‘detection” HWP.

Angular dependencies recorded for two ‘detection’ HWP settings form two eight-like
features rotated by 90°. We also see that the external magnetic field does not change the in-
tensity nor angular dependency of the studied mode. The same result (no changes in the

external magnetic field) was obtained for the Raman signal from the silicon.

Analogously, we performed analysis for peaks with symmetry A. Fig. 7.34 depicts po-
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Figure 7.33: Polar plots of the intensity of CrPS, Raman peak B1, collected at various external mag-
netic fields. The angular scale of the plots corresponds to the doubled physical rotation angle of the
HWP positioned at the excitation part of the setup. Experimental data are presented as orange or
green points connected with lines, while red and blue solid lines show the results of fitting.

lar plots for CrPS; Raman signal at ~117 cm ™! corresponding to A; peak. Dependencies
recorded for two ‘detection” HWP settings also possess two maxima reminiscent of an ‘eight’,
however they are rotated in relation to each other by different angles. Measurements at exter-
nal magnetic fields unveil an intriguing evolution. Angular dependencies rotate and change
their intensities. The change of the external magnetic field of ~3.5-4 T, rotates the angular
dependency by 90°. For example, we can compare the green points in fig. 7.34 at 0 T and
3.5 T. An ’eight’ like characteristic at 0 T is almost aligned with the 45°-225° axis. At 3.5 T,
the eight’ like characteristic is rotated and aligned with the 135°-315° axis.

This observation, combined with the previously described signal fading (fig. 7.27), led
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Figure 7.34: Polar plots of the intensity of CrPS, Raman peak A1, collected at various external mag-
netic fields. The angular scale of the plots corresponds to the doubled physical rotation angle of the
HWP positioned at the excitation part of the setup. Experimental data are presented as orange or
green points connected with lines, while red and blue solid lines show the results of fitting.

us to an explanation related to the Faraday effect. In our setup, light passes through a glass
objective. According to the Faraday’s effect, the linear polarization of light is rotated by an
angle 8 = vBd, where v is the Verdet constant characteristic for the material, B is the ex-
ternal magnetic field, d is the distance that light travels in a material. In our configuration,
the external magnetic field does change its sign, so light reflected from the sample would be
further rotated in the same direction.

Mathematically we can describe measurements in configuration B as follows. The inci-
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dent light vector:
sin(6)
e = | cos(0) |

0

where 6 depends on the rotation of ‘exciting’ HWP. The scattered light vectors correspond

to two settings of ‘detection’ HWP:

—cos(7) sin(y)
es = | sin(y) [or es= | cos(y)
0 0

Angle v is set and depends on the position of “detection’ HWP in relation to the laboratory
coordinates. Faraday effect results in the linear polarization rotation and can be written as a

rotation matrix:

cos(f) —sin(B) 0
F=1sin(B) cos(B) 0]:
0 0 1

where 3 parameter depends linearly on the external magnetic field B.
Raman tensors for silicon (/2g;) and CrPS, (modes with symmetry A and B) in our ex-

perimental configuration can be written as [287]:

Rsi=1s 0 0],
000
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Then, the intensity of the detected light is given by the following formula:

I  |es F RF e, (7.3)

where R is the chosen Raman tensor. After simplifying, we learn that the detected signal
intensity does not depend on the magnetic field for Raman tensors without the diagonal
elements. As shown below, both the Raman signal from the silicon substrate and from the
CrPS, peaks with B symmetry are not affected by the Faraday effect and do not depend on
magnetic field. The intensity of the signal depends only on the specific tensor elements and as
a sine squared of the excitation polarization angle. Obtained formulas were fitted to the data
presented in fig. 7.33. By solving the equation 7.3 for both of the 'detection’ HWP settings

we see, that the signals should indeed be rotated by 90° in relation to each other.

Raman of silicon :  Iywpy, o s2sin®(y+0), Igwpy, < s°cos*(y+0)  (7.4)

Raman CrPS, B :  Ipwpy, o< f2sin*(y +0),  Imwp, o< fcos’(y+0)  (7.5)

Raman modes with A symmetry, are characterized by tensors with diagonal elements. By
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simplifying the equation 7.3 for Ry pg, 4, we obtain much more complicated dependency:

Raman CrPSy A :  Ipwp,, oc 1/4{b* + ¢ + (—b* + ) cos[2(B + )]+
cos[2(8 — 0)] (=b* + & + (b* + ¢*) cos[2(B +7)])— (7.6)

20c cos(db — ¢c) sin(2(8 — 0)) sin(2(8 + )}

We see, that the intensity of the signal does not depend on @ and d elements of the tensor,
which is understandable for our experimental configuration (light propagates perpendicular
to the xy sample plane). Parameter 3 appears in the formula, explaining the influence of the
external magnetic field on the measurements. The found intensity of peaks with A symmetry
depends on parameters b and c as well as ¢b and ¢c. These results are in agreement with
the observation from [287], that only the complex Raman tensor can fully describe CrPS,
modes.

In order to explain the four-fold features observed during measurements in configuration
A (fig. 7.30), we need to make minor changes to the mathematical notation. In configuration
A, one HWP influences exciting and scattered light simultaneously, hence we can describe
both light vectors with the same angle (f). When we simplify the intensity equation 7.3 for
silicon Raman tensor, we get the following: oonr. A S2Sin2(20). On the contrary to the
result obtained for experimental configuration B, we get the doubled angle 6, which results
in the observation of a four-fold signal.

Simulating the behaviour of modes with symmetry A, leads to results consistent with ex-
perimental observations. Parameters b and c are responsible for changing the intensity of the
signal in one of two perpendicular directions. If b = ¢, we would observe a circle in the polar
plot. Parameters ¢b and ¢c can “squeeze” the observed ’8’ dependence. Changing parameter

B3, so changing the external magnetic field, causes the signal to shift from one direction to the
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perpendicular direction, by lowering its intensity and changing it to a four-fold feature. The
presented model was fitted to the data in fig. 7.30. This analysis shows that it is entirely un-
derstandable why the PL and Raman modes with A symmetry almost vanish in a magnetic
field. This is a result of the rotation of the light polarization induced by the Faraday effect,
while at the same time, the Raman intensity of silicon remains completely unaffected. Al-
though this behavior may initially appear counterintuitive, it is important to keep in mind,
as it can easily give rise to misinterpretations.

The described simulations and visualizations (Wolfram Mathematica script) can be found

in additional materials attached to this work in the file: Chapter” modelling.nb.

POLARIZATION-RESOLVED MEASUREMENTS OF HBN EMITTERS
Fig. 7.35 shows PL spectra collected on the edge of a thin CrPS, flake covered by hBN. Three
defect-related peaks were chosen for further analysis. The chosen peaks were characterized

by a stable PL emission and were visible even at a high external magnetic field.

Figure 7.35: PL spectra collected at O T (10 K, 514 nm laser) showing three defects for which
polarization-resolved measurements in experimental configuration B at various external magnetic
fields were made.

Similar to the CrPS, polarization-resolved Raman characteristic presented before, Lorentzian

profiles were fitted to the spectra measured at various magnetic fields with two different detec-

145



Figure 7.36: Polar plots of the intensity of hBN emitters signal, collected at various external magnetic
fields. The angular scale of the plots corresponds to the doubled physical rotation angle of the HWP
positioned at the excitation part of the setup (experimental configuration B).
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tion half waveplate configurations (marked as HWP 60 and HWP 105). Fig. 7.36 shows the
magnetic field evolution of the defect-related emission intensity as a function of excitation
light polarization. The behavior of the studied emission is similar to that of CrPSs Raman
modes with A symmetry and can be successfully described by a tensor belonging to the C
group (like the previously used Rcyps, 4). A possible explanation for the possibility of ap-
plying Raman formalism to the defect-related PL peaks may be the resonant excitation. In
such a scheme, we stimulate directly the defect absorption bands and collect the intra-center
luminescence. Similarly to the polarizability consideration in the Raman scattering case, the
defect state absorption magnitude depends on the polarization of light. Then, after relax-
ation to the state from which the emission occurs, the symmetry of this state determines the
emitted light polarization.

At zero external magnetic field, the contribution of the peak intensity corresponding to
the HWP 60 detection mode is significantly smaller than the one for the HWP 105 detection
mode, indicating a big difference in the values between b and ¢ tensor elements, with one of
them being close to zero. The recorded angular dependencies are similar for defects 2 and 3,
indicating that they may originate form the same defect center or two closely placed, simi-
larly rotated defects. The small discrepancies between the results may be due to inaccuracies
of the measurement setup or the instability of the system. Lastly, we can not rule out the
observation of a cluster of defects.

The recorded polar dependencies and the presented description indicate that defects found
in studied epitaxial hBN manifest dipole-like transitions, which stands in agreement with

other reports [293, 294].
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7.5.3 DISCUSSION AND CONCLUSIONS

In this chapter, we explored the interaction between color centers in epitaxial hBN and 2D
magnets (CrBrs, CrPS,). We presented our studies from the fabrication process, through
temperature and external magnetic field measurement, to the polarization-resolved spectro-
scopic characterization.

Our efforts resulted in the observation of two main effects. One was a change in the hBN
defect-related emission energy, with a clear cut-oft at the temperature corresponding to the
phase transition temperature in a 2D magnet. We observed the effect for both of the studied
2D magnets at points positioned at the edges of the flakes. In the case of CrBrs, the energy
shift was ~1 meV, while for CrPS,, it was ~1.5 meV.

The second effect included the sudden change in energy and a drastic intensity drop in
hBN defect-related emission at an external magnetic field corresponding to the spin-flop tran-
sition in the used 2D magnet (CrPSy). The observed energy shift (~1.3-1.5 meV) was similar
to that recorded in the temperature-dependent studies.

Below, we discuss various explanations of the described phenomena. A direct magnetic
interaction between spins in the defect states and a 2D magnet is the first explanation that
comes to mind when considering systems consisting of magnetic materials. However, in
high external magnetic fields, we do not observe any evident broadening or splitting of the
emission peaks. Therefore, the recorded energy shift of the defect-related spectrum rather
indicates a small direct magnetic interaction. Our observation is consistent with other re-
ports showing that most color centers found in hBN are insensitive to the applied magnetic
fields [295]. However, the magnetic interaction cannot be completely ruled out. In addi-
tion to a sudden energy shift during a spin-flop phase transition, we also observed a small,

linear change in the defect-related emission energy (~0.017 meV/T). These small changes
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were recorded for hBN defects found in the vicinity of 2D magnet flakes, as well as for those
found in just the hBN layer. In this case, we need to be careful with the interpretation, as
the experimental limitations allow for the possibility that the effect is an apparatus-related
result. However, the observation was repeated on several different defects. Assuming that
the magnetic interaction is responsible for the changes in the defect-related emission energy,
we could extrapolate the results to a sudden energy shift observed during a phase transition.
To achieve the change of ~1.5 meV, the effective magnetic field would have to change by
~90 T. According to the literature, such a high value is not impossible for local fields in the
vicinity of 2D magnets [291].

Other possible explanations of the observed effects include more intricate interactions
with the local electric field and strain. Temperature-dependent studies show that the energy
shifts is the highest at the edges of the flakes. In our analysis, we lean towards the conclusion
that the described result originates from the mechanical changes in a 2D magnet appearing
during the magnetic phase transition, which induces strain in an hBN layer. We propose that
the shrinking and expanding of an underlying 2D magnet with changing temperature leads
to substantial stress in the heterostructure. This, in turn, leads to a strain-induced shift in the
hBN defect-related emission energy. Such stress-induced changes were also reported in the
literature, for example, in hBN layers suspended on microspheres [277].

Our analysis of the hBN defect-related emission energy aligns with the results extracted
from the Raman signal of the 2D magnet, which can be used to extract the temperature of
the paramagnetic-ferromagnetic phase transition in CrBrs [279]. It is worth noting, that the
energy shift magnitude during the phase transition was more than an order of magnitude
bigger for the hBN emitter (~1 meV) than for the CrBrs Raman signal (~0.1 meV). Our
results show, that tracking changes of ZPL energy of defects in hBN can provide information

about the phase of an encapsulated material.
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The studies are complemented by temperature-dependent characteristics of CrPS4 Ra-
man modes, as well as polarization-resolved optical characterization of the 2D magnet Raman
modes and color centers emission at various magnetic fields. The performed measurements
allowed us to understand processes present in the experimental setup, as well as shed light
onto the properties of epitaxial hBN defects.

The presented results definitely do not exhaust the topic of the interaction of hBN de-
fects with 2D magnets, but rather scratch its surface, setting the direction for further research.
Characterization with other excitation laser energies and in different setup geometries should
be performed to learn more about the origin of the color centers. Another interesting di-
rection would be to create the defects deterministically, for example by neutron or e-beam
irradiation, to control their exact position.

Some of the results presented in this chapter were written down in the form of a manuscrip,

which will soon be submitted to the high-impact scientific journal.
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Summary and conclusions

In this thesis, we have explored the applications of epitaxial hexagonal boron nitride at two
scales: nano-, for its potential in sensing, and macro-, as a substrate for other ultrathin mate-
rials.

For the large-scale part of the work, we presented a combined growth technique in which
we used MOVPE to grow large-area hBN layers, followed by an MBE growth of MoSe;. The
performed optical spectroscopy, morphology, and structural studies revealed a high unifor-

mity of the samples over the whole area of 2” wafers. The used epitaxial hABN spacer improved
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the optical quality of MoSe; layers, as evidenced by narrow and well-resolved excitonic lines
in low-temperature photoluminescence measurements.

Additionally, we have developed a wet exfoliation scheme to transfer large-area (~ cm?)
hBN layers onto other substrates, like Si/SiOs. The process allowed for better morphology
imaging as it removed the hBN wrinkles that typically appear during the MOVPE growth.
We found that such a transferred material constitutes an even better substrate for the further
MBE growth of MoSes. A large number of edges found in epitaxial hBN provided uniformly
spread nucleation centers that promoted the growth of mostly monolayer MoSe,, in con-
trast to the weaker nucleation and a higher ratio of multilayer material obtained for the MBE
growth on hBN flakes exfoliated from bulk material.

The growth on top of epitaxial hBN transferred on a Si/SiO; substrate allowed us to
electrically contact the structure, which resulted in electrical control of the MoSe, charge
carrier concentration as evidenced by a change of the neutral to charged exciton ratio. Our
results deliver a scalable method of producing high-quality single layers of MoSe,. Further
optimization of the proposed approach may result in establishing large-area epitaxial hBN as
a template for the growth of various 2D materials, including other TMDC representatives,
as well as 2D magnets.

On the nanoscale, we explored the interaction between point defects in epitaxial (BN
and 2D magnets like CrPS, and CrBrs. We presented optical spectroscopy studies of the
heterostructures conducted at various temperatures, and in high external magnetic fields.
We performed a statistical analysis of the light emission from the defects that are inherently
present in the epitaxial hBN samples. The recorded photoluminescence features correspond
to the zero-phonon lines and phonon sidebands typically observed for carbon-related defects
in hBN.

In our work, we wanted to study whether the color centers found in epitaxial hBN can be
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used as local sensors integrated into the heterostructure. Indeed, we observed that the optical
response from the hBN layers can be correlated with the phase of the underlying 2D magnet.
By varying the temperature of the samples, we observed a change in the energy of the defect-
related photoluminescence emission, showing a clear cut-oft at the temperature correspond-
ing to the Néel (CrPSy), or Curie (CrBrs) temperature of the 2D magnet. During the mea-
surements in an external magnetic field, we reported a sudden intensity drop and energy shift
of the defect-related photoluminescence at the magnetic field corresponding to the spin-flop
transition in CrPS,. Possible explanations for the experimental results included mechanical
strain, electric charging, and direct magnetic interaction. We complemented the hBN/2D
magnet heterostructures studies by performing polarization-resolved measurements, which
allowed us to understand the behavior of the used setup, as well as shed light onto the sym-
metry properties of the 2D magnet and hBN defects.

This work addresses two current research trends from the world of ultrathin materials.
On the one hand, it focuses on basic research, exploring fundamental properties of light-
emitting point defects in a wide bandgap semiconductor. Such light sources could find use
in quantum technologies. The sensitivity of the defect-related light emission to even small,
nanoscale environmental changes can be utilized to develop future nanosensors of magnetic
field or strain integrated into the device.

On the other hand, this work delves into the optimization of large-area growth methods
of high-quality monolayers, addressing the size, uniformity, and reproducibility limits. Such
an approach is indispensable for any scalable use of 2D materials in real-life devices.

We hope that further studies in the presented macro-, and nano- directions will result in

connecting these two worlds to realize novel functional applications.
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