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Abstract

Abstract

Technological advancement has been in cadence with material development by improving the purity of single crystals
and, at the same time, controlling their imperfections. These capabilities have been especially vital for developing new technol-
ogies based on two-dimensional (2D) van der Waals (vdW) materials for future electronic and optoelectronic applications. This
is because the inherent properties of 2D vdW materials is highly susceptible to the presence of intrinsic structural defects and
extrinsic disorders due to large surface-area-to-volume ratio. The successful reduction of these disorders has significantly im-
proved material properties and led to the discovery of novel physical phenomena in vdW materials. On the other hand, struc-
tural defects - for instance, 0-dimensional point defects - can induce completely new properties that are otherwise absent in
the prefect lattice. To harness the full potential of vdW materials, it is thus essential to produce high-quality crystals and un-
derstand how the disorder affects their material properties, which is the central idea of this dissertation.

In this dissertation, we first present the work of high-quality epitaxial growth of NbSz. Based on atmospheric-pressure
chemical vapor deposition, we have successfully synthesized the two polymorphs (2H and 3R) of NbS: with the largest lateral
size grown to date. Their distinct superconducting and metallic properties were examined under low-temperature charge
transport, respectively. Our finding demonstrates the practical synthesis method for phase-controllable growth of 2D transition
metal dichalcogenides and can benefit future studies in mesoscopic devices and large-area applications of 2D superconductors.

Secondly, we present the work of discovering defect-induced novel properties in ultrathin layers of PtSez. Although
bulk PtSe: is non-magnetic, we observe the appearance of magnetism in monolayer and bilayer PtSez. We were able to measure
the magnetoresistance (MR) of mono- and bilayer PtSez under perpendicular magnetic fields using proximitized graphene, and
found antiferromagnetic and ferromagnetic MR responses for mono- and bilayer, respectively. The appearance of such different
magnetic states is theoretically explained by the first-principle density functional theory calculation, suggesting the origin of
induced-magnetic moments from intrinsic Pt vacancies for both layers. Moreover, we also found that structural disorder in
PtSe2 can induce bulk photovoltaic effect (BPVE). The second-order optical nonlinear effects, such as BPVE, require broken
structural inversion symmetry and crystal symmetry can be reduced by the presence of structural defects. The broken local
inversion symmetry from structural disorder in centrosymmetric PtSez is manifested by the generation of zero-biased photo-
current under homogenous illumination. We observe linear and circular polarization-dependent photocurrents in defective
PtSez, which is largely absent in the pristine crystal. Our findings in PtSez emphasize the importance of the structural disorder
for generating completely new properties and stress the need for defect-engineering for realizing the practical use of PtSez in
spintronic and photovoltaic applications.

Keywords

two-dimensional materials, niobium disulfide(NbS:z), platinum diselenide(PtSez), disorder, defect, superconductivity, mag-
netism, magnetic materials, optoelectronic, photovoltaic effect, non-linear optics.



Résumé

Résumé

Les progrés technologiques ont été en cadence avec le développement des matériaux en améliorant la pureté des
cristaux, et en méme temps, en controlant leurs imperfections. Ces capacités ont été vitales pour la réalisation de dispositifs
basées sur des matériaux vdW 2D, ou les défauts structurels intrinséques et les troubles extrinséques ont souvent obscurci les
propriétés inhérentes en raison du rapport surface/volume extrémement élevé. La réduction réussie des deux facteurs a
considérablement amélioré les propriétés des matériaux et conduit a la découverte de nouveaux phénomenes physiques dans
les matériaux vdW, ce qui en fait un candidat attractif pour les futures applications électroniques et optoélectroniques. D'autre
part, les défauts dans ces matériaux- par exemple, les défauts ponctuels 0D - peuvent induire des propriétés completement
nouvelles qui seraient autrement absentes dans leur forme primitive. Afin d'exploiter tout le potentiel des matériaux vdW, il
est donc essentiel de comprendre le role des défauts et de pouvoir controler le niveau de désordre dans les cristaux de haute
qualité.

Afin d'exploiter tout le potentiel des matériaux vdW, il est donc essentiel de comprendre le role des défauts et de
pouvoir contrdler le niveau de désordre dans les cristaux de haute qualité. La premiére étape nécessaire pour atteindre cet
objectif est de produire un matériau hautement cristallin. Nous présentons d'abord les travaux de croissance épitaxiale de
haute qualité de NbS:z par dépo6t chimique en phase vapeur a pression atmosphérique. Nous avons réussi a synthétiser deux
polymorphes, 2H- et 3R-NbSz, avec la plus grande surface latérale a jour, et leurs propriétés supraconductrices et métalliques,
respectivement, ont été examinées sous transport de charge a basse température. Cette méthode de synthése pratique pour la
croissance contrélable en phase des supraconducteurs peut bénéficier a de futures études dans les dispositifs mésoscopiques
et aux applications a grande surface des supraconducteurs 2D.

Ensuite, nous présentons la découverte que des défauts peuvent introduire du magnétisme dans le semiconducteur
PtSez, autrement non magnétique. Dans le cadre de mesures de magnéto-transport, nous avons comparé les propriétés de
magnétorésistance (MR) entre PtSez monocouche et bicouche a l'aide d'une sonde de graphéne a proximité. Alors que le MR de
la monocouche montre une réponse a deux plateaux, le MR de la bicouche montre une réponse ferromagnétique avec une
hystérésis claire, et I'apparition d'états magnétiques aussi différents est théoriquement expliquée par le calcul de la théorie
fonctionnelle de la densité de premier principe, suggérant 'origine de l'induction par des moments magnétiques provenant de
défauts intrinseéques de Pt. De plus, nous montrons dans le méme matériau que le désordre intrinseque peut fournir la source
d'un effet photovoltaique non linéaire. Alors que le PtSez vierge est centrosymétrique, la symétrie d'inversion locale brisée due
au désordre structurel local dans le cristal - défauts en forme d'amas et défauts ponctuels - se manifeste par la génération d'un
photocourant sous un éclairage homogéne ou nous observons des courants linéaires et circulaires dépendant de la polarisation
a zéro -condition de biais. Ces découvertes révelent I'importance du désordre structurel dans PtSez pour créer de nouvelles
propriétés et soulignent la nécessité d'une ingénierie des défauts afin d'avancer vers des applications spintroniques et
photovoltaiques pratiques.

Mots-clés

matériaux bidimensionnels, disulfure de niobium (NbS2), diséléniure de platine (PtSez), désordre, défaut, supraconductivité,
magnétisme, matériaux magnétique, optoélectronique, effet photovoltaique, optique non linéaire.
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Introduction

Chapter 1 Introduction

1.1 Dissertation introduction

Crystals tend to have small defects, and this imperfection often governs the overall material properties. Grain bound-
aries, considered as planar defects, separate the inner regions of different crystal orientations of polycrystalline materials. The
presence of grain boundaries is particularly important for steel, as it dominantly determines the mechanical yield strength and
hardness of the bulk. As for smaller-sized defects, there are 0-dimensional(0D) point defects, such as missing atoms or impuri-
ties. They are responsible for the colors of gemstones, for instance, ruby and sapphire, the crystal of aluminum oxides. They
are otherwise transparent unless a small number of foreign atoms - chromium or titanium ion - are added.

Realizing desired properties of any material requires understanding and precise control over the disorder. For in-
stance, the single crystalline growth of silicon wafer was a critical factor in developing modern electronics, as the defects men-
tioned earlier - grain boundaries and 0D defects - inevitably lower the charge carrier mobility and hinder the device perfor-
mance. At the same time, to achieve the best of its electrical properties, one had to precisely add impurities by substitutional
doping either boron or phosphorous atoms to make it perform as desired. Without these capabilities, it was impossible to build
integrated circuit devices made of billions-of-transistors with all functioning in a single chip. The importance of understanding
the role of defects in material further extends to next-generation technologies. This is evident in the case of optically active
defects in diamonds. The optical color center of diamond negatively charged nitrogen-vacancy (NV) offers a well-isolated two
quantum system, the state of which can be controlled at room temperature with resonant microwave pulses. Defects in dia-
monds are considered one of the promising platforms for realizing solid-state quantum computers[1].

Technological advancement has been in cadence with material development by improving the purity of single crystals
and, at the same time, controlling their imperfections. This has been particularly relevent for developing low-dimensional ma-
terials such as 2D van der Waals (vdW) materials. Initiated with the discovery of semi-metallic graphene, the number of vdW
materials has grown rapidly. Many can stably exist in atomically thin layers, including transition metal dichalcogenides
(TDMCs) and hexagonal boron nitride (h-BN). The range of properties includes metals, semimetals, semiconductors, insulators,
and much more[2], and are considered as attractive candidates for next-generation electronic, optical, and optoelectronic ap-
plications. However, as the material is entirely surface itself, it is prone to disorder due to the large surface-area-to-volume
ratio. Their intrinsic properties were often uncertain due to inherent crystal defects and extrinsic disorders - strain, surface
absorbate and oxidation[3].

Protecting 2D vdW materials from the disorder has been vital for successful material research. For semi-metallic gra-
phene, the dominant disorder came from the outside source. The surface absorbate or the charged traps in SiO2/Si substrate
introduced charge density puddles[4], the cause of enhanced charge scattering when electric current flows. These sources have
significantly affected the charge carrier mobility and the minimal conductivity of early graphene devices on SiO2/Si sub-
strate[5-7]. The dramatic enhancement of electronic properties was achieved by minimizing such charged disorder, and the
most successful method, to date, has been encapsulation with h-BN[8] or by suspending it in vaccum[9]. In the effort to further
reduce the disorder, improved fabrication techniques were developed[10], and as a result, the state-of-art low-disorder gra-
phene device allowed the observation of strong electronic correlation[11] and highly non-equilibrium transports phenom-
ena[12].

As for TMDCs, structural defects are more abundant than graphene as the defect formation energy of TMDCs is much
lower than that of graphene. For example, chalcogen vacancy formation energy is 2-3eV for MXz (M= Mo and W; X= S, Se and
Te)[13], and carbon vacancy formation energy is 7-8eV for graphene[14]. The large concentration of intrinsic defects in TMDCs
(typically 1013cm-2) not only degraded the electronic mobility of TMDCs but also negatively affected the optical properties. To
overcome this issue, there have been many strategies developed particularly for TMDCs to produce defect-free crystals. For
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Introduction

example, the best tungsten diselenides (WSez) crystal so far is produced from the liquid self-flux growth technique and contains
a defect density of 1011cm?[15]. Alternatively, post-treatments with thiol chemistry could repair the chalcogen vacancies, which
enhanced the low quantum efficiency (0.01-6%) of TMDCs[16] to almost near-unit value[17]. Further improvement in the op-
tical properties of TMDCs has been realized by the encapsulation minimizing the external source of disorder, from which the
linewidth of photoluminescence in TMDCs greatly improved[18,19]. The cleaner devices have led to the discovery of novel
phenomena in TMDCs such as exciton condensate[20], and room temperature exciton transport[21].

However, the atomic disorder in low-dimensional materials can sometimes induce completely different new physical
properties in TMDCs. It has been reported that magnetic moments can be introduced locally by metal point vacancies in multi-
layer metallic platinum diselenide (PtSez)[22] and by antisite defects in semiconducting molybdenum telluride (MoTez)[23].
Furthermore, point vacancies can break the symmetry and induce large spin-splitting in centrosymmetric media with high
spin-orbit coupling strength[24], and strain gradient can generate symmetry-forbidden properties such as flexo-photovoltaic
effect[25]. Last but not least, it has been demonstrated in insulating h-BN of a large bandgap (5-6eV) that local boron vacancies
can act as a single-photon emitter with lower transition energy (1.4-2eV)[26] and can provide the system for optical spin-
resonance[27].

Therefore, on the one hand, it is crucial to improve the existing synthesis of 2D vdW materials and produce finer
crystalline crystals free from structural defects. However, it is also important to study how intrinsic structural defects alter the
electronic and optoelectronic properties or even induce new functionalities in such materials. With this interest, this disserta-
tion is centered around intrinsic structural defects in TMDCs, particularly focusing on two different vdW materials, PtSez and
niobium disulfide (NbS2). We first introduce the work of 2D NbS: crystal synthesis. Next, we present our findings of defect-
induced novel properties in ultrathin layers of PtSez. These works are based on two published and one unpublished work.

1.2 Content outline

Below is the outline and short explanation of the chapters in the dissertation.

Chapter 2 presents a general overview of the physical properties of 2D vdW material and provides a brief literature
review on the structural defects in transition metal dichalcogenides and their relevant physical properties. The purpose of this
chapter is to provide background information to help understand the content of the dissertation.

Chapter 3 describes the experimental methods of fabricating and characterizing the vdW devices which are used for
the studies presented in the following chapters 4, 5, and 6.

Chapter 4 contains the work related to the epitaxial growth of 2D NbS; and the study of its electronic properties. We
have investigated the electronic properties of two-grown polymorphs of NbSz, 2H- and 3R-NbS: via low-temperature charge
transport.

Chapter 5 discusses the experimental work on two-dimensional magnetism in semiconducting PtSez and provides
the theoretical background based on the first principle density functional theory calculation.

Chapter 6 reports disorder-induced photovoltaic generation in PtSe2. We explain the importance of disorder-induced
symmetry breaking in generating linear and circular polarization-dependent photocurrents in PtSez.

Lastly, chapter 7 provides the conclusion of this dissertation and provides the future perspectives of defect-induced
properties in PtSeo.

11



Two-dimensional van der Waals materials

Chapter 2 Two-dimensional

van der Waals materials

This chapter provides background knowledge on two-dimensional (2D) van der Waals (vdW) materials, focusing on
transition metal dichalcogenides (TMDCs) and their structural defects. We provide a literature overview on how the defects
affect the physical properties of various TMDCs. At the end of this chapter, we explain the basic properties of platinum
diselenide (PtSez), the main material studied in this dissertation.

2.1 2D vdW materials

2.1.1 Graphene

Since the successful production from graphite using the famous tape exfoliation method[28], graphene, made of a
single sheet of carbon atoms, quickly gained tremendous attention in academic research and industrial applications due to its
extraordinary properties. Just to name a few, it is only 0.3nm-thick, the thinnest material, but physically and chemically stable.
It is flexible, but its mechanical strength is about 100-300 times stronger than stainless steel. It has high thermal conductivity
(103W/m-K)[29] and can withstand several-orders higher current density (~1.6x109 A-cm-2) than copper[30]. The fascinating
electronic properties of graphene stem from the fact that quasi-particles obey the linear dispersion of energy and momenta
near the Dirac points at the K and K’ edges of the Brillouin zone[31]. Unlike the ordinary semiconductors having parabolic band
structure, the linear relation dictates the vanishing effective mass of the quasi-particles, which leads to the Fermi velocity as
high as 106m/s. This feature of massless quasi-particle underpins the description of later discovered various novel quantum
transport phenomena in graphene. Despite its rich physics and ultra-high carrier mobility, the gapless electronic band structure
made graphene semi-metallic and seriously limited its use in modern electronic devices. Basically, the field-effect transistor
made of graphene cannot be switched off with the external gate voltage. Chemical modification and ribbon-shaped fabrication
are suggested as viable methods to transform this sheet of metal into a semiconductor but have not been successful so far.
Bilayer graphene, however, can have a small bandgap (Eg) of 250meV on the condition of an applied electrical field[32]. But
the current on/off ratio (Ion/Ioff) in bilayer graphene field-effect transistor (FET) is only ~100 at room temperature[33].
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2.1.2 Transition metal dichalcogenides
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Figure 2-1. Monolayer transition metal dichalcogenides. a) 3D atomic structure of molybdenum disulfide. A single-layer is
6.5A thick. b) High-performance field-effect transistor made of 1L MoSz with hfOz as the gate dielectric. c) Photoluminescence
from monolayer and bilayer MoSz. Inset is the quantum yield with different layer numbers. Monolayer shows the highest value.
d) Structural representation of polytypes (1T, 2H and 3R) with their metal coordinations. e) Calculated MoSz bandstructure
from bulk to monolayer thickness. Monolayer has a direct bandgap located at the K point of reciprocal space. f) Schematic of
monolayer band structure with spin-split bands at K and K' points of hexagonal Brillouin zone. Red (blue) color indicates spin-
up(spin-down) band. Panels are adapted with permission. Panel a-b) are from ref[34], Springer Nature Ltd. Panel c) is from
ref[35], American Physical Society. Panel d) is from ref[36], Royal Society of Chemistry. Panel e) is from ref[37], American
Chemical Society. Panel f) is from ref[38], American Physical Society.

The discovery and the methodological success of isolating graphene from bulk graphite have stimulated the search
for another wonder material from the other 2D van der Waals(vdW) materials. The difficulty of turning graphene into a semi-
conductor turned the focus to bulk vdW semiconductor in a hope of achieving a single-layer semiconductor. This was actually
the original idea intended by Radisavljevic et al. [34], who have successfully demonstrated, for the first time, the high-perfor-
mance FET device made of a single layer molybdenum disulfide (MoSz). A few-layer MoSz-based transistor was already realized
at that time; however, with the poor mobility in the range of 0.1-10 cm2-V-1.s-1, Radisavljevic et al. instead made MoSz FET with
a high-k hafnium oxide (HfO2) as the gate dielectric, which could effectively screen the charge impurities that limit the device
performance. This gating scheme greatly improved the field-effect mobility (urg) higher than 200 cm?2-V-1-s-1 at room temper-
ature. The device could be completely turned off by the gate voltage in the range of 2V, and the Ion/loff is higher than 108 with
sub-threshold swing S = 74 mV/dec. Around the same time, Mak et al. have extended the potential in the material by discovering
the direct bandgap feature of monolayer MoSz[35]. Although bulk MoS: has an indirect bandgap (Eg=1.29¢eV), it is found that in
the thin limit, the electronic properties of MoS: are dependent on the number of layers. Inferred from the photoluminescence
(PL) spectroscopy, its bandgap increases more than 0.6eV with the decreasing number of layers from six-layer to monolayer,
and indirect bandgap in bulk changes to direct bandgap in monolayer. The nature of direct bandgap was manifested by a strong
enhancement of PL quantum efficiency in monolayer compared to bulk.

MoS:, a prototypical semiconducting vdW material, belongs to a bigger material category known as transition metal
dichalcogenides (TMDCs), which is the relevant class of material in this dissertation. TMDCs has the stoichiometry of MXz,
where M is a transition metal in group 4, 5 and 6 of the periodic table and X is a chalcogen and the group has more than 60
different compounds. The unit layer is structured as three atomic planes(chalcogen-metal-chalcogen), where one transition
metal layer is sandwiched by two chalcogen layers, and thicker material is essentially formed with vertically-stacked layers
under van der Waals force. Different crystal structures can form depending on the stacking order and the metal coordination.
In MoSg, there are three different polytopes: 1T, 2H and 3R. 1T-phase has octahedral coordination of metal and has a tetrago-
nal(T) unit cell consisting of one layer with AA stacking where inversion symmetry is preserved in the monolayer. Both 2H-
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and 3R-phase have trigonal prismatic coordination of metal, but 2H-phase has a hexagonal(H) unit cell consisting of two-layer
with AB stacking, whereas 3R has a rhombohedral(R) unit cell consisting of three-layer with ABC stacking. The inversion sym-
metry of the 2H phase is broken for the odd number of stacking and preserved for the even number of stacking. Inversion
symmetry of the 3R phase, however, is broken regardless of any number of layers.

Various compounds in TMDCs can be either semiconducting or metallic. They can be distinguished by the different
transition metal atoms and the layer stacking order. For example, Mo and W compounds are generally semiconducting, whereas
those made of Ta and Nb are metallic[39]. Among them, the most studied materials are 2H-phase semiconducting compounds
of Mo and We with Se and S. They are indirect semiconductors in bulk where a valence band maximum is at the center (I" point),
and a conduction band minimum is positioned in the middle of I' — K direction of the hexagonal Brillouin zone. In the mono-
layer form, they undergo a transition from indirect to direct bandgap[37]. The local minimum of the bands, which are also
called valleys, is located at the six corners of the hexagonal Brillouin zone (+K points), and the monolayer TMDCs compounds
have the band-to-band transitions within the range of 1.5-2.0eV. The bandgaps in the visible spectrum indeed offer a broader
material choice not only for digital electronics but also for numerous photonic and optoelectronic applications such as light
emitters and photodetectors. Furthermore, the use of TMDCs can be extended as monolayer TMDCs hold rich spin and valley-
related properties. Because of the broken inversion symmetry in the monolayer, strong spin-orbit interaction lifts the degen-
eracy and splits the conduction and valence bands. The splitting is largest at the valence band due to the heavy elements of
transition metal; A~0.46eV in WSez and A~0.15eV in MoS2[40]. Uniquely, the band edges of K and K’ points are lifted in oppo-
site directions due to the time-reversal symmetry, so spin and valley degrees of freedom are inherently coupled. This is called
as spin-valley locking. Due to this intriguing property, the law of conservation of angular momentum permits the selective
population of a particular valley using circularly-polarized optical pumping, producing valley polarization. Consequently, a
number of intriguing valley-contrasting phenomena have been demonstrated, including valley-polarized exciton[41,42], valley
coherence[43], and valley Hall effect[44]. In addition, circularly-polarized light can generate spin and valley-polarized photo-
current in TMDCs, where the current polarization is determined by the light helicity[45,46]. This feature makes TMDCs a prom-
ising platform for building spintronic and valleytronic devices, harnessing the full potential of its inherent spin-valley physics.
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2.2 Intrinsic disorder in TMDCs
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Figure 2-2. Disorder during material growth and metal deposition. a) ADF STEM images revealing major 0D point defects
in MoS2 (Vs: monosulfur vacancy, Vsz: disulfur vacancy, Mosz: a Mo atom substituting a Sz column, S2mo: a Sz column substituting
a Mo atom). b) Density of various point defects compared with different syntheses (ME: mechanical exfoliation, PVD: physical
vapor deposition, CVD: chemical vapor deposition). c) Schematic of e-beam deposited Au electrodes on top of MoS: damaging
the surface of MoS; by the Au atom bombardment. d) Cross-sectional TEM image of MoS:z with top Au electrodes. Panels are
adapted with permission. Panel a) is from ref[47], American Chemical Society. Panel b) is from ref[48], Springer Nature Ltd.
Panel c-d) are from ref[49], Springer Nature Ltd.

Nevertheless, these rich properties of TMDCs are often overshadowed. One of the main reasons is that the structure
of real TMDCs materials always deviates from the perfect arrangement of atoms. The direct imaging of TMDs has been per-
formed by experimental instruments such as scanning tunneling microscope (STM) and annular dark-field scanning tunneling
electron microscope (ADF STEM), finding various intrinsic defects in the crystals. Figure 2-2(a) shows the STEM image of the
point defects in MoSz, which shows single sulfur vacancy and metal and chalcogen anti-sites[47]. Figure 2-2(b) compares the
concentrations of major point defects found in MoS: obtained by various synthesis methods, which are mechanical exfoliation,
chemical vapor deposition (CVD) and physical vapor deposition (PVD)[48]. For these production methods, chalcogen vacancy
is the dominating defect type, with a very high concentration of around 1013/cm?. Yet, among them, mechanical exfoliation
gives the best crystal quality with the lowest defect density. This overall high defect concentration can be understood by its
low defect formation energy during the synthesis. For both metal and chalcogen-rich growth conditions, the formation energy
of the most common chalcogen vacancy in MoSz is around 2-3eV[13]. This energy scale is similar for all other TMDCs, and the
formation energy of chalcogen vacancies is significantly lower than that of carbon vacancies. (~8eV) in graphene[14]. The in-
trinsic defect density in mechanically exfoliated graphene is around ~101°/cm2[50], which is extremely lower than TMDCs.

Given the ultra-thin nature of 2D TMDCs, these structural defects have significantly affected their intrinsic physical
properties. Many monolayer TMDCs suffer from the poor internal quantum yield of PL, which means that the number of the
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radiated photons is significantly lower than the number of excited electron-hole pairs. Typically, exfoliated tungsten disulphide
(WS2) and MoS2 show an internal quantum yield of ~6%][51] and ~0.1%[52], respectively, which is primarily due to the defect-
mediated non-radiative recombination process. This low yield makes the current quality of TMDCs not adaptable for display
applications. Indeed, the same defects have dominantly influenced their electrical properties and the FET device performance.
Although intrinsic conduction band mobility of MoS: is expected to be large as 400cm?-V-1-s-1[48], the measured mobility is
proportionally lowered with an increasing defect density. Therefore, the mobility strongly depends on how the material is
synthesized, and the reported room-temperature field-effect electron mobilities are 44-81cm?2V-1s-1 for mechanical exfolia-
tion[53,54], 6-22cm2V-1st for chemical vapour deposition[55-57], and below 0.5 cm?-V-1.s1 for physical vapour deposi-
tion[48,58]. It is theoretically studied that MoS: is particularly sensitive to the presence of anti-site defects where hole mobility
of MoS:z can be 3-4 times lower than that of intrinsic MoS2[48]. In addition, defects can provide trapped charged states acting
as a scattering center[59-61]. Also, hopping transport caused by strongly localized disorder can be part of the overall transport
along with band transport[62,63]. All of these inevitably affect the device mobility and lead to a large underestimation of the
true band mobility of TMDCs.

Moreover, its atomically thin nature and low sputtering energy make their crystal prone to be damaged during the
conventional device fabrication process, such as e-beam lithography and physical vapour deposition. Figure 2-2(c-d) shows
the schematic and cross-sectional TEM image of the damaged MoS: during this process[49]. Metal electrodes contacting TMDC
are considered crucial for any electronic and optoelectronic devices as they govern the charge injection from metal to 2D ma-
terials or vice versa. However, the metal/TMDCs interface constructed by metal deposition such as e-beam evaporation can
introduce considerable defects, strain and metal diffusion. This has resulted in high contact resistance due to significant
Schottky barrier or interfacial states at 2D/metal contacts which pins the Fermi level, deteriorating the overall electronic per-
formance, such as current on/off ratio and field-effect mobility.

In summary, ultra-high-quality TMDCs with enhanced synthesis are essential for producing high-performance de-
vices. However, maintaining the quality during device manufacturing is equally important.

2.3 Improving the crystal quality of TMDCs
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Figure 2-3. Reducing intrinsic defect density. a) STM image of CVT-grown WSez(left) and flux-grown WSez(right) comparing
the level of defects. b) PL images of monolayer MoS: before (top) and after (bottom) superacid treatment. c) Schematic and
cross-sectional TEM image of MoS2 with Au electrode mechanically transferred by PMDS stamp. d) Schematic and cross-sec-
tional ADF STEM image showing the WSez-In/Au electrode interface. Panels are adapted with permission. Panel a) is from
ref[15], American Chemical Society. Panel b) is from ref[17], AAAS. Panel c) is from ref[49], Springer Nature Ltd. Panel d) is
from ref[64], Springer Nature Ltd.

The formation of defects during the synthesis of TMDCs is the natural result of thermodynamics, which energetically
favors imperfect structure. However, for the field to advance, it must continue to reduce the number of defects. To date, the
best TMDCs crystal is obtained by the self-flux method[49]. This state-of-art growth showed a considerable reduction of the
defect density in WSez below 1011/cm?, approaching the intrinsic limit of defect formation. PL measurements were performed
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to measure the radiative response versus its crystal quality. Due to low defect concentration in the flux-grown sample, the PL
efficiency of WSez is measured to be significantly larger (a hundred-fold) than that of CVT-grown WSea.

However, if we convert the defect density of the best-grown WSez to its bulk concentration, it is around ~1018/cm3.
This is still significantly higher, at least 3-4 orders, than those obtained in the I1I-V semiconductor films[65]. In practice, there
is still room for improving the crystallinity. Apart from the production of high-quality crystals, we can also focus on repairing
defects after the growth. First, repairing chalcogen vacancy can be done by annealing with a supplement of appropriate chal-
cogen source. In the case of monolayer MoS:z with sulfur vacancies, oxygen substitutes the vacancies when left in the air by the
oxidation process. At this point, it is found that the oxidized area can recover its pure MoS:z phase when annealed with H:S at
200°C[66]. Similarly, line defects composed of Se vacancies in vanadium diselenide (VSez) can restore to its pristine form by
depositing Se on the sample, followed by annealing to 240°C[67]. Apart from this dry method by annealing, wet solution treat-
ment based on nonoxidizing organic superacid can repair the chalcogen defects. Amani et al. have used bis(trifluoromethane)
sulfonimide (TFSI) to repair the sulfur vacancies of as-exfoliated 1L MoSz[17]. As evidence of restoration, MoS: achieves a
dramatic PL enhancement (190 times increase) before and after the treatment. The treatment strongly eliminates the defect-
mediated non-radiative process without changing the overall shape of the PL spectrum.

Also, there has been continued effort to maintain defect-free TMDCs during the fabrication of contact electrodes. Two
successful strategies realized ideal metal-2D semiconductor junctions by low-energy material integration processes: physically
transferring pre-fabricated metal electrodes[49] and soft metal deposition[64]. Both monolayer and few-layer MoS: received
the benefits from these highly efficient and damage-free fabrications, which resulted in high room temperature electron/hole
mobilities. Here, we briefly introduce their methods. The former was introduced by Yuan Liu et al., who demonstrated trans-
ferring metal electrodes onto few-layer MoSz using polydimethylsiloxane (PDMS) stamps[49]. This method allowed to transfer
of various metals under the same transfer protocol; thus, it was possible to transfer a metal with the work function matching
the energy level of conduction or valence band edge. Those metal electrodes are prepared on a silicon substrate by conventional
clean-room fabrication methods and functionalized with a hexamethyldisilazane (HMDS) layer, followed by spin-coating
polymethyl methacrylate (PMMA) film. With the pre-functionalization, PMMA weakly adheres to the substrate, allowing it to
be peeled off by the PDMS stamp, carrying the underneath metal electrodes. A gently transferred metallic layer forms a van der
Waals metal-semiconductor junction with few-layer MoSz without chemical bonding and contamination such as adsorbed wa-
ter and hydrocarbon. The atomically clean interface with a silver metal film made it possible to achieve high electron mobility
(260cm2-V-1-s-1) at room temperature. The second approach is introduced by Yan Wang et al., where monolayer MoS: is depos-
ited with 10nm indium metal capped with 100nm gold electrodes[64]. The key factor that allowed to form a clean interface is
the soft deposition nature of indium, where cross-sectional ADF STEM and X-ray photoelectron spectroscopy (XPS) show no
sign of damage to the MoS:z and chemical bondings between In and MoS;. This method achieved high electron mobility (e.g.
167cm?2-V-1-s-1) and the lowest contact resistance (e.g. 3000ohm-um) up-to-date.
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2.4 Benefit of defects in TMDCs

On the other hand, the presence of crystal defects in 2D TMDCs has provided us with novel routes to tailor existing
properties or even introduce new functionalities. Here, we briefly introduce some of the prominent findings of defect-induced
properties and the attractive uses of defects in 2D materials.
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Figure 2-4. Application of defects in TMDCs. a) Schematic illustration (top) of electron-beam irradiation on WSez, intention-
ally creating selenium vacancies in the crystal. PL spectra (bottom) at 5K acquired from as-exfoliated WSe2 and after e-beam
irradiation. A broad emission appears in the lower energy range due to defect-assisted recombination. b) Schematic (top) of 1L
MoS:z photodetector operation scheme. Simple energy diagram (bottom) showing charge trapping at the valence band tail of
1L MoSz. c-d) Topographic STM image of 1L WSe: c), showing individual metal vacancies (black area) and dI/dV spectrum d),
acquired from a defect-free region (black line) and on the defect (red line). The arrow marks the onset of the valence band, and
a shift of the valence band edge is observed on the defect site. e-f) Topographic STM image of PdSez, e) showing bright region
(oxidized) and dark region (pristine). The position of Se atoms (cyan dots) is the same for oxidized and pristine, meaning that
the overall structure is intact. Device characteristic of PdSez FET f), before and after the oxidation. Panels are adapted with
permission. Panel a) is from ref[68], American Physical Society. Panel b) is from ref[69], American Chemical Society. Panel c-d)
are from ref[70], American Physical Society. Panel e-f) are from ref[71], American Chemical Society.

The 0D defects - for instance, chalcogen vacancies - can strongly impact optoelectronic and optical properties in
TMDCs. The defect states in TMDCs are commonly present within the bandgap. Acting as deep recombination centers, defect
states provide a non-radiative recombination path for direct semiconductors, negatively affecting the efficiency of PL emission.
However, defect-induced band-tail states also exist, below the edge of the conduction and above the edge of the valance band.
This provides shallow traps of excited carriers, which can enhance the photoconductivity, and eventually the gain of photore-
sponse in optoelectronic devices. The experimentally measured photoconductivity (more precisely responsivity) in monolayer
MoS: is found to be two-order higher than that of trap-free MoSz, which is attributed to hole-trapping in MoS2 band-tail
states[69]. Also, semiconducting few-layer platinum diselenide (PtSez) also shows higher photoresponse with the increase of
defect concentration (from 3% to 7.9%)[72], under the similar mechanism of enhanced photoconductivity found in MoSz. In
addition, the presence of defect can create a new path of optical excitation and emission in monolayer TMDCs. Moody et al.
demonstrate that chalcogen defects in WSez can be created simply by electron-beam irradiation[68]. In the defective WSez, a
band of new PL emission appears at lower energy than the energy of pristine PL, which is associated with broadened resonance
via multiple defect bands formed by chalcogen vacancies. Through time-resolved PL spectroscopy, the recombination lifetime
of a defect-bound exciton is found to be ~200ns. The defect transitions exhibit large circular dichroism where time-resolved
circular polarized emission reveals the valley lifetime of >1 ps, indicting stable valley pseudospin of defect-bound exciton in-
herited from the spin-valley coupling of the host material.

Engineering atomic defects can also provide wealth control over the charge trasport properties of TMDCs. The atomic
vacancies are suggested to be the crucial element causing the uni-polar transport in TMDCs. Chalcogen vacancies, prevailing in
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many TMDCs, typically bring electron(n-type) doping. Therefore, most 2D TMDCs exhibit n-type conduction. However, in the
rare case of metal vacancies, it can give rise to hole(p-type) doping[70]. Substitutional doping can also effectively alter the
dominant carrier-type conduction. Nb-doped MoS2 where Nb atom replacing Mo atom can make p-type conduction of MoS2[73].
The partial oxygen substitution of the chalcogen vacancies is also an alternative route to modulate the carrier type. It is found
that oxidation of the top layer of 2D PdSe: (thickness=3.7nm) by low temperature (60°C) ozone treatment can also progres-
sively convert its ambipolar transport to p-type conduction[71]. The larger modulation of electronic properties is observed in
few-layer defective PtSez through defects. Few layer PtSez is intrinsically semiconducting. However, when a large amount of Se
point-defects are introduced in the pristine layers by Ar-plasma treatment, the electronic properties undergo semiconductor
to metal transition witnessed by significantly suppressed Vg dependency with increased electrical conductance[74]. This is
attributed to the large amount of mid-gap states induced by the defects, which is commonly observed in many other TMDCs.
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Figure 2-5. Defect-enhanced superconductivity and induced magnetism. a-d) Monolayer TaSz superconductivity in relation
to its structural defect. Atomic structure of monolayer TaSz with the apparent disorder from chemical exfoliation a) and the
relation of pore density with acid concentration during the chemical exfoliation b). Temperature-dependent resistance of 1L
TaS:z with different acid concentrations c) and the relation of critical temperature versus pore density d). e-f) Defect-induced
magnetism in PtSez. Atomic structure of bilayer PtSez with the position of a Pt vacancy indicated by blue arrow e), where the
bottom panel shows the contrast profile along the dashed orange line. 3D illustration of the magnetic moments around a single
Ptvacancy f). Magnetoresistance of 9nm-thick PtSez g) and 5.2nm-thick PtSez h), showing ferromagnetic and antiferromagnetic
response. Panels are adapted with permission. Panel a-d) are from ref[75], American Chemical Society. Panel f-h) are from
ref[22], Springer Nature Ltd.

Defective samples sometimes surprise us with unexpected properties. Abnormal enhancement of superconductivity
has been observed in defective monolayer 2H-tantalum disulfide (TaSz), which was prepared by acid-assisted chemical exfoli-
ation[75]. This finding is peculiar because, in order to achieve better superconducting properties, the disorder is the first thing
to be removed since it is the source of electron/Cooper pair localization. STEM identified in the chemically exfoliated monolayer
the presence of arbitrary distributed pore-like defects in the lattice, the density of which can be controlled by the H+ concen-
tration during the fabrication. Temperature-dependent 4-probe resistance measurement shows the superconducting critical
temperature transition is enhanced from 2.89K (pristine) to 3.61 K (with 1.0 M H+ concentration). The enhancement maximizes
at the optimal defect concentration showing the dome-shaped correlation between superconductivity and disorder. This im-
provement is explained by the increment of hole carrier density induced by Ta atomic defects.

In order to make TMDCs magnetized, doping with 3d transition metal atoms such as Fe, Co, and Ni has been the main
strategy to induce magnetic ordering into the host materials. However, intrinsic structural defects have also been consistently
suggested by theoretical studies that particular single point defects, such as metal vacancy in monolayer PtSe2[76], and chalco-
gen vacancy in monolayer rhenium disulfide (ReS2)[77], can trigger local magnetic moments (1-3up for 1L ReS2 and 6up for
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1L PtSe2) in otherwise non-magnetic TMDC materials. Other structural defects, such as chalcogen-deficient line defect, can
induce magnetism. This has been highlighted for the line defects in VSez[67], which may play a key role in the conflicting reports
on the room temperature ferromagnetism of VSez. Recent experimental work, however, uncovered the induced magnetism
from structural defects. It has been demonstrated in multilayer PtSez that the surface Pt vacancies can induce long-range mag-
netism[22], the effect of which is probed by magneto-transport measurement. Interestingly, the magnetic ground states of fer-
romagnetic and antiferromagnetic ordering can be controlled by the number of layers, similar to the layer-dependent mag-
netism observed in intrinsic Crls. Defect-induced long-range magnetism is also experimentally discovered in bulk semiconduct-
ing Mo-based TMDCs by means of muon spin rotation (mSR)[23]. This work was supported by the density functional the-
ory(DFT) calculations showing that the anti-site point defect in Mo-based TMDCs (e.g. 2H-MoTez and 2H-MoSez), which is Mo
at the chalcogen site, can induce magnetism.

2.5  Property of platinum diselenides
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Figure 2-6. PtSe:z crystal structure and its growth.a) A trigonal unit cell of PtSez (top) and top view of its structure (bottom).
b) Schematic of experimental growth setups (left) and the optical microscope image of fabricated samples (right). The image
of the CVT-grown sample is shown after mechanical exfoliation. Panels are adapted with permission. Panel a) is from ref[78],
Springer Nature Ltd. Panel b) is from ref[72], Springer Nature Ltd.

PtSez is part of a recently investigated material family called noble-metal dichalcogenides, which includes PtSz, PdS:,
and PdSez. This vdW crystal possesses a typical 1T-type hexagonal crystal structure. In the monolayer form, one Pt layer is
sandwiched between the two Se layers, where one Pt atom is covalently bonded in octahedral prismatic coordination with 6 Se
atoms. Regardless of the layer numbers, the crystal is centrosymmetric, having the space group P-3m1 for global structure. Pt
and Se atomic sites belong to polar point groups of Csv and Dsa.

Unlike MoSz, PtSe: is a synthetic crystal and cannot be obtained as a natural mineral. Thus diverse synthesis method
has been developed to obtain high crystalline PtSez. The first experimental production of monolayer PtSe; was done by the
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direct selenization of Pt substrate[79]. About this method, first, Se is physically deposited on the Pt substrate at room temper-
ature under an ultra-high vacuum condition. This is then followed by annealing at 270°C to form a large area(mm-size) mono-
layer PtSez. Although the selenization produced high-quality epitaxial PtSez, it was limited by self-terminating growth, and the
thicker PtSez could not be grown reliably. Later, molecular beam epitaxy enabled the precise thickness-controlled growth of
PtSez from monolayer to multilayers (22layers) on the bilayer graphene substrate[80]. Although both methods produced a
large-area epitaxial growth of high-quality PtSez, the growth relied on the presence of metallic substrates, which can hinder
electronic applications. Thus, synthesizing PtSez on an insulating substrate was preferred. CVD has been an effective method
to grow PtSez on the insulating substrate, such as SiOz/Si. One approach was suggested using PtCl2 and Se powder precur-
sors[72]. They were evaporated first at high temperature and carried to the reaction area, followed by the deposition of PtSe:
on the Si02/Si substrate. CVT method improved the quality of material compared to the CVD method. As it produces bulk crys-
tals, mechanical exfoliation was followed to produce thin 2D crystals on a substrate. The reported CVT growth involves reac-
tions with temperature 900°C for 40 hours, followed by 700°C for 5 days[72]; thus CVT method has the disadvantage of high
thermal budget and long growth time. Still, compared to CVD and other growth means, it produces the best crystal quality with
a smaller number of structural defects.
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Figure 2-7. Electronic properties of bulk and few-layer PtSe:. a-d) bulk PtSez. a) Schematic drawing of type-1 and type-2
Dirac band structures. b) k- dispersions of CVT-grown bulk PtSez measured by ARPES, which shows tilted Dirac cone crossing
at 1.48eV below the Fermi level. c) Negative magnetoresistance in metallic PtSe; with various thicknesses. d) Illustration of
chiral-based FET device made of PtSez. e-f) ARPES data e), and calculated bandstructure and density of states f) of monolayer
PtSez. g-h) Few-layer PtSez. g) Conduction modulation from FET device made of different thicknesses of PtSez. At Znm thick-
ness, lon/loff significantly increases. h) Bandgap of mono-, bi- and trilayer PtSez by scanning tunneling microscopy. Panels are
adapted with permission. Panel a-b) are from ref[81], American Physical Society. Panel c) is from ref[82], Springer Nature Ltd.
Panel d) is from ref[83], John Wiley and Sons. Panel e-f) are from ref[79], American Chemical Society. Panel g) is from ref[84],
Springer Nature Ltd. Panel h) is from ref[85], American Chemical Society.

Experimental research in bulk and few-layer PtSez crystals has been carried out after the successful development of
high crystalline CVT synthesis. PtSe: is iso-structural compound to PtTez, which has been reported to have with a tilted 3D
Dirac cone in the bandstructure[86]. Therefore, the bulk PtSez was expected to have the same bandstructure and to be type-II
Dirac semimetal. The direct experimental evidence for type-II Dirac fermions was confirmed recently by angle-resolved pho-
toemission spectroscopy (ARPES) from the cleaved sample from CVT-grown PtSez[81]. The measured band structure shows
that the tilted Dirac node is 1.3 eV below the Fermi level. Owing to this large energy difference, the observation of topological
effects in this material is expected to be difficult by experiments. However, the chiral anomaly of Dirac fermions has been con-
sistently observed in relatively thick samples (d=17nm to 60nm) with an appearance of negative magnetoresistance[82,87].
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Progressively, the tuning of the Fermi level to the Dirac point was demonstrated lately from the advanced gating scheme by
ionic liquid gating. This made it possible to build a chiral-based FET transistor made of bulk PtSez[83].

While the bulk is known to be metallic, early calculation of the band structure and density of state of the few-layer
PtSez pointed to a semiconductor with a bandgap energy of 2.0eV (GoWo approximation)[88]. Later, DFT calculation suggested
the lower bandgap of 1.2eV, which was in good agreement with the ARPES experiments from the monolayer PtSez on Pt sub-
strate obtained by the selenization method[79]. The DFT calculation further suggested that the bandgap opens below three
layers of PtSez, and monolayer, and bilayer exhibit bandgaps of around 1.2eV and 0.2eV[89]. This particular thickness-depend-
ent evolution of bandgap is due to a strong interlayer interaction and quantum confinement effect. The field-effect transistors
made of CVT-PtSez have been used to investigate the nature of the metallic-to-semiconducting transition[84]. Another direct
experimental data was obtained by scanning tunneling microscope on MBE grown PtSez, which suggested that the band gap of
mono- and bilayer PtSez are 1.8 and 0.6 eV, respectively[85]. Yet, the exact bandgap of monolayer PtSez has not been resolved,
looking at the bandgap mismatch values so far obtained experimentally by ARPES and STM.

Nevertheless, the wide range of bandgap tunability from 0 to 1.2 eV achievable with a single material is particularly
attractive. Theory also predicts intrinsic monolayer to have highly mobile charge carriers at room temperature with the mo-
bility reaching up to 4000 cm2V-1s-1. The bandgap covers the near-infrared (IR) range, unlike other semiconducting TMDCs,
which can only cover 1.5eV-2.0eV in the visible spectral range. Indeed, black phosphorus (BP) is similar to PtSez, as it has high
carrier mobility and the near-IR range bandgap, but PtSez has the advantage of high environmental stability compared to air-
degradable BP. Therefore, it is a promising candidate, beyond BP and graphene, for electronic devices, mid-infrared photonics
and optoelectronic devices.

Last but not least, few-layer PtSe: exhibits rich spin-related phenomena as well. Firstly, pristine monolayer PtSe2
holds hidden spin polarization of the spin-degenerate state near the Fermi level of monolayer PtSez, which is experimentally
probed by ARPES measurement[78]. For monolayer PtSez, all the bands are expected to be spin-degenerate without any polar-
ization because of structural inversion and time-reversal symmetries. Therefore, the spin-polarized ARPES data was rather
unexpected. This intriguing observation is explained by two opposite local dipole fields within the single layer breaking the
local-inversion symmetry (local Rashba effect). ARPES further spatially resolved opposite helical spin textures at the top and
bottom Se layers induced by the two local fields. On the other hand, it is theoretically suggested that native point defects can
also create spin polarization. It is found that a Se vacancy, which locally breaks the inversion symmetry of monolayer PtSez, can
induce spin-split mid-gap states[24]. The largest spin-orbit splitting (A=152meV) is located at the K points of the hexagonal
Brillouin zone. Another interesting phenomenon is defect-induced magnetism experimentally observed in multilayer metallic
flakes[22]. The magnetic ground states can be switched between ferro- to antiferromagnetic states by controlling the number
of layers. The first-principle calculation explains that the magnetism is due to native Pt vacancies on the surface of PtSe.. Large
spin-orbit coupling, presence of sizable bandgap, and high carrier mobility make few-layer PtSez a strong candidate for building
various spintronic devices, such as spin-transistor and spin-orbit-torque devices.
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Chapter 3 Experimental methods

This chapter introduces the experimental characterization methods employed in this dissertation to study ultrathin
vdW materials. We aim to deliver basic information on device fabrication and electrical/optoelectrical measurements, pre-
sented in more detail later in chapters 4, 5 and 6.

The subchapters are organized according to how we proceeded with our experiments: first with vdW sample fabrica-
tion, then the clean-room fabrication process, and progressively toward electrical/optoelectrical measurements. Each subchap-
ter begins with relevant background information, proceeds to experimental details or instructions, and ends with its relevance
to the content of later chapters.

3.1  vdW sample fabrication

3.1.1 Top-down synthesis : mechanical exfoliation

Figure 3-1. Mechanical exfoliation. a) Bulk PtSe: crystal source. b) PtSe: flakes exfoliated on a tape. c) Transferring flakes to
silicon oxide substrate. d) Optical microscopy image of PtSe: flakes on the substrate.
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A mechanical exfoliation technique was performed in order to fabricate a few layer-thick vdW materials. After its
successful production of monolayer graphene from graphite using this technique, this has been the major experimental tool for
producing various high-quality vdW materials in condensed matter experiments. Owing to the weak vdW interaction between
layers, and strong in-plane covalent bonding, vdW materials can be peeled off layer by layer using ordinary scotch tapes. It is
economic and at the same time reliable method to achieve various high-crystalline vdW materials. Throughout the work pre-
sented in this dissertation, we’ve worked with various vdW materials produced by such technique, including PtSez, graphene,
h-BN and so forth. The source of bulk PtSez is purchased from a company, HQ graphene, which has provided us high-quality
CVT-grown crystals. We received Graphite from NGS Naturgraphit, and a collaborating group (T. Taniguchi and K. Watanabe)
in Japan provided us h-BN.

Figure 3-1(a) shows the optical image of the bulk PtSez source. For the exfoliating tape, we’ve mainly used single-
sided Nitto tapes (purchased from a company, Nitto), as shown in Figure 3-1(b). Compared to other kinds of tape, e.g. scotch
tape, it leaves little tape-related polymer residues on the sample after exfoliation, which chemicals, e.g. Acetone, can easily
clean. Figure 3-1(c) shows the process of transferring vdW flakes onto a silicon oxide wafer (270nm SiOz/doped Si), which we
have mainly used as the substrate for exfoliating vdW materials. It is a conductive substrate compatible with various clean-
room-related fabrication processes involving high-density electron beam, such as e-beam lithography. One can benefit from
using it to fabricate easily field-effect transistor made of exfoliated vdW materials using already-present doped Si as a back
gate electrode and SiO:z as dielectric layer, without the need to fabricate additional structures. Figure 3-1(d) shows the optical
microscopy image of PtSez on the substrate.

As for other substrates, viscoelastic materials such as PMMA/Si or Polydimethylsiloxane (PDMS) (purchased from
Gel-Pak) are used for their advantage of producing a larger area of monolayer flakes than silicon oxide wafer from the exfolia-
tion. The lateral size can be produced up to a few-tenth of micrometers. These substrates can also serve as carrying substrates
of exfoliated materials. Therefore, they are particularly useful when producing materials that need to be transferred to another
material to build a hetero-interface/structure.

Below is the instruction for mechanical exfoliation on the silicon oxide substrate. This instruction is optimized for
silicon oxide substrate based on the best statistical results (not shown) of finding monolayers of various TMDCs, including
PtSe2.

1. For a better yield of producing monolayers, silicon oxide substrate is treated with Oz plasma to remove any remain-
ing polymer from previous wafer fabrications. Alternatively, it can be soaked in KOH solution to partially etch away
the surface oxide layer. These treatments are to produce a clean surface of oxide before exfoliation.

2. Exfoliate a material on a Nitto tape. Separate tweezers were assigned to handle different vdW materials, to prevent
any source contamination.

3. Once the total exfoliated area on the tape can cover the area of target substrates, the tape with exfoliated materials
is gently pressed onto the substrate for a few minutes.

4. The substrate, together with the tape, is baked on the hotplate at an elevated temperature (e.g. 70°C for Nitto) for
30-60minutes. This is to have more flakes be transferred onto the substrate. However, the polymer residue also
increases with temperature. Therefore, the optimum temperature can be determined by compensating between the
density of flake and the amount of polymer residues. It depends on what kind of tape product is being used.

5. The tape is detached as slowly as possible at an angle of 45° from the substrate.

There is no best exfoliation method yet known. However, during the 2nd step of instruction, it is worth exfoliating
materials on the tape with a few mechanical folding and unfolding. This improved the chance of finding ultrathin materials on
all substrates, including the viscoelastic substrates. Also, the size of starting material of exfoliation matters; a small bulk source
tends to give thin flakes with small area. We've kept all the source materials inside an inert Ar-filled glovebox before and after
their use to prevent contamination.

This mechanical exfoliation technique produced all the vdW materials studied in chapters 5 and 6. Those materials
are specifically, PtSez, graphene, and h-BN.

3.1.2 Bottom-up synthesis : CVD

Bottom-up synthesis methods such as metal selenization, MBE and CVD can also provide high-quality ultrathin vdW
materials. Among those methods, CVD has successfully produced a larger area of vdW materials with better crystal quality. The
size of synthesized material can be as large as 2 to 4-inch, covering the whole wafer, and the synthesis parameters can well
control the number of grown layers. Chapter 6 presents work related to CVD-grown niobium disulfide (NbSz).
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3.2 Thickness characterization

3.2.1 Optical microscopy
a

Monolayer WSe,
Bilayer WSe,

Bulk WSe,

Figure 3-2. Optical contrast and photoluminescence of WSez on SiOz/Si substrate. a) Optical image of monolayer, bilayer
and bulk WSe; exfoliated on a Si substrate with 270nm SiO2. b) Dark-field photoluminescence of WSe2. White light filtered with
650nm low-pass filter is used for the optical excitation.

Layer number of various vdW materials can be determined from different optical contrast, which, under the reflected
light, can be related to differential reflectivity, thatis (R — Ry)/R where R and R are reflectivity with and without the flake on
the exfoliated substrate, respectively. A conventional microscope can demonstrate this optical scheme of finding the desired
thickness of vdW materials. The reflected optical images of exfoliated samples are taken from a white light source, and the
averaged contrast from the reflected light is calculated by weighting the light intensities from different channels (red, green,
and blue) of a color camera.

As for the sample substrate, silicon oxide substrate can provide high visibility of finding few-layer TMDCs and gra-
phene and few-layer h-BN. The oxide thickness of 270nm has been determined, giving the highest optical contrast for mono-
layer TMDCs with the white light source. This is satisfied by the optimum optical interference between the flake and the sub-
strate, combined with the large absorption of monolayer TMDCs in the visible range of the light spectrum. Figure 3-2(a) shows
the optical image of monolayer and bilayer on WSez on a silicon oxide substrate, which are distinguishable by their optical
contrast. Under the same optical source, the visibility of monolayer TMDCs in other substrates, such as PDMS and PMMA film
on Si substrate, are also high, enough to determine directly under the naked eye through the eyepiece of the microscope.

Alternatively, the photoluminescence intensity and wavelength can be used to determine the number of layers in
semiconducting vdW materials. This can be performed using the same microscope but with additional use of optical filters in
the excitation and detection light path. The spectral filters must be appropriately chosen according to the photoluminescence
energies, which are given by the type of material under study. PL spectroscopy is especially effective when searching for mon-
olayer TMDCs, as they have a strong photoluminescence emission originating from the direct bandgap in reciprocal space.
Figure 3-2(b) shows the dark-field photoluminescence image of a monolayer WSe;. Bilayer WSez, known to have an indirect
bandgap, shows negligible emission intensity compared to monolayer WSez.
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b

Figure 3-3. Optical contrast of ultrathin PtSez on SiOz/Si substrate. a-b) Optical image of monolayer PtSez a), and bilayer and
trilayer of PtSez b).

For the work presented in chapters 4 and 5 of this dissertation, there has been a major effort to produce and search
for ultrathin PtSe2. However, the aforementioned optical spectroscopies (optical contrast and PL) were ineffective in determin-
ing the number of layers precisely for few-layer PtSez. Particularly, there is little difference in optical contrast between 1, 2 and
3 layer PtSez, as shown in Figure 3-3, even with the averaged contrast measured from the optical camera. The nature of the
indirect bandgap of these few-layer PtSez makes photoluminescence measurement not an applicable method for thickness
identification. Therefore, we mainly relied on atomic force microscopy to characterize its thickness.
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3.2.2 Atomic force microscopy

Thickness of vdW materials can be determined more accurately by atomic force microscopy(AFM). AFM is a simple,
and non-destructive technique to determine the vertical and lateral dimensions of a material, and thus can provide its 3D struc-
tural image.

Laser diode 4 quadrant photodiode b

Piezo
actuator

XY stage

c : :
_3} : P
g E :] 4 layer ¥
\&)’ ol ' 2 layer :. w
o o
X
S | :
e °® ° !
= J '
0 'Iu.u 'I.. ) ) ' )
0 1 2 3 4

Distance(um)

Figure 3-4. Atomic force microscopy for vdW materials. a) Schematic of AC contact mode, applied to measure the thick-
ness of exfoliated vdW materials. b) 2D height scan of flake in Figure 3-3(b) measured by AC mode. c) 1D thickness profile
along the direction of red dotted line in b).

AFM comes with two representative imaging modes, contact mode and AC mode (also called tapping mode), using a
cantilever, a mechanical probe which scans the sample surface. In contact mode, the cantilever touches the sample surface, and
the mode images the surface morphology by maintaining constant deflection of the cantilever. In AC mode, the cantilever vi-
brates near its resonance frequency by an attached piezo actuator, with the oscillation amplitude of a few tenths of nanometers.
As the cantilever is being brought close to the surface, AC mode senses a small change in the vibrational properties of the
cantilever due to interaction between the tip and the surface, and images the surface morphology by maintaining the constant
amplitude of the cantilever oscillation.

Figure 3-4(a) shows the schematic of AFM running in AC mode. We have used AC mode to characterize the thickness
of vdW materials as it renders less physical damage on the sample surface than contact mode. This is because the tip of the
cantilever under AC mode touches intermittently with the probing sample surface, and thus lateral frictional force applied to
the sample becomes negligible due to low interaction force.

In AC mode, the vibration amplitude decreases as the cantilever approaches the sample surface. This information is
carried by the oscillating laser light reflected from the top surface of the cantilever. This optical signal is detected by a four-
quadrant photodiode and converted into a digitalized electrical voltage signal, from which mechanical information (e.g. ampli-
tude, phase, frequency) of the cantilever motion is extracted. The feedback loop sets a constant amplitude of cantilever oscilla-
tion by adjusting appropriately the z-height position of the piezo actuator, which provides information on sample thickness.
Figure 3-4(b) shows the 2D thickness scan of the ultrathin sample of PtSez, shown in Figure 3-3(b). The line thickness profile
along the red dotted line in Figure 3-3(b) is shown in Figure 3-3(c). Layer number can be identified considering the multiples
of the unit thickness of monolayer PtSez, which is around 0.7-0.8nm.
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3.3 Optical characterization

3.3.1 Micro-Raman optical spectroscopy
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Figure 3-5. Experimental design for Raman optical spectroscopy. a) Scattering process of an incident photon with phonon
modes. b) Optical image taken by CCD camera to guide the experiment. c) Raman spectra of monolayer PtSez. Rayleigh and anti-
Stokes Raman scattering modes are identified from the selected range of wavelengths in the CCD camera of spectrometer.

Raman spectroscopy is a non-destructive technique to gain the structural information of a target material. It is based
on so-called Raman scattering, which refers to the inelastic scattering of an incident photon with another quasiparticle, such
as phonon (lattice vibration), or magnon (spin wave), excited within the material. Figure 3-5 shows the experimental optical
design of Raman spectroscopy, and typically, the sample is illuminated with a monochromatic laser beam. The energy of scat-
tered photons can be lower (Stokes Raman scattering) or higher (anti-Stokes Raman scattering) than the incident photon fre-
quency, as illustrated in Figure 3-5(a).

We have used Raman spectroscopy as an additional tool to examine the structural phase and the number of layers of
vdW materials. Characteristic Raman active modes appear owing to distinct vibrational modes given by the structure, and
therefore, structural polymorphs of 2D materials, such as 2H, and 3R-stack, can be identified readily from their distinguished
Raman active modes. The intensity and energy of Raman modes are also sensitive to the thickness of vdW materials down to
the monolayer limit, due to the influence of interlayer coupling on their vibration modes.

Raman spectroscopy was performed using a confocal Raman spectroscope(Renishaw) installed in Crystal Growth Fa-
cility at the Institute of physics, EPFL. Two detectors were involved in optical experiments. One is a charge-coupled device(CCD)
camera used for imaging a sample (Figure 3-5(b)), and the other is a spectrometer (grating coupled to CCD) to resolve light
intensity at different wavelengths. A laser beam of 532nm wavelength was used as an excitation source for various vdW mate-
rials, including PtSez, and WSez, while the scattered photon was collected and analyzed using 3000 lines/mm grating. The
measurement is performed at room temperature, and the sample is kept at atmospheric condition all the time. Figure 3-5(c)
shows an example of Raman spectra of monolayer PtSez, where the characteristic Stokes Raman mode of 1T PtSe; is visible.
The details of this Raman mode are explained in chapter 6.
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Using Raman spectroscopy, we investigated the structural disorder in ultrathin PtSez in chapter 6 and examined the
polymorphs of CVD-grown NbS: in chapter 4.

3.3.2 Micro-PL spectroscopy

Photoluminescence refers to light generation due to the recombination of photo-excited electrons and holes within a
material. Strong PL appears for monolayer TMDCs such as WSez and MoS: as it becomes a direct semiconductor. Thus, mono-
layer TMDCs can be easily identified by PL measurements, with an experimental setup analogous to that of Raman spectros-

copy.

PL measurement was performed in LANES laboratory with a customized optical setup. To measure PL from mono-
layer PtSez, a continuous wave (CW) 647nm laser diode was used to excite charge carriers above the bandgap energy (1.25eV
from DFT calculation). The light emitted from the sample is collected by the same objective and sent to a spectrometer (Andor
Shamrock). The diffraction grating in the spectrometer separates light at different wavelengths, and the resulting spectral in-
tensity is measured by a calibrated CCD camera (Andor Newton). Elastically scattered radiation corresponding to the wave-
length of the laser is filtered out by a long pass 650nm filter.

3.4 Deterministic transfer methods of vdW materials

This section presents deterministic transfer methods of vdW materials that we have used to build our electronic and
optoelectronic devices. We have used three different methods: PMMA (polymethyl methacrylate) carrying layer method, PDMS
(polydimethylsiloxane) transfer method, and van der Waals pickup method. Each has its distinct advantage, and below, we
explain it one by one with detailed instructions.

All the methods have been demonstrated in the customized transferring setup with a microscope. The setup is
equipped with two manual actuated micro-positioners. One is used to move the surface of accepter material, and the other is
used to move the transferring flakes. Transferring flake can be moved in all x, y and z directions, and independently, accepter
material can be moved in x and y directions and rotated at any arbitrary angle in the xy-plane. A long working distance objective
is used to focus on both materials to monitor their relative position while bringing them close to each other. The setup is also
equipped with a resistive heater that can elevate the temperature of accepter material during the transfer if needed. The trans-
fer is done at atmospheric conditions, outside of the glovebox.

3.4.1 PMMA carrying layer method

PMMA carrying layer method involves detaching already-exfoliated material to transfer it to another location. Using
this method, vdW monolayer, initially exfoliated on SiO2/Si substrate, can be detached by PMMA and transferred onto a desir-
able surface of other material. This method is particularly useful for detaching as-grown material from the grown substrate. It
was first introduced in the pioneering work of high-quality graphene electronic devices, where they fabricated mono- and bi-
layer graphene devices on a single-crystal h-BN substrate[8].

The detailed steps of the process are the followings:
[1] Prepare a glass slide. Stick one side with double-sided tape. Puncture a hole through the glass slide.
[2] Spin-coated PMMA on the substrate with a material.

[3] PMMA can be delaminated from the substrate, if Si02/Si substrate, by partial etching of SiO2 using KOH solution
and, if Al203 substrate, by intercalation of DI water between hydrophilic Al203, and hydrophobic PMMA film. Ideally,
the flake is attached to the PMMA, and delaminated PMMA film carries the flakes. Once it is completely detached, the
film should be floating on the solution.

[4] Prepare DI water in a beaker, and have the PMMA film floated on the surface of DI water by dipping the substrate
into DI water.
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[5] A washer is used to pick up PMMA film from the surface and then placed on top of the hole of the prepared glass
slide. The size of the washer should be larger than the size of the punctured hole.

[6] Using laboratory paper towels, dry out the remaining DI water around the washer and on the PMMA film. Clamp
the glass slide to one of the micro-positioner in the setup. Load a target material at the other micro-positioner.

[7] Using both microscope and micro-positioner from the setup, align the position of transferring material to the tar-
get material while making both materials in contact. Once the heterostructure is formed, the temperature can be ele-
vated up to 80deg for better adhesion.

[8] The glass slide is slowly lifted up while leaving PMMA film on the target material. Remove the washer from the
glass slide.

[9] Clean the PMMA film with Acetone, and IPA.

We have used this method to transfer a few-layer NbS: from its grown sapphire substrate to SiO2/Si substrate. It is
also used for transferring mono- and bilayer PtSey, initially exfoliated on SiO2/Si substrate, to another substrate.

3.4.2 PDMS transfer method

The second is the PDMS transfer method, where vdW material is exfoliated on a viscoelastic stamp[90]. Relying on
the stamps as a carrying material, it is considered a complete dry-transfer method. Compared to the previous method with
PMMA, it has the advantage of transfer speed as wet chemistry at the lab bench is not involved during the entire process.

The detailed steps of this method are shown below:
[1] Commercially available PDMS film (Gelfilm by Gelpak) comes in two-sided. Attach one of its sides to a glass slide.

[2] On the other exposed side of PDMS, mechanically exfoliate vdW material using Nitto tape. Under the microscope,
search for the desired thickness of material to be transferred.

[3] Clamp the glass slide on the micro-positioner with the exposed side facing toward the surface of the target mate-
rial. Align the position of transferring material to the target material while making both materials in contact.

[4] Once both materials are in contact, lift up the glass slide slowly. This will gently detach the transferring material
from the PDMS onto the target material. The target substrate should be attached firmly to the micro-positioner at this
step. Otherwise, the substrate will be picked up by PDMS and lead to failed transfer.

[5] Since the transferred sample has been in contact with PDMS, the top surface of the heterostructure can be further
cleaned with Acetone and IPA to remove any polymer residue.

We have used this method to transfer thick h-BN onto metal films to fabricate a bottom gate capacitor for a h-BN
encapsulated dual-gated device. The method is used to fabricate optoelectronic devices of PtSez shown in chapter 6.

3.4.3 vdW pickup method

The last method is the van der Waals pickup method, which utilizes van der Waals force to lift up a vdW material using
another vdW material[10]. This method can efficiently build a heterostructure of multiple different vdW materials with con-
tinuous dry transfers and pickups. Once the repeated dry-transfer procedures are optimized, it can be the fastest fabrication
method to stack multiple vdW materials.

Except for the first and last vdW layer, the stack of inner material layers is free from any impurities trapping at all the
interfaces. They are well protected by the external environment, such as air, water molecules or carbon contaminants, which
tend to degrade the material properties. This method can realize high-quality 2D conducting channels. Thus, the method is
considered one of the cleanest transferring techniques for building high-quality heterostructures and devices.
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Insulating h-BN is the typical starting vdW material used to pick up other vdW materials. The other materials to be
transferred are exfoliated on the SiO2/Si substrate. This method relies on a PDMS stamp covered with polycarbonate(PC) film.

The principle of this methods are the following:

[1] Prepare PDMS stamps on a glass slide with PC film being coated. On top of the film, h-BN is exfoliated, and during
the exfoliation the film mustn't wrinkle. Search for the right size and thickness of starting h-BN under the microscope.

[2] Place the glass slide at one of the micro-positioner and place a substrate with vdW flake to be transferred to the
other positioner.

[3] Approach the glass slide to the substrate while monitoring the relative alignment of h-BN and the flake.

[4] Once they are in contact, in order to pick up the vdW flake with h-BN, wait for 5min while the substrate is heated
up to 60°C for better adhesion between the two vdW materials.

[5] Gently lift up the glass slide, and remove the substrate. Check under the microscope that the target flake is picked
up by h-BN. Repeat the previous steps [2] to [5] to pick up other vdW flakes.

[6] In order to release the stack, heat up the substrate once in contact, upto 170°C, which is higher than the glass
transition temperature(150°C) of PC. Wait until all the PC film becomes viscous.

[7] Gently lift up the glass slide. PC films carrying the stack will be released from the PDMS stamp.
[8] Clean the PC films with Chloroform and then with IPA.

We have used this method to fabricate h-BN encapsulated optoelectronic device made of PtSez. To be specific, we
transferred ultrathin PtSez picked up by h-BN onto the bottom gate capacitor, which is made by the PDMS transfer method.

Typically, for all the methods, randomly distributed bubbles form at the interfaces of vdW materials, which are the
aggregation of contaminants, that includes water molecules or carbon contaminants. For the purpose of removing the bubble
density, the heterostructure is post-annealed under a high vacuum (P<10-7mbar) at 340°C for 6hrs. After chemically cleaning
the transfer-related polymers, this post-treatment further improves the heterostructure quality by having a cleaner interface.
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3.5 Device fabrication in cleanroom

3.5.1 E-beam lithography

We have used e-beam lithography to design a pattern for fabricating metal electrodes in our electronic and optoelec-
tronic vdW devices. It utilizes the focused beam of electrons to create the pattern on the electron sensitive polymer resist.
Although the patterning speed is slower than photo-lithography due to the time required for scanning of focused beam within
the area of interest, it has advantage in high-resolution, and flexibility. This feature makes it the most adequate lithography
technique for fabricating devices made of 2D materials. However, some care needs to be taken for the materials that are sensi-
tive to e-beam irradiation, such as indium selenide (InSe).

a b c

Figure 3-6. E-beam lithography and metal evaporation for vdW device. a) E-beam mask design for electrodes. b-c) Optical
microscopy image of e-beam patterned polymer after developing b), and e-beam evaporated Pd electrodes after lift-off.

We have used the e-beam lithography equipment, Raith EBPG5000, that is housed in the custom cleanroom of Center
of Micro Nano Technology(CMI), EPFL. With the lithography performed at 100keV, well-grounded conductive substrates are
required, and SiOz/Si substrate, where we exfoliate vdW materials and build vdW heterostructures, meets this requirement.
As we target on patterning metal structures, we have used double-layer e-beam resist with higher(lower) molecular weight on
the top(bottom) layer, which can create a desirable undercut resist profile in the bottom layer for better lift-off. We have used
double-layer positive-tone e-beam resists of MMA (8.5) (methyl methacrylate) EL6 (6% MMA in Ethyl Lactate) as the bottom
layer and 950 PMMA (poly methyl methacrylate) A2 (4% PMMA in Anisole) as top layer both of which are positive-tone e-beam
resists. These layers are spin-coated sequentially on the SiOz/Si substrate at 4000 RPM and 1500 RPM, giving a spin-coated
thickness of around 150nm and 100nm for MMA and PMMA, respectively.

Optical microscopy images with the pre-defined markers allow us to locally design software masks for e-beam by
precisely locating the target 2D material or heterostructure. Both high and low magnified optical images were taken using
different objectives (5%, 20x, 50x and 100x) as the reference, on which we have drawn the customized e-beam mask patterns
using Design CAD software. Figure 3-6(a) shows one example of a software-drawn e-beam mask, the design of which is for
making metal contact electrodes on PtSex.

In one e-beam mask design, two different e-beam lithography conditions were used for different electrode sizes. With
a fixed e-beam dose of 950uC/cm?, 50nm-resolution e-beam spot size was used to pattern large electrodes, whereas 5nm-
resolution spot size was used for small electrodes. The former is mainly applied when fabricating metal electrodes with lateral
dimensions required to be around micrometer, and the latter is applied to less critical contact pads, the area of which is large
for the wire bonding. This scheme minimizes the e-beam drawing time as a smaller spot size takes significant time to scan the
large area.

Once the e-beam lithography is done, we have developed the lithography pattern using a cold solution mixture of IPA
and DI water (H20: IPA=1:3) followed by warm IPA (99.99%) and blowing the solvent with an Nz gun. Figure 3-6(b) shows the
e-beam pattern on polymer after the developing.
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3.5.2 Vacuum metallization

In this section, we explain the procedure of depositing metal coatings on the e-beam developed area. This work is
done by e-beam evaporation, a physical vapor deposition method, using the processing machine Leybold Optics LAB 600H,
which is installed inside the clean room of CMI, EPFL. The machine allows to deposit of metals, such as Au, Pd, and Ti, using an
e-beam thermalizing gun, with the thickness in the range of a few nm to a few hundred nm, precisely.

The machine is equipped with wafer-size(100mm) substrate holders, capable of large area metallization. The holders
can be set to rotate continuously while deposition, thereby enhancing thickness homogeneity. In preparation for loading the
patterned samples, chips were taped on a single Si wafer with vacuum compatible Kapton tape. When fabricating multiple
samples as a batch, they were closely positioned at the center of the wafer to reduce, if any, thickness variation of deposition
within the wafer area. After manual loading of the wafer, the whole process runs automatically under a recipe whose deposition
parameters (e.g. thickness, deposition rate) can be user-defined prior to the process. Equipped with additional cryogenic pump,
all the deposition carried out once vacuum is better than 10-¢ mbar.

All the samples were immediately processed to evaporation after developing the e-beam pattern in order to reduce
the contamination on the exposed region that may affect the quality of metallization. After the deposition, samples were kept
inside Acetone for 3-6 hours for the lift-off process of masked polymer, followed by cleaning with IPA and then blowing with
Nz gas. Figure 3-6(c) shows the electrodes fabricated on PtSe; from e-beam evaporation after lift-off.

In the entire work presented in this dissertation, we have used only e-beam evaporation as the deposition method to
prepare all the contact electrodes. This is the case for all the devices shown in chapters 4,5, and 6. Here is the summary of
materials and their thickness used for various metal electrodes shown in this dissertation. For the bottom and top gate metals,
1nm Cr/ 4nm Pt and 5nm Pt were deposited, respectively, with a low deposition rate of Pt, 0.1A/s. For the pre-made contacts
on h-BN presented in chapter 3, 1nm Cr/ 9nm Pt was deposited on h-BN. Metal contact electrodes on vdW materials were made
either with Pd 80nm or 1nm Ti/ 80nm Au.

3.6 Electronic and optoelectronic measurements

3.6.1 Charge transport measurements

Electronic properties of vdW 2D materials, such as carrier mobility, and sheet resistance, were characterized by
charge transport measurement. We fabricated field-effect-transistor(FET) devices to modulate the carrier density of the semi-
conducting channel, with multiple metal electrodes to perform two- and four-terminal measurements. A heavily doped silicon
substrate is used as a back gate to modulate the carrier density, with 270nm SiOz as an oxide dielectric layer.

Alternatively, h-BN layer can be chosen as the dielectric layer to have better electronic transport performances. This
is because of its lower scattering source for charge carrier, provided by its atomically sharp surface and fewer interfacial traps
than the SiOz layer. To use h-BN as the dielectric media for FET device, h-BN is transferred on to thin metallic film of 5nm Pt,
which acts as a local gate. The channel material is later transferred on h-BN.
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Figure 3-7. Charge transport measurement scheme. a) Optical image of multi-terminal Hall bar device where the channel
material is a few-layer NbSz. Lz, and L4 refer length of conducting channel between the outer two electrodes and between the
inner two electrodes, respectively. W is the width of conducting channel. b-c) Schematic of DC b) and AC c) measurements.

Figure 3-7(a) shows an example of a multi-terminal device on SiO2/Si substrate, and Figure 3-7(b) displays the
schematics of DC measurement principles. A bias voltage(V14) is applied between the source (#4) and drain (#1) using the
outer two electrodes and the current(l14), which flows through the 2D vdW channel, is simultaneously measured. The voltage
drop (V23) between the inner two electrodes (#2 and #3) was also measured at the same time. The 2 terminal sheet conduct-
ance (G sp) and 4 terminal sheet conductance (G, s,) can then be computed as,

14 Ly

Gash = —

2R TV W (1)
_hala

Hsh Vs W (2)

both of which corresponds to charge conductivity normalized to geometric dimensions, Lz, L+ and W, shown in Figure 3-7(a).
The 2D field effect mobility can be calculated using the following expressions.

CdGyg 1 dly Ly
HerE = Y, Cox dVy ViaWCos (3)
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where Vg and Coxrefer to gate voltage and oxide capacitance, respectively.

The 2 terminal mobility (u; rg) calculated from Eqg. (3) is generally lower than the 4 terminal mobility (u4 rg) calcu-
lated from Eq. (4). This is due to large contact resistance between the metal electrode and vdW material, which leads to a sizable
voltage drop when the current passes through this interface. This voltage drop is not considered in Eq. (3) and the applied
bias(V14) in Eq. (3) is therefore somewhat larger than the actual voltage difference in the channel, which results in underesti-
mated field-effect mobility from the calculation. Under the same argument, the calculated sheet conductance in 2 terminal ge-
ometry is typically lower than the actual value. Thus, 2 terminal measurements can only give a qualitative comparison among
similarly fabricated devices and, to obtain precise values of field-effect mobility and sheet resistance, 4 terminal measurement
is desirable. To increase the measurement accuracy in 4 terminal geometry, the voltage probe electrodes can be placed on the
very edge of channel material during fabrication, as shown in Figure 3-7(a), to avoid/minimize current shunting.

As for instruments used for the DC electrical measurement, source-drain bias is applied, and the current is measured
using Keithley 2636b sourcemeter. The voltage drop is measured using Keithley 2000 or nanovoltmeter. With Keithley 2636b
sourcemeter or 2000, the back gate voltage is applied while measuring leakage current at the same time.

Figure 3-7(c) displays the schematics of AC measurement principles. AC measurement is performed by lock-in de-
tection of AC voltage (between #2 and #3) with AC probe current (through #1 and #4). It can measure the sample resistance
with an increased signal-to-noise ratio (SNR) by eliminating the background electrical noise, which cannot be avoided in DC
transport measurement. This technique is adequate for probing low resistance samples (e.g. metals) and it is especially useful
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to capture the electrical signature of material phase transition. For example, differential resistance peaks from charge density
wave (CDW), and zero-resistance from superconducting transition can be measured with the AC lock-in detection scheme.

As for instruments used for the AC electrical measurement, the outer electrodes are connected 6221 Keithley AC
source meter to provide the AC probe current. Alternatively, lock-in amplifier SR860, which can apply alternative voltage bias,
is used with fixed input impedance to provide a constant amplitude of AC current. AC voltage is measured by connecting the
inner voltage probe to the input of the lock-in amplifier. The reference frequency of lock-in is set to the same modulating fre-
quency as the AC current. The differential resistance is computed as the measured AC voltage divided by the applied AC current.
To further reduce the background noise of the voltage signal, SR560 low-noise voltage preamplifier is used before the lock-in
amplifier.

The influence of the magnetic field on the material’s electronic properties was investigated via magneto-transport
measurement. Electrical transport, either with DC or AC bias source, is performed while the magnetic field is applied at a fixed
direction, varying its field strength. The transport measurement is performed in ICE Oxford liquid helium continuous flow
system, and the magnetic field is applied using a superconducting magnet. This measurement is done to characterize the su-
perconductivity of 2H-NbS2 in chapter 4 and the magnetism of PtSez in chapter 5 with the magnetic field applied perpendicular
to their 2D device plane. Charge transport measurements were performed to examine the semiconducting properties of PtSe:
in chapters 5 and 6.

3.6.2 Photocurrent measurement
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Figure 3-8. Experimental setup for photocurrent microscopy. a) Optical image of a sample. b) CCD camera image of the
sample to guide the experiment. c) Electrical connections to instruments for measuring DC and AC photocurrent response. d)
2D reflection sample mapping from a photodiode.

Scanning photocurrent microscopy with focused light excitation was carried out to measure the optoelectronic prop-
erties of vdW materials. Figure 3-8 shows the experimental setup with optical components and instruments. Figure 3-8(a)
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show the optical image of a sample from a color camera, and Figure 3-8(b) shows the image from a charge-coupled de-
vice(CCD) camera in the setup used for guiding the experiment. The setup is combined with a microscope using a 50x objective
to focus the light with a Gaussian spot size of 0.7um? on the sample, which is placed inside a vacuum chamber under high-
vacuum value of 10->mbar. The objective is mounted on XY nano-positioner, which can precisely move under sub-micrometer
distance. This allows high-resolution laser mapping of the sample and can locate the specific area of interest, for example, at
the interface between metal electrodes and 2D materials.

Photocurrent measurement can be done by short-circuiting the examined materials under light illumination and
measuring the current flowing in the circuit. When light is illuminated on a semiconductor, a photo-excited electron or hole can
contribute to charge current when the material is voltage-biased. This contribution is called photocurrent and can be distin-
guished easily by comparing the charge conductance with and without light illumination. The material can possess posi-
tive(negative) photoconductivity, which is higher(lower) conductance with(without) light illumination.

The electrical connections from the device to instruments for DC and AC photocurrent measurement are illustrated
in Figure 3-8(c). While laser intensity is being controlled using a neutral-density (ND) filter, we’ve measured the 2 terminal
DC charge current by connecting two electrodes from the device to the source and drain of Keithley sourcemeter K2450 or
K2636. To improve the SNR of photocurrent signal, we have used, in parallel, AC lock-in detection measurement by using a
mechanical chopper near the laser source. The chopper produces a square-wave optical source modulating in time with a fre-
quency given by the frequency of its rotation. The amplitude of oscillating photocurrent signals was extracted by lock-in am-
plifier SR860 with the frequency being locked to the same external frequency of the chopper. This lock-in detection scheme
dramatically improves the SNR than DC measurement and allows us to detect small optoelectrical signals. Unlike DC measure-
ment, which measures the dark and photocurrent altogether, the signal measured from lock-in can be directly related to the
photocurrent.

Additionally, we also measured photocurrent while controlling the incident light polarization. To control the linear
polarization of illuminated light, 1/2 waveplate is used with a linear polarizer. For circular polarization, the waveplate is re-
placed with 1/4 waveplate. The transmission through a beam splitter is found to be slightly different between vertical and
horizontal linear polarizations. To avoid the unwanted influence of transmitted polarization states, we placed the waveplates
after the beam splitter.

Suppose the light is illuminated on the heterostructure or at the interface between two different materials. In that
case, photo-induced current can be present by other origins, such as photo-induced thermoelectric or photovoltaic effect. As
these effects can independently contribute to the total photocurrent, the information of laser position regarding device struc-
ture becomes vital to identifying the origin of photocurrent. Therefore, the reflected laser light was collected while at the same
time, photocurrent signals were measured. Figure 3-8(d) shows the 2D mapping of reflected laser light from the device, where
a photodiode measures the intensity.

Scanning optical microscopy was carried out to measure optoelectronic properties in ultrathin PtSez in chapter 6. The
experiments were focused on measuring spatially-resolved photocurrent and photovoltage responses that are sensitive to lin-
ear and circular polarization.

3.6.3 Applying vertical displacement fields

A dual-gate field-effect transistor with parallel plate capacitors can independently modulate the carrier concentration
and the electrical field applied perpendicular to the sample. The capability to isolate the effect from charge carrier modulation
clears the effect of symmetry breaking in electronic and optical properties of various vdW materials. The key observations with
this e-field are are the bandgap opening of bilayer graphene[32], and induced inversion asymmetric properties, such as valley
Hall effect[91], in centrosymmetric materials.

Top and bottom electrical displacement fields, Dt and Dv, can be defined as,

v,
Dy = —¢ £
d, (5)
Vy
Do=eg, (6)
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where &by Vevyr and dt(b) corresponds to permittivity, applied voltage, and thickness of the top(bottom) dielectric layer, re-
spectively. The sign of the displacement field depends on the sign of the coordinate. Under this definition, the difference of the
two, D, — D), leads to additional carrier concentration, and the averaged sum of the two, (D; + Dj)/2, breaks the inversion
symmetry. The condition of introducing zero carrier concentration in a dual gate h-BN encapsulated device is therefore,

V; + Vp 0

Ep— - T &p— - =

h—-BN dt h-BN db (7)
L
Vy dy (8

V; and V,, are controlled by two channels of Keithley 2636b connected to the top and bottom gate, while the source
and drain electrodes on the sample is connected to Keithley 2450 with the source being grounded.

In chapter 6, we have studied spontaneous photocurrent generation in PtSez, and investigated the effect of the exter-

nal electric field on photocurrent generation. We fabricated dual gate h-BN encapsulated device and applied gate voltages at
the condition without introducing charge carriers to the sample.
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Chapter 4 Phase-correlated
electronic properties of 2D NbS;

This chapter presents our work on the epitaxially grown niobium disulfide (NbS2) using chemical vapour deposition.
We achieved the controlled growth of two different polymorphs of NbSz, 2H-NbSz and 3R-NbSz, with large lateral size (>500um)
and we observed thickness-dependent structural phase transition in the grown samples. Our work was supported by comple-
mentary data from the different experimental analyses of the material properties, which are based on electrical charge
transport, Raman spectroscopy and scanning transmission electron microscopy. Low-temperature charge transport measure-
ment distinguished the different electronic properties among those polymorphs; only 2H-NbSz shows 2D superconducting
transition around 3K while 3R-NbS; remains metallic.

This work was achieved by working closely together with my colleague, Zhenyu Wang, who synthesised the NbS:
samples and performed Raman spectroscopy while I focused on characterizing low-temperature electrical transport proper-
ties. We also collaborated closely with Dr. Mukesh K. Tripathi, who performed TEM analysis on the grown samples. This work
has been published: Wang, Z, Cheon, C. Y., Tripathi, M., Marega, G. M., Zhao, Y., Ji, H. G, ... & Kis, A. (2021). Superconducting 2D
NbS2 Grown Epitaxially by Chemical Vapor Deposition. ACS Nano, 15(11), 18403-18410.

4.1 Introduction

4.1.1 2D superconductivity in vdW materials

Intriguing collective quantum phenomena often appears in low dimensional limit. One good example is 2D supercon-
ductivity, characterized by vortices and anti-vortices. Their associated thermodynamics are well explained by Berezinskii-
Kosterlitz-Thouless (BKT) transition[92], the experimental demonstration of which has become the main criteria for 2D super-
conductivity. The materials for its early studies were thin films made of Al or Bi[93], with a thickness range from 0.3nm to few
nm. Those materials are, however, amorphous and granular, presented with disorder. Being sensitive to disorder, supercon-
ductivity in such disordered systems is often suppressed due to electrons/Cooper pair localization[94].

In recent years, there has been a pursuit of finding a high crystalline system hosting 2D superconductivity and explor-
ing the unknown properties in the clean limit[95,96]. Among these systems, vdW materials have become the central material
platform as mechanical exfoliation can directly provide 2D superconductors with high crystallinity. From the bulk crystal al-
ready known for its superconductivity, single crystal thin flakes are cleaved, and 2D superconductivity has been observed in
ultrathin metallic TMDCs, including NbS2[97], NbSez[98], and TaSz2[99]. Among them, the prototypical 2D superconductor is
monolayer NbSez. Thickness-dependence of Tc in ultrathin NbSez has been determined, with monolayer NbSe:z found to be
superconducting with the critical transition temperature Tcof ~3.1K[100].

The advancement in exfoliation and characterization techniques of vdW materials has given us new insights into un-
derstanding 2D superconducting phenomena. Compared to their bulk form, monolayer TMDCs significantly differ in material
properties due to reduced dimensionality, strong intrinsic spin-orbit coupling, and structural inversion asymmetry. Influenced
by this intrinsic property of TMDCs, an exotic form of 2D superconductivity more resilient to the external magnetic field has
been demonstrated in monolayer MoS2[101,102], and NbSe2[103]; Ising-type Cooper pairing with the enhanced upper critical
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field. Additionally, strong electrostatic tunability in vdW materials made the electrostatic control of its superconducting tran-
sition possible. This further led to the observation of gate-induced insulator to superconductor transition in a few-layer 1T-
SnSe2[104], 2H-MoS2[105] and 2H-WS2[106] by ionic liquid gating, providing a new route to achieve superconductivity in 2D
vdW system[107].

Among vdW materials, the material of interest for this chapter is niobium disulfide (NbSz). Being one of its poly-
morphs, 2ZH-NbSz has shown bulk superconducting transition below Tc of 5.7K[108]. Ultrathin flakes show typically lower tran-
sition temperature than bulk (Tc of 3.5K for 7nm thickness). They have shown thickness dependence of superconducting tran-
sition temperature, where transition temperature is found to decrease with reducing thickness[97].

Unlike other intrinsic 2D superconductor, 2H-NbS: stands out as a superconductor without coexisting charge density
waves(CDW). This is a peculiar case since this feature is opposite to what is found in other isostructural and isoelectronic
compounds such as 2H-NbSez and 2H-TaSz, where both collective quantum phenomena, CDW and superconductivity, can
emerge simultaneously. However, the theoretical work claims 2H-NbS: is on the verge of charge density wave transition, and
the likelihood of occurrence can be enhanced in its monolayer form[109]. Furthermore, monolayer 2H-NbS: is also suggested
with spin-wave instabilities[110,111] if magnetic impurities are present. These possibilities make ultrathin 2ZH-NbS: a potent
system for studying quantum phase transitions in low dimensions.

As for the superconductivity studies in TMDCs mentioned earlier, material fabrication has mainly focused on the me-
chanical exfoliation technique, a top-down method to achieve high-crystalline 2D flakes from a single bulk crystal reliably.
Despite its methodical success in contributing to making high-quality 2D mesoscopic devices, however, there is a critical dis-
advantage of this method. This is because the lateral size of an obtained flake by mechanical exfoliation is random and generally
small, below a few tenths of micrometers at most, without controllability of its thickness [112]. Bottom-up synthesis of NbS:
based on MBE was not successful in resolving such issues, as it has given low production yield with only a small grain
size[113,114]. Moreover, MBE growth has been limited by the requirement of specific substrates, such as graphene or h-
BN[113,114].

Our motivation is to improve the bottom-up synthesis to provide large NbSz with higher quality for future studies and
applications. This chapter demonstrates high-quality epitaxial growth of NbSz based on chemical vapor deposition. The growth
size of 2H-NbSz: is the largest reported up-to-date, and its superconductivity is studied through electronic transport measure-
ment. We observed the temperature-dependent transition of linear to non-linear [-V characteristics, a signature of BKT-type
transition in a 2D superconductor. Additionally, we were able to control the growth thickness of NbSz by changing the spin-
coated precursor concentration on the substrate prior to the growth. From this control, we found thickness-dependent struc-
tural phase transition in our CVD-grown samples. As thickness decreases, 2H-NbS: structurally transforms into another poly-
type, 3R-NbSz, at the intermediate thickness of 4nm. This structural transformation was also confirmed independently by Ra-
man spectroscopy and transmission microscopy.

4.2 2D NbSz grown by chemical vapor deposition

4.2.1 CVD growth method

2D NbSz was grown at atmospheric pressure using a home-built hot-wall chemical vapor deposition system by my
colleague, Zhenyu Wang. Previous reports on CVD growth of NbSz used powder precursors, such as sulphur, niobium pentox-
ide(Nb20s), and niobium chloride(NbCls). They relied on their thermal evaporation, making it difficult to achieve a stable
growth rate and uniform source distribution. Consequently, NbSz growth thickness could not be controlled well. Instead, we
have chosen a gas precursor, hydrogen sulfide (HzS) for sulphur and precisely controlled the gas flow rate by using a mass flow
controller. For Nb precursor, niobium chloride (NbCls) precursors were spin-coated on a substrate before the growth to have
a relatively uniform concentration distribution.

Substrate material has a strong impact on the quality of as-grown NbSz. The difference in surface diffusion rate of Nb
atoms resulted in different gain size of grown NbS: in various substrates[115]. In previous attempts, Si/SiO2 substrates were
mostly utilized to grow NbSz, which have yielded limited the grain size and poor crystal quality[115,116]. We selected c-plane
sapphire as a growth substrate because of its atomically smooth surface, which foster a large-area and high-quality growth.
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With NbCls and NaCl pre-coated on sapphire substrate, CVD growth was carried out at atmospheric pressure. The
temperature of the tube and gas flow ratio of Ar and HzS were independently varied to find the optimal growth condition. This
procedure is illustrated in Figure 4-1(a) schematic. At the optimum condition (T=950°C, flow ratio(H:S :Ar)=1 :3.5), as-grown
NbS2 has a rectangular morphology with long axis from all the flakes aligned along the same direction, as depicted in the optical
image of Figure 4-1(b). Using atomic force microscopy on this rectangular shaped flake, we can see in Figure 4-1(c) that this
dominant alignment is due to the step edges of the sapphire substrate terrace, giving the energy barrier diffusion during
growth.

a Quartz tube

T=750C ~950 C
Atmospheric pressure

Sapphire substrate
Pre-coated NbCl, and NaCl)

NbS, seeds

Figure 4-1. CVD growth of NbS: crystals.a) Schematic of a home-built hot-wall CVD system for NbSz growth. Inside the cham-
ber, two sapphire substrates were sandwiched together with one of them spin-coated with NbCls and NaCl precursors. b) Op-
tical image of CVD-grown rectangular NbSz with its lateral size of around 500um. c¢) AFM image of the sample from b), which
shows the alignment of the edge of the growth sample to the terrace step edges of the sapphire substrate. Panels a-c) are re-
printed with permission from ref [117], American Chemical Society.
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4.2.2 Epitaxial growth of 2D NbS2

From van der Waals interaction with the underlying sapphire substrate, our NbS: is grown epitaxially on sapphire
substrate, meaning that we have achieved high-quality growth of NbSz absent of grain boundaries. We verify the single-crystal
growth of our NbS2 by conducting selected area electron diffraction (SAED) on the several consecutive holes of the TEM grid,
which are covered by a grown NbS: flake. Five areas were examined, and each probed area is marked with numbers shown in
Figure 4-2(a). Figure 4-2(b-f) shows the corresponding SAED patterns. All the SAED patterns show a single crystalline
structure with the same lattice orientation, meaning that the lattice of all the TEM-probed areas is part of one single crystal
lattice of NbSa.

Figure 4-2. Selected area electron diffraction of NbSz.a) Low-magnification TEM image of a transferred NbS: flake on a TEM
grid. b-f) Selected area electron diffraction patterns conducted from 5 holes of TEM grid as shown in a). Panels a-f) are reprinted
with permission from ref [46], American Chemical Society.

We found another supporting evidence of epitaxial growth from AFM. Figure 4-3 displays AFM images of as-grown
NbS:2 on a sapphire substrate. These images are taken from different areas of the single sapphire substrate. In Figure 4-3(a),
we observe that the edges of all the tiny seeds are epitaxially aligned to the same direction of the sapphire crystal axis [1100].
This implies that when the crystal grows larger, the domain formed from such seeds will merge into a single crystal without
any grain boundaries, meaning that our large NbS: crystals should be absent of grain boundaries. AFM images from other parts
of the substrate shown in Figure 4-3(b-c) indicate that the seeds from other areas are also aligned in the same direction. This
suggests that our NbS: crystals are epitaxially grown on the entire sapphire substrate, and it implies the possibility of achieving
large-area growth of NbSz with our CVD method.
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Figure 4-3. AFM on as-grown NbSz. AFM images of as-grown NbS: flakes were taken sequentially from the different parts of a
single sapphire substrate. Dotted lines indicate the edges of the small seeds, which are all aligned to the sapphire crystal axis
[1100]. Panels a-c) are reprinted with permission from ref [117], American Chemical Society.

4.3 Thickness-dependent structrual phase transition

4.3.1 Controlled growth of NbSz with different thicknesses

Changing spin-coated NbCls precursor concentration on the sapphire substrate allowed us to control the overall
growth thickness of NbS: in the range of 1.5nm to 10nm. Figure 4-4 shows the histograms of the thickness distribution of NbS:
achieved from different precusor concentrations, where sample thickness was determined by AFM. While other growth
parameters are being fixed, e.g. H2S ratio, we see the general trend that higher NbS:z precusor concentration yields a higher
thickness sample. This is somewhat expected as a large Nb supplement would lead to a thicker NbS; crystal, if a sufficient sulfur
level is provided for its stoichiometry.
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Figure 4-4. Histogram of NbS: thickness at different NbCls precursor concentrations. Panels a-d) are reprinted with per-
mission from ref [117], American Chemical Society.
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4.3.2 TEM and Raman analysis : two polymorphs in CVD-grown NbS:

Figure 4-5(a) shows two polymorphs of NbS: crystal: rhombohedral (left) and hexagonal (right), where each poly-
type unit cell consist of 3 and 2 layers of NbSz, respectively. Thus, in short, they are called 3R and 2H. As constituting layers in
each unit cell has distinct rotation (0deg or 180deg) and sliding with respect to one another, 3R and 2H polytype give unique
atomic patterns if seen from the top surface. Interestingly, we observe this two polytypes in our CVD-grown NbS: at different
thicknesses. The grown sample with thickness above 5nm showed 2H-polytype, wheras the thinner sample showed 3R-poly-

type.

From the indication that the crystal is grown epitaxially, we performed high-angle annular darkfield (HAADF) scan-
ning transmission electron microscopy (STEM) on the grown samples to confirm and further characterize its crystallinity, e.g.
structural phase. Figure 4-5(b-d) shows STEM images visualizing the atomic pattern of the top surfaces obtained from differ-
ent thicknesses of NbSa. To prepare the STEM sample, as grown NbSz was detached from the sapphire substrate and transferred
onto TEM grid (transferred image is shown in the inset of Figure 4-5(b). As HAADF intensity is proportional to the square of
atomic number (~Z2), the position of Nb and S atoms can be distinguished by higher and lower intensity spots, respectively. In
the STEM images, we marked their position as blue(Nb) and yellow(S) circles. In Figure 4-5(b), six Nb atoms form a hexagonal
ring with one S atom in the centor, corresponding to 3R polytype. In Figure 4-5(c), three Nb atoms or three S atoms can be
found around a single atom of the other, suggesting a 2H polytype. Interesting, a mixture of two polytypes is observed as shown
in Figure 4-5(d) at the intermediate sample thickness between the thickness of 3R- and 2H-polytype samples.
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Figure 4-5. Atomic crystal structure of NbS:. a) 3R and 2H polytype stacking of NbSz. b-c) STEM images of NbSz with 3R b),
2H c), and the mixture of 2H and 3R polytype stacking d). Inset of b) is a low-magnification STEM image showing transferred
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NbS2 on a TEM grid. Nb and S atoms are marked with blue and yellow circles, respectively. Panels a-d) are reprinted with

permission from ref [117], American Chemical Society.

Independently, Raman spectroscopy was also employed to examine the crystal structure of grown NbS; samples.
Figure 4-6 shows the room temperature Raman spectra of three different sample thicknesses(3nm, 4nm and 10nm) on a sap-
phire substrate using 532nm laser excitation (Power=1mW with 1um spot size) with a grating of 3000g/mm. The blue curve
represents the Raman spectra of the 3nm-thick sample showing the characteristic Raman modes, 348cm-1(Ez) and 389cm-1(A1),
which suggest the 3R polytype phase of NbSz. The orange curve obtained from the 10nm-thick sample gives 340cm-1(Ez2g) and
379cm1(A1g) modes. This is in agreement with the characteristic Raman modes of the 2H polytype phase. The purple Raman
spectra measured from the intermediate thickness of 4nm shows a broad Raman mode around 384cm-1, which can be decom-
posed into A1 and Aig from the two polytype phase, implying the possible coexistence of two phases at this thickness. Being the
intermediate thickness, the structural phase transition from 3R to 2H polytype might start around this thickness.

10nm (2H) NbS, |
—— 4nm (2H+3R) NbS, /|
—— 3nm (3R) NbS, :
- | .
El : sapphire
‘a\ I
D |
c I
@ | |
I= |
— " |
|
A,1389 cm”’
E, 348 cm”
1 1
300 350 400 450

Raman shift (cm'1)

Figure 4-6. Raman spectra of as-grown NbS: on sapphire substrate. three NbS: samples of different thickness were meas-
ured: 3nm(blue), 4nm(purple), and 10nm(yellow). Measurements were done at room temperature. Panel is reprinted with

permission from ref [117], American Chemical Society.
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4.4  Device fabrication and electrical transport measurement

b

Figure 4-7. Multi-terminal NbS:z device.2D AFM mapping. b) The optical micrograph of the 10nm-thick NbS: device for charge
transport. Scale bar in b) is 25um. Panels a-b) are reprinted with permission from ref [117], American Chemical Society.

We then moved on to characterize the electronic properties of different polytypes by performing charge transport
measurements. To fabricate electronic device for such purpose, various thicknesses of flakes were selected, detached from
insulating sapphire substrate, and transferred onto conductive SiOz/Si substrate to be able to perform clean-room fabrication
processes, e.g. e-beam lithography. Figure 4-7 shows one representative device made of a 10nm-thick NbS;. Figure 4-7(a)
shows the AFM image of the transferred sample on SiO2/Si, and Figure 4-7(b) shows the optical micrograph image of its multi-
terminal Hall bar device fabricated with 2nm/80nm thick Ti/Au electrodes. Between the device fabrication steps (transfer, e-
beam lithography and evaporation), samples were kept inside the glovebox to prevent the sample degradation from air.

LIA

A1)

|
R V_(LIA) ?l

ac

Figure 4-8. Schematic of differential resistance measurement. In four-point geometry, an ac current was sent through a
NbS2 sample on SiO2/Si using contact #1 and #4. Sinusoidal voltage source (Vpp=0.2V with 13.3Hz, and Vpc=0V) provided by a
lock-in amplifier (LIA) was connected to contact #1, with an external load of 1MQ, while contact #4 and gate were grounded.
The longitudinal voltage between contact #2 and contact #3 was first amplified by a low noise voltage preamplifier (PA) in
differential mode and fed to the same lock-in amplifier. Unused contacts are floated during the measurement. The differential
resistance was calculated based on the ratio of ac voltage to ac current.

45



Phase-correlated electronic properties of 2D NbS;

We performed low-temperature charge transport measurements on samples with different thicknesses (3nm, 4nm
and 10nm), which gave us complementary information with previous STEM and Raman spectroscopy results. As shown in
Figure 4-8, we have used a lock-in amplifer (SR860) and a voltage preamplifier (SR560) to measure four-probe longitudinal
resistance (Rxx). This is to increase the signal-to-noise ratio of resistance and minimize the effect of Joule heating. An ac probe
current (Iac=100nA at 13.3Hz) was sent through NbSz using contact #1, and its resistance was obtained as differential resistance
(ratio of ac voltage, measured between #2 and #3, to the ac voltage). The resistance was measured continuously while the
temperature was cooled down from 200K to the system base temperature of 1.4K at the rate of -0.3K/min. The temperature-
dependent resistance with different thicknessess are presented in Figure 4-9.

4.5 Charge transport in 2H, 3R, and their mixed phase NbS:
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Figure 4-9. Temperature-dependent resistance of different polytype NbS:. a-c) Four-probe longitudinal resistance (Rxx) of
10nm a), 3nm b), and 4nm c) of NbSz was measured while the temperature was cooled down from 200K to 1.4K without an
external magnetic field. The superconducting transition occurs around 3K for 10nm-NbSz and 4nm-NbS;, while resistance up-
turn happens around 20K for 3nm-NbSz. The inset of b) shows the magnified data from 4nm-NbS: in the temperature range
from 60K to 1.4K. The inset of c) shows the resistance of 3nm-NbSz with and without the external magnetic fields at tempera-
tures ranging from 10K to 1.4K. d) Normalized Rxx of 3nm(blue), 4nm(purple) and 10nm(yellow) NbSz. Rxx was normalized to
the resistance at 200K for each device. The 3nm, 4nm and 10nm-thick samples correspond to 3R, 2H, and mixed polytype,
respectively, from the previous analysis of Raman spectra and TEM images. Inset shows the magnified data in the lower tem-
perature range. Panels b), d) and the inset of panael c) are reprinted with permission from ref [117], American Chemical Society.

We see distinctly different low-temperature charge transport properties below 20K for different thickness samples.
For the device with 10nm thickness shown in Figure 4-9(a), the resistance drops sharply to zero around 3K, indicating metal
to superconducting transition. We found the transition critical temperature Tc at 2.6K, the temperature at which R(Tc)=0.5Ry,
with Rn being normal state metal resistance above the transition temperature. On the contrary, as shown in Figure 4-9(b), for
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the device with 3nm thickness, we observe an upturn of resistance around 20K. A similar upturn of resistance was previously
observed from other CVD-grown 3R-NbSaz. It has been attributed to electron scattering at defect or excess Nb sites[118,119] or
to the possible CDW fluctuations in the presence of disorder[120,121]. Therefore, we can relate the metal-to-superconducting
and metal-to-insulating transition of 2H-NbSz and 3R-NbSz, respectively, to the 10nm and 3nm-thick NbSz samples, supporting
the previous observations from STEM and Raman that there is a thickness-correlated structural phase transition in CVD-grown
NbSo2.

Interestingly, as shown in Figure 4-9(c) for the device of intermediate 4nm thickness, its resistance drops sharply
around 3K but remains at a relatively high resistance value of ~150(, and any other transition was not observed up to our
system base temperature of 1.4K. With the application of an external out-of-plane magnetic field, this sharp transition at 3K
gets suppressed, meaning that this transition can be the type of superconducting transition. This coexistence of metallic
property (finite resistance) and superconducting property (zero resistance) at the base temperature can be understood again
by considering the presence of mixed phases of 2H and 3R at this thickness.

Figure 4-9(d) compares the temperature-dependent R« from three different thicknesses (3nm,4nm and 10nm).
Resistances were normalized with respect to their resistance at 200K for each device. The inset shows the magnified view of
the normalized resistance value measured in the low-temperature range from 1.4K to 10K. Commonly from all the thicknesses
of NbS2 measured in the high-temperature range, we see that the resistance linearly decreases with decreasing temperature
(dR/dT>0), indicating the property of metallicity. Notably, the 4nm-thick device shows slower resistance change than the other
10nm(2H-phase) and 3nm(3R-phase) devices. The relevant parameter for this feature is residual resistance ratio(RRR), which
is defined as the ratio between resistance at T=300K and the normal state resistance at a lower temperature value, a standard
indicator that reflects the crystal quality of metal or superconductor[122,123]. Considering the normal-state resistance at 10K,
above the superconducting transition temperature of the 2H-phase, we define RRR of the 4nm-thick device to be ~1.5, which
is lower than that of the 10nm-thick 2H device (11) and the 3nm-thick 3R device (3.3). Thus, we suspect this low RRR of the
4nm-thick device comes from the structural disorder, possibly due to the sulfur point and line defects between two domains of
different structures, as seen from STEM image in Figure 4-5(d).
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4.6  Superconductivity in 2ZH-NbS:

To further study the superconducting property of 2H-NbS2, we measured magneto-transport with out-of-plane
external magnetic fields. Figure 4-10(a) shows the superconducting transition of 6nm-thick NbSz with a perpendicular
magnetic field (B) applied normal to its 2D crystal plane. As the amplitude of the field increases, the transition becomes gradual
and moves to lower temperature values with the magnetic field, and eventually vanishes above 0.6T. In the presence of an
external magnetic field, we redefine the critical transition temperature T. as the temperature when the resistance becomes
80% of the normal state resistance.
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Figure 4-10. Superconductivity in 2H phase NbS:.a) Field-cooled longitudinal resistance at different perpendicular magnetic
field strengths. b) Bcz vs Tc/To phase diagram extracted from the data of figure a) with its linear fit. Panels a-b) are reprinted
with permission from ref [117], American Chemical Society.

Figure 4-10(b) shows the corresponding Bcz vs Tc/To phase diagram with the reduced temperature where Bc: is
upper critical out-of-plane magnetic field strength, and T¢ is redefined critical transition temperature. Here To is the critical
transition temperature at zero magnetic fields. We find a linear relation between B¢z and T, which is typically observed in a 2D
superconductor from perpendicular magnetic field configuration. This relation can be fitted with a formula based on linearized
Ginzburg-Landau (GL) theory,

T,
Bo() = —20 _1-1

2még, (0) Ty 9

where &;,(0) is zero temperature coherence length, and ¢, is magnetic flux quantum. From the fitted result, we get the
coherence length of 25nm. This value is larger than the sample thickness (10nm), consistent with the 2D superconductivity
behaviour. This indicates that the superconducting transition should follow the BKT type phase transition.
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Figure 4-11. BKT type superconducting transition in 2H-NbS:z.a) 4-terminal V-I characterization of 6nm-thick NbSz meas-
ured from base temperature 1.4K to 3.6K. Inset is the optical image of the device. b) V-I curve in figure a) replotted in logarith-
mic scale showing V' « I* behaviour. The blue dashed lines with different @ are from V = bI* with arbitrary b values, fitted to
the non-linear transition regions at 3.4K, 3.2K and 3K. c) An example of fitting procedure to extract parameter a. The non-linear
V-Iregion at 2.2K is fitted with V = a + bI*. Here, a and b are offset and a proportional coefficient, respectively. d) Parameter
a as a function of temperature. The red curved line in the figure is drawn to guide the eye, and the horizontal dashed grey line
refers to @ = 3. Panels a, b and d are reprinted with permission from ref [117], American Chemical Society.

The BKT transition describes many unconventional 2D phase transitions including the 2D superconductivity, which
involves the transition from unpaired vortices and antivortices to bound vortex-antivortex pairs below the critical temperature
called Tgkr. The direct experimental evidence of this kind of transition can be addressed if there is a jump in the power-law
exponent (a in V- I%) near the supercurrent of voltage-current(V-I) characteristic from a=1 to a=3 at T=Tggr as the tempera-
ture is reduced. We observe the signature of BKT type superconducting phase transition from 6nm-thick 2H NbS: as shown in
Figure 4-11(a). The inset of Figure 4-11(a) shows the optical image of the 4 terminal device, where DC voltage from the inner
two probes was measured while varying DC current from the outer two electrodes. At 3.6K, we observe the ohmic metallic
transport from the constant V-I slope. This slope gradually becomes more nonlinear as temperature decreases, and the super-
current gap, at which the probed voltage decreases toward zero, also gradually expands. The V-I curves replotted in logarithmic
scale, shown in Figure 4-11(b), show this transition more clearly from linear V-I to nonlinear V- I, displaying the BKT type
transition. Figure 4-11(d) shows the parameter a as a function of temperature from the curve fitting to the non-linear V-I
region as described in Figure 4-11(c). Following the standard of @=3 for determining BKT transition temperature (Tskr), We
estimate the temperature to be around 3K for 6nm-thick 2H NbSa.
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4.7 Discussion

4.7.1 Possible origin of structural transition

From independent analyses of STEM, Raman spectroscopy and low-temperature transport measurement, we found
that NbSz undergoes structural phase transition as growth thickness increases. Although the detailed mechanism of the tran-
sition cannot be fully understood at this stage, we propose some possible explanations which could give some perspectives in
future studies. If we consider that the phase transition from 3R to 2H comes from the thickness-dependent band structure
effect of 3R NbS2, we expect this transition to be also present in other reported 3R NbS:z growth. However, several reports which
have grown 3R-NbS:z around the same thickness range do not show any sign of structural phase transition[118,119]. Therefore,
we speculate that the thickness-dependent band structure effect is less likely to explain the phase transition we observe in our
grown samples.

As we control the thickness of NbS: by the growth parameter (e.g., NbCls concentration), we speculate the relation of
growth condition to the phase transition. Firstly, the phase transition can be related to the localized partial pressure of the Nb
and S precursor. Since the concentration of spin-coated NbCls controls the growth thickness, it can be possible that various
ratios of Nb and S coming from different NbCls concentrations lead to different phase structures. In this case, the ratio of Nb
and S is more relevant to the transition. Although it’s difficult to extract the precise value, the ratio for growing 4-nm NbS: could
be the critical condition for phase transition.

Similarly, a phase transition between bulk 3R- and 2H-NbSz was demonstrated depending on the pressure of excess
sulfur during the growth[124]. Secondly, the phase transition could have a thermodynamic origin, considering the interaction
between the sapphire substrate and NbS: crystals. Due to a large lattice mismatch (30.4%), strong interaction exists between
NbS:2 and sapphire. As the thickness increases, the interfacial effect from bottom sapphire becomes weaker to preserve the 3R
phase of NbSz, and it could be that 4 nm is the critical thickness at which the total free energy of the 2H-phase becomes lower
than that of the 3R-phase.

4.7.2 Large area bottom-up growth of NbS:

The added value to the previous work related to NbS2 bottom-up synthesis is the large-area fabrication of NbS:
achieved by our CVD method. We summarized below the essential information of all the other CVD-grown 2D NbS2 from the
literature. Comparing the crystal size, our grown-NbS: is the largest up-to-date, with the lateral size exceeding 500um. Since
the growth of sulfides, selenides and tellurides shares the same basic principle of growth mechanism[125], we believe our work
can also provide prospects to improve the current CVD growth recipes for epitaxial growth of other Nb-based dichalcogenides
as well.

Crystal lateral

Reference Crystal shape S Epitaxial Phase Electrical behaviour
W. Ge et al., Nanoscale, 2013, 5, 5773-5778 Triangle 2um No 3R /
S. Zhao et al., 2D Mater., 2016, 3, 025027 Hexagon 2um No 3R Metal
X. Wang et al., Nanoscale, 2017, 9, 16607 Hexagon 5um No 3R Metal
A. Kozhakhmetov et al., Journal of Crystal ;
Growth, 2018, 486, 137141 Triangle 1 um No 3R Metal
Q. Lv etal., Front. Mater., 2019, 6, 279 Triangle 15um No 3R Metal
R.M. Stan et al., Physical Review Materials,
2019, 3, 044003 Hexagon <1um Yes 1H /
Our work Rectangle > 500 um Yes 3R & 2H Metal & superconductor

Figure 4-12. Comparison of CVD grown NbS; from other literature.
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4.8 Conclusion

We have demonstrated CVD synthesis of large-area and high-quality 2D NbSz. Using sapphire as a growth substrate,
NbS2 was grown with epitaxial orientation along the crystallographic direction of the underlying sapphire. The growth
thickness can be controlled in the range of 1.5nm to 10nm by changing the Nb precursor concentration. Interestingly, we
observe thickness-dependent structural phase transition from 3R-polytype to 2H-polytype as thickness increases. One possible
reason for such phase transition, we suspect, can be due to the interfacial effect of the sapphire substrate during the growth,
but this remains the topic of further studies. Our findings were supported by Raman spectroscopy, transmission electron
microscopy, and low-temperature charge transport measurement.

From the low-temperature charge transport measurements, only 2H-polytype showed the superconducting transition
around T=2.6K while 3R-polytype maintained its metallicity down to the base temperature of the measurement system
(T=1.3K). The temperature-dependent I-V characteristics of 2H-polytype shows a transition from linear to nonlinear one, V-
[*(a > 1), below the critical temperature of T=3K, which signifies the BKT transition of a 2D superconductor.

In short, we have demonstrated the practical synthesis method for phase-controllable growth of 2D TMDC supercon-
ductors, which can benefit future studies in mesoscopic devices, and the large-area applications of 2D superconductors.
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Chapter 5 Defect-induced magnetic
properties of ultrathin PtSe;

This chapter presents a work of discovering unexpected magnetism in ultra-thin semiconducting platinum diselenide
(PtSez2). We observed the magnetic properties of monolayer and bilayer PtSe: from low-temperature magneto-transport meas-
urements using graphene as a probing material. The appearance of magnetic ground states is theoretically explained from the
first-principle density functional theory calculation, which suggests that magnetism is induced from an intrinsic atomic defect,
Pt vacancy.

These findings were achieved by close collaborations with Prof. Ahmet Avsar, who worked together with me on the
transport measurement and device fabrication, Dr. Michele Pizzochero, who performed the first-principle calculation on the
magnetic properties of atomic defects, and Dr. Mukesh K. Tripathi, who provided the atomic images of ultra-thin PtSez through
TEM. This work has been published: Avsar, A., Cheon, C. Y., Pizzochero, M., Tripathi, M., Ciarrocchi, A.,, Yazyev, 0. V., & Kis, A. (2020).
Probing magnetism in atomically thin semiconducting PtSez. Nature communications, 11(1), 1-7.

5.1 Introduction

5.1.1 Two-dimensional magnetism

In 2007, Albert Fert and Peter Griinberg won the Nobel Prize in physics for the discovery of giant magnetore-
sistance(GMR)[126,127]. In the structure of the alternating Fe and Cr magnetic thin films, they observed a giant (several tenths
percentages) change of resistance with the magnetic field when the out-of-plane current flowed through the heterostructure.
This variability of magnetoresistance found in heterostructure was much larger than the other types of magnetoresistance,
such as anisotropic magnetoresistance (few percentages or lower) in single magnetic materials[128]. This finding, combined
with spin-valve structure[129], quickly transformed into the technical realization of an ultra-sensitive magnetic sensor,
thereby boosting the data storage capacity of hardware disks in modern times[130].

The key contributor to observing such physical phenomena was molecular beam epitaxy(MBE), a material deposition
technique introduced in the late 1960s. This technique enabled the production of high-quality thin films with the capability of
precise thickness control by selecting the number of layers being deposited. This method contributed to the study of the tran-
sition of material properties from bulk to low dimension and made it especially possible to explore magnetism in a 2D system
by successful fabrication of ultrathin magnetic films[131]. Considering interaction among magnetic moments, magnetic phase
transition can always occur at any finite temperature for a 3D system. In contrast, the long-range ordering can appear only at
T=0K for a 1D system[132], so it is impossible to occur for a 1D system. However, in a 2D system, the transition becomes
complex yet particularly interesting in that magnetism can be present or absent depending on the type of spin-spin interaction
in the system.

Mermin, Wagner and Hohenberg gave the early theoretical explanation of a 2D magnetic system. Their explanation,
the so-called Mermin-Wagner-Hohenberg(MWH) theorem[133,134], states that in a 2D lattice, thermal fluctuation would de-
stroy the long-range magnetic ordering above any finite temperature for isotropic systems where spin can arbitrarily align in
any direction within 2D (XY model) or 3D (isotropic Heisenberg model). However, from Onsager, magnetic phase transition
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can possibly occur at finite temperature for the case of a 2D Ising system in which spins are constrained to be pointed in one
direction[135]. These arguments can be summarized in the following Hamiltonian considering the interaction between the
nearest neighbours i and j,

H= _]xyZ(Six'S]?C+Siy'sjy)_]zzsiz'sjz
7 T (10)

where J,,, and ], corresponds to exchange integral within the xy-plane and along the z-axis, respectively; S{*(a = x,y,z) corre-
sponds to the spin-component along a-direction at the site i. The condition of ], = J,,J, = 0, ]y, = 0 can be associated with
the Heisenberg model, XY model and Ising model, respectively.

In the real world, the experimental situation is not the same as the ideal assumption set by the MWH theorem. As
material gets thinner, the local structural disorder becomes more prominent, and the property of a material is more prone to
be influenced by the substrate on which the material lies. Both substrate and local disorder (e.g. defects and strain), in fact, can
impose magnetic anisotropy on the system[97,136-138], and this anisotropy is not considered in the original Hamiltonian of
the MWH model. Moreover, anisotropy induced from macroscopic dipole-dipole interaction, such as shape anisotropy, is also
neglected. Consequently, contrary to the theorem, what has been generally observed in magnetic thin films is that spins tend
to be preferentially aligned either along out-of-plane direction[139] or in the 2D plane with magnetic easy axis[140].

5.1.2 2D magnetism in vdW materials

In 2017, ferromagnetism was discovered in the monolayer of insulating van der Waals(vdW) material, 0.7nm-thick
chromium iodide (Crl3)[141,142]. This discovery attracted a great deal of attention as it showed the potential of vdW materials
as a new system for exploring 2D magnetism[143]. Although the ferromagnetic property of bulk Crlz was already known for a
long time, identifying its 2D magnetism in the atomically thin limit had been difficult. It has been resolved after the experimental
sensitivity of the magnetic characterization techniques, such as MOKE, was improved enough to detect its small magnetic re-
sponse. One of the most peculiar magnetic properties found in Crls is the layer-dependent exchange interaction, which favors
alternative magnetic ground states, out-of-plane ferromagnetic and antiferromagnetic orderings, depending on the number of
layers (Figure 5-1(a)).
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Figure 5-1. 2D magnetism in vdW materials and its tunability.a) 2D magnetism in Crl3 with alternating magnetic ground
state, probed by polar MOKE. b) Intensity of polar MOKE in bilayer Crls versus magnetic field and applied gate voltage. The
critical switching field from AFM to FM states changes continuously with the gate voltage. c)Anomalous Hall voltage meas-
ured in ionic-gated FesGeTez where Hall resistance (Rxy) preserves up to room temperature. d) Magnetic proximity effect in
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WSe2/Crls heterostructure. Valley polarization versus magnetic field (in bottom panel) can further be tuned by applied laser
power. Panels are adapted with permission. Panel a) is from ref[143], Springer Nature Ltd. Panel b) is from ref[144], Springer
Nature Ltd. Panel c) is from ref[145], Springer Nature Ltd. Panel d) is from ref[146], American Chemical Society.

Many more magnetic vdW materials were later identified and demonstrated the similar feature of layer dependence
with complex yet exotic ground state spin configuration[147]. With strong in-plane covalent bonding, vdW materials can be
exfoliated layer by layer, and their thickness can be precisely controlled due to the weak vdW nature of the force acting between
the adjacent layers. In contrast to magnetic thin films, thin flake from layered vdW materials couples weakly to the substrate.
These advantages have placed vdW material in front of other systems as a promising material platform to study dimensional
crossover in magnetism from 3D to 2D and explore magnetism in two-dimensional limits[148].

As for applications, magnetic vdW materials have enabled new functionalities in already existing electronic devices.
Due to its large surface-area-to-volume ratio, the material properties are sensitive to external stimuli like doping and strain.
This made it possible to build the electronic device capable of controlling magnetic states electrostatically (Figure 5-2(b))[149]
and the Curie temperature of tri-layer metallic ferromagnet Fe3GeTez by ionic liquid gating(Figure 5-2(c))[145], higher than
its bulk value(~200K). Alternatively, the atomically smooth surface of a cleaved vdW magnet can serve as a substrate for mag-
netic coupling to the vdW films or deposited materials. This can be seen in the heterostructure of multilayer Crls with mono-
layer WSez, where the valley polarized photoluminescence from WSez becomes strongly tunable with external magnetic field
and laser power(Figure 5-2(d))[146].

5.1.3 Disorder-induced magnetism in vdW materials

In the pursuit of finding 2D magnetism in a new vdW material, most of the experimental attempts have been focused
on exfoliating a thin layer from the bulk materials which are already known to be magnetic. In parallel to this effort, there has
been an alternative approach, that induces magnetism in an otherwise non-magnetic material. The most studied material with
this aim is graphene. Not only because it is the first-ever vdW material to be exfoliated[28], but it is also the thinnest material
of all vdW materials, which can be taken as a true 2D system. In both theoretical and experimental studies, foreign adatoms
and intrinsic structural disorders such as point defects or line defects can give rise to induced magnetism in graphene[150-
154]. The same strategies of inducing magnetism also worked with transition metal dichalcogenides(TMDC)[23,76,155].
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Figure 5-2. Inducing magnetism in 2D vdW materials.Magnetic moment in graphene induced by singe hydrogen adatom.
The top panel shows the magnetic moments localized at carbon sublattices and its long-range spin texture around the adatom.
The bottom panel shows the corresponding line profile of differential conductance spectra characterized by ~20mV energy
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splitting in the energy-resolved local density of state due to magnetic moment. b-c) Magnetic moment induced by structural
imperfections. b) Substitutional Mo atom at Te sites (Mosub) in 2ZH-MoTe2 induces a magnetic moment that couples antiferro-
magnetically with the moment of the nearest Mo atom.c) Ground state magnetization in Mo-rich and S-rich grain boundaries
of MoSz. Blue and red colors denote the positive and negative magnetization direction. Panels are adapted with permission.
Panel a) is from ref[150], AAAS. Panel b) is from ref[23], AAAS. Panel c) is from ref[155], American Chemical Society.

Recently, defect-induced magnetism has been experimentally observed in metallic TMDCs, platinum diselenide
(PtSe2)[22]. It was discovered that the surface Pt vacancy creates localized magnetic moments, and their long-range ordering
in PtSez was indirectly confirmed by magneto-transport measurement at LHe temperature. As the charge scattering is depend-
ent on the alignment of magnetic moments, the particular shape of magnetoresistance(MR) found in PtSez and the presence/ab-
sence of MR hysteresis could explain its magnetic ground state. Ferromagnetic (Figure 5-3(a)) and antiferromagnetic MR re-
sponses (Figure 5-3(b)) were observed at the different layer thicknesses of multilayer PtSez from 4nm to 13nm. Interestingly,
PtSezloses its magnetism above 13nm.
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Figure 5-3. Magnetism in multilayer vdW PtSez.a-b) Resistance of 2-terminal PtSez device shows ferromagnetic a) and anti-
ferromagnetic b) response under magnetic field. c) Layer-dependent alternating magnetic ground states due to RKKY coupling
between surface magnetic moments. Panels are adapted with permission. Panel a-c) are from ref[22], Springer Nature Ltd.

This system is particularly interesting because defect-induced magnetism shows layer-dependent alternative ground
states, as Figure 5-3(c) shows. This property is similar to layer-dependent ground states observed by intrinsic 2D magnetism
in Crls. However, the magnetic property of PtSez disappears at the thickness of 13nm, whereas Crlz does not. Furthermore,
alternating magnetic ground states are observed at different thicknesses. This hints at the origin of magnetic interaction in
PtSez, which can be explained by Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange coupling. This interaction is based on the
indirect exchange interaction of magnetic ions mediated by conduction electrons. In the case of PtSez, magnetic ions induced
from Pt vacancies are located at the two surfaces of PtSez, the top and bottom surfaces. The strength of RKKY interaction de-
pends on the distance, and the experimental data of PtSez from magneto-transport suggested that the critical thickness when
the coupling vanishes is, therefore, around 13nm.

However, the previous study failed to explore the magnetism of PtSez in the thin limit. The main reason was the poor
charge conductance found in monolayer and bilayer thickness, which is more semiconducting than metallic. Unlike multilayer
metallic samples, this low conductance contributed to large background current noise when performing the magneto-transport
measurement, obscuring the MR signature of possible magnetism in the thin layers.

In this chapter, in an attempt to resolve magnetic properties up to the thinnest limit, we explain how we overcome
this low conductance issue of thin PtSe: in transport measurement with graphene electrodes. We show our experimental ob-
servation of the antiferromagnetic(ferromagnetic) ground states in monolayer(bilayer) PtSez. This finding is further supported
by the first-principle DFT calculation explaining the magnetic properties of atomic defects in ultrathin layers and by the visu-
alization of such defects in PtSez crystals using high-resolution TEM.
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5.2 Sample fabrication

5.2.1 Identifying atomically thin PtSe2
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Figure 5-4. Identifying atomically thin PtSez.a) Optical image of monolayer PtSez. b) Photoluminescence(PL) spectrum of
monolayer PtSez at 4K with HeNe 633nm laser excitation (P= 20uW with 1pum spot size). The excitation spot is shown as a black
dot in a). c) PL mapping around the PtSez. PL intensity is integrated from 1.26eV to 1.48eV, covering the broad tail in a higher
energy range. The area of PL corresponds to the monolayer region of PtSez in a). d) Atomic force microscopy mapping(up) and
line profile(down) of monolayer and bilayer PtSez. The thickness of monolayer and bilayer is around 0.7nm and 1.2nm, respec-
tively. Panel d) are are adapted with permission from ref[156], Springer Nature Ltd.

For the PtSez source, we used the same bulk material (CVT-grown bulk PtSe; from HQ graphene) as in the prior
study[22], and we relied on the mechanical exfoliation technique to obtain ultrathin PtSe:.

There were several experimental difficulties in the sample fabrication of ultrathin PtSez, which is worth to mentioning
here. Unlike other vdW materials like MoSz or WSez, the exfoliation of PtSez on PDMS or PMMA polymer generally yielded a
multilayer thicker than 5nm and never produced ultrathin samples of PtSez. Exfoliating on a rigid surface, such as SiO2/Si sub-
strate, however, was the most effective way, and we were able to obtain the mono- and bilayer samples for this study. We note
that Oz plasma treatment on the SiOz surface before the exfoliation improved the yield of ultrathin flakes, significantly. Figure
5-4a shows the optical image of monolayer PtSe:. Still, the size of the obtained flake, in general, was a relatively smaller (below
the lateral size of 5um) than that of the other TMDCs (see Figure 3-2).

To identify monolayer thickness, photoluminescence(PL) spectroscopy was not useful for monolayer PtSez, contrary
to its effectiveness in finding monolayer of other TMDC such as WSez. This is because monolayer PtSe; is an indirect semicon-
ductor with a bandgap of 1.2-1.8eV (e.g. 1.25eV from DFT calculation[79] and 1.8eV from scanning tunneling microscopy[85])
and the expected weak PL could be only measured at low temperature. Figure 5-4(a) shows the optical image of exfoliated
monolayer PtSez on a SiOz/Si substrate. Figure 5-4(b) shows the PL spectra of monolayer PtSe; with 633nm laser excitation
taken at a temperature of 4K. The intensity peaks around 1.28eV with the full width at half maximum (FWHM) of 160meV.
Figure 5-4(c) shows the PL. mapping around the area of this exfoliated sample, where the PL intensity is integrated from 1.26eV
to 1.48eV, covering the broad tail in a higher energy range. The are and shape of the PL map reflect the monolayer region in
Figure 5-4(a). We found this PL vanishes completely at room temperature.

Thus we mainly focused on atomic force microscopy to identify its thickness. Figure 5-4(d) shows AFM map images
of monolayer(left) and bilayer(right) samples with the corresponding line-height profiles displayed below. The thickness of
the monolayer (bilayer) is found to be around 0.7nm (1.2nm).
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5.2.2 Transferring ultrathin PtSe2

1. Optical microscopy 2. AFM
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Figure 5-5. Transferring exfoliated PtSez. The procedure of transferring PtSez is divided into six steps. The transfer takes
from initially exfoliated SiO2z/Si to the target substrate. Following these steps, ultrathin PtSe; was transferred to build a 2D
heterostructure, and make a TEM sample. Images #3 and #4 are taken with dark field for the clear contour images of the mem-
brane floating on the surface of the KOH solution.

With monolayer PtSez, we fabricated heterostructure devices (see next subchapter) and made TEM samples. For this

purpose, we had to pick up the sample from the substrate SiO2/Si and transfer it. As a general strategy, we have used PMMA
carrying layer method. We have used mild potassium hydroxide(KOH) solution to etch away SiOz during this method, and
PMMA works as a transporting membrane. We note that a very diluted KOH concentration (0.7%) is used to minimize the
unintentional creation of defects. Figure 5-5 illustrates the process of transferring ultrathin PtSez. Below is the description of
the procedure. Each step is illustrated by the figure labelled with the same number in Figure 5-5.

1.

Thin PtSez was searched through optical microscopy, and the thickness of monolayer or bilayer was confirmed by
AFM. Then PMMA polymer was spin-coated on top and baked at 60deg for 5 minutes to promote better adhesion
between the flake and the polymer.

Scratch the PMMA polymer with a sharp metal tip around the target flake area. Flake lies within the centre of the
squared region to avoid unintentional damage imposed by scratching. Put a few droplets of diluted KOH solution
(0.7%) at the scratched region.

KOH will start to penetrate below the PMMA while etching away SiO2, making PMMA detached from SiO2. Wait until
it fully etches away the inner region of the scratched line. Image #3 in Figure 5-5 shows the dark-field image of the
square area of PMMA membrane floating on the KOH solution. At this stage, PtSez is in contact with one side, the KOH
solution.

Once the membrane is fully detached from the SiOz, use a glass nano-capillary to pick up the membrane, and transfer
it to the DI droplet. Image #4 in Figure 5-5 shows the dark-field image of the membrane floating on the DI droplet.

At this stage, PtSe: is attached to PMMA, with the other side in contact with DI water.

Using the glass nano-capillary again, transfer the membrane onto the target, e.g. TEM grids, and do the necessary
alignment.

Clean PMMA polymer with Acetone and IPA, and check the transferred sample under a microscope.
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5.2.3 Ultrathin PtSez/graphene electronic device

b

Defect

Figure 5-6. Ultrathin PtSe: electronic device.a) Optical image of electronic devices made with monolayer(top) and bi-
layer(bottom) PtSez, with graphene and Pd electrodes. The red and white dotted line denotes the region of PtSez and graphene,
respectively. For clarity, the area of graphene is not displayed for the bilayer PtSez device. b) Device schematics. Pd contacts
are labelled with numbers as shown in a). Panel a-b) are adapted with permission from ref[156], Springer Nature Ltd.

It is found from the previous study on thickness-dependent electronic transport of PtSez[84,157] that the 2D conduc-
tivity of a few-layer PtSez considerably lowered as thickness is reduced. This low conductance resulted in large background
current noise when performing magneto-transport measurements. To circumvent this problem, we have considered
Pd/PtSez/graphene heterostructure on SiO2/Si where the magnetic property of PtSez can be probed with magnetoresistance
using out-of-plane current through ultrathin PtSez under the magnetic field. Additionally, having graphene as one electrode, its
gate transparency also allows us to modulate carrier concentration using the global Si back gate to study the semiconducting
charge transport of monolayer PtSea.

To build such heterostructures, ribbon-shaped graphene was exfoliated on separate SiO2/Si substrates, and PtSez
were transferred on top of the ribbons. Figure 5-6(a) shows a device made of monolayer(upper) and bilayer(lower) PtSe:.
Employing e-beam lithography and evaporation, 80nm Pd electrodes were fabricated to contact graphene as well as PtSes.

Figure 5-6(b) shows the device schematics. The basic field-effect transport on PtSez was done by using #3(Pd) and
#4(Pd) as drain and source contacts, respectively, while applying a voltage to the global Si backgate. Contact #4 is only with
PtSez, whereas contact #3 is placed on top of PtSez/graphene heterostructure, as displayed in the top image of Figure 5-6a.

The geometry of contacts allows us to probe the magnetism of PtSez using vertical tunneling transport, as explained
earlier, by passing charge current from contact #2(graphene) to contact #3(Pd). Utilizing non-magnetic Pd contacts and gra-
phene rules out the possible influence of electrodes on the magnetic response of the device. Furthermore, we measured the
magnetic field dependence of lateral current in graphene/PtSez heterostructure by driving charge current through contact
pairs #2 & #5, which is compared with the result obtained from isolated graphene using the contact pairs #1 & #2.
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5.3 Charge transport in monolayer PtSe>

We first characterize the basic charge transport properties of monolayer PtSez. Figure 5-7(a) shows the back-gate
Vsc dependence of drain-source current Ips at temperatures selected within the range 1.6-142K. Ips is slightly modulated with
the applied gate voltages Ve with relatively low on-state conductance. Below 77K, PtSez become insulating in that charge cur-
rent becomes negligible within the measured range of gate voltage. The semiconducting property of monolayer PtSe: is re-
flected in increasing conductivity (o) with the temperature shown in the inset of Figure 5-7b, measured at different charge
density values.
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Figure 5-7. Semiconducting monolayer PtSez.a) Back-gate Vsc dependence of drain-source current Ips at temperatures rang-
ing from 1.6-142K. The measurement was carried out with fixed bias voltage Vps=2V using contact pairs #3 & #4 shown in
Figure 5-6a. b) In(G) vs T-1/3 at the temperature ranging from 77K-300K with different carrier concentrations. Inset shows the
charge conductivity measured at the temperature of 1.4-300K. c) Ve dependence of Ips at Vps measured at 300K. Inset shows
Vps dependence of off-state Ips from monolayer PtSez and monolayer WSez. Panel a-c) are adapted with permission from
ref[156], Springer Nature Ltd.

In the case of disordered semiconductors, the variable range hopping (VRH) model combined with Mott formalism
can explain the low-temperature charge conductivity (G) with characteristic temperature dependence by the following equa-
tion:

- e_(%)l/(d+1)

o (11)

where o, T}, and d refers to conductivity, characteristic temperature and sample dimension, respectively. In the case of a 2D
channel, d=2.

Figure 5-7(b) shows the linear dependence of In(G) vs T-1/3 found in the temperature range from 115K to 300K at
the sub-threshold voltage range (Vec<20V). The linear conductivity of ultrathin PtSez can be described by 2D VRH transport
(d=2 for the above equation) up to room temperature. This is possibly attributed to the localized density of states near the
conduction band edge, induced by structural defects in the probed PtSez sample.

The bandgap for monolayer PtSe: is expected to be as large as 1.2-1.8eV [79,85], where a clear off-state current is
expected. However, Figure 5-7(c) shows the back-gate Vsc dependence of drain-source current Ips at room temperature. The
off-state current (around Vgg= -10V) is found to be proportional to the applied bias voltages. This character was not observed
in other monolayer TMDCs of similar bandgaps, such as WSez, under the same condition of using SiO2/Si substrate[158]. We
also measured a monolayer WSe: device, which shows clear off-state even with increased voltage bias, as shown in the inset of
Figure 5-7(c). This implies that localized mid-gap states are introduced in monolayer PtSez by the presence of atomic defects
within the crystal.
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5.4  Visualizing atomic defects in PtSe:

Figure 5-8. Imaging atomic structure of PtSez. (a) Optical image of ultra-thin PtSe: transferred onto a TEM grid. The dotted
line displays the bilayer region of PtSez. The scale bar is 5pm. (b) Raw HAADF image of a bilayer PtSez. The scale bar is 1 nm.
(c) HAADF image of a monolayer PtSez. The scale bar is 2nm. Blue and red arrows in panels b-c) show the sites with missing Pt
and Se atoms, respectively. Panels b-c) are adapted with permission from ref [85], Springer Nature Ltd.

In order to directly visualize structural defects of PtSe2, we relied on Cs-corrected high-resolution transmission elec-
tron microscopy(HRTEM) imaging. Figure 5-8(a) shows the optical image of ultrathin PtSez transferred on a SizN4 TEM grid.
Figure 5-8(b) and Figure 5-8(c) are TEM images of bilayer and monolayer PtSe: respectively. Both images are taken with low
electron acceleration voltage to avoid unwanted e-beam damage to the structure. In these TEM images, both bilayer and mon-
olayer PtSez show 1T phase atomic arrangement where the position of Pt and Se atoms are identifiable by the brighter and
slightly darker spots, respectively. Consistent with the earlier TEM and STM investigations on PtSe2[159,160], we also observe
native Pt(Se) vacancies where blue(red) arrows in Figure 5-8(b) and Figure 5-8(c) indicate its position. The other positions
of Pt and Se vacancies in these images are not marked for the purpose of image clarity.

As for the density of Pt and Se vacancies, we were able to reliably extract them from the bilayer as it has a larger
sampling region on the TEM grid than the monolayer. We have constructed frequency distribution histograms (not shown here)
of Pt and Se vacancies by analyzing multiple TEM images of bilayer using Image] software, and we found the mean density of
Pt vacancies to be (0.9 + 0.06) x 10'3c¢cm™2 and Se vacancies to be (3.5 + 0.2) X 10'3cm™2 within the total analyzed area of
1095.81 nm?.

5.5  Magnetic properties of monolayer and bilayer PtSe>

5.5.1 Magneto-transport in monolayer and bilayer PtSe>
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Figure 5-9. Magneto-transport in monolayer PtSez.a) Vps dependence of out-of-plane Ips through PtSez. The top inset shows
the schematic of measurement geometry. The bottom inset shows the numerically derived differential resistance. b) Resistance
measured at the fixed Vps = 10mV while sweeping magnetic field. AR corresponds to R(B)-R(B=-250mT). Red(black) data points
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were obtained by sweeping the magnetic field in the same direction as the red(black) arrow. Inset shows the resistance varia-
tion by the applied magnetic field from 7nm thick metallic PtSez. c) Bias-dependent AR and magnetoresistance(MR). Similar
bias dependence is observed from 7nm thick metallic PtSez. Panel a-c) are adapted with permission from ref [85], Springer
Nature Ltd.

Next, we moved on to investigating magnetism in ultrathin PtSez. Figure 5-9(a) shows the 2 terminal measurement
of Ips while sweeping Vps in the vertical tunneling pathway through monolayer PtSez using graphene(drain) and Pd con-
tacts(source). The I-V characteristics show near-linear and symmetric due to the atomically thin tunnel barrier of PtSez, which
is only 0.7nm thick.

Compared to the low in-plane conductance of monolayer PtSez as shown in Figure 5-7(a), out-of-plane conductance
in this vertical current path is improved by several orders of magnitude. In this vertical geometry, the low-noise DC magneto-
transport measurement was possible and performed by measuring the 2 terminal resistance with fixed Vps while varying the
out-of-plane magnetic field from -250mT to 250mT and vice versa. Figure 5-9(b) shows the magnetoresistance at the base
temperature 1.6K with Vps=10mV. The data (y-axis) is represented as AR, which is R(B)-R(B=-250mT).

The resistance shows a plateau-like constant value in a low magnetic field range between +50mT, and increases grad-
ually and saturates at higher magnetic fields. The resistance difference (AR) between the two plateaus is 25 at Vps=10mV.
This resistance behavior with the out-of-magnetic fields deviates from the conventional localization signal. However, this two-
plateau response is the signature of the antiferromagnetic response demonstrated previously in van der Waals antiferromag-
net, Crls, with out-of-plane magnetization. The absence of magnetic hysteric behavior from the opposite magnetic field sweep
direction supports the argument of antiferromagnetism. Considering that graphene and Pd are the non-magnetic elements in
the current path of 2-terminal measurement, this magnetic response should be originated from PtSe;.

The switching of resistance, from one plateau to another, is gradual compared to the abrupt switching observed from
the thicker metallic PtSez as shown in the inset of Figure 5-9(b). This implies the possible difference in magnetic anisotropy
between thin and thick PtSez, and suggests the presence of in-plane magnetic anisotropy in monolayer PtSez making canted
magnetic moments energetically favorable at the intermediate field strength.

Figure 5-9(c) shows the summary of AR measured at different bias voltages. We observe that AR decreases with
applied bias, and the calculated magnetoresistance, AR/R(B=0T), decreases from 1% to 0.4%. This bias dependence resembles
closely that of the zero-bias anomaly of strong tunneling magnetoresistance(TMR) found in magnetic tunnel junction(MT])
structures[161,162]. In MTJ, TMR is reduced strongly with the applied bias voltage of the order of a few hundredths millivolts.

Although the detailed mechanism of this universal behavior of bias dependence found in both ultrathin(0.7nm) and
thick(7nm) PtSez remains unclear, we present some possible explanations suggested for the decreasing MR found in MTJ. There
are two mechanisms, both of which rely on tunneling electrons with excess energy above Fermi level due to applied bias volt-
age, known as hot electrons. The first mechanism is related to the collective excitation of spin-wave due to a hot electron injec-
tion process[163]. The hot electron generated with a higher bias voltage enhances the spin-wave excitation in the magnetic
system. This would lead to a spin flipping process, eventually responsible for reduced MR.

The second mechanism is related to enhanced indirect tunneling of hot electrons through the spin-degenerate density
of states. These non-polarized states can be due to structural defects within a material or at the interface of a heterostructure.
As bias voltage increases, spin-independent current increases by this indirect tunneling through non-polarized states. Conse-
quently, the spin polarization of total current is reduced and would lead to the reduction of MR[164]. From our previous TEM
analysis, we observe point defects, Vse and Vptin PtSez, where the Vse defect concentration is higher than that of Ve, In the next
subchapter, we show that from the calculation that Vet gives a polarized density of state, but Vse produces a non-polarized
density of states.
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Figure 5-10. MR of graphene with and without proximitized PtSez.a) Vsc dependence of resistance for two different gra-
phene channels. The bottom inset shows the schematic of the device with contact assigned with different numbers. b) Magneto-
transport on graphene channel with monolayer PtSe;, measured at 1.6K. Inset shows the comparison of two results obtained
from lateral (contact #2 & #5) and vertical (contact #2 & #3) geometry. c) Magneto-transport on pristine graphene, measured
at 1.6K. Panel a-c) are adapted with permission from ref [85], Springer Nature Ltd.

We next investigate how the magnetic ordering of monolayer PtSez can impact the transport properties of graphene.
For this aim, we selected two pairs of source and drain contacts: contact #2 & #5 connecting the graphene with monolayer
PtSez, and contact #1 & #2 connecting only the pristine graphene. Figure 5-10(a) displays the resistance of these two different
channels measured at fixed Vps while varying the back gate Vsc without the magnetic field. It shows that two graphene channels
have similar characteristics with the same position of their Dirac points. Here, for the purpose of comparison, resistances were
normalized to their values at the Dirac point to compensate for the dimensional contributions to the resistance.

However, the magnetic field response of these two channel reveals a clear difference, as shown in Figure 5-10(b) and
Figure 5-10(c). While Figure 5-10(c) shows a conventional weak localization signal from pristine graphene, PtSez/graphene
exhibits the same two-plateau response from the vertical measurement geometry. The inset of Figure 5-10(b) displays the in-
plane magnetoresistance(red circle) of graphene/PtSez, compared with the out-of-plane magnetoresistance(blue circle) from
vertical geometry which shows the overlapping response. It thus suggests that both magnetoresistances from the two different
geometries are from the same mechanism. One possible explanation for this is that carrier tunnels back and forth from gra-
phene to the magnetic defect state of monolayer PtSez via quantum tunneling. This type of tunneling is also reported previously
in WSez/graphene[165].
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Figure 5-11. Magneto-transport of graphene channel with bilayer PtSez. Resistance of graphene with bilayer PtSez from
the two opposite magnetic field sweep directions shows magnetic hysteresis. Red and black arrows indicate the sweep direc-
tion. Measurement is performed with a fixed Vps of 1.1V and at the base temperature of 1.6K. This measurement is performed
with the device shown in Figure 5-6a (bottom). The panel is adapted with permission from ref [85], Springer Nature Ltd.

It has shown in several van der Waals magnets including metallic multilayer PtSe: that layer dependent magnetic
exchange interaction is the key factor in determining the magnetic ground state. Therefore, it motivated us to further charac-
terize the magnetism in bilayer PtSez to obtain the complete information of magnetic properties in the ultrathin range.
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With the similar device geometry and measurement principle, Figure 5-11 shows the magneto-transport properties
of graphene with bilayer PtSez from the device, the image of which is shown in Figure 5-6(a) (bottom). We observe negative
magnetoresistance peaks around B = +20mT where the peak occurs at the plus(minus) sign of the magnetic field when the
magnetic field is increases(decreasing). Red and black arrows indicate the sweep directions. This reflects the hysteresis behav-
iour of magnetization, which is the hallmark of the ferromagnetic ground state. As a summary, our magneto-transport meas-
urement suggests that monolayer (bilayer) PtSez holds the antiferromagnetic (ferromagnetic) ground state.

5.5.2 The first principle calculation - defect-induced magnetic moments
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Figure 5-12. Localized magnetic moments induced by Pt vacancy in PtSez.a) Spin density distribution around Pt vacancy
for monolayer PtSez by the first-principle DFT calculation. Blue and red lope indicate the density distribution for opposite spin
orientations. The grey(yellow) sphere displays Pt(Se) atom, and the dotted circle represents the position of the missing Pt atom.
The right panel in a) shows in-plane integrated spin density plotted along the out-of-plane direction of the 2D plane, showing
the anti-parallel ordering of magnetic ground state in monolayer PtSez. The position of Pt vacancy is marked with Pt Grey X
mark. b) Spin density distribution around Pt vacancy for bilayer PtSez when the vacancy is present at the top layer. The right
panel in b) shows the ferromagnetic ground state. Panel a-b) are adapted with permission from ref [85], Springer Nature Ltd.

To understand the physical origin of magnetism in monolayer and bilayer PtSez, atomic defect-induced electronic and
magnetic property in ultrathin PtSez was examined employing the first-principles DFT calculation, which was hinted by the
prior observation of magnetism in multilayer PtSez[22].

The calculation found that Pt vacancy introduces magnetic moments localized around six neighbouring Se atoms
within the top and bottom Se planes. The left panels of Figure 5-12(a) and Figure 5-12(b) show the spin density distribution
created by Pt vacancy for monolayer and bilayer, respectively. Importantly, in the monolayer case, the top and bottom magnetic
moments energetically favor the parallel ordering, thereby giving an antiferromagnetic ground state (The right panel of Figure
5-12(a)). However, the ferromagnetic ground state is the only solution in the case of the bilayer (The right panel of Figure
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5-12(b)). These finding matches experimental observation. Additionally, due to the interlayer coupling from the additional
layer for the case of the bilayer, the fully polarized configuration of the magnetic moment becomes 1.335, which is lower than
that of the monolayer, 41p.

5.6 Summary and future perspectives

5.6.1 Achieved results

In short, we have studied the magnetic properties of the ultra-thin layer of vdW PtSez by means of magneto-transport
measurements. We fabricated electronic devices made of monolayer and bilayer PtSe; with graphene electrodes, and we
observed, indirectly by magnetoresistance, the ground state of ferromagnetic and antiferromagnetic ordering in monolayer
and bilayer, respectively. Supported by the presence of atomic vacancies found in the TEM images of ultra-thin PtSez, the first
principle DFT calculation explained the possible origin of magnetism that Pt vacancy induces local magnetic moments in both
mono- and bilayer PtSez. Sharing the same origin of magnetism found in multilayer PtSez[22], this work unveils defect-induced
magnetism down to the monolayer thickness of PtSe:.

5.6.2 Further development

Although the DFT calculation captures the same ground-state ordering as observed in the transport experiments,
further questions remain to elucidate the defect-induced magnetism of PtSe:. It was proposed in the previous report that RKKY
interaction is the governing mechanism for magnetism found in multilayer PtSez[22]. The interaction enables the long-range
magnetic ordering of magnetic moments, which are locally present at the two surfaces (top and bottom) of the multilayer PtSex.
As RKKY interaction is a function of a distance between the localized moments, magnetism in thin limit may appear with
stronger anisotropy, which could give interesting spin-textures in thin PtSez. On the other hand, when the material is thinned
down, PtSez become a semiconductor from a metal. The RKKY mechanism, which is valid for metallic/semi-metallic systems,
may not play a significant role in the thin limit. So a natural question occurs: how do the magnetic moments interact with each
other in the long-range for the thin samples? What is the origin of magnetic anisotropy?

Conventional magneto-transport measurement is a convenient way to characterize the magnetic properties of a ma-
terial. However, it can only probe the total magnetic properties of the volume through which the charge current flows. It is thus
a limited method to provide spatial information on how defect-induced magnetic moments interact in the short range of a few
nm. For this matter, scanning tunneling microscopy and scanning tunneling spectroscopy can be more favourable tools to use,
providing local information from their sub-nm spatial resolution and energy-resolved spectra. Scanning nitrogen-vacancy cen-
ter magnetometry can be adopted as well to probe local stray fields[166,167], which can potentially tell us the spin orientations
around the defect, which will be informative for studying its magnetic anisotropy.

Additionally, the nature of defect-induced magnetic properties in PtSez can be further investigated by studying how
the defect concentration plays a role in its magnetic properties. This can be addressed by controlling the atomic defect density
of Pt vacancy. Various methods can be applied to achieve this purpose, such as dose-controlled e-beam irradiation[168] or Ar
plasma or ion bombardment[169], which have demonstrated their usage in creating point defects in other TMDCs. The infor-
mation could help tailor the magnetic properties, thereby giving us an additional knob to control its magnetic property with
the defect concentration. If successful, this so-called defect engineering, combined with synergic strategies of etching layer by
layer of PtSez, can enable the production of a metal and a semiconductor with various different magnetic properties, all from a
single material, PtSe:.

5.6.3 Future perspective

Interfacial-driven phenomena[170] in heterostructure of conventional magnetic thin films, such as interfacial per-
pendicular magnetic anisotropy(PMA)[139], interfacial generated spin current[171], spin Seebeck effect[172,173], exchange
bias[174], spin-orbit torque(SOT)[175,176] has greatly advanced the development of modern spintronics. On the practical side,
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magnetic materials with PMA have been the most essential element in the memory application due to their advantage com-
pared to in-plane magnetization materials in terms of low current for magnetization reversal, better thermal stability and min-
iaturization capability[177]. PMA is more desirable in the lateral spin valve applications where the perpendicular spin current
injection is preferred, for example, in the sensing of spin current from spin Hall effect[178].

In this regard, atomically sharp interface from vdW 2D magnets and their natural out-of-plane magnetization can
offer new possibilities to discover interesting physics and provide new functionalities in electronics, optics and spintronics
devices[179,180]. As for multilayer metallic PtSez, it has the potential to replace conventional ferromagnet contacts in already
investigated spin devices. Ultra-thin PtSez, where the magnetic properties are examined in this study, can be a good candidate
for an active magnetic element to realize low-power, compact spin-torque devices, thanks to its low total magnetization (mag-
netic moments/volume) originated by the nature of defect-induced magnetism.
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Chapter 6 Disorder-induced photovoltaic ef-
fect in centrosymmetric semiconducting PtSe;

This chapter presents a work on the defect-induced photovoltaic effect in semiconducting PtSez. This finding was
achieved by close collaborations with Dr. Zhe Sun, Dr. Juan Francisco Gonzalez Marin, who helped me with the laser optics
experiments, and with Dr. Mukesh K. Tripathi, who provided the atomic images of ultra-thin PtSe2 through TEM.

6.1 Introduction

When light is illuminated on a crystal without inversion symmetry, it can generate a photo-induced DC current at
zero-bias conditions based on bulk photovoltaic effect (BPVE)[181]. The amplitude and direction of generated current are dic-
tated by the symmetry of the host non-centrosymmetric crystal and can be controlled by the properties of the incident light,
such as incident angle and polarization. Unlike the photocurrent generated by the photovoltaics effect from the built-in electric
field, BPVE can occur in a single material. Thus, BPVE is considered as an alternative light-energy harvest mechanism not re-
stricted by Shockley-Queisser limit of power conversion efficiency in the conventional pn-junction solar cell[182].
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Figure 6-1. Symmetry engineering for enhanced BPVE. a) Flexo-photovoltaic effect in MoSz. b) van der Waal interface host-
ing spontaneous photocurrent generation. c) Enhanced BPVE in WSz 1D nanotube. Panels are adapted with permission. Panel
a) is from ref [25], Springer Nature Ltd. Panel b) is from ref [183], AAAS. Panel c) is from ref [184], American Chemical Society.
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Nevertheless, such advantages of BPVE are strictly applied to a non-centrosymmetric system, where centrosymmetric
materials have persistently shown to be absent from BPVE. The broken inversion structural symmetry is thus the pre-requisite
condition for a material to host BPVE and this fundamental requirement limits the class of material to be explored and used for
photovoltaic application. However, recent advances in symmetry engineering using high crystal quality vdW material have
demonstrated novel methods to create and manipulate the effect of BPVE in otherwise symmetry-forbidden materials[185].
Figure 6-1(a) shows a method based on applying mechanical strain to a crystal where inversion symmetry is lifted from the
strain gradient, generating BPVE. This phenomenon is termed a flexo-photovoltaic effect[25]. Also, a well-designed interface
can host the bulk photovoltaic effect[183]. As shown in Figure 6-1(b), the spontaneous photocurrent can be present at the
interface of stacked vdW crystals (WSez and black phosphorus). The current direction can be controlled by the interfacial sym-
metry of the hetero-interface, which can be engineered by the relative rotation angle of two crystals. Last but not least, Figure
6-1(c) shows an effective method to create BPVE by reducing the dimensionality and lifting the 3-fold rotational symmetry of
2D WSz by scrolling it into a form of 1D nanotube[184]. This method could produce orders of magnitude higher BPVE compared
to typical bulk materials.

These aforementioned approaches of symmetry engineering of BPVE are particularly based on external methods to
break the centro-symmetry. Yet, the light-matter nonlinearity can also be induced by an intrinsic source, defects in a crys-
tal[186,187]. Optical nonlinearity is strongly related to crystal symmetry, and the symmetries vanish in the presence of defects.
For example, vacancy defect can break the inversion symmetry and allows even-order harmonic generation in centrosymmet-
ric media, where defect-enhanced second-order harmonic generation (SHG) has been demonstrated[188]. The bulk photovol-
taic effect, which is the DC counterpart of SHG, is also expected to be enhanced in centrosymmetric media by defects. However,
this still lacks clear experimental proof.

In this regard, a few-layer PtSez, a centrosymmetric vdW semiconductor, can provide the ideal testbed for exploring
the role of the defect in non-linear DC response from the electromagnetic field of light. For both even and odd number of layers,
pristine PtSez has inversion centers (even layer at a vdW gap and odd layer within Pt atoms of central PtSez layer). The crystal
belongs to the centrosymmetric space group of P-3m1 globally, and Se and Pt atomic sites belong to polar point groups Csvand
D34, respectively. The presence of defects in PtSez can locally breaks the inversion symmetry. Among various types of defects
in this material, 0D point defect, particularly the Se vacancy(Vse), is considered the most stable[76]. The vacancy formation
energy and sputtering energy of chalcogen atom in PtSez are calculated to be lower than those of other well-known TMDCs,
such as MoSz and WSe2[189]. Therefore, PtSez is more prone to be defective than other TMDCs. Earlier studies have already
visualized the presence of various types of defects in PtSez, including Vse, through high-resolution atomic imaging[159,160].

In this chapter, we present the work related to the discovery of the defect-induced bulk photovoltaic effect in semi-
conducting PtSez, where defective PtSe: is produced by the Au-assisted exfoliation technique[190]. This finding is achieved by
directly comparing the photo-response of pristine and defective PtSez, and the broken local inversion symmetry in defective
PtSez is manifested by both strongly enhanced photovoltage and photocurrent response under homogenous sample illumina-
tion. We suggest the inversion asymmetry is induced by point defects and cluster-like defects, which are directly visualized by
TEM and indirectly confirmed by defect-induced Raman peak shift and broadening. We observe linear- and circular photocur-
rent, as well as polarization-independent photocurrent. We claim that linear-polarized photocurrent originated from point de-
fects, such as Vse. In contrast, circular polarization and polarization-independent components possibly originated from the
structural disorder of lowest reduced symmetry, cluster-like defects, considering the experimental condition of normal inci-
dence of illumination. Our work demonstrates the potential of defective semiconducting PtSe: to be used for harvesting light
and detecting light polarizations.
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Figure 6-2. Schematics describing the process of Au-assisted PtSe: exfoliation.

We have obtained defective PtSez ultrathin flakes through the Au-assisted exfoliation technique following the re-
ported procedure[190]. Here, we summarize the experimental steps of the technique, illustrated in Figure 6-2.

1.

PtSez (CVT-grown PtSe2 source from HQ graphene) was mechanically exfoliated on a Nitto tape. Then, 100nm
Au was deposited directly using e-beam evaporation.

We used a thermal release tape to detach the Au film. During the process, the ultrathin layer of PtSe: is picked up
by Au film due to the larger bond strength between the adjacent Se layer in PtSe; with Au film (F,,_g.) than the
vdW interaction within PtSez layers (Fy,qi)-

We transferred the stack of ‘100nm Au film/few-layer PtSe2’ onto a silicon oxide substrate and released the stack
by applying the thermal tape releasing temperature of 130°C for 30 seconds.

We cleaned the tape residue using Oz plasma treatment. Then, Au etchant (KI:12:DI1=1:4:40) is used to remove the
100nm Au film. To make sure to completely remove Au on PtSez, we left the sample in etchant at a mild temper-
ature condition (40°C) for 30 minutes. From the analysis of energy dispersive x-ray spectroscopy (data not shown
here) on PtSez exfoliated from this technique, we do not observe characteristic X-ray peaks from Au atoms (Au
atomic concentration below the EDX detection limits). We also checked from TEM imaging (see Figure 6-18)
and we also could not find visually any remaining Au atoms.

Figure 6-3 shows the optical images of ultrathin PtSez on the silicon oxide substrate by Au-assisted exfoliation(Figure
6-3(a)) and standard tape exfoliation (Figure 6-3(b)). We used AFM to confirm the number of layers of PtSez based on the
multiples of the unit monolayer thickness. Figure 6-3(c) and Figure 6-3(d) show the thickness of 1L, 2L and 3L PtSez obtained
by standard tape and the Au-assisted exfoliation methods, respectively. Monolayers produced from two different exfoliation
methods show similar thicknesses.

68



Disorder-induced photovoltaic effect in centrosymmetric semiconducting PtSe:

b

Au-assisted exfoliation

a Normal tape exfoliation

-
- e‘h -

~
=== gL \ - 1L
——— 2L —-—— 2L
——— 3L T
C 25 d
Regular exf. 1L 25 ----Auassisted exf. 1L W« ems
Regular exf. 2L - ==-Au assisted exf. 2L '-'"’“' oo
20 Regular exf. 3L ] - Au assisted exf. 3L !
— _ . N :
£ € !
£ 15 £ 15} AR PN
n 177 XY
73 [ : :
0] o) : !
E‘ 1.0+ _E 1.0F ! !
L2 ) foeee !
< £ Fard b
= 0.5¢ ~ 0.5 'l .: o :l
'l : ,, \\- K
0.0 !{,’~w' v ! .
0.0 "v‘:;.\::—‘ "
3 0 1 2 3 4 5

0 1 2

Distance(um)

Figure 6-3. Ultrathin PtSe: fabricated by regular and Au-assisted tape exfoliation.a-b) Optical image of PtSe:z obtained by
normal regular tape exfoliation a) and Au-assisted tape exfoliation b). The area of mono-, bi- and trilayer PtSe: is shown as
black, red and blue dashed contour lines, respectively. c-d) Thickness of mono-, bi- and trilayer PtSez from regular tape exfoli-
ation c) and Au-assisted tape exfoliation d) measured by AFM. Monolayer thickness from the regular(Au-assist) exfoliation is

Distance(um)

measured to be around 0.75nm (0.7nm).

6.3 Sample characterization

6.3.1 Signature of structural defects by Raman spectroscopy

The structural disorder of Au-assisted exfoliation samples was first identified in the clear differences in Raman spec-
tra compared to the standard exfoliation. Raman spectra were taken by 532nm wavelength excitation using a focused laser and
the grating of 3000 lines/mm and we probed the same samples used for AFM measurement. Figure 6-4(c) and Figure 6-4(d)
show their Raman spectra of mono-(black line), bi-(red line) and trilayer(blue line) PtSe: from regular and Au-assisted exfoli-
ation, respectively, where the colored spots in Figure 6-4(a) and Figure 6-4(b) correspond to the excitation spots. All the
spectra are normalized with respect to the prominent peak intensity around 179cm-1, that is the Eg peak. Si substrate Raman
peaks were simultaneously measured as a reference signal (data not shown here), which was used to calibrate Raman peak

positions of PtSe: if needed. However, the Si substrate peaks from all the different samples were found to be within

520.26+0.03cm1.
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Figure 6-4. Raman spectra of PtSez produced by two different exfoliation techniques.a-b) Same PtSez samples are shown
in Figure 6-3(a-b). Black, red, and blue dots are the area of laser excitation spot where the Raman spectra of mono-, bi- and
trilayer PtSez were measured, respectively. c-d) Raman spectra of ultrathin layers of PtSez from regular tape exfoliation c¢) and
Au-assisted tape exfoliation d).

In Figure 6-4(c), we observe three prominent Raman peaks of 1T-phase PtSez: Eg, A1g and longitudinal optical(LO)
phonon modes[80]. In the case of the bilayer (displayed in red curve), we found the Eg, Aigand LO peak to be around 179.7cm-
1,207.4cm1, and 235.3cm, consistent with the previous Raman analysis with the same excitation wavelength[191], and allows
regular-tape exfoliation sample to be considered as pristine PtSez. As thickness increases from monolayer to trilayer, Eg peak
redshifts from 180.9cm-1to 179.05cm 1, and Aig peak also redshifts from 208.43cm! to 207.61cm-1. This red shift may be at-
tributed to long-range Coulomb interaction, which has also been observed in MBE grown PtSez[80], and other TMDCs as
well[192]. In bulk PtSez, Eg and A1g peaks further redshift to 177.81cm-1and 207.02cm1, respectively.

Additionally, we found that the LO mode consisting of two vibrational modes, infrared active(Azu) and Raman and
infrared active (Eu), shows the strongest peak intensity with respect to Eg mode at bilayer thickness and splits into two vibra-
tional modes at trilayer thickness. This abnormal trend goes against the previous Raman analysis of few-layer PtSez grown by
MBE [80] and it may require further study on Raman properties of exfoliated PtSez from a CVT-grown source to understand the
difference.

As for Au-assisted exfoliation samples shown in Figure 6-4(d), we still observe the three prominent Raman peaks
owing to the same structural 1T phase of PtSe2. However, compared to Raman spectra from pristine PtSez, there is no clear
redshift of E;and the FWHM linewidth of Egpeak broadens significantly for monolayer PtSe2. The LO peak splitting from pristine
trilayer PtSez is also not observed. The large FWMH can be attributed to the structural disorder and we consider the Au-assisted
exfoliation sample to be defective.
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Figure 6-5. Raman signatures of defective PtSez.a) Raman spectra of pristine and defective monolayer PtSez. Raman intensity
from the defective sample is multiplied by 10 for comparison. b) Normalized Raman spectra compared between pristine (solid
line) and defective (dashed lines) PtSez. Raman spectra obtained from the same layer thickness are compared with the intensity
being normalized by the intensity of Eg mode. Line colors are assigned to different layers: monolayer(black), bilayer(red), tri-
layer(blue) and bulk(green). c) Frequency difference of Eg mode (AEg) between pristine and defective PtSe. Eg peak positions
are obtained by Lorenztian fitting, and the shift is calculated by AE; =Eg(defective)-Eg(pristine). The amplitude of redshift of Eg
mode increases as thickness reduces. d) FWHM of Eg mode compared between pristine and defective PtSez2. The FWMH of Eg
mode increases as thickness reduces.

We now directly compare the properties of Eg peak of mono-, bi-, and tri-layer between pristine and defective samples.
Figure 6-5(a) compares the raw Raman spectra of pristine and defective monolayer PtSe2. We observe that Eg peak redshifts
and its intensity drops more than 10-fold with a strong background signal appearing compared to the pristine sample. Figure
6-5(b) shows Egpeak spectra between pristine (lines) and defective (dash lines), with offsets for clarify. We extracted Eg peak
positions and FWHM values by Lorenztian fitting, summarized in Figure 6-5(c), and Figure 6-5(d), respectively. Unlike bulk
samples showing almost the identical overlapping spectra, we found additional Eg peak redshift(AEg) in defective samples,
which increases as thickness is reduced, reaching the value of AEg=1.68cm-! for monolayer. This is accompanied by a 3-fold
increase in the FWHM of the peak.

We speculate that the structural damage is possibly created during the deposition process of Au atoms (#1 in Figure
6-2), which can sputter away the top Pt or Se atoms[49]. We would like to also note again that the sputtering energy of a
chalcogen atom for PtSez is lower than reported TMDCs (see introduction). Figure 6-6 shows Raman spectra of pristine PtSez
after a mild Ar-plasma bombardment and we observe that they are reproducing the Raman spectra of this defective PtSe:
shown in Figure 6-4(d). This result supports the idea that structural defects in Au-assisted exfoliation samples are created
from physical damage.

71



Disorder-induced photovoltaic effect in centrosymmetric semiconducting PtSe:

a 25 b 1oF
Source : Ar ——— 1L (after plasma)
Power : 30W —— 2L (after plasma)
20+ Pressure : 0.1mbar - —— 3L (after plasma)
) Duration : 30seconds S
T
—~ ..2‘
E 1.5} ‘O
c
£ 8 os
[
et - —
1.0 i
@©
§
0.5} @
0 L L L 00
Sample A Sample B Sample C 160 180 200 220 240 260

Raman shift(cm™)

Figure 6-6. Raman spectra of pristine PtSe: after mild Ar plasma treatment.a) Etching PtSez by Ar plasma treatment. Using
AFM, the thickness variation (At) of three different PtSe2 samples (A,B, and C) were checked before and after plasma treatment.
Ar plasma effectively etches away PtSe: at the average rate of 0.364/s. b) Raman spectra of regular tape exfoliated PtSe; after
Ar plasma treatment (duration time=7s). PtSez is expected to be etched away with the nominal value of 3A.

Additionally, we show an indication that defects are homogeneously distributed within the entire exposed area. We
measured the Raman spectra from different excitation spots as shown in Figure 6-7(a). Figure 6-7(b-d) show the Raman
spectra taken from mono-, bi- and trilayer thickness, respectively, where the spectra number (e.g. #1) corresponds to the same
spot numbered in Figure 6-7(a). We observe well overlapping Raman spectra from the same thickness.
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Figure 6-7. Raman spectra across the area of mono-, bi- and trilayer PtSez.a) Optical image of PtSe; produced by Au-as-
sisted exfoliation. Raman spectra were taken at different laser excitation spots. Laser excitation spots are numbered from 1 to
9. Multiple spots are assigned within the same thickness area: monolayer (#1-#3), bilayer (#4-#6) and trilayer (#7-#9). b-d)
Corresponding Raman spectra of PtSez obtained from the region of monolayer a), bilayer c), and trilayer d) showing the ho-
mogenous Raman signal.
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6.4  Optoelectronic measurement result 1

6.4.1 Spatial photovoltage reponse in pristine and defective PtSe2

We now investigate the photoresponse from defective and pristine PtSez. Figure 6-8(a) shows the scanning photo-
voltage microscopy measurement schematic. A focused 647nm laser under normal incidence was used as the optical excitation,
with a focused beam spot size of 1um achieved by an objective. Light polarization, either linearity or helicity, was controlled by
using a quarter-wave plate (QWP) and half-wave plate (HWP), respectively. A piezo-electric nano-positioner was used to scan
the laser beam across the entire sample surface by controlling the position of the objective. The resultant photoelectric re-
sponse, either photocurrent or photovoltage, was measured simultaneously. The electrical connection described in Figure
6-8(a) is for describing the open-circuit photovoltage measurement, where we have used lock-in detection to increase the
signal-to-noise ratio by using mechanical chopper. All the measurements shown later were taken at room temperature, with
the sample being kept under high vacuum condition (P~10-mbar).
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Figure 6-8. Scanning photovoltage microscopy of defective and pristine 2L PtSez.a) Schematic of photovoltage measure-
ment. 647nm wavelength light is used as the optical source. The light polarization is controlled using a linear polarizer and a
waveplate (either a quarter-wave plate or a half-wave plate). The laser is focused to 1um spot size using objective, and the spot
is scanned across the device by scanning the objective position using the nano-positioning actuator stage. Simultaneously, gen-
erated photovoltage is measured in an open-circuit condition between two Pd electrodes. Laser power of P=200uW with chop-
per frequency 733Hz is used. b-c) Optical microscopy image of multi-terminal devices made of defective PtSez b) and pristine
PtSez on a SiOz/doped-Si substrate. c). Scale bar is 5um. d-e) Photovoltage d) and e) measured by laser line scan along the
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dotted blue line in b) and c), respectively. The shaded grey region represents the position of metal electrodes. Here, linear
polarization of light is used for the scanning.

Figure 6-8(b) and Figure 6-8(c) show the multi-terminal devices on SiO2/Si substrate from defective and pristine
2L PtSez, respectively. Figure 6-8(d) and Figure 6-8(e) show the line profile of open-circuit voltage measured using electrodes
A and B for defective, and pristine PtSez, respectively, while laser scans across the edge of A electrode to the edge of B electrode.
From the comparison of the two line profiles, it is evident that there is a significantly different optoelectronic response between
pristine and defective samples. For defective PtSez, photovoltage maximizes around the center position in between the two
electrodes and progressively decreases as the laser spot gets close to either edge of the two electrodes. However, for pristine
PtSez, we only observe photovoltage at the edge of the two electrodes with different signs. The latter has been commonly ob-
served at the metal-TMDCs interface and explained by the combination of two main effects: first, electron-hole separation from
the built-in electric fields present in the Schottky contact[193] and second, a photo-thermoelectric effect at the interface of two
materials with different Seebeck coefficients[194].

6.4.2 Linear- and circular photocurrent in defective PtSe2

To investigate further the abnormal photovoltage response in the defective PtSe; sample, we measure polarization-
dependent photoresponse using the quarter-wave plate while the laser is being positioned at the center of two electrodes. Here,
we align the fast axis of the linear polarizer to the principle axis of quarter-wave plate, so that we apply right(left) circular
polarization at 45° (135°), and so forth.
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Figure 6-9. Polarization-resolved photovoltage from defective and pristine 2L PtSez. a) Polarization-dependent photo-
voltage from defective (red dots) and pristine (black dots) bilayer PtSez. The open-circuit voltage is measured between elec-
trodes A and B (shown in Figure 6-8(b) and Figure 6-8(c)) while the laser is being focused at the center of two electrodes
with the same laser power of 200uW. The laser polarization is simultaneously controlled by quarter wave plate rotation during
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the measurement. For both samples, the AC lock-in measurements were performed with the chopper frequency of 723Hz. The
background noise level is around 0.7uV. b-c) Photovoltage (black dots) as a function of the quarter wave plate rotation angle
for defective b) and pristine c) bilayer PtSez. Fitting from Eq. (12) is shown as a solid red curve. Dashed color lines represent
three major components in the modulation indicated in Eq. (12); D,6 + D, (blue, dashed line), Csin26 (red, dashed curve) and
Lsin(40 + 6,) (black, dashed curve). (d) Amplitudes of C, L, D; and D, in Eq. (12), extracted from defective and pristine sam-
ples. D; values for both samples are multiplied 100-fold for visibility along with the other amplitudes.

Figure 6-9(a) shows polarization-dependent open-circuit photovoltage measured using A and B electrodes from the
defective and pristine sample. Photovoltage from the defective sample shows larger modulation with a quarter wave plate
angle and a larger offset value than those obtained from the pristine sample. In order to extract components sensitive to linear
and circular polarization, we fit the raw data using a phenomenological expression considering the experimental conditions of
quarter-wave plate rotation, which is

Vpn = Csin26 + Lsin(40 + 0,)+D;0+D,. (12)
Here, 6 refers to the angle of the quarter-wave plate defined as the relative angle between the quarter-wave plate fast axis and
the axis of the linear-polarizer. C and L indicate the amplitude of circular and linear photocurrent term, and D, refers to the
amplitude of polarization-independent photocurrent, seen as an offset. Lastly, D; accounts for any experimental drift of the
sample with respect to the laser spot position during the data acquisition. 8, account for a phase shift.

Figure 6-9(b) and Figure 6-9(c) represent photovoltage modulation from defective and pristine samples, respec-
tively fitted with Eq. (12). The raw data (black dot) is well fitted with Eq. (12) (red curve), and dotted black, red and blue curves
shows the linear-polarization dependent, helicity-dependent, polarization-independent photocurrent components, respec-
tively. Figure 6-9(d) summarises the amplitudes of the components between pristine and defective samples. We observe a
clear enhancement of all the components (C, L and D,) in defective PtSe2. We note that the background noise level of voltage
when laser is on SiOz is around 0.7uV.

The photovoltage generated from a single material away from the contact electrodes narrows down two possible
mechanisms, BPVE or photon-drag effect (PDE)[195]. It is generally understood that both effects can produce similar photo-
current response to linear and circular polarization. The light polarization and photocurrent generated from BPVE is in relation
under a 3rd-rank tensor, which is written as

JBPVE = Oapy(W)Ep(w)Ey (w), (13)

and the relation for PDE photocurrent is under a 4th-rank tensor, which is

Ja"F = P apyu(@)q,Ep(w)Ey(w). (14)

Here, jBPVE (jPPEY is photocurrent generated from BPVE (PDE). a, 5, and u indicate the Cartesian coordinates (x,y and z) and
E and q refers to applied electric field and incident photon momentum, respectively. g, is 3 rank photogalvanic tensor and
@4y is 4th-rank photon-drag tensor. It is worth noting that as the order of tensor rank in Eq. (13) and Eq. (14) dictacts, the
bulk photovoltaic effect should appear only in non-centrosymmetric material while PDE can also be present in centrosymmet-
ric material. PDE being sensitive to incident photon momentum, it can only produce non-zero in-plane photocurrent at the
experimental condition of oblique incidence (g, # 0).

The condition of normal incidence (g, = 0) in our experiment is achieved by placing the laser spot at the central
position of the lens, which should give net in-plane momenta of focused light to be zero. We have checked such conditions by
confirming whether we have a circular and symmetric optical interference fringe pattern in the image of the CCD camera when
the laser is being defocused away from the sample plane. Therefore, the photocurrent generated under homogenous illumina-
tion from our experimental condition should not be related to PDE mechanism. Importantly, the larger photovoltage signal
from the defective sample than the pristine sample cannot be explained by solely PDE considering that the experimental con-
dition of light incidence for both sample measurements is strictly the same. This leads to a conclustion that the enhanced pho-
tovoltage signal in defective PtSez is attributed to BPVE, which require broken symmetry for PtSez, and the structural disorder
can be a potential source of inducing symmetry breaking.

Itis worth exploring another possible source of symmetry breaking reported prior to support our claim that structural
defects are the actual main source of BPVE we observe in PtSe:. It has been demonstrated that a built-in electric field from a
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Schottky barrier at a metal-semiconductor junction can break the symmetry of the semiconducting material and induce
BPVE[196]. We exclude this as a possible source because photovoltage appears when the laser is illuminated away from the
electrodes. In addition, symmetry breaking by crystal edge and its concurrent photocurrent under edge illumination are re-
ported[197] but this is not relevant to our experimental condition as the data of Figure 6-9(a) is obtained when the laser
exciation is focused within the sample and away from the edges. However, there are still some other possible external sources
which cannot be neglected at the current stage. One is related to the asymmetric dielectric environment (SiO2 and vacuum)[91].
The other is the possible formation of local strain during the exfoliation or device fabrication process that is often reported for
2D materials[198]. This motivated us further to fabricate a new device to respond to these other possibilities and to check the
validity of our initial claim that structural defects are the actual cause of BPVE for PtSe:.
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6.5  h-BN encapsulated sample fabrication

We have fabricated a new h-BN encapsulated PtSez device with a top and bottom gate to address the following two
questions experimentally.

1. Is the symmetry breaking intrinsic one related to structural defects, or extrinsic one related to either strain or
asymmetric dielectric environment?
2. What is the potential explanation for linear and circular photocurrents?

Figure 6-10(a) shows the schematic of materials involved in the device, and Figure 6-10(b-f) explain the device
fabrication procedure. We first fabricated a local metal gate using Cr 1nm/ Pt 5nm and transferred a bottom h-BN. Then, we
pre-patterned contact electrodes (Cr 1nm/Pt 9nm) and transferred PtSez by the h-BN pickup transfer method. The h-BN for
picking up PtSe: is used as a top gate dielectric layer. We finalized the device structure by fabricating the top gate electrode
made of Pt 5nm.

:I |:|_> ?:2r1nmPt9nm

I |— %
Cr 1nm Pt 5nm

d-
fn

Figure 6-10. Fabrication of dual-gate h-BN encapsulated PtSe: device.a) Schematic showing the material elements used for
fabricating the heterostructure. #1, #2, and #3 metal layers colored in yellow serve as a top local gate, pre-contact for PtSe:
and a local bottom gate, respectively. b-f) Optical images showing the fabrication steps. b) Bottom h-BN being transferred on a
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local metal gate made of 5nm Pt. ¢) E-beam pattern of pre-contact electrodes on h-BN layer. d) Deposition of Cr I1nm/Pt 9nm
for pre-contact electrodes and Pd 80nm as post-contact electrodes. The post-contact electrode is thick enough to overcome the
thickness of the bottom h-BN. e) Bilayer PtSe: transferred onto the two pre-contact electrodes with top h-BN layer by van der
Waals pick up method. Inset shows the dark-field image showing the flake more clearly. f) Fabrication of top metal gate.

Figure 6-11(a) shows the optical microscopy image of a device made of the defective sample, and Figure 6-11(b)
shows the image of a pristine device where the materials involved are illustrated with color-shaded areas. In these devices, the
degree of inversion symmetry breaking can be further tuned by varying the magnitude of the vertical displacement field using
the top and the bottom gate electrode. As for the defective device, we fabricated six contact electrodes in circular alignments,
which are 60 degrees apart, to examine the tensorial properties of BPVE.

Top gate

Figure 6-11. Dual-gate h-BN encapsulated 2L PtSe: device.a) Optical image of defective PtSez device. b) Optical image of
pristine PtSez device. The green shaded area represents the area of 2L PtSez, and the area of the top and bottom metal gates
and, h-BN layers are highlighted in different colors. In a), six contact electrodes are numbered. For b), only PtSez and top metal
gate are displayed for image clarity. Both scale bars are 5um.
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6.6 Optoelectronic measurement result 2

6.6.1 Optoelectronic response reproducing earlier result 1
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Figure 6-12. Scanning photocurrent microscopy of h-BN encapsulated 2L PtSez.a-b) Optical microscopy image of h-BN
encapsulated defective a) and pristine 2L PtSezb). c-d) 2D laser reflection mapping of defective c) and pristine sample d). For
the defective sample, the mapped area is between contact electrodes #1 and #6. e-f) Zero-biased photocurrent mapping of e)
defective and f) pristine sample, simultaneously measured with laser reflection. For defective PtSez, photocurrent is dominantly
generated within the material away from the electrodes, while photocurrent changes its sign at the edges of two opposite elec-
trodes for pristine PtSez. Here, photocurrent from the defective sample is measured with DC sourcemeter without the chopper
at P=160uW. Photocurrent from the pristine sample is measured with lock-in amplifier with chopper frequency of 733Hz at
P=200uW. The position of PtSez and contact electrodes are highlighted with green and black contour line, respectively.
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We first investigate the reproducibility of our previous result of scanning photovoltage microscopies obtained from
devices on SiO2/Si. Figure 6-12(a) and Figure 6-12(b) show the optical microscopy image of h-BN encapsulated defective and
pristine 2L PtSez, respectively. Figure 6-12(c) shows 2D mapping of laser reflection covering the area between the contact
electrode #1 and electrode #6 from defective bilayer PtSez. Figure 6-12(d) shows the 2D mapping of laser reflection around
the pristine bilayer PtSez flake area. Here, linear polarization of light is used for the mapping, and DC photocurrent is measured
simultaneously using the two contact electrodes. For the defective device, the rest of non-measured contact electrodes were
floated. All the gate electrodes are grounded.

Figure 6-12(e) and Figure 6-12(f) compare the obtained result from h-BN encapsulated defective and pristine bi-
layer PtSez under zero-bias condition, respectively. From the reflection map, it is possible to deduce the position of contact
electrodes for each device. It is then straightforward to conclude that the photoresponse observed in previous devices on
Si02/Si are reproducing in h-BN encapsulated devices as well, implying that substrate-induced effect is not the origin of sym-
metry breaking.

For pristine PtSez, the sign change of photocurrent is visible at the different edges of the contact electrodes, and for
defective PtSez, photocurrent is generated dominantly within the two contact electrodes and vanishes on the electrodes with-
out changing its sign. The negligible photocurrent generation at the interface between defective PtSez/contact electrodes is
possibly due to the reduced Schottky barrier from the defect-induced mid-gap states in PtSea.

6.6.2 Consistency between photocurrent and photovoltage

As shown in Figure 6-13(a), both detected modulation of photovoltage and photocurrent against the waveplate ro-
tation angle matches well to each other. This is generally seen in other 2D materials as well[195,199]. Here, the photovoltage
is the root-mean-square amplitude of AC photovoltage measured by the lock-in amplifier. This consistent photoresponse is also
well-captured also by DC IV-curve measurements at different light polarization, as shown in Figure 6-13(b). Y-intercept value
in IV curves corresponds to the spontaneous generation of photocurrent at Vsp=0V and shows polarization dependence. X-
intercept value corresponds to the open-circuit DC photovoltage (Isp=0A).
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Figure 6-13. Consistency between photocurrent and photovoltage.a) Photocurrent and photovoltage measured while ro-
tating quarter wave plate angle. Both short-circuit zero-biased current and open-circuit voltage measurements show the same
photoresponse from QWP angle modulation. Here, photocurrent is measured with DC sourcemeter without the chopper at
P=160uW, and photovoltage is measured with lock-in amplifier with chopper frequency of 133Hz at P=100uW. b) DC IV-char-
acteristic of defective 2L PtSez with linearly and two circularly polarized (o+ and o-) light incidence at P=160uW, compared
with no light.

80



Disorder-induced photovoltaic effect in centrosymmetric semiconducting PtSe:

6.6.3 Spatial dependence of BPVE
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Figure 6-14. Position-dependent zero-biased photocurrents.a) Photocurrents measured while rotating QWP angle at dif-
ferent laser spot positions (A,B,...F) marked in Figure d) at P=160uW. b) L, C and D2 components of photocurrent at different
x-coordinates averaged from two vertical lines of y=85um, and 86um. The amplitude of all the components increases maximally
near the center of two measuring electrodes.

Figure 6-14(a) shows the set of photocurrents by quarter-wave plate rotation measured from different laser spots,
labelled by letters, along the line depicted in Figure 6-12(c). The extracted amplitudes of linear and circular components and
offsets are displayed in Figure 6-14(b) with respect to the x coordinates of the laser spots. We can distinguish linear and
circular components and offsets get maximized near the center position between two electrodes.

Notably, the offset we measure is distinctly different from the photothermoelectric effect, induced by an asymmetric
thermal gradient where the signal maximizes near the contact electrodes[200]. This polarization-independent offset instead
shares the similar origin of other amplitudes components, which will be discussed later.
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6.6.4 Power dependence of BPVE
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Figure 6-15. Laser power dependence.a) Quarter-wave plate angle-dependent zero-biased photocurrent measured at differ-
ent laser power. The red curve is the fitting from the phenomenological equation. b) Extracted L, C and Dz parameters of pho-
tocurrent with respect to the laser power where each photocurrent amplitude show linear power dependence fitted by dashed
lines.

We have measured photocurrent at different laser illumination power while rotating quarter-wave plate angles, as
shown in Figure 6-15(a). The amplitude of L, C and D2 components can be extracted by fitting (red curve), and their amplitude
with respect to laser power are summarized in Figure 6-15(b). The three photocurrent components (L, C and D2) increase
linearly with illumination power, confirming that they originated in the second-order response to the light electric field.

6.7 Discussion

6.7.1 Possible origin of LPGE, CPGE and offset

At the excitation with homogeneous radiation at normal incidence, the presence of circular photocurrent gives evi-
dence that the symmetry of defective PtSez has reduced to, at most, a single mirror-plane symmetry[195]. From the previously
reported literature, non-zero circular photocurrent component under normal incidence has been demonstrated in
twisted(6=0.6°) bilayer graphene[201] and disordered domains of MoTe2[202], where symmetry is expected to be reduced to
C1symmetry. It is also found that optical field gradients[203] or built-in electric fields[204] can also lower the symmetry ex-
ternally up to the level where circular photocurrent can appear with normal incidence. Furthermore, the presence of polariza-
tion-independent photocurrent in defective PtSez, which is not due to the thermal gradient, can be possibly explained by the
same low symmetry arguments. This is because BPVE can persist without polarization dependence if threefold rotational and
mirror symmetries of the 2D sheets are removed[184].

The CPGE and polarization-independent BPVE can be present if our PtSe: is strained, reducing the crystal symmetry
to Ci1. In order to examine the possibility of the sample being strained, we have measured linear photogalvanic voltage with
diagonal pairs of contacts with the laser excitation at the center of six electrodes. The linear polarization angle(«) is controlled
by a half-wave plate. Figure 6-16(a) shows the raw data obtained by measuring the voltage of an electrode in reference to the
voltage of the opposite side electrode. For example, referencing to the electrode numbering indicated in Figure 6-12(a), V14
related to the voltage of electrode #1 in reference to the voltage of electrode #4. The offset and the amplitude of linear pho-
togalvanic voltage measured with different diagonal pairs are not the same, and we attribute this to the inhomogeneities of the
transport channel between the diagonal electrodes. Figure 6-16(b) shows the polar plot of normalized photovoltage after
removing the offset, where, most importantly, we observe a constant phase shift of LPGE signals. This suggests that the rota-

tional symmetry is preserved in probed samples and allows us to exclude strain as the source of breaking crystal symmetry of
PtSez.
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Figure 6-16. Photovoltage from six diagonal pairs.a) Polarplot of photovoltage data from six diagonal pairs. The focused
laser spot (P=150uW) is positioned at the center of six diagonal pairs and the linear polarization angle(«) is controlled by half-
wave plate rotation. Simultaneously, photovoltage (e.g. V1-4) is measured between an electrode (e.g. #1) and the opposite elec-
trode (e.g. #4) via lock-in detection with a reference frequency set to 267Hz. b) Polarplot of photovoltage normalized with its
maximum after subtracting its individual offset.

Additionally, we have investigated how externally applied vertical electric field affects the LPGE and CPGE. Upon elec-
trical gating to the top and bottom gate, the average of two electrical displacement fields from the top (D;) and bottom gate
(Dp), whichis D = (D, + D) /2, can further break the symmetry of the material. Displacement fields of the top (D;) and bottom

gate (D,) by applied gate voltages (V) can be defined under the relation, D, = —Sr% and D, = ¢, %, where ¢, and d are
t b

perimtivity and the thickness of a dielectric layer, respectively. The top and bottom h-BN layers thickness are 18.5nm and
26nm, respectively, measured by AFM.

We have measured photocurrent using electrodes #1 and #6 while positioning laser excitation at the center of those
two electrodes. Figure 6-17(a) shows the vertical displacement field (D) dependence of linear and circular photogalvanic pho-
tocurrent and Figure 6-17(b) shows the dependence of photovoltage. In both our photocurrent and photovoltage experiments,
the source contact is grounded while the rest of the contacts are floated, and displacement fields are controlled independently
by applied gate voltages to the top and bottom gates.

Both circular photocurrent and photovoltage amplitudes are rather insensitive to the external electrical field. In other
words, the external electric field can no longer reduce the symmetry-related to CPGE. This observation can indeed support the
lowest symmetry argument, as mentioned earlier for CPGE. However, the amplitudes of linear photocurrent and photovoltage
show quadratic improvement with the increment of the vertical displacement field in both directions (see red guideline is the
fitted curve from 2nd order polynomial). This can be explained if we assume that LPGE is coming from the source of higher-
order symmetry, and the lowering of such symmetry leads to a larger amplitude of LPGE. The linear photogalvanic signal is
enhanced 75% at D=0.2V/nm.

83



Disorder-induced photovoltaic effect in centrosymmetric semiconducting PtSe:

a 70 b 8
o L o L
e C e C
ol T 2" order polynomial fit 7t 2™ order polynomial fit
°. p
AN [ 2 °
N ° .,” ) 6F-. ®
50 - .\\ °o0 ‘/’ () ® ‘ [ ) ‘ ®
° L N 4 ,/’ D (3 ¢
— S =" —~ 5t ° ‘,,,_77. ,,,,,
3 ° °..° 2 .
= 40t oo 5 °
c
S o)
o @
= = 4t
= o
: :
*5 30 B
£ £
o o 3t
20
° 2|
°
o® ° ° °
° RS ar °
) [ _e__0o--¢" o0 [ __o--2
1of Cm S * 9 ° @ T meemmeeeemeemcomaenmez o.o-®
° 11 e e
o %o ° °
°
°
0 1 1 1 1 1L 0 1 1 1 1 1L 1 1
-0.2 -0.1 0.0 0.1 0.2 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
D(V/nm) D (V/nm)

Figure 6-17. Displacement field dependence of LPGE and CPGE.a) Amplitude of linear- and circular-polarized current with
varying the amplitude and direction of the vertical displacement field. The photocurrent is measured with the laser power of
P=160uW. c) Amplitude of linear- and circular-polarized photovoltage with varying the amplitude and direction of the vertical
displacement field. The photovoltage is measured with the laser power of P=60uW using lock-in detection at the chopper fre-
quency 733Hz.
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6.7.2 TEM analysis on defective PtSe2

With no strain present in our device, we argue that the BPVE stems from broken crystal symmetry induced by struc-
tural atomic defects. In order to directly visualize and confirm the presence of structural disorder, we’ve obtained a high-reso-
lution image of atomic structure by TEM. Figure 6-18 shows the TEM image of bilayer PtSez from Au-assisted exfoliation,
where we can see 0D point defects (e.g. Vse, Vpt) as well as large cluster-like defects. Figure 6-18(a-b) shows the large and small
field of view of the atomic structure of PtSez, respectively.

We attribute different types of local atomic defects to the possible origin of LPGE and CPGE. We claim that cluster-like
defects are related to the generation of CPGE as well as polarization-independent BPVE, as it reduces the symmetry to the
lowest from Cs to C1. The point-defects, such as Se-vacancies, hold 3-fold rotation symmetry and can be considered as the can-
didate for linear-photogalvanic signals.

Figure 6-18. Imaging of atomic defects in 2L PtSez through high-resolution TEM.a) Atomic structure of bilayer PtSez (ob-
tained by Au-assisted exfoliation technique) in a large field of view(12nmXx12nm). Cluster-like defects (dashed orange circles)
are visible. b) Atomic structure with a smaller field of view(2nmXx2nm). Pt and Se atoms are marked with grey and green color
filled circles, respectively, representing the 1T phase crystal structure of PtSez. Se point vacancies (dotted yellow circle) are
visible. We note that we cannot see Au atoms on the lattice of PtSez in the TEM images.
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6.7.3 Charge transport in pristine and defective PtSe:
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Figure 6-19. Charge transport showing possible defect-induced midgap states in PtSez.a-b) top gate(Vrc) dependent
source-drain current (Isp) measured from h-BN encapsulated pristine 2L PtSez a) with bias voltage of Vsp=50mV, and defective
2L PtSez b) with Vsp=200mV using contact electrode #1(source) and #6(drain). c-d) IV-characteristic measured from pristine
c) and defective 2L PtSez d) at selected top gate values.

Such structural disorder observed from atomic imaging should impact the charge transport in PtSez. We have meas-
ured two-terminal charge transport without light between two electrodes of pristine and defective PtSez(using electrodes #1
and #6). Figure 6-19(a) shows the top gate (Vic) dependence of 2-terminal Isp of pristine bilayer PtSez, measured at
Vsp=200mV, showing clear ambipolar conductance (on-off ratio of 104). Figure 6-19(c) shows the IV curves at selected top
gate voltages of 0, +3 and +5V, which exhibit strong asymmetric behavior possibly induced by asymmetric Schottky barriers at
the Pt/PtSe2 interface.

As shown in Figure 6-19(b), the on-off ratio of the top gate (Vrc) dependence of 2-terminal Isp (Vsp=200mV) from
defective PtSez, however, is significantly reduced to around 1.4 with a large off-state current within the bandgap, compared to
pristine PtSez. The large reduction of conductance signifies the strong scattering during the charge transport. The IV curves
presented in Figure 6-19(d) show a close to linear relationship for all the selected gate voltages when the Fermi levels of PtSe:
are placed in the valence band, within the bandgap, and conduction band. Both low on-off ratio of conduction modulation with

gate voltage and near-linear IV characteristic imply a metal-like character that a large amount of mid-gap states exist in PtSez
due to defects[74].
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6.7.4 Macroscopic mechanism of LPGE

The macroscopic origin of LPGE can be due to asymmetric excitation in k-space from the optical selection rule, or the
asymmetric elastic scattering of the photo-excited carriers. Here, to obtain an intuitive picture, we describe our observed linear
photogalvanic effect with diagonal pairs following the well-known wedge model that accounted for asymmetric elastic scatter-
ing[205]. The model explains the generation of DC current from alternating AC E-field from light, a process provided by elastic
scattering of a particle from a potential lacking inversion symmetry, a wedge-shaped potential. This model has been adopted
for describing linear photogalvanic effect in various 2D systems, including 2D GaN/AlGaN[206] and PdTe[207].

Before moving on, we first explain the conceptual picture of how the scattering of the particles takes place to produce
the linear photogalvanic effect. At the illumination of an external alternating E-field on a matter, the distribution of charged
particle momenta maintains anisotropic (Figure 6-20(a)); there is a larger number of particles moving in parallel to the direc-
tion of the applied electric field and a smaller number in the perpendicular direction. However, the corresponding stationary
momentum distribution, displayed as a grey ellipse, does not produce measurable DC current but upon scattering by trigonal
symmetric potentials, resulting in uncompensated charged particle flow (Figure 6-20(b)).
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Figure 6-20. Asymmetric scattering mechanism of LPGE.a) Anisotropic distribution of in-plane momenta of charged parti-
cles with respect to the incident ac electric field from light. b) Schematic of scattering process producing electrical dc current
by a wedge-shaped asymmetric potential. This potential has a 3-fold rotation symmetry and lacks inversion symmetry. With
ac electric being polarized in the x or y-axis, charge particle momenta in the x-direction are compensated after scattering, pro-
ducing a netzero dc current (blue arrow) only in the y-direction. Here, the direction of dc current assumes the charged particles
to be electrons.
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Considering the particles as electrons(n-doped), when the E-field oscillates along the x-axis (y-axis), the momentum-
aligned electron gets scattered and produces a net electrical current in the -y (+y) direction, whereas the scattered electron
momentum is compensated in the x-direction as a whole. The relative alignment between linear polarization and the wedge
plane determines the net electric current direction produced and therefore enables the generation of linear polarization-de-
pendent photocurrent.

6.7.5 Determination of crystallographic axis based on point-defect induced LPGE
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Figure 6-21. Single Se vacancy in PtSez, a source of asymmetric scattering potential.a) Schematic of atomic structure of
pristine(top) and defective(below) monolayer PtSez. The position of the central Pt atom holds the inversion center of pristine
PtSez while creating one Se vacancy (dotted circle) can locally break the inversion symmetry. The effect of local symmetry
breaking from top Se vacancy is expected to increase with decreasing the number of layers, maximizing its effect at the mono-
layer thickness. b) Wedge-shaped scattering potential overlaid at the center of top Se vacancy (dotted circle). c) Wedge poten-
tials overlaid at the location of top Se vacancies in the TEM image of bilayer PtSez shown in Figure 6-18(b). Single Se vacancy
from top and bottom Se layer gives two different wedge potentials that are inverted one another, as defined by green and
orange colored wedges. The corners of the wedges are placed at the position of bottom(top) Se atoms for the top(bottom) Se
vacancy.

Commonly, the wedge model assumes the particles are scattered by randomly located but identically orientated ideal
trigonal symmetry edges, which lack an inversion center[205]. As for such scatter, Coulomb impurities or phonons have been
considered in the case of 2D GaN/AlGaN[206], grown Sb2Tes and Bi2Te3[208], and for in twisted bilayer graphene[201], trian-
gular domain walls connecting AB and BA regions. In the case of PtSez, we picture Se point-defect as the most suitable scatter,
as it breaks inversion symmetry (Figure 6-21(a)) and holds local trigonal symmetry (Figure 6-21(b)). Chalcogen vacancies
are also known to be the most common defects among 0D and 1D type defects in TMDCs[189], and it is also one of the most
abundant defects, in PtSe2[160,209].

From the atomic image of Figure 6-18(b), we observe Se vacancies at either top or bottom Se layer. Top and bottom
Se vacancy provide wedges that are inverted to one another, illustrated as green and orange colored wedges, respectively, in
Figure 6-21(c). As the scattering process is revered between these two inverted wedges, the equal amount of top and bottom
Se vacancies would effectively result in the absence of LPGE. Therefore, we assume that Se vacancies in one of two locations
outnumber our sample. This assumption is supported by a recent report where they found that top layer Se vacancies in PtSe:
dominate with a ratio of 20:1 due to their difference in the formation energy[159].
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Figure 6-22. Modeling Se point defect (Vse)-induced LPGE.a) Symmetry of Se point defect in PtSez. Top Se vacancy breaks
inversion symmetry. Its point group belongs to Csv. A schematic of the monolayer PtSez atomic structure crystal is displayed
for clarity in visualising the defect. The local symmetry of Vs. is the same for monolayer and bilayer PtSez. b) Schematic repre-
sentation of a wedge potential. xo-axis is the axis perpendicular to the mirror plane of the wedge, parallel to yo. In PtSez, xo-axis
belongs to one of the zigzag edges, and yo-axis is along with one of the armchair edges. A double red arrow indicates the ac
electric field from the incident light. The azimuth angle a, is counted from the xo axis.

In order to verify our argument that point-defect can be the source of LPGE, we attempt to experimentally determine
the crystallographic axis of PtSez from measured linear photogalvanic voltage from Figure 6-16(b). We start with taking into
consideration of Neumann’s principle of symmetry which states that the symmetry of any physical property of a crystal must
include the symmetry elements of the point group of the crystal. The relevent physical property to BPVE is the second-order
susceptibility tensor and, without considering the microscopic origin, the linear photogalvanic photovoltage (VXP¢E) can be
written as,

VEPOE =ty apy (Bg(@)Ey (@) + Eg (0)E; (@)). (15)

Here, E is the electric field and y is the third-rank photogalvanic tensor. a, § and y runs over all the Cartesians coordinates (x,
y and z). t is the coefficient referring to the ratio between photogalvanic voltage and current.

When the inversion operation is applied to Eq (15), V}P¢E

changes its sign, yet Eg(w)Ey (w) does not and if we con-
sider the inversion symmetry of pristine PtSez, ¥y maintains the sign under the inversion operation. To satisfy the sign of the
equation, all the elements in y has to be zero, which, in order words, BPVE is not allowed for pristine PtSez2. We consider instead
the term, crystal, noted in Neumann'’s principle to be a structural defect in PtSez. Following the principle, the local symmetry of
Se-vacancy restricts the form of the second-order susceptibility tensor. As shown in Figure 6-22(a), for Se-vacancy in PtSez,
three mirror planes perpendicular to the 2D plane are parallel to the 3-fold rotation axis along with the position of the missing
Se atom, constructing Csy point group symmetry. For this point group, there are four linearly independent components in the

x[210]:

X1 = Xxxz = Xyyz (16)

X2 = Xxxy = Xyxx = —Xyyy (17)
X3 = Xzxx = Xzyy» (18)

Xa = Xzzz (19)

where the x-axis is defined perpendicularly to the M,,_, mirror plane shown in Figure 6-22(a). Inserting Eq. (16-19) into Eq.
(15) gives,
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As we are interested in photovoltage generated in the 2D plane, we only consider V, and Vj,. V; can be written as

Vis S = tx1(ExoEzo + Ez0Exo) + tx2(ExoEyo + EyoExo), 1)

and V, can be written as
* * 2
V)%)GE = tXl(EyOEZO + EZOEyO) + th (lExolz - |Ey0| ) (22)

Here, we use the notation of x, y, and z, for x, y and z Cartesians coordinate for the sake of convenience for the later
explanation. Considering normal incidence (E,, = 0), Eq. (21) becomes

Vyg F = th(Eon;o + EyOE;O)J

(23)
and Eq. (22) becomes,
2
V)%OPGE = tXZ (|Exo|2 - |Ey0| ) (24)
Consider the angle «, of electric field from x,, Eq. (23) and Eq. (24) can be re-written as
VxL(fGE = th(Eon;o + EyOE;o) = tX2|Eo|225in2ao: (25)
and
VEIPGE — ¢y (IE |2 —|E |2) = ty,|Eo|?2cos2a
y0 2 x0 y0 2150 0" (26)

Figure 6-23. LPGE with experimentally accessible coordinates.a) Schematic representation of new x- and y-axes tilted by
an angle ¢ with respect to the xo and yo axes. The azimuth angle is redefined as a counted from the x-axis. Here, the x-axis
belongs to the initial linear polarization of light at the 0-degree rotation of HWP. b) Schematic representation of a contact pair
positioned in an angle of k; counted from the x-axis.
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From the experimental point of view, setting a coordinate axis parallel to the initial E field direction is more useful for
analysis. We rotate the coordinate with arbitrary - ¢ wrt to xo-axis and make new x and y coordinates, the schematic of which
is illustrated in Figure 6-23(a).

Defining ¢y = a — ¢, Eq. (25) becomes

VIPCE = ty,|Eo|?2sin2ay = ty,|Eql?2sin2(a — @), @n
and Eq. (26) becomes
Vys ©F = tx,|Eol*2c0s2ay = ty,|Eol*2cos2(a — ). 28)

Then, we re-write them in the rotated coordinates. The photogalvanic voltage generated in the x direction is

VEPCE = VIFCE cos @ — Vg “Fsin ¢.

(29)
Inserting Eq. (27) and Eq. (28), it becomes
VIPGE = ty,|Eo|?2sin2(a — @) cos ¢ — ty;|Egl?2c0s2(a — @) sing = ty,|Eql?sin(2a — 3¢). (30)
Similarly, the photogalvanic voltage generated in the y direction is
VHPEE = V7% sing + V5 cos @, 31)
which is
VIPCE = ty,|Eq|?2sin2(a — @) sin @ + ty,|Eqg|*2cos2(a — @) cos ¢ = ty,|Eqgl*cos(2a — 3¢). (32)

Now we consider the contact geometry of our device. The measured signal is achieved by orthogonal projection of

V,LPGE V,*PGE along the direction of diagonal pairs. If we consider the position of the first pair of electrodes is rotated k;

and
with respect to the x-axis as shown in Figure 6-23(b), then the measured photovoltage from this pair of electrodes is

V1 = VFPCE cos e + VPeEsink;.

(33)
Inserting Eq. (30) and Eq. (32) into Eq. (33), V! can be expressed as
V1 = ty,|Ey|? = (sin(2a — 3¢)cos(k;) + cos(2a — 3¢)sin(x;)), (34)
and more simply,
V1 =ty,|El?sin(2a — 3¢ + xq). (35)

We can write Eq. (35) in a general form describing the measured voltage from the nth contact pair, which is
n — 2a: _
V™ = ty,|Eol?sin(2a — 3¢ + k). 36)

We have used this equation to fit the measured photovoltage signal from different diagonal pairs (Figure 6-16(b)).
From the fitting, we can extract the phase of each data as 3¢ — x,,, which consists of ¢, the relative angle between a line per-
pendicular to the mirror plane of Se vacancy and the initial direction of the applied electric field, and of x,,, the relative angle
between nth contact and the initial direction of the applied electric field.
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Figure 6-24. Contact electrode angles in x, and y coordinate axes.a) 2D reflection map of the h-BN encapsulated PtSe: device.
Inset shows the optical device image. At 0 degree of HWP rotation, the initial linear polarisation of light is aligned parallel to
the x-axis of the reflection map. b) Schematic of contact electrode alignments. Numbers assigned to each electrode increase
anti-clockwise. nth contact electrodes (n=1,2...6) are positioned at anti-clockwise angle k,, with respect to the x-axis. a is de-
fined as the angle of linear light polarization with respect to the x-axis.

We have aligned our initial electric field along the x-direction of the CCD image, and we have measured the reflection
map of the h-BN encapsulated device to define our k,, values. Figure 6-24(a) shows the reflection map, and Figure 6-24(b)
depicts the schematic of our contact electrodes. Contact electrodes are rotated in x-y coordinates, and the angle of rotation is
deduced from the reflection map, which is around 9degree. The is also the angle (k;) between the first contact pairs (#1 and
#4) with respect to the direction of the initial electric field.
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Figure 6-25. Fitting the measured photovoltage with a model equation.a-f) Normalized photovoltage polar plots from di-
agonal pairs 1 to 6 are presented in alphabetical order with the sinusoidal fit (red dash line) by the normalized model equation,
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Viorm = sin(2a — 3¢ + k,,) derived previously. Presented data (black dots) are from measurement by one full rotation of the
HWP angle.

We first check the validity of this model by inserting an arbitrary ¢ value. The fitting is presented in Figure 6-25, and
Figure 6-26(a) shows the extracted contact angles (black dots), which are compared with the contact angles (red dots) that
are spaced by 60degree, with the first contact angle rotated with 9degree. The extracted value shows some offset due to arbi-
trary input value of ¢. However, they are equally spaced on average 61degree as shown in the inset of Figure 6-26(a). This
suggests that the model equation works reasonably well.
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Figure 6-26. Extracting electrode angles and the angle of one zig-zag edge of PSez.a) Contact angles extracted with an
arbitrary input parameter of ¢ (¢=0), compared to the contact angles from the reference reflection map in Figure 6-24(a).
Angles are measured with respect to the x-axis, the initial polarization direction. Inset shows the angle increments computed
from the difference between two extracted angles from adjacent diagonal pairs. The average increment value is 61°. b) Ex-
tracted angles of zig-zag edge by input parameter of k,,. The average value is 43.7°.

Then, we attempt to find ¢ from the probed sample. As shown in Figure 6-23(a), we have defined ¢ as the angle of
the x, axis rotated from the new x-axis, which is the initial linear polarization direction where the x, axis is perpendicular to
the mirror plane of wedges. If wedges are due to S-point vacancy, then x, axis particularly belongs to the zig-zag edge of PtSe:.
For this case, ¢ should provide us with the angular location of one zig-zag edge of PtSez, as the Se point defect does not distort
the 3-fold symmetric lattice of PtSez as seen from our TEM images.

Figure 6-26(b) shows the extracted ¢ using the parameters of k,=9+60x (n — 1), which is found to be around
43.7degree. This corresponds to the angle to the 1st zig-zag plane. In Figure 6-27(a), we overlaid this edge (white dashed line)
onto the previous reflection map along with the other two zig-zag edges (blue and red dashed line), which are determined by
the 3-fold rotation of the extracted zig-zag edge. The black line connecting #1 and #4 electrodes is drawn as a reference.

It is well-known that the crystal of vdW materials shows sharp edges that are 60 degrees rotated apart. Those edges
are commonly assigned to either zig-zag or arm-chair edges. Here in our sample, we could also clearly see from AFM mapping
(Figure 6-27(b)) and optical microscopy image (inset of Figure 6-27(b)) that there are two edges in between contact elec-
trode #4 and #5 that are 60 degrees rotated apart. We found the close approximation of calculated zig-zag edges to the sample
edges, with a difference of 5 degrees.
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Reflection map _

Figure 6-27. Determining crystallographic axis of PtSez.a) The 1st, 2nd and 3rd zig-zag planes (white, red and blue dash lines
respectively) overlaid on the 2D reflection map of the probed sample. The position of zia-zag planes are based on the their
calculated angles (¢, ., Py ext? and @, oxt) With respect to the intial linear polarization direction. The black line is in parallel
with electrode #1 and electrode #4, and it is rotated at 9 degrees away from the initial linear polarization direction (0-degree
rotation of HWP). b) 2D AFM image around electrodes #4 and #5, with zig-zag planes (blue and red dash lines) overlaid refer-
encing to the direction of electrode #4. Inset is the optical microscopy image around electrodes #4 and #5 showing the cleaved
edges of PtSe2. Extracted zig-zag planes align within 5degree with the cleaved edges of PtSez.
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6.8  Summary

6.8.1 Acheived results

We found that bulk photogalvanic effect can appear in centrosymmetric PtSe; from structural defects. We directly
compared the optoelectronic response of pristine and defective PtSez under focused laser illumination. A FET device made of
the pristine sample showed photovoltaic effect at the metal-PtSe: interface, which has been commonly observed in other metal-
TMDCs interfaces. In sharp contrast, the dominant photoresponse from the device made of the defective sample was by ho-
mogenous illumination only on PtSez. This photocurrent maximally increased at the center of material away from the metal-
PtSe; interface.

We observed linear and circular polarization-dependent photocurrent at zero-bias conditions, both increasing line-
arly with the laser power, indicating their origin to be 2nd order DC response of light electric fields. This observation can be
understood based on linear and circular photogalvanic effect, which primarily requires the material to have broken inversion
symmetry. The broken inversion symmetry can be induced by structural defects in PtSez, where point vacancy defects and large
cluster-like defects are confirmed directly from TEM images.

As a macroscopic origin of linear-photogalvanic response, most-abundant Se vacancy preserving 3-fold rotation sym-
metry is considered. This is supported by determining the crystallographic axis of PtSez under 5-degree precision from the
measured linear photogalvanic response using a wedge scattering model. On the other hand, the appearance of circular photo-
current under normal incidence requires the low symmetry of material (at most, a single mirror plane)[195]. The cluster-like
defects in PtSez having the lowest crystal symmetry can act as the local source of circular photogalvanic effect. This lowest
crystal defect can also be considered as the origin of the polarization-independent photocurrent that we observed as an offset.
This is because photocurrent dependence on linear polarization vanishes at the lowest crystal symmetry of C1[184].

6.8.2 Future perspective

Our work has extended the potential function of defects in centrosymmetric PtSez as a valuable source for harvesting
light energy and detecting light polarization. We expect our findings to broaden the material selection for photovoltaic appli-
cations. Further studies on defect engineering in PtSez will be needed to optimize the photogalvanic efficiency and explore the
in-depth role of defect-induced symmetry breaking in centrosymmetric media.
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Figure 6-28. BPVE efficiency of defective PtSez.Photocurrent current density as zero-bias condition versus incident light
power density from defective 2L PtSez. Short-circuit current density is calculated by considering the cross-section
area(3.43um?) between PtSez and one of the two Pt contact electrodes. The area is chosen as the largest cross-section area of
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the two. Therefore, the current density is at the lower bound. As for calculating power density, incident power is normalized
with a Gaussian beam spot size of 0.8um?. b) BPVE efficiencies from non-centrosymmetric materials. The original figure is
reprinted and adapted with permission from the reference[25]. PtSe: data is overlaid as a red shaded line for comparison
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Chapter 7 Conclusion and outlook

7.1 Epitaxial growth of 2D superconducting NbS>

To date, 2D van der Waals materials still continue to gain popularity as a versatile platform to engineer heterostruc-
tures and to achieve novel material properties by stacking materials of different properties — metal, semiconductor, insulator
and more - picked from the same family held under van der Waals force. Material entirely being a surface, however, it is easily
affected by external factors such as strain, oxidation, and surface absorbate, reducing overall the targeted device performance.
Particularly, TMDCs has been suffered from a large amount of intrinsic defect concentration owing to the lower deformation
energy during the synthesis compared to that of graphene, and directly limited the electronic properties of TMDCs monolayers.
Structural defects, in general, negatively affect the flow of charge current, degrading the performance of an electronic device
and hampering the discovery of new transport phenomena that requires long scattering time. Therefore, to practically realize
applications based on TMDCs, continued effort is essential for improving the existing synthesis procedures and producing finer
crystalline crystals. In this regard, we investigated the work of 2D NbS: crystal synthesis and improved the current CVD growth
recipe.

Achieved result 1. Growth and electronic characterization of superconducting NbS:

In chapter 4, we presented the work of high-quality epitaxial growth of 2D NbS:z by atmospheric-pressure chemical
vapor deposition using Nb precursor pre-coated on a sapphire substrate while applying gaseous precursor HzS. We have suc-
cessfully synthesized two polymorphs of NbSz, that is 2H- and 3R-NbSz, with the largest lateral size to date, and we found that
there is a structural phase-transition from 3R to 2H as thickness increases. This phase transition was confirmed from the anal-
ysis based on scanning transmission electron microscopy and Raman spectroscopy. Also, the superconducting and metallic
properties of the two polymorphs were examined under low-temperature charge transport measurement. At the intermediate
thickness where phase transition occurs, we found that the two electronic properties coexist due to the presence of 2H- and
3R-domains. From temperature-dependent resistance measurement, the lowest RRR value was measured at this thickness due
to increased disorder from defects in domain boundaries.

Outlook

Semiconducting TMDCs commonly suffer from large contact resistance when using conventional 3D metal contacts,
owing to Fermi-level pinning regardless of their metal work functions[211]. Held by van der Waals force, metallic TMDCs can
be favorably integrated with semiconducting TMDCs to lower the contact resistance by weakening the Fermi-level pin-
ning[211,212]. Thus, metallic TMDCs are considered ideal metal electrodes. Our practical synthesis method for phase-control-
lable growth of 2D metallic NbS2 can benefit future studies in mesoscopic devices for better device performance. Furthermore,
wafer-scale single-crystalline growth could be possible if we further optimize the current recipe, which can further contribute
to the large-area application of 2D superconductors. As TMDCs share a similar growth mechanism[125], our recipe can be
possibly implanted for the growth of other kinds of vdW materials.

97



Conclusion and outlook

7.2 Disorder-induced novel properties in semiconducting PtSe:

Structural defects in TMDCs can offer a novel route to control the optical, electrical, and optoelectrical properties of
TMDCs. Sometimes, completely new functionalities can be introduced by defects.

We studied how structural defects affect the material properties of monolayer and bilayer PtSez, which are known to
be a semiconductor. When we probed the charge transport of this ultrathin PtSe; that is defective, we observe low conductance
with a low on-off current ratio modulated by a gate voltage. Moreover, we found that electron transport in PtSez can be de-
scribed by a variable range hopping mechanism - a dominant type of carrier transport in a disordered semiconductor - simi-
larly observed in other defective TMDCs. In short, the electrical properties of PtSez are degraded by structural defects.

However, intriguingly, we discovered that local structural disorder at these thicknesses of PtSez could be the source
of new properties, magnetism and 2nd-order nonlinear photocurrent, which are absent in the pristine form of PtSez.

Achieved result 2. Defect-induced magnetism in PtSez

In chapter 5, we presented the discovery of defect-induced magnetism in semiconducting PtSez. Under magneto-
transport measurements with the perpendicular fields, we compared the properties of magnetoresistance(MR) obtained from
monolayer and bilayer PtSez using the proximitized graphene probe. While the MR of the monolayer shows a two-plateau re-
sponse, the MR of the bilayer shows a ferromagnetic response with clear hysteresis. The appearance of different magnetic
states is theoretically explained by the first-principle DFT calculation, which suggests that magnetic moment, induced by in-
trinsic Pt vacancy, plays a significant role.

Achieved result 3. Disorder-induced spontaneous photovoltaic effect in PtSe:

In chapter 6, we showed a disorder-induced spontaneous photovoltaic effect in semiconducting PtSe:. In the pristine
structure of PtSez, we found bulk photovoltaic effect(BPVE) is negligible. This is expected because BPVE is a 2nd-order nonlinear
DC response and it is strictly absent for centrosymmetric materials. However, in defective PtSez produced by the Au-assisted
exfoliation technique, the broken local inversion symmetry from local structural disorder was manifested by BPVE under ho-
mogenous illumination. We observed linear and circular polarization-dependent photocurrent at zero-bias conditions, both of
which increased linearly with the laser power, indicating the 2nd-order effect of the electric fields. Supported by TEM imaging,
we were able to identify the dominant type of structural defects in PtSez, which are cluster-like defects and chalcogen point
defects. We argued that cluster-like defects, which have the lowest level of symmetry, can act as the local source of generating
circular and polarization-independent photogalvanic effects. We adopted the macroscopic wedge model to describe the linear-
photogalvanic response, where most-abundant Se vacancy preserving 3-fold rotation symmetry can be considered a possible
scattering center.

Outlook

Compared to the prototypical MoSz and other semiconducting TMDCs, metallic PtSe; has attracted less attention in
material research. Yet, there have been interesting discoveries on the electronic properties of few-layer PtSez, which include
the observation of layer-dependent bandgap opening below 3-4 layers[84], as a consequence of strong interlayer interaction
and quantum confinement effect[89]. This metal-to-semiconductor transition allowed one to consider a few-layers semicon-
ducting PtSe: for optoelectronic applications[72]. The extended functionalities introduced by structural defects, demonstrated
in this dissertation, allow us to harness the full potential of semiconducting PtSe2. We foresee the potential of defective PtSe:
in realizing compact magnetic devices for low-power spintronics applications. Furthermore, it can be used for photovoltaic
applications for harvesting light energy as well as detecting light polarization.
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Future challenge

From another point of view, the various properties introduced from the structural defects in PtSez could lead to com-
plexity in its material design as some properties might be not wanted. Therefore, it is essential in future material development
to meet the following two requirements; be able to produce the cleanest crystal, and at the same time, if needed, with the
desired number of particular defects.

To meet the first requirement of producing high-quality PtSez, both Pt metal selenization and chemical vapor
transport methods have been successful. Yet, the relations between the specific defect types and their concentration to a par-
ticular synthesis method have not been well established so far, compared to the relevant work done substantially for
MoS2[47,48]. The structural information would allow us to further optimize the current synthesis recipes and reduce the
amount of intrinsic defect concentration. Also, as an alternative approach to reducing the concentration, it would be good to
apply post-healing methods for chalcogen vacancies, such as treatments based on thiol chemistry, which has not yet demon-
strated its effectiveness for PtSez. For this approach, material property that is sensitive to the change of defect concentration is
used as an indicator for checking the effectiveness of defect curing. Photoluminesce has been the key material indicator for
semiconducting TMDCs such as MoSz and WSez because the non-radiative recombination process is proportional to the level
of defect concentration. However, the same indicator cannot be applied for few-layer PtSe: as it has an in-direct bandgap with
inherently low photoluminesce efficiency. Instead, one may alternatively monitor the change in charge carrier mobility or bulk
photovoltaic currents before and after the curing treatment for PtSez.

With regard to the second requirement stressed above, the ‘desired’ defect concentration will become clear once the
nature of defect-induced properties in PtSe: is clarified by investigating how the defect concentration plays a role. This can be
addressed by controlling the density of defects by so-called defect engineering. Various methods are well-established to create
and control the density of point defects in other TMDCs, including e-beam irradiation[168] and ion bombardment[169]. Re-
cently selective plasma treatment was found to be effective in creating Se vacancies of PtSez, up to 7nm beneath the sur-
face[213]. This controllability of defect concentration would help tailor the defect-induced magnetic and optoelectronic prop-
erties of PtSez, thereby giving us an additional knob to control their properties.
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List of abbreviations and symbols

0D

1D

1L

1T

2D

2H

2L

3D

3R

A

ac, AC
ADF STEM
Al
AlGaN
Ar
ARPES
B

Bi
BizTes
BKT
BP
BPVE
C

C3V
CCD
Chw
CPGE
Cr
Crlz
Cs
CVD
CVT
cw

D

D1

D2

D34
DC
DFT
DI
dl/av
E
E-beam
EDX
Eg

EL

Eq.

eV
exf.
FET
FWHM
GaN
GMR
H2S
HAADF
h-BN
HeNe
hfO>

zero-dimensional

one-dimensional

monolayer

1 layers per T(trigonal) unit cell
two-dimensional

2 layers per H(hexagonal) unit cell
bilayer

three-dimensional

3 layers per R(rhombohedral) unit cell
Angstrom

alternating current

annular dark-field scanning tunneling electron microscope
aluminum

aluminum gallium nitride

argon

angle-resolved photoemission spectroscopy
magnetic field

bismuth

bismuth telluride
Berezinskii-Kosterlitz-Thouless

black phosphorus

bulk photovoltaic effect

amplitude of helicity-dependent photocurrent
point group Csy

charged-coupled device

charge density wave

circular photogalvanic effect
chromium

chromium(III) iodide

spherical aberration

chemical vapor deposition

chemical vapor transport

continuous wave

vertical displacement field

amplitude of photocurrent from experimental drift
amplitude of polarization-independent photocurrent
point group D34

direct current

density functional theory

deionized

differential conductance

electric-field

electron beam

energy dispersive x-Ray analysis

band gap

ethyl lactate

equation

electron-volt

exfoliation

field effect transistor

full width at half maximum

gallium nitride

giant magnetoresistance

hydrogen sulfide

high-angle annular dark field
hexagonal boron nitride

helium-neon

hafnium oxide
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HMDS
HRTEM
HWP

I2

Ids

Lofr

Ton

IPA
IR
KI
KOH

LHe
LO
LPGE
MBE
MMA
MoS:2
MoSe:2
MoTe:>
MR
mSR
MT]
MWH
Nb20s
NbCls
NbS>
NbSe:
ND

PC
PDMS
PdTe:
PL
PMA
PMMA
PtSe;
PVD
QWP
ReS:
RKKY
RXX

SHE
SNR
SnSe2
SOT
STEM
STM
Ta$S:
TEM
TFSI
TMR

Vds
vdW
Vpt
VRH
VSe
VSe:
Ve

WS;
WSe2

hexamethyldisilazane
high-resolution transmission electron microscopy
half wave plate

iodine

drain-source current

off-state current

on-state current

isopropanol

infrared

potassium iodide

potassium hydroxide

length

amplitude of linear polarization-dependent photocurrent
liquid helium
longitudinal-optical

linear photogalvanic effect
molecular beam epitaxy

methyl methacrylate
molybdenum disulfide
molybdenum diselenide
molybdenum ditelluride
magnetoresistance

Muon spin rotation/relaxation
magnetic tunnel junction
Mermin-Wagner-Hohenberg
niobium pentoxide

niobium(V) chloride

niobium disulfide

niobium diselenide

neutral density

Pressure

polycarbonate
polydimethylsiloxane

palladium ditelluride
photoluminescence
perpendicular magnetic anisotropy
poly(methyl methacrylate)
platinum diselenide

physical vapor deposition
quarter wave plate

rhenium disulfide
Ruderman-Kittel-Kasuya-Yosida
longitudinal resistance

sulfur

sub-threshold swing

spin hall effect

spin Nernst effect

tin diselenide

spin orbit torque

scanning tunneling electron microscope
scanning tunneling microscope
tantalum sulfide

transmission electron microscopy
bis(trifluoromethane) sulfonimide
tunnel magnetoresistance

back gate voltage

drain-source voltage

van der Waals

platinum vacancy

variable range hopping

selenium vacancy

vanadium diselenide

top gate voltage

width

tungsten disulfide

tungsten diselenide
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x~ex6 9

X-ray photoelectron spectroscopy
degree Celsius

azimuthal angle
delta(difference)

relative permittivity
quarter-wave plate angle

angle of electrode

wavelength

microsecond

Bohr magneton

field effect mobility

field-effect mobility
conductivity

angle of zig-zag edge
susceptibility

angular frequency

center point in reciprocal space
k-point in reciprocal space
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