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Abstract

The impact created by the discovery of graphene has been one
of the most spectacular ones in condensed matter physics [1, 2].
Although endowed with many exotic structural and electronic
properties, its use is limited in electronic devices due to the lack
of a band gap. The search has been carried out since to �nd other
low dimensional systems with a non-zero band gap to be used
in the development of functional electronic devices [3]. In this
regard, transition metal dichalcogenides (TMDCs) are stepping
up as one of the candidates. In addition to a �nite band gap,
the lack of the inversion symmetry and presence of a strong spin-
orbit coupling (SOC) makes TMDC an exciting material system
to study [4�6].

In order to understand the properties of TMDCs, it is essential
to have a reliable method of synthesis and accessibility to manip-
ulate their structural and electronic properties. Many methods
are available for the synthesis of thin �lms such as, exfoliation,
chemical vapour deposition (CVD) and molecular beam epitaxy
(MBE). Although the thin �lms, including monolayers, grown by
these methods lack a few desirable properties, the research into
the physics and device applications has not slowed down. Among
TMDCs, monolayer (ML) WSe2 attracted considerable attention
due to its large spin splitting, owing to the aforementioned strong
SOC and the broken inversion symmetry, in the valance band.
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However, the reported experimental values of the spin splitting
are scattered over a wide range. It is speculated that the variation
to have an origin in the strain [7]. However, there is no precise
strain data available as of now. Furthermore, most of electronic
transport studies were limited to responses of resistance to the
temperature and the gate voltage. Little work has been done to
reveal the spin physics via transport, especially in an atomically
thin WSe2.

The motivation of the present thesis is to synthesize epitaxial
tungsten diselenide (WSe2) thin �lms down to the ML limit using
a modi�ed (hybrid -) pulsed laser deposition (h-PLD). This will
provide us an opportunity to investigate the precise structural and
electronic properties. We compare our experimental data with
our �rst principles calculations of the electronic band structure
to obtain an experimental reference point of the spin splitting
with respect to the strain. Furthermore, we hole dope WSe2 thin
�lms to study the spin properties of the charge carriers in the
valance band. With this, we intend to answer some of the open
questions from the previous studies in the properties of atomically
thin WSe2, including monolayer.

Multiple experimental techniques were employed to con�rm
the monolayer. In-situ re�ection high energy electron di�raction
(RHEED) is used to identify the ML WSe2 with the evolution of
line streaks in the two dimensional (2D) limit replacing the three
dimensional (3D) Bragg spots of the bulk substrate. Thereafter,
Raman scattering is used to distinguish the ML WSe2 using the
absence of 310 cm−1 which, in contrast, develops in bilayer and
thicker thin �lms of WSe2. These techniques are being widely
used among TMDC researchers to identify ML from thicker �akes
after exfoliation. In addition, atomic force microscopy (AFM) is
used to map the surface morphology and identify the islands of
WSe2 on di�erent substrates.

After demonstrating that the monolayer of WSe2 could be
fabricated by PLD, we focus on quantitative evaluation of their
lattice structure, which is essential in examining the strain e�ect.

viii



Synchrotron based X-ray di�raction (XRD) and grazing incidence
X-ray di�raction (GIXRD) are used to study the crystal structure
of ML WSe2. We have found the orientation locking between the
ML WSe2 and the substrates. WSe2 [1010] is aligned with Al2O3

[1010] on Al2O3 (0001) substrates and WSe2 [1010] is aligned
with graphene [1010] on monolayer graphene (MLG)/SiC (0001)
substrates. Epitaxial strain of the ML WSe2 �lms on di�erent
substrates are uncovered. The in-plane lattice parameter is esti-
mated to be 3.2721 Å on Al2O3 (001) and 3.2768 Å on MLG/SiC
(001) corresponding to compressive strain of 0.3% and 0.16% with
respect to the bulk lattice constant of WSe2, respectively

Electronic structure has been investigated by angle resolved
photoelectron spectroscopy (ARPES) using monolayer WSe2 grown
on conducting MLG on SiC substrate. We revealed electronic
bands with high quality, from which we evaluated the spin split-
ting of the valance bands at the K-point in the Brillouin zone.
The spin splitting (∆so) is measured to be 0.465 eV. Furthermore,
we uncovered a charge transfer between the graphene substrate
and the ML WSe2. The e�ect of the strain on the ∆so was thor-
oughly examined using �rst principles calculations.

Stoichiometric WSe2 is semiconducting and insulating (�MΩ)
below room temperature. To study the transport of strongly spin-
orbit coupled valance bands of WSe2, we performed Nb doping
of WSe2 which is expected to hole-dope the system. By using an
alloy target (W-Nb), we succeeded in creating conducting WSe2
�lms and measuring the resistance down to 2 K. The carrier den-
sity evaluated by the Hall E�ect matched well with a nominal
Nb concentration of the alloy target. Temperature dependence
of resistivity indicated variable-range hopping [8]. Low tempera-
ture angle-dependent magnetoresistance clearly showed the sign
of quantum interference e�ects (weak anti-localization and weak
localisation) which are sensitive to the direction of the applied
magnetic �eld with respect to the current. Using the Hikami-
Larkin-Nagaoka (HLN) theory [9,10], we estimated the phase and
spin coherence lengths. Coherence lengths are in the range of tens
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of nanometres at low temperatures. From the preliminary data
analysis, Dyakonov-Perel mechanism seems to be responsible for
the spin relaxation at low temperatures in our heavily p-doped
WSe2 thin �lms.

As outlined above, epitaxial �lms created by h-PLD enabled
(i) collection of quantitative structural data by a di�raction tech-
nique, (ii) revealing electronic band structure by ARPES, and
(iii) control of conductivity in WSe2 by hole doping. Thus, we
not only provide an experimental platform to study spin-orbit
coupling e�ects in monolayer WSe2 with �exible design possi-
bilities, but also provide quantitative structural and electronic
information that is essential for constructing quantitative theory.
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Zusammenfassung

Die Physik der kondensierten Materie ist einer der fundamentalen
Zweige der Physik. Sie befasst sich mit der Untersuchung der Ei-
genschaften von Materie. Wir sind von verschiedenen Arten von
Materialien umgeben. Um diese in vollem Umfang nutzen zu kön-
nen, müssen wir ihre Eigenschaften kennen und verstehen. Unter
der Fülle verschiedener Arten von Materialien beein�ussten kei-
ne den Fortschritt des Menschen so wie die Halbleitermaterialien
wie Silizium, weshalb ino�ziell auch vom Silizium-Zeitalter ge-
sprochen wird [11,12].

Stone Age

Bronze Age

Iron Age

Silicon Age

Topological Age ?

Abbildung 1: Verschiedene Stadien der Menschheitsgeschichte zu-
sammen mit den repräsentativen Materialien ihrer Zeit.
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Halbleitermaterialien weisen eine elektronische Leitfähigkeit
auf, die zwischen der von reinen Metallen und Isolatoren liegt.
Es gibt zwei Möglichkeiten, die Leitfähigkeit in einem Halbleiter
zu ändern: Dotierung und elektrisches Feld (Gate). Im Vergleich
zur Dotierung ermöglicht das Gating eine �exible Manipulation
der Leitfähigkeit. Auf diese Weise kann der Ladungs�uss zwischen
Source und Drain über ein externes Feld gesteuert werden. Die
Zustände der Leitfähigkeit (on) und der Nichtleitfähigkeit (o� )
der Ladung sind die binäre Basis einer Transistor-basierten Com-
puterarchitektur.

Die Er�ndung des Transistors hat die Elektronikindustrie ra-
dikal verändert. Mit der Verbesserung der Synthese von hochwer-
tigem Silizium stieg die Leistungsfähigkeit elektronischer Geräte
drastisch an. Elektronik auf Siliziumbasis stöÿt jedoch an seine
Grenzen. Das Moore'sche Gesetz besagt, dass sich die Dichte der
Komponenten auf integrierten Schaltkreisen in regelmäÿigen Ab-
ständen verdoppelt. In der Vergangenheit wurde eine Verdoppe-
lung alle zwei Jahre beobachtet [13, 14]. Gleichzeitig schrumpft
die Gröÿe der Transistoren ständig. Mit abnehmender Gröÿe wird
der Quantentunnele�ekt zum Problem bei der Manipulation der
Ladung. Solche Tunnelprozesse ermöglichen einen Ladungs�uss,
selbst wenn sich der Transistor im o� -Zustand be�ndet. Darüber
hinaus verursacht die hohe Dichte an Bauteilen Probleme beim
Wärmemanagement [15]. Daher müssen wir über die Grenzen ei-
ner auf Ladungszuständen basierenden Elektronik hinausblicken.

Wir be�nden uns in einer Übergangsphase des elektronischen
Zeitalters. Nachdem die Manipulation der elektronischen Ladung
sicher beherrscht wird, bestehen die Bemühungen weltweit dar-
in, den Spin-Freiheitsgrad des Elektrons zu nutzen, um e�zien-
te Elektronik-Bauelemente zu fertigen [16�21]. Im Gegensatz zu
elektronischem Speicher steckt Nutzung des Spins in Logikbau-
steinen noch in den Kinderschuhen, obwohl vor einigen Jahrzehn-
ten schon ein viel beachtetes theoretisches Konzept verö�entlicht
wurde [22].

In diesem Zusammenhang kommen die Materialwissenschaf-
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ten ins Spiel, und zwar in zweifacher Hinsicht. Auf der einen Seite
bei der Nutzung bekannter elektronischer Zustände für innovati-
ve Anwendungen, und auf der anderen Seite bei der Entdeckung
und dem Verstehen neuer Eigenschaften. Bei der Entwicklung von
hoche�zienten Bauteile der nächsten Generation erö�nen nieder-
dimensionale Materialien eine neue Perspektive.

Die Entdeckung von Graphen ist wohl eine der spektakulär-
sten im Bereich der Festkörperph-ysik [1, 2]. Obwohl Graphen
viele ungewöhnliche strukturelle und elektronische Eigenschaften
besitzt, ist seine Anwendung in elektronischen Bauteilen aufgrund
der fehlenden Bandlücke begrenzt. Mit Blick auf den Einsatz in
funktionalen elektronischen Bauteilen wird daher nach niedrig-
dimensionalen Systemen mit einer Bandlücke ungleich Null ge-
forscht [3]. In dieser Hinsicht zählen Übergangsmetalldichalkoge-
nide (TMDCs) zu den vielversprechendsten Kandidaten. Zusätz-
lich zu einer endlichen Bandlücke machen das Fehlen von Inversi-
onssymmetrie und die starke Spin-Bahn-Kopplung (SOC) TMD-
Cs zu einem interessanten Materialsystem, das es zu untersuchen
gilt [4�6].

Um die Eigenschaften von TMDCs zu verstehen, sind zuver-
lässige Synthesemethoden und die Möglichkeit ihre strukturellen
und elektronischen Eigenschaften zu manipulieren unerlässlich.
Zur Synthese von Dünn�lmen stehen viele Methoden zur Ver-
fügung, z. B. Abblätterung (Exfoliierung), chemische Gasphasen-
abscheidung (CVD) und Molekularstrahlepitaxie (MBE). Obwohl
den mit diesen Methoden gezüchteten Dünn�lmen, einschlieÿlich
einlagiger Schichten, einige wünschenswerte Eigenschaften fehlen,
wird ihre Erforschung unvermindert fortgesetzt. Unter den TMD-
Cs erregte einlagiges (ML) WSe2 aufgrund seiner groÿen Spinauf-
spaltung im Valenzband infolge der zuvor erwähnten starken SOC
und der gebrochenen Inversionssymmetrie beträchtliche Aufmerk-
samkeit. Die angegebenen experimentellen Werte der Spinaufspal-
tung aus ARPES-Untersuchungen sind jedoch über einen weiten
Wertebereich gestreut. Es wird vermutet, dass die Variation der
Messergebnisse durch Dehnung der einlagigen Proben verursacht

xiii



wird [7]. Jedoch sind derzeit keine genauen Daten zum Dehnungs-
verhalten, speziell aus Untersuchungen mit Beugungsmethoden,
verfügbar. Auch gibt es nur wenige Arbeiten, die die Spinphy-
sik anhand von Transporteigenschaften beleuchten, insbesonde-
re für atomar dünne WSe2-Schichten. In der bekannten Lite-
ratur wird über die Modulation die Ladungsträgerdichte unter
Verwendung von elektrostatischen Gattern berichtet. Dies führt
zu einer weiteren symmetriebrechenden Komponente in die be-
reits bezüglich der Inversion asymmetrischen Monolage. Ein Spin-
Momentum-Locking-E�ekt könnte die Komplexität erhöhen, eine
Wirbel-Spintextur (konventioneller Rashba-Typ) könnte mit dem
ursprünglichen Ising-Typ mischen [23�25].

 

Abbildung 2: Die elektronische Bandstruktur von ML WSe2 aus
Dichtefunktional-Rechnungen mit SOC (durchgehend) und ohne
SOC (gepunktet), aus Ref. [26].

Das Ziel der vorliegenden Arbeit ist die Synthese ultra-dünner,
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epitaktisch gewachsener Wolframdiselenid (WSe2) Dünn�lme bis
hin zu einer Monolage (ML) mittels modi�zierter gepulster La-
serabscheidung (engl.: hybrid-pulsed laser deposition, h-PLD),
um die strukturellen und elektronischen Eigenschaften sehr ge-
nau zu untersuchen. Wir vergleichen unsere Daten mit den Er-
gebnissen von Dichtefunktional-Berechnungen der elektronischen
Bandstruktur um einen experimentellen Referenzspunkt für die
Abhängigkeit der Spinaufspaltung von der Dehnung der Schicht
zu erhalten. Weiterhin werden lochdotiere WSe2-Dünn�lme syn-
thetisiert, um die Spineigenschaften der Ladungsträger im Va-
lenzband zu untersuchen. Damit wollen wir einige der Fragen zu
den Eigenschaften dünner Filme von WSe2 einschlieÿlich einlagi-
ger Proben beantworten, die in bisherigen Untersuchungen noch
o�en blieben.

In dieser Arbeit haben wir die Eignung der h-PLD-Methode
für die Synthese qualitativ hochwertiger WSe2-Dünn�lmen bis hin
zu einlagigen Proben nachgewiesen. Die Einschränkungen, die an-
dere Methoden bei der Synthese von ML WSe2 aufweisen, konn-
ten überwunden werden. h-PLD kann auch für das Wachstum an-
derer TMCDs angewandt werden. Der groÿe Vorteil unserer Me-
thode ist ein aufbauendes (bottom up) Vorgehen im Ultrahochva-
kuum mit der zusätzlichen Möglichkeit, die Proben mit verschie-
denen Elementen dotieren zu können. Das bottom-up-Vorgehen
führt zu einem Einrasten der kristallogra�schen Achsen in ma-
kroskopischer Ausdehnung (10×10 mm2). Ein solche Eigenschaft
ermöglicht die Durchführung hochgenauer Beugungsexperimen-
te, die bei mechanisch abgeblätterten Proben nicht möglich sind.
Darüber hinaus wird durch die Ultrahochvakuum-Bedingungen
in der Wachstumskammer eine Verunreinigung der Probe verhin-
dert, ein entscheidender Vorteil bei der Durchführung von ober�ächen-
spezi�schen Experimenten wie ARPES. Die Verschiebung des Fermi-
Niveaus gelang auf zuverlässige Weise durch die Dotierung mit
verschiedenen Elementen. Schlieÿlich konnten wir das Wachstum
einer Van-der-Waals-Heterostruktur von ML WSe2 auf Graphen
nachweisen.
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e- gun

RHEED screen

Pressure gauge

Focusing lens

Abbildung 3: Schematische Darstellung des Hybrid -Systems zur
gepulsten Laserabscheidung (h-PLD) und dessen Hauptkompo-
nenten.

Mehrere experimentelle Techniken wurden angewandt, um die
einlagige Struktur von ML WSe2 zu bestätigen. Mit der in-situ
Beugung hochenergetischer Elektronen bei Re�exion (engl.: re-
�ection high-energy electron di�raction, RHEED) kann MLWSe2
identi�ziert werden durch das Auftauchen von Beugungslinien
im zweidimensionalen (2D) Grenzfall, welche die dreidimensiona-
len (3D) Bragg-Punkte des Bulk-Substrats ersetzen. In Raman-
Streuexperimenten unterscheidet sich ML WSe2 von zweilagigen
und dickeren WSe2-Filmen durch das Fehlen der Anregung bei
310 cm−1. Diese Techniken werden in der TDMC-Forschung weit-
gehend genutzt, um ML WSe2 nach Abblätterung von dickeren
Flocken zu unterscheiden. Zur Abbildung der Ober�ächenmor-
phologie und zur Identi�kation von WSe2-Inseln auf verschiede-
nen Substraten wurde die Rasterkraftmikroskopie (AFM) einge-
setzt.

Die in der h-PLD gewachsenen Dünn�lme ermöglichten die
genaue Bestimmung von Strukturdaten von mehr- und einlagi-
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gen Schichten. Besonders durch das Einrasten der kristallogra-
�schen Achsen konnten hochpräzise Beugungsexperimente mit
Synchrotron-Strahlung durchgeführt werden und die epitaktische
Beziehung zwischen ML WSe2 und verschiedenen Substraten so-
wie die epitaktische Verspannung der Schichten aufgedeckt wer-
den.

a) b)

c) d)

Abbildung 4: a) XRR von MLWSe2 auf einem Substrat von MLG
(001) auf SiC (001). b) GIXRD für zwei senkrechte Richtungen
des Substrats SiC. c) Rocking-Scan des (110)-Peaks von WSe2.
d) Streudiagramm mit linearer Anpassung zur Abschätzung des
in-plane Gitterparameters.

Sowohl Röntgenbeugung mit Synchrotron-Strahlung (XRD)
als auch Röntgenbeugung mit streifendem Einfall (engl: Grazing
incidence X-ray di�raction, GIXRD) wurden zur Bestimmung der
Kristallstruktur von ML WSe2 eingesetzt. Zwischen ML WSe2
und den Substraten wurden die folgenden Orientierungs-Beziehungen
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festgestellt. Auf Al2O3 (0001) Substrat ist WSe2 [1010] mit Al2O3

[1010] gleichgerichtet. Auf einem Substrat von einer Lage Gra-
phen auf SiC, (MLG)/SiC (0001) ist WSe2 [1010] mit Graphen
[1010] gleichgerichtet. Der in der Ebene liegende Gitterparame-
ter von ML WSe2 wurde auf Al2O3 (001) zu 3,272 Å und auf
MLG/SiC (001) zu 3,277 Å bestimmt. Dies entspricht einer Druck-
verformung von 0,3% beziehungsweise 0,16% im Vergleich zu Bulk
WSe2.

WSe2
Al2O3 MLG

2 X 2 3 X 3 4 X 4

aAl2O3

aWSe2

aMLG

aMLG

aMLG

aMLG

aMLG

aWSe2

aWSe2

aWSe2

aWSe2

aWSe2

aWSe2

aAl2O3

aAl2O3

Abbildung 5: Gitterbeziehung von ML WSe2 auf Al2O3 (001) und
auf MLG.

Unter Ausnutzung der eingerasteten kristallogra�schen Ach-
sen konnte die Spinaufspaltung des Valenzbandes am K-Punkt
mit ARPES eindeutig gemessen werden, so wie theoretisch vor-
hergesagt. Der Wert für die Spinaufspaltung in ML WSe2 (∆so)
beträgt 0,465 eV. In Übereinstimmung mit den Kristallstrukturen
aus Beugungsexperimenten deutet dieser Wert auf ein Fehlen von
Inversionssymmetrie hin. Die Abhängigkeit von ∆SO von der Ver-
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spannung wurde mit der Dichtefunktionalmethode theoretisch be-
stimmt. Aus der Kombination der experimentellen Beugungs- und
ARPES-Daten mit den berechneten Daten kann ein Phasendia-
gramm bezüglich Verspannung und Spinaufspaltung erstellt wer-
den, welches in Zukunft bei der Optimierung opto-elektronischer
Eigenschaften von Nutzen sein wird. Die ARPES-Messungen zeig-
ten auch einen Ladungstransfer zwischen MLG und ML WSe2,
welcher zu n-dotiertem ML WSe2 führte. Diese Erkenntnis ist für
die Einstellung des Fermi-Niveaus in Abhängigkeit vom Ladungs-
transfer in Van-der-Waals-Heterostrukturen von Bedeutung, so
wie beispielsweise in Heterostrukturen von ML WSe2 und su-
praleitendem NbSe2, wo unter Ausnutzung des Proximity-E�ekts
exotische Paarungsmechanismen erwartet werden.

a) b) c)

Abbildung 6: a) MLWSe2 und Graphen, überlagert im reziproken
Raum. b) ARPES-Daten von ML WSe2, gemessen entlang der
Richtung Γ-K, zeigen deutlich die Spinaufspaltung des Valenz-
bands. c) ARPES-Daten zeigen den Dirac-Punkt von Graphen
und Teile des Valenzbands von ML WSe2.

Stöchiometrisch zusammengesetztes WSe2 ist unterhalb der
Raumtemperatur ein Isolator (� MΩ). Um die Transporteigen-
schaften im Zusammenhang mit den stark Spin-Bahn-gekoppelten
Valenzbändern in WSe2 zu untersuche, wurden das System mit
Niob dotiert, um lochdotierte Schichten zu erzeugen. Durch Ver-
wendung eines W-Nb-Legierungstargets gelang es uns, leitende
WSe2-Schichten zu erzeugen und deren Widerstand bis zu Tem-
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peraturen von 2 K zu messen. Die über den Hall-E�ekt bestimm-
te Ladungsträgerdichte ist in Einklang mit der nominalen Nb-
Konzentration des Legierungstargets. Die Temperatur-Abhängigkeit
des Widerstands wiest auf einen variable-range hopping Mecha-
nismus hin [8]. Der winkelabhängige Magnetowiderstand bei tiefer
Temperatur zeigt deutliche Anzeichen von Quanteninterferenzef-
fekten (schwache Antilokalisierung und schwache Lokalisierung),
die von der Richtung des angelegten Magnetfelds in Bezug auf
die Stromrichtung abhängen. Phasen- und Spin-Kohärenzlängen
wurden mit Hilfe der Hikami-Larkin-Nagaoka-Theorie (HLN) ab-
geschätzt [9, 10]. Die Kohärenzlä-ngen liegen bei niedrigen Tem-
peraturen im Bereich von einigen zehn Nanometern. Nach einer
vorläu�gen Analyse der Daten scheint in den stark p-dotierten
WSe2-Dünn�lmen der Dyakonov-Perel-Mechanismus [27, 28] für
die Spinrelaxation bei tiefen Temperaturen verantwortlich zu sein.

Mit diesen Versuchen wird gezeigt, dass die Beein�ussung des
Fermi-Niveaus durch chemische Dotierung mit Nb möglich ist,
und dass ein Isolator-Metall-Übergang erzeugt werden kann. Dies
ist ein bedeutender Schritt hin zu wirksam dotieren TMDCs, die
eine Untersuchung der Spineigenschaften in Abhängigkeit vom
Fermi-Niveau ermöglichen, ohne dass wie z.B. beim Gating durch
Anlegen eines elektrischen Feldes zusätzliche symmetriebrechende
Komponenten eingeführt werden. Eine anisotrope Magnetleitfä-
higkeit in Abhängigkeit von der Richtung des Magnetfelds konnte
nachgewiesen werden. Bei senkrecht zum Strom angelegtem ma-
gnetischem Feld erwies sich die Spindephasierungszeit als lang
verglichen mit der Phasenkohärenzzeit. Diese Eigenschaft könnte
für Spintronic-Anwendungen interessant werden, bei denen Spin-
ströme stabil gegenüber Streue�ekten sein müssen auf einer Län-
genskala die dem Abstand der Elektroden entspricht. Bei parallel
zum Strom angelegtem magnetischem Feld ist die Spindephasie-
rungslänge allerdings deutlich kürzer. Solche feldrichtungsabhän-
gigen Magnetotransport-Eigenschaften wurden zum ersten Mal
in dotiertem WSe2 beobachtet. Die Ursachen müssen in Zukunft
noch genauer untersucht werden.
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a) b)

c) d)

Abbildung 7: a) Leitfägigkeit von 5ML Nb0.1W0.9Se2 gewachsen
auf Al2O3 (001) Substrat im Magnetfeld parallel zur Stromrich-
tung. b) dto. von 6ML Nb0.1W0.9Se2. c) Magnetleitfähigkeit bei 3
K von 5ML Nb0.1W0.9Se2 und HLN-Anpassung. d) dto. von 6ML
Nb0.1W0.9Se2.

Zusammenfassend gesagt, erweitert der neue Syntheseweg den
Zugang zur Physik und zu Anwendungen von TMDCs. Drei we-
sentliche Ergebnisse sind in dieser Arbeit dokumentiert. (1) Dünn-
�lme von WSe2 konnten durch ein bottom-up Vorgehen mit h-
PLD bis hin zu einlagigen Schichten synthetisiert werden. Um-
fangreiche Untersuchungen der strukturellen (XRD/GIXRD) und
elektronischen Eigenschaften (ARPES) von ML WSe2 wären mit
abgeblätterten Proben nicht möglich gewesen. Im Gegensatz zu
epitaktisch gewachsenen Schichten ist die Orientierung von ab-
geblätterten Dünn�lmen willkürlich und die begrenzte Gröÿe der
Proben erschwert sehr die Anwendung von GIXRD, da der Strahl
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bei der Anordnung des streifenden Einfalls sich über 10 mm er-
streckt. Der epitaktische Aufbau bietet auch einen Bezugsrah-
men zur Anordnung der Proben in hochgenauen Messungen mit
Synchrotron-Strahlung. (2) Mittels GIXRD und ARPES konnten
strukturelle und elektronische Eigenschaften sehr genau gemes-
sen werden. Die experimentellen Ergebnisse wurden Daten aus
Dichtefunktional-Bandstruktur-Rechnungen gegenübergestellt, wo-
bei der Ein�uss der epitaktischen Verspannung berücksichtigt wur-
de. Damit konnten wir den sehr geringen Ein�uss der Verspan-
nung auf die Spinaufspaltung in unseren epitaktisch gewachsenen
WSe2-Schichten herausarbeiten. Die Ergebnisse stellen den ersten
hochgenauen experimentellen Bezugswert für die Spinaufspaltung
unter Verspannung dar. (3) Mit der h-PLD steht eine wirksame
Methode zur Verfügung, um das Fermi-Niveau durch Dotierung
in die gewünschte Position zu verschieben. In WSe2-Schichten mit
einer Dicke von wenigen Atomlagen wurde durch Dotierung ein
Übergang vom Isolator zum Metall herbeigeführt. Chemische Do-
tierung hat aus zweierlei Gründen Vorteile gegenüber dem Gating.
Erstens wird der Symmetriebruch, der für einlagige Proben cha-
rakteristisch ist, nicht durch E�ekte eines angelegten elektrischen
Feldes überlagert. Zweitens verhindert die Gatterelektrode eine
experimentelle Untersuchung von ML WSe2 mittels STM/STS,
womit in Zukunft neuartige Paarungsmechanismen der Supralei-
tung untersucht werden sollen. Der in dieser Arbeit aufgezeigte
Syntheseweg und die Dotierungsmöglichkeiten ö�nen eine Tür zur
Erzeugung künstlicher Heterostrukturen in eine Weise die bestens
geeignet ist, die Physik von Van-der-Waals-Grenz�ächen zu un-
tersuchen. german
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1. Introduction

1.1 Background

Condensed matter physics is one of the fundamental branches
of physics. It deals with the study of properties of matter. We
are surrounded by di�erent types of materials. To utilize various
types materials to their fullest requires us to know and understand
their properties. Due to the signi�cance of materials, the human
history is classi�ed based on the material of technology of the
age. Which is the Three Age System for the stone, the bronze,
and the iron ages [29, 30].

We have come a long way from the classi�cation of matter
into classical elements of air, earth, water, �re and aether [31]
to a modern classi�cations based on their physical, mechanical,
chemical, magnetic and electronic properties. Just as the clas-
sical physical states of matter, solid, liquid, and gaseous is up-
dated with plasma [32], superconductivity (SC) [33�35], super-
�uidity [36], Bose-Einstein condensate (BEC) [37, 38] etc.; the
electronic states of conductor, semiconductor and insulator is up-
dated with topological insulators (TI) [39], Dirac and Weyl met-
als and semimetals [40�44] etc. Among the plethora of di�erent
kinds of materials, none in�uenced the human progress like the
semiconducting materials such as silicon. Therefore, our present
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era is uno�cially known as the silicon age [11,12].

Stone Age

Bronze Age

Iron Age

Silicon Age

Topological Age ?

Figure 1.1: Di�erent stages of human history along with the rep-
resentative material of the age.

Semiconducting materials have the electronic conductivity some-
where between that of pure metals and insulators. The electronic
conductivity of the semiconductor can be altered in two possible
ways. First by adding impurities, a process known as doping and
second, by creating an electric �eld in a process known as gating.
Compared to doping, gating allows �exibility in the manipula-
tion of the conductivity. This allows us to control the �ow of
charge between the source and the drain using an external �eld.
The states of conductivity (on) and non-conductivity (o� ) of the
charge enabled the binary basis for the computer architecture
with the use of transistors.

The invention of transistor radically changed the electronic
industry. With subsequent re�nement in the synthesis of high
quality silicon, the e�ciency of the electronic devices increased
drastically. However, the state-of-the-art silicon based transistor
is facing a few challenges. The Moore's law states that the density
of components on the integrated chip doubles at a regular inter-
val. Original prediction was doubling every two years [13, 14].
Consequently, the size of the transistors keeps shrinking down.
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As the size goes down, the quantum tunnelling e�ect becomes a
problem in the manipulation of the charge. Such tunnelling pro-
cesses allows the charge to �ow even when the transistor is in the
o� state. In addition, the high density of components creates
problem in the heat management [15]. Hence, we need to look
beyond the charge based electronic devices.

We are in the transition period of the electronic age. After
mastering the manipulation of the electronic charge, global e�ort
is to incorporate and utilize the spin degree of freedom of the elec-
tron to realize e�cient devices [16�21]. In such devices, it is the
spin that carries the information and can be manipulated with
external �elds. Earliest report of the spin dependent transport
in a heterostructure is the tunnelling between the ferromagnetic
�lms [45]. With the discovery of giant magnetoresistance in a het-
erostructure with ferromagnetic materials [46, 47], the e�ciency
of data storage has increased tremendously [21] due to miniatur-
ization of the reader head. As of now, memory devices which
work on both tunnelling and giant magnetoresistance phenom-
ena are available in the market. Compared to the application
towards memory devices, utilizing spin for a logic device is still
in its infancy despite the in�uential theoretical proposal that has
been made a few decades ago [22].

In the forefront of such an endeavour is the �eld of mate-
rial science. E�orts are being made to utilise the current known
electronic states for innovative applications in parallel to discov-
ering and understanding newer properties. With an emphasis on
miniaturisation and higher e�ciency of the next generation de-
vices, low dimensional materials o�er a new perspective. Even
though the physio-chemical properties of graphene are extremely
robust to ambient conditions with excellent electro-elastic prop-
erties among the 2D materials, it is less likely to be implemented
in functional electronics. The drawback of graphene which limits
its use in modern electronic devices is the lack of a band gap.

The search is on for other low dimensional electronic sys-
tems. Among them, transition metal dichalcogenides (TMDCs)
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Figure 1.2: Some of the 2D materials that could be used alone or
in combination with each other like Lego, creating van der Waals
heterostructures [3].

are stepping up to �ll this gap left by graphene with their non-
zero band gap [48]. Although the single layer MoS2 is obtained in
1986 [49], not much work has been done in the �eld of low dimen-
sional systems. It is only after the successful synthesis of a free
standing graphene in 2004 [50] that the global research e�orts are
refocused on two dimensional (2D) materials [51].

Study of low dimensional TMDCs could have double bene�ts
of addressing the device applications as well as creating a plat-
form for the investigation of novel physical phenomena. For this
reason, we are motivated to synthesise and investigate one of the
TMDCs, ML WSe2. The following part of this chapter provides
an overview of the TMDCs and the motivation to select MLWSe2
as a material of interest for this thesis work.
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1.2 Transition metal dichalcogenides

1.2.1 Introduction

2D materials are crystalline materials consisting of a single layer
of atoms as in the case of graphene, phosphorene and silicene etc.
or of multiple layer units as in the case of TMDCs [3, 5, 52, 53].
These systems are generally called the van der Waals materials
[3,4,54]. Signature of a van der Waals material is a strong covalent
bonding within the layer and a weak van der Waals interaction
between the layers. This allows for thinning down bulk material
to the 2D limit.

Figure 1.3: Periodic table with transition metals and chalco-
genides highlighted [55].

Transition metal dichalcogenides (TMDCs) are one of the ear-
liest materials to form on earth with MoS2 samples dating back to
2.9 billion years [56,57]. The physical properties of bulk TMDCs
were extensively studied in the 20th century [58,59]. TMDCs are
well known for their tribological properties [60,61] and they have
been investigated as dry lubricants [62,63]. These materials have
been identi�ed to have wide range of mechanical, chemical and
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electronic applications as well as novel systems harbouring exotic
physical phenomena [3�6,15,48,52,55,64�82].

Di�erent TMDC compounds are available with various sto-
ichiometries and crystal structures. Even though some of the
TMDCs share a similar crystal structure, they exhibit wide rang-
ing electronic properties such as semiconducting, insulating and
even superconducting [6, 15, 48, 52, 66, 68, 72, 77, 80, 82]. In order
to fully appreciate the signi�cance of the monolayer TMDCs, we
start with the bulk properties and proceed to those of monolayer.

1.2.2 Bulk TMDC

Crystal structure

TMDCs are van der Waals materials. In them, the transition
metal layer is sandwiched between the chalcogen layers forming
a unit layer with strong covalent bonding within and di�erent
unit layers held together with van der Waals forces. TMDCs can
be found in various polymorphs labelled such as 1T, 2H, and 3R
etc. The letter signify the type of symmetry (here T:trigonal,
H:hexagonal & R:rhombohedral) and the number indicates the
number of layers in a unit cell. In the 1T phase, the chalcogen
atoms surround the transition metal atom forming an octahedral.
2H phase consists of two unit layers in which the chalcogen atoms
forms a prism around the transition metal. There exists a cen-
ter of inversion in both of these types. In the case of 2H-MX2,
there are two unit layers such that the transition metal in the
upper layer is placed above the chalcogen atoms in the bottom
layer. Therefore, the bulk 2H-MX2 shows symmetry space group
of P63/mmc (space group no. 194).

The layered nature of TMDCs gives rise to anisotropic struc-
tural and electronic properties. Among TMDCs, the bonding is
between the transition metal and the chalcogen atoms through
four electrons of metal to �ll the bonding states. The charges
on the transition metal and the chalcogen atoms are +4 and -
2, respectively. The lack of dangling bonds makes the surface
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2H

3R

1T
M

X

Figure 1.4: Three major polymorphs, 1T, 2H, and 3R of transi-
tion metal dichalcogenides MX2 [59, 83,84].

cleavable, stable, and less reactive.

Electronic band structure

In an octahedral coordination for the 1T type polymorph, the
d-orbitals are split due to the crystal �eld into two groups, eg
(dz2 and dx2−y2) and t2g (dxy, dyz and dxz). In the case of a
trigonal prismatic coordination of 2H polymorph, the d-orbitals
are split into 3 groups, a1 (dz2), e (dx2−y2 +dxy) and e′ (dyz+dxz).
Depending on the transition metal atom involved, di�erent orders
of �lling of the electronic bands are possible. By going from lower
group to the higher the number of electrons from the transition
metal atoms increase, thereby �lling the higher orbitals.

Schematic �gure of the density of states at the Γ-point and the
�lling for various transition metals from di�erent groups in the
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Figure 1.5: DOS at the Γ of TMDCs for di�erent transition metal
groups in the periodic table and crystal symmetry showing the
di�erence between the octahedral and trigonal prismatic (of MX2

{M: Mo, W; X: S, Se} highlighted in red box) coordinations.
Schematics reproduced from Ref. [56].

periodic table along with the crystal symmetry is shown in the
Fig.1.5. Depending on the geometry, the type of orbital splitting
due to the crystal �eld and the character of the orbitals change
as indicated in the Fig.1.5.

In the case of MX2 (M: Nb, Mo, Ta, W; X: S, Se, Te) with
group 5 and 6 transition metals, the major polymorph is 2H with
symmetry space group P63/mmc. Since the crystal structure is
the same, the di�erence in the electronic properties can be un-
derstood in terms of electron �lling. Possible di�erent electronic
states observed in MX2 are summarised in the Tab.1.1. Since the
group 5 elements Nb and Ta are having 1 electron in the d-orbital,
the dz2 is half �lled and is completely �lled in the case of group 6
elements of Mo and W which has 2 electrons when forming MX2

compounds. This gives rise to metallic and semiconducting states
respectively.
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S2 Se2 Te2
Metal Metal Metal

Nb Superconducting Superconducting
CDW CDW
Metal Metal Metal

Ta Superconducting Superconducting
CDW CDW

Semiconducting Semiconducting Semiconducting
Mo ML: 1.8 eV ML: 1.5 eV ML: 1.1 eV

Bulk: 1.2 eV Bulk: 1.1 eV Bulk: 1.0 eV
Semiconducting Semiconducting Semiconducting

W ML: 1.9 eV ML: 1.7 eV ML: 1.1 eV
Bulk: 1.4 eV Bulk: 1.2 eV

Table 1.1: Di�erent electronic states of TMDCs as published in
Ref. [15].

1.2.3 Monolayer TMDC

Crystal structure

The monolayer limit of previously mentioned polymorphs consists
of a single unit layer. Each unit layer consists of three atomic lay-
ers, a transition metal layer sandwiched between two chalcogen
layers. The transition metal atoms form a triangular lattice and
dictates the electronic properties of the monolayer TMDCs sig-
ni�cantly.

Unlike 1T, 2H polymorph is much more interesting due to ex-
plicit broken inversion symmetry in the monolayer compared to
the bulk. In the case of 2H polymorph, with the 2H→1H transi-
tion, the symmetry reduces from D6h→D3h and the space group
changes from P63/mmc (space group no. 194) → P6m2 (space
group no. 187) [26]. When going from bulk to the monolayer, the
unit cell gets a mirror plane symmetry within the layer and more
importantly, the inversion symmetry present in the bulk is lost
in the monolayer limit making it non-centrosymmetric material.
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Here, we de�ne the real and reciprocal space 1H-MX2. The real
space lattice vectors as shown as red arrows in the Fig.1.6 can be
written as:

a1 = ax; a2 = a

(
1

2
x+

√
3

2
y

)
. (1.1)

(100)(110)
Bulk

unit cell
Monolayer

W

Se

Se

a1

a2

x

y

Figure 1.6: Crystal structure of MX2. On the left side is the top
view of the crystal structure with the unit cell indicated with a
black parallelogram. Lattice planes are shown as black and blue
lines for (100) and (110) lattice planes, respectively. The unit
vectors are shown in red. Side view of the monolayer MX2 and
of the unit cell are shown on the right side.

The corresponding reciprocal lattice vectors are given by:

b1 =
2π

a

(
x− 1√

3
y

)
;b2 =

2π

a

2√
3
y. (1.2)

This leads to a hexagonal Brillouin zone for the triangular
lattice of ML MX2. Centre of the Brillouin zone is the high sym-
metry point of Γ, vertices are indicated by K and the midpoint
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b1

b2

Γ

Γ

Γ

K

M

x

y

Figure 1.7: Reciprocal space of monolayer MX2. High symmetry
points and the reciprocal vectors are indicated on the Brillouin
zone using Eqs.1.2.

of sides are denoted by M. These high symmetry points are im-
portant when we discuss about the electronic band structure.

Electronic band structure

The electronic band structure of monolayer TMDCs, in particular
those with space group symmetry of D3h, have two striking fea-
tures compared to the band structure of bulk TMDCs. First, the
indirect band gap in the bulk changes to direct band gap in the
monolayer limit. This is related to number of W atoms in the unit
cell being reduced from two to one as we go from bilayer to mono-
layer. It can be most easily seen at the Γ-point (Fig.1.8), where
topmost valence bands are split for bilayers. Together with this,
there is also a subtle splitting along the lowest conduction band
in the Γ�K direction. Both of these contribute to the indirect to
direct band gap transition. This can be understood basically in
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terms of bonding and anti-bonding orbital formation between the
atoms in two adjacent layers for bilayer case, which is absent in
the monolayer.

The evolution of the band structure in 2H-MoS2 calculated
from the �rst principles is shown in the Fig.1.8. As can be ob-
served in the Fig.1.8, the valance band maximum is at Γ and
the conduction band minimum is in between the K and Γ which
results in the indirect transitions. In the case of monolayer 1H-
MoS2 (which is a non-centrosymmetric and have trigonal pris-
matic coordination), the valance band maximum and the con-
duction minimum are shifted to K resulting in direct band gap
transitions. The semiconducting state is due to the �lled top most
valance band with 2 electrons from the transition metal atom in
a MX2 compound.

The direct band gap leads to an intense photoluminescence
(PL). The broad peaks in the spectra shown in Fig.1.9 corre-
sponds to the direct excitonic transitions from the spin split
valance bands to the conduction band with ∆so=0.15 eV. This
is very close to the value of 0.148 eV, predicted by theory in
Ref. [86]. Such a transition from an indirect to a direct band gap
and the resulting PL has attracted many to �nd opto-electronic
applications [15,87�96].

Second, the lack of inversion symmetry in the monolayer limit
splits the valance band into two spin polarised bands at the K
[97]. This e�ect can be understood as a Rashba e�ect. When
the time reversal symmetry is preserved and the space inversion
symmetry is broken, the Kramer's degeneracy is lifted.

Inversion symmetry breaking and its consequence

Atomic SOC itself does not o�er energy level splitting between
up and down spins. However, atomic SOC together with in-
version breaking in solids provide a mechanism for splitting be-
tween otherwise degenerate up and down spin states. This is in
general called the Rashba e�ect, and is schematically shown in
Fig.1.10. Although the above symmetry argument dictates that
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Figure 1.8: Evolution of the electronic band structure of 2H-
MoS2 calculated using �rst principles for di�erent thickness as
shown. The indirect transitions are indicated with arrows from
the valance band to the conduction band and direct transition in
the monolayer limit. Image reproduced from Ref. [75,85].

E(k, ↑) 6= E(k, ↓), and thus should result in energy splitting for
the up and down spins when inversion symmetry is broken, this
alone does not allow us to obtain any clue on how large such e�ect
could be in real materials. In the following, we �rst explain this
for materials that show conventional Rashba e�ect (e.g. Au(111)
surface) and later explain the case for monolayer WSe2. This will
enable us to clarify the uniqueness of monolayer WSe2.

We �rst brie�y mention SOC in atoms. In the rest frame of an
electron, the nucleus orbits around it. The orbiting nucleus gen-
erates an e�ective magnetic �eld which the electron experiences.
Depending on the orientation of the spin with respect to the ef-
fective magnetic moment coming from orbital motion, the energy
of the electron changes. This results in the lifting of the energy
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Figure 1.9: Photoluminescence spectra of 2H-MoS2 with di�erent
thickness reported by Ref. [85]. PL spectra is strong in the case
of ML MoS2 and the two broad peaks correspond to the excitonic
spectra from the spin split bands with ∆so=0.15 eV.

degeneracy as a consequence of the SOC. In a non-relativistic ap-
proximation of the Dirac equation, a SOC term can be seen in
the total Hamiltonian [98].

HSOC = − h̄

4m2
0c

2
σ · p× (∇V0). (1.3)

The magnitude of splitting is quanti�ed in terms of SOC constant
α [HSOC = αL · S and αnl = 2

2l+1(εnlj+ − εnlj−)] which is 0.005
Ry (0.068 eV) for Mo, 0.019 Ry (0.258 eV) for W, and 0.045 Ry
(0.608 eV) for Au [99]. This corresponds to the energy splitting
between the di�erent total angular momentum (J) states of the
valance electrons but there are still double degeneracy coming
from time reversal symmetry, thus spin up and down states are
not split.

We have seen that atomic SOC does not separate two spin
states in isolated atoms. Then why, after introducing inversion
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E

k-k +k +k

E1

E1

E2

TRS

SIS

Preserved Preserved

Preserved Broken

𝐸 𝑘, ↑ = 𝐸 𝑘, ↓ 𝐸 𝑘, ↑ ≠ 𝐸 𝑘, ↓

Figure 1.10: The illustration of Rashba e�ect with time reversal
symmetry (TRS) and space inversion symmetry (SIS) indicated.
On the right is the experimental evidence of Rashba spin splitting
and spin texture in Au(111) as reported by [100].

breaking, is the spin degeneracy lifted in the solids? Although this
can be understood in multiple theoretical schemes such as k · p
perturbation theory [101] and �rst-principles calculation [102],
in the following we use tight-binding approach [103, 104]. In a
tight binding model, the electronic band structures arise due to
the overlap of the neighbouring orbitals. The key to understand
the Rashba spin splitting within such scheme is to consider o�-
diagonal coupling between orbitals that are allowed by reduced
symmetry (i.e, by inversion breaking). We �rst examine an exam-
ple for the spin splitting for the surface state of Au(111), which
was �rst experimentally observed in Ref. [100] and shown in the
Fig.1.10. The tight binding Hamiltonian for Au (111) is evaluated
based on the model developed in the Ref. [103].

H =
∑

tab(Ri −Rj) |pa(Ri), σ〉 〈pb(Rj , σ|+ αL · S, (1.4)
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where pa is the orbital basis function and the overlap matrix
element tab(Ri −Rj) is given by:
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Ĥ
|p

x
↑〉

|p
y
↑〉

|p
z
↑〉

|p
x
↓〉

|p
y
↓〉

|p
z
↓〉

〈p
x
↑|

5
.7

69
9

−
α 2
i

0.
37

69
i

0
0

−
1

〈p
y
↑|

α 2
i

6.
40

22
0

0
0

−
α 2
i

〈p
z
↑|

−
0.

37
69
i

0
5
.2

16
6

1
α 2
i

0

〈p
x
↓|

0
0

1
5.

76
99

α 2
i

0.
37

69
i

〈p
y
↓|

0
0

−
α 2
i

−
α 2
i

6.
40

22
0

〈p
z
↓|

−
1

α 2
i

0
−

0.
37

69
i

0
5
.2

16
6

                     A
u

18



In the absence of SOC (α=0), the tight binding matrix gives
three double degenerate eigenvalues. As can be noticed in the
matrix, there is an imaginary o�-diagonal coupling between px ↑
(↓) and pz ↑ (↓) (highlighted in the matrix). Usually, the px
and pz are orthogonal and we should not see any hybridisation
between them. The reason we see such a coupling term is that the
inversion symmetry is broken in the z-axis which lifts the strict
orthogonality between px and pz. When the SOC is introduced
(α=0.608 eV), the spin degeneracy is lifted which also result in a
mixing between all three orbitals. Now, we explicitly show two
pairs of eigenfunctions where Rashba splitting is large (A) and
small (B).

|ψA,+〉 =− 0.0431 |px, ↑〉 − 0.0173i |py, ↑〉 − 0.7056i |pz, ↑〉
+ 0.0431i |px, ↓〉 − 0.0173 |py, ↓〉 − 0.7056 |pz, ↓〉 ,

|ψA,−〉 = + 0.0052 |px, ↑〉 − 0.0186i |py, ↑〉+ 0.7068i |pz, ↑〉
+ 0.0052i |px, ↓〉 − 0.0186 |py, ↓〉 − 0.7068 |pz, ↓〉 ,

|ψB,+〉 =− 0.6571 |px, ↑〉+ 0.2610i |py, ↑〉+ 0.0117i |pz, ↑〉
− 0.6571i |px, ↓〉+ 0.2610 |py, ↓〉 − 0.0117 |pz, ↓〉 ,

|ψB,−〉 = + 0.6473 |px, ↑〉 − 0.2828i |py, ↑〉 − 0.0326i |pz, ↑〉
− 0.6473i |px, ↓〉+ 0.2828 |py, ↓〉 − 0.0326 |pz, ↓〉 .

(1.6)

We point out two prominent features in the Rashba split pair
(A). First, the contribution of pz is sizable. This is in line with
our expectation that out-of-plane inversion breaking should en-
able the coupling of pz with otherwise orthogonal px and py states,
and thus in the Rashba split pair, pz should be �nite. Second,
due to the spin direction (in-plane and pointing to y for (kx,0))
that we analyze in the following, we expect appreciable energy
di�erence to occur between px + ipz and px − ipz like orbitals.
As we can see, not only there is a �nite contribution from such
orbitals in Eq.1.6 but also the coe�cient of orbital for px di�er
within the pair (note that atomic SOC alone will not induce en-
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ergy splitting between px ↑ +ipz ↑ and px ↓ −ipz ↓). Thus, we
can capture the essential physics of the Rashba spin splitting in
the tight binding model. Namely, (i) the inversion-breaking in-
duced o�-diagonal coupling (ii) which induces energy splitting in
orbital angular momentum−like states. We note that for the Au
(111) case, the magnitude of the spin splitting evaluated at the
k-point (10% away from Γ) is ∼0.04 eV, which is less than ∼10%
of the atomic spin orbit coupling of elemental gold (0.608 eV).
This can be understood because the eigenfunction (Eq.1.6) is not
exactly matching that of angular momentum states l = +1 and
l = −1 states (px + ipz and px− ipz : note that quantisation axis
is taken along y here) − not only the coe�cients for px and pz
are mismatched, but also there is some py component not con-
tributing to the spin splitting at this speci�c k-point. Thus, we
can see that only a small (but �nite!) component of the �pure�
angular momentum states are contributing to the Rashba split
pair, making the overall spin splitting smaller than the spin orbit
coupling energy. A similar e�ect is observed at −k = (− 4π

30a , 0),
but with opposite spin polarity as shown below.

|ψA,−〉 = + 0.0431 |px, ↑〉+ 0.0173i |py, ↑〉 − 0.7056i |pz, ↑〉
+ 0.0431i |px, ↓〉+ 0.0173 |py, ↓〉+ 0.7056 |pz, ↓〉 ,

|ψA,+〉 =− 0.0052 |px, ↑〉+ 0.0186i |py, ↑〉+ 0.7068i |pz, ↑〉
+ 0.0052i |px, ↓〉 − 0.0186 |py, ↓〉+ 0.7068 |pz, ↓〉 ,

|ψB,−〉 =− 0.6571 |px, ↑〉+ 0.2610i |py, ↑〉 − 0.0117i |pz, ↑〉
+ 0.6571i |px, ↓〉 − 0.2610 |py, ↓〉 − 0.0117 |pz, ↓〉 ,

|ψB,+〉 =− 0.6473 |px, ↑〉+ 0.2828i |py, ↑〉 − 0.0326i |pz, ↑〉
− 0.6473i |px, ↓〉+ 0.2828 |py, ↓〉+ 0.0326 |pz, ↓〉 .

(1.7)

Next, we explain another important consequence of the Rashba
e�ect − its spin texture in momentum space. With the splitting
of the bands, a spin texture is created which rotates in the mo-
mentum plane. Because of two di�erent spin types, the spins in
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the two Fermi circles rotate in opposite directions.

The direction of the spin in the Fermi circle can be calcu-
lated using the spin expectation operator. For this, we need to
derive the eigenfunctions at each k-point corresponding to the
eigenvalues of the parabolic dispersion in the Fig.1.10. Around
the Γ-point, the parabolic band structure resembles that of a free
particle. Hence, we can approximate the Hamiltonian with a free
particle model as:

H =
p2

2m
+ αR(ez × p) · σ, (1.8)

where, m is the mass of the electron and αR is the empirical
parameter proportional to the gradient of the electric �eld [103,
105]. The corresponding eigenvalues are calculated to be:

E =
h̄2k2

2m
± αRh̄k. (1.9)

The spin splitting is evident from the eigenvalues shown in
the Eq.1.9. The parabolic bands have a linear term added and
subtracted. The corresponding eigenfunctions are:

ψ1(r) = eikr(|↑〉+ ieiθk |↓〉),
ψ2(r) = eikr(ie−iθk |↑〉+ |↓〉),

(1.10)

where, θk is the angle of the k with respect the x-axis. The
spin expectation values on three directions can be calculated for
the eigenfunctions shown in the Eq.1.10. The spin expectation
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values are:

〈sx1〉 =
h̄

2
(ieiθk − ie−iθk),

{
0 for θk=0

−h̄ for θk=π/2

〈sy1〉 =
h̄

2
(eiθk + e−iθk),

{
h̄ for θk=0

0 for θk=π/2

〈sz1〉 = 0,

and,

〈sx2〉 =
−h̄
2

(ieiθk − ie−iθk),

{
0 for θk=0

h̄ for θk=π/2

〈sy2〉 =
−h̄
2

(eiθk + e−iθk),

{
−h̄ for θk=0

0 for θk=π/2

〈sz2〉 = 0.

(1.11)

What these spin expectation values represent is the direction
of the spin at two di�erent momentum points ((kx,0) and (0,ky))
for two di�erent eigenfunctions given by the Eq.1.10. This pre-
cisely represent the rotation of the spin direction in the Fermi
circle as shown in the Fig.1.10. Such a vortical spin texture in
the xy-plane is the manifestation of the conventional Rashba ef-
fect.

The case of ML TMDC is very di�erent. As mentioned ear-
lier, the d-orbitals split into three levels due to crystal �eld in
a trigonal prismatic coordination at the Γ. The lowest energy
orbital is the dz2 with lz = 0. Next lowest orbitals are dx2−y2
and dxy, which are orthogonal and degenerate at Γ(k=(0,0)). As
we move towards the K-point (k=(4π3a ,0)), the dx2−y2 and dxy or-
bitals not only hybridise, but do so in a way that form a giant
energy splitting (∼4 eV) between l = +2 (dx2−y2 + idxy) and
l = −2 (dx2−y2 − idxy) −like states in angular momentum basis.
The tight binding Hamiltonian for a ML WSe2 is used
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matrix). It is critical to see that there is a huge o�-diagonal
hopping term between dxy and dx2−y2 even for α = 0, which
makes these orbitals split in energy into l = +2 and l = −2 −like
states. The reason for the exceptionally large spin splitting in the
case of ML TMDCs can be attributed to this fact − namely, the
resultant hybridised orbital states coming from inversion breaking
is split in energyninto almost "pure" angular momentum states,
l = +2 and l = −2 −like states. The eigenfunctions calculated for
the two giant spin split (∼0.5 eV) pairs (A and C) and degenerate
(B) pair at K (4π3a , 0) are:

|ψA,+〉 = + 0.7071i |dxy, ↓〉+ 0.7071
∣∣dx2−y2 , ↓〉 ,

|ψA,−〉 = + 0.7071i |dxy, ↑〉+ 0.7071
∣∣dx2−y2 , ↑〉 ,

|ψB,+〉 = + |dz2 , ↓〉 ,
|ψB,−〉 = + |dz2 , ↑〉 ,
|ψC ,+〉 =− 0.7071i |dxy, ↑〉+ 0.7071

∣∣dx2−y2 , ↑〉 ,
|ψC ,−〉 =− 0.7071i |dxy, ↓〉+ 0.7071

∣∣dx2−y2 , ↓〉 .
(1.13)

This is in stark contrast to the case of Au (111) surface. Here only
dxy and dx2−y2 are hybridised with equal contribution and none
from dz2 . The spin degeneracy is lifted in both A and C pairs
and preserved in B. The spin polarisation of the pairs A and C
are opposite and we should expect them to switch places at -K.
And it is observed to be the case as the calculated eigenfunctions
at -K (−4π

3a , 0) are as follows:

|ψC ,+〉 =− 0.7071i |dxy, ↑〉+ 0.7071
∣∣dx2−y2 , ↑〉 ,

|ψC ,−〉 =− 0.7071i |dxy, ↓〉+ 0.7071
∣∣dx2−y2 , ↓〉 ,

|ψB,+〉 = + |dz2 , ↓〉 ,
|ψB,−〉 = + |dz2 , ↑〉 ,
|ψA,+〉 = + 0.7071i |dxy, ↓〉+ 0.7071

∣∣dx2−y2 , ↓〉 ,
|ψA,−〉 = + 0.7071i |dxy, ↑〉+ 0.7071

∣∣dx2−y2 , ↑〉 .
(1.14)
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Using the eigenfunctions of the Hamiltonian describing the case
of ML TMDCs which represent the giant spin split valance bands
at the K-point, we proceed to calculate the spin direction.

|ψA,+〉 =
1√
2

∣∣dx2−y2 ↑〉+
i√
2
|dxy ↑〉 ,

|ψA,−〉 =
1√
2

∣∣dx2−y2 ↓〉+
i√
2
|dxy ↓〉 .

(1.15)

With these eigenfunctions, we use the spin operators to cal-
culate the direction of the spins in the spin split valance bands at
the K-point. The spin expectation values are calculated to be:

〈sxA+〉 = 0,

〈syA+〉 = 0,

〈szA+〉 = − h̄
2
,

and,

〈sxA−〉 = 0,

〈syA−〉 = 0,

〈szA−〉 =
h̄

2
.

(1.16)

This is a quite di�erent result compared to the conventional
Rashba spin texture. Here the spin are aligned along or opposite
to the z-axis, perpendicular to the momentum xy-plane (Ising-
type). This may look like a Zeeman splitting, but it is not the
case. The reason is that in a Zeeman splitting the spin polarisa-
tions are same at opposite momentum points such asK and -K. In
the case of ML TMDCs however, the spin polarisation is switched
at the opposite momentum points. This is a consequence of the
preserved time reversal symmetry. Such a large splitting (∼0.5
eV) results in extremely high e�ective magnetic �eld (∼4000 T)
experienced by the carriers in the spin polarised bands. Hence the
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Figure 1.11: The d-orbitals close to the Fermi level are shown at
Γ and K points. The l = 0 is the lowest energy orbital at the
Γ-point. The l = ±2 splits into two levels sandwiching the dz2
orbital at the K-point. They in turn split into two sublevels due
to the broken inversion symmetry and strong SOC [106]. On the
right is the illustration of spin splitting in the valance bands at K
as well as the orientation of the spins, reproduced from Ref. [23].

spin properties of the carriers in these spin polarised bands could
be quite di�erent from conventional materials. The evolution of
the d-orbitals from Γ to K is shown in the Fig.1.11 along with the
spin spin polarisation in the valance bands at the K-point which
is same as the spin expectation values calculated in the Eq.1.16.
Such an e�ect in the ML TMDCs makes them a unique system
to observe di�erent new properties and phenomena that we will
discuss in the following section.

1.3 Monolayer TMDCs as an arena for novel
physics

We have seen that just as in the case of graphene and graphite,
the properties of ML TMDCs are drastically di�erent from bulk
TMDCs. In stark contrast to bulk TMDCs, the monolayer TMDCs
exhibit novel and exotic properties. First among them is the di-
rect bandgap transition in the monolayer limit with a gap in the
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visible region. This has immediate applications in opto-electronic
devices [15, 26, 55, 107, 108]. Furthermore, the crystal symmetry
in the monolayer limit creates a two valley system. The valley de-
gree of freedom couples with spin of the carriers to show coupled
spin-valley physics. Such a system is governed by special optical
selection rules, in which a circularly polarised light can be used
to manipulate the valley degree of freedom. In addition to these,
monolayer TMDCs also allows us to study fundamental physical
phenomena [109], including topological states [66, 79] and gauge
�elds induces by strain [78,110,111] etc.

Figure 1.12: Strong spin-orbit coupling and broken inversion sym-
metry opens up new avenues of interesting electronic properties.
This is an illustration of di�erent sub-�elds in which both mag-
netization and spin can be manipulated using electric �elds to
access various novel states. Illustration taken from Ref. [109].
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1.3.1 Novel properties of monolayer TMDCs for de-
vice realisation

Coupled spin-valley physics

The two major distinctions of TMDCs with graphene is the ex-
plicit broken inversion symmetry in the monolayer limit and the
strong SOC. Among TMDCs, due to the crystal structure with
triangular lattice of the transition metal two distinct valleys arise.
Because of the large separation of the valleys in the momentum
space, the valley index remain robust against scattering. Based
on these two properties, Xiao at. al. [97] predicted the presence
of valley Hall e�ect. In the valley Hall e�ect, the carriers with
di�erent valley index �ow opposite in the presence of in-plane
electric �eld which is experimentally observed by Ref. [74]. The
inversion asymmetry can also lead to valley dependent optical
selection rules for the interband transitions, with experimental
results reported by Ref. [112,113].

The strong SOC due to heavy transition metal splits the spin
degeneracy (Kramers degeneracy) of d -orbitals in the presence of
an inversion asymmetry. Time reversal symmetry requires the
spin splitting to be opposite in the di�erent valleys. This feature
can be exploited for the development of spin based physics and
applications. The combination of spin and valley degrees of free-
dom could give rise to a platform with coupled spin and valley
physics.

Carriers in the bands at K can be described with a massive
Dirac equation [97]. This leads to a valley Hall e�ect to be present
along with the spin Hall E�ect. The spin or valley relaxation is
suppressed as carrier scattering among opposite valleys is not
allowed due to contrasting spin splitting. The coupling of spin
and valley indices leads to concomitant valley-dependent optical
selection rules, allowing us to manipulate the carriers with various
combinations of these indices.

The robustness of spin and valley Hall e�ects are related to the
spin and valley relaxation times and lengths. Valley index can be
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Figure 1.13: Coupled spin and valley physics in monolayer
TMDCs. (a) Valley and spin Hall e�ects in electron and hole-
doped systems. (b) Valley and spin optical selection rules. (c)
Spin and valley Hall e�ects of electron and holes excited by po-
larised optical �elds. (d) Spin and valley Hall e�ects of electrons
and holes excited by two colour optical �elds with opposite cir-
cular polarisation. Illustration taken from Ref. [97].

�ipped when scatterers with the size of the unit cell are present.
Spin �ipping happens in the presence of local magnetic defects or
scattering sites. In the absence of such scattering centers, the car-
riers are expected to have long spin and valley relaxation lengths
and times. Spin and valley Hall e�ects leads to spin and valley
carriers build up at the sample boundaries and has a potential to
be exploited in the fabrication of coupled devices of spintronics
and valleytronics [114�116]. This is one of the major applications
of the monolayer TMDCs. To realise devices with these materials
requires high quality and reliable growth techniques.

29



1.3.2 Applications of ML TMDCs to study exotic
phenomena

Topological superconductivity

Topological superconductivity has been a holy grail in modern
condensed matter physics. There have been many proposals for
the realisation of a topological superconductivity [117�121]. The
basic idea is to couple a normal superconductor with a topo-
logical insulator to achieve induced superconductivity in the lat-
ter though a proximity e�ect [122]. Another exotic paired state
is the pairing with �nite momentum known as FFLO state, af-
ter the proposals of Fulde and Ferrell and Larkin and Ovchin-
nikov [123, 124]. Previous attempts in realising such modulated
superconductors is by creating spin imbalance using magnetic
�elds [125] with exception of [126].

Hsu et. al. [72] laid out an alternate approach for the reali-
sation of topological and modulated superconductivity. This is a
dual to strategy of Fu and Kane [117], which can be realised in
time reversal invariant (TRI) non-centrosymmetric system where
the pair of Fermi surfaces are centred at opposite momenta ±k
with spin polarised electrons. The proposal is to lift the spin de-
generacy in the momentum space and bring the Fermi level in
between the spin split valance bands. This situation could be re-
alized in a ML TMDCs. In such spin split double valley system,
two di�erent pairing possibilities arise. First is the intervalley
pairing between opposite momenta and the other is an intraval-
ley pairing with �nite center-of-mass momentum.

Realising a topological superconductivity is highly appealing.
To observe such an exotic state requires us to create a heterostruc-
ture of superconductor and spin split material (monolayer TMDC
in the present context). Moreover, the Fermi level in the mono-
layer TMDC needs to be �ne-tuned with the help of gating or
doping to be in between the spin polarised bands. Unlike the
gating which is a barrier for the STM experiments, doping allows
for �exibility that could be achieved with our deposition tech-
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Figure 1.14: Spin split double valley centred at K and K′ with
Fermi level between the spin polarised valance band. (a) Interval-
ley pairing (b) intravalley pairing. (c) and (d) are the candidate
gap functions for the intervalley pairing allowed by the symmetry
group C3v. Illustration reproduced from Ref. [72].

nique. This idea is the bigger agenda of which creating a clean
and reliable growth method is one of its part.

Emergent gauge �elds

In addition to the topological states that can be achieved by
TMDCs, another fascinating phenomenon involving an interplay
of mechanical and electronic properties can be found in them
[78]. In thin �lms such as graphene, gauge like �eld emerge due
to mechanical strain, corrugations or defects [110, 111]. Among
TMDCs, such defects or impurities modulate the surface curva-
ture of the thin �lms and a�ect the properties of electrons. In
the presence of such a curvature, the thin �lm loses its mirror
symmetry. This leads to two e�ects; �rst, the chirality would
not be a good quantum number and second, the orbital wave
functions are rotated with respect to local normal giving rise to
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gauge �elds. Such an e�ect could be observed by measuring the
local density of states modi�ed by the curvature in a scanning
tunnelling microscopy.

Figure 1.15: Corrugated TMDC crystal in the 2H phase as a
membrane. Red arrows are the local normal vectors. Unit cell of
one transition metal and two chalcogenide atoms is shown with
mirror plane in dashed line. The rotation of the orbitals is shown
with respect to local normal. Illustration reproduced from Ref.
[78].

Potential to observe this phenomena is very real. Although
the chances of ripples and corrugations to be present are much
more in an exfoliated monolayers, there are no reports yet to
our knowledge which used monolayers grown with bottom up ap-
proach. This is a relatively unexplored phenomena that we could
study in the future with h-PLD grown monolayer TMDCs.

1.4 Why monolayer WSe2?

We have seen that atomically thin TMDCs provides an arena for
a rich variety of novel physics. Among the TMDCs, we have
selected WSe2 as a material of interest for this thesis. Here
we elaborate some of the reasons for us to focus speci�cally on
WSe2. Firstly, although the band structure of monolayer WSe2
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qualitatively looks similar to that of ML MoS2, detailed exci-
tonic energy scheme was found to be di�erent. Namely, dark
(non emitting) exciton forms the lowest energy level for W based
TMDCs (WS2 and WSe2) unlike the Mo based ones (MoS2 and
MoSe2) [113, 127�130]. Thus, comparative study on Mo and W
materials could lead to a deeper understanding of excitonic and
optical properties of TMDC monolayers. Second, strong SOC of
W compared to Mo makes the spin splitting in the valence band
larger for W-based TMDCs, reaching the largest value of 430-510
meV for WSe2 [7, 131, 132]. The latter point is what we would
like to focus in this thesis.

 

Figure 1.16: The elec-
tronic band structure
of ML WSe2 calcu-
lated from the �rst
principles with SOC
(solid) and without
SOC (dotted), as re-
ported by Ref. [26].

There are a few advantages in studying monolayer WSe2 for
its large spin splitting. First, the large spin splitting opens up a
possibility to tune the Fermi energy in such a way that only one
component of spin is occupied at a given K-point. If the spin
splitting is less than 10 meV as for the case of many Rashba ma-
terials, such �ne tuning will be di�cult. Thus, the spin splitting
of the order of 0.5 eV is tremendously advantageous to explore
spin dependent phenomena in transport. Second, because ML

33



WSe2 has the largest spin splitting, this also means that it has
the largest e�ective magnetic �elds associated with it (∼ 4000 T).
This means that the e�ect brought about by the spin-momentum
locking e�ect is maximal among any other known material. Fi-
nally, this fact, combined with the distinct form of spin texture
where spin always points perpendicular to the 2D plane (Ising
type spin splitting), makes WSe2 the most appealing platform to
study interesting physics that can be induced by the interplay of
SOC and other electronic phase. Most notable possibility along
this line is the engineered topological superconductivity by the
use of proximity e�ect.

1.4.1 What has been done with monolayer WSe2?

Initially, MoS2 attracted most of the attention among TMDCs.
However recently, WSe2 is also becoming a target of intensive
research because of a few distinct features compared to Molyb-
denum based systems and also in part due to the largest spin
splitting [26, 86, 97]. Starting with the synthesis and characteri-
sation, some of the important previous studies on ML WSe2 will
be reviewed here.

TMDC thin �lms, including ML WSe2, have been synthesised
using di�erent methods. There are two basic approaches, �rst is
the top down and the second being the bottom up. Top down
methods starts with high quality single crystals and thin down
to the ML limit either by using mechanical force, or liquid ex-
foliators. Bottom up approach, on the other hand, starts with
constituent elements as a raw material to grow the required thin
�lm. ML WSe2 has been synthesized using mechanical exfoliation
[133�147], chemical vapour deposition (CVD) [87,91,95,148�162],
molecular beam epitaxy (MBE) [163�166], and pulsed laser de-
position (PLD) [60,61,63,167�174].

Just as in the case of molybdenum, tungsten dichalcogenides
also have a transition from an indirect to a direct band gap in
the monolayer limit. The optical spectra of monolayer WSe2 is
sharper compared to that of the bulk, but with signi�cant overlap
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Figure 1.17: Evolution of the quality of ML WSe2 as inferred by
optical microscopy images from di�erent groups. Sources from
left to right, [133,134,140,142].
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Figure 1.18: (a,b) Components of complex dielectric function of
ML WSe2 compared with bulk. The spectral features are broad-
ened in the bulk, but the overlap with ML limit is signi�cant [108].
(c) Photoluminescence spectra of 2H-WSe2 with di�erent thick-
ness, including monolayer as reported by Ref. [92].

as shown in Fig.1.18(a,b) [108]. Thus, only using optical spectra
for the identi�cation of a monolayer could allow some room for
uncertainty. On the other hand, the spectral features of PL are
drastically di�erent between monolayer and bilayer TMDCs as
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shown in Fig.1.18(c) [92]. Hence, PL is widely used in the TMDC
community to reliably identify the monolayers.

𝐸2𝑔
1 𝐴1𝑔

Figure 1.19: The phonon modes E1
2g and A1g in the ML TMDCs.

These modes are degenerate and located at 250 cm−1 in the Ra-
man spectra of ML WSe2. Raman spectra of WSe2 with di�er-
ent thickness, including monolayer limit obtained with 514.5 nm
laser. Two signatures of ML WSe2 are the degeneracy of the two
modes and the absence of the peak at 310 cm−1 [175].

Similarly, the Raman spectra change between the bulk and
monolayer samples of WSe2. There are two prominent features
as can be seen in the Fig.1.19. The degeneracy of E1

2g and A1g

in the monolayer WSe2 is lifted in the thicker samples. Second,
the peak at 310 cm−1 absent in the monolayer starts to evolve in
the thicker samples. These features in Raman response are often
used in identifying the monolayers as well [175,176].

The electronic band structure of identi�ed monolayer WSe2
could be directly visualized using ARPES. Due to the broken
inversion symmetry and strong SOC, the spin degeneracy is ex-
pected to be lifted at theK-point in the Brillouin zone. Ref. [177]
reported the largest spin splitting of 0.513 eV in an exfoliated ML
WSe2. They compared the experimental data with the �rst prin-
ciples calculation and found the splitting to be far from expected
450-470 meV. On the other hand, ARPES of the MBE grown
samples showed the spin splitting in the range of 0.43 eV to 0.5
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eV [7,131,132]. The large variation of the spin splitting is thought
to be arising due to the strain in the ML WSe2 [7].

 

Figure 1.20: Laboratory based (a) in-plane XRD and (b) in-plane
rocking scan of the ML WSe2 grown on Al2O3 (001) using CVD
technique as reported by Ref. [162].

Despite the importance of clarifying quantitative strain, to our
knowledge, only two groups undertook the laboratory based X-
ray di�raction studies of WSe2 thin �lms [162,166]. Among them,
only Ref. [162] reported the X-ray di�raction of ML WSe2. ML
WSe2 was grown by CVD method on Al2O3 (001) substrate. A
crystallographic orientation locking was found between the mono-
layer and the substrate, which was also found in 10ML WSe2 by
Ref. [166]. Authors of these studies, however, do not report on
quantitative values for in-plane lattice constant and strain. This
may be related to the limited accuracy (low signal to noise ra-
tio) in the data taken by laboratory based XRD especially for a
monolayer material.

Largely based on the experimental techniques being devel-
oped in the past decade to study graphene, the electronic trans-
port properties of monolayers of TMDCs were being investigated.
Most often FETs are fabricated and the electron or hole proper-
ties were studied, such as Refs. [140,178,179]. Although such an
e�ort is crucial for device applications, very few investigated the
spin related phenomena that could arise in the transport in these
materials.

Although little transport study has been performed to mea-
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sure spin properties in a few layer TMDCs, one notable exception
is the work [28] which revealed spin relaxation time via quantum
transport. For this purpose, a dual gated exfoliated ML MoS22 is
used. The inverse relation between the estimated spin relaxation
time and the momentum relaxation time suggests Dyakonov-Perel
mechanism for the spin relaxation of the electrons. As of now, no
such studies were conducted on ML WSe2 or investigated in the
hole doped region which is critically important to examine the
e�ect of large spin splitting.

1.4.2 What needs to be done with monolayer WSe2?

I will restate the open questions from the previous studies here.
There is a large variation in the experimentally measured value
of the spin splitting in the ML WSe2 among the ARPES studies.
It is speculated that the variation might have its origin in the
strain of the monolayer samples [7]. However, there is not any
precise estimation of the strain using any di�raction techniques.
Furthermore, although some work has been performed on the
general electrical transport, systematic investigation of the spin
properties in the hole doped ML WSe2 is still missing. Among
the available literature, the carrier density is modulated using
electrostatic gates. This introduces another symmetry-breaking
component to an already inversion asymmetric monolayer which
could bring complexity in the form of spin-momentum locking
e�ect. Namely, vortical spin texture (conventional Rashba type)
could be mixed to the pristine Ising type [23�25].

To address these questions, we propose a new bottom up ap-
proach to synthesise ML WSe2. This should result in an epi-
taxial e�ect in the grown ML WSe2. Such an epitaxy facilitates
high precision structural characterisation using synchrotron based
XRD/GIXRD to evaluate precise strain present in the mono-
layer. Simultaneously, we perform ARPES experiment to map
the electronic band structure of the ML WSe2. These two ex-
periments along with our �rst principles calculations should pro-
vide an experimental reference of strain and magnitude of spin
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splitting. Moreover, instead of gating our WSe2 thin �lms, we
plan to modulate the Fermi level towards the valance bands us-
ing Nb as a dopant. This removes the complication of additional
symmetry-breaking gate and represent realistic environment to
study the spin properties of the carriers in the valance bands of
WSe2. Based on such a novel synthesis route for ML WSe2 and
the fabrication of van der Waals heterostructures, new arti�cial
materials with tailored properties could be created.

1.5 Motivation of the present work

In order to move into a new era of materials, it is essential to
understand their physical characteristics. Since the new class of
material platform associated with new device or physics often
comprises heterostructures consisting of di�erent materials, it is
important to know the behaviour of a material prepared in a way
it can be incorporated in such a complex structure. Besides this
requirement set by a potential usefulness in technology, the pos-
sibilities to explore new avenues of physics in low dimensions are
immense. In both pathways toward future, a clean and reliable
method to synthesise materials is crucial.

In this thesis work, the open questions in the �eld of atomi-
cally thin TMDCs raised in the previous section will be addressed.
To achieve this goal, we need to overcome a few challenges. They
are, (1) the synthesis of an epitaxial ML WSe2, (2) measurement
of the precise lattice parameters, (3) direct probe of the electronic
band structure and (4) study the spin or valley properties of the
carriers in the valance band.

1. First challenge is to establish a clean and reliable tech-
nique to grow ML WSe2 in a bottom up approach. To
overcome the drawbacks of the methods currently used to
synthesise TMDCs, in particular WSe2 thin �lms, we pro-
pose new method of hybrid-PLD as an alternative. Using
this technique, we demonstrate the synthesis of WSe2 thin
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�lms down to the monolayer limit. Moreover, we will show
evidence for the synthesis of a prototypical van der Waals
heterostructure of ML WSe2 and graphene.

2. We aim to obtain insights into epitaxial e�ects on the ML
WSe2 due to the substrates. Since strain is known to have
drastic e�ect on the electronic properties of WSe2, and
also because quantitative evaluation of strain in monolayer
WSe2 is scarce in existing literature, our objective is to �ll
the missing knowledge.

3. Use ARPES to map out the electronic band structure of
an epitaxially grown ML WSe2. In particular, we directly
probe the magnitude of the spin splitting in the valance
band at the K-point and compare it with the theoretical
prediction and past experiments in related systems. Us-
ing available experimental techniques and �rst principles
calculations, a possible phase space for the magnitude of
spin splitting as a function of epitaxial strain could be con-
structed.

4. After detailed structural and electronic characterisation of
ML WSe2 grown on di�erent substrates, we study the elec-
tronic properties in hole doped WSe2 thin �lms. With this
we not only demonstrate the e�ciency of doping with our
technique, but provide an alternative to the gating tech-
nique to study the carrier transport in the valence band.

With the evidence of synthesis of ML WSe2 and prototypical van
der Waals heterostructure, we expect to extend this technique
for the fabrication of other arti�cial heterostructures. Thus, the
created arti�cial materials would allow us to explore the physics
hidden in lower dimensions such as the possibility of induced su-
perconductivity in the spin polarised bands.
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1.6 The strategy and structure of the thesis

The present thesis work is to create giant spin-split system of
ML WSe2 using epitaxial bottom up approach. This approach
will provide a platform to study electronic properties in a spin
split material, with a future prospect of coupling them with other
electronic phases.

We start with the development of a novel technique for the
synthesis of ML WSe2. Followed by the structural and electronic
characterisation using X-ray di�raction (XRD) and angle resolved
photoemission spectroscopy (ARPES) to estimate the strain and
con�rm the spin splitting of the valance bands.

Four major experimental milestones to be addressed in this
thesis are as follows. First, a unique and versatile method for the
fabrication of epitaxial ML is addressed. Second, experimental
techniques suitable for the identi�cation of monolayer are intro-
duced. Third, detailed structural and electronic characterization
is performed on epitaxial �lms of ML WSe2 identi�ed in the sec-
ond step. And �nally, a direct measurement of doping e�ects
that could modulate the electronic properties in epitaxial �lms is
provided.

The key questions related to these milestones are: Is it possi-
ble to fabricate and demonstrate the synthesis of ML WSe2? Is
it possible to quantitatively evaluate the substrate e�ects on the
physical properties in ML WSe2? Is the spin splitting observed
at the K-point in the Brillouin zone as predicted by theoretical
work? And is it possible to change the electronic conductivity of
WSe2 thin �lms by doping with another element?

Our strategy can be summarized as follows:

1. Use of unique method for TMDC �lm growth that has a few
distinct merits (such as doping) compared to conventional
CVD and MBE. Hybrid -pulsed laser deposition is proposed
in this context.

2. Emphasis on direct and precise determination of structure
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and strain in monolayer materials. Synchrotron based grazing-
incidence XRD (GIXRD) is adopted with this motivation.

3. Use of ultra-high vacuum (UHV) based direct character-
ization tools which are compatible with our growth tech-
nique. Angle-resolved photoemission and X-ray photoemis-
sion (XPS) spectroscopies were utilized taking advantage of
h-PLD being a UHV-based technique.

4. Use Nb as an elemental substitution of W in the WSe2 thin
�lms to manipulate the electronic conductivity.

The following part of this thesis is structured as follows; Chap-
ter 2 consists of explanation of di�erent experimental and theoret-
ical methods used in the present thesis, starting with hybrid -PLD
to synthesize ML WSe2, followed by characterization techniques
and band structure calculations using the �rst principles method.
Chapters 3 - 6 deal with the results and discussion of the di�erent
experiments performed with ML WSe2. The �rst critical step is a
demonstration of ML WSe2. Then we clarify the electronic band
structure and strain e�ect directly by ARPES and synchrotron-
based XRD, respectively. Finally we show the electronic trans-
port properties of hole-doped WSe2 thin �lms. Chapter 7 sum-
marizes the results and elaborates the signi�cance of the present
thesis.
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2. Experimental and theoretical meth-

ods

2.1 Thin �lm deposition

2.1.1 Introduction

Thin �lms are synthesised using one of the many available de-
position techniques. Among them, physical vapour deposition
methods, such as CVD and MBE are simple in working prin-
ciple. CVD uses either chemical compound or precursors in a
vacuum sealed tube with di�erential temperature gradient. The
compound vaporizes from the hot region to be deposited on sub-
strate at cooler region of the tube with the help of transport gas
such as, Ar or H2. Although high quality thin �lms are deposited
using CVD, and number of layers is di�cult to be controlled.

In contrast, MBE is much better suited for precise number of
layers of the deposited thin �lm. Usually, MBE employs Knudsen
cell (k-cell) or e�usion cell (e-cell) for evaporation of the chemi-
cal components. For materials such as transition metals with very
low vapour pressures, electron beam (e-beam guns) evaporators
are used. Major drawback of e-beam gun is relative di�culty
in controlling the �ux rate and the increased complexity, espe-
cially when multiple materials need to be evaporated using this
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approach as required for doping or heterostructures.

2.1.2 Pulsed laser Deposition (PLD)

To overcome these issues, PLD is used. PLD has been around
since immediately after the invention of lasers in the 1960s. In
PLD, the laser of su�ciently high energy density is focused on
a target of the material that is to be evaporated. Forgotten and
rediscovered in the 1980s as a powerful tool to deposit epitaxial
oxide superconducting thin �lms. This was because it was chal-
lenging to deposit thin �lms with multiple cations with di�erent
evaporative properties in a right stoichiometry to realize super-
conducting thin �lms. The main characteristics of this method
are the stoichiometric transfer of the target material and simplic-
ity of the setup and its operation [180].

Laser with a UV wavelength and nanosecond pulse width is
strongly absorbed by small volume of the target. Depending on
the optical properties of the target material and the laser used,
photons penetrate (∼10 nm) the surface into the bulk of the tar-
get. The electric �eld of the laser pulse is strong enough to ionize
the atoms at the surface of the target and excites the electrons
in the bulk, which heats up the material and evaporates. The
plasma plume of evaporated material moves in highly forward
direction towards the substrate. Stoichiometric transfer of the
target material, creation of energetic elemental species, and wide
range of workable background pressure makes PLD suitable for
the growth of many class of materials including, layered systems,
nanorods and even biomaterials [181].

2.1.3 Practical aspects of PLD

The laser energy density, or laser �uence, determines the absorp-
tion behaviour of the target material. When the �uence is low, the
target is heated and material is ejected due to evaporation pro-
cess. The evaporation �ux is dependent on the vapour pressures
of constituent elements. As the �uence is increases, it absorbs
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Figure 2.1: Schematics of hybrid-Pulsed laser deposition system
showing major components.

the energy more than needed for evaporation. At higher �uence,
the excess energy absorbed is used to create plasma of the target
material and imparts high kinetic energies to it [182,183].

The target can be of di�erent phase than the desired thin
�lm, as long as the stoichiometry remains the same. The rate
of deposition can be manipulated by changing the target proper-
ties. Single crystal target can be used if it has su�ciently high
absorption coe�cient. Or create polycrystalline target to incor-
porate grain boundaries and cracks, which enhances absorption
of the laser energy. Single crystal metal target have slow de-
position rate due to high re�ectivity and thermal conductivity.
When a composite target is used, the process however, falters as
the time progresses due to di�erential evaporation of elements in
the target and changes the target composition and consequently
the deposited thin �lms.

Background gas can introduce two functions. First, it reacts
with the ablated material to form the desired compound before
reaching the substrate. Second, it slows down the ablated mate-
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rial. Spectroscopic studies have shown that the kinetic energy of
the ablated material to be in the order of several hundred elec-
tron volts and the background gas can reduce it to few electron
volts [183,184].

The rate of deposition of the thin �lms using PLD depends
on multiple factors, such as the laser energy density, spot size,
the distance between the target and the substrate, and the back-
ground pressure, etc. At a constant deposition condition, the
thickness can be controlled just by the number of pulses of the
laser.

Another signi�cant aspect of PLD is that the growth mode of
thin �lms much di�erent from that of other physical vapour depo-
sition methods such as CVD and MBE. PLD is typically an out of
equilibrium process, in which the kinetic e�ects of the evaporated
particles becomes important, whereas in equilibrium process like
an MBE, the thermodynamics of the evaporation process takes
an important role.

2.1.4 Growth modes of the thin �lms

Depending on the interaction between the evaporated adatoms
and the substrate, the growth modes can be classi�ed into three
types [185].

First case is when the interaction between the adatoms is
stronger than the interaction of atoms and the substrate, the
evaporated material coalesce to form islands. Since the movement
of the adatoms on the substrate surface is not smooth, multiple
islands starts growing simultaneously. This mode is called island

growth mode or Volmer-Weber growth mode. Due to the forma-
tion of islands, the RHEED intensity decreases drastically with
increasing surface roughness.

Second type of growth mode is the other extreme, in which,
the interaction between the adatoms is not strong and the atoms
can move freely on the substrate surface. The particles move
over the surface until they reach the step edge to create a layer
of material before forming the next layer. This mode is called
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Figure 2.2: Di�erent modes of thin �lm growth. Volmer-Weber
(V-W), Frank�van der Merwe (F-vdM) and Stranski�Krastanov
(S-K)

layer by layer mode or Frank�van der Merwe mode. During this
process, the RHEED intensity oscillates between low and high
corresponding to half covered and fully covered layers of the thin
�lm, respectively.

Third type is in between the above mentioned two modes.
Initial layer or few layers start with layer by layer mode and
then the interaction between the adatoms creates islands. This
is called layer-island growth mode or Stranski�Krastanov growth

mode.

2.1.5 hybrid-Pulsed laser deposition

The present work will demonstrate the feasibility of PLD to syn-
thesise ML WSe2. With this method, we can dope the few layer
WSe2 with di�erent element (e.g. Nb) in order to manipulate
the Fermi level, to access interesting region in the Brillouin zone.
For this thesis work, we developed and custom built a modi�ed
pulsed laser deposition system. Di�erent instruments are used
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for the growth and characterisation of WSe2 thin �lms. All the
di�erent components of instruments required for the growth and
monitor the growth process are mounted on custom designed vac-
uum chamber. In total we have 14 ports to use for di�erent
purposes. The basic components are the target holder that is at-
tached at the bottom and the substrate heater mounted on the
top. Thereafter, other instruments come into picture. Other ma-
jor components that were used during this work include, e�usion
cells (e-cells), pyrometer, quartz crystal monitor (QCM), RHEED
gun and screen, and most important of all, the turbomolecular
pumps.

Loadlock
chamber

Transfer
rod

Substrate
Holder/heater

RHEED
screen

RHEED
e-gun

Se effusion 
cell

Laser

Figure 2.3: hybrid-Pulsed laser deposition system used during the
present work.

For the deposition of WSe2 thin �lms, we have to overcome a
few of the problems discussed in the methods of thin �lm depo-
sition. They are,

1. evaporate low vapour pressure transition metal, tungsten
(W)

2. avoid degradation of the target material

3. simplify the doping process
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To address the �rst problem, we use excimer laser to evapo-
rate tungsten. Throughout the thesis work, we have used high
duty excimer laser, LPXPro 210 from COHERENT. It uses KrF
as working gas for a laser output with 248 nm wavelength. Using
this we can obtain maximum of 800 mJ which can be reduced
with attenuators or an iris aperture. The advantage of iris com-
pared to attenuators is that we can maintain same energy density
with lower total energy averaged over the iris area. The duration
of each pulse is 20 ns, whereas the number of pulses and the fre-
quency of pulses can be programmed to the suitable need. The
laser optics is optimised to have a spot size of 1 × 2 mm2 on
the target. This results in �uence in the range of ∼ 3-7 J cm−1

depending on the energy incident on the laser window.

And the second issue is solved using pure tungsten target and
supply selenium (Se) using an e�usion cell. Tungsten (99.99%)
discs of diameter 7-12 mm and thickness of 5-8 mm are pressed
into stainless steel conical pucks. These pucks are placed in target
holders which are mounted on a custom designed target exchange
and rotation mechanism. The target exchanger, has a capacity
of 3 di�erent targets. This allows us to change between di�erent
targets during the deposition of thin �lms, which is quite an im-
portant feature that enables us to dope the thin �lms or create
heterostructures without breaking the vacuum. This mechanical
contraption is quite simple in principle and working. It allows
each target to rotate, which results in fresh surface for the laser
pulse. Otherwise, the target su�ers cavitation and the direction
of the �ux could change away from the substrate.

E�usion cells are mounted to evaporate chalcogen element.
This allows us to evaporate high vapour pressure elements, such
as Se with a stable �ux. Se pellets (99.999%) are �lled into pBN
crucible, which is placed into the e-cell. pBN is used to withstand
the large changes in the temperature of Se which puts additional
sheer stress on the crucible walls. This is noticed to break quartz
crucibles. Hence the use of quartz crucible is discontinued. The
density of the heating element at the mouth of the crucible is
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Figure 2.4: Custom designed target exchanger with di�erent parts
labelled.

higher to avoid Se build up, which could block the Se �ux. In
addition, it is �tted with a pneumatic shutter to allow or stop
the �ux instantaneously. The angle of the e�usion cell is focused
towards the substrate from the side ports.

This is a hybrid approach because it combines the functions
of both PLD and MBE. This technique is also known as MBE
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assisted PLD or laser assisted MBE. We would call this hybrid
deposition as hybrid -pulsed laser deposition (h-PLD). The third
issue of doping is simpli�ed because we need to simply switch the
target or use an alloy, which we used for the present thesis.

Before starting the deposition, we check the rate of Se �ux
using a QCM. We start with pristine quartz crystal with resonant
frequency of 6 MHz. As the Se starts depositing on the crystal
the frequency changes allowing us to measure the thickness of the
Se �lm deposited. Knowing the rate of change of thickness, the
�ux of Se is estimated. Throughout our experiments, we have
used Se �ux at an average rate of ∼1.5 Å/s.

Another signi�cant asset of our deposition chamber is the
RHEED. We have installed RHEED-30 from STAIB instruments.
This includes a di�erential pumping system that allows to use
RHEED in relatively higher pressures. The energy of the elec-
trons can be varied between 500 eV to 30 keV. We have used
10 keV throughout this thesis work. In addition, electron beam
rocking and steering system enables us to access di�erent parts
of the sample. Although RHEED is used to monitor the growth
of thin �lms, our deposition conditions, especially high Se atmo-
sphere limited its use only in the beginning and at the end. So
we were able to observe the 3D Bragg spots from substrate in the
beginning and line streaks in the end due to two dimensionality
of the grown ML WSe2.

During the deposition and for post deposition annealing pro-
cesses, we have custom designed substrate heating system. We
have used high vacuum compatible magnetically coupled manip-
ulator to �x our heating elements. 1 mm thin graphite coil with
2 Ω resistance is used as substrate heating element. This is con-
nected to the vacuum �anges with electrical feedthrough elec-
trodes with metallic bands made out of silver. A metallic cage is
built around the heating element which holds the substrate holder
without touching the heating elements. This distance between he
graphite coil and the substrate is 10 mm. The temperature of the
substrate is initially calibrated with a pyrometer and the tem-

51



Thermocouple

Electrode

Heat shield

Macor

Graphite coil

Substrate holder

Figure 2.5: Substrate heater with di�erent components labelled.

perature is measured at the centre of the graphite coil using a
thermocouple. To protect the silver bands behind and focus the
heat generated to the substrate, a heat shield is made out of ma-
cor and tantalum metal sheets are placed in the form of a stack.

2.2 X-ray di�raction (XRD)

2.2.1 Introduction

X-ray di�raction (XRD) is one of the most important methods to
investigate the structure of matter, in which the electrons scatters
the incident X-rays. This method is successful with both simple
and complex materials. Using the angles and the intensity of the
scattered X-rays, 3-dimensional atomic crystal structure can be
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determined. With the subtle changes in the angle of di�raction,
stresses, disorder and impurities, etc. can also be evaluated. Be-
ing one of the widely used techniques, great amount of literature
such as [186] is already available. Here we present the basic ideas
required for understanding of our di�raction experiments.

In most cases, monochromatic X-rays are used. Monochro-
matic X-ray beams are characterized by its �xed wavelength λ
or its equivalent wavenumber k = 2π/λ. The oscillating electric
�eld is described by a sine wave or with more compact complex
form.

The spatial and temporal information can be incorporated
into a simple expression for the electric �eld as,

E(r, t) = E0e
i(k·r−ωt)ε̂. (2.1)

This is the Maxwellian description of electromagnetic waves.
From quantum mechanical perspective, monochromatic beam can
be quantized into photons with energy h̄ω and momentum h̄k.
Intensity of the beam is the number of photons passing through
an area per unit time. We can estimate the wavelength for a given
energy of X-ray beam from the following expression,

λ[] =
hc

ε
=

12.398

ε[keV ]
. (2.2)

2.2.2 Scattering from an electron

Starting with the basic unit of scattering, the electron is forced
to oscillate in the electric �eld of X-rays. This electron acts like
a secondary source emitting the scattered X-rays. In most cases,
the scattered X-rays have the same wavelength as the incident
one. This is the case of elastic scattering. In the case of inelastic
scattering, the incident ray is scattered with di�erent wavelength,
resulting in Compton scattering. However the momentum vector
can change even in the elastic scattering. This leads to the def-
inition of the scattering vector, Q which satis�es the following
relation,
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Figure 2.6: The classical description of the scattering of an X-ray
by an electron. The electric �eld of an incident plane wave sets
an electron in oscillation which then radiates a spherical wave.
The incident wave propagates along the z axis and has its electric
�eld polarised along x. The wave crests of the incident wave lie
in between those of the scattered spherical wave because of the
180◦ phase shift in Thomson scattering.

h̄Q = h̄k− h̄k′, (2.3)

where h̄k and h̄k′ are the initial and �nal momenta. And Q is ex-
pressed in the units of Å−1. The ability of an electron to scatter is
expressed in terms of scattering length, which can be derived from
classical description for the electromagnetic �elds. The scattered
�eld at position X at a distance R from the scattering section
and an angle of ψ is

Erad(R, t) = −
(

e2

4πε0mc2

)
Ein

eikR

R
cosψ. (2.4)

The prefactor of the spherical wave eikR

R is denoted by r0,
known as Thomson scattering length. The factor of cosψ governs
the acceleration of the electron, observed to be decreasing at X
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with increasing ψ. It is zero at ψ = π/2. The intensity of the
radiation is de�ned to be the square of the electric or the magnetic
�eld, we can express a new parameter, di�erential cross-section.
The di�erential cross-section for the Thomson scattering is given
by, (

dσ

dΩ

)
=

Isc
I0∆Ω

= r20cos
2ψ. (2.5)

This expression can be generalized as,(
dσ

dΩ

)
= r20P, (2.6)

where P is the polarization factor which depends on the X-ray
source.

P =


1 synchrotron: vertical scattering plane

cos2ψ synchrotron: horizontal scattering plane
1
2(1 + cos2ψ) unpolarised source

(2.7)
Polarization factor for the synchrotron source arise due to the

horizontal plane of electron orbit. Since the acceleration is in the
horizontal plane, the emitted X-rays are linearly polarized in the
plane and elliptically polarized in out-of-plane.

2.2.3 Scattering from an atom and unit cell

Next step is to consider the scattering of X-rays by an atom with
Z electrons. Classically speaking, the electron distribution is
speci�ed by the charge density ρ(r). The scattered �eld is the
superposition of contributions from di�erent charge volume ele-
ments. Let the incident and scattered momenta be k and k′, then
the phase di�erence between them is ∆φ = (k−k′) ·r = Q ·r. As-
suming |k| = |k′|, the scattering vector yields to be |Q| = 2|k|sinθ.
The scattering volume element dr at r contributes an amount
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-r0ρ(r)dr to the scattered �eld with a phase factor of eiQr. Total
scattering length of an atom is

−r0f0(Q) = −ro
∫
ρ(r)eiQrdr. (2.8)

f0(Q) is the atomic form factor. In the limit of Q = 0, all
volume elements scatter in phase and the atomic form factor can
be taken to be Z, the number of electrons in the atom. On the
other limit of large Q, all volume elements scatter out of phase
and the atomic form factor becomes zero. The core electrons are
a�ected less compared to the valence electrons. This results in
the correction factor to include the binding energy of the electron
shell, f ′(h̄ω); and correction factor to include the absorption by
if ′′(h̄ω). The full atomic form factor is,

f0(Q, ω) = f0(Q) + f ′(h̄ω) + if ′′(h̄ω). (2.9)

Extending the idea of scattering length of an atom with form
factors to the atoms in the unit cell,

fuc(Q) =
∑
rj

fj(Q)eiQ·rj . (2.10)

Just as before, fj(Q) is the atomic form factor of the jth

atom in the unit cell. Single unit cell cannot have enough signal
to determine the structure of the material. Hence, large number
of unit cells are needed to give average signal of oriented atoms.

2.2.4 Scattering from a crystal

A crystal is formed with periodic arrangement of atoms or unit
cells. The interference of the X-rays due to the lattice planes
formed from periodic arrangement results in the di�raction pat-
tern. Constructive interference occur when the path di�erence
between scattered waves is equal to the integer multiple of the
wavelength λ. For an incident wave with an angle θ with the
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scattering planes d distance apart the Bragg's condition is given
by,

mλ = 2dsinθ, (2.11)

} d

ϴ

2𝑑 sin 𝜃 = 𝑛𝜆

ϴ

Figure 2.7: Illustration of Bragg's law of X-ray di�raction.

where m is an integer. By extending the idea of structure
factors to the crystal, it can be represented by molecular structure
factor summed over the entire crystal.

F crystal(Q) =
∑
rj

F ucj (Q)eiQrj
∑
Rn

eiQRn . (2.12)

The �rst summation is the unit cell structure factor and the
second one is the sum over the lattice sites. The product of scat-
tering vector and the lattice spacing in the second sum leads to
Bragg scattering only when the scattering vector is equal to re-
ciprocal lattice vector (Laue condition).

2.2.5 Hexagonal Close-Packed Structure

Though not a Bravais lattice, hexagonal close-packed (hcp) struc-
ture ranks in important with the body-cantered cubic and face-
cantered cubic Bravais lattices; about 30 elements crystallise in
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the hcp form. Underlying the hcp structure is a simple hexagonal
Bravais lattice, given by stacking two-dimensional triangular nest
directly above each other. The direction of stacking is known as
the c-axis.

There is an important relation between the lattice planes of
the crystal and the reciprocal lattice vectors. The reciprocal lat-
tice vector Ghkl = hb1 +kb2 + lb3 is perpendicular to the lattice
planes with Miller indices (hkl) and the distance dhkl between
two such adjacent planes is for a hexagonal lattice with lattice
constants a and c is given by,

dhkl =
a√

4
3(h2 + k2 + hk) +

(
a
c

)2
l2
. (2.13)

2.2.6 Estimation of lattice constants

Using the Bragg's law, the distance between the lattice planes can
be evaluated. With the known lattice distances and the geometry
of the crystal structure of the sample, we can estimate the lattice
constants. However, there are many factors that could add a
contribution to the error in the lattice constants. To minimize the
systematic errors in the estimated lattice constant, the Nelson-

Riley �t is utilised [187], which is given as,

F (θ) =
1

2

(
cos2(θ)
θ

+
cos2(θ)
sin(θ)

)
, (2.14)

where the angles θ are the peak positions. With the plot of lattice
constants as function of F(θ), the data points �ts on a straight line
and the intercept gives the lattice constant with reduced error.

2.2.7 Re�ectivity and Refractivity

Because of the wave nature of the X-rays, it is natural to expect
phenomena of refraction and re�ection at the interface between
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di�erent media. To describe the refraction, the refractive index
n of the media is de�ned as,

n = 1− δ + iβ, (2.15)

where δ is of the order if 10−5 in solids and 10−8 in air. The
imaginary part, β is usually smaller the δ. Snell's law related the
incident angle α to the refracted angle α′ as,

cosα = n cosα′. (2.16)

For an index of refraction less than unity, the X-ray incident
at an angle called critical angle αc, undergoes total external re�ec-
tion. From Eq.2.15 and Eq.2.16, critical angle can be expressed
as,

αc =
√

2δ, (2.17)

and for simplicity, β is taken as zero. δ and β can be derived from
scattering and absorption properties of the medium respectively.

Total external re�ection have several important implications.
It allows to construct focusing mirrors for the X-rays. At an angle
close to critical angle, the wave propagates along the medium
as evanescent wave. This increases the surface sensitivity with
limited penetration depth. The second feature is exploited in the
grazing incidence X-ray di�raction (GIXRD).

2.2.8 Kiessig model

X-rays propagates in a medium depending on the optical prop-
erties of that particular medium. When propagates through dif-
ferent media, the X-rays get partly re�ected and partly refracted
due to di�erence in the refractive indices at the interface. Using
the boundary conditions, Snell's law can be deduced as,

n1cosα1 = n2cosα2 (2.18)
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where α1 and α2 are the angles between the propagation direc-
tions of the waves and the interface. With similar argument of
boundary conditions, the Fresnel equations can be derived for re-
�ectivity r and transmissivity t in terms of the wave vectors Q1

and Q2 in the two media:

r(Q1) =
Q1 −Q2

Q1 +Q2
, t(Q1) =

2Q1

Q1 +Q2
. (2.19)

+ + + …
0

1

2

Figure 2.8: Illustration of Kiessig re�ections between the thin �lm
and the substrate.

We now use these relations to derive an expression for the re-
�ectivity of X-rays from a thin slab of material. For this purpose,
we assume same media (vacuum) on both sides of the slab. Such
that n0=n2=1 and re�ectivities r01=−r12=r. At the interface
part of the X-ray gets re�ected and reaches the top boundary to
repeat the re�ection and refraction phenomena. The transmission
contributes to the total re�ected amplitude, but with a phase dif-
ference given by p2 = e(iQslab∆). After multiple re�ections, the
X-ray emerges as a result of interference phenomena from the slab
written as the geometric series,

rslab = r − trtp2 − trrrtp4..... =
r(1− p2)
1− r2p2

. (2.20)
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When the intensity of the re�ectivity is plotted, the inten-
sity oscillates periodically depending on the thickness of the slab.
These oscillations are known as Kiessig oscillations. Based on
the periodicity, the thickness of the slab can be retro calculated.
Even when the slab consists of multiple layers, the Kiessig for-
mula treats the whole slab as one unit and hence fail to reproduce
Bragg peak resulting due to the internal structure.

2.2.9 Parratt model

In the case of multilayers, Eq.2.20 can be used to calculate the
re�ectivity by means of the recursive algorithm introduced by
Parratt [188]. By using the Kiessig formula multiple times to
represent multiple re�ections in between the multilayers of the
slab results in reproduction of both the Kiessig oscillations as
well as the Bragg peak.

0

1

2

+ + + …

Figure 2.9: Illustration of Parratt recursion between the thin �lm
and the substrate.

The recursive Parratt formula is given by,

Rj−1,j =
rj−1,j +Rj,j+1e

idjQj

1 + rj−1,jRj,j+1eidjQj
, (2.21)
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where, rj−1,j =
Qj−1−Qj

Qj−1+Qj
e−

1
2
Qj−1Qjσ

2
j , and σj and dj is the rough-

ness and thickness of the jth layer, respectively. The equation
is solved recursively from the bottom interface between WSe2
and the substrate, as described in the main text. The re�ec-
tivity from the interface between bottom WSe2 and the sub-
strate is RN,∞ = QN−Qsub

QN−Qsub
, where, Qj =

√
Q2 − 8k2δj + i8k2βj ,

δj = 2πρjre/k
2, βj = µj/2k,k = 2π

λ , is the magnitude of the
wave vector of the incident X-rays,ρ is the electron density e/3,
re(2.82×10−5) is the Thomson scattering length, µ is the absorp-
tion coe�cient (−1), Q = 2ksinα is the wave vector transfer for
an incident angle α.

2.2.10 Domain size e�ects

It should be noted that the re�ectivity depends only on the in-
terface properties, and not on the crystallinity of the medium
itself. In other words, an unordered layer characterized by well-
de�ned sharp boundaries yields essentially the same re�ectivity
as a single-crystalline �lm. However, practical samples are not
in�nite, but �nite in crystalline size. This manifests in the XRD
by the means of broadening of the Bragg peaks. Utilizing this
e�ects on Bragg peak, we can calculate average crystal size in the
sample using Debye-Scherrer formula [189].

t =
Kλ

BcosθB
, (2.22)

where t is the thickness of the sample in the direction perpen-
dicular to the scattering planes. K is dimensionless constant that
depend on the geometry of the scattering object. B is the FWHM
of the Bragg peak at an angle θB.

2.2.11 Grazing incidence XRD

Conventional XRD involves changing angle of incidence of the
X-rays to investigate the internal structure of the material. In
doing so the X-rays are made to penetrate deep into the material
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with increasing angle of incidence. Such method works well if our
objective is to study the bulk materials. We used such techniques
to con�rm the phase of grown WSe2 thin �lms. This allowed us
to estimate the out-of-plane lattice constant of the grown WSe2
thin �lms.

At ML limit the usual Bragg peak from the out-of-plane lattice
planes is missing. And this is not of our interest in the ML limit.
Our objective is to evaluate the in-plane lattice structure. For this
reason, we need to enhance the surface sensitivity of the X-rays
in order to obtain di�raction signal.

g

Detector

gamma(g) circle

delta(d) circle

a

omega(w) circle

alpha(a) circle

incident beama

Figure 2.10: Illustration of six circle Eulerian cradle used at
ANKA, Karlsruhe; showing di�erent angles that can be changed
independently.

This can be achieved by reducing the angle of incidence to just
above the critical angle. The X-rays undergoes total re�ection
at angles below the critical angle. At critical angel, the X-rays
travel through the medium as an evanescent wave. As the X-
rays are limited to the surface, the di�raction is mainly due to
the surface crystal structure and una�ected by the bulk of the
material. This method is known as the grazing incidence X-ray
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q

2q

Q

Al2O3 (110)

Figure 2.11: Illustration of GIXRD geometry on the substrate, in
this case Al2O3 (012).

di�raction (GIXRD).
For the investigation of the in-plane crystal structure, we need

to able to manipulate di�erent angles of incidence and di�raction.
This is achieved using Eulerian cradle with six degrees of freedom.

2.2.12 X-ray sources

MPI, Stuttgart

Our laboratory based XRD experiments were carried out on a
custom built X-ray di�ractometer. A common X-ray source is an
X-ray tube. This consists of an electron source (cathode), which
are directed towards a metallic target (anode). The bombardment
of the anode with the electrons results in the emission of core
electrons. These are �lled by the valence electrons emitting X-
rays in the process. Here we used Cu as the anode and the doublet
is �ltered to allow only the Cu kα. Some of the key parameters
of laboratory based X-ray source is summarised in the Tab.2.1.

Compared to the laboratory based X-ray di�ractometers, the
�ux of the X-ray photon is magnitudes of orders larger, known
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Energy 8.047 keV
Optics Silicon Crystal monochromator,

Flux at the sample position 6.7 · 107 ph/s
Beam size 0.8 mm (Hor) max

Experimental stage Vertical four circle di�ractometer
Detectors Mythen 1D detector,
Software SPEC

Table 2.1: Speci�cations of our laboratory based X-ray di�rac-
tometer

Figure 2.12: A typical X-ray source in the form of a vacuum tube
with electron gun and metallic target as anode.

as brilliance. Such high brilliance facilitates characterisation of
small samples in fraction of the time. In a synchrotron, electrons
are injected into a circular orbit and maintained over the duration
of the experiments. The circular orbits results in constant change
in the acceleration of the electron giving out X-rays tangentially.
The X-ray optics and experimental hutches are arranged in tan-
gential directions along the circular orbit.

At a typical synchrotron, the electrons move in a circular ring
called the storage ring. It consists of di�erent components to keep
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Figure 2.13: A typical layout of a synchrotron with di�erent com-
ponents. Copied from [190].

the electrons in a �xed orbit using magnets called the bending
magnets. In addition the electrons are made to move in wavy
path using small magnetic components called the insertion device
or the undulators, which increases the intensity of the X-rays
emitted. Some of the main optical elements are an Rh coated
Si mirror and the double crystal monochromator (DCM). The
DCM consists of a �at Si(111) single crystal and a sagittal Si(111)
crystal bender for horizontal focusing. Two pairs of horizontal and
vertical slits allow to pre-select the beam size on the sample.

MPI, ANKA, Karlsruhe

This beamline is optimized for structural characterization of ma-
terials in reduced dimensions like, surfaces, interfaces, thin �lms
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Energy range 6keV to 20 keV
Optics Double crystal monochromator with

pair of Si(111) crystals, second crys-
tal allows horizontal focusing of the
beam and Rh coated mirror for ver-
tical focusing

Energy resolution
(∆E/E)

3 · 10−4 at 9 keV

Flux at the sample po-
sition

1012 ph/s

Beam size 0.5 mm (Hor) × 0.3 mm (Ver)
Experimental stage Horizontal six circle di�ractometer
Detectors NaI scintillation counter, Mythen

1D detector and Pilatus 100k 2D de-
tector

Software SPEC

Table 2.2: Key speci�cations of MPI beamline at ANKA, Karl-
sruhe

and heterostructures. This facility can be used for the study
of crystal truncation rod to investigate the surfaces and buried
interfaces; scattering experiments at grazing angles to provide
information at nanometre scale depths; specular or o�-specular
re�ectivity measurements to evaluate surface and interface rough-
ness; di�raction measurements to study the phase and structural
properties of materials.

The essential component of this beamline is the 2+3 di�rac-
tometer. It can be operated in both horizontal and vertical sam-
ple normal modes. Sample stage has four degrees of freedom in
the vertical con�guration, while horizontal con�guration have �ve
degrees of freedom. The detector arm has two degrees of freedom.
The whole stage is aligned using theodolite.
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I07, Diamond Light Source, Oxford

I07 is a high resolution X-ray di�raction beamline for the in-
vestigation of surfaces and interfaces at Diamond Light Source,
Oxford. This beamline is optimized for grazing incidence small
angle X-ray scattering, X-ray re�ectivity and grazing incidence
X-ray di�raction.

Energy range 6keV to 20 keV
Optics Double crystal monochromator with

pair of Si(111) crystals,
and Kirkpatrick Baez focusing mir-
rors

Energy resolution
(∆E/E)

1 · 10−4

Flux at the sample po-
sition

1014 ph/s at 10 keV

Beam size 0.1 mm (Ver) × 0.3 mm (Ver)
Experimental stage Horizontal six circle di�ractometer

Hexapod
Detectors Pilatus 100k 2D detector

Table 2.3: Speci�cations of I07 beamline at Diamond Light
Source, Oxford

Samples can be mounted in either of the two mode; horizon-
tal normal or vertical normal. In both geometries, the sample is
mounted on a hexapod, which allows for six degrees of freedom.
As in ANKA, di�erent experiments can be performed to investi-
gate the structural properties of the thin �lms. X-ray re�ectivity
is used to estimate the thickness of the sample and then moved
to grazing incidence X-ray di�raction to evaluate the epitaxial
strain in monolayer WSe2 deposited on di�erent substrates.
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The synchrotron ring is circular, however, the electron move
in non-circular orbit. It is shaped as forty eight sided polygon.
The sudden change in the direction of the electron at the vertices
results in exceptionally bright beam of electromagnetic radiation.

2.2.13 Method of measurement

Before starting the experiments, samples were �xed on STOE
goniometer using silver paint. Thin layer of silver paint is pre-
ferred over double side adhesive tape to avoid misalignments or
di�raction from the tape. Silver paint once dry, is reliable to
withstand di�erent temperatures or the argon �ow at every an-
gle. Great care is taken not to contaminate the �lm surface with
silver or other chemical compounds. Samples were pressed gently
with cotton swabs to be horizontally �at on the goniometer. This
allows us to �x the sample coordinates with that of the X-ray
source. Goniometer is then mounted on custom made stage with
inlet and outlet for Ar gas and �tted with Kapton dome over the
stage. Measurements were carried out in Ar atmosphere to avoid
oxidation on the surface due to local heating at the sample sur-
face. Kapton is used for its mechanical properties to withstand
di�erent temperatures and high transmission of X-rays and dam-
age resistant due to radiation. Goniometer is used to allow �ne
adjustments in the angle to align with the coordinates of the X-
ray source.

The stage with goniometer is then mounted on Eulerian cradle
with six degrees of freedom. Such degree of freedom allows for
measurement in di�erent geometries. Sample is optically aligned
using Theodolite to be horizontally �at and center of the X-ray
beam. The closer the sample is to the laboratory coordinates,
smaller will be the correction factors to the angles during the
experiments. Then the alignment is continued using X-rays at
a specular condition using NaI point detector. This is the most
crucial part of the experiments. Before starting the experiments,
the sample coordinates should match that of the source to avoid
confusion down the line. Care must be taken not to damage the
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detector with direct X-ray beam.

2.3 Band structure calculations

To better understand the electronic properties of the 2D TMDCs,
we discuss the electronic band structure of one of the TMDC, ML
WSe2. To fully understand the band structure of WSe2, it is use-
ful to start with the description of the crystal �eld splitting of the
d -orbitals of the transition metal. In free atoms and if we neglect
spin-orbit coupling (SOC), the d -orbitals of the transition metal
are degenerate. The degeneracy is lifted when six chalcogenide
atoms surround the transition metal in octahedral coordination,
into eg and t2g levels of d -orbitals. In the case of trigonal pris-
matic 1H-WSe2 the degeneracy d -orbitals of W splits into three
di�erent sets of levels, {dz2}, {dxy and dx2−y2}, and {dyz and dzx}.
At the Γ point, dz2 is the lowest energy orbital, while dyz and dzx
are the highest energy orbitals. However, at the K point, hybrid
orbitals of dxy and dx2−y2 orbitals sandwich the dz2 orbital. The
energy level of the states in the electronic band structure depends
on the orientation and degree of overlap between the neighbouring
orbitals.

2.3.1 Tight binding model

Contrary to the free electron model where the electrons are repre-
sented by plane waves, we start with localized atomic orbitals as
basis set to perform band structure calculations. When separated
by a large distance, these orbitals are independent of each other's
in�uence. However, as the distance between is reduced, they start
to interact with each other and form bonding and anti-bonding
states. The matrix elements of the interaction Hamiltonian is re-
ferred to as overlap parameters. As the atomic orbitals originat-
ing from many atoms reconstruct into bonding and anti-bonding
states, the energy of such system evolve from the discrete atomic
levels into continuous energy bands.
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Figure 2.14: The crystal �eld splitting of the d -orbitals in cu-
bic/octahedral and trigonal prismatic coordination of ligands
around the transition metal atom with and without SOC.

The following is the discussion on the three band tight binding
model as described by Liu et. al. [86]. Here the band structure of
MX2 (M = Mo, W; X = S, Se) is described using three orbitals
which are responsible for the bands close to the Fermi level. These
are dxy, dx2−y2 and dz2 . As a �rst approximation, only the near-
est neighbour interactions are included. This is reported to be
su�cient to capture the band edge properties, while third near-
est neighbour interactions are required to describe features for an
entire Brillouin zone. Following their model, we �rst show the
tight-binding result without the spin-orbit coupling, and later in-
clude it to describe the e�ect of SOC on the band structure. In
order to calculate the band structure of ML WSe2, we used the
lattice parameters a = b = 3.282 Å and c = 12.96 Å as reported
by Ref. [59].

Let the three orbitals near the Fermi level be denoted as
∣∣∣φjµ〉.
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Where, (µ = 1, ..lj) in terms of µth basis belonging to jth irre-
ducible representation,∣∣φ11〉 = dz2 ;

∣∣φ21〉 = dxy;
∣∣φ22〉 = dx2−y2 . (2.23)

The matrix elements of the Hamiltonian H can be obtained
as,

Hjj′

µµ′(k) =
∑
R

eik·REjj
′

µµ′(R), (2.24)

in which,

Ejj
′

µµ′(R) =
〈
φjµ(r)

∣∣∣H0

∣∣∣φj′µ′(r−R)
〉
. (2.25)

The following is the Hamiltonian for the nearest neighbour
d-d hopping after evaluating the matrix elements,

H0(k) =

h0 h1 h2
h∗1 h11 h12
h∗2 h12∗ h22

 , (2.26)

where,

h0 = 2t0(cos2α+ 2cosαcosβ) + ε1,

h1 = −2
√

3sinαsinβ + 2it1(sin2α+ sinαcosβ),

h2 = 2t2(cos2α− 2cosαcosβ) + 2
√

3it1cosαcosβ,

h11 = 2t11cos2α+ (t11 + 3t22)cosαcosβ + ε2,

h22 = 2t22cos2α+ (3t11 + t22)cosαcosβ + ε2,

h12 =
√

3(t22 − t11)sinαsinβ + 4it12sinα(cosα˘cosβ),

for,(α, β) =

(
1

2
kxa,

√
3

2
kya

)
,

(2.27)

where εj is the on-site energy corresponding to the atomic orbitals∣∣∣φjµ〉. The �tting parameters were estimated with the use of �rst-
principles calculated band structure of relaxed ML MX2. This is
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not to �t the entire Brillouin zone, but only to �t the feature at
the high symmetry points of Γ, K andM. Including third nearest
neighbour interactions, the band structure over entire Brillouin
zone is reproduced.

M KΓ

0

-2

2

En
er

gy
 (

eV
)

M KΓ

a) b)

Figure 2.15: Band structure of monolayer 1H-WSe2. a) In red is
the band dispersion without spin-orbit coupling and with spin-
orbit coupling in black calculated using DFT from Ref. [26]. b)
Tight binding simulation with nearest neighbour interactions, as
described by Ref. [86].

Due to the heavy transition metal, W, the in�uence of spin-
orbit coupling could be large. Large SOC together with the
broken inversion symmetry of ML WSe2 results in large spin
splitting as will be shown below. The SOC is included as sim-
ple approximation of L · S term for the transition metal, W.
L · S terms are calculated using the following orbitals as the ba-
sis; |dz2 , ↑〉 , |dxy, ↑〉 ,

∣∣dx2−y2 , ↑〉 , |dz2 , ↓〉 , |dxy, ↓〉 , ∣∣dx2−y2 , ↓〉. The
Hamiltonian to add SOC is

HSOC = λL · S =
λ

2

[
Lz 0
0 Lz

]
, (2.28)
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where,

Lz =

0 0 0
0 0 2i
0 −2i 0

 , (2.29)

is the z component of the orbital angular momentum and λ re-
�ects the strength of the SOC. For the bases used, the matrix
elements of L̂x and L̂y are zero. Here we can de�ne the total
Hamiltonian with SOC as;

H(k) = H0(k) +HSOC =

[
H0(k) + λ

2Lz 0

0 H0(k)− λ
2Lz

]
.

(2.30)
At the K point in the Brillouin zone, the conduction band

is still degenerate, whereas the valance band splits by ∆v
SOC =

2λ. Although this nearest neighbour model is not as accurate
as third nearest neighbour model, it still gives results for low
energy physics at the Fermi level. Xiao et. al. [97], estimated the
Berry curvatures and spin Berry curvatures at ± K points of the
Brillouin zone. Former has opposite sign at +K and -K, while
the latter is the same at both points. Three band tight binding
model with nearest neighbour interactions is su�cient to obtain
qualitative information at the K points.

2.3.2 First principles calculations

Tight binding model gives decent qualitative description of the
bands near the Fermi level as discussed above. In order to simu-
late the electronic band structure for the real system of MLWSe2,
it is fruitful to use the �rst-principles (FP) calculations. We use
the real positions of the atoms as given in ICSD, which allows us
to calculate the complete band structure including the core lev-
els. The information of the position of atoms is used to simulate
the nature of the atomic orbitals overlapping with each other.
In order to simulate the ML limit, the interlayer interactions are
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suppressed by including large vacuum between the layers. In this
thesis, we used 30 Å of vacuum in between the monolayers.

Solving the Schrödinger equation for such many body systems
is not practical and hence approximations are needed to break-
down the complicated problem into solvable bits. Using the single
particle approximation, many body problem can be solved using
functional, in this case, the spatially dependent electron density.
The next hurdle is to �nd the exchange and correlation functional,
which are known only in the case of free electron gas. To overcome
this, local density approximation (LDA) is used, as functional of
electron density only at the coordinates of the calculations. And
the extension of this is the generalised gradient approximation
(GGA), which includes the gradient of the electron density at the
same coordinate. In detail theoretical background can be found
in Ref. [191].

We used the linearized augmented plane wave (LAPW) method
which provides an accurate simulation of the electronic structure
of crystalline solids in the framework of density functional theory.
The system of electrons is treated as an electron gas to calculate
its ground state using local density approximation. The main pa-
rameters are the spin densities ρσ(r) which comes into the total
energy equation as,

Etot(ρ↑, ρ↓) = Ts(ρ↑, ρ↓)+Eee(ρ↑, ρ↓)+ENe(ρ↑, ρ↓)+Exc(ρ↑, ρ↓)+ENN ,
(2.31)

where ENN is the repulsive Coulomb energy of the �xed nu-
clei and the electronic contributions are from the kinetic en-
ergy, electron-electron repulsion, nuclear-electron attraction and
exchange-correlation. Exchange-correlation has no classical coun-
terpart and its origin is purely quantum mechanical,

Exc =

∫
µxc(ρ↑, ρ↓)(ρ↑ + ρ↓)dr. (2.32)

The exchange-correlation energy Exc is used as the exchange-
correlation density µxc times the total electron density. Recent
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progress is made by adding the gradient terms of the electron
density to the exchange-correlation energy or its corresponding
potential. This led to the generalised gradient approximation
(GGA) with parameterisations, e.g. PW91 or PBE [192]. There
are di�erent forms of µxc and the one used in this thesis is the
one given by Ceperley and Alder by Perdew and Wang [193]. Etot
can be minimised using orbitals χσik constrained to construct the
spin densities in a periodic systems as,

ρσ(r) =
∑
i,k

ρσik |χσik(r)|
2 . (2.33)

Here ρσik is the occupation number such that 0 ≤ ρσik ≤ 1/wk,
where wk is the symmetry required weight of the point k [191].
Then the variation of E with respect to the density leads to the
Kohn-Sham equation,

[
−∇2 + VNe + Vee + V σ

xc

]
χσik(r) = εσik(r)χ

σ
ik(r), (2.34)

which must be solved self-consistently in an iterative process.
Finding the Kohn-Sham orbitals require the knowledge of the
potentials which themselves depend on the spin density and thus
on the orbitals.

LAPW method is procedure that simpli�es the Kohn-Sham
equations as linear optimisation problem for the evaluation ground
state density, total energy and the eigenvalues of the many elec-
tron systems with a basis set which is adapted to the problem.
The adaptation is done by dividing the unit cell into the non-
overlapping atomic spheres and the interstitial region. In the
atomic spheres, the basis set is the linear combination of the ra-
dial functions times spherical harmonics Ylm(r) as,

φkn =
∑
lm

[
Alm,knul(r, El) +Blm,kn

d

dEl
ul(r, El)

]
Ylm(r̂),

(2.35)
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where ul(r, El) is the regular solution of the radial Schrödinger
equation for energy El and the spherical part of the potential in-
side sphere; d

dEl
ul(r, El) is the energy derivative of ul evaluated at

the same energy El. A linear combination of these two functions
constitute the linearization of the radial function; the coe�cients
Alm and Blm are functions of kn determined by requiring that this
basis function matches each plane wave (PW) the corresponding
basis function of the interstitial region; ul and d

dEl
ul are obtained

by numerical integration of the radial Schrodinger equation on a
radial mesh inside the sphere [191].

Whereas in the interstitial region a plane wave expansion is
used

φkn =
1√
ω
eikn·r. (2.36)

The solutions of the Kohn-Sham equations are expanded as
the combined basis set of LAPW's according to the linear varia-
tion method

ψk =
∑
n

cnφkn , (2.37)

and the coe�cients cn are determined by the Rayleigh-Ritz vari-
ational principle. The convergence of this basis set is controlled
by the cut-o� parameter which is usually the user de�ned [191].

In the present thesis, the DFT calculations were performed
on ML WSe2 in which the tensile and compressive strains are
incorporated into the calculation by varying the in-plane lattice
parameter in the steps of 1%. The total volume of the unit cell
is maintained as a constant and hence the variation in the out-
of -plane lattice constant is included. The representative band
structure is shown in the Fig.2.16 with spin splitting of 0.45 eV
and band gap of 1.42 eV.
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Figure 2.16: Representative band structure calculated for un-
strained (∆a=0%) ML WSe2.

2.4 Angle resolved photoelectron spectroscopy
(ARPES)

The theoretically calculated electronic band structure of the ML
WSe2 can be mapped experimentally using photoelectron spec-
troscopy. Photoelectron spectroscopy, also known as photoemis-
sion spectroscopy, refers to energy measurement of electrons emit-
ted from solid, liquid or gaseous sample using photoelectric e�ect.
This is broad term which includes di�erent techniques depending
on the type of radiation as, X-ray or ultraviolet. There are three
major types of photoemission spectroscopy. They are,

1. X-ray photoelectron spectroscopy (XPS): Used to study the
energy levels of atomic core levels in solids. This technique
is also referred as `electron spectroscopy for chemical anal-
ysis (ESCA)', because the core levels have small chemical
shifts depending of the chemical environment of the atom
of interest. XPS spectra are obtained by irradiating the
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sample with X-ray while measuring the kinetic energy and
the number of electrons that are emitted from the sample.

2. Ultraviolet photoelectron spectroscopy (UPS): Used to study
valance energy levels and the chemical bonding. The kinetic
energy of the emitted electrons through absorption of ultra-
violet light is measured to determine the chemical nature in
the valence region.

3. Two-photon photoelectron spectroscopy (2PPE): Advance
technique used to optically excite electronic states through
pump and probe method. This is time resolved spectroscopy
used to study the electronic excitation at the surfaces. It
uses picosecond or femtosecond laser pulses in order to photo
excite the electrons. After time delay, the excited electron is
photo excited electron is photo emitted into a free electron
by the second pulse. The kinetic energy and the angle of
emission of the photoelectron are measured by an electron
analyser.

Figure 2.17: Our laboratory based ARPES instrument and the
working principle of the semi hemispherical analyser marked in
red.

These are some of the most important experimental methods
to understand the electronic state of the given material. Depend-
ing on the energy, angles involved and polarisation provides infor-
mation of all occupied states. A much more sophisticated tech-
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nique is angle resolved photoemission spectroscopy (ARPES). It
used to observe the distribution of the electrons in the reciprocal
space of the solids. It is the most direct method to visualize the
electronic band structure at the surface of solids. Since both di-
rection and energy of the electrons are measured, the energy and
momentum of the valance electron can be estimated resulting in
detailed information on band dispersion and the Fermi surface.

Laboratory based sources are the sharp spectral lines of he-
lium at photon energies of 21.22 eV (HeI) and 40.82 eV (HeII).
The laboratory based sources are eventually replaced by syn-
chrotron sources, which has very high photon �ux and �exibility
to change energy from few eV to several keV. Polarisation o�ers
another possibility to study the symmetry of the electron orbitals
involved.

Photoelectron spectroscopy can be described in three steps.
Absorption of the radiation by the material and resulting pho-
toexcitation of the electron from an occupied state into an unoc-
cupied state, transport of the electron to the surface and crossing
the potential barrier at the surface. The later process results in
the loss of information regarding the perpendicular component of
the electron momentum. Photoemission spectroscopy is highly
surface sensitive due to the fact that the mean free path of the
electrons is few Å depending on the energy.

During a typical PE experiment, the sample mounted on go-
niometer is irradiated with monochromatic radiation of energy
hν and the excited photoelectrons are collected by the electron
energy analyser, which measures the kinetic energy and the direc-
tion of the electrons. The conservation of energy directly relates
the kinetic energy Ekin of the photoelectron to the photon energy
hν:

Ekin = hν − EB − Φ, (2.38)

where EB is the binding energy and Φ is the work function of the
sample. The kinetic energy Ekin is usually measured from the
Fermi level EF of the sample. Technically, the binding energy is
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the di�erence between the total energy of the initial state with N
electron and the �nal state with N-1 electrons.

EB = EN−1 − EN . (2.39)

It is not easy to measure the absolute energies of the initial
states. Since the state with N electron changes to N-1 electron
state, the �nal system includes the photo hole created by the
emission of the electron. This photo hole changes the potential
of N-1 electron state. Hence the binding energy EB is modi�ed
as:

EB = hν˘Ekin − Φ−∆Erelax. (2.40)

In reality the delocalized electrons screen the e�ect of photo
hole and the relaxation energy is negligible when mapping the
valance states. This is not the case when the core level are to be
mapped. And the relaxation energy is to be accounted for when
dealing with core levels.

Photon momentum is negligible compared to the momentum
of the electrons. In crystalline material the translational symme-
try requires the conservation of the electron momentum in the
plane of the sample.

h̄ki|| = h̄k|| =
√

2mEsinθ. (2.41)

Here, h̄k is the momentum of the emitted electron and h̄ki is
the initial momentum of the electrons. The non-conservation of
the normal component of the electron can be treated by assuming
the �nal crystal states are free electron like.

ki⊥ =
1

h̄

√
2m(Ecos2θ + V0), (2.42)

where V0 is the band depth from the vacuum, including electron
work function φ. V0 can be estimated by measuring the kinetic
energy of the emitted electrons normal to the surface as a function
of the incident photon energy. The dispersion relation between
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the binding energy and the wave vector can be determined by
solving the equations for the energy and momentum.

2.5 Electronic transport

2.5.1 Drude model

After the discovery of the electron, Paul Drude used the kinetic
theory of gases to explain the electrical conductivity of the metals.
For this, the following assumptions were made. First, that there
is not interactions between electrons and positive ionic cores. Sec-
ond the collisions are instantaneous, which means that the kinetic
energy and hence the momentum is abruptly changes at collisions.
Third that the electrons move in straight path in the absence of
external electromagnetic �elds, whereas the dynamics of electrons
in external �elds is governed by classical Newton's law of motion.
Fourth, the mean free path of the electron is the distance trav-
elled by the electron between collisions, and the reciprocal gives
the relaxation time. And �nally, that the electrons reach thermal
equilibrium with surroundings by collisions.

Ohm's law states the proportionality of the current I �owing
in a metal to the potential drop V across the metal. The propor-
tionality constant is the resistance of the metal R, which depends
on the dimensions of the metal bar in this case.

V = IR. (2.43)

The dimensions of the metal bar can be ignored by introduc-
ing the resistivity ρ, which is material constant. ρ is the pro-
portionality constant between the electric �eld E applied across
the metal bar and the current density J. The current density
J is the amount of charge �owing per unit time per unit area
perpendicular to the �ow of current.

E = ρJ. (2.44)
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If n electrons of charge e moves with velocity v, then the cur-
rent density J is given by J = −nev. For the electrons moving in
the presence of an external electric �eld E, the from the Newton's
equation of motion,

F =
mv

τ
= −eE =⇒ v = −eEτ

m
; J =

(
ne2τ

m

)
E. (2.45)

This leads to the de�nition of conductivity, which is the in-
verse of the resistivity and the proportionality factor between the
current density and the applied electric �eld as,

J = σE; σ =
ne2τ

m
; µ =

eτ

m
. (2.46)

Here µ is the mobility of the electrons. Using similar argu-
ment, the Newton's equation of motion can be used in the pres-
ence of impurities or defect and external �eld.

dP

dt
= f(t)− P

τ
. (2.47)

This implies that the e�ect of individual electron collisions
introduce a frictional damping term into the equation of motion
for the momentum per electron.

2.5.2 Hall e�ect

Hall measurement is one of the basic methods used to characterise
the electronic materials. This method allows for direct estimation
of charrier density and the mobility. Generally, a slab of material
is placed in a magnetic �eld and current passed across the slab.
The electrons accelerate (F = qE) due to the electric �eld E and
de�ect because of the Lorentz force (F = q[v × B]) due to the
magnetic �eld B. If the electron moves with a drift velocity vd
and the relaxation time; that is the time between the collisions,
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is τ , then we can write the equation of motion of electrons as
following,

mvd
τ

= e[E+ vd ×B]. (2.48)

Rewriting this for the equation of motion in xy plane as,[
m/eτ −B
+B m/eτ

] [
vx
vy

]
=

[
Ex
Ey

]
.

Using the relation (3.41), J=env;[
m/eτ −B
+B m/eτ

] [
Jx/en
Jy/en

]
=

[
Ex
Ey

]
,

such that,[
Ex
Ey

]
= σ−1

[
1 −µB

+µB 1

] [
Jx
Jy

]
,

where σ = enµ and µ = eτ/m. Rewriting in terms of resis-
tivity tensor;

ρxx = σ−1, and ρyx = −ρxy = (µB)/σ = B/en. (2.49)

[
Ex
Ey

]
=

[
ρxx ρxy
ρyx ρyy

] [
Jx
Jy

]
.

This suggests that the longitudinal resistance is constant, whereas
the transverse or the Hall resistance increases linearly with mag-
netic �eld B. Practically, the rectangular slab is used for such an
experiment, where the current �ows in the x-axis, magnetic �eld
is applied perpendicular to the slab in the z-axis to observe Hall
voltage and hence the Hall resistance in the y-axis.

Ex = ρxxJx; Ey = ρyxJx. (2.50)
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where I = JxW,Vx = ExL with W being the width of the sample
and L being the length, and VH = EyW . Using these relations,
we get,

ρxx =
Vx
I

W

L
, and ρyx =

VH
I
. (2.51)

Using the Eq.3.45, we the expressions for the carrier density
n,

n =

[
e
dρyx
dB

]−1
, (2.52)

and the mobility µ of the carriers,

µ =
1

enρxx
. (2.53)

Depending on the sign of the Eq.2.52, the type of carrier, i.e.,
if electrons or holes can be interpreted. There are two widely used
geometries. One is the van der Pauw geometry which has only
4 contacts and the other of 5 contacts in the Hall bar geometry.
We have used van der Pauw geometry with W=L for simplicity.

2.5.3 Quantum mechanical model

Although classical picture gives satisfactory explanation of the
electronic properties in macroscopic scale, quantum e�ects starts
to get prominent in the mesoscopic/microscopic description of the
electronic transport in materials.

According to quantum mechanics, the particles behaves as
if it is a wave and satisfy Schrödinger equation. Schrödinger
equation is analogue of wave equation for matter. Schrödinger
equation gives the evolution of matter wave described by a wave
function Ψ(r, t). The Schrödinger equation for one dimensional
wave function Ψ(x, t) can be written as,

− h̄2

2m

∂2

∂x2
Ψ(x, t) + V (x)Ψ(x, t) = ih̄

∂

∂t
Ψ(x, t), (2.54)
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which describes the evolution of the wave function in a poten-
tial V (x).The wave function can be decoupled into spatial and
temporal parts. For a free particle, i.e., in the absence of poten-
tial, the time independent Schrödinger equation simpli�es to,

− h̄2

2m

∂2

∂x2
ψ(x, t) = Eψ(x). (2.55)

The solutions of this equation is plane waves, ψ(x) = exp(±ikx),
which leads to the energy states of the particle as a function of the
wavenumber k. Classically, this is a situation with pure kinetic
energy and no potential energy for the particle.

E(k) =
h̄2k2

2m
. (2.56)

This fact can be used to deduce the momentum p as p =
h̄k. Using the relation between the energy and frequency yields,
the following two relations that are central to the basic quantum
mechanics, as quantisation of energy and momentum.

E = h̄ω = hν, and p = h̄k =
h

λ
. (2.57)

It is possible to con�ne the particle in a region by manipulat-
ing the potentials. The simplest of these cases is the con�nement
of the particle in one dimensional potential well. The potential
at the edges is in�nite that the particle cannot escape and there
is no potential in the well, and hence behave like a free particle.
This leads the quantisation of the energy levels, in which the par-
ticle can be with corresponding wave function. This is known as
a 'Quantum Well'. Similar con�gurations can be created in two
and three dimensions.

The situation is quite di�erent in the case of the electron in
a periodic lattice of materials. The potentials for the particle are
periodic and the wave functions that satisfy such a con�guration
are called Bloch wave functions. This gives rise to a series of
energy states that combine to form a band for energy as a function
of momentum wavenumber.
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There are two major regions in the band structure of ma-
terials. They are the valance band and the conduction band.
The level up to which the electrons can occupy the energy state
at absolute zero is called the Fermi level. Since the electrons are
Fermions, they obey the Fermi-Dirac distribution. At higher tem-
peratures the electrons start to populate the levels higher than
the Fermi level. Depending where this Fermi level is located, the
materials are classi�ed as electronic conductors, insulators and
semiconducting. The method to calculate the band structure of
materials is discussed on the introduction.

As we are treating the electrons as waves, it is natural to intro-
duce few characteristic lengths. These lengths create a reference
with respect to which the dimensions of the electronic conductiv-
ity is treated. For example, if the dimensions of the conductor
is much larger than the characteristic lengths, then the conduc-
tor shows Ohmic character. These lengths are, the de Broglie
wavelength, the mean free path and the phase relaxation length.
As the Fermi wavenumber increases with the square root of the
electron density, the corresponding wavelength decreases as the
square root of the electron density.

λF = 2π/kf =
√

2π/ns. (2.58)

The mean free path is the distance the electron moves in the
material before the initial momentum is destroyed. This is very
large in pure crystalline material. However in reality, the defects,
impurities and the phonon vibrations a�ect the path of the elec-
tron. Hence, the momentum relaxation time is related to the
collision time. For an electron with Fermi velocity vF and mo-
mentum relaxation time τm, the mean free path is given by,

Lm = vF τm. (2.59)

To understand the concept of phase relaxation length, the fol-
lowing thought experiment is needed. Suppose the electron moves
in a material from point A to point B in two di�erent arms of the
circular loop. Since the length of the arms are equal, the phase
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acquired by the electron in both arms is equal and interfere con-
structively. Suppose a magnetic �eld is applied perpendicular to
the plane of the arms, the phase of the electron can be manipu-
lated relative to each other. This can lead to cycles of constructive
and destructive interferences. In reality once again, the electron
can scatter from the impurities in the arms which could change
the relative phase of the electron between the arms. However, if
the scatters are rigid, the relative phase is constant. The situation
changes drastically, when the scatters are randomly �uctuating.

Lφ = vF τφ. (2.60)

The phase relaxation length can be related to the relaxation
time with Fermi velocity as the proportionality constant. This is
the case when the phase relaxation length is of the same order or
smaller than the momentum relaxation time. It is the case with
the high mobility semiconductors. In the case of low mobility
semiconductors, the momentum relaxation time is much shorter
than the phase relaxation time. This leads to random scatter-
ing of the electrons and the motion of electron is not ballistic
any more, but di�usive. The root mean square of the distance
travelled by the electron can be found by summing the square of
lengths in random direction trajectories. Hence,

L2
φ = v2F τmτφ/2. (2.61)

Or in other words,

L2
φ = Dτφ, (2.62)

where D = v2F τm/2 is the di�usion coe�cient.

2.6 Miscellaneous techniques

2.6.1 Electron di�raction

Electron di�raction is one of the standard methods to investigate
the structure of thin �lms. It can be used to obtain the crystal-
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lographic information as well as the surface atomic structure. As
in every di�raction methods, the crystallographic nature can be
obtained by the periodicity of the di�raction pattern and hence
the symmetry, and the relative intensities provide information on
the atomic position in the crystal structure. The LEED is mostly
used to investigate clean and crystalline surfaces. The intensity
of the current used could be damaging to study the adsorbents
on the surface of the samples.

Standard LEED consists of electron gun and the suitable
screen to capture the Bragg spots. The wavelength of the electron
beam with voltage V applied, can be estimated with the following
expression.

λ =
h

p
=

h√
2meV

=

√
150.412

V
[]. (2.63)
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Figure 2.18: a) Illustration of RHEED. b) Illustration of the
Laue's condition.

An electron beam with 10 keV of energy corresponds to wave-
length of 0.123 Å. This is on the scale of interatomic lattice dis-
tance and hence di�ract from the atoms. Similar to the di�rac-
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tion of the X-rays, the electron di�raction produces a di�raction
patter at speci�c angles.

In addition we have used RHEED for qualitative in-situ char-
acterization of WSe2 thin �lms. RHEED is an electron di�raction
method, in which a beam of electron incident on the sample in
shallow angle. This makes this method a highly surface sensitive.
There are three main components in a RHEED setup; �rst the
electron source, then electric grid to control the beam of electrons
and �nally, the �uorescent screen.

The di�raction patterns are di�erent among them. This is
due to the geometry of the experiment. In the case of LEED,
the di�raction is perpendicular to the sample surface providing
two dimensional crystallographic information. RHEED on the
other hand, has completely di�erent geometry. The electron beam
glances from the sample surface in very low angle. The di�rac-
tion pattern is observed when the di�racted electron beam cuts
the Ewald sphere. The so called reciprocal lattice rods of the
di�racted beam could be smeared out due to spread in the en-
ergy of the electron beam.

When the angle of incidence is increased, the di�racted lattice
rods due to �at surface gradually change into di�raction spots due
to increased depth of penetration of the electron beam into the
sample. This particular property can be exploited in monitoring
the crystal growth of the material in-situ during the thin �lm
deposition.

2.6.2 Atomic force microscopy

AFM is useful for three-dimensional topographic information sur-
faces with lateral resolution down to 1.5 nm and vertical resolu-
tion down to 0.05 nm. These samples can include clusters of
atoms and molecules, individual macromolecules, or biological
species. This technique needs minimal sample preparation and
can be operated in gas, ambient, and �uid environments and can
measure physical properties including elasticity, adhesion, hard-
ness, friction and chemical functionality.
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Figure 2.19: a) Illustration of origin of RHEED streaks. b) Illus-
tration of the RHEED spots. [194]

The choice for which AFM mode to use is based on the sur-
face characteristics of interest and on the hardness/stickiness of
the sample. Contact mode is most useful for hard surfaces; a tip
in contact with a surface, however, is subject to contamination
from removable material on the surface. Excessive force in con-
tact mode can also damage the surface or blunt the probe tip.
Tapping mode is well-suited for imaging soft biological specimen
and for samples with poor surface adhesion. Non-contact mode is
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another useful mode for imaging soft surfaces, but its sensitivity
to external vibrations and the inherent water layer on samples in
ambient conditions often causes problems in the engagement and
retraction of the tip.

We have used tapping mode exclusively throughout this work.
Unlike the operation of contact mode, where the tip is in con-
stant contact with the surface, in tapping mode the tip makes
intermittent contact with the surface. As the tip is scanned over
the surface, the cantilever is driven at its resonant frequency. Be-
cause the contact time is a small fraction of its oscillation period,
the lateral forces are reduced dramatically. Tapping mode is usu-
ally preferred to image samples with structures that are weakly
bound to the surface or samples that are soft (polymers, thin
�lms). Since we are mostly interested in the structural informa-
tion rather than know chemical properties, all the AFM analysis
is done on the amplitude images.

2.6.3 Raman spectroscopy

Raman spectroscopy is widely used non-destructive method to
study layered material such as graphene [195] and TMDCs [15,
196�198]. The change in the vibrational spectra due to layer
thickness can be used to count the number of layers [15, 198,
199]. Resonant Raman spectra are composed of both �rst and
second order Raman excitations, has been demonstrated for bulk
MoS2 [15] or WSe2 [197]. In addition the excitonic behaviour is
di�erent in WS2 and WSe2, even though they are quite close in
molecular structure. Nevertheless, the resonant Raman spectra
in atomically thin dichalcogenides are relatively unexplored, and
far from being fully understood.

Light scattering techniques are non-destructive tools to inves-
tigate the fundamental excitations in material, such as phonons,
plasmons, etc. Due to interactions of phonons or other excita-
tions, the incident monochromatic light of energy Ei is scattered
with the same, lower (Stokes) or higher (anti-Stokes) energy. For
Ei = Es, the scattering is elastic and called Rayleigh scattering.
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For Ei 6= Es case, the scattering is inelastic and called Raman

scattering and the energy di�erence ∆E = Ei˘Es is referred as
the Raman shift. In this scattering process, both energy and mo-
mentum must be conserved.

Ei = Es ± Eq, (2.64)

ki = ks ± kq, (2.65)

where ki, ks are the momenta of the incident and scattered pho-
ton on the crystal. Since we consider only the lattice excitation
(phonons), and Eq and kq are the energy and momentum of the
created and/or annihilated phonons during the inelastic scatter-
ing process, which is schematically illustrated in Fig.2.20.

Virtual State

1st Excited State

Ground State

hυ0 hυ0 hυ0

- hυ0 - h(υ0-υv)

∆E=hυv

- h(υ0+υv)

Rayleigh scattering Stokes scattering Anti-Stokes scattering

En
er

gy

Figure 2.20: Illustration of Raman e�ect.

When the system is in initial state of `0', then by incident light
can excite the system to a higher energy state `1' by absorption
of a phonon with an energy Eq and vice versa. In contrast to
photoluminescence, the intermediate state in Raman process are
virtual and need not correspond to any real state.

Classical electromagnetism can be used to describe the light
scattering process. A polarization P is induced in a crystal by
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the electric �eld E of the incident radiation.

P = αE, (2.66)

where
E = Eicosωit. (2.67)

Is the electric �eld of the incident light and α is the polar-
izability tensor of the crystal. The di�erence between static po-
larization originating from atoms initially in equilibrium position
and dynamic polarization resulting from the lattice vibrations is
de�ned using Taylor expansion of α

α = αi +
∂α

∂uj
uj +

∂2α

∂ui∂uj
uiuj + ... ' αi + α1cosωqt. (2.68)

As a consequence the polarization is

P = αiEicosωit+ α1Ei [cos(ωi + ωq)t+ cos(ωi − ωq)t] . (2.69)

The �rst term corresponds to the elastic scattering of the inci-
dent light, i.e. Rayleigh scattering. The second and third terms
correspond to inelastic scattering resulting in incident frequen-
cies shifted to higher (anti-Stokes) and lower (Stokes) frequencies.
These terms describe the Raman scattering in classical descrip-
tion.

Classically, inelastic Raman scattering is much weaker than
elastic Rayleigh scattering. With �rst approximation, the relative
Stokes and anti-Stokes intensities can be determined by the Boltz-
mann distribution of the phonons. The excited states are ther-
mally populated and hence the Stokes intensity is much stronger
than the anti-Stokes.

In Raman measurements, the wave vector of the incident pho-
tons is of the order of 105cm−1 and create phonons with maxi-
mum wave vector of the same order of magnitude. Compared
to the dimensions of the Brillouin zone, which is of the order of
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108cm−1; Raman scattering with visible light probes the vicini-
ties of the center of Brillouin zone. Quite recently, it is possible
to probe larger area in the Brillouin zone using X-rays. However
very intense sources, such as synchrotrons are required to have
good resolution.

Summary

hybrid-PLD is the proposed method for the synthesis of ultra-

thin �lms of WSe2, including ML WSe2. In-situ RHEED, AFM

and Raman spectroscopy are the di�erent experimental techniques

planned for the identi�cation of ML WSe2. Laboratory based as

well as synchrotron based XRD will be used for the investigation

of the crystal structure. The electronic band structure will be mea-

sured by ARPES. Hall E�ect and magnetoconductivity measure-

ments would be used to estimate the carrier density and properties.
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3. Growth and identi�cation of mono-

layer WSe2

3.1 Preparation of the substrates

Oxide substrates were obtained initially from Crystal GmbH and
during the later stages of the thesis, from SurfaceNet GmbH. The
dimensions of the oxide substrates used are 10×10×0.5 mm3. The
in-plane orientations of the substrates are marked by the vendor.
This information is useful during RHEED and GIXRD measure-
ments. Monolayer graphene (MLG) substrates were provided by
Prof. Dr. Ulrich Starke's group at the Max Planck Institute for
Solid State Research in Stuttgart, Germany. Epitaxial MLGs are
prepared on SiC substrates by annealing at 1560 ◦C in the pres-
ence of H2 and Ar gas. Details of the procedure can be found in
Ref. [200]. The dimensions of the MLG substrates are 10×5×0.5
mm3.

The substrates have to be atomically smooth for the deposi-
tion of WSe2 thin �lms. This is to avoid impurities and defects
that could a�ect the growth of atomically smooth ML WSe2. In
order to create atomically smooth substrates, all the oxide sub-
strates were annealed in air before the deposition.

In the case of Al2O3 (1102) (r-cut) substrate, three di�erent
annealing temperatures were used to observe the change in the
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a) b)

c) d)

Figure 3.1: Surface of Al2O3 (0001) (c-cut) substrates annealed
at a) 1000 ◦C and b) 1400 ◦C. The line pro�les are shown in c)
and d) for the line cuts marked with white lines in a) and b)
respectively.

surface morphology. Step and terrace structure started evolving
at 800 ◦C. At this temperature the edges of the steps were not
straight and meanderings are observed. As the annealing temper-
ature is increased, the meanderings of the steps started to smooth
out with small steps bunching together to form wider terraces. At
1000 ◦C, the average step height is measured to be 3.0 ± 0.19 Å
with mean terrace width of 0.4 ± 0.03 µm and the roughness on
the terraces is found to be 20.84 pm. At the annealing temper-
ature of 1400 ◦C, the average step height is measured to be 3.2
± 0.27 Å, with average terrace width of 0.23 ± 0.03 µm and the
roughness on the individual terrace is found to be 12.55 pm.

With the information already known about the surface be-
haviour of sapphire r-cut substrates at di�erent temperature, c-
cut substrates were annealed at 1000 ◦C and 1400 ◦C. At 1000
◦C, the average step height is estimated to be 1.89 ± 0.21 Å,
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mean terrace width to be 0.19 ± 0.02 µm with terrace roughness
of 15.5 pm. The c-cut sapphire evolves to have wider step and
terraces after annealing at 1400 ◦C, with mean step height of 3.56
± 0.9 Å, mean width of 0.39 ± 0.01 µm and roughness of 32.22
pm.

a ba) b)

c) d)

Figure 3.2: a) AFM images of Al2O3 (1102) substrates before
deposition and b) after deposition of ML WSe2 with their line
pro�les c) and d) respectively.

Al2O3 (012) substrate with mean step heights of 3.0 ± 0.3 Å
is used to deposit ML WSe2. Even after the growth of a ML �lm,
the step and terrace structure were clearly visible. The average
height of these steps was approximately 2.8 ± 0.3 Å. We interpret
that the step height of ML WSe2 is identical to those observed
on a bare substrate, and the small discrepancy comes from the
error in measurement. The AFM images of bare substrate and
with ML WSe2 deposited are shown in the Fig.3.2.
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3.2 Optimisation of the growth conditions

In order to grow WSe2 thin �lms, we need to know the �ux of
the elements to estimate the growth rate and optimisation of the
stoichiometry of the desired compound. With the initial unavail-
ability of �ux monitors, we relied on XRD for the qualitative
optimisation.

Figure 3.3: XRD is used to measure the amount of W evaporated
as a function of the laser energy. Although the intention was
to grow WSe2 thin �lms, due to other optimised parameters, we
could grow only pure W. This information is used optimise the
magnitude of the laser energy for the ablation of W. The positions
of W (110) and WSe2 (006) are indicated. The sharp peaks are
from the substrate.

Due to un-optimised parameters, we could only grow pure W
in the beginning. This set of samples is used to qualitatively
estimate the �ux of elemental W with respect to the laser energy.
As can be observed in the XRD shown in Fig.3.3, the amount of
W decreases with decreasing laser energy. Our aim is to reduce

100



the W �ux to a lowest possible value, which in principle slow
down the growth of the WSe2. Because the rate of growth is
another important parameter that a�ects the crystallinity of the
thin �lms. Faster growth rate does not allow for the material to
stabilise into a �xed orientation and results in a polycrystalline
thin �lms.

Figure 3.4: XRD of WSe2 thin �lms deposited with same laser
energy of ∼1.5 J/cm2 using two di�erent opening in the laser
window. Clearly the window with smaller area reduced the in-
tensity of the W (110) peak without a�ecting the intensity of the
WSe2 (002) peak. The advantage in varying the size of the laser
opening compared to changing the laser energy, is that the laser
�uence remains constant in both cases.

The rate of W �ux can be reduced with lowering the laser
energy. But we reach a point where certain energy is required to
impart kinetic energy to the evaporated W, which is necessary
for its mobility on the substrate in addition to the substrate tem-
perature. To balance the W �ux with su�cient kinetic energy
but low enough �ux for the suppression of the growth of pure
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W, we changed the total amount of laser energy by keeping the
laser �uence constant. This is achieved by reducing the opening
of the laser window. As shown in the Fig.3.4, the amount of W is
reduced, as inferred from the intensity of W (110) peak, without
a�ecting the intensity of WSe2 (002) peak when a smaller laser
window is used.

Figure 3.5: XRD of supposed to be WSe2 thin �lm deposited at
substrate temperature of 750 ◦C. As can be clearly seen, pure W is
grown more thanWSe2 due to high substrate temperature and the
high crystallinity that can be inferred from the Laue oscillations.
The sharp peak beside W (110) is from the substrate. Insert is
the magni�ed image of W(110) peak with Laue oscillations.

Once the excess W is minimised, the next step is to improve
the crystallinity of the grown WSe2 thin �lms. There are two
ways this can be achieved. First, by increasing the substrate
temperature during the deposition. Second is to add an annealing
process after the deposition. The problem with the �rst method is
that the high vapour pressure element gets evaporated at higher
substrate temperatures. As shown in the Fig.3.5, the thin �lm
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grown on Al2O3 (001) substrate at 750 ◦C using WSe5 target is
predominantly high crystalline W compared to the WSe2. Most
of the Se is evaporated from the substrate leaving behind a lot of
low vapour pressure element W. As can be noticed in the XRD
pattern, the high temperature of the substrate facilitated high
crystallinity that can inferred from the Laue oscillations around
the W (110) peak as shown in the insert of the Fig.3.5.

Figure 3.6: XRD of two samples of WSe2 thin �lms grown on
Al2O3 (012) substrate at 400 ◦C. One sample is annealed at 600
◦C, while the other is un-annealed. The sharp peaks are from the
substrate. The annealed sample shows sharper WSe2 (002) peak
at 13.31◦.

Using the second approach, WSe2 was grown on two sub-
strates of Al2O3 (012) at 400 ◦C. One sample is annealed at 600
◦C for an hour, while the other is kept unannealed as a control.
There is signi�cant e�ect of annealing on the crystallinity of the
grown thin �lm, which can be noticed in the Fig.3.6. The WSe2
(002) became sharper after annealing, and noticeable improve-
ment in the (006) peak compared to the un-annealed sample.
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The presence of WSe2 peaks also suggests that the stoichiometry
is maintained unlike in the case of high temperature deposition
before. Hence we used the second approach to increase the crys-
tallinity of the grown thin �lms without losing the stoichiometry
of the target material.

Figure 3.7: XRD of set of samples grown and annealed at di�erent
temperatures. Clear evolution of the WSe2 (002) peak can be seen
with increasing deposition (D) temperature. Among the samples
deposited at 400 ◦C, the thin �lm annealed (A) at 600 ◦C shows
sharper peaks compared to the rest.

With the evidence of the improvement in the crystallinity of
the grown thin �lms by annealing, we optimised the deposition
and annealing temperatures. The goal was to �nd optimum bal-
ance between the deposition and annealing temperatures to get
high crystalline stoichiometric WSe2 thin �lms. Six samples were
grown at three di�erent temperature and annealed at two di�er-
ent temperatures using �xed laser �uence of ∼4 J/cm2. The XRD
of the grown samples are shown in the Fig.3.7. Among the set
of these samples, the thin �lm grown at 400 ◦C and annealed at
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600 ◦C is found to have relatively intense WSe2 (002) peak and
noticeable (006) peak compared to other conditions.

Figure 3.8: XRD of two samples of WSe2 thin �lms grown for
9 hours in two di�erent steps. Sample shown in blue is grown
for 9 hours continuously, while the one in red is grown �rst at
400 ◦C for 3 hours and then continued at 600 ◦C for another 6
hours. Clear change in the crystallinity can be noticed from the
sharpness of the WSe2 (002) �lm peak.

Thereafter, we investigated the in�uence of deposition se-
quences on the growth and crystalline quality of the thin �lms.
For this experiment, laser �uence is �xed at ∼5 J/cm2 and pulse
frequency of 10 Hz for 9 hours. XRD of two di�erent samples
are shown in th Fig.3.8. One sample was deposited at 400 ◦C
for 9 hours and annealed at 600 ◦C for an hour. Second sample
was grown �rst at 400 ◦C for 3 hours and then the deposition
was continued at 600 ◦C for 6 more hours followed by annealing
at 600 ◦C for an hour. The WSe2 (002) �lm peak is relatively
sharper in the case of double step process compared to the single
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step. In addition, the thin �lm grown with single step is thicker
than the double step process. One possible explanation is that
the higher temperature is partially re-evaporating the grown com-
pound which is suppressed at a relatively lower substrate temper-
ature.

With further re�nement, we reached the optimum conditions
for the growth of WSe2 thin �lms. The substrate temperature
is maintained at 450 ◦C during the deposition. The substrate
temperature is raised to 600 ◦C for the second step of deposition
for thicker sample and all samples are annealed at 640 ◦C. We
optimised the laser conditions, with pulse frequency at 10 Hz and
laser energy of 55 mJ at the laser window. This translates to
laser �uence of ∼2.5 J cm−2. Throughout the thesis work, the
chamber pressure during the deposition was maintained around
5× 10−7 mbar. Se �ux was measured by QCM in the second half
of the thesis work and was maintained in between 1-2 Å s−1.

3.3 Con�rmation of 2D nature by in-situ
RHEED

In-situ RHEED is used as a qualitative characterisation technique
for the deposited MLWSe2. The RHEED pattern of the bare sub-
strates are captured before the deposition of WSe2. This pattern
consists of re�ection spots, called Bragg spots due to the 3D na-
ture of the substrate. The intensity of the Bragg spots starts to
diminish quickly with the start of the thin �lm deposition. As the
deposition progresses, the intensity of the spots reaches a mini-
mum at the half way through the deposition. It is the e�ect of
maximum roughness of the surface at the half time. Thereafter,
re�ection pattern consisting of line streaks emerges and reaches
the maximum intensity at the completion of the monolayer of the
deposited thin �lm. The reason for the line pattern is that the ML
is con�ned to 2D plane and the third axis is missing. This results
in the extension of the Bragg spots into lines. The transition of
re�ection spots into line streaks can be used as an indicator for
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the transition from the bare 3D substrate to 2D monolayer of the
deposited thin �lm.

e-

[110]

e-

[100]

a) d)

b) e)

c) f)

Figure 3.9: a) Bragg re�ection spots with the beam direction is
along Al2O3 [100], and in this condition di�raction from orthog-
onal (110) plane can be monitored on the screen. b) RHEED
streaks of ML WSe2 deposited on Al2O3 (001) in the same direc-
tion as (a). c) Illustration of the orientations for the images in
(a) and (b). d) Bragg re�ection spots with the beam direction
is along Al2O3 [110], and in this condition di�raction from or-
thogonal (100) plane can be monitored on the screen. e) RHEED
streaks of ML WSe2. f) Illustration of the orientation for (d) and
(e).

With the information of the substrate orientation provided by
the supplier, the pixel separation can be calibrated using the in-
plane lattice constant of the substrate. The separation between
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Figure 3.10: The line pro�les of images from the previous �gure.
The line pro�les of ML WSe2 in both directions overlapped with
substrate line pro�le. As can be observed, the deposited �lms
have rotational disorder.

the Bragg spots is inversely proportional to the distance between
lattice planes. This distance measured in pixels is used to cali-
brate the pixel distance on the RHEED screen. This is later used
to measure the separation between the line streaks from the sam-
ple. Using the separation of the Bragg re�ections, the orientation
of the thin �lm can be identi�ed with respect to the substrate.

RHEED images of the bare substrate Al2O3 in the direction of
[110] and [100] are captured at 450 ◦C before the deposition of ML
WSe2, as shown in Fig.3.9(a,d). In our case, the pixel distance
of 45 is inversely proportional to 2.379 Å (for dAl2O3(110)). From
this, the distance between two pixels is calculated to be 0.00934
Å−1. Using the distance between the line streaks from ML WSe2,
the lattice parameters can be estimated. This is found to be 2.973
Å for pixel separation of 36. This is closer to the distance between
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MLWSe2 (100) planes with error of 4.6 %. Similarly, the distance
between the line streaks in the image captured by rotating the
sample by 30◦ with respect to the previous angle is found to be
67 pixels apart. This turns out to be 1.6 Å, which is close to the
distance between the WSe2 (110) planes of 1.64 Å.

e-

[110]

[100]

a)

b)

c)

d)

Figure 3.11: a) RHEED streaks of MLG on SiC substrate. b)
RHEED streaks of ML WSe2 deposited on MLG. c) Illustration
of the orientations in which RHEED images are captured. d) Line
pro�les of ML WSe2 and MLG.

As can be seen from the line pro�les in Fig.3.10, we have
WSe2 (100) re�ections on both orientations of the Al2O3 (001)
substrate, which are along [110] and [100]. It is not clear where
this rotational disorder arises. Our initial suspicion is the temper-
ature. However, ML WSe2 get more crystalline at higher temper-
atures, as inferred from the width of the line streaks which gets
narrower with higher temperatures. The next probable cause of
the rate of growth of the sample.

RHEED images of the bare MLG substrate in the direction of
[100] are captured at 450 ◦C before the deposition of ML WSe2 as
shown in Fig.3.11. In this case, the pixel distance of 41 is inversely
proportional to 2.13 Å. From this the distance between two pixels
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would correspond to 0.01144 Å−1. The inter-planar distance is
estimated to be 2.495 Å for the pixel separation of 35 between the
line streaks of ML WSe2. This is closer to the distance between
ML WSe2 (100) planes with error of 12.19 %. Although quantita-
tive information can be extracted from the RHEED analysis, the
error is high due to low resolution and inaccuracies in the mea-
surement of the pixel distances. Qualitatively, the Bragg spots
of the substrate are replaced by the line streaks of the deposited
ML WSe2. This is used as an indicator for the deposition of the
ML WSe2 and X-ray di�raction is used for the estimation of the
precise lattice parameters.

3.4 Estimation of island size by AFM

Figure 3.12: AFM image of ML WSe2 deposited on Al2O3 (001)
with b) line pro�le across an island of WSe2.

On Al2O3 (001) substrate, clear triangular islands of ML
WSe2 are observed. The mean height of the islands is 6.5 ±
0.3 Å. This value is the height of half unit cell of bulk WSe2, i.e.
a ML of WSe2. With the density of the islands on the substrate,
approximate coverage of the ML WSe2 is estimated to be ∼ 50%.
This allows us to calculate the duration the deposition required
to have complete ML WSe2 or its multiples for thicker �lms. In
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later part of this thesis, X-ray re�ectivity (XRR) of this set of
thin �lms is presented. This has been consistent with our esti-
mate of about 4 hours duration for deposition of nearly-complete
ML WSe2. The island size between 10-60 nm is observed on c-cut
sapphire substrate.
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Figure 3.13: AFM image of ML WSe2 deposited on MLG (001)
with b) line pro�les across an islands of WSe2.

MLG is epitaxially grown on SiC substrate by annealing in H2

gas at 1560 ◦C. Initially, a zero layer graphene (ZLG) is formed
with some of the carbon atoms bounded to silicon in the sub-
strate. As the annealing progress, monolayer graphene (MLG)
is formed standing freely on ZLG. And some bilayer graphene
(BLG) is also observed in the AFM. Since the graphene is formed
with evaporation of Si atoms, the height of BLG is lower than
MLG which is lower than the ZLG steps. ML WSe2 is observed
to be grown on all three components of graphene. Larger islands
of ML WSe2 are observed to be more concentrated on the MLG
substrate. On some of the ML WSe2 islands, second layer WSe2
islands were also observed. An average height of 7.5 ± 0.3 Å is
estimated for ML WSe2 using AFM and 15 ± 0.3 Å is estimated
for bilayer component of WSe2. In the case of ML WSe2 grown
on MLG, the island size of 40-100 µm is recorded. The islands of
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ML WSe2 are observed to be larger on MLG substrates than on
Al2O3 (001) substrate and much smaller islands is suspected on
Al2O3 (012) substrate which are unresolved as inferred from the
Fig.3.2.

3.5 Proof of monolayer by Raman E�ect

Figure 3.14: Raman spectra of ML, 2ML and 4ML WSe2 using
533 nm laser. The box on the left is the zoomed image of the
Raman spectra around 310 cm−1. The missing 310 cm−1 in ML
WSe2 is used as an indicator for the monolayer limit.

Intense peak at 250 cm−1 comes from A1g and E2g (in-plane)
lattice modes in WSe2. This peak is identi�ed in all the samples.
A shoulder at around 260 cm−1 has been assigned to a double
resonance transition for a longitudinal acoustic phonon. In addi-
tion the absence of 310 cm−1 is used as marker for the ML WSe2.
Raman spectra of ML, 2ML, and 4MLs is obtained using 532
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nm excitation laser and normalised with respect to the 250 cm−1

peak. As can be seen in the Fig.3.14, the 310cm−1 is missing in
the ML and slowly evolves as the layers increase. Another feature
that can be observed, is the decrease in the FWHM of the 250
cm−1 peak with increasing thickness.

Figure 3.15: Raman spectra of ML WSe2 deposited on di�erent
substrates using 533 nm laser. The x-axis is normalised using
162.4 cm−1 peak. The intensities are normalised using 250 cm−1

peak and shifted along y-axis for clarity.

Raman spectra is obtained for ML WSe2 samples grown on
di�erent substrates. The ML limit of the thin �lms are consis-
tently con�rmed by the absence of 310 cm−1 peak. The Raman
shift is normalised using the 162.4 cm−1 peak, which is present
in all the spectra. There is no reports of this peak in literature,
both in theory and experiments. Further work should resolve the
origin of this peak.

The Raman spectra around 250 cm−1 is �tted with Lorentzian
pro�les. The peak position and the FWHM of the corresponding
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c) d)

Figure 3.16: a)Representative plot of Raman spectra around
250 cm−1 peak deposited on Al2O3 (001) substrate. b) The
Lorentzian curve �tting is used to �t the Raman spectra. In
this case, for ML WSe2 grown on MLG (001). c) A1g peak of ML
WSe2 on di�erent substrates. d) The FWHM of the A1g peak
on di�erent substrates. There seems to be some correlation be-
tween peak position and its FWHM. The origin of the trend need
further detailed investigations.

peak are extracted to plot them as function of substrate. The
mismatch is not a consistent parameter to use, as some substrates
are of non-commensurate hetero-epitaxy. This means that the
crystal structure of the ML WSe2 is deposited on substrate with
di�erent crystal structure. Hence, the substrate itself is used as a
parameter. In addition to the FWHM, the peak position of A1g

itself seems to be changing depending on the substrate. Further
work is needed to fully understand the mechanism behind the
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substrate dependence.

Summary

We have demonstrated a method of h-PLD for the synthesis of

high quality WSe2 thin �lms down to the monolayer limit. Our

technique of bottom up approach provides an epitaxial relation-

ship between the ML WSe2 and the substrates. This would allow

us to perform high precision di�raction experiments and the ultra

high vacuum of the growth chamber keeps the surface pristine re-

quired for the surface sensitive experiments. This technique can

be extended for the synthesis of other materials requiring very low

vapour pressure elements. Synthesis of WSe2 is con�rmed with

the use of RHEED, AFM and Raman spectroscopy. Raman peak

at 250 cm−1 is observed to be changing depending on the substrate

used. More systematic experiments are required to understand

such substrate dependence.
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4. Structure of monolayer WSe2

4.1 Con�rmation of WSe2 phase

We start with the X-ray di�raction (XRD) for the structural
charaterisation of the grown WSe2 thin �lms, including mono-
layers. First step is to con�rm the phase of the grown thin �lm,
which is carried out with θ − 2θ scan. For this, we start with
mounting the on the Eulerian cradle. After which, we search for
a (00l) substrate re�ection. The angles are �ne tuned to have
sharp re�ection from the substrate peak and �xed as a reference
point. Then we proceed with �rst experiment of θ − 2θ scan. In
this scan, the X-rays makes an angle θ with the sample and re-
�ects at an equal angle before registering at the detector. Such a
scan would allow us to trace the re�ections along the normal of
the sample surface. The periodic structure in the deposited �lm
would give rise to the di�raction pattern, i.e., Bragg peak, when
the X-rays scatters in phase with each other resulting in construc-
tive interference. Using the Bragg's equation, we can deduce the
spacing between the lattice planes. Using which, the out-of-plane
lattice constant can be calculated. In addition, we can identify
impurities in our thin �lm.

We used 12 keV X-ray on few layers WSe2 at ANKA. In the θ−
2θ scan, we can observe as shown the Fig.4.1, all the peak can be
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Figure 4.1: Out-of-plane XRD of 4ML WSe2 deposited on Al2O3

(012) substrate. All the (00l) peaks are identi�ed to be of WSe2.

assigned to WSe2 (00l) re�ections as compared to reference bulk
WSe2 XRD pattern [59]. The substrate peaks are indicated by *.
Using the (002) peak position and Eq.2.11 along with Eq.2.13, the
c-axis is calculated to be 13.417 Å. We can infer three signi�cant
information from this scan. First the broadness of the Bragg
peak suggesting very thin sample. The FWHM of the Bragg peak
decreases with increasing thickness and absent in the monolayer
limit. Second, as inferred from non-smooth Laue oscillations, the
surface of the thin �lm is rough and uneven. And thirdly there
are no signi�cant impurity peaks. The impurities that we were
trying to �nd were of pure W and oxides of tungsten.

4.2 Estimation of �lm thickness

A much more precise way to measure the thickness of the thin
�lms is to use X-ray re�ectivity (XRR). We used this surface
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a)

b)

Figure 4.2: a) Kiessig �t of 4ML WSe2 XRR. b) Parratt �t of the
same 4ML WSe2. Unlike Kiessig �t, Parratt �tting reproduces
the Bragg peak.

sensitive technique to estimate the thickness of the WSe2 �lms
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grown on Al2O3 (012) substrates. XRR measures the intensity
of the re�ected X-ray in a specular condition. Depending on the
sharpness of the interface, the intensity of the re�ection from the
surface can be modelled. The intensity diminishes with increas-
ing roughness at the interfaces, both at the substrate and the
surface of the thin �lm. We simulated both the Kiessig and Par-
ratt formalisms to estimate the thickness and the �t the recorded
di�raction pattern.

Figure 4.3: XRR of series of ML WSe2 and the multiples of it.
Two features are prominent. First, the �rst minima tends to
go towards lower Q with increasing layer number and second,
the Bragg peak moves towards bulk value of Qz with increasing
thickness.

Kiessig formalism is used to simulate the recorded re�ectiv-
ity pattern of 4ML WSe2 thin �lm deposited on Al2O3 (012) as
shown in the Fig.4.2(a). This works with simple approximation of
the complete thin �lm as a single slab with interfaces between it
and the substrate, and the air. Because the material is considered
as a single slab, there are no Bragg like features in the Kiessig
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Figure 4.4: Measurement of the critical angle from the XRR of
2ML WSe2 deposited on Al2O3 [012] substrate.

�tting. On the other hand, Parratt formalism approximates the
material as collection of individual elemental slabs. Such inter-
nal structure reproduces the observed Bragg peak along with the
Kiessig oscillations.

XRR of WSe2 grown on Al2O3 (012) with di�erent thicknesses
is shown in the Fig.4.3. As mentioned before, Bragg peak will be
missing in the ML limit and it is the case in our measurement.
With increasing thickness the Bragg peak starts to evolve and the
FWHM decreases with increasing thickness. Another interesting
feature is the sharp minimum in the case of 2ML WSe2. This
marks the transition from ML to 2ML which makes the X-rays
interfere destructively between the monolayers. As the thickness
increases the �rst minimum is observed to move towards lower
Qz. The oscillations observed along with the Bragg peak for
di�erent samples are simulated with Parratt formula and shown
in the Fig.4.5.
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Figure 4.5: Parratt �tting of series of ML WSe2 and the multiples
of it. Insert in the top frame shows the elemental slabs used to
model.
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The second motivation for XRR is to obtain, apart from �lm
thickness, the critical angle (θc). It is the angle below which X-
rays undergo total external re�ection. This is one of the crucial
information to have before proceeding to grazing incidence X-ray
di�raction (GIXRD). As shown in the Fig.4.4, the critical wave
vector is indicated in the XRR of 2ML WSe2 as Qc = 0.0371
Å−1 or in other words, θc = 0.1748◦. The critical angle is given
by
√

2δ, where δ is to be taken from tables of optical constants
for given element. The measured critical angle does not match
with that of pure W, we experimentally measured the critical
angle of WSe2. Critical angle dictates how the incident beam is
re�ected at di�erent angle. For Q

Qc
� 1,the re�ected wave is in

phase with the incident wave. The intensity of the re�ectivity falls
o� as (2Q/Qc)

−4 along with almost complete transmission, and
the penetration depth is αµ−1. Whereas for Q

Qc
� 1, re�ected

wave is out of phase with the incident wave, so the transmission
becomes very weak. It propagates along the surface with minimal
penetration depth. Due to small penetration depth, it is called
the evanescent wave. At Q

Qc
= 1 , the amplitude of the re�ectivity

is close to +1 so the re�ected wave is in phase with the incident
wave.

4.3 Determination of in-plane lattice con-
stants

Using the information of critical angle, we move on to GIXRD
of monolayer WSe2. The properties of thin �lms depend on the
atomic structure and the e�ects of substrates on them.

GIXRD is widely used to study the in-plane atomic structure.
To have su�cient intensity and amplitude, we measure at an inci-
dent angle just above critical angle (we used θ=0.2◦). This limits
the penetration of the X-rays into the thin �lms and travels along
the surface as an evanescent wave. The incident beam is re�ected
specularly, i.e., with di�racted wave makes equal angle as the in-
cident angle. Once the angle of incidence and exit angles are �xed
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with respect to the critical angle, the alignment of the sample is
repeated just as normal XRD, except the substrate peak we align
is the in-plane peak. We used Al2O3 (110) and Al2O3 (100) peaks
positions as the reference angles for ML WSe2 �lms deposited on
Al2O3 (001) substrates and SiC (110) and SiC (100) positions for
ML WSe2 �lms deposited on epitaxial MLG.

a) b)

c) d)

Figure 4.6: a) XRR of ML WSe2 deposited on Al2O3 (001) sub-
strate. b) GIXRD along two perpendicular directions of the sub-
strate. c) Rocking scan of the WSe2 (110) peak. d) Scatter plot
with linear �t to estimate the in-plane lattice constant, where
F(θ) is given by the Eq.4.1.

The in-plane lattice constants are estimated using the relation
between the lattice constants and the function of angles given in
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the Eq.4.1 to minimise the systematic errors [187].

F (θ) =
1

2

(
cos2(θ)
θ

+
cos2(θ)
sin(θ)

)
, (4.1)

a) b)

c) d)

Figure 4.7: a) XRR of ML WSe2 deposited on MLG (001) of SiC
(001) substrate. b) GIXRD along two perpendicular directions
of the substrate SiC. c) Rocking scan of the WSe2 (110) peak.
d) Scatter plot with linear �t to estimate the in-plane lattice
constant.

ML WSe2 deposited on Al2O3 (001) substrate has an in-plane
lattice constant a = 3.2721 Å, indicating in-plane compression of
0.59%. In addition, ML WSe2 (110) is aligned along Al2O3 (110)
and ML WSe2 (100) is aligned with Al2O3 (100). This leads
to a 3 × 3 lattice grid of WSe2 commensurate with 2 × 2 lattice
grid of Al2O3 with 3.16% mismatch. The crystallographic locking
is same as that reported by Ref. [162] but with precise value
of the strain. Moreover, the 3-fold symmetry of the ML WSe2
is evident from the 60◦ periodicity in the in-plane rocking scan
shown in Fig.4.7(c). The FWHM is estimated to be 7.6◦ from the
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rocking scan. Although it is a large value, the rotational disorder
is qualitatively small as evident from the background magnitude
of the intensity in the rocking scan.

WSe2
Al2O3 MLG

2 X 2 3 X 3 4 X 4

aAl2O3

aWSe2

aMLG

aMLG

aMLG

aMLG

aMLG

aWSe2

aWSe2

aWSe2

aWSe2

aWSe2

aWSe2

aAl2O3

aAl2O3

Figure 4.8: Lattice commensuration of ML WSe2 on Al2O3 (001)
and MLG.

ML WSe2 deposited on MLG/SiC (001) substrate has an in-
plane lattice constant a = 3.2768 Å, indicating in-plane compres-
sion of 0.12%. In addition, ML WSe2 (110) is aligned with MLG
(110) and MLWSe2 (100) is aligned along MLG (100). This leads
to a 3 × 3 lattice grid of WSe2 commensurate with 4 × 4 lattice
grid of MLG with 0.1% mismatch. 60◦ periodicity is observed in
the in-plane rocking scan with FWHM of 10◦.

Using the Eq.4.2,

t =
Kλ

BcosθB
, (4.2)

we estimate the domain size of the deposited ML WSe2 on Al2O3

and MLG to be 16.085 nm and 15.906 nm respectively.
From the X-ray di�raction experiments, we are able to mea-

sure the precise lattice constants in the ML WSe2 grown on two
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Figure 4.9: Pseudo-Voigt �tting of the WSe2 (110) peak to esti-
mate the domain size of ML WSe2 deposited on Al2O3 (001) and
MLG (001) substrates.

important substrates sapphire and graphene. This allowed us to
estimate the strain in the grown monolayers of WSe2. This is one
of the signi�cant information that we are interested to �nd for
this thesis work. The next step is to use angle resolved photoem-
mission spectroscopy (ARPES) for the investigation of the spin
splitting in the valance band.

Summary

Detailed and precise structural characterisation of ML WSe2 is

carried out using synchrotron based XRD, XRR and GIXRD. The

in-plane lattice parameters, the epitaxial strain, and the crystal

symmetry are estimated and con�rmed. We have found an epitax-

ial relationship between the grown ML WSe2 and the substrates.
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Such an epitaxy facilitates the mapping of electronic band struc-

ture using ARPES. Moreover, the epitaxial nature opens up the

possibility to change the strain in the ML WSe2 by using di�erent

substrates. In doing so, we could in principle change the electronic

band structure itself. This could be exploited in the fabrication of

opto-electronic devices.
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5. Electronic bands of monolayer WSe2

5.1 Background

The study of electronic band structure of ML WSe2 poses three
considerable challenges. First it is di�cult to obtain atomically
smooth and oriented samples of ML WSe2. Next is to keep the
surface uncontaminated to perform a surface sensitive experiment
such as angle resolved photoemmission spectroscopy (ARPES).
And �nally, to have high intensity and resolution to plot the
ARPES signal as a function of parallel momentum.

Finteis et.al. [201] reported synchrotron based ARPES data
on bulk WSe2 grown by chemical vapour transport method. In
addition, they compare their data to full-potential relativistic
density-functional band structure calculations. Bulk WSe2 is ex-
pected to be an indirect band gap semiconductor from the band
calculation. This is supported by experimental band gap of ∼1.2
eV at 300 K with valance band maximum (VBM) at K to con-
duction band minimum (CBM) between Γ and K.

Another ARPES data was also taken on a CVD grown WSe2
single crystal by Ref. [202]. But they intercalated the single crys-
tal with alkali atoms which decouples the surface layer from the
bulk, making it quasi-monolayer WSe2.

Furthermore, Agnoli and his group used µ-ARPES on CVD

129



grown ML and BL WSe2 on epitaxial graphene [203]. In the ML
WSe2 case, a clear splitting of 0.5 eV in the valance band at the
K point of the Brillouin zone. Moreover, the e�ective mass of the
electron in the split bands is found to be 0.4 me and 0.7 me. The
VBM is reported to be at K point which levels equal to Γ at 1.3
eV below Fermi level in the BL WSe2 case.

Couple of more groups [7, 177] reported the spin splitting of
the valance band in the ML WSe2 to be 0.43 eV and 0.513 eV
respectively. 0.513 eV is the largest spin splitting measured in an
exfoliated ML WSe2 experimentally. Le et.al. [177] mapped the
band structure using ARPES and compared it to the �rst princi-
ple calculations. Two major discrepancies were noticed. First the
magnitude of the SO splitting of the valance bands and second
the di�erence between the Γ andK-point in the Brillouin zone are
inconsistent with �rst principle calculations. The SO splitting of
513 meV exceeds the calculated 450 to 470 meV range obtained
in the calculations.

MBE grown ML WSe2 are characterized using ARPES, and
the splitting of 0.43, 0.5 eV, and 0.47 eV are reported by [7, 131,
132]. Spin resolved ARPES is reported by Sugawara et. al. [131]
for ML WSe2 epitaxially grown on bilayer graphene. APRES re-
vealed the spin splitting of the valance band at the K-point to be
0.5 eV. Valance band maximum is located to be at the K-point
instead of the Γ-point. The energy di�erence between Γ−K is
estimated to be 0.6 eV. Using spin resolved ARPES the in-plane
and out-of-plane spin polarization is observed. In-plane spin com-
ponents show no di�erence in two spin-split bands, whereas the
out-of-plane component revealed clear di�erence in the two bands.
Similar results are reported by Mo et. al. [132], with spin slitting
of 470 meV in the valance band at K-point.

The variation of the magnitude of the spin splitting in ML
WSe2 among di�erent studies is suspected to be coming from
the strain in the ML WSe2 [7]. To clarify this point, we pro-
vide ARPES data and compare it with �rst principle calculations.
In addition, we have measured the precise lattice constants and
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strain in the ML WSe2 using di�raction experiments presented
in the previous chapter. This should address the open questions
about the in�uence of strain on the magnitude of giant spin split-
ting in the valance band.

5.2 Spin splitting of the valance band at K

ARPES is obtained using partially covered WSe2 on epitaxial
MLG on SiC substrate. As observed from GIXRD, there is an epi-
taxial relation between WSe2 and MLG and LEED measurement
compliments it. WSe2 (100) is aligned along graphene (100). The
epitaxial relationship of the vdW heterostructure results in a re-
ciprocal space alignment as shown in Fig.5.1(a). The raw APRES
spectrum taken along the Γ−K direction of WSe2 is shown in the
Fig.5.1.

a) b) c)

Figure 5.1: a) The reciprocal space of ML WSe2 overlapped with
graphene. b) The ARPES data taken along Γ−K direction of the
ML WSe2 clearly showing the spin splitting on the valance band.
c) ARPES data of the Dirac point of the graphene and the part
of the valance band of the ML WSe2.

The spectrum resolves the valence bands of monolayer WSe2
with excellent quality, essentially consistent with the result of the
�rst principles calculation as discussed in the Sec.2.3. Large spin
splitting (∆so) due to the breaking of inversion symmetry in ML
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Δso = 0.465 eV

-1 2
Energy (eV)

In
te

n
si

ty
 (

a.
u

.)

Figure 5.2: EDC extracted at K of WSe2 together with the �t
that consists of two pseudo-Voigt functions.

WSe2 is clearly resolved in the raw spectrum. As expected from
the reciprocal space alignment, graphene Dirac bands also appear
in the spectrum at high K.

The quantify the spin splitting precisely, an energy distribu-
tion curve (EDC) is extracted at the K-point. From the separa-
tion of the peaks of �tted pseudo-Voigt curves shown in Fig.5.2,
we obtain ∆so = 0.465 eV. This value is smaller than ∆so observed
in an exfoliated monolayer WSe2 (513 meV) [177], MBE grown
ML WSe2 on bilayer graphene (0.475 eV) [7] and CVD grown ML
WSe2 (0.5 eV) [203].
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5.3 Strain e�ect on spin splitting examined
by �rst principles calculation

First we discuss the electronic band structure of an unstrained
(∆a=0%) ML WSe2. The spin splitting in the valance band is
observed to be atK-point in the Brillouin zone due to strong spin
orbit coupling and broken inversion symmetry. The value of spin
splitting in unstrained ML WSe2 is predicted to be 452.4 meV.
The energy di�erence between the upper spin split band at the
K-point in the Brillouin zone and the Γ point is predicted to be
537 meV.

Figure 5.3: Band structure calculated for unstrained (∆a=0%)
ML WSe2. The Fermi level seems to cut the valance band, but
can be considered within the error-bar of 10%.

Second, we derive the e�ect of strain on the spin splitting by
performing �rst principle band structure calculations for di�er-
ent values of strain (∆a: -10% to 10%) keeping the cell volume
constant. We observed change in three di�erent parameters with
change in strain. The magnitude of spin splitting in the valance
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band at the K-point changes quite drastically and we have used
polynomial of 4th order to �t the predicted values. This allows us
to estimate the spin splitting for a given strain in the ML WSe2.
Second, signi�cant changes are also observed in the bandgap and
the energy di�erence between the top spin split band and the
lowest conduction band at the Γ point in the Brillouin zone. As
well as the semiconducting to metallic transition is predicted with
changing strain.

a) b)

c) d)

Figure 5.4: Band structure calculated for strained ML WSe2. a)
-5% and b) +5% remain semiconducting. Whereas, strain of c)
-8% and d) +7% lowers the conduction bands to make it metallic.
Additional band structures with strain are added in App.C.

We now compare our theoretical calculations with experi-
ments. The magnitude of spin splitting in our epitaxial mono-
layer WSe2 is determined to be 465 meV as we showed in Fig.5.2.
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The value of ∆so is 48 meV smaller than the spin splitting of 513
meV observed in the exfoliated ML WSe2 [177].

Figure 5.5: Phase space of the strain in the ML WSe2 and the
magnitude of the spin splitting of the valance band at the K in
the Brillouin zone. The middle section is approximated with a
straight line and the slope is calculated to be 18 meV/strain(%).

If we assume that exfoliated WSe2 is unstrained, the discrep-
ancy could be due to the strain in our �lm. To estimate the
modi�cation of ∆so coming from strain, we used a linear approx-
imation to �t the theoretical data for ∆so vs. strain. The linear
approximation results in slope of ∼18 meV / strain (%).

Using this value and the input of measured strain by GIXRD
(-0.12%), we estimate the renormalization of ∆so due to strain
in our �lm to be 2.2 meV. This is too small to describe the ex-
perimental discrepancy between our epitaxial �lm and exfoliated
monolayer WSe2. Thus, the strain in our �lm cannot explain the
di�erence in ∆so.

Although it is more natural to assume that the �lm is strained
and exfoliated WSe2 is not, in order to provide alternative sce-
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Figure 5.6: The magnitude of spin splitting is plotted against the
strain and �tted with linear function. The measured spin splitting
of 0.465 eV in our sample with 0.12% strain is shown with black
marker. The strain required to achieve the spin splitting of 513
meV in exfoliated sample as reported by [177] is estimated to be
4.5±0.5%.

nario, we invoke the possibility that exfoliated WSe2 is strained
after transferred to the substrate. As can be seen from ∆so-strain
relationship derived from theory, in this case exfoliated WSe2
should have tensile strain to have larger ∆so. Using the same
linear analysis, we can estimate that the tensile strain needed to
explain the di�erence is 4.5±0.5%. However, we do not have di-
rect strain data available from other studies, we could show from
our theoretical analysis that only a small amount of strain (∼4-
5%) can indeed induce a di�erence in ∆so as seen among other
experiments. Before closing this analysis, we stress that our com-
plete set of structural and spectrum information enabled for the
�rst time to quantitatively discuss such strain e�ect on electronic
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Figure 5.7: Band gap of the ML WSe2 is plotted against the
strain induced. It is interesting to note that ML WSe2 under-
goes semiconductor to metal transition at higher strains in both
directions.

structure in monolayer WSe2.
In addition to the strain e�ect on spin splitting, we found

another interesting strain e�ects in our �rst-principles study. The
bands are changing as the in-plane lattice constant is compressed
or stretched. This pushes ML WSe2 from semiconducting state
to metallic state. Especially on the tensile side, the maximum
strain that MLWSe2 can endure without fracture and mechanical
failure is ∼ 7.3% [204]. This is at the borderline and would in an
interesting feature to observe.

5.4 Band alignment and charge transfer

When materials with di�erent electronic band structures are brought
in contact with each other, as in the case of our present het-
erostructure, the shape of the bands changes at the interface de-
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pending on the properties of individual material. Every material
has three important landmarks in its band structure. They are
the maxima of the valance band, minima of the conduction band
and the Fermi level, which is the level up to which the electrons
are �lled at the absolute zero. At an interface between two dif-
ferent materials, the bands bend such that the Fermi level is at
equal position in both the materials. The band alignment at the
interface is formed by metallic graphene and semiconducting ML
WSe2. This allows us to understand how the charge transfer takes
place in this basic van der Waals heterostructure. Understanding
of the charge transfer is crucial when planning to fabricate other
van der Waals heterostructres.

The work function φ of graphene is measured using ultravi-
olet photoemission spectroscopy (UPS), before and after deposi-
tion of the ML WSe2. We obtained φ = 4.13 eV, and 4.40 eV,
before and after the deposition of WSe2, respectively. From the
UPS and ARPES results, we derive the band alignment at the
WSe2/epitaxial graphene interface. Bulk polarization of SiC in-
duces upward band bending, which would result in p-doping on
the surface when terminated by a clean interface. But in reality is
overcompensated by donor states at the graphene/SiC interface,
resulting in the n-type character of epitaxial MLG/SiC [205] with
its Dirac point residing 0.41 eV below EF . The valence band max-
imum of WSe2 with respect to EF (EK ∼ -1.1eV) matched very
well with that of epitaxial WSe2 grown by MBE, despite the lat-
ter being grown on bilayer graphene instead of a monolayer [7].
By adopting the band gap EG=1.95 eV determined by STM, we
estimate that EF is located 0.85 eV below the conduction band
minimum (CBM). This makes EF in WSe2 closer to the CBM.

ARPES showed that the graphene bands were also shifted
before and after the WSe2 growth. To our knowledge, such a
band shift of graphene upon TMD growth was not observed pre-
viously. There are two possible mechanisms to explain this obser-
vation. First, the electron transfer from graphene to WSe2 could
shift the graphene bands upward. Second, if the donor states at
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FIG. 5. (a) UPS spectra obtained from pristine MLG (red) and
WSe2/MLG (blue). On the final-state-energy axis, the respective
sample work function can directly be read off from the secondary
cutoff (red and blue arrows). (b) XPS core level spectra of C 1s and
Si 2p. The shift of the MLG peak (green curve) to lower binding
energies upon WSe2 growth is consistent with the observed charge
transfer from MLG onto WSe2. All other components are found un-
shifted, indicating that the band bending at the graphene/SiC interface
is unperturbed by the WSe2 growth. (c) Schematic band alignment
of the WSe2/MLG heterostructure as obtained from photoelectron
spectroscopy (not drawn to scale). The polarity contribution to the up-
ward band bending at the SiC/ZLG interface (red circles) is partially
compensated by donor states (blue circles). Electron transfer from
graphene onto WSe2 is indicated by the filled arrow.

from an upshift of the Dirac point of graphene with respect
to the Fermi level after the growth of the TMD monolayer.
The varying WSe2 island sizes on substrate areas covered by
graphene layers of different thicknesses suggest the impor-
tance of atomically smooth, weakly interacting van der Waals
surfaces for monolayer TMD epitaxy. Our results provide
high-quality data on both electronic and structural properties
of monolayer WSe2 and shed light on potential substrate influ-
ences in bottom-up TMD growth.
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FIG. 6. Topographic AFM images of epitaxial WSe2 on MLG/SiC.
Lateral dimensions are (a) 3× 3 µm and (b) 1× 1 µm.
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Figure 5.8: UPS and XPS data taken before and after the de-
position of WSe2. (a) UPS data used to extract EF as well as
the cut-o� of secondary electrons from which the work function is
evaluated. (b) XPS data showing core levels of C 1s and Si 2p. No
shift is observed in the core levels, indicating that the band bend-
ing at the graphene/SiC interface is unaltered by WSe2 growth.

the graphene/SiC interface are partially compensated during the
TMD growth (e.g. via chemical reaction with Se vapour), the
amount of electron doping to graphene could be modi�ed. In the
latter case, modi�ed donor states should change the band bending
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Figure 5.9: Schematics of the band alignment from ARPES and
UPS measurements of WSe2/'MLG heterostructure.

at the graphene/SiC interface, which could be detected via the
shift of core levels. The core level spectrum for Si and C before
and after the WSe2 deposition showed, however, that the posi-
tions of the peaks were unaltered. Thus, we conclude that the
shift of graphene bands observed in this study originates from
the electron transfer from graphene to WSe2. This is consistent
with the larger work function observed for WSe2 compared to the
original MLG/SiC.

ML WSe2 on MLG is one of the simplest heterostructure to
make and it allows us to better prepare for other heterostructures
that could be fabricated. One of the future plan is to deposit ML
WSe2 on superconducting NbSe2. Being of similar class of elec-
tronic materials, we can expect similar charge transfer mechanism
between ML WSe2 and NbSe2. Moreover, the magnitude of the
charge transfer is an important information for precise doping
of ML WSe2 to access interesting areas in the electronic band
structure.
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Summary

The expected spin splitting of the valance band at K-point due

to broken inversion symmetry and strong SOC is observed in the

electronic band structure mapped by ARPES. This con�rms that

our method of h-PLD is capable of growing high quality thin �lms

of WSe2. The estimated spin splitting is compared with �rst prin-

ciple calculations that include strain in the ML WSe2. This al-

lowed us to create a phase space of strain and the magnitude of

spin splitting using experimental GIXRD and ARPES results and

theoretical �rst principles band structure calculations. Moreover,

the feasibility of fabricating van der Waals heterostructure is con-

�rmed.

In addition, we have uncovered a charge transfer phenomenon

between the MLG substrate and the ML WSe2. This has an inter-

esting consequence of n-doping the ML WSe2. In order to access

the spin polarised valance bands, ML WSe2 needs to be hole-doped.

Hence, the phenomenon of charge transfer between the substrate

and ML WSe2 needs to be considered carefully in the heterostruc-

tures. This is especially important in the case of heterostructure

of ML WSe2 and superconducting NbSe2, in which the objective

is to induce superconductivity in the spin split bands. The magni-

tude of doping has to be �ne-tuned in the context of charge transfer

phenomena between the van der Waals materials in a heterostruc-

ture.
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6. Electronic transport properties of

hole doped WSe2

6.1 Doping induced conducting state

Ultra-thin �lms of WSe2 doped with Nb are grown on Al2O3 (001)
substrates. The doping is done using an alloy target of 95% W
and 5% Nb by weight which corresponds to 90% W and 10% Nb
atomic ratio. This makes the WSe2, doped with holes by using
Nb as substitution for the W atoms due to the nominal valance
of Nb being +5 instead of +4 for W.

The thickness of the thin �lms is estimated from the duration
of the deposition as well as by using the transmission electron mi-
croscopy (TEM). The TEM images are shown for 5ML and 6ML
Nb0.1W0.9Se2 samples in the Fig. 6.1. It is clear from the TEM
images that there is a pattern of bright lines which corresponds to
the transition metal layer. In the case of 5ML, there seems to be
a modulation of the layers compared to the 6ML sample. This is
an artefact due to the orientation of the sample during the TEM
measurement. In the case of 6ML, the orientation is along WSe2
[110]. Such orientation allows us to view the transition metal and
the chalcogenide as separate spots in high resolution TEM. The
TEM images does not show such spot pattern, but the artefacts of
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substrate vacuumsubstrate vacuum

5 ML WSe2 6 ML WSe2

Figure 6.1: The transmission electron microscopy (TEM) images
of 5ML and 6ML Nb0.1W0.9Se2 grown on Al2O3 (001) substrates.

W

Nb

Se

Figure 6.2: The EDX spectra of 5ML Nb0.1W0.9Se2 showing the
Nb and W peaks over each other and two Se peaks in between
the transition metal peaks. The arrows indicate the position of
Se atoms.

clustering seen in 5ML is eliminated. Because of the uniformity,
it is inferred that there are no clustering of pure Nb and Nb is re-
placing the W atoms. This is con�rmed by the energy-dispersive
X-ray (EDX) spectroscopy, in which the Nb peaks overlap with
that of the W peaks and two Se peaks are found to be in between
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the transition metal peaks as shown in the Fig.6.2.

Figure 6.3: The sheet resistance of 3ML, 5ML and 6ML
Nb0.1W0.9Se2 thin �lms deposited on Al2O3 (001) substrates as a
function of temperature in the absence of external magnetic �eld.

We discuss key observations from the measurement of resis-
tivity versus temperature, shown in the Fig.6.3. First, the Nb
doped WSe2 thin �lms are conducting down to temperature of 2
K. Second, the resistance of the thin �lms increases with decreas-
ing temperature. Third, the resistance of the thin �lms increases
with decreasing thickness and in the case of 3ML Nb0.1W0.9Se2,
the resistance reaches an order of 106 Ω at 2 K. The possible rea-
son for the increase of resistance at very low temperatures and
also with decreasing thickness could be a presence of large disor-
der in the thin �lms.

In order to understand the nature of transport phenomena
in our samples, we �rst try to �nd a relationship between the
resistance and the temperature. As can be seen in the Fig.6.4,
the resistance seems to be an exponential function of T−1/4 in all
our samples. Such trend has been discussed in [8] and originates
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Figure 6.4: The plot of ln(R) as a function of temperature given
by the Eq.6.1 for the case of 3ML, 5ML and 6ML Nb0.1W0.9Se2.

from the following relationship between the resistivity and the
temperature.

ρ ∝ exp
(

1

T 1/4

)
. (6.1)

Such relationship is known to occur when the transport is
governed by variable-range hopping process. This variable-range
hopping is explained as follows. Impurity or defect sites have
di�erent potential than the rest of the material. In a classical
picture, the carrier is trapped at the impurity site. Quantum
mechanically, the wave function of the carrier is maximum at the
impurity site and decays exponentially away from the site. Such
exponential nature results in the overlap of the wave functions
from di�erent sites. This overlap leads to quantum tunnelling
of the carriers between them, the energy for which is usually
obtained from the thermally active weak phonons.

We used the Hall E�ect to measure di�erent parameters of
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Figure 6.5: The plot of ln(R) as a function of temperature for
the case of 5ML Nb0.1W0.9Se2. The linearity suggests that the
conduction process is due to variable-range hopping. Insert is the
plot of RvT for the same sample.

A

V

B

z

xy

Figure 6.6: van der Pauw geometry for the measurement of Hall
resistance as a function of perpendicular magnetic �eld at di�er-
ent temperatures. Four Au contacts are deposited using thermal
evaporation method.

our thin �lms that are necessary for the estimation of relevant
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length and time scales. The Hall E�ect was measured using van
der Pauw geometry (Fig.6.6). The measured Hall resistance is
anti-symmetrised to remove any contribution of Rxx using the
following relation.

Rxy =
Rxy(+B)−Rxy(−B)

2
. (6.2)

Figure 6.7: The anti-symmetrised data of 5ML and 6ML Nb
doped Nb0.1W0.9Se2 samples at 150 K. From the slope, we can
see that the carrier concentration in 6ML is larger than in 5ML.

The slope of the Hall E�ect was positive in all of our measured
samples, indicating hole as carriers. The carrier concentration n

can be calculated using the relation, n = 1/e(∆Rxy/∆B)t, where
e is the charge of the electron and t is the thickness of the thin
�lm. Our samples are found to have a carrier concentration of 2.1
× 1021 cm−3 in 5ML and 4.6 × 1021 cm−3 for 6ML Nb0.1W0.9Se2
at 150 K.
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Figure 6.8: The carrier density n of Nb0.1W0.9Se2 as a function
of temperature, estimated from the Hall E�ect.
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With the information of the carrier concentration, the mobil-
ity of the carriers is calculated using the relation, µ = 1/neρxx(0),
where ρxx(0) is the zero �eld resistivity of the sample at the mea-
sured temperature. Our samples are found to have very low mo-
bility (µ < 5 cm2v−1s−1) in both 5ML and 6ML Nb0.1W0.9Se2
thin �lms. The low values suggests high concentration of disorder
and defects.

The estimated carrier concentration and the mobilities are
used along with assumption that the e�ective mass of the holes
is 0.45m0 (Ref. [142]), where m0 is the rest mass of the electron,
to calculate the Fermi momentum (kF =

√
2πn), velocity (vF =

h̄kF /m
∗) and energy (EF = (h̄kF )2/2m∗). The equation for EF

assumes parabolic band located at the K -point in the Brillouin
zone.

The momentum relaxation time τm is calculated using the
equation τm = µm∗/e. This is the time the carrier moves before
losing the initial momentum due to scattering and allows us to
estimate the distance the carrier moves on an average in between
the scattering events, called the mean free path (l =

√
Dτ). Here,

D is the di�usion constant of the charge carriers calculated using
the relation, D = v2F τm/2. In our case, τm is in the range of fem-
toseconds. Few important parameters in 5ML and 6ML samples
at di�erent temperatures are summarised in the Tab.6.1.

6.2 Quantum interference e�ects

The wave nature of the electron comes with interesting phenom-
ena. The classical picture of transport, Drude model is described
previously in Sec.2.5.1 does not involve quantum corrections. In
the quantum mechanical model, the interference e�ects becomes
important to describe the transport phenomena. Two identical
paths created by scattering via impurities and are related by time-
reversal symmetry (e.g., clockwise and counter clockwise) inter-
fere constructively, leading to weak localisation (WL). This is be-
cause the presence of time reversal path increases the probability
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for the carrier to be at the point of intersection of the clock-
wise and counter clockwise paths, consequently decreasing the
conductivity (increase in resistivity). This constructive interfer-
ence is destroyed in the presence of strong spin-orbit interaction.
In this case, the waves interfere destructively, leading to weak

anti-localisation (WAL). This results in the increase in the con-
ductivity (decrease in the resistance). The e�ects of localisation
and anti-localisation are prominent in low dimensional systems
compared to 3D due to increased probability for the electron to
self-intersect. The key quantity which governs the quantum

a) b) c)

Figure 6.9: a) Classical picture of electron transport as described
by the Drude model. Illustration of the quantum interference
phenomena of b) weak localisation, without SOC and c) weak
anti-localisation in the presence of SOC. Reproduced from Ref.
[206].

interference e�ect is the phase coherence length lφ, the distance
over which the phase coherence of electron is lost. The dephasing
length lφ depends on many factors of the system and decreases
with increasing temperature as the interaction between the elec-
trons and phonon, for example, increases. At low temperatures,
phase coherence length can be as large as a few microns, much
larger than the typical mean free path of electrons.

Magnetoconductance is measured with magnetic �eld applied
perpendicular and parallel to the current at di�erent tempera-
tures. We have used the expression for conductivity derived by
Hikami, Larkin, and Nagaoka (HLN) [9, 10] to �t our magne-
toconductance data, using phase relaxation length (Lφ) and spin
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a) b)

Figure 6.10: Representative plots of a) weak localisation and b)
weak anti-localisation.

relaxation length (Lso) in the form of related magnetic �eld scales
(Bφ and Bso) as the �tting parameters. HLN expression used to
estimate the relaxation lengths is as follows,

∆σ(B)−∆σ(0) =
1

2
Ψ

(
1

2
+
Bφ
B

)
− 1

2
log

(
Bφ
B

)
− Ψ

(
1

2
+
Bφ +Bso

B

)
+ log

(
Bφ +Bso

B

)
− 1

2
Ψ

(
1

2
+
Bφ + 2Bso

B

)
+

1

2
log

(
Bφ + 2Bso

B

)
,

(6.3)

where Ψ is Digamma function. The relationship between the re-
laxation lengths and the characteristic magnetic �elds are given
by,

B =
h̄

4eL2
, (6.4)

where L is the Lφ or Lso and the relaxation time τ (τφ or τso)
can be derived from the relation, L =

√
Dτ .
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6.2.1 Measurement orientation: B ⊥ I

a) b)

c) d)

Figure 6.11: a) The conductivity of 5ML Nb0.1W0.9Se2 grown on
Al2O3 (001) substrate with magnetic �eld perpendicular to the
current is plotted in the units of (e2/πh). b) The conductivity of
6ML Nb0.1W0.9Se2 in the same orientation. c) Magentoconduc-
tivity at 3 K in 5ML Nb0.1W0.9Se2, showing the weak localisation
�tted with HLN equation. d) HLN �t for the magnetoconductiv-
ity in 6ML Nb0.1W0.9Se2 at 3K.

In the �rst orientation, the magnetic �eld is applied perpen-
dicular to the current and normal to the Nb0.1W0.9Se2 [001] plane.
In both 5ML and 6ML thin �lms, the magnitude of positive mag-
netoconductance is found to be maximum at the lowest temper-
ature of 2 K and decreases with increasing temperature, with no
change observed beyond 20 K. WL can be clearly seen on both
the samples at di�erent temperatures. As can be observed in the
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Fig.6.12, the HLN �t gets better with increasing τso compared to
τφ. For this reason we choose τso →∞, which implies Bso → 0 in
the HLN formula given by the Eq.6.3. Using the HLN equation,
relaxation length and time scales were estimated and summarised
in the Tab.6.2. This means that the spin of the carrier is not de-
phasing in this geometry of the measurement.

Figure 6.12: Magnetoconductance of 5ML Nb0.1W0.9Se2 mea-
sured at 3 K with magnetic �eld perpendicular to the current,
�tted with conductance formula of HLN theory with di�erent ra-
tios of relaxation lengths. The �tting gets better with increasing
Lso. Present analysis is carried out with Lso ∼ 100Lφ.

As explained at the start of this section, the WL arises due
to the self-intersecting paths related by the time reversal sym-
metry in a constructive fashion. There are two ways the weak
localisation feature can be destroyed. Either due to strong SOC
or with an external applied magnetic �eld. Qualitatively, with
an exception to 2 K, none of the other temperatures show any
deviation from the weak localisation. A small feature near zero
magnetic �eld in both the thin �lms is seen. HLN equation could
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not �t properly to include this feature and ignored in our prelim-
inary analysis. The weak localisation feature is destroyed only
with magnetic �eld, as the phase of the wave function changes.
This suggests that there is no in�uence of SOC in this orientation
of the experiment. This is counter-intuitive to see no di�erence
between 5ML and 6ML thin �lms.

5ML 6ML
Temperature (K) τφ(fs) τso(fs) τφ(fs) τso(fs)

2 0.112 ∞ 0.109 ∞
3 0.086 ′′ 0.007 ′′
4 0.06 ′′
5 0.046 ′′ 0.004 ′′
7 0.029 ′′ 0.003 ′′
10 0.016 ′′ 0.001 ′′

Table 6.2: The numerical values of phase relaxation time (τφ) and
spin relaxation time (τso) in 5ML and 6ML Nb0.1W0.9Se2 thin
�lms at di�erent temperatures obtained from the HLN �tting of
the magnetoconductivity with magnetic �eld applied perpendic-

ular to the current.

6.2.2 Measurement orientation: B ‖ I

In contrast, the magnetoconductance shows WAL features when
magnetic �eld is applied along the direction of the current. The
calculated Lφ and Lso are found to be decreasing with increasing
temperature. The relaxation length and time scales were esti-
mated and summarised in the Tab.6.3. The �ttings were not per-
fect for the case of 6ML Nb0.1W0.9Se2 thin �lm compared to the
5ML. Qualitatively both the samples are observed to have similar
behaviour. Such WAL feature suggests a presence of some spin
relaxation source which acts e�ciently in this magnetic �eld con-
�guration. This set of data is unique and has not been reported
in the literature. More detailed experiments and theoretical work
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a) b)

c) d)

Figure 6.13: a) The conductivity in 5ML Nb0.1W0.9Se2 grown on
Al2O3 (001) substrate with magnetic �eld parallel to the current.
b) The conductivity 6ML Nb0.1W0.9Se2. c) Magentoconductivity
at 3 K in 5ML Nb0.1W0.9Se2 with HLN �tting. d) The Magento-
conductivity and HLN �t at 3K in 6ML Nb0.1W0.9Se2.

is needed to understand the present observations.
It is clear from the above results that there is a clear anisotropy

in the magnetoresistance with respect to the direction of the ap-
plied magnetic �eld. Relevant relaxation lengths are estimated
and plotted in the Figs.6.14 and 6.15.

6.3 Mechanism of spin relaxation

With the known parameters, we try to �nd relaxation mechanism
for the spin of the carrier. There are four di�erent mechanisms
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5ML 6ML
Temperature (K) τφ(fs) τso(fs) τφ(fs) τso(fs)

2 0.523 > τφ 0.527 > τφ
3 0.33 ′′ 0.254 ′′
4 0.23 0.206
5 0.177 0.143 0.142 0.109
7 0.117 0.085 0.09 0.064

Table 6.3: The numerical values of phase relaxation time (τφ) and
spin relaxation time (τso) in 5ML and 6ML Nb0.1W0.9Se2 thin
�lms at di�erent temperatures obtained from the HLN �tting of
the magnetoconductivity with magnetic �eld applied parallel to
the current.

a) b)

Figure 6.14: Phase and spin relaxation lengths are estimated from
the HLN theory for 5ML Nb0.1W0.9Se2. a) Relaxation lengths for
magnetic �eld applied parallel to the current. b) The phase and
spin relaxation lengths with magnetic �eld applied perpendicular
to the current. τso > τφ, in which case, τso cannot be precisely
estimated. Hence a large error bar is included when τso > τφ.

for the spin relaxation of the electrons in metals and semiconduc-
tors [207]. The dephasing of the spin could be a result of many
di�erent factors. They include, admixture of spin components
in the electron wave function associated with scattering events,
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dephasing due to the e�ective magnetic �elds arising from bro-
ken inversion symmetry, �uctuating local magnetic �elds due to
electron-hole exchange and hyper�ne interaction of electron spin
with the nuclear moments. Among them, the �rst two mecha-
nisms are described in the following.

a) b)

Figure 6.15: The phase and spin relaxation lengths in 6ML
Nb0.1W0.9Se2 estimated from the HLN theory. a) Relaxation
lengths with magnetic �eld applied parallel to the current. b)
The phase and spin relaxation lengths with magnetic �eld ap-
plied perpendicular to the current. This is almost equal to the
values obtained for 5 ML sample and shown in the Fig.6.14.

6.3.1 Elliott-Yafet mechanism

The spin relaxation length is de�ned previously as Lso, which
is the distance the electron travels before losing the initial spin
direction. In materials with strong SOC, the electron wave func-
tion can be a mixture of both spin up and down states. However,
these modi�ed wave functions would be degenerate when both
space and time reversal symmetries are present. Hence the mere
presence of SOC coupling doesn't lead to spin relaxation of the
electrons.

Momentum scattering arises due the collision of electrons with
impurities or phonons. This idea of spin relaxation due to mo-
mentum scattering was �rst postulated by Elliott [208] and subse-
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quent theory was extended by Yafet [209]. Qualitatively, the spin
and momentum relaxations are related by the Elliott relation as

1

τso
∝ (∆g)2

τm
, (6.5)

where ∆g is the shift in the g-factor from the free electron value
of g0 = 2.0023. The experimental ratio between the spin and
momentum relaxations depend on �ner details of the band struc-
ture, kind of impurities and the nature of symmetries present in
the system.

The dependence of the spin relaxation on the temperature is
given by the Yafet relation as

1

τso
∝ ρ(T ). (6.6)

Here ρ(T ) is the temperature dependent resistivity of the sys-
tem under study. Quantitative relation between the relaxation
lengths can be calculated using the two named relation. In addi-
tion, several approximations for the electronic and phonon band
structure, the strength of the SOC, etc. are needed.

6.3.2 Dyakonov-Perel mechanism

In systems with SOC and broken inversion symmetry, the elec-
tronic wave functions are no longer degenerate. The splitting
that happens in broken inversion systems are termed the Rashba
e�ect [210] or Dresselhaus E�ect in the 3D systems [211].

In the case of 2D materials and heterostructures, the space
inversion symmetry is explicitly broken and leads to the Rashba
E�ect. With the Rashba E�ect, the spin splitting of the electronic
states induces an intrinsic momentum dependent magnetic �eld.
The electron is such systems starts to precess around the mag-
netic �eld with momentum dependent Larmor frequency. The
momentum dependent precession, along with momentum scat-
tering leads to dephasing of the electron spin.
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Here two di�erent cases can be introduced to describe the na-
ture of spin dephasing. The �rst case, is when the spin completes
full precession before the next momentum scattering. The second
case is when the spin only precesses small amount between the
scattering events, which leads to random walk of the spin preces-
sion. This case is usually referred to as the Dyakonov-Perel spin
relaxation mechanism [27]. The qualitative relation between the
spin and momentum relaxation is as follows:

1

τso
∝ τm. (6.7)

The relationships of the spin and momentum scattering pa-
rameters is the essential di�erence between the Dyakonov-Perel
and the Elliott-Yafet mechanisms. In the former case, the rela-
tionship is inversely proportional, while it is directly proportional
in the latter case.

6.3.3 Possible mechanism of spin relaxation

In order to identify the spin relaxation mechanism, the spin re-
laxation time τso can be plotted with respect to the momentum
relaxation time τm. As we can observe from the Figs.6.14 and
6.15, τso is larger than τφ when the applied magnetic �eld is per-
pendicular to the current. Since the phase of the wave function
is dephasing faster than the spin direction, we can consider that
the spin of carriers does not relax in this orientation. However,
when the magnetic �eld applied parallel to the current, τφ > τso,
at temperatures >4 K. This set of data also shows inverse rela-
tion between τso and τm (Fig. 6.16). This inverse relation rules
out the Elliott-Yafet mechanism and points to Dyakonov-Perel
mechanism.

The gist of the transport measurements is as follows. The
conductivity of the WSe2 can be manipulated with Nb doping
to make the thin �lms hole doped. The Hall E�ect con�rms
high concentration of carriers as expected from the dopant con-
centration, which brings the system to degenerate semiconductor
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Figure 6.16: The plot betweenτso and τm in samples with nearly
identical carrier densities when magnetic �eld is applied parallel

to the current.

regime. The main transport mechanism of the carriers can be
explained as a variable-range hopping. Magnetoresistance mea-
surements indicate an anisotropic behaviour with respect to �eld
direction. HLN theory is used to estimate the phase and spin re-
laxation lengths. Preliminary analysis hints towards Dyakonov-
Perel mechanism for the spin relaxation of the carriers in our thin
�lms. Further detailed work, both theoretical and experimental,
is needed to understand the nature of spin dynamics in p-doped
WSe2.

Summary

We have successfully demonstrated the manipulation of Fermi level

in WSe2 thin �lms using Nb. The usual insulating state of WSe2
thin �lms was changed to conducting down to the temperature of
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2 K suggesting a metal-insulator transition. The carrier concen-

tration is consistent with the percentage of the Nb present in the

target. This suggests that the doping of the WSe2 can be �ne-

tuned using di�erent targets with di�erent amounts of Nb. This

is a signi�cant step in the growth of TMDCs with feasibility of

e�cient doping with ease. Unlike other techniques such as gating

used to manipulate the Fermi level, doping allowed us to inves-

tigate the carrier properties in pristine WSe2 thin �lms without

spatial symmetry breaking electric �elds from the gate.

Moreover, clear anisotropy in the magnetoconductance has

been observed. The spin dephasing time was found to be long com-

pared to phase coherence time when the magnetic �eld is applied

perpendicular to the current. This feature could be exploited in

the �eld of spintronics. However, conventional localization anal-

ysis gave much shorter spin dephasing length when the magnetic

�eld is applied parallel to the current. Such �eld-orientation de-

pendent magnetotransport has been observed for the �rst time in

doped WSe2. The origin of this behaviour needs to be clari�ed in

the future.

163



Electronic transport properties of hole doped WSe2

164



7. Conclusion and Afterword

Potential saturation of the silicon technology and problems aris-
ing due to miniaturisation that our society could face in the near
future encourages us to explore new type of nano-electronic mate-
rials. Although graphene is known to show interesting electronic
and mechanical properties, its use in next generation electronics
is limited due to the absence of a band gap. TMDCs are stepping
up to �ll the gap left by graphene. Not only does TMDCs have
a band gap, but the lack of inversion symmetry in the monolayer
and strong SOC opens up new possibilities in low dimensional
physics and device applications. Among them, of ML WSe2 is
particularly fascinating due to the largest spin splitting in the
valance band that could be utilised in the �eld of spintronics.
Moreover, the large spin splitting allows to access the spin po-
larised bands to induce exotic electronic properties by coupling
with other electronic phases such as proximity induced supercon-
ductivity.

Let me remind our motivation for this thesis work here. Al-
though a lot of work is ongoing in the �eld of low dimensional
TMDCs, a few important details are missing. There was a spec-
ulation about the strain in the ML WSe2 as a reason for large
variation in the spin splitting of the valance band among ARPES
studies. However, the precise values for the strain is missing
to compliment the ARPES data. Moreover, much of electronic
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transport properties were limited to the behaviour of the resis-
tivity as a function of temperature and gate voltages. Optical
experiments provided the information about the spin and valley
lifetime, but systematic study via transport regarding relaxation
times was needed to understand the spin properties in the low
dimensional TMDCs, especially in the case of hole doped WSe2.
Utilising our new method to synthesise high quality WSe2 thin
�lms including monolayers, which also provides an e�cient dop-
ing mechanism, we aimed at addressing these open questions.

In this thesis, we demonstrated a method of h-PLD for the
synthesis of high quality WSe2 thin �lms down to the monolayer
limit. The limitations of the other methods were overcome with
our h-PLD method to synthesise ML WSe2 and can be extended
for the growth of other TMDCs. The advantages of our method
are the bottom up approach in an ultra-high vacuum and the
ease of doping with di�erent elements. The bottom up approach
resulted in the locking of the crystallographic axes over macro-
scopic (10×10 mm2) dimensions. Such a feature facilitates the
use of high precision di�raction experiments, which is absent in
mechanically exfoliated samples. Moreover, the ultra-high vac-
uum of the growth chamber keeps the surface pristine. This is
a signi�cant advantage for surface sensitive experiments such as
ARPES. The Fermi level could be manipulated e�ciently by dop-
ing with a di�erent element without complications. Moreover, we
provided evidence of fabricating a van der Waals heterostructure
of ML WSe2 on graphene.

Grown thin �lms allowed us to measure the precise struc-
tural properties down to the monolayer. Importantly, the locked
crystallographic axes allowed us to perform high precision syn-
chrotron based di�raction experiments for the structural charac-
terisation. An epitaxial relationship between the ML WSe2 and
the substrates is uncovered. Furthermore, quantitative value of
compressive strain is found in the grown ML WSe2 on two im-
portant substrates, graphene and sapphire.

Exploiting the locked crystallographic axes, spin splitting of
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the valance band at the K-point has been clearly observed in the
ARPES as predicted by the theory. The spin splitting in the ML
WSe2 suggests the absence of inversion symmetry, thereby the
con�rming the crystal structure found in the di�raction experi-
ments. The combination of the results from XRD and ARPES
along with the �rst principles calculations allowed us to create a
phase space of strain and spin splitting. This phase space will
be useful in the future to tailor the opto-electronic properties.
In addition, we uncovered charge transfer between the MLG and
ML WSe2. This resulted in n-doping of the ML WSe2. This
is a crucial information necessary to manipulate the Fermi level
in van der Waals heterostructures. This is especially important
in the case of heterostructure of ML WSe2 and superconducting
NbSe2 to realise exotic pairing using the proximity e�ect, because
the hole doping needs to be �ne-tuned in the presence of charge
transfer in between the van der Waals materials.

We have demonstrated the manipulation of the Fermi level
using chemical (Nb) doping. The usual insulating state of WSe2
thin �lms was changed to conducting down to the temperature of
2 K suggesting an insulator to metal transition. This is a signif-
icant step in the growth of TMDCs with a feasibility of e�cient
doping. Unlike other techniques such as gating used to manip-
ulate the Fermi level, doping allowed us to investigate the spin
properties in WSe2 environment without additional symmetry-
breaking component arising from electric �elds. Clear anisotropy
in the magnetoconductance with respect to magnetic �eld orien-
tation has been observed. The spin dephasing time was found
to be long compared to phase coherence time when the magnetic
�eld is applied perpendicular to the current. This feature could be
exploited in the �eld of spintronics, where the spin currents are re-
quired to be robust against scattering at least on the length scales
of the distance between the electrodes. However, conventional lo-
calization analysis gave much shorter spin dephasing length when
the magnetic �eld is applied parallel to the current. Such �eld-
orientation dependent magnetotransport has been observed for
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the �rst time in doped WSe2. The origin of this behaviour needs
to be clari�ed in the future.

Immediate future step should be complete understanding of
the spin dynamics of the charge carrier in the doped thin �lms.
The amount of doping needs to be �ne-tuned to adjust the Fermi
level. As we have observed in our transport experiments, there is
a huge anisotropy in the magnetoconductivity depending on the
direction of the applied magnetic �eld. It is highly desirable to
repeat magnetoconductivity experiments in gated samples. Such
study of the carrier dynamics in a gated WSe2 thin �lm would
allow us to understand the e�ects of gating on the physics of the
carriers compared to the doped WSe2 thin �lms.

This present work is part of a bigger agenda to realise the
topological superconductivity. We have already demonstrated
the fabrication of prototypical heterostructure of ML WSe2 on
MLG. The next step is to make a heterostructure of ML WSe2
on NbSe2. This system combines a non-centrosymmetric material
to a conventional BCS superconductor. With the manipulation
of the Fermi level to access the spin split valance bands, super-
conductivity due to proximity e�ect is expected to be observed.
Moreover, due to the spin polarisation of the bands, two types
of Cooper pairing are expected to arise: inter-valley zero center
of mass Cooper pairs and intra-valley non-zero center of mass
Cooper pairs, which are known to be exotic FFLO pairing [72].

The nature and physics of emergent �elds is also quite an in-
teresting �eld to explore using WSe2. If we are successful in the
fabrication of MLWSe2 on di�erent substrates with proper exper-
imental geometry and measuring electrodes, we might be able to
venture into realm of new physics of emergent gauge �elds. These
gauge �elds are proposed be originating in the breaking of mirror
symmetry due to ripples and corrugations of the monolayer. Such
studies have been undertaken in the case of graphene [110, 111],
but not yet reported concretely in TMDCs [78].

To conclude, we believe that our new approach of synthesis
would extend the scope of physics and applications of TMDCs.
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Conclusion and Afterword

There are three signi�cant achievements in this thesis work. (1)
We demonstrated a new method to synthesise WSe2 thin �lms
down to monolayers with a bottom up approach. The detailed
structural (XRD/GIXRD) and electronic (ARPES) characterisa-
tion of the MLWSe2 would not have been possible with exfoliated
samples for following reasons. In an exfoliated thin �lm, the lat-
tice orientation is arbitrary compared to that of epitaxial thin
�lms and the limited size of the crystal will make it very di�cult
to apply GIXRD, where the beam size typically spreads > 10
mm in the grazing incidence geometry. The epitaxial nature also
creates a reference frame to align the sample in high precision
synchrotron based experiments. (2) Using GIXRD and ARPES,
precise structural and electronic properties are measured. This
experimental data is compared with our thorough �rst-principles
band calculations incorporating a strain e�ect. This enabled us to
clarify that the strain e�ect on the spin splitting in our epitaxial
WSe2 is negligibly small. Our results comprise the �rst experi-
mental reference in which both spin splitting value and strain was
clari�ed with high accuracy. (3) The Fermi level in a few atomic
layer WSe2 was controlled by doping to induce an insulator to
metal transition. Our h-PLD simpli�ed the doping to vary the
Fermi level to a desired position. We believe that the chemical
doping could be advantageous compared to gating for our pur-
pose because of two reasons. First, the electric �eld from the
gate breaks the spatial symmetry in a di�erent way compared
to that coming from monolayer structure. Second, the gating
electrode blocks the access to the ML WSe2 in future STM/STS
experiments which will be the most promising technique to probe
the novel superconducting pairing. Therefore we believe that the
synthesis and doping of van der Waals material demonstrated
in this thesis could open a door to create arti�cial heterostruc-
tures,in a way most suitable for the future study of the physics
that may appear at vdW interfaces.
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A. Experimental procedure for using

h-PLD

A step by step procedure for the deposition of thin �lms using
h-PLD

1. Close the shutter of the Se e�usion cell.

2. Ramp up the temperature of the e�usion cell to the required
value.

3. Bring in the QCM to the measuring position.

4. After reaching the temperature in the step 2, wait for 15
minutes.

5. Open the e�usion cell shutter and measure the Se �ux in
steps of 5 minutes and calculate the average �ux over next
15 minutes.

6. Close the e�usion cell shutter and take out the QCM.

7. Load the substrate in the substrate heater.

8. Program the substrate temperature controller.

9. Ramp up the temperature of the substrate to the deposition
temperature.
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Experimental procedure for using h-PLD

10. Capture the RHEED images of the bare substrate at the
deposition temperature.

11. Close the laser window and adjust the laser parameters.

12. Check the target and start the laser with opened laser win-
dow.

13. Open the e�usion cell shutter.

14. Wait for the deposition to �nish.

15. Capture the RHEED images at the end of deposition.

16. Depending on the experiments planned with the sample,
cap the thin �lm with Se.

17. Wait for the temperature controllers to end the program.

18. Wait for the sample to cool down to the room temperature.

This requires us to have the substrate at optimal temperature
during deposition and anneal at higher temperatures to improve
the crystallinity under chemical pressure. In order to maintain
the required temperature of the substrate, the substrate heater is
calibrated using a pyrometer. The temperature of the substrate
heater is controlled by a k-type thermocouple. To calibrate the
substrate heater, the emissivity of the substrate are needed. For
this reason, we �rst measured the emissivity of the substrates us-
ing a blackbody calibrated pyrometer. The substrates are heated
to certain temperature and the emissivity is adjusted to read the
temperature value using pyrometer same as that of thermocouple
placed just under the substrate in the heating chamber.
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B. Calibration of substrate heater

To calibrate the substrate heater, the emissivity of the substrate
are needed. For this reason, we �rst measured the emissivity
of the substrates using a blackbody calibrated pyrometer. The
substrates are heated to certain temperature and the emissivity
is adjusted to read the temperature value using pyrometer same
as that of thermocouple placed just under the substrate in the
heating chamber.

Figure B.1: Measurement of the emissivity of SiC substrates on
which MLG is epitaxially grown using pyrometer.

Once the emissivity is measured at di�erent temperatures, the
data is �tted with polynomial curve �tting to extract the emis-
sivity of the substrates at the required temperatures. Using this
information, the substrate heater of the PLD chamber is cali-
brated using a pyrometer to known emissivities of the substrates.
The temperature of the substrate heater is controlled by a Type-R
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Calibration of substrate heater

Figure B.2: Measurement of the emissivity of Al2O3 substrates
before calibrating the heater using pyrometer.

thermocouple.

Figure B.3: Measurement of the emissivity of SiC substrates on
which MLG is epitaxially grown using pyrometer.

Once the emissivity is measured at di�erent temperatures, the
data is �tted with polynomial curve �tting to extract the emis-
sivity of the substrates at the required temperatures. Using this
information, the substrate heater of the PLD chamber is cali-
brated using a pyrometer to known emissivities of the substrates.

Once the substrate heater is calibrated, we need to optimise
other parameters that in�uence the growth of the WSe2 thin �lms.
During the early period of this thesis work, many components
were missing and the optimisation has to be done in an impro-
vised way. In the absence of direct measurement of the required
parameters, we relied on indirect inferences from other experi-
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Calibration of substrate heater

Figure B.4: Measurement of the emissivity of Al2O3 substrates
before calibrating the heater using pyrometer.

ments.
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C. Band structure of strained mono-

layer WSe2

a) b)

c) d)

Figure C.1: Band structure calculated for strained ML WSe2. a)
-1%, b) -2%, c) -3% and d) -4%.
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Band structure of strained monolayer WSe2

a) b)

c) d)

Figure C.2: Band structure calculated for strained ML WSe2. a)
-5%, b) -6%, c) -7% and d) -8%.

a) b)

c) d)
Figure C.3: Band structure calculated for strained ML WSe2. a)
-9% and b) -10%.
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Band structure of strained monolayer WSe2

a) b)

c) d)

Figure C.4: Band structure calculated for strained ML WSe2. a)
+1%, b) +2%, c) +3% and d) +4%.
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Band structure of strained monolayer WSe2

a) b)

c) d)

Figure C.5: Band structure calculated for strained ML WSe2. a)
+5%, b) +6%, c) +7% and d) +8%.

a) b)

c) d)
Figure C.6: Band structure calculated for strained ML WSe2. a)
+9% and b) +10%.
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