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Bibliographische Beschreibung und Referat 

Inspiriert durch den großen Erfolg von Graphen haben zweidimensionale Halbleiter als 

neue Materialien für Bauelementanwendungen erneutes Interesse gefunden. Diese Materialien 

besitzen einzigartige und bemerkenswerte elektronische und optische Eigenschaften. Ihre starke 

In-Plane-Bindung und schwache Out-of-Plane-Wechselwirkungen ermöglichen die Herstellung 

einer einzelnen Atomschicht. Jüngste Fortschritte in der Charakterisierung und Herstellung von 

Nanostrukturen haben Möglichkeiten für Schicht-Halbleiter in der Nanoelektronik und 

Optoelektronik eröffnet. Aufgrund der starken Einschließung in der Schichtdicke werden die 

physikalischen Eigenschaften dieser Materialien stark von Parametern wie Dehnung, Defekten 

und Dotierung im Nanometerbereich beeinflusst. Daher ist das Verständnis der Auswirkungen 

dieser Parameter auf geschichtete Halbleiter die Voraussetzung für jede Geräteanwendung. 

In dieser Doktorarbeit wird der Einfluss solcher Parameter auf die optischen Eigenschaften 

von Schichthalbleitern im Nanometerbereich untersucht. MoS2, das bekannteste 

Übergangsmetall- Chalkogenide (TMDC) (n-Typ-Halbleiter), und p-Typ-GaSe, ein Vertreter der 

Metallmonochalkogenide (MMC), werden in dieser Arbeit untersucht. 

Eine detaillierte Einführung in beide Materialien, einschließlich ihrer polytypischen, 

elektrischen und optischen Eigenschaften, wird im einführenden Kapitel dieser Arbeit behandelt. 

p-Typ GaSe hat ein großes Potenzial auf dem Gebiet der Optoelektronik, nichtlinearer 

Optik und Terahertz-Anwendungen. Die Vergänglichkeit von atomarem dickem GaSe in Luft 

behindert jedoch den Forschungsfortschritt. Über die Umweltstabilität des Materials ist jedoch 

wenig bekannt.       

Diese Arbeit befasst sich mit der Frage der Stabilität von GaSe in der Umwelt mittels 

Raman-Spektroskopie, Photolumineszenz und Röntgenphotoelektronenspektroskopie. Die 

Ergebnisse sind für die Anwendung der Vorrichtung sehr wichtig, da eine Monolage von GaSe 

unmittelbar nach dem Aussetzen an Luft oxidiert wird und sich mit der Zeit bis zu drei Schichten 

abbaut. Daher muss für die technologische Anwendung die oxidierende Dicke von GaSe 

berücksichtigt werden. Ein Teil dieser Arbeit kann in Semicond. Sci. Technol. 32 (2017) 

105004 gefunden werden. 

Da bekannt ist, dass TMDCs großen Belastungen standhalten (6-11%), ist es vorteilhaft, diese 

Materialien für flexible optoelektronische Bauelemente der nächsten Generation zu betrachten. 

Des Weiteren zeigen MoS2 starke spannungsabhängige optoelektronische Eigenschaften und 

wurden von mehreren Gruppen im Makro- und Mikrobereich untersucht. Insbesondere für die 

Nanotechnologie ist es jedoch notwendig, die eingebaute Dehnung im Nanometerbereich zu 

kennen. In dieser Arbeit wurde mit Hilfe der spitzenverstärkten Raman-Spektroskopie eine hoch 



 
 

 
 

lokalisierte Dehnung in dreilagigem MoS2 innerhalb der räumlichen Auflösung von nur 25 nm 

nachgewiesen. Ein Teil der Arbeit kann in Nano Lett. 17 (2017) 6027 gefunden werden. 

Die Untersuchung lokaler Heterogenitäten wird mit Hilfe des in dreilagigen MoS2 

gewonnenen Wissens auf Monolagen ausgedehnt.  Monolagiges MoS2 ist ein Halbleiter mit 

direkter Bandlücke und großer Exzitonenbindungsenergie. Aufgrund seiner starken 

Wechselwirkung mit leichten Materialien ist es eine ideale Plattform, um die optischen 

Eigenschaften von 1L-MoS2 in einer Umgebung lokalisierter Oberflächenplasmonresonanz zu 

untersuchen, die von Metallnanopartikeln aufrechterhalten wird. Insbesondere, wie MoS2 mit den 

von LSPR erzeugten Hotspots interagiert. Um solche Phänomene zu untersuchen, wird 1L-MoS2 

mit einem geeigneten plasmonischen Substrat aus Gold-Nanozylinders auf Silizium kombiniert.  

Spitzenverstärkte-Raman-Spektroskopie wird angewandt, um die Phononenmodi von 

MoS2 zu untersuchen. Im Raman-Mapping mit einem Verstärkungsfaktor von 108 wird eine 

räumliche Auflösung von 2.3 nm erreicht. Eine solche experimentelle Auflösung und Bildqualität 

ermöglicht einen beispiellosen Zugang zu den Hotspots, was zu einer Dotierung in 1L-MoS2 in der 

Größenordnung von 1013 und der Strukturphase führt Wechsel von Halbleiter zu Leiter. Die 

Ergebnisse der Studie können für die grundlegende Untersuchung und Anwendung von 2D-

Materialien wichtig sein. Insbesondere kann die durch Dotierung induzierte strukturelle 

Phasenänderung für die Anwendung der Bauelemente entscheidend sein. Ein Teil der Arbeit kann 

in Nanoscale, 10 (2018), 2755 gefunden werden. 

Schließlich wird im Ausblick eine Vorrichtung aus GaSe vom p-Typ mit wenigen Schichten 

und 1L-MoS2 vom n-Typ diskutiert. Der Heteroübergang zeigt ein sehr gutes 

Rektifikationsverhältnis von 104 bei ± 1 V. Jedoch zeigt der Heteroübergang bei Beleuchtung mit 

unterer Bandlückenanregung einen  photovoltaischen Effekt und deutet auf einen durch die 

Zwischenphase unterstützten Photostrom hin. Um den Transportmechanismus und den Ursprung 

des Photostroms zu verstehen, müssen temperaturabhängige I - V - Messungen und theoretische 

Berechnungen der Bandstruktur des Heteroübergangs durchgeführt werden. 

Schlagwörter: Two dimensional materials, MoS2, GaSe, tip enhanced Raman spectroscopy, 

TERS, plasmonics, environmental stability, oxidation, strain, doping.
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Abbreviations 

2D: Two dimensional 

AFM: Atomic force microscopy 

ALD: Atomic layer deposition 

APD curve: Amplitude, phase vs distance curve 

BZ: Brillouin zone 

CVD: Chemical vapour deposition 

EM: Electromagnetic 

EMCCD: Electron multiplying charge coupled device 

FEM: Finite element method 

FWHM: Full width at half maximum 

GaSe: Gallium selenide 

HOPG: Highly ordered pyrolytic graphite  

LA: Longitudinal acoustic  

LSPR: Localized surface plasmon resonance 

MBE: Molecular beam epitaxy  

MMC: Metal monochalcogenide 

MOCVD: Metal-organic chemical vapour deposition 

MoS2: Molybdenum disulphide  

NC: Nanocylinder 

NT: Nanotriangle 

PDMS: Polydimethylsiloxane 

PL: Photoluminescence 

PS: Polystyrene sphere 

SEM: Scanning electron microscopy 

SERS: Surface enhanced Raman scattering 

SOC: spin-orbit coupling 
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SOD: Second-order derivative 

TERS: Tip enhanced Raman scattering/spectroscopy 

TMDC: Transition metal dichalcogenide 

vdW: van der Waals 

XL (X= 1, 2, 3…): X layer 

XPS: X-ray photoelectron spectroscopy 
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Chapter 1 

Introduction 

Layered materials are known to exist for billions of years and the history of the scientific research 

of them is about 150 years old.1-3 However, it is only in the last decade the true potentials of these 

systems have been realized for advanced technological applications and the study of these 

materials has been speeded up.4-9 The beauty of these layered systems is that when thinned down 

to their true physical limit (monolayer) each material shows unique / novel physical properties 

different from their bulk counterpart.10-12 At their ultimate physical limit they are called two 

dimensional (2D) materials. Since Novesolov and Geim 4, 13 first successfully exfoliated graphene 

from graphite in the lab in 2004, it is the most studied 2D material mainly because of its 

extraordinary electronic or optoelectronic properties.14-17 The biggest advantage of graphene is its 

ballistic conductivity with a mobility of 105 cm2/v.s.18 However, the main drawback of this material 

is the absence of a band gap which hinders graphene to be used in transistors, logic gates or any 

other semiconductor device as the active material. There are several experimental and theoretical 

studies so far reported on opening the band gap in graphene.19-21 However, that became only 

successful with significant decrease in the mobility (200 cm2/v.s for 150 meV bandgap).20, 22 

Additionally the increase in off-state current due to edge roughness and loss of coherence also 

deteriorates the device performance as a consequence.23-24 Following graphene, another 2D 

material, hexagonal boron nitride (hBN) grabbed the attention since it was theoretically predicted 

to induce band gap in graphene.25-27 hBN has a band gap of about 6 eV28 and therefore the only 

possible application of it is as gate insulator in a 2D device. This led to searching for 2D 

semiconductors which could have reasonable band gap and at the same time possess higher 

mobility as well. Rapidly following graphene and hBN, there is a special set of layered 

semiconductors which show a drastic change in band structures while thinned down to monolayer 

thickness and therefore brought further excitement.29-30 This special set of materials are known as 

transition metal dichalcogenides (TMDC) and are now the primary focus of the research in 2D 

materials field. However, most of the TMDCs found in nature are intrinsically n-type 

semiconductors due to the presence of chalcogen vacancies.31 For a semiconductor device 

application, the p-n junction is a fundamental building block.  Although engineering extrinsic 

factors to achieve p-type conductivity in this materials have been demonstrated by several groups, 

obtaining high quality p-type ultra-thin film is very challenging.31-34 Beyond TMDCs, there are 

other layered semiconductors like metal monochalcogenides (MMC) such as GaSe, GaS, InSe and 
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InS etc. which also have induced growing interest in recent times owing to their optoelectronic 

properties which can be tuned with the layer thickness.35-38 Importantly, both GaSe and GaS are 

intrinsically p-type semiconductors due to the presence of lower lying defects states associated with 

Se vacancies.39-40 These shallow defects states create an acceptor level lying 0.2 eV (approximately) 

above the top of the valance band. Therefore, they can provide a great platform to fabricate p-n van 

der Waals (vdW) heterojunctions to explore the potential in device application. Apart from these 

binary layered materials there are some monoelemental 2D semiconductors like silicene, 

phosphorene and germanene also getting attraction in the 2D research community.41-43 However, 

the environmental stability of this monoelemental materials is the biggest challenge which hinders 

the extensive research of these materials.44-45 This thesis work is devoted to investigating the 

properties of n-type MoS2 (a member of TMDCs) and p-type GaSe (a member of MMCs) towards 

realizing a 2D p-n junction. 

TMDCs have sizable band gap. These materials have excellent tuneable electronic and optical 

properties, high mechanical strength and chemical and thermal stability which offer a variety of 

applications.30, 46-48 Among all TMDCs, MoS2 is one of the most studied materials. It has an indirect 

band gap of 1.2 eV in bulk which is increased to a direct band gap of 1.8 eV in the monolayer.46 This 

unique physical phenomenon of indirect to direct band gap transition yields a high 

photoluminescence efficiency and opens the door for various optoelectronic applications.49-52 The 

field effect mobility of MoS2 monolayer is determined to be 200 cm2/v.s at room temperature,30 

comparable to the mobility achieved for ultra-thin silicon films.53-54 Another interesting 

application of MoS2 and other TMDCs monolayer is in valleytronics.55-56 The conduction band 

minima of these materials has two extremes at equal energies located at K and K′ points but at 

different positions in momentum space. Moreover, very strong spin-orbit coupling (SOC) splits the 

valance band edge to two sub-bands well-known as A and B bands containing electrons with 

opposite spins. Therefore, by controlling the valley polarization one can control the occupation of 

electrons in these valleys.    

Like TMDCs, GaSe was also predicted to show thickness dependent optoelectronic properties such 

as non-linear optical emission57 and band gap changing from 2 eV (bulk) to 4 eV (monolayer). 58 

Therefore it provides a pathway towards novel responses emerging from heterostructures made of 

monolayers such as high performance hyperspectral emitters and photodetectors spanning from 

ultraviolet (UV) to the visible range.59-60 Moreover, large and fast photoresponse was demonstrated 

in photodetectors fabricated from monolayer/ultrathin GaSe, as well as tunable heterojunctions 

with graphene.35-36, 61 

A very recent trend in 2D materials research is combining them with plasmonic structures (metal 

nano particles, spheres, cavities etc.).62-67 The localized surface plasmon (LSP) of plasmonic 

surfaces is known for its outstanding light trapping and electric field enhancement. As 
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demonstrated in recent years, the LSP of a nanostructure (also known as dipole oscillation) is used 

to increase the efficiency in energy harvesting, 68 photodetection, 69 photoctalysis, 70 waveguides64 

etc. when integrated with 2D materials. Plasmonic hot electrons are also known to dope and control 

the exciton binding energy of TMDCs. 67 

In Chapter 2, the materials under investigation are introduced. An overview of their 

crystallography, group theory, Raman bands, and electronic properties are discussed. In chapter 

3, the experimental methods used in this thesis work are discussed. In chapter 4, the 

environmental stability of GaSe, an important aspect of a practical device is addressed. The 

oxidation phenomena are investigated by monitoring the Raman bands of GaSe and its by-

products in real time. The Raman findings are then compared with photoluminescence and X-ray 

photoelectron spectroscopy results. In chapter 5, localized strain in a 3L-MoS2/Au 

nanostructured system created during heterostructure fabrication is studied by tip-enhanced 

Raman scattering (TERS). Electronic properties of MoS2 are reported to be very sensitive to applied 

strain.71 Therefore, built-in strain at the nanoscale would influence the device performance 

(especially for nano-electronics). Chapter 6 deals with heterogeneities of monolayer MoS2 highly 

localized in a 2D/plasmonic heterostructure. With the aid of TERS, the influence of strain, doping, 

and heating on phonon properties 1L-MoS2 is discussed. The effects are directly correlated to 

electrical and other optical properties of MoS2. Finally, in the outlook, the potential of a 2D p-n 

junction is addressed with future perspective in terms of fundamental studies and device 

application.    
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Chapter 2  

An overview of crystal: electronic 

properties and preparation  

The materials under investigation will be introduced in this chapter. Geometry, group theory, and 

electronic properties are reviewed for understanding the optical properties of the materials. The 

role of non-covalent interactions between the layers in the physical properties of the materials is 

discussed. There is a brief discussion of the methods of preparation of monolayer and multi-layer 

flakes at the end of this chapter.   

 

2.1: Gallium Selenide (GaSe) 

GaSe is a layered III-VI semiconductor (also known as metal monochalcogenide, MMC; or MX 

with M = Ga, In; X = S, Se, Te). Monolayer GaSe consists of covalently bonded stack of four atomic 

layers in which, two Ga atoms are sandwiched by two Se atoms in a sequence of Se-Ga-Ga-Se with 

a lattice constant of 0.374 nm and a thickness of 0.98 nm.36, 72 Layers of GaSe are held together by 

a weak van der Waals force. Therefore, it is possible to prepare a single layer by simple mechanical 

exfoliation in a similar fashion as performed for graphene and other 2D materials. This material 

has received a growing interest due to its reduced dimensionality and attractive optoelectronic 

properties. Due to the absence of an inversion symmetric center in bulk GaSe, it shows nonlinear 

optical behavior and is used in second and third harmonic generation (SHG or THG) by several 

groups.73-77 GaSe is also known to show strong photoresponse and therefore has potential in 

optoelectronics,35-36, 78-79 photonics,59, 80-81 and sensors applications.82-83  

The stacking sequence of the four atomic layers named tetra-layers (TLs) determines the 

polymorphs of GaSe. There are four different crystalline polytypes for bulk GaSe: β-GaSe, 𝛾-GaSe, 

δ-GaSe, and ε-GaSe.35, 84 These crystalline structures are formed from the fundamental layer 

building block leading to different symmetry groups (β-GaSe: D6h, 𝛾-GaSe: C3v, δ-GaSe: C6v, and 

ε-GaSe: D3h).72, 85  Among these polytypes, 𝛾-GaSe has a 3R stacking sequence. Whereas, both 

β-GaSe and ε-GaSe are hexagonally symmetric with a stacking sequence of 2H. The notations 3R 

and 2H represent the rhombohedral (𝐶6𝑣
4  group) and hexagonal (𝐷3ℎ

1 group) crystal symmetry 
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respectively; whereas, the number 3 and 2 stand for the number of layers in the crystallographic 

unit cell. There are two TLs in one-unit cell of 2H-GaSe. In β-GaSe, the second TLs is formed by 

rotation of the first TLs. In case of ε-GaSe, the modification is generated by translation of the basic 

TLs. In this thesis work, ε-GaSe grown by the Bridgman technique is used. The material was kindly 

provided by Professor Santos A. Lopez of the University of the Andes, Venezuela.  

ε-GaSe is the main polytype formed during Bridgman or melting technique39, 86-87 and has a direct 

band gap of  (2.0 - 2.1) eV.39, 72, 88-90 Figure 2.1 shows the typical hexagonal crystal structure of 

ε-GaSe. It is naturally a p-type semiconductor due to the native defects such as Se vacancies, 

interstitial Se atoms, Ga atoms on Se sites and external impurities such Cu and interstitial O atoms 

introduced during crystal growth.39, 91 Like TMDCs GaSe is also known to show layer dependent 

electronic properties. In bulk it has an indirect band gap of about 25 meV below the direct band 

edge.72, 89 Therefore, it is possible to transfer electrons easily between the two energy levels at room 

temperature. However, once the thickness is thinned down to monolayer the band gap of GaSe 

increases.92 The indirect band gap of monolayer GaSe varies from (3 – 4) eV depending on the 

computational method58, 93 and summarised in the literature.72 The trend is opposite to what is 

observed for TMDCs. Experimental determination of the band gap of monolayer GaSe has not yet 

been reported from typical optical measurements. The challenge impeding such experiments is 

discussed in Chapter 4. The exciton binding energy in bulk GaSe is reported to be in the range of 

20 meV.73, 89 The acceptor concentrations in GaSe (both parallel and perpendicular to the crystal 

axis c) are in the range of 1016 cm-3.94-95 The hole mobility of bulk GaSe is reported to be in the 

range of (20 – 215) cm2·V-1·s-1.39, 90, 95-96 However, compared to TMDCs, the mobility of monolayer 

 

Figure 2.1: Crystal structure of ε-GaSe. (a) side view and (b) top view. Lattice constant a = 0.374 nm. A 

sequence of Se-Ga-Ga-Se forms one tetra-layers (1 TLs). Thickness of 1 TLs is 0.98 nm.  

(a) Side view (b) Top view

Ga

Ga

Se

Se

0.98 nm
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(0.6 cm2·V-1·s-1) and few layer (0.005 cm2·V-1·s-1) GaSe decreased drastically as reported by several 

groups.72, 83, 97 This drastic change in mobility in monolayer or few layers was explained by several 

factors such as traps and impurities present in the gate oxide and  instability of GaSe surface in air. 

Electrons can scatter in the traps and impurity states present at the interface and therefore degrade 

the mobility of the channel material. However, the instability of the atomically thin GaSe film in 

air due to oxidation,98 can be the major factor for such drastic decrease in mobility of the charge 

carriers and is the subject of discussion in Chapter 4. 

 

2.2: Molybdenum disulphide (MoS2) 

MoS2 is a member of layered TMDC semiconductor. The generalized formula of TMDC is MX2, in 

which M stands for transition metal from group 4 – 10 (most famous are Mo and W) and X stands 

for chalcogen (S, Se, or Te). TMDCs formed from group 4 – 7 are predominantly layered and those 

from group 8 – 10 are commonly found in non-layered structure.99 Following the footsteps of 

graphene, (which does not have a band gap) TMDCs are the most extensively studied layered 

materials3, 18, 26, 42, 54, 63, 66, 100-104 due to their unique physical properties.12, 29, 46, 66, 105 Among all, 

MoS2 is at the top of the material list due to its availability, distinctive physical properties, and 

stability in air.30, 106-107 

Like graphene, MoS2 has a hexagonal crystal structure. Each layer consist of hexagonally packed 

Mo atoms sandwiched by two S atoms in a sequence of S – Mo – S (tri-atomic layer). Intra-layer 

Mo – S bonds are covalent and inter-layer S – S atoms are coupled by a weak van der Waals force 

thus allowing the material to be cleaved layer by layer. The thickness of each layer is in the range 

of 0.6 - 0.7 nm. In bulk, MoS2 can have three different polymorphs: 1T, 2H, and 3R referred to 

trigonal, hexagonal, and rhombohedral phase, respectively.99 The digits corresponds to the number 

of tri-atomic layers in a particular phase. However, in monolayer, MoS2 only has trigonal prismatic 

or octahedral phase. The former polymorph is the semiconducting, also known as 1H-MoS2 and 

the later one is the metallic phase known as 1T-MoS2. The metallic 1T-MoS2 is a metastable state 

which relaxes to the thermodynamically stable 1H or 2H-MoS2.The symmetry space group of bulk 

2H-MoS2 is P63/mmc (corresponds to the point group of D6h). Once thinned down to monolayer, 

the inversion symmetry is lifted and it belongs to the space group of P6m2 (corresponds to the 

point group of D3h).99, 108  The octahedral phase of monolayer MoS2 belongs to the point group of 

D3d. The hexagonal crystal structure of MoS2 is displayed in Figure 2.2. It should be noted that 

semiconducting 1H-MoS2 is the main focus of the research activities. Nevertheless, the phase 

transition from semiconductor to metal also has potential applications in electronic devices to 

reduce the junction resistance.109-112  Phase transition can be induced via chemical doping or strong 

hybridization with a metal substrate. However, a new route of semiconductor to metal phase 

transition via plasmonic hot electron doping will be discussed in Chapter 6.   
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The unique physical characteristic of MoS2 is the tuneable optoelectronic properties with respect 

to thickness. Bulk MoS2 is an indirect band gap semiconductor with a value in the range of 1.3 eV. 

However, when thinned down to monolayer, the nature of the optical band gap becomes direct and 

the band gap increases to 1.9 eV, as demonstrated by experiments and supported by ab initio 

calculation in recent years.46, 113-116 As predicted by ab initio calculation, the valence (conduction) 

band maximum (minimum) of bulk MoS2 located at the 𝛤 (Q) point of the Brillouin zone, where 

iP. Yu and M. Cardona; Fundamentals of Semiconductors, 4th edition (Springer-Verlang Berlin Heidelberg 
2010), p20-23 
iiC. Kittle; Introduction to Solid State Physics, 7th edition (Wiley, New York 1995), p37 
iiiH. Zhu, Z. Xu, D. Xie, and Y. Fang; Graphene (Elsevier, Cambridge 2018), p77-78 
ivZ. Wang; MoS2 (Springer, Switzerland 2014), p42 
 

 

 

 

Figure 2.2: Crystal structure of 2H-MoS2. (a) side view and (b) top view. Lattice constant a = 0.315 nm. A 

sequence of S-Mo-S forms one monolayer (1L). Thickness of 1L is 0.6 - 0.7 nm.  

0.7 nm1L

2H – MoS2

Mo

S
a

(a) Side view (b) Top view

Brillouin zonei-iv: The most important characteristic of a crystal is its invariance under certain translational, 

rotational, and reflection symmetries such that it can be represented as a periodic function of a certain operator 

called unit cell or primitive cell. The first Brillouin zone (or Brillouin zone, BZ) is the Wigner-Seitz primitive 

cell of the reciprocal lattice. It plays a major role in the theoretical understanding of the electronic band 

structure or phonon states in a material. The reason of introducing the reciprocal lattice is to represent the 

wavevector, k as a point in reciprocal space. The boundaries of this cell are defined by set of planes related to 

the points in reciprocal space known as Bragg planes. Since crystals are highly symmetric, the notion of BZ is 

often expanded to n-th BZ (BZ with a periodicity n) to describe the phonon or electronic states in a system.  

The 1st BZ is expanded from −𝜋 𝑎⁄  to 𝜋 𝑎⁄  (𝑎 is the lattice constant in one dimension) such that BZ periodicity 

is given by 2𝜋 𝑎⁄ . While, three dimensional BZ is expressed in terms of a set of primitive cell vectors: 𝒂, 𝒃, and 

𝒄. The center of the BZ (denoted by 𝛤) is surrounded by several high symmetry points also known as critical 

points. The number and the types of critical points vary depending on the lattice structure. Since MoS2 and 

other 2D semiconductors possess hexagonal lattice, BZ of such systems is briefly addressed below: 
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the Q point is located along the 𝛤-K line. Therefore, the optoelectronic transition along the 𝛤-Q line 

reveals the indirect nature of the band gap in bulk MoS2. The valence band maxima at 𝛤 point is 

diffused and is composed of both Mo 4d and S 3p orbitals of antibonding character; therefore, the 

band gap energy is strongly modulated by interlayer coupling. On the other hand, the valence and 

conduction bands at the K point are made up of Mo 4d type orbitals and are strongly localized on 

the central metal atom. Hence, the band energies at the K point have minimal sensitivity to the 

layer separation. As the layer thickness decreases from bulk to few layers, the valence (conduction) 

band energies at 𝛤 (Q) point stabilize (destabilize), which results in the increase of the indirect 

band gap. However, the direct band gap at the K point remains unchanged. For monolayer, the 

direct band gap at the K point becomes smaller than the indirect band gap and thus yields strong 

photoluminescence. Another important factor of the strong confinement along z direction is the 

increase of the exciton binding energy. The exciton binding energy of bulk MoS2 is in the range of 

(50 – 80) meV.117-120 However, in monolayer the binding energy rises to a value ranging from 220 

meV to 1 eV as reported in the literature (both experimental and theoretical).121-127 Due to such high 

exciton binding energy, MoS2 is a perfect platform to study many body effect such as trions, 

biexcitons, and polaritons.47, 128-129   

The MoS2 crystal used in this thesis work was purchased from 2D semiconductors, USA. 

Intrinsically, it is an n-type semiconductor due to the S vacancies in the crystal which introduce 

localized donor states inside the band gap.130-132 The effective carrier concentration of monolayer 

MoS2 is in the range of 1012 – 1013 cm-2. The electron mobility is determined to be 200 cm2·V-1·s-1 

at room temperature using a high-k dielectric top gate oxide for mechanically exfoliated 1L MoS2.30 

The reciprocal of a simple hexagonal Bravais lattice with lattice constants, 𝑎 = 𝑏 and 𝑐 is also a hexagonal 

lattice. The lattice constants in reciprocal space become 4𝜋
𝑎√3
⁄  and 2𝜋 𝑐⁄  rotated by 30° about the 𝑐 axis. 

Therefore, it has three main critical points expressed as M and K and K΄ as shown in the Figure BZ. However, 

there is another critical point called Q can also be identified along the 𝛤- K line. 

 

Figure BZ: Reciprocal lattice vectors and hexagonal Brillouin zone of MoS2. 
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However, theoretically predicted electron mobility of 400 cm2·V-1·s-1 in 1L MoS2 at room 

temperature is found to be dominated by optical phonon scattering in the material.133 The 

difference between the theory and experiment can be explained by the defects and substrate optical 

phonon. The field effect carrier mobility in monolayer MoS2 is reported to be 1000 cm2·V-1·s-1 at 

low temperature using vacuum annealing of the device.134 The vacuum annealing improves the 

metal semiconductor contact by eliminating the Schottky barrier at the interface. However, CVD 

grown MoS2 has significantly lower electron mobility.135 In MoS2, the central Mo atoms provide 

four electrons to fill the bonding states of TMDCs such that the oxidation states of the Mo and S 

atoms are +4 and –2, respectively. The lone-pair electrons of the S atoms terminate the surfaces of 

the layers, and the absence of dangling bonds renders those layers stable against reactions with 

environmental species.99 Therefore, MoS2 is stable in air. 

 

2.3: Methods of Preparation 

There are several techniques to prepare 2D semiconductor flakes from lab to industrial scale. 

However, large scale production of the 2D semiconductors is still in the optimizing stage. Some 

widely used preparation techniques of 2D semiconductors are discussed below. 

Mechanical exfoliation: The most widely used preparation method for all 2D materials is the 

micromechanical cleavage. In fact, the first report on atomic crystal of 2D material, graphene, was 

prepared by this technique.13 It is the most easy and straightforward approach for the preparation 

of monolayer and few layers of 2D semiconductors. Minerals of the 2D semiconductors can be used 

for this purpose in addition to crystals produced by the chemical vapour transport method. The 

schematic of the cleavage technique is presented in Figure 2.3. An adhesive tape is essential to peel 

 

Figure 2.3: Schematic of the mechanical exfoliation method.  
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off monolayer and few layers of 2D flakes from the bulk crystal. After that, the tape is pressed on 

to the desired substrate to stamp the flakes on it. Over the years, this method has been modified to 

prepare not only a single flake but also heterostructures of different combination of the 2D 

materials on a desired substrate.136-139 Though, this method is widely used to produce high 

crystalline flakes of 2D semiconductors, the use of this technique is limited to fundamental 

research due to its very low scalability and random size distribution. The maximum size of the 

monolayer flakes produced by this technique is in the range of few 10s micrometer. Therefore, 

other methods are developed to increase the dimension for industrial application.   

Liquid exfoliation: It is another popular approach of synthesis for single layer and few layers of 

2D materials in large quantities. Since 2D materials have relatively large separation between the 

layers, it is possible to intercalate various compounds such as alkali metals in between the 

sheets.140-143 In this approach, the powder or crystal of the desired material is soaked in an organic 

alkali compound solution, resulting in the intercalation of the alkali metal in between the layers. 

The solution is then mixed with water. Gaseous hydrogen is released in a reaction and pushes the 

layers apart. The advantage of this method is that it can produce large quantities of monolayer 

dispersion. However, more often flakes prepared by this technique undergo structural 

modifications that lead to different physical properties.143-145 Additionally, intercalation with 

lithium compounds can lead to the disintegration of the 2D materials into metal nanoparticles and 

precipitation of Li2X (X = chalcogen).140, 146 The alternative to the alkali intercalation is the ultra-

sonication in an organic solvent or surfactant solution.141, 143, 147 In this method, the surface tension 

of the surfactant needs to match closely to the surface energy of the desired layered material. This 

method can overcome the challenges of the alkali intercalation. However, the size of the monolayer 

flakes prepared by this technique is in the range of several 100s nanometer.   

Large scale production: The excellent properties of the layered semiconductors offer great 

promise for future technological applications. Therefore, it is necessary to develop well controlled 

deposition techniques with large scale production. There are several deposition methods 

demonstrated so far as will be discussed in this section. However, all the techniques are still in the 

development and optimization stage. Chemical vapor deposition (CVD) is one of the vastly used 

techniques for large scale production of layered materials. Following the pioneer works published 

in 2012 by Zhan et al.148 and Liu et al.149 on MoS2, the CVD technique attracted a lot of interest for 

other layered semiconductors as well. In this approach, solid MoO2 or MoO3 is placed with S 

powder in a furnace and heated under inert gas in atmospheric pressure. Solid precursors are then 

evaporated and react in vapor phase. In both works, however, the CVD technique had difficulties 

in achieving monolayer growth of MoS2. Control over thickness and monolayer growth over large 

areas was reported by Lee et al.,150 Zande et al.,151 and Najmaei et al.152 The growth of an atomically 

thin large area GaSe film was first reported by Lei et al.35 in 2013. Though the CVD method is a 
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simple route to synthesize a monolayer film, it often suffers from thickness inhomogeneity and 

does not always have precise control over material growth. The films prepared using this technique 

are polycrystalline with lot of grain boundaries due to randomly oriented nucleation sites. Grain 

boundaries are known to impede electrical conductivity due to degradation of the carrier mobility. 

Moreover, the maximum size of the monolayer film is in the range of 100 μm, which is still far away 

from the technologically relevant scale. 

Recently, wafer scale homogeneous films of monolayer MoS2 and WS2 were reported by Kang et 

al.153 using metal-organic chemical vapour deposition (MOCVD). The reactions of the precursors 

(Mo(CO)6 or W(CO)6) in a furnace were maintained in a relatively low pressure (~ 10-4 mbar) 

resulting in high quality wafer scale monolayer films. The electron mobilities of MoS2 and WS2 

were measured to be 30 cm2·V-1·s-1 and 18 cm2·V-1·s-1 at room temperature and offer great hope to 

industrial fabrication and device assembly.  

With the rapid growth of this research field, the fundamental study of 2D materials goes beyond 

the individual compounds to focus on their heterostructures. By designing suitable vertical stacks 

of the van der Waals materials, it is possible to explore the unique optoelectronic properties of 2D 

semiconductors in novel device schemes.154-158 Therefore, deposition techniques suitable to 

fabricate such heterostructures have become more popular. Van der Waals epitaxy is one of the 

techniques implemented to prepare such vertical stacking of layered materials.159-161 In 

combination with chemical vapor deposition technique, the material formed is carried downstream 

by an inert gas onto a desired van der Waals substrate. The lateral size of the deposited film is 

limited by CVD parameters. 

Another method used to prepare 2D semiconductors and their heterostructures is molecular beam 

epitaxy (MBE). MBE is a well-established technique to prepare high quality uniform epitaxial 

layers with precise control over thickness.162-164 In MBE, high purity metals and chalcogens of the 

desired material are evaporated at a certain temperature and deposited onto a well cleaned 

substrate. In case of a van der Waals substrate, the material is generally first cleaved in air and then 

annealed in high vacuum for a certain time to remove surface contaminations. The lateral 

dimension of the film prepared by this technique can reach wafer scale with thickness uniformity. 

Atomic layer deposition (ALD) is another technique adopted to prepare wafer scale monolayer 

TMDC.165-169 A self-limiting reaction (which stops at monolayer coverage) between metal reagent 

(pulsed introduction) and H2S provides monolayer films. The films produced by this method are 

generally amorphous. However, crystallinity can be achieved by annealing.          
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Chapter 3 

Experimental Methods 

In this chapter the experimental methods used to study the material properties are discussed.  

 

3.1: Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is one type of scanning probe microscopy (SPM), which provides 

very high-resolution imaging of materials (>1000 times better than the optical diffraction limit).170 

The success of the scanning tunnelling microscopy (STM), for which, Gerd Binning and Heinrich 

Rohrer shared the Nobel Prize in 1986,171 opened the door for a host of other scanning probe 

techniques. STM requires conductive samples, thus it is limited to metals and semiconductors. The 

limitation can be overcome by designing a probe-sample system that can measure the forces (in 

atomic scale) acting between them. For example, the vibrational frequencies (ω) of atoms bound 

in a molecule or in a crystalline solid are generally 10 THz or higher.172 Considering the mass of the 

atoms, 10-25 kg, the interatomic spring constant k, given by ω2m, becomes 10 N/m. Therefore, by 

using a soft cantilever spring (typically k < 10 N/m), one can image atomic scale topography. 

Additionally, the applied force should not be too large to deform the atomic sites.    

Figure 3.1 shows the simple schematic of an AFM system. A sharp probing tip is attached to a 

cantilever spring. At large separation between the tip and the probing substrate, the laser deflection 

from the cantilever is treated as the reference. Once the cantilever is brought down onto the sample 

surface, it bends due to the force acting between them. The laser deflection collected by the 

photodiode is digitized and compared with the reference. There are two modes of scanning of a 

sample surface: constant height mode and constant force mode. At constant height mode, tip-

sample distance is kept constant by the feedback loop and the acting force is adjusted to image the 

substrate. It is opposite in constant force mode. The deflection value (x) of the cantilever is 

converted into force using Hook’s law (𝐹 = −𝑘 ∙ 𝑥; where 𝑘 is the spring constant of the cantilever). 

Assuming a cantilever spring constant of 1 N/m and the deflection measured by photodiode to be 

1 Å, then the force acting between the tip and sample is 10-10 N. This is smaller than a typical 

interaction of two covalently bonded atoms (in the range of 10-9 N) at a separation of 1 Å.173  
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Interaction between a tip and the sample can be approximated by the Lennard –Jones potential 

model.174  Figure 3.2a presents the model in terms of force vs distance. As can be seen, it has two 

main regimes, known as attractive and repulsive regime depending on tip – sample distance. At 

large separation, the interactions are dominated by long range attractive forces such as van der 

Waals force, dispersion force, capillary force etc. Whereas, at a critical distance, known as inter-

atomic distance (typical inter-atomic distance, 𝑑0 = 1 Å), the interaction becomes repulsive due to 

overlapping of the electron orbitals. Based on the tip-sample distance, AFM can be operated either 

in contact mode or in non-contact mode. In contact mode AFM, sample imaging is performed by 

collecting the laser deflection from the cantilever. However, in non-contact mode, attractive forces 

between the tip and sample are substantially weak. Therefore, the tip is oscillating at or near the 

resonance frequency of the cantilever. The force interactions are measured either by the change in 

amplitude of the oscillation or the change in the resonant frequency. Both modes have advantages 

and disadvantages. Due to strong tip-sample interaction forces, contact mode AFM provides high 

resolution. However, this mode is prone to sample modification or damage due to dragging during 

scanning.  This issue can be avoided by using non-contact AFM, better suited for soft and liquid 

samples. Besides these two forms of operation, there is another mode called intermittent contact 

mode (also known as tapping mode). The typical working zone of this mode is marked by the 

greenish shaded area in Figure 3.2a. Like in non-contact AFM, the tip oscillates at or near 

resonance frequency of the cantilever in tapping mode. This mode has been developed to combine 

the advantage of both contact and non-contact AFM. The tip is alternatively in contact with the 

sample to gain high resolution and the lift of the tip off the substrate avoids damage due to dragging 

across the surface. 

 

Figure 3.1: Schematic of AFM. The cantilever deflection is collected by the photodiode and send to lock-in-

amplifier to be processed. A fraction of the signal is passed to PZT scanner via a feedback loop. The PZT 

controller is connected to either the sample stage or the cantilever chip.  
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Besides topography, there are two additional images can be acquired in dynamic mode AFM (both 

non-contact and tapping mode) by measuring the change in amplitude and phase of the oscillation. 

In fact, phase measurements are needed for proper topographic imaging in dynamic mode AFM. 

A typical amplitude, phase vs distance (APD) curve is plotted in Figure 3.2b. In tapping mode, the 

tip oscillates within a small range of tip-sample interaction distance switching from attractive to 

repulsive regime. Both amplitude and phase curves have a transition while the tip oscillation shifts 

from dominant attractive to dominant repulsive regime. However, the phase transition is more 

sensitive to such shift as shown in the APD curve. Therefore, one should use phase images to 

diagnose the regime of tip-sample interaction to ensure that the height images are a reasonable 

approximation of the true topography. Moreover, for the same reason, the phase image is sensitive 

to sample heterogeneities and change in morphology; thus often used to distinguish two physical 

components in the probed samples.175-178 

 

Figure 3.2: (a) A typical Force vs absolute tip-sample distance (F vs d) curve. Fsum, FvdW, and Frep were calculated 

using the tip-sample interaction force described in ref.344-336 Details of the calculation of the forces acting 

between tip and sample are given in Appendix A-1. The F vs d curve is divided into two regimes, attractive and 

repulsive. AFM operating in the attractive regime is called non-contact mode and in repulsive regime it is called 

contact mode AFM. To combine the advantages of the both modes, tapping mode AFM was developed (greenish 

shaded area). (b) Simulated amplitude, phase vs average tip-sample distance (APD) curve using the analytical 

solution for the tip-sample system described in ref.346-347 The simulation method is discussed in Appendix A-

2. Transition from attractive to repulsive regime is shown by dashed rectangle. As can be seen, the phase curve 

has a larger response to the shift in the tip-sample interaction. Therefore, it is more sensitive to local chemical 

and morphological change of the sample. 
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In this work, Agilent 5420 and AIST-NT scanning probe systems were used for AFM measurements 

using tapping mode AFM.  

 

3.2: Raman spectroscopy: 

Raman spectroscopy is a non-destructive optical method for probing vibrational frequencies of a 

material. Depending on the energy of the photon scattered, one can distinguish between elastic 

Rayleigh (photon energy is preserved after scattering), and inelastic Brillouin and Raman (photon 

energy is not preserved) scattering. Similar to Rayleigh, Raman scattering also occurs when light 

interacts with the material. When monochromatic radiation of an angular frequency, 𝜔𝑖, is shined 

onto a material, it interacts with the matter to create or destroy one or more lattice vibration quanta 

or phonons. The energy, ℏ𝜔0 gained or lost by the lattice is compensated by the increase or decrease 

of the frequency of the scattered light, ℏ𝜔𝑠, known as Raman scattering and expressed by 

 

ℏ𝜔𝑠 = ℏ𝜔𝑖 ± ℏ𝜔0 

𝒌𝒔 = 𝒌𝒊 ± 𝒒 

 

𝒌𝑠, 𝒌𝑖, and 𝒒 are the wavevectors of the scattered light, incident light, and phonon, respectively. 

The phenomenon of such scattering was first postulated by A. Smekal in 1923.179 However, the 

effect is named after C.V. Raman who first reported the experimental observation of inelastic 

scattered light from a solid in 1928.180  The efficiency of Raman scattering is in the order of 1 in 107 

of the excitation photons.181 Therefore, a sophisticated technological advancement is required to 

acquire Raman signals. Before going into the technological details of the technique, the theoretical 

aspect of Raman spectroscopy is addressed in the following sections.  

The excitation lasers used in the Raman experiments have a wavevector given by (taken from 

ref.182), 

 

|𝒌𝒊| =
2𝜋𝑛

𝜆
 

 

where, 𝑛 is refractive index, and 𝜆 is the excitation wavelength. For an incident photon of 500 nm 

wavelength and a medium of refractive index of 4.5 (refractive index of 1L-MoS2 at this 

wavelength183) , the wavevector, |𝒌𝒊| becomes 5.6 x 105 cm-1. This is very small compared to the 

3.2 

3.1 
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extent of a Brillouin zone in a solid crystal given by, 𝒒 =
𝜋

𝒂
; 𝒂 is the lattice constant of a Brillouin 

zone (for a lattice constant, |𝒂| = 2 Å, |𝒒| becomes 1.6 x 108 cm-1). Hence, the phonons involved in 

the first order Raman effect have a very long wavelength compared to the lattice constant. Due to 

the long wavelength, they are not influenced by the dispersive effect of the short-range forces such 

as interatomic restoring forces thus they can be assumed as infinite wavelength phonons. 

Therefore, first order Raman in a solid is limited to phonon frequencies at 𝒒 = 0 or center of the 

Brillouin zone (𝛤).182, 184 However, due to crystal imperfections such as defects or impurities, this 

rule can be lifted (such as D band in graphite originated from defects).185 

Raman scattering has been described both in terms of classical and quantum theory by several 

authors.186-189 A sinusoidal polarization, 𝑷(𝒓, 𝑡) induced in a medium by a sinusoidal plane electric 

field, 𝑬(𝒓, 𝑡) can be expressed by, 

 

𝑷(𝒓, 𝑡) = 휀0𝜒(𝒓, 𝑡)𝑬𝑖(𝒓, 𝑡)    

with, 𝑬𝑖(𝒓, 𝑡) = 𝑬𝑖(𝒌𝑖 , 𝜔𝑖) cos(𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡)  

 

휀0, and 𝜒 are the dielectric constant of vacuum and the electric susceptibility of the medium, 

respectively. The electric susceptibility 𝜒 can be expressed in terms of the applied electric field as 

𝜒(𝑘𝑖 , 𝜔𝑖). The frequency and the wavevector of the induced polarization are the same as the incident 

radiation and the amplitude is given by reforming the equation 3.3 as,  

 

𝑷(𝒌𝑖 ,   𝜔𝑖) = 휀0𝜒(𝒌𝑖 ,   𝜔𝑖)𝑬𝑖(𝒌𝑖,   𝜔𝑖) 

 

In case of a finite temperature, there are fluctuations in the susceptibility 𝜒 due to thermally excited 

atomic vibrations (phonons) in the medium. The phonon assisted atomic displacements, 𝑸(𝒓, 𝑡) 

can be expressed as, 

 

𝑸(𝒓, 𝑡) = 𝑸(𝒒, 𝜔0) cos(𝒒 ∙ 𝒓 − 𝜔0𝑡)  

 

𝜔0 is the frequency of the phonon. The frequency of the phonons 𝜔0 is much smaller than the 

characteristic electronic frequency 𝜔𝑖 which determine the susceptibility. Therefore, according to 

3.3 

3.4 

3.5 

3.6 

The mathematical interpretations of Raman scattering have been described with help of Ref.186 in this 

section.  
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the adiabatic approximation 𝜒 can be taken to be a function of 𝑸. The susceptibility 𝜒 can be 

expanded as a Taylor series in 𝑸(𝒓, 𝑡) as followings: 

 

𝜒(𝒌𝑖 , 𝜔𝑖, 𝑸) =  𝜒0(𝒌𝑖, 𝜔𝑖) + (
𝛿𝜒

𝛿𝑸
)
0
𝑸(𝒓, 𝑡) + ⋯   

 

The first term in equation 3.7 is the susceptibility with no fluctuation and the second term is the 

oscillating susceptibility induced by the phonon. Now substituting equation 3.7 into equation 3.5, 

the induced polarization, 𝑷(𝒓, 𝑡, 𝑸) in the medium becomes,  

 

𝑷(𝒓, 𝑡, 𝑸) =  휀0 [
𝜒0(𝒌𝑖, 𝜔𝑖)𝑬𝑖(𝒌𝑖 , 𝜔𝑖) cos(𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡)

+ (
𝛿𝜒

𝛿𝑸
)
0
𝑸(𝒓, 𝑡)𝑬𝑖(𝒌𝑖, 𝜔𝑖) cos(𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡)

]  

 

The first term inside the bracket is the polarization oscillating in-phase with the applied field and 

the second term is the polarization induced by the phonon. In order to determine the frequency 

and the wavevector of the phonon induced polarization, one can rearrange the second term of 

equation 3.8 as follows: 

 

𝑷𝑖𝑛𝑑(𝒓, 𝑡, 𝑸) =  휀0 (
𝛿𝜒

𝛿𝑸
)
0
𝑸(𝒒,   𝜔0) cos(𝒒. 𝒓 − 𝜔0𝑡) × 𝑬𝑖(𝒌𝑖, 𝜔𝑖) cos(𝒌𝑖 ∙ 𝒓 − 𝜔𝑖𝑡)  

= 
1

2
휀0 (

𝛿𝜒

𝛿𝑸
)
0

𝑸(𝒒,   𝜔0)𝑬𝑖(𝒌𝑖, 𝜔𝑖𝑡) × {
cos[(𝒌𝑖 − 𝒒) ∙ 𝒓 − (𝜔𝑖 −𝜔0)𝑡]

+cos[((𝒌𝑖 + 𝒒) ∙ 𝒓 − (𝜔𝑖 +𝜔0)𝑡)]  
} 

 

Equation 3.9 has two sinusoidal waves for phonon induced polarization. The first term has a 

wavevector 𝒌𝑖 − 𝒒, and a frequency 𝜔𝑖 −𝜔0 known as Stokes scattering. The second term with 

wavevector of 𝒌𝑖 + 𝒒 and frequency of 𝜔𝑖 +𝜔0 is called anti-Stokes scattering. The Raman 

scattering frequency is determined by 𝜔𝑠 = 𝜔𝑖 ±𝜔0. 

For a phonon mode to be Raman active the polarizability (or susceptibility) must have a nonzero 

value (
𝛿𝜒

𝛿𝑟⁄ ≠ 0) during the vibration. Intensity of the Raman signal depends on the induced 

polarizations of the incident radiation 𝑷𝑖𝑛𝑑 as, 

 

3.7 

3.8 

3.9 

The mathematical interpretations of Raman scattering have been described with help of Ref.186 in this 

section.  
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𝐼𝑅 = |𝑷𝑖𝑛𝑑  .  𝒆𝑠|
2 

                               = |𝒆𝑖 . (
𝛿𝜒

𝛿𝑸⁄ )
0
𝑄(𝜔0) . 𝒆𝑠|

2

 

   = |𝒆𝑖 . 𝕽 . 𝒆𝑠|
2 

 

here, 𝒆𝑖 and 𝒆𝑠 are the polarization unit vectors of the incident and scattered light, respectively. 

The middle term in equation 3.10 is simplified by taking 𝒒 = 0 for first order Raman modes. It is 

also known as the Raman tensor 𝕽 obtained by a contraction of the atomic displacement and the 

first order derivative of the susceptibility with respect to it. Therefore, by measuring the 

dependence of the Raman intensity on the incident and scattered polarization it is possible to 

deduce the symmetry of the Raman tensor and hence the symmetry of the corresponding Raman-

3.10 

 

Figure 3.3: Schematic representation of the Raman scattering process in a material. In case of Rayleigh 

scattering no energy is lost. In Stokes scattering process, electrons relax to an excited phonon state (𝐸0,1) and 

loose an energy equal to ∆𝐸 = ℏ𝜔0. Anti-Stokes is the opposite phenomena in which electrons gain the same 

amount of energy. In case of resonant Raman scattering relaxation happens via a real electronic state (𝐸1,0).  
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The mathematical interpretations of Raman scattering were described with help of Ref.186 in this section.  



 
 

34 | P a g e  
 

active mode. Since the difference between the incident and scattered wavelength is small, equation 

3.10 can be simplified by neglecting the angular and polarization dependence of the Raman tensor 

together with the vectorial character of both electric fields. In such a case the Raman intensity can 

be scaled approximately with the fourth power of the incident electric field as, 

     

𝐼𝑅 ≈ 𝐸𝑖
4 

 

Phonons are defined as the eigenfrequencies in terms of quanta of lattice vibration. In the case of 

Rayleigh scattering, light does not require a real electronic transition. Therefore, electrons are 

considered to fall back to the electronic ground state after being promoted to a virtual electronic 

state. A schematic of the scattering process involving Rayleigh and Raman scattering is presented 

in Figure 3.3. In the case of Rayleigh scattering, incident and scattered light have the same photon 

energy since no change of energy occurred. In the Raman process, the scattering of a photon can 

occur via relaxation of electrons from the ground state to the phonon states or vice versa (𝐸0,0 to 

𝐸0,1 or vice versa).  If the electrons relax to an excited vibrational state, the scattering process is 

called Stokes scattering. The electrons absorb energy (energy difference is negative) during this 

process. On the other hand, in the anti-Stokes process, electrons relax back from an excited 

vibrational state to the electronic ground state and release energy (energy difference is positive). 

The value of energy difference in both scattering processes is the same because the energy lost or 

gained is from the same vibrational quantum state. In order to observe anti-Stokes scattering, it is 

necessary to have some excited states in the system. Excited vibrational states can only be 

thermally populated, which is true at room temperature. However, it is clearly evident that 

phonons in ground states are much higher than the excited states. Therefore, the Stokes scattering 

intensity is always higher than the anti-Stokes scattering. Eventually, Raman scattering can also 

occur via real electronic states. The process is called resonant Raman scattering. In such case, the 

scattering process experiences a change in electronic density in the crystal lattice resulting in an 

enhanced intensity of Raman modes due to the electron phonon coupling (for a brief discussion 

the process is rather complex and more details can be found in refs189-190 ).        

Figure 3.4 displays a schematic of a typical confocal Raman spectrometer system. An interferential 

band pass filter is used to block anything other than the laser frequency. The optical density filter 

controls the laser power at the sample surface. Excitation and collection of photons are achieved 

by an objective of a certain numerical aperture. Often a high numerical aperture is used to increase 

the collection angle. Since Raman signals are typically 1 in 107 of incident photons, Rayleigh 

scattering needs to be filtered. This is accomplished by an edge filter (low pass for Stokes and high 

3.11 
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pass for anti-Stokes scattering) as shown in the Figure 3.4. After filtering the Rayleigh signals, often 

a confocal aperture as marked by “A” in the sketch is used in modern Raman microscope systems 

to increase the spatial resolution of the analysis volume (both in XY and Z axes). By controlling the 

aperture diameter, one can also perform depth profiling of the probed material. There are three 

key components of a Raman spectrometer. These are 1) slit, 2) grating, and 3) detector. Slits control 

the light flux projected onto the detector. They also determine the spectral resolution, especially 

when the image size of the slit is larger than the pixel width of the detector array. Therefore, the 

typical slit width used in Raman measurements is 100 μm to balance the light throughput and the 

optical resolution. The grating is the second key component which determines the spectral 

resolution and the wavelength range. Both parameters are greatly influenced by the amount of 

grooves / lines per mm, also known as groove / lines density or groove / line frequency. The 

wavelength range of a spectrometer is inversely proportional to the dispersion of the grating due 

to its fixed geometry. Therefore, reducing the line frequency leads to an increase of wavelength 

range at the cost of spectral resolution. The angular dispersion of a grating can be written as  

 

 

Figure 3.4: Sketch of a typical Raman spectrometer. L stands for lens, M for mirror, A is a confocal aperture, S 

is the entrance slit to the spectrometer. Inset; the light diffraction mechanism of a grating is shown.   
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𝑑𝛽

𝑑𝜆
=

𝑚

106 ∙ 𝑑 ∙ 𝑐𝑜 𝛽
 

 

with, 𝛽 is the diffraction angle, 𝜆 is the incident wavelength, 𝑑 is the groove period of a concave 

grating as shown in Figure 3.4, and 𝑚 the diffraction order. Assuming that the detector is placed 

at the focus point of the grating, and 𝑑𝛽 →0, equation 3.12 becomes 

 

𝑑𝜆

𝑑𝐿
=
106 ∙ 𝑑 ∙ 𝑐𝑜 𝛽

𝑚 ∙ 𝐹
 

 

here, 𝑑𝐿 is the differential length. The wavelength range of the spectrometer is therefore 

 

𝜆𝑚𝑎𝑥 − 𝜆𝑚𝑖𝑛 = 𝐿𝐷
𝑑𝜆

𝑑𝐿
= 𝐿𝐷

106 ∙ 𝑑 ∙ 𝑐𝑜 𝛽

𝑚 ∙ 𝐹
 

 

where, 𝐿𝐷 is the detector length. The spectral resolving power or resolution of the grating is given 

by, 

 

𝑑𝜆

𝜆
=

𝑑

𝑚𝐿𝑔
=

1

𝑚𝑁
 

 

with 𝐿𝑔 the grating length and 𝑁 the total groove numbers in the grating. According to equations 

3.14 and 3.15, for a given dimension of the detector, the spectral resolution of the spectrometer 

depends on the focal length of the grating, groove density of the grating and the excitation 

wavelength as follows: 

1) If the focal length increases, spectral resolution increases and wavelength range decreases.  

2) If the line density increases, spectral resolution increases and wavelength range decreases. 

3) and, if the excitation wavelength increases, spectral resolution also increases, and 

wavelength coverage decreases.     

In this work, gratings of 2400 l/mm, 1200 l/mm, and 600 l/mm are used in Raman measurements 

depending on the demand of the experiments. The dispersed signals are projected onto the 

3.12 

3.13 

3.14 

3.15 

Discussion of the Raman spectrometer is based on the help taken form http://bwtek.com/spectrometer-

introduction/  dated 12.12.2017 

http://bwtek.com/spectrometer-introduction/
http://bwtek.com/spectrometer-introduction/
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detector. An electron multiplying charge coupled detector is used to image the spectral dispersion. 

This is performed by striking the individual pixels across the CCD with incident photons. Each 

pixel represents a portion of the spectrum with photoresponse of the pixels then converted into 

intensity by the software. Since the efficiency of the Raman scattering is very low, it may be 

necessary to integrate the signal for a long period of time. This requires cooling of the charge couple 

detector (CCD) in order to reduce the dark noise. In practical devices, CCDs are cooled either by 

liquid nitrogen or thermoelectric (TE) cooling.  

 

3.3: Tip-enhanced Raman spectroscopy (TERS) 

Raman spectroscopy is a powerful tool to probe chemical information of a sample by measuring 

the phonon modes which can be used for molecular structural analysis and quantification. 

However, it has two major limitations. As discussed in the previous section Raman spectroscopy 

suffers from very low sensitivity since typically 1 in every 107 photons is counted for Raman signal. 

An improvement in this aspect came with the introduction of surface-enhanced Raman 

spectroscopy (SERS). SERS uses metallic nanostructures to cause a localized surface plasmon 

resonance (LSPR) resulting in a strong electromagnetic (EM) field enhancement at the metal 

surfaces. The nano-areas with the strongest EM field on the metal nanostructured surfaces are also 

known as hotspots. The SERS enhancement factor at these hotspots can be written as 𝐸𝐹 =

(𝐸𝐿𝑆𝑃𝑅 𝐸𝑖⁄ )4. Experimentally, the SERS EF  has reached on the order of 106 ~ 108 till date enabling 

single molecule detection.191 Even though SERS can surpass the low Raman cross section of many 

different molecules, it cannot overcome the second major limitation of conventional Raman 

spectroscopy (or simply known as Raman spectroscopy). The optical diffraction limit prevents 

Raman spectroscopy (also true for SERS using conventional microscope) from spatially resolving 

materials beyond few hundreds nm. The spatial resolution of Raman spectroscopy is defined by 

 

𝑆𝑅 =
0.61𝜆

𝑁. 𝐴.
 

 

where, 𝑁.𝐴. is the numerical aperture of the objective and 𝜆 is the excitation wavelength. Equation 

3.16 is also known as Abbe diffraction limit. For example, for an objective of 0.9 𝑁.𝐴., a minimum 

spot size of 350 nm can be achieved with an excitation wavelength of 514 nm. To overcome these 

two major limitations the concept of near-field optical probing was proposed by Wessel in 1985.192 

Wessel’s idea of TERS was to combine the use of a single metal nanoparticle with a SPM. While, 

the metal nanoparticle serves as the SERS source, introduction of the SPM ensures the atomic 

3.16 
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resolution of topographic information of the probing materials. Thus, sensitivity and spatial 

resolution of Raman spectroscopy can be markedly improved by combining these two techniques. 

Since the first experimental realization of TERS in the early 2000s, it has emerged as a powerful 

nanoanalytical tool for nanoscale chemical characterization over the past two decades. Figure 3.5a 

presents a schematic of a TERS experiment in the side illumination geometry. TERS harnesses the 

combination of LSPR and lightning rod effect to generate a strong EM field at the apex of a sharp 

metallic tip.193 LSPR of a metallic tip is wavelength dependent; while lightning rod effect is 

geometry dependent. A finite element method (FEM) simulated EM field enhancement at the apex 

of an Au tip (radius R = 10 nm) is presented in Figure 3.5b. The simulation was performed using 

the COMSOL Multiphysics platform. The EM field enhancement can reach several orders of 

magnitude and be confined within a few nanometers at the vicinity of the tip apex (see chapter 5 

and 6). In this chapter the concept of TERS is briefly addressed. Details of the theoretical aspects 

of this method are discussed in chapter 5.          

 

3.4: X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopy technique extensively 

used to study the surface chemistry of a material. When an atom or molecule absorbs X-ray 

 

Figure 3.5: (a) Schematic illustration of TERS principle in a side illumination geometry combining the chemical 

sensitivity of SERS and lateral resolution of SPM. (b) Simulated EM field enhancement map at the vicinity of 

an Au tip illuminated with a light source of 638 nm wavelength.  The electric field is parallel to the tip long 

axis. 𝐸𝑙𝑜𝑐 and 𝐸𝑓𝑎𝑟  are the EM fields generated by plasmonic oscillation and the optical excitation, respectively. 
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photons, it can emit electrons with a certain kinetic energy.  The kinetic energy (𝐾𝐸) of the electrons 

depends on the excitation energy and the binding energy (𝐵𝐸) of the electron as 

 

𝐾𝐸 = ℏ𝜔𝑖 − 𝐵𝐸 − 𝜙 

 

here, 𝜙 is the work function of the spectrometer. The binding energy of electrons depends on a 

number of factors, such as 

 the element from which it is ejected, 

 the orbital from which it is emitted, 

 the chemical environment of the atom. 

Therefore, by knowing the binding energy of the electrons, it is possible to determine the elemental 

composition, chemical, and electronic state of a material. Even though X-ray can penetrate several 

100s nm to μm inside a material, the information which the ejected electrons carry is from few 

nanometers of the film due to the short inelastic mean free path of electrons.194 Therefore this 

technique is extremely surface sensitive.   

 

3.17 

 

Figure 3.6: A sketch of a photoemission process involved in XPS. 
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Chapter 4 

Environmental stability of GaSe  

Most of the work discussed in this chapter is published in Semiconductor Science and 

Technology, 32, 2017, 105004 

In this chapter, the environmental stability of GaSe from bulk to monolayer is discussed. The 

experimental tools used in this study are Raman spectroscopy, atomic force microscopy (AFM), 

photoluminescence, and X-ray photoelectron spectroscopy (XPS). The chapter starts with an 

introduction and motivation of the work. The experimental parameters used in the investigation 

are addressed. The results and discussion part consists of Raman spectroscopy of bulk GaSe, 

investigation of laser induced surface modification, Raman spectroscopy of monolayer GaSe, time 

dependent Raman spectroscopy of few layer GaSe, time dependent photoluminescence, and micro-

XPS imaging of GaSe.  

 

4.1: Introduction and Motivation 

Similar to TMDCs, GaSe is also predicted to show thickness dependent optoelectronic properties 

such as non-linear optical emission57 and band gap variation from 2 eV (bulk) to 4 eV 

(monolayer).58 Therefore it can be used for high performance hyperspectral emitters and detectors 

spanning from ultraviolet (UV) to the visible range when fabricated in heterostructures.59-60 

Moreover, large and fast photoresponse was demonstrated in photodetectors fabricated from 

monolayer/ultrathin GaSe as well as tunable heterojunctions with graphene.35-36, 61 Therefore, 

GaSe is gaining more and more attention. Thinning down the thickness in practical device 

application is the ultimate goal for such materials.   

However, under ambient conditions, the surface of GaSe is known to degrade over time.195 As 

shown by Drapak et al.,195 storing of undoped GaSe bulk crystals for prolonged time leads to the 

formation of several compounds such as Ga2O3, SeO2, SeO3, Se2O5, Ga2(SO3)3∙6H2O etc. at the 

surface. Moreover, if heated to temperatures near 450 ºC the oxidation occurs instantaneously196 

with Ga2O3, Ga2Se3, SeO2, and amorphous selenium (a-Se) as byproducts which are 

thermodynamically more favourable.  Like other ultrathin semiconductors, both the electrical and 
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optical properties are markedly influenced by oxidation. Therefore, the environmental stability of 

GaSe with similar thicknesses needs to be assessed.  The degradation of optical properties of few 

nm thick GaSe over time was reported by Zamudio et al.197, while Beechem et al.198 investigated 

the physical process of GaSe degradation with thicknesses varying from few nm to few hundreds 

nm in air. In that report, Beechem et al. showed that the oxidation process occurs in two steps: (1) 

12GaSe + 3O2 → 4Ga2Se3 + 2Ga2O3 and (2) 4GaSe + 3O2 → 2Ga2O3 + 4Se; and further oxidation 

takes place via: 2Ga2Se3 + 3O2 → 2Ga2O3 + 6Se. Recently Bergeron et al.199 studied the oxidation 

dynamics of GaSe in air for thicknesses varying from 10 nm to 200 nm. In their experiment they 

observed that both Raman and PL intensities rapidly decreasing upon continuous laser irradiation 

and the Raman signatures of Ga2Se3 and β-Ga2O3 appeared in the spectra. An interesting 

observation from their experiments is that the measurements were performed using 532 nm 

excitation which is above the band gap of GaSe and with a high power density of 6 mW/μm2. 

Therefore, the oxidation they observed is probably due to local photo-oxidation and is thus not the 

full story of the environmental stability of GaSe. Especially, the thicknesses of the films used in the 

previous reports were above the ultimate goal targeted in practical devices (monolayer or few 

layer). Therefore, it is important to investigate the material stability before considering it for an 

application. This vital question is addressed in this chapter. The environmental and time resolved 

stabilities of GaSe flakes with thickness varying from monolayer to few layers are investigated. 

The polytype used for the investigation in this work is ε-GaSe having a D3h symmetry.200  This phase 

has twelve vibrational modes at the center of the Brillouin zone represented by the irreducible 

representation of the corresponding space group. Among these, eight are in-plane modes (E´ and 

E´´) and four are out-of-plane modes (A´ and A´´). There are two in-plane modes in the lower 

frequency range: one mode around 35 cm-1 (E2g) and another at 59 cm-1 (E1g). Both of them are out 

of reach for the experimental setup due to the cut-off of the edge filter used in the Raman 

spectrometer. There are three dominant peaks in the Raman spectrum of GaSe: two of them are 

out-of-plane modes (A1
1g = 132 cm-1 and A2

1g = 306 cm-1) and one in-plane mode (E2g = 211 cm-1). 

In the case of inherent or natural oxidation, a very thin layer of oxide is formed at the surface which 

is noticeable in the Raman spectrum by the features of a-Se that is a by-product of the oxidation. 

Since a-Se has a high Raman cross section under red excitation,201 it can be easily recognized in 

the Raman spectra as a broad feature around 250 cm-1. Therefore, this feature is monitored as an 

indication of the oxidation in real time.    

 

4.2: Experimental Details 

Bulk ε-GaSe is exfoliated using the scotch tape method on highly ordered pyrolytic graphite 

substrate (HOPG, purchased from Anfatec). After optical examination, monolayers of GaSe are 
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identified and confirmed later by thickness determination using intermittent contact mode 

(tapping mode) atomic force microscopy (AFM) imaging with an AIST-NT system. Immediately 

after exfoliation, the Raman spectra of GaSe are acquired in a HORIBA Xplora plus system under 

638 nm laser excitation with 18.4 µW power (equivalent to a power density of 0.234 mW/μm2) 

measured at the sample under a 100x / 0.9 NA objective. In the case of the Raman spectra of bulk 

GaSe, additionally, the excitation wavelength of 532 nm and 9.8 µW power was chosen. A 1200 

l/mm grating is used to disperse the light onto an electron multiplier charge coupled device 

(EMCCD) detector. The PL emission spectra are taken using a HORIBA LabRam HR 800 system 

utilizing 514.7 nm excitation with 1 mW power and a liquid nitrogen-cooled back illuminated 

charge coupled device (CCD). XPS measurements were performed with a Thermo Fisher ESCALAB 

250 Xi equipped with a monochromatized Al Kα X-ray gun. The imaging XPS spectra were 

acquired with a pass energy of 25 eV resulting in an energy resolution of 0.6 eV. For the detection 

of the photoelectrons from the sample a channel plate detector with 128 x 128 pixels was exposed 

to a sample area of 100 x 100 μm2 resulting in a pixel size of 0.78 x 0.78 μm2. 

 

4.3: Raman signatures of oxidation in bulk ɛ-GaSe 

Selection of excitation wavelength 

The characteristic Raman features of bulk ε-GaSe are presented in Figure 4.1 for both 532 nm and 

638 nm laser excitations.  The peaks at 134 cm-1, 211 cm-1, and 306 cm-1 are the characteristic 

Raman modes of GaSe representing the A1
1g, E2g, and A2

1g modes. Additional to these peaks, there 

is a small shoulder at the high frequency side of A1
1g mode around 155 cm-1. The origin of this 

feature is the out-of plane A1 mode  of Ga2Se3,202 formed due to the oxidation of GaSe at the surface 

and it is in good agreement with previous literature reports.201  Additionally, in the case of Raman 

spectra acquired under 638 nm excitation, a broad feature appears around 255 cm-1. The origin 

and the reason of this broad feature at this excitation bear a significant importance considering the 

investigation of natural oxidation. The byproducts of natural oxidation of GaSe create an ultrathin 

film at the surface. Therefore, the material volume probed by the excitation laser is very small. 

Hence one needs to choose an excitation wavelength for which the Raman sensitivity is the highest. 

Even though one can see the Raman modes of Ga2Se3 with 532 nm excitation, the relative intensity 

with respect to the noise level is low. In order to increase the signal intensity, one needs to either 

increase the laser power or accumulation time. Both of which are drawbacks for the objective of 

this investigation. Moreover, the 532 nm excitation is larger than the band gap of GaSe; thus, 

accelerates the photoinduced oxidation. On the other hand, no Raman features originating from 

Ga2O3 are observed. Given that the thickness of the oxidized film is 1 to 2 nanometers and optically 

transparent to the probing lasers (both 638 nm and 532 nm), one should not expect to see the 

Raman features of Ga2O3 in this case.  Therefore, the Raman band around 255 cm-1 is discussed in 
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the following sub-section to justify the focus on this mode to monitor the natural oxidation of GaSe.  

Previous reports showed that the broad feature around 255 cm-1 is the contribution of a-Se 

originating from the inter-chain bond stretching of disordered selenium.201, 203-204  The band gap 

of a-Se is around 1.5 eV - 1.7 eV204-206 with a broad dispersion covering the red spectral range. 

Hence, a-Se has a high Raman yield with red excitation due to the resonance condition and Raman 

spectroscopy is sensitive to an ultra-low amount. 

 

4.4: Laser induced surface deformation of GaSe 

Beechem et al. showed that GaSe can be photo-oxidized by laser irradiation (above band gap) with 

high laser power. So, in order to monitor the natural oxidation in GaSe, it is necessary to carefully 

select the excitation wavelength and laser power for the Raman measurements. In these 

experiments, the excitation wavelength of 638 nm is chosen because first it is below the band gap 

of GaSe and secondly a-Se has a high Raman cross-section at this excitation.  Figure 4.2 displays 

the influence of the laser power on the surface stability of GaSe. The AFM topography, phase, and 

optical images of the flake after Raman spectra acquisition at different power densities are 

presented in Figure 4.2a-e. The thickness of the flake is (19 ± 0.3) nm and the height profile is 

presented in the inset of Figure 4.2a. As can be seen from the topography and optical images, there 

 

 

 

 

 

 

Figure 4.1: Raman spectra of bulk GaSe taken after 10 days of exposure to air. With 532 nm excitation, the three 

main features of GaSe are observed with a tiny shoulder of Ga2Se3 at the high frequency side of the A1
1g mode. 

At 638 nm excitation, however, additionally a broad feature of a-Se appears around 250 cm-1 since a-Se is in 

resonance with red excitation. The incident laser powers were 9.8 µW for 532 nm excitation and 18.4 µW for 

638 nm excitation. The accumulation time of the Raman signal were 25 minutes for both spectra. 
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is no damage visible on the sample surface due to laser irradiation. In case of 0.234 mW/μm2  

irradiation, the phase image also remains homogeneous. But in the case of 2.12 mW/μm2 

illumination, there is a clear change visible in the phase image marked by a circle in Figure 4.2d. 

As discussed in section 3.1, the phase image is in particular sensitive to the variation in chemical 

and physical environments between tip and sample due to changes in adhesive force and friction. 

Hence, any change in the homogeneity or uneven surface or change of chemical nature of the 

substrate should be visible. Therefore, the change one can observe in the phase image in the case 

of 2.12 mW/μm2 irradiation originates from photoinduced deformation similar to the phenomenon 

observed by Beechem et al.198 So it can be concluded that 0.234 mW/μm2 laser irradiation is not 

strong enough to cause modification at the surface; thus, the influence of laser power in the 

oxidation of GaSe can be excluded for this case. In this investigation, unless mentioned otherwise, 

 

Figure 4.2: Laser induced surface stability of GaSe. Topography (a) and phase image (b) of a flake after 

0.234 mW/μm2 laser irradiation. The height profile of the flake along the white dashed line is presented in the 

inset of (a). (c) and (d) are the topography and phase image after 2.12 mW/μm2 irradiation. The dashed circles 

drawn in the phase images are the area of the laser irradiation. Optical image (e) and the Raman spectra (f) of 

the flake at the two power densities with 638 nmexcitation. The spectral acquisition times were 120 s x 2. The 

scale bar in all images is 5 μm. 
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the 638 nm laser line with a power of 18.4 µW equivalent to a power density of 0.234 mW/μm2 is 

used. One may wonder about the relative Raman intensity of a-Se with respect to GaSe in case of 

2.12 mW/μm2 laser irradiation (see Figure 4.2f), as the Raman intensity is proportional to the 

incident power density. The reason of the relatively weak Raman response of a-Se in the case of 

2.12 mW/μm2 can be explained by the photoinduced volume change207 at this power density. The 

acquisition time used for each Raman spectrum is 120 s (similar to the time used for time evolution 

of oxidation of GaSe in section 4.6). The challenge for this experiment is acquiring Raman spectra 

from the sample without making any photo-induced modification. Therefore, the laser power is 

significantly reduced. However, the decrease of the laser power results in low Raman signals. 

Hence, to increase the Raman signal, one can keep the acquisition time infinitely long. In this 

experiment, since time resolved stability of GaSe is investigated, prolonging the acquisition time 

would be a drawback for this purpose. Therefore, a trade-off was made by choosing an acquisition 

time of 120 s such that the acquired results are conclusive enough.  

 

 

 

Figure 4.3: Raman spectra of the GaSe monolayer obtained immediately after exfoliation (a). The red dashed 

line is drawn as the guide to the eye of the peak around 250 cm-1. The corresponding AFM topography and the 

phase image (b). The white dashed circle is the spot where the Raman spectrum is taken. The dotted lines 

indicate the GaSe monolayer. The height profile of the flake is shown in the inset of Figure (a).  The hump at 

the border is due to the sharp edge resulting from mechanical exfoliation.  All scale bars are 5 μm. 
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4.5: Environmental stability of monolayer GaSe  

The Raman spectrum of monolayer GaSe immediately after exfoliation is displayed in Figure 4.3a. 

The time between the exfoliation and mounting the sample under the Raman microscope is 2 

minutes. The spectrum is taken with an acquisition time of 150 s and of 2 accumulations. The 

spectral acquisition time is increased by 30 s compared to the previous section due to very low 

signal (probing volume in monolayer is much smaller than 19L of GaSe discussed in the previous 

section). The AFM topography and the phase image are shown in Figure 4.3b-c. The thickness of 

the monolayer GaSe is determined to be around 1 nm (precisely 1.2 nm 0.2 nm as determined 

from linear fits) in agreement with literature values.36 The slight increase of the monolayer 

thickness (0.2 nm in this case) can be due to the presence of absorbents such as water molecules 

at the surface in air during the measurement. The hump at the border of the flake is due to the 

sharp edge originating from exfoliation. Notice that the height scales in the AFM image in Figure 

4.3b, and the profile in Figure 4.3a, are offset due to the hole defect in HOPG at the top right side 

that dominates the lowest values of the height contrast. As can be seen from Figure 4.3a, no GaSe 

phonon modes are visible in the spectrum, while a broad feature around 255 cm-1 is observed 

characteristic for a-Se. The band observed originates from the oxidation of GaSe. We did not 

observe any peak corresponding to other phases such as Ga2Se3. This could be due to the very small 

amount of material which is not sensitive to the chosen excitation wavelength. There is no visible 

change observed in the topography as well as in the phase image of the flake. So it can be concluded 

that there is no photoinduced damage in the GaSe flake; hence, no photooxidation.  

Among all 2D materials, graphene and h-BN are known to be the most stable ones at room 

conditions.208 However, h-BN nanosheets have higher temperature stability than graphene, since 

the former material can tolerate temperatures as high as 850 °C.209  Similarly, MoS2, WS2, and 

others also exhibit high resistance against oxidation even though these materials age with time. 

Gao et al.210 investigated the aging in transition metal dichalcogenides (TMDCs) and observed that 

the oxidation started at the grain boundaries, sheet edges and the chalcogen atom vacancies. After 

that, oxygen atoms penetrate gradually into the crystal lattice and replace chalcogen atoms. A 

similar explanation can also hold for GaSe. But contrary to TMDCs the GaSe surface oxidizes much 

more rapidly. 

 

4.6: Time evolution of the GaSe oxidation 

It is shown in the previous section that monolayer GaSe oxidizes almost immediately (due to 

preparation and Raman acquisition time of 270 s) after exposure to air. Therefore, it is interesting 

to see the oxidation dynamics in few layer GaSe, particularly how fast and deep this oxidation 
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penetrates into the GaSe layers. In order to investigate the inherent oxidation, a thin flake (8 L) of 

GaSe is exfoliated on HOPG and the time evolution of the Raman spectra is monitored. The AFM 

topography, phase, and the optical image of the flake are shown in Figure 4.4a - d.  The AFM scan 

 

Figure 4.4: AFM topography (a) of the GaSe flake used for the time evolution of oxidation in Figure 4.5. The 

height profile of the flake (d) along the dashed line in (a). The optical (c) and phase (d) images of the flake. 

 

 

Figure 4.5: Time evolution map of the Raman spectra of the flake (a) and averaged Raman spectrum taken from 

the rectangle area (a). The red dashed line is drawn as the guide for the eye. Raman spectra taken at different 

times from the evolution map (c). Each Raman spectrum was acquired with 120 s x 2 of accumulation time. 
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is performed after the time evolution map. The height profile along the white dashed line in Figure 

4.4a is presented in Figure 4.4b. In Figure 4.4d, a homogeneous phase image is observed, meaning 

no morphological deformation resulting from the laser irradiation. Therefore, one can conclude 

that the Raman spectra solely represent the change due to natural oxidation. The time evolution 

result is displayed in Figure 4.5a and an averaged Raman spectrum is shown in Figure 4.5b. The 

averaged Raman spectrum is created by averaging 20 individual spectra inside the rectangular box 

shown in Figure 4.5a. The red dashed line in Figure 4.5b is drawn as a guide to the eye. As can be 

seen in Figure 4.5a, the intensity of the A1
1g mode of GaSe gradually decreases with time while the 

intensity of the broad a-Se Raman feature increases. The opposite trend of both peaks indicates 

that over time more and more selenium atoms are replaced by oxygen. As a consequence, the 

intensities of these two bands change in opposite directions. This opposite trend is even better 

visible in the Raman spectra of the flake taken from the time evolution map as shown in Figure 

4.5c. One can see that the intensity ratio of GaSe A1
1g to the broad a-Se peak is gradually decreasing 

as time progresses. Since the intensity of the Raman mode is proportional to the probed volume of 

the material, one can conclude that the effective GaSe thickness gradually decreased due to 

oxidation.  

Interestingly, as shown in Figure 4.6a, the intensities of both A1
1g and a-Se peaks remained 

constant after 16500 s (ca. 4.6h). Therefore, it can be argued that the oxidation is self-limiting and 

stops at that time. In order to prove this statement, Raman experiments on different GaSe flakes, 

with different thicknesses varying from monolayer to a few layers, after 13 days of exposure to air 

were performed. Hence, if the oxidation is self-limiting then one would notice a thickness 

dependency for ultra-thin GaSe such that up to certain thicknesses the whole flake would be 

oxidized after 5 hours of exposure to air. Thus, no Raman modes of GaSe are observed up to this 

thickness. Beyond this thickness, the Raman modes of GaSe appear in the spectrum and remain 

unchanged over time. This is demonstrated in Figure 4.6b where the Raman spectra for four GaSe 

flakes of different thickness are shown. It is systematically found that for all GaSe layers with a 

thickness of less than 3 nm no GaSe modes were observed showing a spectrum similar to the 

monolayer in Figure 4.3a. While for layers with thicknesses of 3 nm or higher, the modes of GaSe 

were present at least immediately after the flake was deposited. For the particular set of samples 

used in Figure 4.6b, the Raman spectra of the samples are purposely not taken right after 

exfoliation in order to completely rule out any influences of laser irradiation in the aging process. 

In this way, one could obtain the purely native degradation time of the flakes and the thickness at 

which the oxidation reached saturation unaffected by light irradiation. The corresponding AFM 

images and height profiles of the flakes from 3 L to 8 L are presented in Figure 4.7 together with 

their optical images. Starting from 8 L, one can see the characteristic features of GaSe together 

with the broad feature of a-Se. Once thinned down to 3 L, the Raman modes of GaSe disappeared 

completely. Therefore, it can be concluded that the oxidation of GaSe reaches saturation at this 
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Figure 4.6: Raman spectrum of 8 L GaSe taken at two different times during time evolution map shown in 

Figure 4.5a (a). Red dashed line is drawn as a guide for the eye. The constant intensity ratio of of A1
1g and a-Se 

peaks indicates that oxidation stops after approximately 16500 s. Thickness dependent Raman spectra of GaSe 

for oxidation investigation (b). Each spectrum was taken with 700 s x 3 of accumulation time. 

 

 

Figure 4.7: Optical images (a) and AFM topography and height profiles (b – e) of GaSe flakes used for Raman 

study after 13 days of exposure to air. Height profiles of all flakes have humps at the edge of the flake originating 

from the sharp edges created during exfoliation. All AFM measurements are performed in tapping mode. The 

waviness of the AFM images originate from the of HOPG substrate which has a well-known wavy surface and 

the difficulties of the flattening of the images by an image processing software (in this case Gwyddion) due to 

waviness of the substrate.    
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thickness. There are two possible causes for this effect. First, it was already reported that the 

oxidation starts at defects in TMDCs.210 Moreover, the defect concentration is much higher at the 

surface due to the exfoliation process during deposition. Hence, the oxidation is much faster at the 

surface and slows down since the defect density reduces deeper in the flake. So the oxidation 

process also slows down and stops at some point. Secondly, it is well known for silicon or 

aluminium that the native oxide at the surface creates a diffusion blocking layer for oxygen and 

therefore stops further oxidation. In this case Ga2O3 and a-Se may create a diffusion blocking layer 

for oxygen that impedes the progress of oxidation once a certain oxide layer thickness is reached.  

 

4.7: Time dependent photoluminescence 

A complementary time dependent photoluminescence investigation was carried on a 8 L GaSe 

(similar to the flake used in the time evolution Raman map). The results are presented in Figure 

4.8a and the corresponding Raman spectra in Figure 4.8b. The optical image and the AFM cross 

section of the flake are presented in Figure 4.8c-d. The excitonic PL emission of GaSe is around 

620 nm (2 eV). The PL spectra are normalized to the 2D Raman band of the HOPG substrate since 

the peak intensity is independent of the GaSe oxidation, but only sensitive to the intensity of the 

 

Figure 4.8: Time dependent PL spectra (a) and corresponding Raman spectra (b) of 8 L GaSe. As can be seen, 

PL and Raman intensities of GaSe after 5 hours and 13 days of exposure to air do not change significantly in a 

very good agreement with the Raman results. The optical image (c) and AFM topography (d) of the flake. The 

height profile along the black dashed is presented in the inset of (d).     
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laser irradiation. The PL spectrum after 5 hours shows a clear decrease in intensity compared to 

the spectrum acquired immediately after exfoliation. The significant decrease of PL can be 

attributed to the interaction of the top layers of GaSe with water and oxygen in the atmosphere. 

Such process leads to the change of the material properties in the form of oxidation. Therefore, the 

effective layer thickness of GaSe is also reduced. The PL intensity after 13 days of exposure to air 

shows no significant change with respect to the PL spectrum after 5 hours and indicates no further 

reduction of the film thickness. This is in very good agreement with the Raman spectroscopy 

results. Comparing these results with the findings of Zamudio et al. there is a certain disagreement. 

As they showed, the PL intensity of GaSe with thickness from 10 to 25 nm goes to zero after 100 

hours of exposure to air. This is not the case in our experiments as both Raman and PL 

measurements clearly show the presence of GaSe in 5 to 8 nm thick flakes. 

 

4.8: Imaging XPS study of the oxidation in GaSe 

In order to provide additional confirmation of the results obtained from the Raman and PL 

experiments, XPS imaging on a tri-layer GaSe at two different times are performed: immediately 

after exfoliation and after natural oxidation (sample is kept in air for 6 hours in order to facilitate 

 

Figure 4.9: O 1s XPS integrated intensity map of the sample after 6 h of exposure to air (a). A similar map is 

acquired immediately after exfoliation. The AFM topography (b) and the height profile along the white dashed 

line in topography image (c) of the 3 L GaSe flake shown in the map. The O 1s peaks extracted from the map 

from three different regions marked by rectangle (d)-(e). It is evident that both 3 L and bulk GaSe accumulated 

more oxygen after 6 h of exposure to air.  
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the natural oxidation). An XPS integrated intensity image of O 1s taken from the sample after 6 h 

of exposure to air is displayed in Figure 4.9a. The sample has three different regimes reflected in 

the image: bulk like GaSe, 3 L GaSe, and HOPG substrate. Figure 4.9b-c present the AFM image 

and height profile of the 3 L GaSe flake. The O 1s peak extracted from three different positions of 

the sample (marked by rectangles in Figure 4.9a) immediately after exfoliation and after 6 h of 

exposure to air are shown in Figure 4.9d-e. From Figures 4.9d-e is clearly evident that both bulk 

and 3 L GaSe accumulated more oxygen after 6 h of exposure to air; whereas the O 1s peak remains 

almost the same on HOPG. The accumulation of the oxygen by both 3 L and bulk GaSe is an 

indication of the surface oxidation. In order to investigate the oxidation process in more detail both 

Ga 3d and Se 3d core levels are mapped at the two above mentioned times. Figure 4.10a represents 

the Se 3d integrated intensity map ranging from 52 eV to 58 eV, while Figure 4.10b is the optical 

 

Figure 4.10: Se 3d map (a) and optical image (b) of the sample shown in Figure 4.9. XPS spectra of Ga 3d (c) 

and Se 3d (d). The XPS measurements were performed in imaging mode and the spectra are averaged from an 

area over the flakes marked by rectangles. 
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image of the sample. Figure 4.10c-d are the XPS spectra extracted from the area marked by the 

rectangles in the image shown in Figure 4.10a. As shown in Figure 4.10c - d, the XPS spectra of the 

freshly cleaved bulk and the 3 L GaSe are overlapping almost perfectly. If now one compares the 

spectra of freshly cleaved and the oxidized bulk flake of GaSe, one can see that both have a similar 

line shape; even though the peak is slightly broadened. The broadening can be related to the 

oxidation as seen for the tri-layer. However, for 3 L GaSe the changes in line shape and peak 

position are far more pronounced. In the case of Se 3d, the shifting and broadening of the peak are 

explained by the formation of a-Se, a byproduct of the oxidation process. The doublet is not well 

separated indicating an amorphization of selenium in good agreement with the Raman 

spectroscopy results. But in the case of Ga 3d, the changes observed are more complex to 

understand. As can be seen, a shoulder appears at the higher binding energy, indicating the 

presence of Ga2O3 at the surface. However, the overall spectral position moves towards lower 

binding energy which is unusual for an oxidized material. The exact reason for this unexpected 

behaviour is not clear at the moment. Drapak et al. studied the GaSe surface using XRD after 

exposure to air and showed that compounds such as Ga2O3, Ga2(SeO4)3, and Ga2(SeO3)3·6H2O can 

form. Given the complexity in which Ga 3d chemical state can exist, it is very difficult to 

deconvolute the Ga 3d spectra and clarify the position shifting from XPS results alone. For that, a 

deeper investigation and dedicated experiments are required which are beyond the scope of this 

work. 

 

4.9: Summary 

The time evolution of GaSe oxidation from bulk to monolayers is investigated by means of Raman 

spectroscopy, photoluminescence, and XPS. The results show that the oxidation of GaSe is a rapid 

process with a monolayer reaching an oxidized state almost immediately after exposure to air. For 

mechanically exfoliated GaSe, the penetration depth of oxidation is determined to be around 3 L 

with a time required to reach such thickness of roughly five hours. The Raman spectroscopy 

analysis shows that GaSe decomposes into Ga2Se3 and a-Se during oxidation. No Raman mode 

related to Ga2O3 is observed due to its transparency under 638 nm excitation. The present work 

demonstrates the stability of GaSe ultrathin layers and explains as well why the typical Raman 

modes of GaSe were absent in previous reports on monolayers.78 
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Chapter 5 

TERS study of local heterogeneities of 

MoS2: Strain 

Most of the work discussed in this chapter is published in Nano Letters, 17, 2017, 6027 

In this chapter, the investigation of local heterogeneities of MoS2 using tip-enhanced Raman 

spectroscopy will be discussed. A 3L MoS2 combined with a periodic gold nano structured substrate 

creates a 2D/plasmonic heterostructure. Due to the height difference in the plasmonic substrate, 

biaxial strains are induced in the MoS2 sheet during deposition. These strains are highly localized. 

Therefore, a special method (TERS) is used to detect and quantify the strain. This chapter starts 

with a motivation of the work. After that, the theoretical background of TERS is introduced. The 

experimental details and the results are discussed at the end of this chapter.        

 

5.1: Introduction and Motivation 

Since the last half decade transition metal dichalcogenides (TMDCs) have been in the focus of 

extensive research due to their unique physical properties. 12, 29, 46, 66, 105 Following the footsteps of 

graphene 5 (which does not have a band gap), TMDCs have been studied in various applications 

such as FETs, 54, 100 photodetectors, 101 photovoltaics, 211 photocatalysis, 103 valleytronics, 104, 212-213 

spin valves, 214 piezoelectrics, 215 photonics, 66, 216 flexible electronics 18 etc. Due to the strong 

confinement effect, monolayer TMDCs offer an ideal platform to study quantum confinement 

semiconductor physics. 29, 217-218 When thinned down from bulk to monolayer, new properties 

emerge including indirect to direct band gap transition, 29, 46 valley specific circular dichroism, 219 

excitonic effects, 47, 220 and enhanced nonlinear optical response. 221-222 The strong Columbic 

interaction between the electon-hole pairs results in tightly bound excitons which are stable at 

room temperature thus providing advantages for optoelectronic applications. 12, 216  

Another interesting observation in TMDCs is the ability to tune the electronic properties by 

applying strain. The band gap of some monolayer TMDCs changes from direct to indirect as the 

strain increases and they become metallic at a threshold strain. 71, 223-225 Biaxial strain is expected 
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to have greater influence than uniaxial strain. 226-231 The TMDC materials withstand a large 

mechanical deformation before rupture; thus, triggering the interest in strain engineering. So far, 

significant efforts have been devoted to studying the effects of uniaxial and biaxial tensile and 

compressive strains on the optoelectronic properties of TMDCs. However, experimental studies 

mostly focused on strain in macro or microscale configurations. 71, 228-229, 231-236 Recently, strain 

engineering at the nanoscale opened up opportunities to study quantum photonics in TMDCs.237 

Therefore, it is necessary to know the strain acting in these materials with a local spatial resolution 

in the nanoscale regime.  

Among all TMDCs, MoS2 is the most studied 2D semiconductor. It has an indirect band gap of 1.2 

eV in bulk form and a direct optical band gap of 1.8 eV in the monolayer.46-47 It has a breaking 

strain of 6 – 11% as measured by nanoindentation and also supported by theory. 238  Raman 

spectroscopy is one of the most common tools for studying strain in materials. 239-240 Depending 

on the strain, both peak position and full width at half maximum (FWHM) of the vibrational modes 

change compared to pristine materials. However, the drawback of conventional Raman 

spectroscopy, as any other optical spectroscopy method, is that it cannot probe differences in a 

material below the diffraction limit of the excitation wavelength. Therefore, tip-enhanced Raman 

spectroscopy has been developed over the last decades to use the localized surface plasmon 

resonance (LSPR) of a sharp metallic tip as a nano-optical source for signal enhancement. 241 TERS 

combines both Raman spectroscopy and scanning probe microscopy (SPM). Upon illumination 

with a suitable wavelength, the electric field strength at the tip apex strongly increases due to LSPR. 

Therefore, the Raman signal of the probed material is enhanced strongly in the vicinity of the tip. 

However, TERS is a fairly new technique and is still in its developing phase. Organic molecules, 

graphene, and carbon nanotubes (CNTs) are the most studied materials in TERS until now.242-246 

Moreover, the characterization of localized strain in crystalline silicon thin films was also 

demonstrated. 247 Very recently, TMDCs were also probed by TERS to study local heterogeneities 

such as defects, doping, etc. 248-250 In this chapter, the investigation of  highly localized strain in 

ultra-thin MoS2 when combined with a hexagonal periodic array of gold nanotriangles is discussed.   

 

5.2: Theoretical Background of TERS 

The interaction of metals with electromagnetic radiation is mainly dictated by the free electron gas 

in metals. According to the Drude model, this electron gas oscillates 180° out of phase relative to 

the driving electric field. Therefore, most metals possess a negative dielectric constant at optical 

frequencies which causes very high reflectivity. Moreover, at optical frequencies, free electrons can 

sustain surface or volume charge density oscillations called plasmons with distinct resonance 

frequencies. Once the metal structures are reduced to a dimension much smaller than the optical 
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wavelength, the confined electron gas is known to exhibit strong interaction at a certain optical 

frequency which is also known as localized surface plasmon resonance (LSPR) and those metal 

nanostructures are called plasmonic structures. LSPRs have been studied over the last few decades 

due to their ability to fundamentally alter the light mater interaction and their potential application 

in surface enhanced Raman spectroscopy (SERS).251-255 Like SERS, tip enhanced Raman 

spectroscopy (TERS) is also based on the LSPR of the sharp tip apex used in scanning probe 

microscopy (SPM) techniques. A sharp metal tip (such as Ag or Au) is positioned at the centre of 

the laser focus and the electromagnetic field at the tip apex is confined and enhanced due to the 

combination of LSP and lightening rod effect. As a consequence, the tip apex will serve as a nano-

optical source and enhance the Raman signal from the specimen in the vicinity of the tip-apex. The 

concept of TERS was first proposed by Wessel in 1985 192 and was experimentally realised in 

2000.256 TERS combines the chemical sensitivity of SERS with spatial resolution of SPM and 

enables chemical imaging of the sample surface on the nanometer scale where conventional Raman 

spectroscopy fails due to the diffraction limit of light. 

In order to understand the theory and explain the experimentally observed TERS results, a detailed 

theoretical study is conducted by solving Maxwell’s equations numerically using the finite element 

method (FEM). In classical theory, the plasmonic response of a nanostructure includes the electric 

field distribution and spectral response of the field around it. Figure 5.1a displays the schematic of 

the geometry used for the calculation. The calculation is conducted by a commercially available 

 

Figure 5.1: Schematic representation of the geometric structure and an equivalent metal sphere of the Au tip 

(a). Red shaded area demonstrates the electric field distribution.  A complete 2D mesh of the FEM model for 

electric field distribution calculation at the tip apex (b). The simulated electric field enhancement, E around the 

tip of radius 𝑅 = 20 nm for an excitation wavelength of 638 nm (c).  
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simulation platform, COMSOL multiphysics 5.2a. The desired structures are created directly in 

COMSOL using a 2D model. Figure 5.1b presents a mesh image of a gold tip of radius, 𝑅 = 20 nm. 

A trigonal element type is chosen for meshing with a smallest element size of 0.1 nm. In order to 

simulate the experimental conditions, a plane wave excitation of 638 nm with an electric field 

component of 𝐸𝑦 = 1 𝑉 ∙ 𝑚−1(parallel to the tip longitudinal axis) is applied in the model. A 

Perfectly matched layer (PML) is chosen as the boundary condition to absorb all the outgoing 

waves. The model is solved using Maxwell’s equation in the frequency domain as follows: 

 

∇ × 𝜇𝑟
−1(∇ × 𝑬) − 𝑘0

2 (휀𝑟 −
𝑗𝜎

𝜔휀0
)𝑬 = 0 

 

where  𝜔, 𝜇𝑟 , 휀𝑟, and 𝜎 are the excitation frequency, relative permeability, relative permittivity, and 

electrical conductivity respectively. The frequency dependent relative permittivity of Au, 휀𝐴𝑢 = 휀𝑟 −

 휀𝑖  is taken from Johnson et al. 257 The calculated confined electric field at the tip apex is displayed 

in Figure 5.1c. The calculation of the confined electric field (which is also known as local electric 

field, 𝐸𝑙𝑜𝑐) can be simplified by an equivalent sphere approximation. Hence, the intensity of 𝐸𝑙𝑜𝑐  is 

described by its polarizability due to incident electric field (which is also known as far electric field 

or far field, 𝐸𝑖) as follows:258 

 

𝛼𝑚 = 4𝜋𝜖0𝑅
3
𝜖𝐴𝑢 − 1

𝜖𝐴𝑢 + 2
 

 

where 휀0is the permittivity of the vacuum. The local electric field, 𝑬𝑙𝑜𝑐at a position 𝒓 near the tip 

apex is obtained by the polarised dipole moment (𝑷𝑚 = 𝛼𝑚𝑬𝑖) as: 258-259 

 

𝑬𝑙𝑜𝑐 = 𝑬𝑖 +
𝜖𝐴𝑢 − 1

𝜖𝐴𝑢 + 2
(
𝑅

𝑟
)
3

[3(𝑬𝑖 ∙ 𝒓)𝒓 − 𝑬𝑖] 

 

The full width at half maximum of 𝐸𝑙𝑜𝑐 can be simplified as,  ≈ 1.35(𝑅 + 𝑑),258 with 𝑑 being the 

distance from the tip apex. The maximum field intensity is obtained when 𝑑 = 0 and the minimum 

width of the confined field is proportional to 𝑅. Therefore, in general approximation when only the 

tip is considered in a TERS experiment, the spatial resolution is limited by the tip radius. However, 

in practise both the local field intensity and the spatial resolution in TERS depend not only on the 

tip but also on the optical properties and geometry of the surface. Both can be improved by forming 

5.1 

5.2 

5.3 

The COMSOL Multiphysics 5.2a software used in this thesis work is owned by Semiconductor Physics group 

of Chemnitz University of Technology 
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a nano gap (image dipole) in a configuration of so-called gap-mode TERS as shown in Figure 5.2a. 

In such a case the local electric field intensity can be expressed as: 260-261 

 

𝐸𝑙𝑜𝑐 = (
2𝑅 + 𝑑

𝑑
)𝐸𝑖 

 

With 𝑑 ≈ 0, the equation 5.4 becomes,  

 

𝐸𝑙𝑜𝑐 ≈ (
2𝑅

𝑑
)𝐸𝑖 

 

Therefore, the local electric field is dramatically enhanced when the tip moves closer to the sample. 

The full width at half maximum of the confined electric field is then given by: 

 

 = 2√𝑅𝑑 

 

In such cases, the spatial resolution of a TERS experiment is much better than the tip radius. The 

simulation of the local electric field distribution in gap mode TERS is presented in Figure 5.2b-d. 

Figure 5.2b presents the mesh image of a tip-sample system used in the simulation. The smallest 

mesh element is chosen to be 0.1 nm to resolve finest details in the simulation. For better 

understanding, Si with a native oxide, a common substrate in TERS experiments is introduced in 

the simulation and compared with a flat gold substrate. The gap between the tip and the substrate 

is 1 nm. As can be seen finite element sizes are much smaller than the narrow gap between tip and 

sample to give an accurate result in the simulation. Figure 5.2c present the simulation result of an 

Au-Au system. Comparing the simulation results between Figure 5.1c and 5.2c, one can see that 

the electric field intensity is enhanced by a factor of 10 in the so-called gap mode TERS. The 

enhancement is due to the local potential gradient at a distance, 𝑑 (in this case 1 nm) induced by 

the electric field at the tip apex, 𝐸𝑙𝑜𝑐.  The width of the confined electric field is also decreased 

dramatically. In order to determine the width of the confined electric field a cross section is taken 

along the spatial distribution of the electric field 0.1 nm below the tip apex (white dashed line in 

Figure 5.2b-c). A Voigt function is used to fit the field distribution in both cases. The width of the 

confined electric field in case of Au-Au tip-sample system is determined to be (8.6 ± 0.1) nm; very 

good agreement with equation 5.6. In the case of the Au-Si tip-sample system, the electric field 

5.4 

5.6 

5.5 
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amplitude is reduced by a factor of 2.3 due to reduced coupling. This is owing to the fact that 1) Si 

is a semiconductor with much less density of surface conduction electrons, and 2) additionally, the 

surface of Si is passivated by a native oxide of 2 nm which exponentially decays the field going 

through it. Therefore, the dipole gradient at the surface is also reduced. Due to the same reason, 

the width of the confined electric field is also broadened (see Figure 5.2d). The width is determined 

to be (16.2 ± 0.1) nm from the calculation.  

 

Figure 5.2: Schematic of the image dipole formation between a tip and a metal substrate (a). The red shaded 

area demonstrates the confined field. The mesh image of the tip-sample system used in the simulation in Figure 

5.2d (b). Electric field enhancement map of an Au-Au system (c) and Au-Si system (d). The definition of E is 

given in Figure 5.1. The tip-sample gap is 1 nm. A native oxide of 2 nm is assumed in the simulation in 5.2d. 

Both intensity and width of the confined electric field is improved compared to the simulation result shown in 

Figure 5.1b. The width of the confined electric field,   is shown by an arrow in (c).  
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The local electric field dampens exponentially by a factor of 𝐸𝑙𝑜𝑐~𝑒
(𝑘𝑑), with 𝑘 is the wavenumber 

which determines the propagation or decay length of the electric field and 𝑑 is the tip-sample 

distance.259 Figure 5.3 shows the calculated local electric field enhancement 𝐸 with respect to 𝑑 for 

the system described in Figure 5.2c. As can be seen, 𝐸 dampens dramatically (about 70%) if the 

tip-sample distance changes from 1 nm to 5 nm. Since the TERS enhancement is described by 𝐸4, 

the Raman intensity detected from the probing molecules would decrease by 99% at 5 nm gap. At 

20 nm tip-sample distance, 𝐸 is equal to the value calculated in Figure 5.1c; meaning that there is 

no tip-sample coupling at this tip-sample distance. If one now considers the equations 5.5 and 5.6, 

the maximum intensity and spatial resolution of a TERS experiment can be achieved at 𝑑 = 0. In 

such a case, the intensity of the local electric field would go to infinite and the width of the confined 

electric field becomes zero. Both of these are obviously not realistic. When the tip-sample distance 

enters the sub-nanometer gap, classical models cannot explain the surface plasmon anymore. The 

phenomena can be explained properly with the aid of quantum mechanical models. At sub-

nanometer gap, quantum effects such as electron tunnelling and nonlocal screening effects 

(interaction with all neighbouring charged particles) become important and influence the 

plasmonic response of the nanostructures. Therefore, there is a minimum tip-sample gap (in the 

range of 0.3 nm), for which one can get maximum TERS enhancement and spatial resolution. 

 

Figure 5.3: Local electric field enhancement, 𝑣  tip-sample distance. The white dot is the position in the model 

from where the field is calculated at each tip-sample distance. The definition of E is given in Figure 5.1.  
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Below that limit both enhancement and spatial resolution decrease due to quantum confinement 

effects (more details can be found in the references258, 262-264).   

TERS enhancement factor: The simplified form of TERS enhancement is expressed as 

 

𝐸 =
𝐸𝑙𝑜𝑐
𝐸𝑖

 

 

According to equation 3.11 TERS enhancement factor in terms of electric field can be written as 

 

𝐸𝐹 =
𝐸𝑙𝑜𝑐
4

𝐸𝑖
4 = 𝐸4 

 

However, in practice, dealing with the Raman intensity is more straightforward. Therefore, the 

calculation of the TERS enhancement factor using the Raman intensity is more popular. The TERS 

enhancement factor in terms of Raman intensity can be written as  

 

𝐸𝐹 = (
𝐼𝑛𝑒𝑎𝑟
𝐼𝑓𝑎𝑟

)
𝑉𝑓𝑎𝑟

𝑉𝑛𝑒𝑎𝑟
 

 

in which, 𝐼𝑛𝑒𝑎𝑟, and 𝐼𝑓𝑎𝑟 are the Raman intensity of the probed material when tip is in contact with 

the sample and far away from the sample respectively. 𝑉𝑓𝑎𝑟 is the volume probed by far field 

illumination, and 𝑉𝑛𝑒𝑎𝑟 is the volume probed by local field. The first term on the right-hand side of 

equation 5.9 is also known as TERS contrast which determines the quality of the TERS image. Since 

the thickness of the probed material is often ranging from few angstroms to few nanometers in 

TERS configuration, the depth is always ignored. Therefore, equation 5.9 becomes 

 

𝐸𝐹 = (
𝐼𝑛𝑒𝑎𝑟
𝐼𝑓𝑎𝑟

)(
𝐴𝑓𝑜𝑐𝑢𝑠

𝐴𝑡𝑖𝑝
) 
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where, 𝐴𝑓𝑜𝑐𝑢𝑠 is the laser illuminated area, and 𝐴𝑡𝑖𝑝 is the cross section of the tip apex.  

   

5.3: Experimental Details 

Preparation of the plasmonic substrate: The plasmonic substrate used in this work is made 

of Au nanotriangles. These nano triangles are prepared by nanosphere lithography (NSL). At first 

an aqueous suspension of commercially available 450 nm monodispersed polystyrene spheres (PS) 

from Postnova Analytics GmbH (art. No. Z-PS-POS-006-0,450) is diluted in 1:1 ratio with ethanol. 

The solution is then used to produce a large area monolayer PS on a water surface by a method 

adopted from Vogel et al. 265 After that the monolayer is collected on a p-type silicon (111) substrate 

of 1x1 cm2 size by immersing it into the DI water and then slowly lifting it from underneath of the 

PS monolayer as it adheres to the substrate. Once the substrate is dry, it is then transferred to a 

metal deposition chamber where gold is evaporated at normal incidence and at a base pressure of 

10−6mbar. After the evaporation, the PS layer is mechanically removed by scotch tape. We obtain 

 

Figure 5.4: SEM image (a), and AFM topography and height profile (b) of the gold nanotriangles on silicon 

substrate prepared by nanosphere lithography. The sides and height of the nanotriangles are approximately 

(120 ± 5) nm and (40 ± 1) nm.  
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a hexagonally packed periodic array of gold nanostructures with triangular shape (“nanotriangles”, 

NTs) on the Si substrate. The sides of the triangles are approximately 120 nm in length and the 

height is 40 nm as deduced from scanning probe microscopy observations. The scanning electron 

microscopy (SEM) and AFM images of such structure are presented in Figure 5.4.  

Sample preparation: An ultrathin (3 layers) MoS2 film is transferred onto the plasmonic 

substrate by the deterministic transfer technique.266 The transfer method is based on the 

mechanical exfoliation technique described in section 2.3. A single crystal 2H-MoS2 is used for the 

experiment. The bulk crystal of 2H-MoS2 was purchased from 2D Semiconductors. At first MoS2 

flakes of different thicknesses are deposited onto a polydimethylsiloxane (PDMS) substrate by 

scotch tape technique. Upon optical investigation, ultrathin MoS2 flakes are identified and later 

transferred to the plasmonic substrate by pressing gently the PDMS substrate onto the sample. The 

schematic of the sample transfer process is presented in Figure 5.5a. The optical image of the MoS2 

flake on the plasmonic substrate is shown in Figure 5.5b. The AFM topography of the flake within 

the rectangular box marked by white dashed lines in the optical image is displayed in Figure 5.5c. 

The AFM image nicely resolves both the hexagonal array of the Au nanotriangles and the MoS2 

flake on top of it. The AFM image is scanned in tapping mode AFM using a commercially available 

Si tip of a nominal radius of 8-10 nm purchased from Tipsnano.  

The sample is prepared in collaboration with Tobias Korn of Universität Regensburg, Germany 

 

Figure 5.5: Schematic of MoS2 transfer method on plasmonic substrate (a). Optical image (b) and AFM 

topography of the area marked by a white dashed rectangle in (b) (c) of the MoS2 flake transferred onto 

plasmonic substrate.  

Stamping of MoS2

flakes on PDMS

MoS2 on PDMS

Transferring MoS2 flake 

on plasmonic substrate

MoS2 on plasmonic 

substrate
0

60 

nm
Topography

3 L MoS2

Au NT

50 µm
Au NT/Si

MoS2

Optical image

(b) (c)

MoS2/Au NT

Au NT/Si

(a)



 
 

65 | P a g e  
 

Determination of the layer thickness using Raman spectroscopy: Nondestructive 

Raman spectroscopy has been widely used to determine the thickness of two-dimensional 

materials including graphene and TMDCs. In this study, micro Raman spectroscopy in the 

backscattering geometry is deployed to determine the thickness of the MoS2 flake under 

investigation. For this, a solid-state laser line of 532 nm excitation is combined with a 2400 l/mm 

grating for dispersing the scattered Raman signal. This configuration provided a spectral 

resolution of 1 cm-1 determined from the width of the gas emission line of a Xe calibration lamp. A 

Horiba Xplora Raman system coupled with an electron multiplying charge-coupled detector is 

used for the measurement. The laser power used for the measurement is 105 μW to avoid any 

photoinduced damage of the sample. A typical Raman spectrum of MoS2 taken on the flake is 

presented in Figure 5.6. There are four first order Raman modes in 2H-MoS2. The interlayer shear 

breathing mode (E2
2g) around 30 cm-1 is out of reach because of the cut-off of the edge filter. The 

in-plane, E1g mode is forbidden in back scattering geometry. The two mostly studied Raman modes 

are E1
2g and A1g as shown in the Raman spectrum. The A1g mode hardens with increasing number 

of layers; whereas, the E1
2g mode softens. The opposite trend of these two modes leads to an 

increase in frequency difference with increasing number of layers and is used to determine the 

layer thickness. 106, 267-268 In order to determine the frequency difference accurately, the Raman 

spectrum is fitted using Voigt functions. In this study, the frequency difference between the two 

 

Figure 5.6: Micro Raman spectra of the MoS2 flake on plasmonic substrate to confirm the thickness. In order 

to determine the frequency difference accurately, the spectrum was fitted with a Voigt function. The frequency 

difference between the two Raman modes is determined to be (23.9±0.1) cm-1 equivalent to 3L of MoS2.  
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modes is determined to be (23.9 ± 0.1) cm-1 equivalent to 3L of MoS2. 106, 267 The hardening 

behaviour of the A1g can be explained by the restoring force constant perpendicular to the basal 

plane due to van der Waals interactions with increasing number of layers. On the other hand, since 

the in-plane E1
2g mode involves the vibration of both Mo and S atoms in the basal plane, it is 

strongly influenced by the long-range coulomb interaction of the Mo atoms. Therefore, with the 

increase number of layers, the Mo-Mo interaction decreases due to increased screening and thus 

softens the mode. 

TERS Methods: TERS measurements are performed on a NanoRaman Platform (HORIBA 

Scientific/former AIST/NT) consisting of an atomic force microscope (SmartSPM) combined with 

a Raman spectrometer (Xplora) inside illumination geometry. The schematic of the experimental 

setup is displayed in Figure 5.7a. Excitation and collection is realized through a long working 

distance objective, 100x, 0.7 NA. The angle of incident and collected light is 65° with respect to the 

surface normal. Therefore, the laser focus is non-symmetric and enlarged to an ellipsoidal area of 

1.7 µm2 approximately. A p-polarized monochromatic laser of 638 nm wavelength is focused onto 

an inclined gold tip. This excitation geometry enables the electric field to be polarized parallel to 

the tip longitudinal axis. The tip is highly anisotropic with polarizability along the long axis being 

much stronger than along the short axis (𝜎𝑦𝑦 ≫ 𝜎𝑥𝑥) as shown in Figure 5.7b. Figure 5.7b shows a 

COMSOL simulation of the polarization dependent electric field confinement at the apex of a gold 

 

Figure 5.7: Schematic of the experimental TERS set up (a). Incident light is polarized along the tip longitudinal 

axis to give TERS signals. COMSOL simulation of polarization dependent local field enhancement at the gold 

tip apex (b). Tip radius is assumed to be 10 nm. Since 𝜎𝑦𝑦 ≫ 𝜎𝑥𝑥, local field enhancement is much higher when 

the incident light is parallel to the tip long axis.  The definition of E is given in Figure 5.1. 
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tip of 30 nm radius (similar to the tip radius used in the experiment). As can be seen, when the 

excitation field is polarized along the tip short axis, the local field enhancement factor is 

comparable to the far field. Moreover, the enhanced field is far away from the apex confined at the 

sides of the tip. Therefore, it is essential for the incident light to be polarized along the tip 

longitudinal axis in order to obtain TERS signal from the sample. Thus, the TERS geometry 

adopted in this study gives a high electric field enhancement in the vicinity of the tip apex due to 

the LSPR and lightning rod effect.269 

TERS experiments are conducted using a commercially available gold TERS probe with a radius of 

25 – 30 nm purchased from HORIBA. As discussed in section 5.2, the maximum enhancement 

occurs when the tip is in contact with the sample (strongest enhancement at a gap in the range of 

0.3 nm). Therefore, it is desirable to operate the system in contact mode while performing TERS 

imaging. However, in this study, contact mode scanning is abstained in order to avoid surface 

modification by the tip. Instead, TERS imaging is performed in the so-called hybrid mode. During 

TERS measurements the system is running in intermittent contact (AC) mode (or tapping mode) 

and the spectra are taken at the moment of the tip touching the surface. The contact time (or 

touching time) is defined by the spectral acquisition time which is 0.5 s. TERS images are acquired 

with a 10 nm step size over an area of 0.7 x 0.7 μm2 using a 638 nm excitation. The Raman signals 

are dispersed by a 1200 l/mm grating onto an electron multiplying charge coupled detector 

(EMCCD).  

 
Figure 5.8: Determination of spectral resolution (a) and fit parameters (b) for the TERS spectrum analysis. Both 

Rayleigh and Si peaks are acquired using the same experimental parameters used in the TERS measurements. 

The red curve is the fit error or residual of the fitting. 
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Determination of spectral resolution and fit parameters: In order to analyse the TERS 

spectra accurately, the spectral resolution of the experiment is determined. For that, the Rayleigh 

line is acquired using the same TERS experimental parameters. Figure 5.8a shows experimental 

and the Gaussian fit of the Rayleigh line. The FWHMG is determined to be 6.7 cm-1, which is the 

spectral resolution for the TERS experiments. After that, using a Voigt function, a silicon peak is 

fitted from the same substrate using the same experimental parameters. In this fitting the Gaussian 

contribution is fixed to 6.7 cm-1. Figure 5.8b represents the experimental and fitted silicon peak. 

The Lorentz contribution of the silicon peak is determined to be 3 cm-1 (FWHML). In the fitting 

process of this investigation, 6.7 cm-1 and 3 cm-1 are set as the base value of FWHMG and FWHML 

respectively.  

 

5.4: AFM study of the heterostructure 

Figures 5.9 show the AFM topography, height profile, and phase image of the heterostructure. The 

optical image and the extended topography of the sample are presented in Figure 5.5. The gold 

nanotriangles (NTs) form an open hexagonal periodic array on the silicon substrate. Once MoS2 is 

put on gold, it bridges the gap between gold triangles making closed hexagonal units visual in the 

AFM topography (see Figure 5.9a and also 5.5c). A white dotted line is drawn as a guide for the eye 

to distinguish the border of MoS2 flake in Figure 5.9a. The height is measured to be (2.6 ± 0.3) nm 

 

Figure 5.9: The AFM topography of the MoS2/Au NTs heterostructure (a). The height profile of the flake along 

the white dashed line (b). The hump at the border is due to sharp edge created during exfoliation. 

Corresponding phase image of the heterostructure (c). The dotted lines in (a) and (c) are drawn as a guide for 

the eye to distinguish the border of MoS2. The white rectangle is the area where TERS imaging is performed. 
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along the white dashed line in the AFM topography, equivalent to 3 L of MoS2. This is in good 

agreement with the Raman measurement discussed in Figure 5.6. As can be seen from the 

topography, the MoS2 flake follows the shape of the gold nanotriangles and is sharply bent in 

between the triangles. Since the phase image is more sensitive to adhesion, the inhomogeneity is 

more clearly visible in Figure 5.9c. Both, topography and phase image show two distinct conditions 

of MoS2: 1) at the valley with an unstrained planar surface and 2) on top and in between the gold 

NTs, where it is deformed. 

 

5.5: TERS imaging of the heterostructure 

The morphology of the heterostructure reveals the inhomogeneity in the MoS2 film while following 

the hexagonal arrays of Au NTs. TERS imaging is performed on a single hexagonal unit shown in 

 
Figure 5.10: AFM topography of the area of interest (AOI) during TERS imaging (a). The AOI is marked by a 

rectangle in Figure 5.9a. The averaged TERS spectra (b) of the two different area noted in the TERS intensity 

image (c) of MoS2 acquired from the spectral range 360 cm-1 to 480 cm-1. Each area is averaged over 20 data 

points. The spectral range is marked by a shaded rectangle in (b). The circles are the areas from which Raman 

spectra are averaged to quantify the localized strain in MoS2 discussed in section 5.6. The intensity profile of 

the cross section along the white solid line in the TERS image and the fitting to determine the spatial 

resolution (d).    
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Figure 5.9a to study the heterogeneity of the MoS2 film. The AFM topography, representative TERS 

spectra, and a Raman intensity map of the hexagon unit are shown in Figure 5.10a-c. The TERS 

image is taken with respect to the Raman signal of MoS2 within the area of the shaded rectangular 

box in Figure 5.10b. The two TERS spectra are averaged within the circular areas E-1 and V marked 

in Figure 5.10c.  As can be seen, the TERS image nicely follows the AFM topography. The highest 

Raman signal enhancement is observed at the corners of gold triangles. This can be understood by 

the strong electric field enhancement due to the coupling between the sharp metallic tip and the 

triangle’s corners due to the lightening rod effect (independent of LSPR).269-270 In order to 

determine the spatial resolution of the measurement, a cross section is taken at the edge of one of 

the enhanced spots as shown in the Figure 5.10c (the white solid line). The Raman intensity profile 

of the edge and the fitting of it is displayed in Figure 5.10d. The first-order derivative of the 

 

Figure 5.11: COMSOL simulation of experimental system shown in Figure 5.10. Au-MoS2-Au (a) and Au-MoS2-

Si (b). The tip-sample gap is 1 nm. The definition of E is given in Figure 5.1. The amplitude of 𝐸𝑙𝑜𝑐  is similar in 

both (a), and (b). Wavelengths sweep of 𝐸𝑙𝑜𝑐 over a range of 400 – 900 nm. Violet arrows indicate the higher 

harmonics of the effective LSPR. The black arrow is the position of optical absorption of MoS2. Pseudo 3D map 

of TERS image shown in 5.10c (d). The scale bar is adjusted to the TERS signal of MoS2 on silicon substrate.    
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intensity is a Gaussian profile and the full width at half maximum (FWHM) of the fit is determined 

to be (25 ± 3) nm. This is considerably larger than the theoretical prediction made in section 5.2 

for gap mode TERS. The true spatial resolution of the TERS map could be determined from a sharp 

edge.  In this case however, the edges of the gold triangles are smooth because of the deposition of 

the MoS2 film. Hence the FWHM of the first order derivative of the intensity profile is limited by 

the size and shape of the edge and thus considerably larger than the expected value. The true spatial 

resolution of the TERS map is therefore smaller than 25 nm. 

Another interesting observation of the TERS image in Figure 5.10c is that the Raman 

enhancements of MoS2 on the flat surface of the gold triangles and on top of silicon at the valley 

are not significantly different. This is contradictory to the theory of gap mode TERS discussed in 

section 5.2, Figure 5.2. In order to understand the physics behind it, similar systems are modeled 

in COMSOL. The tip radius is assumed to be 30 nm and a 3 nm thick film of MoS2 is considered as 

the top layer of the sample (similar thickness of the MoS2 flake in the experiment). The tip-sample 

gap is 1 nm in the modelling. The dielectric functions of MoS2 are adopted from Beal et al.271 The 

2D plots of calculated local electric field distribution of the two systems are presented in Figure 

5.11a-b. It can be seen that the strongest electric fields are near the apex of the tip in both cases 

with similar amplitude. Therefore, the local field enhancement phenomena in both cases can be 

explained by the fact that the effective plasmonic response for both sets of geometries are 

dominated by the MoS2 film of 3 nm. The TERS enhancement ratio of MoS2 between the signals 

obtained on top of flat surface of gold triangles and on silicon at the valley is estimated by 𝐸4 to be  

 

𝐸𝑅 = (
𝐸𝐴𝑢−𝑀𝑜𝑆2−𝐴𝑢

𝐸𝐴𝑢−𝑀𝑜𝑆2−𝑆𝑖
)4 = 2.  

 

Hence, the TERS signal on flat surface of gold triangles should be 2.8 times higher. To get a better 

understanding of the effective plasmonic response of the systems, wavelength dependent 𝐸𝑙𝑜𝑐 

distribution is calculated over a range of (400 – 900) nm for all combinations of tip-sample 

systems. Figure 5.11c shows the calculated spectral dispersion of the local electric field. In the case 

of the Au-Au tip-sample system, the plasmonic resonance occurs around 680 nm. Whereas, for the 

Au-Si system the LSPR is 2.3 times weaker and shifted to red (around 710 nm). In addition to the 

LSPR, two higher modes of plasmon excitation around 600 nm and 510 nm are also observed. 

However, the effective LSPR is strongly influenced by the introduction of 3 nm MoS2 in between 

the tip and the substrate. In the case of the Au-MoS2-Au system, the effective LSPR is shifted to 

749 nm and the amplitude of 𝐸𝑙𝑜𝑐 is also decreased. The spectral dispersion of 𝐸𝑙𝑜𝑐 is also red shifted 

for the Au-MoS2-Si system with an increase of electric field. The effective LSPR for this system is 

5.11 
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at 743 nm. The position of the effective LSPR in both cases is also a very good indication that the 

coupling between the tip and the sample is dominated by the trilayer MoS2 film, since the LSPR is 

determined by,259 

 

𝜔𝐿𝑆𝑃𝑅 =
𝜔𝑝

√1 + 2휀𝑑
 

 

where, 𝜔𝑝 is the plasma frequency of the metal and 휀𝑑 = 휀𝑑
′ +  휀𝑑

′′ is the dielectric function of the 

environment. As a result, the TERS enhancement of MoS2 in both cases is similar. Figure 5.11d is 

a pseudo 3D map of the TERS image shown in Figure 5.10c. The scale bar is adjusted to the TERS 

signals of MoS2 on silicon substrate at the valley. The TERS enhancement ratio is determined to be 

1.6 by following equation: 

 

𝐸𝑇𝐸𝑅𝑆 =
𝐼𝑀𝑜𝑆2/𝑓𝑙𝑎𝑡 𝐴𝑢

𝐼𝑀𝑜𝑆2/𝑆𝑖
 

 

The deviation between calculation and the experiment can be due to the fact that an ideal sphere 

is assumed at the tip apex in the simulation. Whereas, in the practical situation the tip shape is 

more uncertain which may lead to different plasmonic enhancement.  

Determination of enhancement factor: According to equation 5.10, both near field and far 

field Raman signals are required to determine the real TERS enhancement. During the time of this 

investigation, it was not possible to acquire the far field Raman signal simultaneously due to 

instrumental limitations. However, the instrument was modified later to accommodate such 

experimental option which will be discussed in the next chapter. Thus, it is not practical to 

determine the true enhancement factor of the TERS measurement in this study. Nevertheless, the 

relative enhancement factor can be determined using TERS contrast (the ratio of Raman intensity 

of MoS2 on the highest enhanced area to the valley (on silicon)). The TERS contrast is determined 

to be 2.5. The illuminated area is 1.7 μm2 as discussed in section 5.3. The tip cross section is 

determined from 𝜋𝑅2, with 𝑅 = 30 nm. The relative enhancement factor is therefore determined 

from equation 5.10 as  

 

 

5.13 

5.12 
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𝐸𝐹𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 2.5
1.7 × 10−12𝑚2

2. × 10−15𝑚2
= 1517 

 

5.6: Investigation of localized strain      

In order to quantify the strain in MoS2 on top of gold triangles seven spectra are taken from the 

TERS image as shown in Figure 5.12a. Each spectrum is averaged over the circle areas on the 

triangles and the valley. TERS spectra are presented in Figure 5.12b after the background 

subtraction. Depending on the excitation wavelength, the Raman spectra of MoS2 show different 

profiles. As discussed in section 5.3, 2H-MoS2 has four first-order modes denoted by E2
2g, E1g, E1

2g, 

and A1g. However, in resonant Raman conditions (with excitation close to the optical band gap), a 

number of additional features are also excited.  In this investigation, as many as seven second-

order Raman modes are observed in the measured spectral range. Therefore, the TERS spectra 

 

Figure 5.12: TERS image shown in Figure 5.10c (a). Raman spectra are taken from areas marked by circles and 

displayed in (b). The spectra are presented after background subtraction. Raman spectra are deconvoluted 

using Voigt functions (c). Fitting parameters are described in Figure 5.8.    
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were deconvoluted with nine peaks. The as measured spectra and the fitted peaks are displayed in 

Figure 5.12c. The fitting procedure was carried out using a Voigt function with the base parameters 

determined in section 5.2, Figure 5.8. The additional features were measured previously and their 

origin was discussed.113, 232, 272-276The origin of the Raman band around 378 cm-1 is the in-plane 

phonon, E2g at the M point of the Brillouin zone (BZ).232, 272 Some reports also term it as the 

Davydov splitting of the phonon of E2g (Γ) mode at 383 cm-1.113, 273-274 The band around 390 cm-1 is 

a Raman-inactive, E1u mode in bulk MoS2 excited due to resonant condition.  The origin of the 

Raman band around 409 cm-1 is at the proximity of M point in the BZ scattering from A1g phonon 

analogous to the mode E2g (M) at 378 cm-1.113, 232, 274 The frequency around 420 cm-1 is attributed 

to a two phonon process involving a successive emission of a dispersive longitudinal quasi-acoustic 

(QA) phonon and a dispersionless transverse optical (TO) phonon along the c-axis.275 The broad 

feature centered at 450 cm-1 is a convolution of three phonon vibrations. The mode around 440 

cm-1 is attributed to E2g (Γ) + A1g (Γ).232 Whereas, the frequency mode around 450 cm-1 involves 

two phonons of the longitudinal acoustic branch with opposite momenta at the M point of BZ; 

hence denoted by 2 LA (M).276 The third mode around 466 cm-1 is assigned to the combined phonon 

of E1g (Γ) + XA (M)272 or infrared active A2u mode.277 

A notable observation about the fitting is the absence of the A1g (M) mode in the valley. During 

fitting only peak intensities above the noise level are considered. Additionally, if the absence of any 

of the mode does not affect the fit convolution, then that particular peak is neglected in the fitting. 

In this regard, A1g (M) is avoided in the vicinity of A1g (Γ). This is probably because the 

enhancement in the valley is rather weak. Therefore, it is not possible to resolve the mode. But the 

 

Figure 5.13: Fitted peak position of two first order Raman modes (a) and A2u mode (b). The black dashed line 

is the averaged peak position in each case.    
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scenario changes in case of the enhanced spots, where both out-of-plane peaks are fitted. The fitted 

peak positions of both first-order Raman modes are displayed in Figure 5.13a. The averaged 

frequency shift of the E2g (Γ) mode at the corners of the triangles with respect to the valley is 

measured to be (2.6 ± 0.7) cm-1; equivalent to 0.9 % strain in the material.71 The averaged frequency 

shift observed for A1g (Γ) is 0.2 cm-1 and is within the error limit of the fitting. Therefore monitoring 

strain in MoS2 using A1g (Γ) mode was avoided in this study. As reported by Lloyd et al.,71 the strain 

vs. A1g (Γ) peak shift rate is -0.7 cm-1/% for trilayer MoS2, which is significantly less sensitive to the 

applied strain compared to in-plane E2g (Γ) mode (-3 cm-1/% for trilayer). Moreover, the out-of-

plane A1g (Γ) mode is more sensitive to doping via electron-phonon coupling (EPC) due to its 

phonon symmetry;278 by contrast, the in-plane E2g (Γ) shows low sensitivity to EPC due to doping. 

In this case, the MoS2 film is deposited on gold nanotriangles and probed by a gold tip during 

TERS. It is known that both Raman and PL emission in MoS2 are influenced by the choice of the 

substrate. Buscema et al.279 showed that both the Raman mode A1g (Γ) and the PL emission of MoS2 

on gold are blue shifted compared to an insulating substrate and related the effect to direct charge 

transfer from MoS2 to gold. Therefore, it is possible that strain and doping effects partially cancel 

each other out in the frequency shift of A1g (Γ) mode. The red shifting and the higher sensitivity to 

the biaxial tensile strain of the in-plane E2g mode can be explained by the phonon mechanism of 

this peak. E2g mode involves longitudinal motion of Mo and S atoms in opposite directions in the 

basal plane. With increasing strain, in-plane lattice constants are increased. As a consequence, the 

long-range coulomb interaction between Mo atoms decreases and thus the E2g mode softens with 

increasing strain. Figure 5.13b shows the fitted position of the Raman mode around 465 cm-1. This 

particular mode is important for the investigation discussed in the next chapter. The mode is 

shifted by 1 cm-1 under 0.9 % of biaxial strain.    

The next task of this investigation is to study the strain distribution in the MoS2 film. To accomplish 

this task, a second-order derivative (SOD) image is prepared from the AFM topography 

simultaneously obtained during TERS imaging (Figure 5.14). A freeware image processing 

software, gwyddion, 280 is used to obtain the SOD image by taking the second derivative along the 

2D plane of the topography with respect to the height. Therefore, the SOD image corresponds to 

the local curvatures, i.e. the bending of the MoS2 film. The brightest spots are representing the 

highest curvature and thus largest strain in the film. Figure 5.15a shows the averaged spectra taken 

from the circular spots shown in SOD image in Figure 5.14a. As can be seen, there is a red shift of 

the E2g mode with respect to the valley that suggests larger strain on these bright spots. In order to 

quantify the strain, the spectra were deconvoluted using the same method as described above. The 

fitted spectra are presented in the Figure 5.15b. The deconvolution shows nice fitting of the as 

measured spectra. The fitted frequency positions of the two first-order modes are presented in 

Figure 5.15c.  As expected, a larger frequency shift is observed in this case. The average frequency 

shift from area one to eight is (3.8 ± 0.7) cm-1. This is higher than the shift observed on top of gold 
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Figure 5.14: Second order derivative image (a) of the AFM topography simultaneously obtained during TERS 

imaging (b). A freeware image processing software, gwyddion is used to obtain SOD image. The topography 

image is differentiated along 2D plane with respect to the height using the formula, 𝑆𝑂𝐷 =
𝑑2

𝑑𝑥2
,
𝑑2

𝑑𝑦2
(𝑧). The 

circles are the area from where Raman spectra are acquired to quantify strain in MoS2 film (see Figure 5.15).  

 

Figure 5.15: The TERS spectra (a) taken from the corresponding circles in the SOD image shown in Figure 5.14. 

The deconvoluted peaks of the spectra shown in (a) (b). The fitting procedure is the same as mentioned in 

previous subsection. The fitted peak position of the E2g and A1g mode (c). The black dashed line shows averaged 

peak position from area one to eight of E2g mode).  
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triangles. The highest frequency shift is observed in case of spots 9 and 10. These two spots are 

brighter than others which implies a larger degree of curvature. On these two spots the frequency 

shift is (4.2 ± 0.8) cm-1 that is equivalent to 1.4 % strain in the film.  

 

5.7: Influence of local heating in TERS spectra 

One of the key parameters of a TERS measurement is to quantify the local heating effect which 

would cause an additional shift in the Raman spectra. Upon excitation, metal nanocrystals (NC) 

generate high energetic electrons. The oscillations of these electrons are called plasmons. These 

carriers are often termed as ‘hot’ electrons since their energy is larger than the thermal activation 

energy at room temperature. The hot electrons are confined in a small region of space in NCs due 

to the geometry of the system (also known as hot spots) and enhance the electric field strongly 

around it. The plasmonic relaxation is a non-radiative process and thus generates heat. Therefore, 

 

Figure 5.16: Temperature dependent Raman spectra of 3L MoS2 on a SiO2/Si substrate (a). As can be seen all 

modes shift to lower frequencies with increasing temperature. The fitted peak positions and the linear fit of the 

Si peak with respect to temperature (b). The fitted peak positions of MoS2 peaks and the fitting with respect to 

temperature (c). A Voigt function is used for the fitting with a spectral resolution of 1 cm-1.  
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these hot carriers stimulate heat generation in the hot spots leading to local heating. Hence, it is 

very much possible that the probed material undergoes local heating effects. The local temperature 

in a TERS experiment can rise up to 100 °C281-282 even though theoretical simulations predicted as 

much as 300 °C.283 In order to determine any local heating effect in this investigation, additional 

experiments were carried out to determine the temperature coefficient of MoS2. For this purpose, 

a 3L-MoS2 was prepared on a SiO2 (280 nm) /Si substrate. Raman spectra of this sample were then 

acquired over a range of temperatures from 173 K to 373 K with a step size of 25 K. A THMS600 

microscope stage from Linkam Scientific (operating range of -196 °C to 600 °C with an accuracy of 

0.01 °C) was used for the temperature variation. The whole experiment was performed in nitrogen 

atmosphere. A LabRam HR 800 spectrometer was used for the experiment. The Raman spectra 

were acquired using the 514.7 nm excitation line and the scattered signals were dispersed onto a 

Symphony II CCD detector by a 2400 l/mm grating. The laser power was 940 μW determined 

under the 50x LWD objective. The measurement was performed starting from the lowest 

temperature and gradually increased to the highest point. During each incremental step, the 

waiting time was 10 minutes in order to stabilize the temperature. The measured Raman spectra 

of the sample at different temperatures are presented in Figure 5.16a. Parallel to the Raman modes 

of MoS2, the TO phonon of Si was also recorded for calibration purposes. The frequency difference 

between the two modes of MoS2 at room temperature was determined to be 24 cm-1; an agreement 

with the presence of 3L as discussed above. As can been seen all the modes are softened as the 

temperature rises from 173 K to 373 K.  Voigt functions were used to fit all the spectra using the 

spectral resolution of 1 cm-1. The FWHM of the Si peak (Lorentzian peak) at room temperature is 

determined to be 2.6 cm-1; in very good agreement with the result by Cardona et al. 284 Figure 5.16b 

shows the fitted peak position of Si with respect to temperature. The linear fit gives a slope of (0.02 

± 0.001) cm-1/K. The temperature coefficient of the Si peak also agrees nicely with literature.285 

Figure 5.16c displays the fitted peak positions of MoS2 and the linear fit of them. The slope of both 

fits gives an equal value of (0.014 ± 0.0001) cm-1/K. Compared to the literature, in few layers MoS2 

it was rigorously established by several independent groups that the temperature coefficients for 

both modes E2g and A1g are in the same range (in the order of 1.5 x 10-2 cm-1/ K). 286-290 This is due 

to the fact that TMDCs layers are held together by a weak van der Waals interaction. Therefore, 

with increasing temperature, interlayer coupling is affected in the same way to the lattice 

expansion. Thus, the temperature coefficients of the both the in-plane E2g mode and the out-of-

plane A1g mode are in the same range.  

If one now looks closely on the TERS image in Figure 5.12a, it is evident that the hot spots are 

created at the three corners of the gold NTs resulting in the strongest TERS intensities. Therefore, 

most local heating should be generated on those corners. If there is any local heating effect, then 

this must produce similar peak shifts for both modes. Figure 5.13a shows relatively large frequency 

shifts for the E2g mode (2.6 cm-1) but only negligible changes (within the error bar) of the A1g mode 
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(0.2 cm-1). Therefore, the thermal contribution to the frequency shifts should be negligible. 

Moreover, the shifts measured in the higher curvature areas of Figure 5.15 are valid points to 

discard the local heating effects as a significant contributor since hot electron induced thermal 

influence on those areas should be much less. Thus, one can conclude that local heating has a 

negligible impact on these tip-enhanced Raman spectroscopy results. Hence, the observed 

phenomenon is mainly dominated by the local strain which explains the selective shift of the E2g 

mode. A similar conclusion can be made for the SOD image in Figure 5.14 and 5.15 where the 

frequency changes of E2g mode are even larger than that for the A1g mode. Therefore, it can be 

justified that the peak shifts are solely due to strain effects. 

 

5.8: Summary 

In summary, thanks to the remarkable spatial resolution of TERS, it is possible to map 

heterogeneous strain in MoS2 mechanically deposited on a nanostructured Au substrate, with peak 

values reaching up to 1.4 %. It is found that the regions of maximum local strain correspond to the 

regions of maximum topographic curvature extracted from AFM measurements. These results 

imply that in optoelectronic device applications, beyond the energy level alignment in MoS2/metal 

contacts, also the strain-induced effects induced by a patterned substrate must be taken into 

account, which will significantly impact the local properties of this promising 2D material. 
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Chapter 6 

TERS study of local heterogeneities of 

MoS2: Strain and doping 

Most of the work discussed in this chapter is published in Nanoscale,  
10, 2018, 2755 

This is the continuation of the previous chapter. With the help of the knowledge gathered in the 

previous chapter, a local doping effect in monolayer MoS2 is decoupled from the biaxial strain. 

Instead of gold nanotriangles, gold nanocylinders of similar height on silicon are used as the 

plasmonic substrate. The combination of gold nanocylinders – gold tip gives a strong enhancement 

of the electric field in the hot spots using 785 nm excitation. This phenomenon induces 

unprecedented hot electron doping in 1L-MoS2 leading to a structural change.   

 

6.1: Introduction and motivation 

The ability of noble metal nanostructures to manipulate the light at the nanoscale empowers them 

with high potential of applications in a wide range of disciplines (summarized in these 

reviews).291-292 The light – matter interaction is performed in the form of collective oscillation of 

charge carriers in a confined system known as localized surface plasmon resonance (LSPR) in 

metal nanostructures. Once excited with a suitable laser, LSPR confines the electric field in a deep 

subwavelength scale leading to unprecedented enhancement of the local electric field. Therefore, 

plasmonic structures are used extensively in the field of amplification of fluorescence, infrared 

absorption, and Raman scattering. 293-294 As discussed in the previous chapter, the principle of 

TERS is based on LSPR of a sharp metallic tip which controls both the spatial resolution and the 

sensitivity of the measurement. However, while performing TERS by creating hot spots between 

tip and the sample substrate, both the sensitivity and spatial resolution can be drastically 

improved. Another parameter which also controls the sensitivity and spatial resolution in TERS is 

the molecular response to the confined field.258 Therefore, this fairly new technique mainly focused 

on organic molecules 191, 295-298 which have high TERS cross-sections due to their superior 

absorption coefficient. An enhancement factor (EF) exceeding 107 was achieved in TERS 

experiments on certain sorts of organic compounds299-301. Also a lateral resolution below 2 nm 
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using ambient TERS301-303 was demonstrated. However, also inorganic materials such as CdS,304 

Si 247, 305-308, GaN, 309 GeSi 310-311 GaAs, 312 Fe2O3, 313 and CdSe 314 were studied using TERS in the 

past few years. 

Very recently, TMDCs also became the subject of tip enhanced optical spectroscopy.315 Due to the 

strong confinement in monolayer thickness, structural inhomogeneities such as defects, doping, 

and strain can greatly influence their photoresponse as revealed by TERS.249-250, 316-318 However, 

the TERS sensitivity is one of the major issues that may hinder the in-depth study of these 

materials. In this chapter, an approach to improve both the sensitivity and the spatial resolution of 

the TERS experiment are discussed. An array of gold nanocylinders on silicon was used as the 

substrate. The TERS tips were fabricated by in-house facilities. Coupling between a gold 

nanocylinder and the gold tip gives an unprecedented Raman enhancement from 1L-MoS2 with a 

very high spatial resolution in TERS imaging.  

Another important aspect of this study is the investigation of plasmonic hot electron induced 

structural phase transition in MoS2. Due to the very unique physical properties, MoS2 monolayers 

attracted intense interest in the field of optoelectronics.135 However, the light matter interaction 

cross section is small due to its atomic layer thickness. Therefore, coupling with plasmonic 

antennas is a popular approach to enhance the photoresponse.319-320 It is, however, shown in this 

investigation that plasmonic coupling not only increases the light sensitivity but also modifies the 

 

Figure 6.1: SEM image of the gold nanocylinders (a). The diameter of the cylinders is (110 ± 10) nm. The pitch 

is 150 nm. AFM topography of the nanocylinders (b). The height profile of the gold cylinder along the cross 

section marked by a red line is shown in the inset of the topography. The height of the cylinders is 50 nm 

approximately.   
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phase in MoS2. Due to the strong interaction between the excitation wavelength and the effective 

LSPR in TERS, the monolayer MoS2 undergoes a heavy plasmonic hot electron doping which 

induces a structural phase transition from semiconducting to metallic MoS2. Owing to the very 

high spatial resolution in the TERS measurement, it is possible to locate those doping sites.  

 

6.2: Experimental details 

Preparation of plasmonic substrate: Uniform periodic gold nanocylinder arrays of a 

dimension of 10 x 10 μm2 and a period of 150 nm were fabricated on (001) oriented silicon 

substrates by a direct write electron beam lithography process. The electron resist (polymethyl 

methacrylate 950 K) deposited on the silicon substrate was structured with an electron beam (20 

kV, Raith-150, Germany). The patterned resist was then covered by a 5 nm thick film of titanium 

and 50 nm thick film of gold. The remaining resist was removed by a lift-off process in 

dimethylformamide to obtain isolated gold nanocylinders. Details of the preparation and 

characterization of the plasmonic substrate can be found in Sheremet et al. 314 The size, shape, and 

ordering of gold nanocylinders were determined by scanning electron  microscopy (SEM) using the 

same Raith-150 system at an acceleration voltage of 10 kV, 30 μm aperture, and 6 mm working 

distance and atomic force microscopy (AFM) in tapping mode AFM. Commercially available Si tips 

(NSG10 series) from TipNano were used for the AFM characterization. The nanocylinders have a 

diameter of (110 ±10) nm and the height of 50 nm approximately. Figure 6.1 shows typical SEM 

 

Figure 6.2: Optical image (a) and AFM topography (b) of the sample after transfer of a 1L-MoS2 flake onto the 

plasmonic substrate (a). 1L-MoS2 is marked by a circle in the optical image and a black dotted line is made along 

the border of the flake as the guide for the eye. 
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and AFM topography images of the plasmonic structure. The height profile is shown in the inset of 

the topography.    

Sample preparation: A monolayer MoS2 is transferred on to the plasmonic substrate following 

the procedure described in section 5.3, Figure 5.5. Figure 6.2 displays the optical and AFM 

topography images of the monolayer MoS2 transferred onto the plasmonic substrate.  

Determination of layer thickness: Raman spectroscopy is a powerful technique to determine 

the layer thickness of graphene and TMDC materials. It was already discussed in the previous 

chapter that the Raman spectra of MoS2 are strongly influenced by the variation of layer thickness. 

Therefore, by monitoring the frequency difference of the two first order Raman modes, (E2g and 

A1g) one can exactly determine the layer thickness. Figure 6.3a presents the Raman spectrum of 

the 1L-MoS2 sample. The spectrum was acquired using a Xplora plus Raman microscope from 

HORIBA. The sample was illuminated by 532 nm excitation of 105 μW laser power measured at 

the sample surface focused by a 100x, 0.9 NA objective. The scattered Raman signals were 

dispersed onto an EMCCD by a 2400 l/mm grating giving a spectral resolution of 1 cm-1. The two 

Raman modes of MoS2 were fitted by Voigt functions using the spectral resolution. The frequency 

difference from the fitted positions is determined to be 19.9 cm-1 and confirms the presence of 

monolayer MoS2.321 Since MoS2 has the very unique electronic property of changing the nature of 

the bandgap from indirect to direct in monolayer, a complementary photoluminescence (PL) 

 

Figure 6.3: Raman spectrum of the 1L-MoS2 sample (a). The frequency difference between the two modes of 

MoS2 is determined to be 19.9 cm-1 and confirms the presence of 1L-MoS2. Complementary PL spectra of the 

sample (b). The high PL yield is the confirmation of a direct band gap and thus also confirms presence of 1L-

MoS2. Both spectra are taken using 532 nm excitation of 105 μW power. For the Raman spectra a 2400 l/mm 

grating is used to disperse the Raman signal on an EMCCD. 
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measurement was also performed to confirm the monolayer thickness. The sample was excited by 

the 532 nm laser of 105 μW power at the sample surface. Figure 6.3b shows the PL spectra of the 

sample. Monolayer MoS2 is a direct band gap semiconductor with an optical band gap around 

1.9 eV. In this spectrum the PL peak is centered around 660 nm equivalent to 1.87 eV. The 

fundamental emission peak is called A peak in MoS2. Additionally, another peak called B peak is 

also observed originating from spin-orbit coupling and lies around 120 meV deeper than A peak.46 

The high PL yield confirms the nature of the direct bandgap, thus monolayer MoS2.  

TERS measurement: Measurements were performed on a NanoRaman Platform (HORIBA 

Scientific/former AIST-NT) consisting of an atomic force microscope (SmartSPM) combined with 

a Raman spectrometer (XploRA) in side-illumination geometry. The schematic of the TERS 

experiment is shown in Figure 6.4. Excitation and collection are realized through a long working 

distance objective (100, 0.7 NA) in the side illumination geometry. The angle of the incident and 

collected light is 65°.The laser focus is, therefore, non-symmetric and enlarges the illuminated area 

up to approximately 1.7 µm2. The incident light is p-polarized while non-polarized scattered light 

is detected. As discussed in the previous chapter, this geometry is favourable for TERS experiments 

because it provides stronger Raman scattering for vibrational modes polarized perpendicular to 

the surface 322  and oriented parallel with the tip axis. 323 TERS tips were prepared by in-house 

facilities and are discussed in section 6.3.    

An excitation wavelength of 785 nm was used for TERS acquisition with an incident laser power of 

approximately 3 mW at the sample surface. The scattered light was detected by an electron 

 

Figure 6.4: Schematic of the TERS set up for this investigation. Gold nanocylinders on a silicon is used as the 

substrate. Gold coated silicon cantilevers are used as TERS tips. Inset is the illumination/collection geometry 

with respect to the tip axis.  
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multiplying charge couple device (EMCCD) after dispersion using a 600 l/mm grating. The 

acquisition time for each TERS spectrum is 0.4 s or 0.5 s. In addition to the near field TERS 

mapping, the far field Raman signals were taken simultaneously using the same experimental 

parameters. This experimental condition was achieved via the “Dual spec” mode, a software 

modification of the instrument. In this mode, TERS spectra are acquired in the same way as 

described in the previous chapter. However, in each measurement point, immediately after 

acquiring the TERS spectra, the sample is brought down by 70 nm to acquire the far field Raman 

signal at that point. It was already discussed in the previous chapter that the evanescent field 

created at the tip apex due to the LSPR is exponentially decaying as the distance increases between 

the tip apex and the sample. Therefore, at 70 nm tip-sample distance, the near field contribution 

is negligible. On the other hand, the laser spot diameter is 1 μm approximately, meaning the sample 

is still in the focus center of it. Hence, the far field signal attenuation is minimal.        

 

6.3: Preparation of TERS tips 

One of the major issues of conducting TERS experiment, is the price of commercially available 

TERS tips. Due to their high cost, it is desirable to look for alternative options to prepare low cost 

highly reliable TERS tips. In this investigation, the TERS tips were prepared using in-house 

facilities. At first, commercially available Si cantilevers with a special tip orientation were bought 

from TipsNano (probe type: VIT_P series). The tips are oriented at an angle of 26° from the 

cantilever edge and are therefore suitable for laser alignment at the tip apex in the side illumination 

geometry. The average radius of the tip is 10 nm. The probes were coated with a gold film using a 

controlled evaporation in a high vacuum chamber. Gold deposition was performed by thermal 

 

Figure 6.5: A typical SEM image of a TERS tip prepared by evaporating Au on a silicon cantilever (a).  A 

magnified SEM image of a TERS tip revealing the formation of Au nanoclusters at and around the tip (b).  
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evaporation of gold from a boron nitride crucible. The base pressure in the vacuum chamber was 

kept at 10-6 mbar. The deposition rate was maintained at 10nm/min controlled by a quartz 

microbalance. The nominal thickness of the gold coverage was between 150 nm and 350 nm. No 

noticeable difference in TERS performance of the tips covered with different thicknesses of Au 

layers was found. Before Au evaporation, 20 nm of Ti was deposited on the Si tips. During the 

deposition processes the Si tips were heated up to 70 °C. 

Figure 6.5 displays the SEM images of the tips after gold deposition. Evaporation of gold commonly 

results in randomly distributed nanoclusters around the tip as shown in the magnified image in 

Figure 6.5b. The average size of the nanoclusters at the apex varies from 70 – 90 nm. The localized 

surface plasmon of these nanoclusters at and around the tip apex therefore acts as the nano-optical 

source for TERS signals.324        

Before performing TERS with these tips, it is essential to know how the tip size would influence 

the measurement. Especially the general understanding is that the local field enhancement has 

opposite trend to the size of the tip radius. Therefore, the spectral response of the local field 

distribution around the tip apex is calculated for various tip radii using the COMSOL simulation 

tool. The simulation was performed in the gap mode TERS configuration with a tip-sample gap of 

1 nm. Figure 6.6a presents the mesh image of the tip-sample system used for the simulation. The 

meshing parameters are the same as discussed in the previous chapter. Due to the high meshing 

resolution in the narrow regime between the tip and the sample, the simulation can reliably 

 

Figure 6.6: Mesh image of one the tip-sample systems used in the calculation (a). The red dot is the position 0.1 

nm below the tip apex from where 𝐸𝑙𝑜𝑐 is calculated at each tip radius. The spectral response of 𝐸𝑙𝑜𝑐 at different 

tip radii (b). With increasing tip size, the LSPR shifts to higher wavelength. Additionally, the amplitude of the 

local electric field at LSPR also increases.  
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calculate the electric field in the gap. The spectral response of the electric field with respect to 

different tip radii is shown in Figure 6.6b. The electric field amplitude is taken 0.1 nm away from 

the tip apex towards the sample as shown by a red dot in the mesh image. Interestingly, the 

amplitude of the local electric field at resonance condition increases with increasing radius of the 

tip, even though the spectral position of the LSPR shifts towards the red region. The phenomena 

can be explained by surface scattering, and volume radiation damping. 325-327 In the case of a sharp 

metallic tip, the lightening rod effect dominates the local field enhancement (independent of 

LSPR).328  With the increase of the tip radius, this effect weakens and both surface scattering and 

radiation damping start to increase. However, up to a certain tip radius surface scattering is 

stronger than radiation damping. Therefore, the local field enhances with increasing tip radius at 

LSPR. Additionally, due to dimensionality effects, the spectral position moves to larger 

wavelengths. In the case of a gold coated silicon tip and gold substrate system, Meng et al. 327 

reported that the local field can continue to increase up to 80 nm of tip radius. A similar trend is 

also observed in this investigation. However, the local field enhancement with increasing tip radius 

comes with the sacrifice of spatial resolution as discussed in section 5.2 (equation 5.6). Thus, a 

compromise needs to be made between the enhancement and spatial resolution.  In this 

investigation, therefore, home built TERS tips are used with an excitation wavelength of 785 nm to 

get the benefit of higher electric field enhancement as suggested by the simulation results. In total 

five tips were produced using the same preparation techniques mentioned above. All the tips 

showed similar TERS enhancement behaviour on the 1L-MoS2/plasmonic heterostructure used in 

this investigation.   

 

 

Figure 6.7: High resolution representative SEM images of the Au nanocluster array with monolayer MoS2 

stamped on the sample surface (a). The pitch is 150 nm (solid line) and the cluster diameter is 110 nm shown 

by a dashed line. Typical AFM topography (b) and phase images (c) of the same sample. The surface 

heterogeneities are clearer in the phase image than topography.  
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6.4: Morphology study of the heterostructure 

Fig. 6.7a presents a high-resolution SEM image of the MoS2 monolayer deposited on an Au 

nanocylinder array by the deterministic transfer method. The period and the size of the Au 

nanocylinder pitch and diameters can be easily determined due to the transparency of the MoS2 

monolayer for the electron beam and amount to 150 nm and (11010) nm, respectively. The SEM 

image reveals bright strands between the Au nanocylinders originated from MoS2 monolayer 

wrinkles. The AFM topography and phase images of the MoS2 monolayer are presented in Figure 

6.7b-c, respectively. As one can see from the topography image, MoS2 covers the Au nanoclusters 

array, precisely replicating the array morphology (in agreement with the SEM image). However, 

MoS2 wrapped around Au nanocylinders causes uncertainties in size and shape of this cylinders 

and reduces the height contrast in the topography image to 35 nm in comparison with the value of 

50 nm for bare Au nanocylinders. The phase image being very sensitive to mechanical properties 

of materials via adhesive interaction between tip and sample reveals the surface gradient 

representing the folding of MoS2 monolayer in the areas between Au nanocylinders. 

 

6.5: Micro Raman study of the heterostructure 

The excitation wavelength of 785 nm (1.58 eV) used in TERS experiments is below the optical 

bandgap of monolayer MoS2. Raman scattering from a monolayer MoS2 under below bandgap 

 

Figure 6.8: Micro-Raman spectra of monolayer MoS2. The green spectra was acquired on the heterostructure 

excited by 532 nm and red spectra was acquired on Au substrate excited by 785 nm (see text). The Raman 

spectrum taken at 785 nm is multiplied 1000 times for better presentation. 
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excitation can be significantly different than that for above bandgap excitation. Therefore, before 

performing TERS on such heterostructure, it is important to study the effect of excitation 

wavelength on the Raman spectra of MoS2. The excitation energy dependent micro-Raman spectra 

of the heterostructure are presented in Figure 6.8. The strong peak around 520 cm-1 at 532 nm 

excitation is due to Raman scattering by the optical phonon in the Si substrate. The two other most 

pronounced modes in the Raman spectra are from monolayer MoS2 and the origin of them was 

discussed in the previous chapter. The strong Raman band at 405.2 cm-1 refers to the out-of-plane 

A1g mode and the weaker peak at 385.3 cm-1 is assigned to the in-plane E2g mode. In addition to 

these well-known optical phonon modes, there are two weak second-order bands appearing near 

455 cm-1 and 465 cm-1 originating due to resonance condition (above band gap excitation). The 

first second-order Raman process involves the longitudinal acoustic phonons at the M point of the 

Brillouin zone denoted by 2LA(M)277, 329 . The other mode at 465 cm-1 is a infrared active A2u mode 

277 or combinational E1g(Γ) + XA mode.272 

When excited with 785 nm wavelength (below band gap excitation) no micro-Raman signals were 

observed from a monolayer MoS2 either on Si substrate or gold nanocylinders. However, the 

situation changed when a gold substrate is used as shown in Figure 6.8. The E2g mode can be seen 

in the Raman spectrum of 1L-MoS2 while the intensity of the A1g mode is significantly suppressed. 

Additionally, the intensity of the E2g at this excitation is much weaker (by a factor of 2·103) 

compared to the intensity measured at the excitation wavelength of 532 nm. This can be 

understood by the fact that the 785 nm (1.58 eV) wavelength is smaller than the band gap of 

monolayer MoS2 (1.87 eV) in accordance with the results reported in literature.330 The reason of 

the supressed intensity of the A1g mode can be related to the origin of this band. Yang et al.331 

reported that the A1g mode can only be excited via electron-phonon exchange interplay. In the case 

of below band gap excitation such exchange interplay is avoided; therefore, A1g is supressed.  

 

6.6: TERS imaging of the heterostructure 

A TERS spectrum of a monolayer MoS2 on the heterostructure using 785 nm excitation is presented 

in Figure 6.9a. For comparison the magnified micro-Raman spectra using the same excitation laser 

line shown in Figure 6.8 is also included. As can be seen the Raman spectrum of a monolayer MoS2 

on the heterostructure changes dramatically in the TERS configuration.  The E2g mode, which is 

prominent in conventional Raman spectra under non-resonant conditions, vanishes in the TERS 

spectra. Whereas the intensity of the A1g mode is strongly enhanced. This remarkable enhancement 

of the A1g mode can be explained by 1) selection rules due to experimental configuration and 2) 

strong plasmonic coupling between MoS2 and Au nanocylinders. In this TERS experiment, the 

polarization of the incident light is directed along the Au tip and predominantly perpendicular to 

the sample surface. Therefore, it only enhances out-of-plane modes (including the A1g mode)  

Raman tensors of both E2g and A1g modes of MoS2 are discussed in Appendix A-3 to explain TERS 

selection rules. 
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according to the TERS selection rules.323 On the other hand, it was already demonstrated by several 

groups that monolayer MoS2 has a strong coupling to plasmonic nanostructures via hot electrons 

injection. 67, 209, 332-333 Due to the suitable barrier height at the Au/MoS2 interface, plasmonic hot 

electrons can easily be injected into the conduction band of MoS2.67 This injection of electrons leads 

to the modification of photoluminescence, Raman spectra, and reversible structural change. 

However, hot electron doping is the most probable case which leads to strong electron-phonon 

coupling. Therefore, the A1g mode can be excited via such exchange correlation.  A strong 

 

Figure 6.9: A representative TERS spectrum of 1L-MoS2 on Au nanocluster array using 785 nm excitation and 

homemade Au coated silicon tips (a). For comparison 10000 times magnified micro-Raman spectrum of 

1L-MoS2 on flat Au surface using the same excitation is included. A spatial map of the Raman intensity of the 

A1g mode (b) and far field Raman map of the same area taken simultaneously (c). Both TERS and far field maps 

are acquired within the area marked by a shaded rectangular box around A1g mode in (a). The corresponding 

AFM topography of the TERS map (d). The topography is superimposed by the maximal intensity map shown 

in (b). The area marked by white dashed line in TERS image is used for higher resolution mapping shown in 

Figure 6.12. 
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enhancement of the A1g mode by a factor of 4x105 is obtained from the comparison of the mode 

intensity derived from TERS and micro-Raman spectra. 

Additionally, another mode is enhanced at 461.7 cm-1. The origin of this mode is debatable as 

different groups assigned this mode to either a combination of E1g(Γ) + XA 272or infrared active A2u 

mode.277 However, the appearance of this mode in the TERS configuration indicates that the 

notation of infrared active A2u mode is more probable. This is due to the fact that the infrared active 

A2u mode can appear in the TERS spectra via a strong electric field gradient effect which leads to 

the activation of forbidden infrared modes in a material placed near a metal surface. 334-335 

To get detailed information about the heterostructure, a representative TERS image of the A1g 

mode of the MoS2 monolayer (shown in Figure 6.9a) is acquired and presented in Figure 6.9b. A 

far field Raman map is also acquired simultaneously and is shown in Figure 6.9c. The far field map 

is taken from the same area of the spectral dispersion in Raman spectra of the heterostructure as 

taken for the TERS map. No MoS2 mode is observed under far field condition. This is 

understandable since the 785 nm excitation is below the band gap of 1L-MoS2 as discussed in the 

previous section. The corresponding topography image is shown in Figure 6.9d. The spectral 

acquisition time is 0.4 s with a step size of 10 nm over an area of 0.7 x 0.7 μm2. Figure 6.9b reveals 

that the TERS signal forms the pattern of ordered rings. A superposition of the TERS image on the 

corresponding topography shows that the rings perfectly coincide with the Au nanocylinders. This 

indicates that the TERS signal predominantly originates from the edges of the Au nanocylinders. 

The TERS signal from the ring areas is enhanced by a factor of 103 compared to the intensity of the 

TERS background signal which is taken from the area outside of the rings. Obviously, such a strong 

TERS contrast is due to a strong electromagnetic field localized near the edges of the Au 

nanocylinders induced by surface gap plasmon modes. The TERS enhancement is proportional to 

𝐸4, 336 (here 𝐸 =
𝐸𝑙𝑜𝑐

𝐸𝑓𝑎𝑟
⁄ ) and corresponds to an amplification of the electric field magnitude in 

the gap between the AFM tip and the Au nanocylinder. The TERS images derived for the MoS2 

monolayer on Au nanocylinders correlate with the ring-like spatial distribution of plasmonic 

modes in Au nanocylinders calculated numerically337 and determined using scanning near-field 

optical microscopy.338-339 

 

6.6.1: Determination of spatial resolution:   

To achieve an ultimate spatial resolution, an area of 200 nm х 200 nm with strong TERS signals 

in Figure 6.9b was chosen for high resolution TERS mapping. The step size of the mapping was 2 

nm meaning each pixel size of the TERS image in Figure 6.10a is 2 x 2 nm2. The spectral acquisition 

time was 0.5 s. The image represents the shape of an opened ring with a maximal TERS intensity 
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at the internal ring diameter. Deviation of the TERS image from the ring shape is most probably 

due to the surface topography of the MoS2 monolayer covering the Au nanocylinder with a non-

ideal cylindrical shape. A high-resolution AFM image was taken from the same area immediately 

after the TERS mapping  (Figure 6.10b) to establish this hypothesis. As can be seen in the 

topography, MoS2 reveals a deformed shape which deviates from the cylinder like structure. To 

better understand the effect, the TERS image is superimposed on the topography and presented in 

Figure 6.10c. The superimposed image reproduces nicely the main features of the TERS map and 

confirms this assumption. To determine the spatial resolution of the image, ten TERS profiles were 

taken along the radial line of the internal ring as shown in Figure 6.10a. The TERS profiles and 

their average are presented in Figure 6.10d. A FWHM of (2.30.3) nm is determined from the best 

 

Figure 6.10: High resolution TERS map of the A1g mode of 1L-MoS2 on Au nanocylinders (a). A step size of 2 

nm is used in the imaging. Corresponding AFM topography taken immediately after the TERS imaging (b). For 

better understanding of the TERS map, intensity image is superimposed on the topography (c). TERS profiles 

along the radial line of the inner circle (d). The profiles are taken along the lines marked by open circles in (a). 

The average line profile is shown by red balls joined by a red line and the Gaussian fit is shown by blue balls 

connected by blue line. The FWHM is determined to be 2.3 nm.  
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Gaussian fit of the averaged TERS profile. This is a very good TERS resolution considering the fact 

that the tip radius was in the range of 40 nm (cluster size 80 nm). According to equation 5.6, for 

an Au-Au system, the width of the confined electric field would be 12.7 nm for a tip-sample distance 

of 1 nm. Since the TERS intensity is approximated by 𝐸𝑙𝑜𝑐
4  (see equation 5.8), the TERS spatial 

resolution can be calculated as 2√𝑅𝑑
4

≈ 5 nm for a tip-sample distance of 1 nm. This is a very good 

agreement to the experimentally determined spatial resolution. Note that, the slight deviation 

between the experiment and simulation can arise from several reasons. In this investigation TERS 

experiment were performed when the tip makes contact with the substrate. Therefore, the 

resolution should be higher. Moreover, the SEM image of the Au tip shown in Figure 6.5 reveals 

that Au forms clusters around the tip apex. Thus, the size and shape of the cluster participating in 

the TERS imaging may be smaller than the assumed size of 80 nm and can give better resolution.  

 

6.6.2: Determination of enhancement factor: 

The maximum TERS intensity of the A1g mode of 1L-MoS2 on the Au nanocylinder array derived 

from the TERS image (Fig. 6.10a) reaches a value of 1.6x103 cts/mW/s (2.4x103 cts per 0.5 s per 3 

mW). Both maximum TERS intensity and the far field Raman signals are presented in Figure 6.11. 

A quantitative estimation of the TERS effect can be performed using the TERS contrast and the 

TERS enhancement factors defined previously.298, 340-342 The TERS contrast which determines the 

quality of TERS images and evaluates the ratio of the local and far-field signals is estimated as the 

intensity ratio of the Raman signal with tip down (𝐼𝑇𝐸𝑅𝑆) and tip up (𝐼𝑅𝑎𝑚𝑎𝑛).298 In this 

 

Figure 6.11: Comparison of TERS spectra taken from hot spots shown in Figure 6.10a and far field Raman signal. 

Calculated local electric field distribution around the tip for Au-1L-MoS2-Au system at 785 nm excitation (b). 

The definition of E is given in Figure 5.1. Spectral response of the local field for the same system (c). The local 

field is taken from 0.1 nm below the tip apex for each wavelength. Black arrow is the position of dipole and 

violet arrow is the position of absorption edge of MoS2. For comparison Au-Au system of 40 nm tip radius is 

included. 
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investigation, tip down and up situations are altered by the sample in contact with tip and down 

by 70 nm, respectively. Thus, 

𝐶𝑜𝑛𝑡𝑟𝑎 𝑡𝑇𝐸𝑅𝑆 =
𝐼𝑇𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
⁄ = 1.6 × 103/ 1.3 = 1.2 × 103 

 

Now, using the equation 5.10, one can calculate the TERS enhancement factor (𝐸𝐹) as:  

 

𝐸𝐹 = C𝑜𝑛𝑡𝑟𝑎 𝑡𝑇𝐸𝑅𝑆 ×
𝐴𝑓𝑜𝑐𝑢𝑠

𝐴𝑡𝑖𝑝
= 1.2 × 103 ×

1.7 × 10−12

5 × 10−15
= 4.0 × 105 

 

where 𝑅 =40 nm. However, in this case, the TERS signal originates from the hot spots having a 

size of the pixel 2 nm approximately, which is much smaller than the tip diameter. Therefore, the 

TERS enhancement factor induced by a hot spot (𝐸𝐹ℎ𝑜𝑡 𝑠𝑝𝑜𝑡) can be estimated as, 

 

𝐸𝐹ℎ𝑜𝑡 𝑠𝑝𝑜𝑡 = C𝑜𝑛𝑡𝑟𝑎 𝑡TERS ×
𝐴𝑓𝑜𝑐𝑢𝑠

𝐴ℎ𝑜𝑡 𝑠𝑝𝑜𝑡
= 5.1 × 108 

 

This is a giant value of enhancement factor. Interestingly taking into account the thickness of the 

MoS2 monolayer (0.7 nm) and the pixel size (2 nm), the scattering volume which induces such a 

strong TERS signal can be calculated and amounts to a tiny value of 2.8 nm3 (2x2x0.7=2.8 (nm3)). 

This scattering volume is much smaller than that of the majority of single inorganic 

nanostructures. This is very promising for studying vibrational properties of single nanocrystals, 

nanowires, nanorods etc. Moreover, the marked enhancement from this very small area indicates 

that there is a strong plasmonic interaction between the tip and the sample. Therefore, this is an 

ideal platform to study the plasmonic coupling effect in 1L-MoS2 with an unprecedented spatial 

resolution of 2.3 nm achieved in this investigation.   

In order to understand the TERS enhancement mechanism, the spectral response of the local 

electric field is calculated at the tip apex using the COMSOL simulation tool for a similar 

heterostructure. Figure 6.11b presents the local electric field distribution around the tip at 785 nm 

excitation and 6.11c displays the spectral response of the field for the same system. The tip radius 

was assumed to be 40 nm. For simplicity, the thickness of MoS2 was taken as 1 nm. The local 

electric field was collected from 0.1 nm below the tip apex for every wavelength in Figure 6.11c. The 

applied electric field was 1 V·m-1 along the tip long axis and the local electric field was calculated at 

6.1 

6.2 

6.3 
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every 5 nm step of excitation. The mesh parameter and the optical constants of the materials were 

the same as discussed in the previous chapter. As can be seen in Figure 6.11b-c, the local electric 

field is enhanced by a factor of 43 at the tip apex for 785 nm excitation. Comparing the plasmonic 

response of the two systems in Figure 6.11c one can see that the peak amplitude of the Au-MoS2-

Au is higher than the Au-Au tip-sample system. In the case of the Au-MoS2-Au system two distinct 

features can be visible originated from the surface plasmon dipole (marked by a black arrow) and 

the fundamental absorption edge of MoS2 – also known as A band (marked by a violet arrow).  

Even though the amplitude of the plasmon dipole of the Au-MoS2-Au system decreases with 

slightly red shifted energy position compared to the Au-Au system, it is the coupling between the 

A band of MoS2 and local field which increases the peak amplitude of the combined system. 

According to the equation 5.8, TERS enhancement is given by, 

 

𝐸𝐹 = 𝐸4 = (
𝐸𝑙𝑜𝑐
𝐸𝑓𝑎𝑟

)

4

= 434 = 3.4 × 106 

 

This is a good agreement to the experimental enhancement factor calculated in equation 6.3. 

Important to note that, in the simulation the tip radius was assumed to be 40 nm. However, in 

experimental condition the randomness of the Au clusters at the tip apex makes it challenging to 

determine the exact size and shape of the cluster participating in the TERS measurement. 

Additionally, the TERS experiments were performed when the tip was in contact; whereas 

simulation was performed at a tip-sample distance of 1 nm. Therefore, all these experimental 

conditions will influence the measurements and thus can cause the deviation observed between 

experiments and simulations.  

 

6.7: Investigation of local heterogeneities 

Several high resolution TERS images of the heterostructure were acquired using a step size of 5 nm 

and 0.4 s of accumulation time. Figure 6.12a displays one of the images taken over an area marked 

by a rectangle in Figure 6.9a. As can be seen from the image, the TERS intensity is not 

homogeneous within a single ring and reveals strong local enhancement predominantly at the 

edges indicating the formation of the hot spots. Nine spectra along a line profile of the Raman 

intensity map crossing the ring (green dotted line in Figure 6.12a) are presented in Figure 6.12b. 

The intensities of both A1g and A2u modes around 400 cm-1 and 460 cm-1, respectively, are steeply 

enhanced in the hot spot for pixel 5. The analysis of the phonon frequencies of the A1g and A2u 

modes show that they are site dependent. The frequency position of the A1g mode varies from 

6.4 
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400 cm-1 to 410 cm-1 on and outside of the nanocylinders as shown in Figure 6.12c. Due to the weak 

plasmonic coupling between the Au tip and MoS2 outside the Au cylinders, it is not possible to 

detect the Raman modes of MoS2 (very weak S/N ratio of the Raman modes). Therefore, areas 

outside the Au cylinders are shown as the white background in Figure 6.12c. Moreover, as can be 

seen from comparison of Figures 6.12a and 6.12c, the modes having lowest frequencies are 

observed from the areas which reveal a strongest TERS signal. The lower frequency position of the 

Raman mode originating from the hot spots is most probable due to 1) the heating of the MoS2 

flake in an intense electromagnetic field localized between the tip apex and the Au nanocylinder 

edge, 2) hot electron doping via plasmonic coupling, and 3) biaxial strain due to morphological 

deformation. In order to quantify all effects, the Raman shift of A2u mode is taken as the reference 

point of measure. This is because, firstly, temperature effects should be homogeneous for all peaks, 

and secondly, it is known for MoS2 monolayer that the out-of-plane A1g mode is strongly sensitive 

to electron phonon coupling due to its symmetry condition. Therefore, to simplify the situation the 

doping effect in A2u mode can be excluded. Hence, the peak shifts observed for this mode are due 

to heating and strain effect. The effect of strain on optical properties of a MoS2 monolayer in macro 

or micro scale has been studied extensively in the past few years. However, all the Raman studies 

 

Figure 6.12: TERS image of the area indicated in Figure 6.9a by a rectangle (a). TERS spectra measured from 

pixels 1 to 9 along the vertical line indicated in TERS image (b). A frequency map of the A1g mode of the same 

sample area (c). The white background shows the area where no phonon mode was detected. (d) TERS spectra 

measured from pixels 1 to 6 along the horizontal line indicated in image (c).  
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mainly concentrated on in-plane E2g and out-of-plane A1g modes. In the previous chapter, highly 

localized strain in 3L MoS2 in a MoS2/Au nanotriangle heterostructure was investigated using 

TERS. It is observed that a biaxial tensile strain of 0.9 % is induced in 3L MoS2 while following an 

edge of Au nanotriangle of a height of 50 nm. Since the height of the Au nanocylinders studied in 

the present case is the same as the nanotriangles, one can assume that the monolayer MoS2 would 

experience similar amount of strain while follow the edge of these cylinders. At this strain, a peak 

shift of 1 cm-1 is found for the Raman mode around 460 cm-1. Lloyd et al. 71 studied the biaxial 

strain gradient for different thicknesses of MoS2. They observed that the strain gradient is 1.7 (2.4) 

times larger for the E2g (A1g) mode while thinning from 3L to 1L MoS2. Since the A2u mode is also 

an out-of-plane mode, we choose the ratio of 2.4. Using this strain gradient ratio for 3L to 1L 

conversion, a peak shift of 1 cm-1 in 3L becomes 2.4 cm-1 in 1L MoS2. Now subtracting the strain 

contribution from the total peak shift of 4 cm-1 leaves a heat induced shift of 1.6 cm-1. The 

temperature dependent Raman spectra of MoS2 were discussed in section 5.7. It was observed that 

both in-plane and out-of-plane modes shift with the same rate with respect to temperature 

(0.014 cm-1/K) in accordance with previous literature. 286-287, 289 Therefore, the temperature rise in 

the hot spot is determined to be 110 °C (approx.).  

The strain induced A1g mode shift rate for 1L MoS2 is 1.7 cm-1/%. Hence, the A1g mode should shift 

by 1.5 cm-1 due to 0.9 % of biaxial strain. Now subtracting the strain + heating effect ((1.5 + 1.6) 

cm-1) from the total peak shift of A1g mode, we have an additional shift of 6.9 cm-1. This amount of 

peak shift can be correlated to hot electron doping via strong plasmonic coupling between MoS2 

and Au nanocylinders. Using the doping gradient of 0.26 ·1013 cm-2/cm-1 for the A1g mode in MoS2 

 

Figure 6.13: TERS image shown in 6.12a (a). Normalized TERS spectra recorded from pixels 1 to 5 marked by a 

white open circle (b). The Raman mode around 335 cm−1 indicating a phase transition in MoS2.  
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monolayer reported by Chakraborty et al. 278, the carrier concentration in MoS2 monolayer is 

therefore determined to be 1.8 · 1013 cm-2.  This is 3.2 times larger than what Yu et al. 332 observed 

(an injected electron density of 5.6 · 1012 cm-2). This high value of electron density can be due to 

the different experimental configurations used in these two experiments. First, in this study, a 

MoS2 monolayer is coupled to both Au nanocylinders and Au tip, meaning more probability of hot 

electron injection. Secondly in the case of Yu et al., hot electron injection was monitored by 

conventional optical spectroscopy. Hence, the signal from the MoS2 monolayer should be averaged 

over the area of the laser beam used. Therefore, it is possible to underestimate the value. One 

interesting observation of such doping in monolayer MoS2 is the phase transition from trigonal 

prismatic (2H) to octahedral structure as reported by Kang et al 209. In such case additional doping 

by hot electrons destabilizes the 2H crystal lattice and induces a reversible phase transition to the 

1T phase. In this TERS investigation a Raman mode around 335 cm-1 is observed which does not 

belong to 2H-MoS2. Moreover, the presence of this mode is site dependent as shown in Figure 6.12e 

(pixel 1 to 5 marked by open white circles). The highest intensity of this mode is observed at the 

positions where one can also observe highest intensity of A1g mode and vanishes away from the 

bright spots. According to literature, the 1T-MoS2 has Raman modes around 150 cm-1, 226 cm-1 and 

333 cm-1. 343 In these TERS spectra, the Raman mode is observed only around 335 cm-1. The other 

two modes are not detected due to the strong Rayleigh tail below 250 cm-1.  The observation of the 

1T-phase is a clear indication that those sites (hot spots) act as electron donor. Thanks to the 

extreme spatial resolution achieved in this study, such doping sites can be resolved.  

 

6.8: Summary 

Gap- plasmon TERS imaging of a MoS2 monolayer stamped on a gold nanocylinder array is studied 

using home-built TERS tips. A strong enhancement of the TERS signal of the A1g peak from a 

monolayer MoS2 is observed. The experimental enhancement factor is supported by theoretical 

simulation. However, the strongest enhancement factor of 5.1 × 108 is achieved at the circular ring 

of the cylinder where hot spots are created between tip and sample. An unprecedented spatial 

resolution of 2.3 nm is achieved in the TERS measurement.  Due to strong coupling between 1L-

MoS2 and the hot spots, a doping in the order of 1.8 × 1013 cm−2 is observed in MoS2 via plasmonic 

hot electrons.  Such doping causes a structural shift from the 1H to 1T phase. Thanks to the extreme 

resolution, it is possible to probe these doping sites. This investigation may provide a path to the 

selective control of structural phase change in MoS2 to reduce the contact resistance in a practical 

device application.   
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Chapter 7 

Summary 

Even though layered semiconductors are known for decades, their remarkable physical properties 

at atomic thickness (in 2D form) offer exciting potential in the field of nanotechnology.  For device 

applications such as nanoelectronics and optoelectronics, the stability of the materials is a 

prerequisite. In chapter 4, the environmental stability of ɛ-GaSe is addressed. It is shown that 

exfoliated monolayer GaSe is oxidized almost immediately. The oxidation process is self-limiting 

with a penetration depth of 3 layers taking approximately a time of 5 hours to reach that thickness.  

In chapter 5, heterogeneous strain in trilayer MoS2 mechanically deposited on a nanostructured 

Au substrate is mapped. The peak values of strain reach up to 1.4 %. It is found that the regions of 

maximum local strain correspond to the regions of maximum topographic curvature extracted 

from AFM measurements. These results imply that in optoelectronic device applications, beyond 

the energy level alignment in MoS2/metal contacts, also the strain-induced effects induced by a 

patterned substrate must be taken into account, which will significantly impact the local properties 

of this promising 2D material. 

In chapter 6, the effect of local heterogeneities such as strain and doping in monolayer MoS2 is 

studied. Due to strong plasmonic coupling between the tip and sample, 1L-MoS2 experiences a 

doping in the order of 1.8 × 1013 cm−2 due to plasmonic hot electron doping. It is also observed that 

such doping in 1L-MoS2 leads to a structural phase change from semiconducting 1H-MoS2 to 

metallic 1T-MoS2. Due to a superior spatial resolution of 2.3 nm with a giant enhancement factor 

of 5.1 × 108, it is possible to probe the doping sites. This investigation may provide a path to the 

selective control of structural phase change in MoS2 to reduce the contact resistance in a practical 

device application. 
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Outlook 

 

During my four years of endeavor in the Semiconductor Physics group at Chemnitz University of 

Technology, I have worked with 2D semiconductors, mainly GaSe and MoS2. This works gave me 

an opportunity to gain plenty of knowledge and experience not only on these materials but also 

other related 2D semiconductors. From that perspective I can foresee a great potential of these 

materials in practical device applications. 

Semiconductor p-n junctions are the fundamental building blocks for electronic and optoelectronic 

applications. Therefore, to realize complementary devices, both n and p-type 2D semiconductors 

are necessary. However, most of the TMDC materials are intrinsically n-type due to the chalcogen 

vacancies. Several approaches are engineered to change the doping type in TMDCs. Although 

obtaining a high-quality p-type semiconducting TMDC is turned out to be incredibly challenging. 

 

Figure I: Demonstration of vertical p-n junction made of few layer GaSe and 1L-MoS2. The device shows a 

marked rectification ratio. Optical image (a) and the schematic (b) of the device. I – V characteristics of the 

junction in the dark and under 638 nm illumination. Topography (d), CSAFM image in dark (e), under 

illumination 785 nm of (f), and 638 nm (g). Both excitations are below the band gap of the materials.    
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Therefore, naturally available p-type GaSe can effectively complement such need. At the end of this 

thesis, the possibility of obtaining a vertical p-n heterojunction made of p-type GaSe and n-type 

MoS2 was explored.  

A p-n junction is realized by fabricating a vertical stack of few layer GaSe and a monolayer MoS2 

on a HOPG substrate. Monolayer GaSe is abstained in this investigation since it is not stable in air 

(as discussed in chapter 4). At least three heterojunctions are prepared for the investigation. All of 

them show similar I – V characteristics. Figure I shows a typical I – V characteristics of the 

heterojunction. The measurements were performed using AIST-NT scanning probe microscope in 

current sensing AFM mode. Home-built gold tips prepared by etching of a gold wire (method 

adopted from ref.344) were used for current measurement. As can be seen, the p-n junction shows 

a very good rectification behaviour with a rectification ratio of 104 at ±1 V. While illuminated with 

638 nm and 785 nm excitations, the heterojunction shows a pronounced photovoltaic effect with 

an open circuit voltage of 0.36 V and a fill factor of 55. Interestingly both excitations are below the 

bandgap of the materials used in the heterojunction. Therefore, the photocurrent mechanism 

should be midgap assisted instead of conventional band to band transition. In order understand 

the current transport mechanism, temperature dependent I – V measurements and detailed 

theoretical calculation on the band structure of the heterostructure are required. The potential of 

the heterojunction will surely open up a new exciting field of research and application once the 

current transport mechanism is fully understood.  
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Appendix 

A-1: Lennard – Jones potential model 

Basic assumption for solving tip – sample interaction is taken from Lennard – Jones potential 

model,174 which approximates the interaction between a pair of neutral atoms or molecules. Tip is 

assumed as a sphere of radius, 𝑅, and the sample is treated as a flat surface. Tip – sample system 

is modelled using two types of interactions according to the literature.345-346 These are: 1) long 

range van der Waals attractive force, 𝐹𝑣𝑑𝑊 and 2) elastic repulsive force, 𝐹𝑟𝑒𝑝 when tip is in contact.  

These forces are written as, 
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where, 𝐻 is the Hamakar constant, 𝑎0 is the interatomic distance shown in Figure 3.2, and 𝐸∗ is the 

effective Young modulus of the tip – sample system. Using the equation, A-1 and A-2, one can 

develop a force 𝑣  distance graph as shown in Figure 3.2a. Origin 2016 Pro data analysis software 

is used to solve the equation 𝐹𝑠𝑢𝑚 = 𝐹𝑣𝑑𝑊 + 𝐹𝑟𝑒𝑝 and plotted in Figure 3.2a.     

 

A-2: Amplitude, phase 𝒗𝒔 distance curve 
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where, 𝑚∗ =
𝑘𝑐

𝜔0
2⁄  is the effective mass of the tip-cantilever system, 𝑄 is the quality factor and 

𝐹𝑡𝑠(𝑑) is the instantaneous tip-sample interacting force given by: 
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In equation A-4, an additional term of −𝐻𝑅
6𝑎0

2⁄  is used as the constant adhesive force when the 

tip is in contact. The term a0 is an intermolecular distance of about 0.1 nm introduced to avoid the 

divergence of the adhesion force at contact.346 By substituting equation A-4 into the equation A-3, 

the differential equation is solved numerically following a 4th order Runge-Kutta algorithm for a 

certain tip – sample distance.  The solution gives an APD curve as shown in Figure 3.2b.  

 

A-3: Raman tensors and TERS selection rules for MoS2 

Raman tensors of MoS2 are studied by several groups (experimental and theoretical) and the 

summarized results can be found in this review article.348 Raman intensity of any phonon mode in 

a material is given by,  

  

𝐼 = |𝒆𝑠 ∙ ℜ ∙ 𝒆𝑖|
2 

 

Here, 𝒆𝑠, and 𝒆𝑖 are the polarization vector of scattered and incident light, and ℜ is the Raman 

tensor of a particular mode. Raman tensors of two dominant first order modes in MoS2 are as 

follows: 

 

𝐴1𝑔 = (
𝑎 0 0
0 𝑎 0
0 0 𝑏

)                   𝐸2𝑔 = (
0 𝑑 0
𝑑 0 0
0 0 0

) 
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Since, in TERS geometry, incident light is polarized along the direction of the plane of incidence 

(p-polarized), polarization vectors can be written as,  𝑒𝑖 = (  𝑛𝜃 𝑐𝑜 𝜃 0) and 𝑒𝑠 = (0 1 0). 

Here 𝜃 is the angle between incidence and scattered light. Therefore, Raman intensities of A1g and 

E2g modes of MoS2 become, 𝐼𝐴1𝑔 = 𝑎2𝑐𝑜 2𝜃, and 𝐼𝐸2𝑔 = 𝑑2 (independent of 𝜃). Hence, Raman 

intensity of A1g mode strongly depends on the angle between incidence and scattered light and 

completely vanishes at orthogonal geometry. Though, E2g mode remains constant. However, in 

TERS geometry, since tip is polarized perpendicular to the basal plane of the sample surface, it 

favours all the out-of-plane Raman modes including A1g mode. On the other hand in-plane E2g 

mode is comparatively less sensitive.   
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