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 “Look, you need to pick yourself up. Man up, alright. 

Son, you will win this in the end. It’s all about heart 

and character. Be your best self… 

I have no idea what his problem is, it’s just my 

standard advice. It’s good advice, right?”  

– Darryl Philbin, The Office Season 7 Episode 4 
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Abstract 

Experimental work was carried out to improve the yield and optical contrast 

of exfoliated two-dimensional (2D) Van der Waals (VdWs) materials. 

Molybdenum disulphide (MoS2) on gold (Au) is investigated in detail as it 

provides an extremely large exfoliation yield and a high optical contrast. These 

techniques are further explored with other VdWs and substrate materials. 

Further experimental work in electrically excited plasmonic tunnel junctions 

with a scanning tunnelling microscope (STM) was carried out to work towards 

integrating 2D materials as tunnelling barriers in various tunnel junction 

architectures. 

 Extremely large coverage of exfoliated monolayer MoS2 was observed 

on freshly produced Au substrates. The observed large coverage was 

quantified as a function of Au film thickness and roughness. How this coverage 

changes with the time the film is exposed to air before exfoliation is carried out 

was investigated. Large coverage is observed to drop off across a period of ~ 

15 minutes once the Au surface is exposed to air. Using water contact angle 

(WCA) measurements, the effect this contamination has on the surface 

adhesive energy was investigated. The WCA investigation is used to compare 

the effect of roughness and surface contamination on the resulting observed 

coverage as a function of time. Across the 15 minute period investigated, the 

water contact angle is seen to gradually increase with the time Au samples 

are exposed to air. Atomic force microscopy (AFM) and Kelvin probe force 

microscopy (KPFM) measurements were carried out to characterize layer 

thickness and surface potential of the large coverage of MoS2 on Au 

substrates. The dominant monolayer coverage of these films is attributed to 

strain-induced stacking displacements and layer dependent doping between 

the two layers of MoS2 closest to the Au film, caused by the tunnelling nature 

of charge transfer between layers. This differential doping is suggested to 

create a small repulsive electrostatic force between the two closest layers to 

the Au. This investigation was further extended to other metal substrates and 

a range of 2D materials. These initial results appear promising but highlight the 

need for in vacuum techniques to prevent metals used to enhance adhesion 

reacting with air, lowering the exfoliated yield.   
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Experimental work was carried out to characterize the optical contrast 

of 2D materials. Heterostructures were used to maximize the optical visibility of 

2D materials, making it easier to identify monolayer flakes. The effects of Au 

film thickness on the optical contrast were investigated. The peak contrast is 

observed to increase by ~4 times compared to bulk Au substrates. The effect 

of the illumination angle on contrast is also investigated. It is found that the 

peak contrast increases by an additional ~4 times with optimized illumination 

angles, compared to situations of no angle control. This section finishes with 

work carried out to increase the contrast of hexagonal Boron Nitride (h-BN) on 

these heterostructures. Variations in the contrast between samples were also 

seen to be enhanced with contrast. Contributions from possible sources of 

these variations are identified to understand the errors present in the system. 

The effect of indentation on the optical contrast of thin Au films has been 

directly measured, and this is attributed to a change in interband absorption 

energies resulting from a change in the Fermi energy of the Au’s surface. By 

incorporating 2D materials onto Au and other metal-covered contrast-

enhancing substrates, it opens up a range of possible applications from data 

storage to light emission devices. 

 Finally, light emission was investigated from a homebuilt STM light 

emission (LE) system designed to investigate both the tip and prism coupled 

plasmonic components of light emission from the STM system. It was 

investigated spectroscopically, by measuring the emission spectra and in 

local intensity investigations, through a method known as photon mapping. 

These were carried out simultaneously for both tip and prism coupled emission. 

Experiments were carried out on bare Au surfaces of varying thickness, in order 

to demonstrate the application of the tip-sample plasmonic tunnel junction as 

an electrical antenna for exciting propagating surface plasmon polaritons 

(SPPs) on Au films. These plasmonic tunnel junctions may act as electronic 

sources of SPPs and are of interest for possible applications in plasmonic 

circuitry.  
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Chapter One         

 

Introduction 

 

1.1 Introduction 

Two-dimensional (2D) materials have come a long way in the 15 years from 

the discovery of graphene1; however, to achieve their possible potential 

applications, they have a lot further yet to go. For the discovery of graphene, 

Andre Geim and Konstantin Novoselov from the University of Manchester were 

awarded the Nobel Prize in 20102. Mechanical exfoliation is how these first 

monolayer samples were isolated3; however, this technique has many 

significant limitations. One of the critical problems this technique faces is the 

small lateral size of exfoliated flakes4, as well as contamination issues for 

integration with conventional semiconductor technology. Although 

significant effort has been applied to increase the exfoliation yield5–7 and 

automate the process8, exfoliated flakes still tend to be produced on the size 

of 10-100 µms in lateral size9. Gold-enhanced exfoliation has been shown to 

improve this exfoliation size by almost two orders of magnitude for MoS2 

flakes10, approaching unity exfoliation and chapter 4 elaborates upon this 

observation. Other groups have since expanded this gold-enhanced 

exfoliation to other materials11 as well as developed a modified method for 

transferring these large sheets to silicon, among other substrates12. Nickel 

aided exfoliation has shown near unity exfoliation for graphene monolayers13. 

It is hoped such metal enhanced exfoliation techniques may allow near unity 

exfoliation of all kinds of 2D materials.   

Once flakes have been exfoliated significant progress has been made 

in clean and precise transfer of these materials14. Very accurate positioning 

and control of these exfoliated flakes have been achieved through a PDMS 

stamping mechanism15. Of course, exfoliation is not the only method of 
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producing mono and few-layer flakes of these materials. Progress has been 

made in the growth of these materials through chemical vapour deposition 

among other methods16–19 as well as liquid exfoliation20 leading to possible 

printing applications21. These, however, are beyond the scope of this work and 

so shall not be considered further.  

 The low dimensionality of these 2D materials means they have a low 

cross-section for interaction with light. The wavelength of visible light is much 

larger than the thickness of any 2D material. For this fact, many 2D materials 

still show a surprisingly large interaction with light; such as graphene which 

absorbs ~2.3% of incident light22. These large interactions may be used in 

potential photonic applications23.  Other materials, such as hexagonal Boron 

Nitride (h-BN) have a much lower interaction with visible light24 as it has a large 

bandgap. Due to this small optical interaction, it is much more difficult and 

time-consuming to locate monolayers of these materials optically, with other 

methods being much more expensive. Significant effort has been invested in 

designing substrates to enhance the visibility of these 2D materials24–28. 

Enhancing this contrast makes mono and few-layer flakes of these materials 

more easily located and transferred to create heterostructures. Making 

monolayers easier to find optically allows a faster pace of research to realize 

applications for these materials. Essentially the longer it takes, the more 

expensive it is, to make and locate these materials.  

Potential postulated applications of 2D materials range from the 

extravagant, such as a space elevator29, to nearly realized applications such 

as flexible or wearable electronics30,31. Much is expected from these materials, 

and a lot more has to be done to realize these applications. One of the first 

steps is to realize large scale single-crystal sheets of these materials for such 

potential applications32. Large scale single-crystal sheets have proven to be 

far from trivial and much effort is still required to develop appropriate 

production techniques33. The low dimensional nature of these materials may 

allow device scaling to be as thin as possible. In the case of graphene, this is 

one atomic layer thick, while still allowing significant strength and flexibility. This 

radical scaling opens up a wide range of potential applications. The difficulty 

lies in demonstrating such devices and then scaling them economically for 

large scale production34. Integration with our current levels of technology from 
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silicon processing to materials manufacturing shall also require significant 

effort and innovation.   

Of keen interest in this work is the potential application of these 2D 

materials in the field of electronic tunnelling devices. Historically these devices 

were made by growing an oxide layer on top of a metal electrode material 

to an approximate tunnelling distance before capping the oxide with another 

metallic layer. This is called a Metal-Insulator-Metal (MIM) tunnelling device. In 

the case where plasmonic metals were used, when these junctions were 

biased with a voltage large enough to excite light emission, the junctions were 

observed to emit plasmonically mediated light35. A significant issue was that it 

was challenging to control the separation between the tunnelling junctions 

precisely36. Any small change in separation between the electrodes leads to 

a dramatic increase in the electrons tunnelled through that location. This 

tunnel current localization is caused by the exponential distance 

dependence of the tunnel current. These high current densities can cause 

localized damage to these devices and negatively affect light emitted from 

these junctions.37  

With regards to this application, 2D materials are ideal. The uniformity 

of thickness, the ability to precisely control thickness through the number of 

layers present in the device and the existing tunnelling dependent electron 

transport between layers38 all suit this application. 2D materials could lead to 

very well controlled and precise tunnel junctions which may pave the way for 

a more extensive variety of tunnel junctions making appearances in electronic 

devices. It is hoped such devices will also see significant use in plasmonics and 

optoelectronics. Solar panels39 and rectennas produced from MIM structures 

have been investigated but so far have seen little applications due to poor 

device performance.36 

2D materials provide incredible opportunities in scaling down the size of 

electronic and optoelectronic devices. The potential applications for these 

materials are still being developed and created with more and more papers 

published each year. In addition to this research output, real-world 

applications have started to be realized in several sectors. This marks the 

beginning of the application of these materials in real-world applications. 
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Perhaps these materials mark an important opportunity for the realization of 

devices which have yet to see widespread applications due to inherent 

material limitations. Such things as active optoelectronic plasmonic devices, 

efficient Infrared detectors40 and emitters may see integration with silicon 

circuitry. The flat and continuous nature of 2D materials naturally lends 

themselves to specific device architectures, and tunnel junctions are of 

significant interest in this regard. Light emission from quantum tunnelling 

devices incorporating 2D materials has been demonstrated recently41 

allowing further physical insight into the operation and excitation mechanisms 

behind these light-emitting tunnel junctions.42 

 The precise thickness of these materials may allow the tunnelling gap 

to be very precisely controlled to greater accuracy than would have been 

possible via previously used methods (such as oxide growth). Better control 

may allow an increase in the performance of such devices by carefully 

choosing the 2 D materials used for these applications. Additionally, the 

possibility of flexible electronic devices coming into our world opens up many 

applications for these materials43. There are also applications in memory 

devices with these 2D materials. Previously memory devices have been 

demonstrated in lateral 2D sheets, and more recently, memory devices have 

been demonstrated in vertically contacted TMDC sheets44, as shown in figure 

1.1. These have been fabricated for TMDC devices using a monolayer of TMDC 

for a region covered in Au electrodes 100 nmx100 nm in area.  

Figure 1: Reprinted with permission from (Ge, R. et al. Atomristor: Nonvolatile Resistance 

Switching in Atomic Sheets of Transition Metal Dichalcogenides. Nano Lett. 18, 434–

441)Copyright (2018) American Chemical Society [44]. Schematic for atomristors produced with 

TMDC sheets between Au electrodes 

If such a device architecture could be fabricated, of dimensions 

1cmx1cmx1mm in thickness, even assuming 200nm x200nm x 100nm for each 
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memory bit a memory device based on this architecture may store up to 25 

terabits of information. Considering a possible reduction in the lateral size of 

the memory devices any reduction in the length will allow for a significant 

increase in storage density as it scales with 
𝑉

ℎ𝐿2
. Where V is the volume, h is the 

device thickness, and L is the length of the Au pads.   A decrease in L can 

make a dramatic increase in the amount of data stored. The mechanism of 

this switchable memory is the substitution of an Au atom into a sulphur 

vacancy in the TMDC film45. The atomic nature of this switching suggests that 

lateral memory bit scaling may be much further reduced, potentially 

approaching the atomic scale. There is an enormous potential advantage for 

these 2D material systems which may have the potential to allow an increase 

in storage density compared to other memory devices in use at the moment. 

Memory devices incorporating 2D materials may help storage density to 

continue to increase in line with Moore’s law 46 across the next couple of years. 

To quote Richard Feynman, ‘there is plenty of room at the bottom’. 

This work hopes to elucidate possible applications of 2D materials in 

tunnel junction devices and pave the way for future work in this area. A three-

pronged investigation is used here, first of all, to make metallic substrates 

coated with large areas of 2D materials. Secondly, make it easier to identify 

and locate suitable monolayers of a material. Easier to locate materials make 

it much easier to carry out further investigations and device fabrication with 

these systems. Finally, using the tip of a scanning tunnelling microscope (STM) 

to probe the tunnelling characteristics of local areas on bare gold substrates 

and 2D material coated substrates. This is combined with an investigation into 

electrical plasmonic excitations from the STM tunnel junction. STM 

investigations were carried out through imaging, scanning tunnelling 

spectroscopy (STS), spectrally resolved light emission (LE) and local intensity 

variations in STM light emission. This is complemented with optical and SPM 

characterization of the samples produced as well as ellipsometry and XRR for 

sample structure characterization.   
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Chapter 2          

 

Background Theory 

 

Introduction 

This chapter reviews the theory relevant to multiple chapters across this work. 

Further concise theory sections are included within each experimental 

chapter, which covers work that is self-contained within that chapter. This is 

carried out to give an overview of relevant theory within this chapter and more 

specific information relevant to any calculations or measurements within the 

relevant chapter. This separation is done with the hope of allowing a more 

precise, more detailed explanation where it is more relevant to an individual 

chapter with little overlap to the others. 

 This chapter shall start with a section discussing the dielectric function, 

which is used to describe optical interactions in solids at different frequencies. 

The dielectric function is discussed to build an understanding of how light 

interacts with different materials, with a focus on free-electron metals which 

are used extensively in this work. The plasmonics of such free-electron systems 

are also considered in this section, followed with a theoretical consideration 

of a range of optical spectroscopic techniques used across this work. The third 

section will consider Van der Waals (VdWs) interactions, in reference to 

scanning probe microscopy (SPM) and 2D materials. This section will focus on 

relevant theory to the use and exfoliation of 2D materials as well as discussing 

their optical properties. Finally, quantum tunnelling shall be discussed with 

more targeted discussions on this included in later chapters.  
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2.1 Optical interaction in solids 

Maxwell’s equations entirely describe the propagation and interaction of 

electromagnetic (EM) waves with materials. These equations unified 

electromagnetism and optics back in 18651, and are still as valid today as they 

were then. These equations, together with the dielectric permittivity (ε) and 

permeability (µ)  of a material govern how the electric and magnetic field flux 

densities change upon interaction with that material2. 

 

2.1.1  The dielectric function  

The permittivity of a material is quantified by real and imaginary components 

which vary as a function of frequency. These are known as the real and 

imaginary components of the dielectric permittivity, also known as the 

dielectric function. The derivation of this function comes from a general 

description of the reaction of a system from an external force3. The dielectric 

function describes how a material interacts with incident EM radiation. This 

dielectric function is intrinsically related to the complex refractive index of the 

material (ñ).  

ñ = 𝑛 + 𝑖𝑘    [2.1.1] 

Where n is the refractive index which is defined as the ratio of the velocity of 

light in free space c to the velocity of light in the medium4 and k is the 

imaginary part of the refractive index called the extinction coefficient. The 

refractive index causes light to propagate with a smaller velocity through the 

medium than in free space4 The refractive index of electromagnetic radiation 

in a material is given by: 

ñ =  √𝜀𝑟𝜇𝑟    [2.1.2] 

Where 𝜀𝑟 is the relative permittivity and 𝜇𝑟 is the relative permeability. Most 

naturally occurring materials are non-magnetic at optical frequencies. Due to 

this, 𝜇𝑟 shall be assumed to be one throughout this work. This simplifies this 

equation to4: 

𝜀𝑟 = 𝜀1 + 𝑖𝜀2 =  ñ2 = (𝑛 + 𝑖𝑘)2     [2.1.3] 
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So that   𝜀1 = 𝑛2 − 𝑘2  𝑛 =  √
|𝜀𝑟|+𝜀1

2
  [2.1.4, 2.1.5] 

   𝜀2 = 2𝑛𝑘  𝑘 =  √
|𝜀𝑟|−𝜀1

2
  [2.1.6, 2.1.7] 

Where  |𝜀𝑟| = √𝜀1
2 + 𝜀2

2      [2.1.8] 

is the complex modulus. Where ε1 and ε2 are the real and imaginary 

components of the dielectric function. These equations describe the 

relationship between the dielectric function and the complex refractive index. 

How a material reacts to incident light is determined by the materials 

frequency-dependent dielectric function and complex refractive index. 

Materials can be classified by comparison of the real and imaginary 

components of this relative permittivity. 

 

2.1.2  Optical interactions with matter  

The frequency and energy of EM waves influence how they interact with 

matter. The different energies and frequencies with which the material can 

respond to the incident EM radiation influence its reaction. Energy transitions 

through which matter can interact with the EM spectrum include the rotation 

and vibrations of molecules in the infrared region, electronic excitations 

around the visible spectrum with photoionization at ultraviolet wavelengths 

and core electron emission occurring in the X-Ray range5. Additionally, the 

rate at which a materials polarization can respond to an electric field also 

plays an essential role in how the material reacts to incident light, which is 

essentially a time-varying electric field.  

Different materials reflect and transmit light in different frequency 

ranges. These differences are due to the inherent properties of the materials 

themselves, which govern how they interact with light and are described by 

its dielectric function. Reflection occurs when light is incident on a surface 

boundary between two mediums of differing refractive index. A portion of the 

light is reflected, and a portion is propagated into the medium. Reflection (R) 

is described by the Fresnel equations which are given by4,6: 
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    𝑅 = |
ñ𝑡𝑐𝑜𝑠 (𝜃𝑖/𝑡)−ñ𝑖𝑐𝑜𝑠 (𝜃𝑡/𝑖)

ñ𝑡𝑐𝑜𝑠 (𝜃𝑖/𝑡)+ñ𝑖𝑐𝑜𝑠 (𝜃𝑡/𝑖)
|
2

   [2.1.9] 

Where ñi and ñt are the refractive indexes of the mediums that the incident 

and transmitted wave propagate through respectively. 𝜃𝑖 is the angle of 

incidence to the normal of the surface and 𝜃𝑡 is the angle of propagation for 

transmitted light. 𝜃𝑖/𝑡 and 𝜃𝑡/𝑖 indicate which angle to use in the equation for 

S- and P-polarized waves, respectively the incident (𝜃𝑖) or transmitted (𝜃𝑡) 

angle. For the case of normal incidence, there is no difference between S- 

and P-polarization, as all of the cosine terms are equal to one this significantly 

simplifies this equation. 

Propagating light undergoes interactions with the medium it 

propagates through. These interactions depend upon the frequency-

dependent relative permittivity and permeability of the material in question. 

In the case of vacuum, these interactions are negligible, and this allows stars 

to be seen in the night sky, yet, this is not the case in real materials. In general, 

as light propagates through a material, interactions with the material act to 

decrease the intensity of propagated light. If any light reaches another 

boundary between mediums, again, there is a chance of reflection or 

transmission occurring. 

Absorption occurs when during propagation, the frequency of the light 

is resonant with transition frequencies of the atoms in the medium4. Absorption 

effectively decreases the intensity of propagated light, attenuating it as it 

propagates. Absorption can lead to heating, among other effects. Absorption 

of light is quantified by an optical medium’s absorption coefficient . This is 

defined as the fraction of the power absorbed in a unit length of the medium. 

If the beam propagates in the z-direction, the intensity (optical power per unit 

area) at position z is I(z), then the decrease of the intensity (dI) in an 

incremental slice of thickness dz is given by4: 

𝑑𝐼 =  −𝛼𝑑𝑧 ×  𝐼(𝑧)   [2.1.10] 

This equation can be integrated to obtain Beer’s law7: 

𝐼(𝑧) =  𝐼0𝑒−𝛼𝑧    [2.1.11] 
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Where 𝐼0 is the initial intensity of light and z is the thickness of material 

considered. Beer’s law is important when considering transmission through 

different mediums. From equation 2.1.12 k is directly related to the absorption 

coefficient  of the medium. A nonzero extinction coefficient leads to an 

exponential decay of the wave in that medium. The absorption coefficient 

can be given as: 

𝛼 =
2𝑘𝜔

𝑐
=

4𝜋𝑘

𝜆
    [2.1.12] 

This equation shows that k is directly proportional to the absorption coefficient. 

Knowledge of the absorption coefficient allows the calculation of the 

absorbed fraction of light between two surfaces of reflectivity R1 and R2; 

hence the transmissivity T  for a material of thickness l  can be calculated as: 

𝑇 = (1 − 𝑅1)𝑒−𝛼𝑙(1 − 𝑅2)   [2.1.13] 

This equation ignores the possibility of multiple interface reflections in the 

material. Optical multilayer heterostructures which make use of multiple 

interface reflections are discussed in chapter 5. 

Scattering occurs when light incident on a system is rapidly absorbed 

and re-emitted or scattered in different directions at different intensities. This 

scattering occurs with two classifications, namely elastic scattering and 

inelastic scattering. Elastic scattering occurs when the light is scattered with 

no loss of energy to the system. In this case, the scattered light is of the same 

energy as the incident light. Inelastic scattering occurs when light is scattered 

with a change in energy. In this case, energy is lost or gained from the 

illuminating light to the interacting system. 

Scattering is described as Rayleigh scattering if the size of the scattering 

centre is much smaller than the wavelength of the light. In this case, the 

scattering cross-section varies with the wavelength λ according to: 

𝜎𝑠(𝜆) ∝
1

𝜆4    [2.1.14] 

This Rayleigh scattering law implies that inhomogeneous materials tend to 

scatter short wavelengths more strongly than longer wavelengths. Scattering 

acts to reduce reflection and transmission through films by scattering light in 

all directions instead of allowing it to be reflected or transmitted. 
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Dielectrics are materials which, under application of an electric field 

become slightly electrically polarized in that direction. This polarization occurs 

as these materials have no free charges but can be polarized under 

application of an electric field by the separation of electric charges4. The 

application of electric fields produces a polarization from the forces exerted 

on the positive and negative charges of the atoms contained in the medium4. 

If the atoms have permanent dipole moments, the field will apply a torque to 

these randomly orientated dipoles and tend to align them along the direction 

of the field direction. If there are no permanent dipoles, the field will push the 

positive and negative charges in opposite directions and create temporary 

dipoles parallel to the field. These dipoles, in either case, generate a net dipole 

moment within the dielectric and from that a polarization. 

Metals tend to have a high reflectivity, which is caused by the 

interaction of light with the large number of conduction electrons moving 

freely in the metal. These free electrons mean that at infra-red frequencies 

and below, the reflectivity is often seen to be near 100% as the free electrons 

can respond to the incident radiation. In general metals have a strong 

reflectivity below their plasma frequency, after which, higher frequency light 

is more able to propagate through the metal. This transmission occurs as the 

free electrons cannot respond quickly enough to react to the high-frequency 

E-field oscillations. The plasma frequency term for metals is predicted by Drude 

theory. The Drude theory for conduction in metals is of fundamental 

significance in condensed matter physics. Its appeal comes from its simplicity 

and its successful application in modelling the electromagnetic response of a 

wide variety of systems.  

The Drude model of free-electron metals considers electrons to exist in 

a free-electron gas surrounding the metals nuclei. This free electron gas 

considers outer shell electrons to be weakly bound to an immobile metal 

nucleus. It assumes they can propagate according to ideal gas laws within 

the free electron cloud. This model treats the free electrons, so they act as a 

plasma surrounding the immobile metal cores. In the presence of external 

electromagnetic fields, the dynamics of these free electrons are assumed to 

follow Newton’s laws of motion, neglecting electron-electron interactions. This 

model uses a frequency-dependent conductivity for the metal, to model the 
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effect these free electrons have on the optical response. Where the 

frequency-dependent conductivity can be written as8. 

𝜎(𝜔) =  
𝜎0

1−𝑖𝜔𝜏
       [2.1.15] 

    𝜎0 =  
n𝑒2𝜏

𝑚
         [2.1.16] 

Where n, e and m are the number density, charge and electron mass 

respectively and 1/ 𝜏 is the collision frequency of the free electrons in the 

metal. It can be shown that the frequency-dependent dielectric function may 

be written as8; 

𝜀(𝜔) = 1 − 
𝜔𝑝

2

𝜔2+𝑖𝛾𝐷
     [2.1.17] 

Where 

𝜔𝑝
2 =

𝑖𝜎(𝜔)

𝜀0𝑚
      [2.1.18] 

Where 𝜔𝑝 is the plasma frequency and 𝛾𝐷 is the damping coefficient. The 

complex dielectric function can be expressed in terms of 𝜎: 

𝜀(𝜔) = 1 +
𝑖𝜎(𝜔)

𝜀0𝜔
   [2.1.19] 

Comparing equation 2.1.17 and 2.1.19 demonstrates that both the 

plasma frequency and damping constant are dependent upon the 

frequency-dependent conductivity. The plasma frequency gives the upper 

limit of frequency of light with which the electrons can oscillate. The plasma 

frequency is crucial in determining the frequency of excited plasmonics in 

free-electron metals. In the visible and infrared sections of the 

electromagnetic spectrum, experimentally measured dielectric functions of 

many metals are well described by this free electron theory. The values of n for 

noble metals are usually very large, giving the materials very high thermal and 

electrical conductivity. For large values of 𝜔, significant changes from the free 

electron model are observed for noble metals due to highly polarizable-filled 

d band of electrons and associated interband transitions. These are ignored 

in the free-electron approximation. For gold, these interband transitions begin 

at ~2.4 eV (~516 nm) and are responsible for its low reflectivity in this region. 

Importantly this model also predicts the existence of longitudinal bulk 
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collective oscillations of the free electron cloud in metals. These collective 

oscillations, which are called plasmons, are discussed in detail in the next 

section. 

 

2.1.3 Plasmonics 

Plasmons are collective oscillations of charge density waves of the free 

electron cloud in plasmonic materials. These collective surface oscillations can 

produce dramatic enhancements in local electric field intensity close to the 

plasmonic material’s surface. This enhanced electric field decays 

exponentially on either side of the interface. Plasmons are usually propagating 

in nature as they propagate either through the bulk material or along the 

surface of the material (SPPs). When, however, plasmonic nanoparticles are 

considered the plasmons cannot travel as such, hence these structures are 

observed to resonate locally with resonances which are known as localized 

surface plasmons (LSPs).  

Excitation of a plasma oscillation is referred to as the excitation of a 

plasmon, the quantum of plasma oscillations. Plasmons can be excited when 

a momentum matched electric field disturbs the electrons in a free-electron 

metal, causing them, in bulk to be moved from their equilibrium position. The 

non-uniform charge distribution then creates an electric field to restore the 

electrons to equilibrium but having acquired momentum from the electric 

field; these electrons will overshoot their equilibrium position, again creating 

an electric field, starting an oscillation. These collective oscillations of the free 

electron gas are also known as charge density waves. These collective 

oscillations govern how they couple with photons9.  

Through the simple system consideration from the Drude model 

discussed previously, the bulk plasmon frequency of a plasmonic material is 

given by the equation:  

𝜔𝑝 = √
𝑛𝑒2

𝜀0𝑚∗      [2.1.20] 

Where n is the electron density, e is the charge of the electron, m* is the 

effective mass of electrons and 𝜀0 is the permittivity of free space. This 
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equation gives a rough idea of what properties will affect plasmonic 

resonances. This plasmon oscillation is longitudinal and originates from long-

range correlations of the electrons caused by Coulomb forces. When 

plasmonic materials are of small enough size, the electrons will sense the 

presence of the boundaries, and this will modify their collective behaviour 

accordingly. Surface plasmons10,11 can occur and propagate across the 

interface of a dielectric system and the surface of a conductor. The frequency 

of a surface plasmon can be given by:  

𝜔𝑠𝑝 =
𝜔𝑝

√𝜀𝑑+1
    [2.1.21] 

Where 𝜀𝑑 is the dielectric function of the dielectric at the metal-dielectric 

interface. Surface plasmons occur at lower energy than bulk plasmons as 

shown by this equation. A localized surface plasmon (LSP) which occurs in 

metallic nanostructures such as nanoparticles are called LSP’s as collective 

electron oscillations are restrained to the localized structure.    

 Surface Plasmon Polaritons (SPPs) are solutions of Maxwell’s equations 

at the interface of two mediums, in which the effects of retardation- the 

finiteness of the speed of light, are taken into account11.  The continuity of 

tangential components of electric and magnetic fields across the interface 

and vanishing fields far from the interface constitutes the boundary conditions 

for the electromagnetic field. The SPP wavelength is given by12:  

𝜆𝑠𝑝𝑝 = 𝜆0√
𝜀𝑑+𝜀𝑚(𝜔)

𝜀𝑑𝜀𝑚(𝜔)
   [2.1.22] 

Where 𝜆0 is the free space wavelength of the light and 𝜀𝑚 is the dielectric 

function of the metal film. If 𝜀𝑑 > 0 the real component of 𝜀𝑚(𝜔) has to be 

negative in order to have real and positive values allowing these surface 

electromagnetic waves to exist11. The wavenumber of SPPs as a function of 

their frequency 𝜔 can be given as: 

𝑘𝑠𝑝𝑝 =
𝜔

𝑐
√

𝜀𝑑𝜀𝑚(𝜔)

𝜀𝑑+𝜀𝑚(𝜔)
   [2.1.23] 

The dispersion relation of a SPP at a metal-dielectric interface is shown by the 

graph11. 
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Figure 2.1: Dispersion of SPPs at the interface of a metal film with a vacuum cladding and a 

dielectric (sapphire) substrate. Also plotted are the dispersions of light in the vacuum and 

dielectric substrate, the bulk plasmon and the corresponding surface plasmon frequencies. 

Plasmonic excitations have seen an extensive range of applications ranging 

from sensing13, surface and tip-enhanced Raman spectroscopy (SERS, 

TERS)14,15, enhanced optical absorption16–18, potential energy harvesting 

devices19–21, as well as potential applications in heat-assisted magnetic 

recording (HAMR)22,23. However, many of these applications also require the 

production of new plasmonic materials24–26. There is also the intriguing 

potential of developing plasmonic circuitry for high frequency electronic and 

light on-chip interactions. However, much work has yet to be done in 

increasing quantum efficiency (QE) and gain to make these into viable 

systems 27,28. 

Plasmons can be excited electrically through high energy electrons 

incident on a plasmonic surface or lower energy inelastic electron tunnelling. 

Plasmons cannot be excited directly by light incident on a flat metallic surface 

from the air due to the wave-vector mismatch between the energy and 

momentum of the incident photons to that of the surface plasmon of the 

material. However, this momentum mismatch can be overcome through 

various coupling mechanisms. The most common of these coupling methods 
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are grating and prism coupling schemes. In grating coupling, an optical 

grating is etched into the plasmonic surface. This grating allows incident light 

to excite the plasmons of the system and can allow laser excitation of 

plasmons present on a surface. The second method of coupling light to these 

surface plasmons is through the use of optical prisms which can allow 

momentum matching between the incident light and the plasmonics of a 

metal film at certain specific angles. These angles of surface plasmon 

excitation can be very narrow depending on the quality of the plasmonic film 

investigated and can be used for a variety of different sensors as these 

resonances are highly dependent upon the refractive index and optical 

properties of the surrounding environment. By the principles of reciprocity, any 

system which can couple incident light into surface plasmons can also be 

used to out couple light emitted from the decay of excited surface plasmons 

also. This shall be covered in significant detail in chapter six. 

 LSPs such as those on plasmonic nanoparticles or nanostructures, do 

not need to use coupling mechanisms for light, as the shape of the 

nanostructures themselves can allow wave-vector matching in the system. This 

wave-vector matching can allow such nanostructures to be utilized for 

plasmonic sensing applications with a simple optical microscope setup.  

 

2.2 Optical Spectroscopy 

Optical microscopy can be broken down into some pretty simple physics. 

When light is incident on a surface, it is either reflected, scattered or absorbed 

as discussed previously. Optical spectroscopy measures the spectrum of light 

collected by a system. By measuring these spectra, it is possible to 

characterize different materials optically by investigating this reflected, 

scattered and absorbed light. Collected light is delivered to a spectrometer, 

which acts to disperse the incident light and focus it on an array of sensors, as 

demonstrated in the figure below.  
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Figure 2.2: Optical spectroscopic detection. In a spectrometer, incident light is dispersed 

spectrally by the diffraction grating and collected by detectors such as CCDs (charged 

coupled devices).  

Figure 2.2 demonstrates the dispersion occurring due to the light’s dispersion 

from a diffraction grating.  

 

2.2.1 Plasmonic scattering detection in spectroscopy 

Localized surface plasmons were first noticed when it was observed that 

nanoparticles of gold were able to scatter and absorb a much larger amount 

of light than what would have been classically expected due to their size9. 

Through the use of dark field microscopy, it is possible to measure scattered 

light from nanoparticles while removing any contribution from reflected light 

from the surface. By removing the reflected signal, this allows scattered light 

to be isolated for spectral investigations with a low background signal. 

 

2.2.2 Raman Spectroscopy 

Raman scattering occurs when light scatters with a small change of frequency 

related to an energy transition in the scattering medium. Raman spectroscopy 

measures this change in the frequency from scattered monochromatic light 

and so, is a very sensitive sample characterization tool. It can allow the 

identification of a material as the Raman spectra it acquires is a kind of 

chemical fingerprint. This chemical fingerprint analogy is justified, as many 
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materials show unique Raman spectra which can be related to the chemical 

bonds in the system as well as phononic and excitonic excitations. Raman 

spectra come from vibrational modes of the system under investigation. They 

are useful as the allowed modes of vibration of a solid or molecule are 

intimately linked to its structure and chemical composition. Raman allows 

inelastic light scattering to be efficiently used as a structural characterization 

method or as a substance detection and identification tool.  

What is occurring is that the incident optical radiation excites electrons 

in different energy levels of the system, to what have been dubbed ‘virtual’ 

modes. These modes are stable for a very short time and hence rapidly decay 

back to a lower energy level. When this decay happens if the electron decays 

to a lower energy level than it started the emitted photon will have a slightly 

larger amount of energy than the excitation photon (this is called anti-stokes 

Raman scattering). On the other hand, if the electron decays into a higher 

energy level than it was initially, the emitted photon will have lower energy 

than the excitation photon (Stokes Raman scattering). These energy level 

differences in the original and final electron states are equal to the energy 

difference in the emitted photons from the excitation wavelength. With the 

use of spectrometers, it is possible to resolve these small changes in photon 

energy and Raman spectra can be reliably investigated. This ease of use can 

make Raman an incredibly useful tool for identifying materials or specific 

samples with significant recent applications expanding into pharmaceutical 

and medical applications. Raman has also seen significant application in the 

characterization of 2D materials29–32. 
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Figure 2.3: Raman spectroscopy schematic showing energies of emitted photons compared to 

the excitation energy for the different kinds of Raman scattering. 

 One drawback of Raman spectroscopy is that it is quite a weak effect 

which can make it difficult to take measurements. Over the past 50 years, 

technology has advanced by a considerable degree, and this has allowed 

Raman to become a much more viable characterization method. Raman 

signal scales in proportion to the square of the E – Field around the vibrational 

modes interacting with the light. This scaling means a crucial way of increasing 

the Raman signal is to increase the E – field probing the material of interest. 

Possibly the simplest way to then improve a Raman signal is to use a laser of a 

higher power or focus the laser to smaller spot size. Improvements in laser 

power and stability have hence been crucial in bringing Raman spectroscopy 

into general lab use. Plasmonics has, in the past 20 years, played a dramatic 

role in improving the applicability of Raman spectroscopy. Plasmonics, as 

covered earlier in this chapter, have the remarkable ability to focus E – fields 

to well below sub-wavelength volumes. These regions of local enhancement 

can allow E-field increases of a few orders in magnitude. This large E-field can 

allow dramatic enhancement in the observed Raman signal and is the basis 

for what have become the promising research areas of Surface-enhanced 
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Raman Spectroscopy (SERS)30,33–36 and tip-enhanced Raman spectroscopy 

(TERS)37.       

 

2.2.3 Photoluminescence  

Photoluminescence (PL) occurs when incident light, upon interaction with a 

system, excites the emission of light of equal or lower energy from the system. 

Lower energy emission is usually seen as electrons relax to an intermediary 

state before relaxing back to their ground state and emitting a photon. 

Observation of photoluminescence at a particular energy can be seen as an 

indication that an electron populated an excited state associated with this 

transition energy. Resonant excitation of photoluminescence can occur when 

photons of a specific wavelength are absorbed, and photons of the same 

energy are rapidly re-emitted.   

  PL can occur by the excitation of an electron-hole pair which upon 

their recombination light is emitted in the form of photoluminescence.   This 

can also be known as the radiative recombination of excitons which are 

Coulomb bound electron-hole pair states in solids. In a typical 

photoluminescence experiment, a semiconductor is excited with a light 

source that is higher in energy than the bandgap of the semiconductor. 

Photons are absorbed, forming electron and holes with finite momentum in 

the conduction and valence bands respectively. The excited carriers then 

undergo energy and momentum relaxation towards the bandgap minimum 

through mechanisms such as Coulomb scattering and interaction with 

phonons. Finally, the electrons recombine with holes and emit photons. All of 

this process needs to occur before electron-hole recombination takes place, 

and this leads to a significant relaxation time being needed before absorbed 

light can be re-emitted. 

 PL emission spectra are dependent upon the electronic states of the 

excited medium. This allows PL to be used as a probe of the electronic states 

of the system investigated. When investigating few-layer TMDCs, their PL has 

been shown to change dependent upon the layer number of the material38. 

The largest change in PL is seen for monolayers which show a much stronger 
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emission intensity than bilayers of the material. In the case of MoS2 monolayers, 

this is caused by a shift to a direct bandgap semiconductor for a monolayer 

of the material39. These changes in electronic states with layer number lead to 

large changes in intensity and small shifts in peak wavelength positions of 

emitted PL, this can allow PL to be used as an indicator of layer number of the 

material investigated. This is particularly useful for the identification of 

monolayers of material.   

PL can be ‘quenched’ or reduced in amplitude when there are other, 

faster pathways through which the excited electron-hole pair can decay. It is 

the significant relaxation time of PL which allows other faster relaxation 

pathways to quench PL as has been shown for gold-coated MoS2
40. When 

semiconductors are close to metal surfaces, the excited electron-hole pairs 

can be transferred via electron tunnelling into the free electron cloud of the 

metal surface. Tunnelling can occur on a much shorter timescale than 

electron-hole pair recombination41,42. Decreasing the electron decay process 

into the metal substrate by a large enough timescale should lead to less 

quenching, and an increase of the PL should be seen. PL has been observed 

to occur in 2D materials and is of significant interest for their potential 

applications39,43 Plasmonic pumping of PL in MoS2-Au nanostructures has also 

previously been demonstrated, and this holds significant interest to this work.44 

 

2.3 Van der Waals materials and interactions 

Van der Waals (VdWs) crystals are composed of layered sheets of 

crystallographic materials, where individual layers of the material are held 

together with VdWs forces. Single layers of these materials form what has been 

termed 2D materials, and this has led to significantly more interest in VdWs 

crystals.  

 

2.3.1 Van der Waals forces 

Van der Waals (VdW) forces are defined in pure and applied chemistry by 

Guilbault & Hjelm as follows “the attractive or repulsive forces between 
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molecular entities (or between groups in the same molecular entities) other 

than those due to bond formation or the electrostatic interaction of ions or of 

ionic groups with one another or with neutral molecules. The term includes 

dipole-dipole, dipole-induced dipole and instantaneous induced dipole-

induced dipole forces. The term is sometimes used loosely for the totality of 

nonspecific attractive or repulsive intermolecular forces.” 45 This is a robust 

definition, exact in its wording and accounts for how the term may be loosely 

applied.  

These VDWs interactions are essentially electrodynamic or charge-

fluctuation forces. The temporary positions and electric currents of moving 

charges, act on, and react to, other charges and their fields46. These 

collective, coordinated interactions averaged over time create the VdWs 

force. The VdWs energy is directly related to the electron correlation energy. 

47 Of significant interest in this work is the relationship between VdWs forces 

and the dielectric functions of the materials under investigation. These are 

related as the frequencies which charges spontaneously fluctuate are the 

same frequencies with which they naturally resonate to absorb external 

electromagnetic waves46. Like materials always attract and the strength of this 

interaction depends upon the dielectric functions of both materials across the 

electromagnetic spectrum. This can be approximated by the Hamaker 

coefficient.  

The Hamaker coefficient can be calculated between two materials 

separated by a vacuum, based upon their separate dielectric functions. This 

coefficient can be used to calculate the VdWs forces. The Hamaker 

coefficient to first approximation is given by46: 

   𝐴𝐻𝑎𝑚 =
3𝑘𝑇

2
∑ (

𝜀𝐴−𝜀𝑚

𝜀𝐴+𝜀𝑚
) (

𝜀𝐵−𝜀𝑚

𝜀𝐵+𝜀𝑚
)  𝑅𝑒𝑙(𝑙).  [2.3.1] 

Where AHam is the Hamaker coefficient, k is the Boltzman constant and 

T is temperature. εA, εB and εm are the dielectric properties of material A, 

material B and the properties of the gap between them respectively. Rel(𝑙) 

takes into account “relativistic retardation” which is the suppression of 

interactions because of the finite velocity of light46. This Hamaker coefficient 

scales with the interaction energy per unit area between the surfaces of two 
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materials when summed across all frequencies across the EM spectrum. The 

dominant contributions for most materials towards the VdWs force tend to be 

in the ultraviolet frequency range46. The Hamaker coefficient shows the 

intrinsic link between VdWs forces and the dielectric function of materials.  

 

2.3.2 Effects in scanning probe microscopy (SPM) 

In SPM as the probe is scanned across the sample’s surface, it interacts with 

the surface it is being scanned across through VdWs interactions. These forces 

have the potential to damage and deform both the scanning tip and sample 

under investigation.  

Tapping mode atomic force microscopy (TM AFM) is a dynamic 

imaging technique48. The probe oscillates close to its resonance frequency 

and contacts with the sample briefly once per oscillation. The amplitude of 

the oscillation of the cantilever is kept constant by the feedback loop. The 

feedback signal to the piezoelectric actuator is recorded as a topographic 

image. This mode eliminates the continuous tip-sample contact that leads to 

lateral frictional forces in contact mode AFM that can lead to damage of both 

the tip and the sample. These reduced forces make it very useful for 

investigating delicate samples, such as 2D materials49.  

 The main forces at play in TM AFM are briefly considered here50. When 

the tip and sample are close but not in contact, the tip is pulled towards the 

sample by attractive long-range forces. These forces originate due to Van der 

Waals interactions and are relatively weak. Then as the tip makes contact with 

the surface, the tip is pushed away by elastic forces that arise due to surface 

indentation. So in every oscillation period, the tip traverses both the attractive 

and repulsive force regimes. Another key consideration includes the forming 

of a tip-sample water bridge between the sample and the tip, and this could 

induce additional adhesive capillary forces50. The attractive adhesion pull-off 

force which can be measured with AFMs is given by50 the sum of the; Van der 

Waals (𝐹𝑣), chemical bonding (𝐹𝑏), electrostatic (𝐹𝑒𝑠) and capillary forces 

(𝐹𝑐𝑎𝑝). The resultant pull-off force is given by51: 

    𝐹𝑎𝑑ℎ = 𝐹𝑣 + 𝐹𝑏 + 𝐹𝑒𝑠 + 𝐹𝑐𝑎𝑝   [2.3.2] 
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 These adhesive forces in AFM are of the same nature as adhesive forces 

discussed in chapter 4. This equation helps in understanding the forces which 

need to be considered when considering adhesion between surfaces, which 

is particularly important when exfoliating 2D material samples. 

 

2.3.3   2 Dimensional Van der Waals materials  

Two-dimensional (2D) materials are of significant interest as their two-

dimensional nature can give the single layer of VdW crystal exciting new 

properties. Measured mechanical52 and electronic53 properties of pristine 

single layers of these materials were observed to significantly improve upon 

the previously measured values for the bulk crystals. Monolayers of these 

materials have been found which are metallic, semiconducting, semi-metallic 

and dielectric in nature54. These materials provide many potential building 

components for the production of devices utilizing heterostructures of these 

materials55–58.  

2D materials low flexural rigidity may allow 2D materials to be applied 

in a wide range of applications where flexible electronics or very strong flexible 

sheets of material may be required59. These mechanical properties have been 

tested for a range of 2D materials through the use of a Nano-indentation (NI) 

method whereby Young’s modulus can be measured60–62. When MoS2 flakes 

were measured though this method an extremely high Young’s modulus of 0.3 

TPa was measured, which is 50% percent larger than that of steel63.  

Mechanical investigations of this material have been carried out for mono 

and multilayer films.62 Investigating the mechanical59, electrical64 and heat 

transport65 properties of these materials are broad areas of research and as 

such are not considered further in this chapter. 

Optical properties of 2D materials are primarily dependent upon the 

crystallographic, and electronic structure of the films. 2D materials are 

anisotropic showing remarkably stronger in-plane polarizability than out of 

plane polarizability. For the extreme thinness of these materials (<1 nm), they 

can, in some cases, show remarkably large optical interactions. The larger the 

interaction a 2D material has at a wavelength, the easier it should be to find 
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the material, if placed on an appropriate substrate. The number of layers 

present in a 2D material sheet has been shown to change the energy of a  

flakes optical band gap66.  

Optical contrast of 2D materials has been enhanced in the past 

through making use of a contrast-enhancing substrate usually consisting of 

SiO2 on a Si substrate to allow multiple reflections and interactions of light with 

the 2D material. Although simple reflectance spectroscopy of a 2D material 

on a metal substrate may allow the detection of mono or few layers of a 2D 

material depending on its absorbance, the inclusion of an optical cavity can 

act to enhance the observed contrast. This further enhancement is crucial 

when investigating materials with a very low absorbance or reflection in the 

visible spectrum.  

  Substrate based enhancement is discussed in detail across a variety 

of recent papers 67–71 and has led to significant improvements in researchers 

ability to locate and work with monolayers of these 2D materials. This contrast 

spectroscopy allows the number of layers in thin 2D material sheets to be 

determined in a fast, easy and non-destructive manner with no need for an 

incident laser to be applied as in the case of Raman spectroscopy. 

Calculations based on Fresnel’s laws lead to excellent agreement with 

observed experimental results, and hence this is an invaluable tool for any 

experimentalist working in the field of 2D materials. By considering a single 

complex reflectivity from an optical substrate, it is possible to model the 

observed contrast of optical materials accurately72. This modelling will be 

discussed in chapter 5. 

Although work has already been done in this area and it is a well 

understood and modelled branch of physics, there are still some potential 

improvements to be made in the actual contrast of a monolayer of material 

observed. For example, h-BN which is a well-known 2D material has been 

observed to contain contrast peaks of ~2.5% at its maximum73 which remains 

a very low contrast, and there can be difficulty in detecting it with the human 

eye. It is hoped that applying methods developed to enhance the contrast of 

other materials74,75 to h-BN some increase in this contrast maximum will be 
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observed to facilitate easier location and identification of mono to several 

layer flakes. 

In 2D materials, individual layers are bound by Van der Waals forces. 

Strong quantum confinement is seen for 2D materials in the vertical direction64. 

This confinement causes the interlayer VdW gaps to act as tunnelling barriers 

within the material. Hence out-of-plane electronic transitions are expected to 

be determined by quantum tunnelling effects. These tunnel barriers between 

layers cause an electrical anisotropy in multilayers of the materials with 

electrical transport being on the order of 1000 times more mobile in-plane 

compared to out-of-plane. This anisotropy can allow significant charge 

disparities between individual layers of the system when some kind of doping 

is present in the system. This anisotropy has been used to create spirally 

stacked layers of MoS2, allowing the electrical transport to occur between the 

terraces of different height via in-plane electronic motion instead of tunnelling 

between layers76. This demonstrates the ability for these materials to not just be 

functional in a single dimension, but through innovative design and growth 

can be applied in three-dimensional applications. 

 

2.4 Quantum tunnelling 

Quantum tunnelling is a seemingly strange quantum phenomenon whereby 

quantum particles penetrate a barrier or traverse a gap without having the 

energy required to surmount the barrier. Classically this would not be 

expected to happen.   

Classically an energy barrier is impenetrable to a particle if the total 

energy E (the kinetic and potential energy) of the incident particle is less than 

the barrier height E<V(x); 

𝐸 =
𝑝2(𝑥)

2𝑚
+ 𝑉(𝑥)   [2.4.1] 

So classically no particles are expected to traverse this energy barrier, and 

when particles were observed to traverse such energy barriers, a deeper 

explanation is required. If considering such a system quantum mechanically, 

there is a chance for the particle to penetrate the barrier. Overlap of quantum 
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mechanical wave functions across a thin barrier (on the order of Angstroms) 

allows the tunnelling of electrons across the potential barrier. 

 

Figure 2.4: Quantum mechanical wave function overlap across a one-dimensional potential 

barrier. Here φi is the wavefunction of the incident electrons, φ0 is the wavefunction of 

electrons in the potential barrier and φt is the wavefunction for the transmitted electrons. 

To treat such a system quantum mechanically the time-independent 

Schrodinger equation needs to be solved77 for regions 1, 2 and 3 in figure 2.4. 

Rigorous derivations of solutions of these equations have been considered in 

the existing literature78–80. These have been carried out with a range of 

different assumptions and treatments to derive the equations used to model 

systems81. With this wealth of treatments and for the sake of brevity, only a 

simple qualitative description is included here. 

In general boundary conditions are applied to ensure continuity of the 

wavefunction at the interfaces as shown in figure 2.4.  The transmission 

coefficient for the tunnelling event is calculated82. This transmission coefficient 

gives the ratio of the current density emerging from a barrier divided by the 

current density incident on a barrier. In effect, how many of the incident 

electrons penetrate the barrier. This transmission coefficient provides a 

calculation for expected tunnelling probability. Looking again at figure 2.4, 

the probability amplitude decreases while tunnelling from left to right. If further 

potential barriers were added to figure 2.4 progressively less tunnelling would 

be expected as the number of barriers is increased. This reduction in tunnelling 

probability would again occur when moving from the left, the source of 

incident electrons, to the right, effectively across multiple potential wells where 

tunnelled electrons may reside. 
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This section considered only a simple general consideration for 

tunnelling across a barrier or between potential wells. More specific tunnelling 

systems shall be discussed in later chapters regarding existing tunnelling 

treatments of these systems carried out in the literature. 

 

2.4.1  Application in STM 

Binnig and Roher invented the scanning tunnelling microscope83 (STM) and 

were awarded the Nobel prize in 1986 for their work.84 The STM was a revolution 

in surface science as it allowed direct atomic-scale imaging of conducting 

samples. A scanning tunnelling microscope works from a relatively simple 

physical principle. A bias is applied between a sharp metallic tip and a 

conducting sample. When the tip then approaches close enough to the 

sample, a net electron current can tunnel from the tip to the sample (or 

sample to the tip depending on the applied bias). The microscope then 

amplifies this net tunnel current into a corresponding voltage. It uses the 

feedback of this tunnel current to maintain a constant position for the sharp 

metallic tip above the conducting surface. This feedback current occurs 

without the tip ever coming into contact with the sample surface81. 

This current is possible through the process of quantum tunnelling.  This 

tunnel current is exponentially dependent upon the separation between the 

tip and sample, in effect the size of the tunnelling gap. It is this dependence 

which allows such precise Z measurements to be made in the STM to sub-

angstrom resolution. This tunnel current is detected while the tip is yet ~1nm 

away from the surface. This separation is dependent upon the tunnel current 

set-point, the applied bias and the work-function of the tip and sample under 

investigation. 

 By creating a sharp metallic tip with the use of a pair of wire cutters, it 

is possible to get a tunnelling current originating from an individual atomic tip 

through which the vast majority of tunnelled electrons propagate. The fine 

positioning of this sharp tip and often its approach to the surface is then 

controlled very precisely with the use of piezoelectric crystals which can allow 

very accurate sub-nanometer positioning control. This microscope is used to 



33 

 

scan the tip across the sample surface and can allow a corresponding 

topographic image of the surface to be imaged. STM can spectroscopically 

analyze the electronic density of states (DOS) of the sample surface. Spatial 

manipulation of individual atoms has been shown with an STM tip in 199085.  

Quantum tunnelling for the case of the STM is considered as an electron 

modelled as a plane wave crossing a potential barrier into a separate 

potential well. The barrier here is essentially the work functions of each metal, 

similar to a step potential between trapped electrons in the metal tip and 

sample and a “Free-electron” away from the metallic surface in vacuum. With 

no bias applied no current is seen to flow between the tip and the sample as 

tunnelling currents are acting to cancel each other out. When a bias is applied 

electrons can tunnel between the tip and sample and a “tunnel” current is 

formed. The electrons can tunnel from one side of the “potential barrier” to 

the other or between the individual quantum wells of the tip and sample. The 

distance this tunnelling occurs across is on the order of ~1nm, and it is seen to 

be exponentially dependent on separation or the tunnelling barrier width.  

The emission of light from a scanning tunnelling microscope was first 

observed several decades ago86. Since then significant interest has existed in 

the area for tunnel current-induced LSP and SPP excitation and subsequent 

photon emission from the STM. All of these have been successfully 

demonstrated87–89, yet a few fundamental aspects related to excitation and 

control of the process remain unexplained. The theory covering light emission 

from a plasmonic STM junction, in addition to areas this work seeks to improve 

upon shall be considered further in chapter six. 

 

2.4.2  Elastic and inelastic tunnelling 

When electrons tunnel, they do so either elastically, where no energy is lost, or 

inelastically, where some energy of the electron is lost in the process. Of 

course, due to the conservation of energy, this energy is not destroyed but 

converted to another form. The energy lost during this inelastic tunnelling can 

go into the excitations of phonons, photons, plasmons and other mechanisms 

of energy transfer depending on the system. The energy emitted from 2D 
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material tunnel junctions is mediated by inelastic tunnelling processes90. This 

confirms the long-debated mechanism for excitation of emission from these 

tunnel junctions as inelastic tunnelling over hot-electron mechanisms.  
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Chapter 3          

 

Experimental methods and equipment 

 

Introduction 

This chapter aims to give a review of the different experimental methods used 

across multiple chapters of this thesis, to cover the basic understanding of how 

the methods work and are applied. Not intended as a comprehensive review 

of these experimental methods, this chapter elucidates what experimental 

work has been carried out and what methods have been used across this 

work. 

 This chapter starts by covering how samples are prepared for 

experiments throughout this work, then covers methods used for the 

characterization and calibration of samples. Finally, the methods used for 

experimental measurements are discussed. 

 The sample preparation section starts with cleaning different samples 

effectively, moves on to the methods of producing thin metal films used in this 

work and finishes with the preparation of two-dimensional materials for 

exfoliation. The characterization and calibration section shall go over the 

basics of ellipsometry and X-ray refraction (XRR) and how they are used to 

characterize samples produced. It shall also cover how spectrometers were 

calibrated for several different types of optical spectroscopy. The 

experimental measurement section starts by covering optical spectroscopy, 

including contrast, photoluminescence and Raman spectroscopies. After 

these optical considerations, the scanning probe microscopies used in this 

work are discussed.  
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3.1  Sample preparation for experiments 

The main samples used across this thesis are thin metal films, either evaporated 

or sputtered onto a range of cleaned substrates. Here the process of this 

sample preparation is explained in detail, in the hope of elucidating 

experimental procedures and methods, to aid with any repetition or further 

work carried out in this area. 

 

3.1.1 Sample cleaning 

For any sample preparation, of crucial importance is knowing precisely what 

sample is being prepared. If any sample is not initially pristinely clean any 

further preparation steps, create following issues from this initial contamination. 

Contamination can cause increases in surface roughness if a metal is 

deposited on top of the sample as well as poor adhesion to the sample, 

caused by the same contamination layer. Hence the first step in sample 

preparation that is considered here is ensuring that the sample under 

investigation is as pristinely clean as possible. So depending on the sample 

substrate being prepared, one of two cleaning methods was used throughout 

this work. The first of these is an acetone/ isopropanol (IPA) sonication wash for 

initially quite clean samples such as fresh SiO2/Si wafers. The second cleaning 

method is a deep deionized water scrubbing for materials that were initially 

more contaminated, such as glass slides and coverslips. Once cleaned, 

samples were placed into the evacuated deposition system as soon as 

reasonably possible to prevent airborne contamination from forming on the 

surface. A detailed description of each of these cleaning methods is given in 

the following sections. 

 

3.1.2 Sonication in acetone and isopropanol 

For fused silica and SiO2 coated samples, a few diced wafers were placed into 

beakers of acetone and sonicated1,2 for 5 minutes. Once complete the wafers 

are removed from the acetone and blown dry with a nitrogen air gun before 

being placed into a beaker containing IPA. The samples were sonicated for 
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an additional 5 minutes in isopropanol. Finally, these samples are again 

removed from the solvent and blown dry to remove potential residue from the 

Isopropanol.3 This solvent wash was all of the cleaning applied to SiO2 wafer 

samples throughout chapters 4 and 5.  

Finally, an additional plasma cleaning step may be employed to further 

clean the samples which has reported some increase in coverage in 

literature4, so this may be applied to further clean samples, but this was not 

necessary to obtain the large coverage observed in chapter 4.  

 

3.1.3 Deep cleaning of glass slides and glass coverslips  

For depositing metals onto the surface of a glass slide or coverslip, the 

cleanliness of the surface is again crucial to obtaining a smooth film during 

metal deposition. It has been seen that simple acetone and IPA sonication is 

not adequate to remove this contamination, and hence a more thorough 

cleaning method is utilized. In this method, a deep clean is achieved using an 

electric toothbrush with a cotton wool head to scrub and displace dirt from 

the surface under a stream of deionized water. The samples are scrubbed by 

applying force with the head of the electric toothbrush while cleaning each 

side of the glass slide and coverslip. Scrubbing is carried out while running the 

sample under a steady stream of deionized water. This stream picks up and 

removes dirt which is displaced by the scrubbing5. Scrubbing is carried out for 

5 minutes for each side of a glass slide with extra care being taken to ensure 

the side on which deposition is being carried out on is exceptionally clean 

through using a longer cleaning time. Scrubbing is aided by a small clean with 

isopropanol and acetone to aid the removal of additional material. 

 

3.1.4 Producing gold samples 

All experimental chapters in this work in some way investigate thin gold films 

on various substrates. Having explained how samples are cleaned in 

preparation for deposition, the next experimental methods to explain are 

those involved with producing the samples to be investigated. The next 
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couple of sections explain metal deposition through thermal evaporation and 

physical vapour deposition (PVD).  

 

3.1.5 Producing gold samples - Evaporation 

Thermal evaporation was used across this thesis as a method of producing thin 

films of gold onto various cleaned substrates. Thermal evaporation works as 

follows; a pure metal sample is mounted in a degassed tungsten evaporation 

crucible in the evaporation system. The crucible is degassed by using it before 

the deposition and applying a high current through it to remove any adsorbed 

gases in the crucible. A clean sample is mounted above the crucibles position 

with a shutter placed between the crucible and the sample. The system is then 

evacuated to as high a vacuum as the system will reach (~10-5 mBar), being 

left evacuating overnight if possible. Once sufficiently evacuated a current is 

passed through the tungsten crucible which causes it to heat up due to 

resistive heating. The temperature reached is a function of the current applied 

and the crucible utilized. As the crucible heats, the gold contained within will 

get closer to its melting point until it starts to melt. Once the gold is molten 

applying additional current heats the gold up enough to start the process of 

evaporation. Once evaporation has begun after a short time the shutter can 

be withdrawn to allow the evaporation material to be deposited upon the 

earlier cleaned sample. The deposition rate is measured with a quartz crystal 

detector6. Measuring the resonance of the crystal, and how it changes as 

material deposits upon it, the deposition rate of the material on the sample 

can be estimated. This information is 

used to control the thickness of 

evaporated gold7. 

Evaporation was carried out in 

a Moorefield thermal evaporation 

system at low vacuum conditions. 

 

 

Figure 3.1: Illustration of thermal evaporation 
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3.1.6 Producing gold samples -PVD 

Physical vapour deposition (PVD) is another process that was used to produce 

gold samples throughout this thesis. In this process, argon ions are excited and 

used to liberate metal atoms from a host target8. A plasma is formed within 

the sputtering chamber with again a shutter blocking the prepared clean 

samples. Once the plasma is running a deposition is ran for a set time. The 

deposition thickness is then calibrated with XRR and ellipsometry to determine 

the thickness of gold deposited. The system used for this method was able to 

obtain a much better vacuum (~10-9 Torr). Films deposited in this method are 

measured to have a much lower surface roughness than evaporated films.  

A Lesker PVD system was used to produce these thin gold films. (Kurt J 

Lesker CMS- a DC magnetron sputterer). Importantly this system allowed 

multiple films to be deposited in a single deposition. PVD was used to sputter 

a 1 nm adhesion layer of titanium between the SiO2 substrates and the gold9 

layer. This titanium layer acts to increase the adhesion10 between the gold 

layer and the top of the cleaned glass substrate10. This adhesion layer allowed 

mechanical exfoliation to be carried out on these films without delamination 

occurring between the gold film and the substrate. Without this adhesion 

layer, mechanical exfoliation could delaminate the gold from the substrate 

instead of any monolayers onto the gold. Once sputtering finishes, the sample 

is immediately removed from the Lesker system, and exfoliation is carried out 

on the film as quickly as possible.  

 

Figure 3.2: Schematic of the PVD sputtering method of sample deposition used across this 

work  
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3.1.7 Sample preparation for 2D material exfoliation 

2D materials of various kinds have been exfoliated across this work. The primary 

preparation method for the exfoliation process followed is described below. 

A bulk crystal of the material is cleaved across one of its 

crystallographic planes to expose a large fresh plane from which exfoliation 

can be carried out. This piece of material is placed cleaved face down upon 

the tape used for the exfoliation. Using the transparent plastic sheet previously 

covering the tapes adhesive side, gently press the material onto the flake, 

trying to ensure proper adhesion of the crystal to the tape. With this complete, 

remove the transparent sheet and begin the removal of the remaining bulk 

crystal from the exfoliation tape. In this step, the tape should be gently flexed 

and rolled away from the crystal surface to try and encourage the adhesion 

of layers of the material to the exfoliation tape. Once the majority of the crystal 

has been removed by this method, clean tweezers may be utilized to aid in 

the removal of the bulk crystal. The bulk crystal should now be safely stored for 

later use and to prevent contamination.  Now the second piece of exfoliation 

tape should be pressed onto the top of the exfoliated crystal, and this should 

be carried out with a light pressure applied by the flat of the thumb in a single 

motion. Any stress applied to these films at this stage is likely to result in new 

cracks and damage to the flakes which are finally exfoliated—limiting 

handling, limits damage caused to the flakes being prepared. Hence all 

contact and handling of these materials should be limited as much as possible 

to try and ensure the best possible final coverage post exfoliation. From this 

position with the 2D material covered on both sides with exfoliation tape, the 

best exfoliations should be able to be obtained. However, this would be done 

at the cost of potentially wasting a significant amount of the material. 

Currently, once the tape is pulled apart, it should expose two pristinely fresh 

layers of the 2D material crystal with limited damage from exfoliation. These 

flakes on each piece of tape maybe 10 -1,000,000 layers thick in some cases. 

To address this waste of material, the two pieces of freshly peeled flakes may 

be ‘multiplied’ by pressing them onto more adhesive tape. This multiplication 

can allow a doubling up as such of the number of flakes available and ready 

for exfoliation. This multiplication can be carried out multiple times to get the 
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most out of 2D materials for exfoliation. One thing to note is that more 

multiplications are likely to result in more damage to the exfoliated material 

and hence smaller crystals exfoliated onto the sample11. 

 Once tape covers both sides of a crystal exfoliation onto a sample can 

be carried out at any time, as by peeling apart the tape, new, pristine planes 

of the surface are exposed, ideal for exfoliation. There are little time constraints 

on the preparation of these materials as they can be stored and fresh surfaces 

of the crystal only exposed directly before exfoliation. This method is shown in 

figure 3.3 below. 

 

Figure 3.3: VdWs material preparation for exfoliation 
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3.2 Characterization & calibration for experiments 

Once samples have been produced, it is essential to test that they are what 

they are supposed to be. In order to do this, two main methods have been 

carried out in this work. These include ellipsometry and XRR. XRR is ideal for 

measuring the thickness of samples below a certain thickness. Ellipsometry can 

be used to provide complementary optical data about the same samples. 

Both of these experimental methods shall be explained in the following 

sections. Calibration is also crucial for high accuracy across multiple 

measurements. Some of the key calibrations are discussed towards the end of 

this section.  

 

3.2.1 X-ray refraction 

XRR directs a beam of x-rays towards the surface of the sample to be 

investigated at specific angles of incidence. The detected refracted x-rays 

measured across a range of specific angles can then be used to model the 

thickness of the various layers of material present.  XRR was carried out using 

a Bruker D8 Discover diffractometer, DIFFRAC measurement centre, and 

Leptos 7.8 software was used to determine the thickness of gold and titanium 

layers 

 

3.2.2 Ellipsometry 

Spectroscopic ellipsometry is a technique whereby circularly polarised light is 

reflected off the sample to be investigated, with changes in intensity and 

polarization providing optical information on the sample. Ellipsometry is carried 

out across a range of wavelengths and at different angles of incidence. By 

measuring the effect the interaction with the sample has on the polarization 

of the incident light it is possible to model the experimental samples and use 

this model to predict thicknesses and optical properties across the wavelength 

investigated.  An ESM-300 ellipsometer (J A Woolam Co, inc.) was used to 

determine the real and imaginary part of the refractive index (n and k) of the 
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gold and titanium layers produced by Complete Ease 5.0 software (J A 

Woollam Co, inc.). 

 

3.2.3 Spectrometer calibration 

Several kinds of calibrations can be applied to spectrometers depending 

upon what calibration is required, three, in particular, are considered here. 

These are wavelength calibration, intensity calibration and a wavenumber 

calibration for the case of Raman spectroscopy. 

 

3.2.4 Calibrating spectrometers wavelength 

Of crucial importance to optical spectroscopy is knowing what wavelength 

of light is being observed. The spectrometers calibrated through this method 

and in this work consist of charge-coupled devices (CCDs) mounted onto the 

end of a spectrograph.  The spectrograph disperses the light spectrally so that 

longer wavelengths of light fall on one side of the CCD array with shorter 

wavelengths being dispersed by a different amount which then falls upon the 

other side of the CCD. This calibration is carried out using a mercury-argon 

light source with well-known elemental emission lines to illuminate the 

entrance slit of the spectrometer. These emission lines are then projected onto 

the CCDs detector array, and their known wavelength positions are used to 

calibrate the wavelength to pixel positions which are measured across the 

CCD detectors. For Raman spectroscopy, paracetamol with known Raman 

spectral lines was used to identify the wavenumber to pixel calibration. 

 

3.2.5 Calibrating intensity for comparison between 

spectrometers 

To make any spectral intensity comparison between spectrometers possible, 

it is necessary to perform an intensity calibration. Intensity calibrations are 

made by using the spectrometer to be calibrated to measure the spectrum 

of a light source of known intensity. For this purpose, tungsten bulbs that emit 
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radiation as a black body light source can be used for this calibration. By 

changing the voltage applied across the bulb, it is possible to change the 

emission temperature of the radiation. This calibration allows comparison of 

light collected by each spectrometer to compare and contrast observed 

spectra collected from the tip and prism side of the system simultaneously.  

 

3.3 Experimental measurements 

Now that sample preparation, characterization, and calibration of 

measurement systems have been discussed, experimental methods related to 

measurements that are taken across multiple experimental chapters are 

discussed next. This section starts by considering optical measurements before 

moving onto scanning probe microscopies and finishing with a brief mention 

of the use of electron microscopy in this work.  

 

3.3.1 Optical microscopy 

Optical microscopy was carried out on an Olympus microscope with an 

ocean optics QE65 spectrometer. Light is collected from the microscope 

column by a lens of focal length f = 100 mm, focusing the light of the 

microscope onto the end of a fibre optic cable. This fibre optic cable then 

feeds the collected light into a spectrometer. This system can allow local 

spectral measurements within the microscope’s field of view, depending upon 

the size of the collection spot of the fibre optic cable. This microscope had an 

additional optical input which was used for insertion of a laser input for laser 

illumination and Raman spectroscopy. In addition, the output was also used 

as a collection output for feeding the signal to the separate Raman 

spectrometer. Here the light is transported through an open bench system to 

this spectrometers input slit. 

This microscope was used for all-optical investigations carried out with 

this work. Optical investigations included in this thesis include bright and dark-

field microscopy, photoluminescence (PL), Raman, scattering and contrast 

measurements. 
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3.3.2 Bright-field 

Bright-field microscopy illuminates the sample from above the sample column 

with the use of a beam splitter. The reflected image is then used as the output 

imaging the angles of reflection, which can be collected by the objective 

lens. This abundance of reflected light is beneficial for reflectance 

spectroscopy, although it has limited application when small shifts in spectral 

measurements are expected. In this case, large amounts of light present in the 

reflection set up can drown out the much smaller scattered signals such as in 

nanoparticle systems. In these instances, dark-field microscopy can be 

advantageous. 

 

3.3.3 Dark-field 

Dark-field (DF) spectroscopy illuminates a flat sample from the outer edges of 

the optical column only illuminating the sample at very large angles of 

incidence. The microscope objective collects no reflected light. Only light that 

is scattered by the sample’s surface is scattered into the collection path of the 

microscope. DF microscopy can allow areas that have a significant scattering 

signal but very small lateral size to be imaged with such a microscope set up. 

DF can be used for measuring the scattering signal from nanoparticles and 

other plasmonic systems that scatter light and are non-flat features on a flat 

surface.   

 

3.3.4 Reflection spectroscopy 

Reflection spectroscopy measures the reflection from the sample relative to a 

reference spectra. For standard reflectance spectroscopy, the reflection from 

a silver mirror is used as a reference spectrum. This reference allows 

comparison to this ‘perfect’ ~99% reflection spectra. It can allow the optical 

collection efficiency of the system to be taken into account when other 

measured spectra are referenced to this reflection. Another application of this 

reflection spectroscopy is discussed below in contrast to spectroscopy.    
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3.3.5 Optical contrast 

Optical reflectance spectroscopy is used to measure how contrast spectra 

change across the visible spectrum from 400-1000 nm. Contrast measurements 

were made by taking micro-reflectance spectra from both the bare Au 

substrates as well as from an area covered with 2D materials12.  This contrast is 

further demonstrated via optical microscopy with a selection of bandpass 

filters of 10nm bandwidth. This method of using optical microscopy with 

bandpass filters is also used to identify mono and few layers of 2D materials on 

various contrast-enhancing substrates. The contrast spectrum, C(λ) in 

percentage (%), was determined from the reflectance measurements by a 

QE65 spectrometer and SpectraSuite software (Ocean Optics Inc.) using the 

following formula: 

 

𝐶(𝜆) =  
𝑅𝑠(𝜆)−𝑅𝑚(𝜆)

𝑅𝑠(𝜆)
∙ 100%  [3.1] 

Where 𝑅𝑠(λ) and 𝑅𝑚(λ) are the wavelength-dependent reflectance over the 

substrate and 2D materials, respectively. Reflectance spectra were collected 

using a range of Olympus objective lenses, these lenses, and their relevant NA 

are given in the table below. 

Magnification Numerical 

aperture 𝜽𝑴𝒂𝒙 

(°) 

Collection 

spot size 

(~µm2) 

Obj. input 

diameter 

(mm) 

Objective 

used 

x5 0.1 5 270 7.4 MPLN5xBD 

x10 0.25 14 70 8 MPLN10xBD 

x20 0.4 23 17 8.15 MPLN20xBD 

x50 0.75 48 3 6 MPLN50xBD 

x100 0.9 64 1 3 MPLN100xBD 

Table 3.1: NA of the microscope objectives used in this investigation with relevant information. 

The numerical aperture of each lens gives the largest angle of incidence, 

which is collected by the objective. The contrast spectra of 2D materials are 

dependent upon the angle of the incident illumination, so the measured 

contrast of these materials will vary with the objectives used for the 

measurements. Optical contrast was also able to be determined from optical 

images taken with 10 nm bandwidth bandpass filters FB405-10, FB490-10, 
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FB520-10, FB590-10 (Thorlabs Inc.), and ZET690/10/X (Chroma Technology 

Corp), using the following formula: 

 

𝐶(𝜆) =  
𝐼𝑠−𝐼𝑚

𝐼𝑠
∙ 100%   [3.2] 

 

Where 𝐼𝑠 and 𝐼𝑚 are the average intensities of the selected areas (typically 

∼100 μm2) on the substrate and 2D material, respectively. Contrast 

measurements can be used to measure the number of layers of 2D material 

flakes13–16. This bandpass filter imaging was used to aid in the quantification of 

mono and multilayer coverage in chapter 4. 

 

3.3.6 Photoluminescence 

Photoluminescence is carried out by aligning the illuminating laser spot with 

the collection spot used with the optical spectrometer. The laser light heading 

towards the spectrometer is filtered out with the use of a cut off filter to remove 

the laser light. This filter allows the light of longer wavelength than the cut off 

region of the filter to be transmitted and hence collected by the 

spectrometer. A laser of 532nm wavelength was used for PL investigations with 

an Ocean Optics QE65 spectrometer. 

 

3.3.7 Controlling illumination angle 

Controlling illumination angles for optical contrast measurements is known to 

influence the final measured optical contrast for 2D materials on optical 

cavities. One way of selecting which angles of incidence are to be collected 

is to control the NA of the objective lens used in the investigation. The 

drawback of this method is that lenses of low NA, which can give the highest 

measured optical contrast also have the lowest magnification. Hence by 

utilizing these lenses of lower NA, the resolution of the contrast measurements 

obtained is reduced.  

It is desired to make use of this increased optical contrast while 

maintaining a high optical resolution for the collection spots investigated. This 

is to ensure that the areas over which optical contrast is measured are not 
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affected by small unresolved defects or gaps in the 2D materials coverage. A 

high magnification objective lens is utilized to provide the small spatial 

resolution of the collection spot. Then to enhance the measured optical 

contrast observed towards that which may be measured at a much lower NA, 

an additional aperture of tightly controlled size is inserted into the optical path 

of the illuminating light just before the microscope’s infinity-corrected column. 

These apertures can select low or high angle illumination, as shown in figure 

3.4. This aperture size was chosen to be smaller than the input aperture of the 

microscope’s objective, which is given in table 3.1.  

 

Figure 3.4: Schematic effect of aperture stops on optical collection angle contributions. (a) High 

angle illumination selection. (b) Low angle selection. 

The final result of this is that less light is transmitted to the sample at the 

highest (or lowest) angles of incidence collectable by the microscope. In 

contrast, angles of the lowest (or highest) angles of incidence are allowed to 

pass unrestricted. The net effect of this is a smaller amount of light is collected 

from the collection fibre optic. However, by increasing the spectrometers 

integration time, this can be compensated for in the system. This angle control 

with a high NA lens allows enhanced optical contrast to be measured with 

high spatial resolution gaining the benefits of a low NA lens for the large 

contrast measurements and a high NA lens in terms of optical resolution of the 

collection spot. 
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3.3.8  Raman spectroscopy 

Raman spectroscopy was carried out in the optical microscope setup. Raman 

spectra were taken with a Horiba Jobin Yvon HR640 spectrometer operated 

by Andor MCD 2.6 software. A Czerny-Turner monochromator blazed for 600 

nm with 300 lines per mm grating (Jobin Yvon HR640) was used. Raman 

spectroscopy is used throughout this thesis as a method of characterizing 

samples under investigation. Raman can be used to determine the thickness 

of 2D material layers as well as giving valuable information about how various 

bonds are changing for materials of different thicknesses and resting on 

different substrates. A laser of wavelength 532nm was used for Raman 

measurements with a power of 1.0 mW. 

 

3.3.9  SPM – STM   

The STM used throughout this thesis was an RHK UHV 300, which is a 

beetle style walker STM system. The microscope was mounted on a home-built 

stage to allow data to be collected in an ambient atmosphere allowing for 

easier optical access to both the tip coupled emission side as well as light 

emitted from the prism side beneath the tip. This STM was ran with a current 

range from 0.5-10nA in an enclosed dark box allowing some measure of 

humidity control. Samples mounted upon the prism were initially connected 

with conducting silver paste to complete the circuit and allow effective STM 

operation. Later investigations used mechanical contact to reduce potential 

contamination on the sample from the conducting paste17. This microscope 

was mounted on an optical table.  Dehumidification was carried out with a 

Munters MG50 dehumidifier connected to the microscope enclosure. 

The STM is an invaluable tool in the investigation of 2D materials. It allows 

atomic-level resolution while operating out of contact to the surface and 

hence can investigate these systems without damaging them. Several studies 

have been carried out investigating graphene as well as graphene oxide. 

These atomic-level resolution images show how this instrument can be used to 

investigate and modify these types of systems18–24 as well as the 2D material’s 
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potential for STM investigation. These materials may provide some of the 

simplest means of modifying a tunnel junction in an STM light emission set up.  

Figure 3.5: Schematic of tip and prism coupled STM LE setup investigated in chapter 6 

3.3.10 SPM – Atomic force microscopy (AFM) 

The atomic force microscope (AFM) operates by shining a laser on the end of 

a small microscale cantilever which has a sharp nanoscale probe located at 

the end of the tip. The reflection of this laser spot from the back of the 

cantilever falls on a quadrant photodiode. This tip reflected photodiode signal 

is used for feedback, as any deflection of the cantilever results in a changing 

laser spot position on the photodiode, which is detected as a change in 

voltage. As the nanoscale tip approaches the sample surface and the 

distance between the two falls to a few angstroms of the material surface 

interatomic forces between the tip and the sample enter the repulsive regime. 

It is this repulsion that acts on the tip end, which bends the cantilever and 

hence is the source of feedback. The tip is raster scanned across the sample 

surface with piezoelectric actuators, which are also used to precisely control 

the vertical positioning of the tip so that it follows the sample surface. With this 

instrument, a range of scanning modes can be implemented. The most 

straightforward of these modes is contact mode. Here the tip is brought into 

direct contact with the sample and scanned across its surface. Contact mode 

relies upon bending of the cantilever to move the position of the laser on the 

photodiode and provide feedback as the system is scanned. It was 
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determined in early investigations using this mode to image 2D materials, that 

this was causing significant damage to the flakes of material under 

investigation25. Due to the destructive nature of this contact mode technique 

when imaging 2D materials, contact mode measurements were avoided in 

this work.  

AFMs can also run in non-contact or ‘tapping’ mode. Here the 

cantilever which holds the scanning tip oscillates near its resonance with 

changes in the amplitude or frequency of this resonance used as feedback 

for raising and lowering the tip. Tapping mode allows comparable imaging to 

contact mode. However, as the tip is only making intermittent contact with 

the sample, it is less likely to damage the sample under investigation as was 

seen in the contact mode. Hence this mode is used to obtain topographic 

information when investigating 2D material systems.  

 Kelvin probe force microscopy (KPFM) is a double pass 

technique. The first pass records topographic data while the second pass 

raises the tip height on the scale of 10’s of nms and then follows the 

topographic pass but applies a varying electric field during this second pass 

at a set frequency. The resultant detected signal from this second pass then 

provides information on the electrostatics of the system under investigation. 

This allows direct measurement of the local electronic potential. This two-pass 

method allows topographic and electrostatic signals to be disentangled. An 

extensive write-up of the technique and its drawbacks has been given 

previously26 in significantly more detail than required here. Care needs to be 

taken when operating these measurements in an ambient environment as 

ambient humidity can lead to a significant effect on measured values. This 

technique should however still be applicable for measuring local variations in 

the surface potential for an investigated surface which should be all that is 

required to investigate MoS2 layers on these Au substrates. 
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Figure 4: Illustration of AFM operation showing the laser reflection from the cantilever feeding 

into the four-quadrant photodiode.  

When investigating 2D materials, there has been some discrepancy 

observed in the literature when it comes to measuring the height of the flakes 

with AFM27. It has been reported that different studies find discrepancies in the 

heights of the measured flakes with errors in the regions of 0.1-1.3nm. This 

variation has been attributed to a range of factors, including tip-surface 

interaction, image feedback settings, trapped thin water films and surface 

chemistry. These factors need to be taken into account when attempting to 

measure with AFM the height of any 2D material layer. From this study, they 

determine that crucial to accurate height investigations are the adsorbate 

layer between the material and the substrate and the imaging force (the 

pressure the tip exerts on the surface). This step height variation is of crucial 

importance for any work measuring step height across any 2D material. An 

Asylum research MFP-3D Infinity AFM was used to carry out KPFM 

measurements as well as tapping mode and contact mode measurements.  

 

3.3.11 SEM 

A scanning electron microscope (SEM) is used for investigating Au tips end 

radius. This microscope works by focusing electrons onto the sample in 

question to image its surface. Using electrons allows images to be taken at a 

much higher resolution than is possible with an optical microscope due to the 

diffraction-limited nature of far-field optical imaging. SEM investigations were 

carried out on a Jeol-JSM-6500F system. 
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Chapter 4          

 

Large monolayer selective MoS2 

exfoliation on fresh gold surfaces 

 

4.1 Abstract 

Scalable and reliable production of 2D materials has been the largest 

stumbling block in them transitioning from testing in the lab to industrial 

applications. This chapter demonstrates a production technique for large 

scale exfoliation yield of monolayer transition metal dichalcogenides (TMDCs) 

onto a freshly sputtered gold surface through the use of the scotch tape 

method of material transfer. Here MoS2 is primarily investigated yet the 

enhanced exfoliation has been observed for other TMDCs.  This gold-

enhanced exfoliation increased the lateral size of the exfoliated monolayer 

flakes by almost two orders of magnitude compared to conventional 

mechanical exfoliation, approaching flake dimensions on the centimetre 

scale. Crucially this was found to primarily depend upon the freshness of the 

Au surface, where a sample exposed to air for a period of ~15 minutes lead to 

a complete reduction in this enhanced coverage. This coverage was also 

seen to decrease for thicker and hence rougher Au films. These thicker films 

also show an increase in monolayer selectivity for the flakes which are 

exfoliated. A range of experiments were carried out to investigate this large 

monolayer selective exfoliated coverage including AFM, XRR, optical and 

water contact angle investigations to analyze the Au samples. Optical 

contrast, Raman and photoluminescence spectroscopies were carried out to 

investigate these exfoliated MoS2 flakes. These allow probing the interaction 

between them and the Au substrate. KPFM measurements reveal interesting 

effects in charge transfer between the layers, showing this to be non-uniform 
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between individual monolayer flakes. Step height measurements suggest 

instances of sub-nanometre indentation of measured flakes into the gold film, 

dependent upon forces applied during, and time exposed to atmosphere 

before exfoliation. It is hoped this gold-enhanced exfoliation method may 

provide a route for the inclusion of TMDC 2D materials in real devices. The 

possibility of improving the coverage of other 2D materials by exfoliating them 

on a range of fresh metallic surfaces was investigated to try and replicate the 

gold enhanced coverage observed here.  

 

4.2 Introduction 

The potential in creating stable semiconductor mono and few-layer devices1 

incorporating 2D materials is of phenomenal interest. The possibilities of device 

flexibility, combined with radical potential scaling, related to the materials 2D 

nature, will create exciting new engineering possibilities.  From flexible 

memory2 to LEDs3 and photovoltaics4, the number of applications for such 

materials in few-layer devices stems from the broad array of analogous 

applications of semiconductor heterostructures5. Materials capable of filling 

various roles in these different devices are of keen interest as well as any 

method that might help scale up their implementation into real device 

applications. TMDCs can fill many of these roles with a range of both direct 

and indirect band gaps within the visible part of the EM spectrum. Across the 

range of TMDCs the bandgap size is frequently dependent upon the number 

of layers present in the flake6, which may further open up different applications 

utilizing different numbers of TMDC layers. 

 This chapter investigates the production of TMDCs through exfoliation 

onto a gold substrate. This gold-enhanced exfoliation was observed to occur 

with very large monolayer yield for a fresh gold surface7. Although similar work 

has been carried out by depositing gold on a  MoS2 surface, allowing 

monolayers to be removed from a bulk crystal previously8, the method of 

production used here has demonstrated an order of magnitude larger flakes 

than those previously reported in literature8,9. Compared to conventional 

mechanical exfoliation, an increase of ~2 orders of magnitude is observed10. 
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This large yield exfoliation technique has been extended to exfoliation of other 

TMDC materials including InSe and MoSe2. Significant interest has been 

generated with this technique9 with groups extending it to more materials11 

and allowing material transfer for heterostructure formation12. Other 2D 

materials, such as graphene, have seen exfoliated coverage increased by a 

few methods including engineered strain layers of nickel13, plasma and heat 

treatments14, as well as electrostatic deposition15–17. It is interesting to consider 

how such enhanced exfoliation techniques may be further generalized and 

improved to apply to a broader range of materials and systems with one 

group having investigated this for gold enhanced exfoliation11. Groups have 

recently developed a new method for this gold enhanced exfoliation to 

provide these materials on semiconductor wafers12 and in patterned 

features18, expanding the applicability and scalability of such techniques. 

 It is hoped to improve upon the physical understanding of the 

processes governing this large exfoliated coverage of TMDCs on Au. This was 

attempted with a range of experiments including; AFM, KPFM, Raman, optical, 

WCA, PL and STM investigations. This provides an experimental comparison to 

simulations which have been applied to understand these systems. In some 

cases in this chapter, experimental resolution or sensitivity prevents the effects 

investigated to be distinguished; for these cases, it is hoped that better 

resolution or a more targeted approach may yield further information. This 

work hopes to contribute to potential applications in flexible, electronic, 

optoelectronic and electrochemical devices. 

 

4.3 Background theory 

A simplistic consideration of the basic physics governing thermodynamic 

adhesion, binding energy and charge transfer between layers of van der 

Waals materials is covered in this section. The flexibility of 2D materials is briefly 

discussed as well as the basic understanding of water contact angle 

measurements. Existing electron tunnelling treatments between TMDC layers 

on Au are summarised19, including how this may be applied to this work. These 

areas are considered to understand how factors such as roughness, strain, 
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material polarizability and charge transfer may impact the adhesion between 

a 2D material and a substrate. Understanding these effects may allow 

exfoliated coverage of 2D materials to be improved across a range of 

substrates. 

 

4.3.1 Binding energy and adhesion 

As a rough definition, the binding energy of a system describes how tightly 

bound an object is to something else. This is usually described in terms of the 

energy it would take to remove the objects from each other so that they are 

no longer bound. Binding energy is a broad term, often used in relation to a 

range of bound systems including the binding energy of atoms in a molecule 

or structure, the binding energy of an electron to an atomic nucleus, the 

binding energy of nucleons in a nucleus as well as the binding energy of one 

surface to another. In this chapter, the binding energy considered is in relation 

to the binding energy of a film to a surface. Thermodynamic adhesion called 

here simply ‘adhesion’ is the attraction existing between molecules at an 

interface. To avoid confusion from here on the term adhesion shall be used 

instead of binding energy.  

 Adhesion, when no ions are present, occurs predominantly due to five 

mechanisms of which the sum of these various forces, when present, give the 

resultant adhesive force between two surfaces.  These are mechanical, 

diffusive, chemical, electrostatic and dispersive adhesion20. Mechanical 

adhesion occurs when a material fills voids or pores in the other surface and 

then holds the surfaces together by interlocking. Diffusive adhesion occurs 

when materials can merge at the joint via diffusion. This can occur when the 

molecules of both materials are mobile and soluble in each other. Diffusive 

adhesion allows overlapping of molecules across the bond and strengthens 

the bond, largely similar to mechanical adhesion. Chemical adhesion occurs 

when two materials share or swap electrons at a joint, forming chemical bonds 

between the materials.  Electrostatic adhesion occurs when electrons pass 

from one surface to the other to form a difference in electrical charge at the 

joint. This creates a structure similar to a capacitor and creates an electrostatic 

force between the materials20,21. Dispersive adhesion, which is also known as 
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physisorption, occurs when two materials are held together by van der Waals 

(VdW) forces22. These forces occur due to the attraction between regions of 

slight positive and slight negative charge between the two surfaces. From 

these basic definitions, it seems likely that for the condition of a 2D material on 

a metallic surface, the only mechanism which would not be expected to play 

any role is that of adhesion via diffusion.  

 Mechanical adhesion may play a role if exfoliated films flex to bind to 

the surface of the substrate. However, this is not expected to be a dominant 

effect as it is not really interlocking with the surface. Chemical adhesion, if 

observed, is expected to be one of the largest contributors to adhesion. The 

fingerprints of this form of adhesion are changes in the chemical bonds, 

separation and structure of the adhering surfaces. Gold sulphur bonding has 

been observed to occur on a distance scale of ~2.156 angstroms23,24. If 

chemical bonds are being formed between MoS2 and the Au substrate, this 

closer separation is expected between the Au and S atoms. These effects 

were not observed for MoS2 on freshly produced Au surfaces showing large 

exfoliation7. Hence this chemical adhesion is not expected to play a dominant 

role in this investigation. Electrostatic adhesion may play a significant role in 

this large exfoliation. Simulations predicted electron doping of monolayers of 

MoS2 on Au surfaces7 in the region of ~0.1 electrons per unit cell7. This doping 

may create a significant component of electrostatic adhesion between the 

TMDC film and the Au surface. Also worth consideration is the layered nature 

of the exfoliated materials25,26, this may allow differential doping for each layer 

of material leading to electrostatic repulsion between TMDC layers assuming 

they can be treated as negatively charged parallel plates.  

 From the initially considered five possible contributions to adhesion, 

three shall be considered further neglecting diffusive and chemical adhesion 

contributions. Mechanical adhesion may play a role in this enhanced 

monolayer coverage. By considering the strain applied to the closest layer of 

the MoS2 by the atomic structure of the gold film, stacking dislocations 

between the two closest layers to the Au induced from this strain27 can be 

considered a product of mechanical adhesion. This strain has been suggested 

as an explanation for selective monolayer exfoliation8,13 and so is of interest in 

this work. Electrostatic adhesion includes interactions between permanent 
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and induced dipoles of the systems as well as possible contributions from 

doping. Finally, the London or dispersion effect20 is the source of VdWs forces. 

Calculations of electrostatic and VdWs forces have previously been 

carried out in detail far beyond what is covered in this chapter28–31. The 

equations discussed here are included to provide an understanding of how 

these forces are expected to change as parameters such as separation 

between the MoS2 and the Au are increased. Considering VdWs forces from 

the dispersion effect, these forces are known to scale with the area of the 

systems which are in contact with each other. They are related to the 

Hamaker coefficient of the systems under consideration as approximated in 

equation [2.3.1]. These VdWs forces are expected to be related to the 

separation between two plates by32–34: 

𝐹𝑉𝑑𝑤 ∝
𝐴𝑎

6𝐷2   [4.1] 

Where A is the calculated Hamaker coefficient between the materials 

across the dielectric gap between them, 𝑎 is the real area of contact between 

the systems and D is the separation between the systems. These VdWs forces 

are general and act when two systems are in close contact. They appear as 

a result of the interaction between the random motion of electrons in the two 

systems20. These extremely rapid instantaneous dipole moments of both 

systems influence each other and favour the formation of an attractive 

potential between the systems22. 

Electrostatic contributions to adhesion have been estimated from 

considering a simple capacitor model between two parallel plates of dissimilar 

materials35: 

𝐹𝑒𝑠 =
𝑎𝜎2

2𝜀0
(

𝐵

𝐵+𝐷
)

2
   [4.2] 

Where 𝜎 is the charge density on each plate and 𝐵 =  
𝑡1

𝜀𝑟1
+ 

𝑡2

𝜀𝑟2
 . Where t1 and 

t2 are the thicknesses of each material and εr1 an εr2 are the relative dielectric 

functions of each material. This equation was developed for investigating 

charge transfer between insulating spheres yet shall be considered here for 

estimation of electrostatic forces between 2D materials and the Au coated 

substrate. This is justified as there is expected to be an attraction between the 
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dipole moment of the material and its induced electrostatic image in the Au 

film20. This equation may take into account the induced dipoles present in the 

system by the presence of the relative dielectric functions of each material. 

Hence materials with large polarizability are expected to have larger 

electrostatic contributions to adhesion36. 

The coverage of exfoliated 2D material layers is dependent upon how 

the cohesion between the layers of the material compares to the adhesion 

between the bottom layers of the 2D material to the substrate. By choosing 

substrates which provide larger adhesion energies between the substrate and 

the 2D material, than the cohesion energy between the layers of the materials, 

it should be possible to enhance the exfoliated coverage of 2D materials on 

these samples37. Through understanding the adhesion mechanisms behind the 

selective monolayer exfoliation coverage of MoS2 on Au, it may be possible to 

improve upon the layer selectivity and size of this near-unity monolayer 

coverage and extend it to other 2D material systems. 

Thermodynamically, the true work of the adhesion of an interface is the 

amount of energy required to separate a body from the interface (i.e. the thin 

film from the substrate), creating free surfaces of the bonded materials38.  

     𝑊𝐴 = 𝛾𝑓 + 𝛾𝑠 + 𝛾𝑓𝑠   [4.3] 

Where 𝛾𝑓 and 𝛾𝑠 are the adhesion energy for the film and substrate 

respectively, 𝛾𝑓𝑠 is the adhesion energy for the interface and 𝑊𝐴 is the true work 

of adhesion. True work of adhesion is an intrinsic property of the film substrate 

pair. This depends on the type of bonding (or mechanism of adhesion) 

between the film and the substrate and the level of initial surface 

contamination38. The effect of contamination has previously been 

demonstrated through cleaving mica in vacuum and air, with the sample 

cleaved in the air having measured a cleavage energy 13 times smaller than 

that cleaved in a vacuum.39 This demonstrates the large impact of surface 

contamination on adhesion energies.  

The adhesion energy between MoS2 films is given by (𝛾𝑀𝑜𝑆2
=

0.0465 𝐽𝑚−2) 40. VdWs bonding between MoS2 and gold has been calculated 

by density functional theory41(DFT).  Adhesion between MoS2 and other 2D 
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materials on various metallic substrates have been investigated previously in 

simulations37. This is of significant interest in finding metallic substrates which 

may be used to enhance the exfoliation of other 2D materials. 

 

4.3.2  Water Contact angle measurements 

The water contact angle (WCA) is defined as the angle formed by the 

intersection of the liquid-solid interface and the liquid-vapour interface. WCA 

investigations have long been used to investigate the water hydrophobicity of 

surfaces, including those coated with 2D materials42,43. This can provide 

valuable information on surface cleanliness and surface chemistry for flat 

surfaces. WCA measurements can be used to evaluate adhesion indirectly. 

 The measured contact angles can be used to calculate solid surface 

tension, which quantifies the wetting characteristics of a solid material. Low 

contact angles indicate that the surface is favourable to wetting, or has a 

higher adhesion per unit area, assuming that the lower contact angle 

corresponds to higher surface energy. When a surface has a low contact 

angle with water, it is said to be hydrophilic.  A large contact angle greater 

than ninety degrees indicates that the wetting of the surface is unfavourable 

to the liquid investigated or the surface has lower adhesion per unit area.  

When a surface has a large contact angle with water, the surface is said to 

be hydrophobic.  

 Drops of liquid form to minimize their surface energy. The shape of a 

liquid droplet is determined by the surface tension of the liquid. Liquids 

contract their surface area to maintain the lowest surface free energy44. This 

contracting force is called the surface tension and is responsible for the shape 

of liquid droplets. Theoretically, the contact angle is expected to be 

characteristic for any solid-liquid system in a specific environment45. As first 

described by Thomas Young46 in 1805, the contact angle of a liquid drop on 

an ideal solid surface is given by the mechanical equilibrium of the drop under 

the action of three interfacial tensions: 

𝛾𝑙𝑣𝑐𝑜𝑠𝜃𝛾 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙    [4.4]  



70 

 

Where 𝛾𝑙𝑣, 𝛾𝑠𝑣  and 𝛾𝑠𝑙 represent the liquid-vapour, solid-vapour and solid-liquid 

interfacial tensions, respectively and 𝜃𝛾 is the contact angle. A schematic of 

WCA systems are shown in figure 4.1.   

 

Figure 4.1: Schematic depicting hydrophobic and hydrophilic water contact angles on 

substrates. Also shown are general locations of the interfacial tensions. 

This WCA investigation is valid for macroscopic droplets only and breaks down 

at the nanoscale47. However, it has been reported that this method 

systematically underestimates surface tension values48. From previous work the 

value of 𝛾𝑙𝑣=0.071𝑁𝑚−1 was determined for the surface tension of water49. For 

the discussion in this thesis, it is assumed that 𝛾𝑠𝑣~0 as of interest is any change 

in the  𝛾𝑠𝑙 force. To take into account surface roughness for simple rough 

surfaces Wenzel’s theory can be used50: 

cos(𝜃𝐴) = r. cos(𝜃)   [4.5] 

Where r is the ratio of the total surface area of the roughened surface against 

a flat projection of the same area, 𝜃𝐴 is the observed water contact angle and 

𝜃 is the expected contact angle of the surface on a perfectly smooth 

substrate. When considered against minimal surface roughness, this leads to 

quite a small correction factor51. This may be beyond the accuracy obtained 

for measurements in this work as any surface roughness is expected to be on 

the nm scale and expected to need a very small correction factor.  
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4.3.3 Flexibility of TMDC substrates- Ability to mould to 

roughness 

2D materials have the desirable property of being flexible and able to bend 

and flex to greater extents than other materials such as bulk metals and 

semiconductors. This flexibility opens up applications across flexible electronics 

and wearable technology. Here monolayers of the material may be expected 

to flex to form to the shape of the metallic surface upon which it is being 

exfoliated, dependent on Young’s modulus of the materials. Closer following 

of the topography of the surface will improve adhesion between the 

exfoliated films and the substrate due to an increased contact area between 

the two. This flexing may also affect the strain present in the MoS2 flakes 

investigated on these substrates.  

It may be expected that 2D materials exfoliated onto relatively smooth 

surfaces follow the surface of the sample closely. As surface roughness is 

increased, there should be a point where the material is no longer able to 

closely follow the surface without buckling, instead, leaving gaps between 

raised areas of the sample. As the roughness increases further, these gaps may 

be expected to get larger leading to a reduction in the total contact area 

between the sample and the exfoliated material. This reduced contact area 

will then reduce the adhesion for these samples. A more thorough 

consideration of the effect of wrinkling on the adhesive energies at interfaces 

can be found elsewhere in literature52 and so shall not be considered further 

here52.  
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4.3.4  Adhesion of fresh Au substrates 

When two pristinely clean metallic surfaces are brought into direct contact in 

a vacuum with a normal force applied, they are expected to adhere to each 

other. In practice, when this is carried out, the coefficient of adhesion is not as 

strong as expected. The reason for this is that the metal planes in contact are 

not uniformly so20. Some few extruding metallic atoms on one film will be the 

first to make contact with the other and areas such as this will prevent uniform 

contact between the films. However, it was found that applying tangential 

pre-stress, before pulling apart the surfaces, resulted in a marked increase in 

measured adhesion between the plates53. The greater the tangential pre-

stress applied, the greater the adhesion. This was demonstrated for a range of 

metals and is shown in figure 4.2 below. 

 

Figure 4.2: The relationship between the normal adhesion of denuded metals and the amount 

of tangential pre-stressing. Taken from 53. 

This is of significant interest for this work as it suggests metal films may 

undergo significant reorganization under normal and tangential stress, such as 

which may be applied during the mechanical exfoliation procedure. The 

reported increase in the adhesion between the metallic films is attributed to 

improved contact between the films. Reorganization or flattening of metal 

films under an exfoliated layer may be expected, as has been observed in 

nanoindentation studies54. Simulations suggest this improved contact may 

increase or decrease the coverage of material exfoliated7 depending upon 
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how pristine the interface becomes, which is expected to depend upon the 

initial system roughness.  

The amount of reorganization should depend on the hardness of the 

substrate material55 and the pressure applied during exfoliation. This pressure 

depends on exfoliation force divided by the area upon which that force is 

applied. This means applied pressure during exfoliations depends on 

exfoliated flake size, so exfoliations carried out with small area flakes may be 

expected to create significantly higher pressures. Flakes used for mechanical 

exfoliation are also unlikely to be of uniform thickness, so the applied force per 

flake is not expected to be uniform between flakes.  

 

4.3.5 Tunnelling treatment of MoS2 on Au 

Previous work has been carried out with a C-AFM investigation measuring 

tunnelling transport from the AFM tip placed on a MoS2 film above a platinum 

substrate showing the tunnelling nature of electron transfer.56 Tunnelling 

transfer between layers has also been shown previously with the use of KPFM 

and C-AFM57. KPFM has also been used to investigate carrier injection at MoS2 

metal interfaces58. This takes into account detailed information of the electron 

transfer between electron orbitals of MoS2 and Au and goes beyond the 

scope of what shall be covered here.  

Previously changes in Schottky barrier heights on metallic substrates 

have been seen to vary with layer number between mono and bilayers of 

MoS2
19. This paper investigated tunnelling between metal substrates and 

mono and bilayer MoS2. This gives a crucial and important tunnelling 

consideration for charge transfer into 2D materials. They estimate the 

tunnelling probabilities from metal to MoS2 using a square potential barrier 

model as19: 

𝑇𝐵 = exp (−2 ×
√2𝑚∆𝑉

 ℏ
 ×  𝑤𝐵)   [4.6] 

Where ∆𝑉 is the tunnelling barrier height, 𝑤𝐵 is tunnelling barrier width and 𝑇𝐵 is 

the tunnelling probability through the MoS2 metal interface. Where m is the 

free electron mass and ℏ =
ℎ

2𝜋
  where ℎ is Planck’s constant. For a gold-MoS2 
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interface, this work uses a tunnelling barrier height of 4.697eV, a barrier width 

of 1.367Å and calculates a tunnelling probability of 4.74% when considering a 

monolayer which increases to 5.11% when considering a bilayer. If this mono-

bilayer system is considered as vertically isolated electronic wells, then a 

second tunnelling barrier may be considered between layers25,26 as shown 

schematically in figure 4.3. This suggests a probability of ~0.4% for an electron 

to tunnel into the second layer of the material. This increase in tunnelling 

probability is caused by the extra electronic states available in the 2nd layer of 

material, the small increase in probability relative to the monolayer is caused 

by the exponential dependence of the tunnelled electrons on the tunnelling 

barrier width as shown in equation 4.6. 

Figure 4.3: Schematic of quantum tunnelling barriers at a gold-MoS2 surface. 

The number of electrons free for tunnelling in any of the MoS2 layers is going 

to be a very small number relative to those found in the gold film. When 

considering the free electron density in the gold film, the number of free 

electrons capable of tunnelling should be significantly higher. This means that 

as there are a lot more electrons in the gold film incident on the tunnelling 

barrier, a significant amount of them will tunnel into this first layer of MoS2 

increasing its density of electrons. Due to the exponential dependence of 

electron tunnelling on barrier width, an exponential drop in the number of 

electrons transferred should be expected as the layer number increases. This 

should mean the 2nd largest electron doping occurs in the second layer of 

MoS2. Layer dependent doping may act to create an excess of electrons on 

both the monolayer and its neighbouring TMDC layer creating a small 
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repulsive electrostatic force between these films as shown in figure 4.4. The 

negative charge present in the monolayer nearest the gold surface repels 

neighbouring electrons in the free electron cloud of the gold surface as well 

as those in the nearby layers of MoS2. This acts to create a positive potential 

on the gold surface directly beneath the MoS2 layer creating an attractive 

electrostatic dipole, increasing the binding energy between the monolayer 

TMDC and the gold surface. This excess of electrons in the MoS2 nearest the 

Au surface is also expected to create a small electrostatic repulsion between 

these layers. This repulsive force should be expected to be largest between 

the most heavily n-doped layers. These electrostatic forces may be 

approximated by equation 4.2. These doping induced dipoles create a 

capacitance like adhesive force between the MoS2 and the Au as given by 

equation 4.2 and a schematic of this effect is shown in figure 4.4. 

Figure 4.4: Electrostatic Schematic for capacitance like behaviour from charge transfer 

between MoS2 layers on an Au substrate. 

Electrical contact to the one-dimensional edge of a 2D material sheet has 

been demonstrated for graphene59. It provides a potential additional avenue 

of charge transfer from a material into a sample aside from that of tunnelling. 

Fermi Level pinning has also been investigated for MoS2 on Au60. Tunnel barrier 

height and orbital overlap are suggested to be the intrinsic origins of Fermi 

level pinning. With edge contacts having been predicted to create an 

increase in electron density between Au and MoS2 contacts reducing the 

contact resistance and presenting a lower effective tunnel barrier height61. 

Such edge contacts are calculated to reduce the tunnelling barrier at the 

edge contact to ~80% the value of a top contact tunnelling barrier61.  

Strain-induced stacking changes between the two bottom-most MoS2 

layers has been suggested to be responsible for observed large selective 

monolayer exfoliation27. Here an additional electrostatic contribution to this 

monolayer exfoliation is suggested from layer dependent doping as shown in 
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figure 4.4. Doping should be related to the surface energy and work function 

of elemental metals62 used as exfoliation substrates and the 2D materials 

themselves. It is desired to confirm the presence and significance of the 

suggested electrostatic component and if possible, quantify the relative 

contributions from each of these mechanisms. The role each of these 

mechanisms plays is important for identifying how this large layer selective 

exfoliation may be further extended to other systems. 

Isolating possible evidence for selective monolayer exfoliation 

contributions from strain-induced stacking changes or electrostatic forces 

from layer dependent doping shall be difficult. Possible observations which 

support either of these mechanisms may include: 

• Large specifically monolayer exfoliation. Monolayers being 

preferentially exfoliated over any other number of layer thickness. 

Monolayer specific coverage should decrease as strain/tunnelling 

decreases. 

• Relative bulk coverage increasing as strain/tunnelling decreases. 

Ideally, varying either strain or doping as a function of mono/multi-layer 

exfoliation would reveal their contributions. Practically varying one without 

changing the other is far from trivial. Hence investigations looking at changes 

in coverage upon time exposed to air are carried out for a range of Au film 

thicknesses and corresponding roughnesses of the films. Increased exposure 

to air is expected to increase the amount of contamination trapped between 

the 2D material and the Au film. This contamination should increase tunnelling 

distance as well as reducing the strain induced by the gold layer. Separating 

these contributions from these measurements may prove difficult. Other 

measurements may provide more detailed information on these separate 

contributions to the system. These include:  

• Raman Spectra. For MoS2 the 𝐸2𝑔
1  mode has been shown to be 

dependent upon the strain present in MoS2 layers63 while the A1g mode 

has been reported as being affected by doping between the layers. 

This may help disentangle the relative contributions from each. 

• KPFM measurements measuring surface potential changes between 

layers may allow an estimation of doping levels between MoS2 layers. 
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The number of electrons transferred should be exponentially 

dependent on the separation of the MoS2 layer from the Au. 

• Photoluminescence increasing with increasing Au-MoS2 separation. This 

would suggest a decrease in charge transfer between the MoS2 and 

the Au film. 

Using observations from these different measurements along with existing 

experimental and simulated data from literature an approximate estimation 

shall be made for the magnitudes of these contributions. The attractive 

electrostatic force between MoS2-Au as well as the repulsive force generated 

between the first and second MoS2 layers are estimated and compared to the 

effect of stacking changes. 

 

4.4 Experimental methods  

Gold samples were prepared through PVD, as described in the experimental 

methods chapter. These freshly sputtered gold samples then have flakes of 2D 

materials mechanically exfoliated onto these fresh, pristine gold surface. These 

exfoliated films are produced on multi-layered substrates, as shown in figure 

4.5, to enable the easy optical location of flakes and quantification of 

coverage.    

4.4.1 Experimental methods 

Several experimental methods have been 

utilized in an attempt to understand and 

quantify this observed enhanced 

exfoliation. Raman, optical contrast and 

AFM measurements are used to quantify 

the number of MoS2 layers. XRR and XRD 

characterize the sputtered gold films onto 

which the TMDCs are deposited. AFM 

and STM measurements characterize the 

roughness and topography of the 

sputtered gold films. Optical microscopy 

Figure 4.5: Structure produced for 

enhanced monolayer coverage of 

TMDCs. A 1nm Titanium adhesion layer is 

sputtered between the SiO2 covered Si 

and the gold surface. 
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was used for characterizing the total coverage of TMDC mono and multi-

layers. Water contact angle measurements measure how the hydrophobicity 

of the gold substrates change with exposure to air and how this relates to the 

change of MoS2 coverage. In addition to these, PL measurements were 

carried out to investigate changes in PL for different samples of exfoliated 

MoS2.   

The possibility of selectively choosing specific metallic substrates to 

enhance the exfoliated coverage of other 2D materials is also investigated 

across a range of 2D materials and a range of exfoliation substrate coatings. 

This was carried out in the hope of seeing large scale coverage as seen in the 

case of MoS2 on Au for other materials. This may extend the applicability of 

exfoliation for research and other potential applications by increasing the 

coverage of crystals deposited during exfoliation. By providing large-area 

high-quality monolayer crystals, it is hoped to facilitate their transfer to other 

desired substrates and specific locations through the established all dry 

viscoelastic stamping procedure64. 

 

4.4.2  AFM for surface roughness, step height 

measurements and adhesion investigations 

Tapping mode AFM images were taken on and off MoS2 coated areas of the 

substrate as well as across steps between monolayer TMDCs and gold. This 

was carried out to confirm monolayer presence as well as investigate how the 

sample surfaces of different gold thicknesses changed. These measurements 

aim to understand any coverage changes associated with different 

thicknesses of gold. Through this investigation, a large amount of AFM 

measurements were made upon 2D material films on various substrates.  These 

substrates were exfoliated with a range of exfoliation forces and exposure 

times of the surface to air before exfoliation commenced. 

 Recent work has also demonstrated a method of determining adhesion 

energy between MoS2 and various flat substrates65. This may provide some 

strongly complementary data to this work as modelling this adhesion energy 

on gold substrates has previously been carried out7. A direct experimental 



79 

 

method of measuring this energy is of significant interest. Starting from Young’s 

equation as discussed in reference to a water droplet on the surface (eq. 4.4) 

and using the angle created by a crease in the MoS2 film they show it is 

possible to estimate the adhesion energy between the film and the 

surface65,66. The formation of wrinkles is a consequence of the interplay 

between the bending energy of the MoS2 flakes and the interface adhesion 

energy52. The adhesion energy of the MoS2 flakes on SiO2 can be measured 

accurately from the thickness of the flakes and the size of the wrinkles. This is 

described by the following equation65,66: 

𝛾 =
𝜋4𝐸𝑡3𝐴2

6𝜆4
    [4.7] 

Where 𝜆 is the width or period of the measured wrinkle, E is Young’s modulus 

of the film, 𝑡 is the thickness of the film and 𝐴 is the amplitude of the wrinkle in 

the sheet (height of wrinkle). This provides a measurement of 𝛾 which is the 

binding energy between the 2D material surface and the underlying rigid 

substrate. This technique if valid for metallic surfaces may provide a direct 

measurement of the adhesive forces between exfoliated layers of 2D 

materials and metallic substrates. This may provide an incredibly valuable 

technique for testing substrates for increasing exfoliation yield. 

4.4.3  Kelvin probe force microscopy (KPFM) 

KPFM measurements were carried out to investigate the surface potential of 

MoS2 monolayers on these gold substrates. This was carried out to investigate 

how charge transfer occurs from the gold substrate into the MoS2 monolayers; 

how it changes across different thicknesses of gold and how it changes with 

layer number of MoS2. It was hoped to try to quantify if surface potential 

depends on surface roughness and if it changes with the time the sample has 

been exposed to atmosphere pre-exfoliation. By investigating how this surface 

potential changes as a function of exfoliation time, it may be possible to 

investigate how the charge transfer changes across the time frame in which 

coverage is observed to drop off within. A change in charge transfer with time 

may be related to how charge transfer changes as a function of the 

separation of the 2D material from the gold substrate.  
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KPFM is an extension of a macroscopic technique devised by Lord 

Kelvin for the measurement of surface potentials67. Essentially a metal plate is 

suspended over a flat sample of the material under investigation, so that the 

opposing faces form a parallel plate structure, with the faces separated by a 

distance z. The two different materials have different work functions, and upon 

making an electrical connection, charge flows from the material of higher 

work function to the material of lower work function until the Fermi levels are 

aligned establishing thermodynamic equilibrium. The similarities between this 

macroscopic technique and the exfoliation of 2D materials on metal 

substrates demonstrate the applicability of this technique here.   

 

4.4.4  Water contact angle measurements 

Water contact angle measurements were made using a Dino lite Edge 

AM7115MZTL Digital microscope used in a home-built telescope-goniometer 

set up with a rotating stage. After exposure to the atmosphere, the sample 

mounting disk, with samples attached was placed upon the rotating stage. A 

1 µL drop of deionized water was deposited on the sample from a 

micropipette and an image taken. After which the stage was rotated moving 

another sample into the microscope’s field of view for the next measurement. 

 

4.4.5  Quantifying MoS2 coverage  

To determine the coverage of exfoliated MoS2 images were taken with the 5× 

objective lens of multiple densely covered areas of MoS2 on the gold films. 

Images were then processed in the software package image J68–70, making 

use of the colour histogram plotting tool to identify mono and multilayer 

coverage. To improve the reliability of this data and reduce noise present in 

the images multiple images were taken at one location and the results were 

averaged across these images. This resulted in much more reliable colour 

measurements taken both on bare gold surfaces and MoS2-coated layers. 

Systems of large optical contrast with a bandpass filter of appropriate 

wavelength can allow a very clear distinction between areas of bare gold 

and MoS2 mono or multilayer coverage. This optical contrast is considered in 
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detail in chapter 5. Optimizing this can allow the determination not just of Au, 

mono or bulk MoS2 layers but also the ready quantification of layer number at 

low thicknesses. This is possible due to the large sensitivity of contrast on layer 

number in certain wavelength ranges, as shown in chapter 5.  

The exfoliated MoS2 coverage was quantified to investigate the effects 

of surface roughness and time exposed to air before exfoliation is carried out 

on the total exfoliated coverage. Images were processed to locate areas 

covered with 2D materials from the histogram analysis. This was then used to 

calculate the total percentage of the image which was covered with mono 

or multilayers of the material. This percentage of coverage can then be used 

to estimate the actual coverage of the material on the surface by knowing 

the pixel size of individual pixels through calibration. Uncertainty in the 

measured coverage was reduced by taking multiple optical images and 

averaging the observed coverage on each sample as well as by taking 

measurements across multiple samples. 

 

4.5 Results and discussion 

During the exfoliation of TMDC flakes onto gold films, unprecedentedly large 

coverage of the materials was observed on some of the most freshly 

produced gold samples. Through subsequent sample production, the 

conditions for this large coverage were determined. Large coverage was only 

seen for samples which had exfoliation carried out within the shortest time 

frame possible after sample production. Even an additional period of ten to 

fifteen minutes resting in an evacuated load lock within the sputtering system 

resulted in a dramatic decrease in exfoliated material. The exact cause of this 

contamination induced in the load lock is as of yet unclear, yet, as similar 

effects occur when exposed to the atmosphere for a similar time there is little 

doubt as to its contaminant nature. A variety of tests and measurements were 

carried out to quantify and understand this observed large coverage, as well 

as some investigation into extending this to other materials and systems.  
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4.5.1 Quantifying very large MoS2 exfoliation coverage -

Raman and optical measurements for layer number 

determination   

Large, near unity coverage of various TMDCs was observed when exfoliated 

on fresh Au substrates. This near unity coverage was observed for Au 

depositied on SiO2 coated Si and glass coverslips. An investigation was carried 

out to quantify and try to understand what the most important properties are 

to obtain this large coverage. Initially, coverage is quantified across samples 

of different Au thicknesses for how the exfoliated coverage changes with the 

time the sample is exposed to air before the initial exfoliation was carried out. 

To quantify the coverage and layer numbers of TMDCs optical methods 

are ideal. Figure 4.6(a) shows optical layer number identification and confirms 

the layer thickness through AFM in figure 4.6(b).  Contrast and Raman spectral 

evolution with layer number are shown in figure 4.6(c) and (d) respectively. 

Optical contrast investigations are carried out in detail in chapter 5. Contrast 

is used throughout this chapter for MoS2 layer number determination and the 

validity of this method shall be demonstrated further in chapter 5. 
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Figure 4.6: (a) Optical image of multilayer MoS2 flakes, demonstrating the change in optical 

contrast with layer numbers. (b) Corresponding AFM image of the same area showing the 

height of each layer. Inset is a line profile showing measured step height. (c) Optical contrast 

spectra for different numbers of MoS2 layers on the Au substrate. Spectra taken with a 50х 

objective lens (d) Measured Raman spectra for the different number of MoS2 Layers. (e) Large 

monolayer MoS2 coverage on Au, taken with a 5× objective lens. (f) Measured monolayer MoS2 

yields for a range of Au film thicknesses as a function of exposure time.  

Figure 4.6(a) gives an example of an optical image taken on an exfoliated 

MoS2 on 10 nm Au coated sample showing how optical contrast can be used 

to determine layer number.  4.6(b) shows the AFM image obtained over the 
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same area and confirms the layer number for each measured contrast in 

4.6(c). Figure 4.6(c) shows the contrast measured from MoS2 on a 10 nm Au 

sample shown in (a). The contrast measured here is larger than that previously 

reported in literature10,71 which is discussed in detail in chapter 5. Figure 4.6(d) 

shows the measured Raman spectra for each layer number seen above, and 

this again confirms the layer number through the increasing intensity and peak 

positions as layer number increases for few-layer flakes72,73. Figure 4.6(e) shows 

a typical example of a large pristine monolayer obtained through this 

exfoliation method. Finally, figure 4.6(f) shows the measured percentage 

coverage of monolayer MoS2 flakes exfoliated on to a range of different gold 

thicknesses as a function of exposure time of the substrate to atmosphere 

before exfoliation. The exfoliated coverage is observed to drop off with time 

as the sample is exposed to air for longer periods. It can also be seen that 

thicker Au coatings result in lower initial coverages of exfoliated material with 

coverage dropping off across a shorter time scale.  

Raman measurements are one of the most reliable methods of 

determining the presence of a 2D material. In the case of MoS2, Raman also 

includes information on the different bond’s interactions between layers. This 

allows Raman spectra to distinguish between layer numbers of MoS2 layers 

present in a flake. In the Raman spectra observed in figure 4.6(d) both sets of 

bonds are observed to increase in frequency and intensity with the increasing 

number of layers thinner than six layers.  This shift of peak position and intensity 

with layer number is shown in figure 4.7. 

Figure 4.7: Raman peak magnitude (a) and position (b) shifts with layer number of exfoliated 

MoS2 for data shown in figure 4.6(d). (c) E/A intensity ratio for the shown Raman data. 

Figure 4.7 plots this increase in frequency with layer number for both 

observed Raman modes for MoS2. The 𝐸2𝑔
1  Raman mode corresponds to an in-

plane vibrational mode while the A1g mode vibrates out-of-plane to the atomic 
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lattice. Note that from 4.7(b) the shift in peak position for the A1g mode is 

observed to be about twice that seen for the 𝐸2𝑔
1   mode. The upshift in Raman 

frequency for increasing layers of VdW materials has been attributed to the 

stiffening of the bonds between layers7274. This is in contrast to previously 

reported Raman data, for MoS2 on SiO2, where the 𝐸2𝑔
1 was observed to 

downshift in frequency upon changing from mono to multilayer films75. Here 

the frequency shift for the 𝐴1𝑔 mode of monolayer MoS2 is observed to shift by 

~10 cm-1 which is significantly more than the ~4 cm-1 reported in previous 

work76. This may be caused by charge transfer of electrons into the bottom-

most layer of the MoS2 closest to Au surface as the 𝐴1𝑔 mode is expected to 

decrease in frequency and broaden with increased electron doping77. Figure 

4.7(c) compares the ratio of the 𝐸2𝑔
1  mode to the 𝐴1𝑔mode. Interestingly the 

largest change is observed from the monolayer ratio to a bilayer of MoS2. This 

suggests a suppression or a significant broadening of the 𝐴1𝑔 mode for a 

monolayer film or a suppression of the relative intensity of the 𝐸2𝑔
1  mode. 

Variation is seen between this ratio for monolayer MoS2 compared to literature 

values73,77,78 measured on different substrates, this is attributed to effects from 

the underlying gold substrate. It is of interest that the 𝐴1𝑔 mode is observed to 

show the largest redshift from bilayer to monolayer, followed by from tri-layer 

to bilayer systems. This provides support for the tunneling treatment of the 

system discussed earlier in this chapter and a higher resolution Raman 

investigation may allow this to be used as a sensitive probe to doping present 

in the system. The Raman system used in this work only has a resolution of ~ 4 

cm-1 and at this scale seeing such small shifts in peak position is beyond the 

experimental detection limit. A higher resolution investigation may greatly 

improve the sensitivity of such measurements. 

Of significant interest could be the change in Raman spectra as a 

function of Au thickness and the time the samples are exposed to atmosphere 

before exfoliation. Will a change in Raman shift be observed for exfoliated 

flakes where a contamination layer is present in the junction instead of a 

cleaner Au-MoS2 contact? Although this was investigated, no clear relation 

was observed outside of experimental uncertainties due to the limited 

resolution of 4 cm-1. Raman spectra also show a dependence on the stress 
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applied to MoS2 films79. This stress has also been suggested as an explanation 

for specifically monolayer coverage with reduced binding energy forming 

between the two closest layers of the gold induced by less favourable crystal 

stacking of the stressed film27. If stressing in the films were the main reason for 

large monolayer coverage, it may be expected to be more applicable across 

a broader range of substrates. Distinguishing these separate effects of stress 

and doping was not possible with the experimental limitations in Raman 

spectroscopy carried out in this work.   

Summarising this initial MoS2 quantification some few points can be 

made. The first is that there does appear to be a coverage dependence on 

Au film thickness. Here very thin Au film samples (~<10 nm) are seen to have 

very large coverage in the region of ~80 % for immediate exfoliation. Samples 

thicker than this are measured to have lower initial coverage. In addition to 

this effect, thicker samples appear to decrease in coverage with time at a 

faster rate (Fig.4.6f). This suggests that thin Au samples may be preferred over 

thick Au samples for maximizing the exfoliated TMDC coverage.  

 

4.5.2 Quantifying Au roughness of produced Samples 

How the roughness of Au films changes with thickness was investigated to 

identify the role surface roughness plays on the large exfoliation coverage. 

AFM investigations were carried out to investigate surface roughness for 

produced gold samples. It was hoped that an investigation into the roughness 

of the produced samples would help to explain the coverage dependence 

on the thickness of the Au substrates. The first of these roughness investigations 

comparing measured surface roughness for fresh and aged samples of 

different produced Au thickness is shown in figure 4.8. 
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Figure 4.8: Surface roughness of fresh and aged sputtered Au films. (a) Fresh 7.5 nm Au film, (b) 

7.5 nm Au film after exposure to air for several weeks. (c) Fresh 100 nm thick Au film. (d)100 nm 

Au film following exposure to air for several weeks. (e) Comparison of measured RMS roughness 

on a range of Au films measured across both AFMs used in this work. (f) Comparison of measured 

coverage and RMS roughness for certain Au thicknesses. 

In figure 4.8 the surface roughness of the produced gold films is compared for 

both fresh surfaces scanned shortly after production (within 1 hour) as well as 

for aged samples scanned after a period of days to weeks after sample 

production. In all cases shown and as displayed in figure 4.8(e) the aged 
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samples measured lower values of surface roughness than the fresh samples. 

This is attributed to an effective smoothening of the surface occurring due to 

formation of a contamination layer on the surface with time. Figure 4.8(e) 

shows roughness measurements taken on two separate AFMs used across this 

work. This demonstrates the different base noise level of the two AFMs used in 

this investigation with the newer machine demonstrating a much lower 

roughness measurement due to the reduced noise floor on the equipment. 

These equipment differences prevent making direct roughness comparisons 

between the data obtained on these two machines yet still allows them to be 

considered separately from one another. When considering the two separate 

machines and aged and fresh samples, an increase in roughness with 

deposited Au thickness becomes clear in the data. 

Figure 4.8(f) shows a comparison of data for sample coverage of MoS2 

on different thicknesses of gold substrates as well as the measured sample 

roughness. There is a clear correlation which can be seen between the 

roughness and coverage in that rougher samples are seen to have a lower 

quantity of coverage than smoother samples. It appears that thicker and 

hence rougher Au films show a reduction in the enhanced exfoliation 

coverage of MoS2. The most obvious cause for this is due to the observed 

increase in surface roughness. The thicker films produced in this work tend to 

be rougher and show reduced coverage of MoS2. This reduced coverage is 

most simply explained by a reduction in the actual area of the MoS2 flakes in 

close contact with the Au surface as the roughness is increased. 

 As mentioned earlier in this chapter, it may be of interest to investigate 

how well MoS2 conforms to the roughness of the underlying substrate. This may 

provide an insight into why roughness is important for exfoliation coverage. 

Essentially the closer the MoS2 follows the roughness of the substrate, the more 

it makes contact with the pristine Au surface, and this increases the VdWs 

forces between the two.  This was investigated by scanning areas of the 

samples both on exfoliated MoS2 monolayers as well as on the bare Au 

surface. The results of this investigation are shown in figure 4.9. 
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Figure 4.9: Roughness comparison of MoS2 coated and bare gold surfaces of increasing 

thickness. 

Figure 4.9 compares roughness measurements made over bare gold surfaces, 

and MoS2 coated gold surfaces. Initially, for thin and smooth Au samples (4.9a, 

b) the RMS roughness is measured to be the same both on the bare Au and 

on the exfoliated MoS2 monolayers. As the gold thickness increases and the 

bare Au roughness increases the measured roughness on the exfoliated MoS2 

flakes are observed to drop below that measured on Au. This shows that the 
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exfoliated flakes no longer closely follow the underlying gold surface, which 

suggests a weakening of the adhesive forces between them.  A separate 

explanation for these changes in roughness is that there may be 

reorganization of the thin Au film beneath them induced by compressive 

forces applied during exfoliation. This is not thought to be the origin of the 

changes in roughness shown in figure 4.9.   

To summarise, thicker Au samples are found to have a larger value of 

surface roughness. This may result in a lower contact area between the flakes 

and the gold samples. Reducing the contact area reduces the adhesion 

between the exfoliated MoS2 and Au.  

 

4.5.3 MoS2 coverage and water contact angle 

measurements on sputtered Au samples with time 

Roughness and exfoliated coverage have been seen to change with Au 

thickness and time the surface is exposed to air. It is desired here to see how 

these results compare to water contact angle measurements and hence 

surface adhesion energy of the gold-coated substrates. 

The general trends observed are shown in figure 4.10.  Figure 4.10(a-c) 

shows optical images demonstrating the reduction of monolayer MoS2 

exfoliated coverage with the samples time exposed to air before carrying out 

exfoliation. Figure 4.10(d-f) shows how the water contact angle changes 

across the exposure of the samples to air with time. Figure 4.10(g) plots these 

changes in water contact angle against time exposed to air for several gold 

samples investigated. 
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Figure 4.10 shows the water contact angle of the gold surface increasing with 

the time exposed to the atmosphere. An increasing WCA is related to 

decreasing adhesion energy of the surface. It can be seen in Fig. 4.10 that the 

thicker gold film shows a more rapid change in the water contact angle, 

suggesting a quicker reduction in adhesion energy of the surface. This is in 

agreement with the reduction of exfoliated coverage as a function of 

thickness shown in figure 4.6(f). 

Figure 4.10:(a-c) 5× Bright field images showing examples of MoS2 coverage if exfoliated as soon 

as exposed to atmosphere, 10 and 12 minutes later. (d-f) water contact angle images taken as 

a function of time the surface is exposed to air. (g) Change in water contact angle with time 

for a 10, 20 and 30 nm thick gold film. 
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Figure 4.11: Analysis of water contact angle. Solid-liquid surface tension is calculated from the 

measured water contact angle. (a) Plots calculated solid-liquid surface tension change with 

time for measured gold surfaces. (b) Looks at only measurements made on produced 10 nm 

Au films from two separate depositions on different days. (c) Plots the data for 20 nm Au. (d) 

Plots data for 30 nm Au films. (e) Plots the initial and rate of change of solid-liquid surface tension 

against the thickness of the Au samples. (f) Plots these values against measured Au RMS 

roughness. 

Figure 4.11 calculates the solid-liquid interfacial tensions from equation 4.4. This 

figure compares how this value changes with the time that the gold samples 
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are exposed to air. In figure 4.11(e) thinner Au films are observed to have 

higher initial surface energy while the rate of change is seen to increase for 

thicker substrates. When this is compared to surface roughness as in figure 

4.11(f), an improved linear fit can be obtained between the RMS roughness of 

the film and the corresponding rate of change of the interfacial tension. This 

improved fit suggests that roughness is more important than the Au film 

thickness for understanding the rate of change in water contact angle 

measurements. This faster rate of change suggests that rough surfaces may 

be contaminated faster than smooth films or that any contamination present 

on rough surfaces creates a larger effect on the surface’s adhesion energy 

than on a smoother film. This faster rate of changes shows good agreement 

with the earlier reported results for exfoliation coverage reducing earlier on 

thicker films used for exfoliation shown in figure 4.6(f). This rate of change 

dependence on roughness may suggest that contamination preferentially 

adheres to areas between grains in the produced films as these are observed 

to grow larger with thickness and lead to larger RMS roughness measurements. 

The thicker and rougher films do show a decrease in measured WCA as 

expected for rougher films from Wenzel’s theory.  It is also interesting to note 

that between figure 4.11 (e) and (f) a better linear fit is obtained for the initial 

contact angle when compared to the Au sample thickness than the 

roughness. This improved fit may suggest that surface roughness is not the main 

contributor to the initially observed interfacial tension, which instead changes 

depending upon the thickness of the gold film. It is also important to note the 

uncertainties present in these measurements. Although the general trends 

discussed are believed to be valid, there is significant uncertainty, as shown in 

figure 4.11(b). Here although two films of the same thickness were deposited 

on different days, there is a significant variation between both the observed 

rate of change and the initially measured contact angle. This uncertainty is 

attributed to changes in temperature, humidity, among other slight variations 

between each deposition and measurement. Even comparing consecutive 

measurements for any single dataset shows significant fluctuation. For these 

reasons, small corrections such as those applied from Wenzel’s theory are 

ignored, and only the general trends as discussed already are considered 

from this investigation. 
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4.5.4  KPFM on MoS2 

To further investigate the nature of the produced MoS2-Au samples, a KPFM 

investigation was carried out. Here freshly exfoliated MoS2 flakes and those 

which have been exfoliated after exposure to air for a set amount of time were 

investigated. KPFM can locally probe the Fermi level of a surface of a material. 

By investigating this for the freshly exfoliated, pristine MoS2-Au interface, we 

should obtain a measure of how the work function changes for this MoS2 when 

it is very close to the underlying Au substrate. It should be of interest to know 

what effect, if any, exfoliation time and surface roughness have on these 

measured surface potential differences. 

The tunnelling nature of electron transfer between TMDC layers should 

cause a rapid drop off in doping with separation, so any kind of thickness of 

contamination may lead to a significant measurable drop in charge 

transferred. These changes in doping may be observed by associated 

changes in the Fermi level of the flakes investigated. By measuring surface 

potential across bare Au, mono and bilayer flakes, some quantitative 

measurements for charge transfer and hence electrostatic forces present 

between these layers upon exfoliation may be estimated.  

Figure 4.12: KPFM investigation of exfoliated MoS2 on Au surfaces. (a),(b) and (c)show an optical 

image, AFM topography and the KPFM plot obtained for a sample exfoliated after 12 minutes 

exposure to air. Inset in the AFM plots are line profiles taken across the marked line and scale 

bars.  

Figure 4.12(a-c) shows an optical image and corresponding KPFM topography 

and surface potential maps for MoS2 exfoliated on a gold sample after it was 

exposed to air for 12 minutes. Figure 4.12 (c) demonstrates the much larger 

potential step from bare gold to monolayer MoS2 compared to the smaller 

change in potential difference when moving from a monolayer to a bilayer of 
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MoS2. This same effect can be seen across multiple samples, as shown in figure 

4.13(a). 

 
Figure 4.13: (a) Shows surface potential difference measured when moving from bare gold to 

the MoS2 monolayer as well as that seen when stepping from a monolayer to a bilayer. (b) 

Shows the average change in potential difference when moving from Au-monolayer MoS2. 

Measured samples are grouped by time exposed to air before exfoliation is carried out. Error 

bars plot the standard deviation across the measured flakes for that grouping. (c) Plots the 

monolayer measured step in surface potential against the measured step height for a 

monolayer of the MoS2 on Au. 

Figure 4.13(a) compares the measured surface potential difference between 

Au-monolayer and mono-bilayer MoS2 on a range of substrates where a 

change in surface potential with the presence of a bilayer could be detected. 

Interesting to note is the significant variance in the measured surface potential 

steps between Au and monolayers. In contrast, a much smaller variance is 

observed in changes to the surface potential of the bilayer MoS2. This has been 

reported previously due to a dipole potential drop at the Au MoS2 interface80. 

It should be noted that on the few occasions where no significant step in 

surface potential could be seen from mono to bilayer flakes, a small surface 

potential step was seen between the monolayer and the Au. This may be 

explained by a decrease in doping into the MoS2 flakes. Figure 4.13(b) plots 

the average surface potential difference between Au and monolayer MoS2 

for the different exposure times to atmosphere before exfoliation. Although no 

clear correlation can be observed the increase in the observed standard 

deviation for the samples exposed to air for 10 – 12 minutes suggests that 

exposure to air does affect the measured change in surface potential. A 

larger, more statistically rigorous investigation may be more successful in 

identifying how this affects the change in surface potential. 

Figure 4.13(c) plots the measured step in the surface potential between 

the gold film and the MoS2 coated surface against the measured step height 

in the same location. It is interesting to note that when monolayer step height 
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is measured lower than it is expected to be, ~ 0.7 nm for MoS2, then it appears 

there is a reduction in the surface potential difference between the bare gold 

surface and the monolayer resting on top of it. This may suggest a change in 

the electrical contact between the MoS2 and the Au, resulting in a lower 

equilibrium potential difference between the flake and the Au surface. 

Alternatively, it could be an artefact of a change in the Fermi level of the 

underlying Au surface which may have undergone some rearrangement 

during the exfoliation process, essentially compressing the film increasing its 

density and Fermi level while reducing the measured step height of MoS2. 

 

4.5.5  STM Measurements 

Scanning tunnelling spectroscopy (STS) was carried out for a MoS2 coated 30 

nm thick gold film. An example IV curve taken above what was thought to be 

a monolayer of MoS2 on Au is shown in figure 4.14(a). Here the tip was held in 

a constant position, and a changing bias between ±1.5 V was applied to the 

tip with the resulting tunnel current recorded and finally averaged across ten 

separate measurements. Small tunnel currents of less than 0.2 nA are obtained 

between ~-0.9 V to 0.4 V this suggests a ~1.3 eV bandgap for monolayer MoS2 

on Au. This is smaller than what is usually expected for a monolayer of MoS2 

which has an energy of ~1.8 eV81 and more in line with what is expected for 

bulk flakes. The reduced bandgap may be explained by n-type doping of the 

MoS2 monolayers due to charge transfer from the underlying Au substrate82. 

Here zero current is seen when -0.35 V is applied to the mechanically cut 

platinum-iridium tip of the STM. This demonstrates a small hysteresis possibly 

from the electron doping or charge accumulation present in the MoS2 flakes 

resting on the Au surface25 from the previously applied negative bias. This MoS2 

on Au system unsurprisingly shows comparable IV characteristics to 

semiconductor-metal diodes. 
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Figure 4.14: STS I/V curves obtained from different regions of a MoS2 coated gold sample. (a) 

Averaged I/V curves obtained over a MoS2 coated Au surface. (b) Zoomed in plot of (a) at low 

voltage and current. (c) Shows the differential of the curve shown in (a) and (b).  (d) Shows an 

averaged I/V curve obtained above a bare gold region of the sample.  

Figure 4.14 (c) shows dI/dV measurements for the shown average spectra in 

(a). These dI/dV curves show good general agreement with the density of 

states predicted in previous work where the density of states is predicted to 

increase significantly for voltages more negative than -0.9 V and higher than 

0.5 V7. Figure 4.14 (c) highlights this bandgap region in the density of states. 

Figure 4.14(d) shows an averaged IV curve measured above the bare Au 

surface upon which the MoS2 flakes have been exfoliated. MoS2 on Au 

surfaces have been investigated in other experimental work, including 

experiments carried out on samples produced from this work82. These results 

show good general agreement with the data presented here but also provide 

a much more detailed investigation of STM work on these systems. 

 

4.5.6 Coverage of MoS2 on other metals  

To confirm the uniqueness of this large exfoliation of TMDCs on Au a range of 

other metals were tried with the same technique of exfoliating MoS2 on freshly 

sputtered samples. This was seen to produce exfoliated flakes with varying 
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degrees of success. However, no other metal tried came close to rivalling the 

exfoliation yield which we had seen with Au substrates. Other metals 

investigated include copper, silver, platinum, nickel, cobalt and titanium. For 

the investigated deposition and exfoliation conditions, no significant 

monolayer coverage was seen on any of these materials in comparison to 

that observed for TMDCs on gold. The results are shown in figure 4.15. The 

highest coverage is observed for silver with coverage of ~1% for MoS2 

exfoliation. 

 

Figure 4.15: Coverage of MoS2 exfoliated onto other metal substrates. No other metal comes 

close to the observed coverage seen on the Au substrates. 

Figure 4.15 shows a comparison of measured exfoliated coverage for 

MoS2 on a range of metal substrates. These were exfoliated rapidly after 

exposure to air with no large coverage seen on any other metal compared to 

that of gold. Not considered here is the roughness of each of these individual 

sputtered films. However, for the negligible coverage seen, it is unlikely that 

roughness effects alone should play that dramatic of an effect. The formation 

of rapid oxidation or contamination on these investigated metallic films may 

prevent an improvement in exfoliated coverage to be seen for the metals 

investigated here. To investigate this properly exfoliation would need to be 

carried out in a vacuum or an inert, ultra-clean environment in which case an 

improvement in coverage may be expected to be observed. Metal 

evaporation on bulk VdWs materials in a vacuum may be the simplest and 

best method to test these systems for enhancing exfoliation.   
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Figure 4.16: (a) Artefacts observed on Cu substrates post exfoliation. (b) Actual mono and 

bilayer flake exfoliated on the copper surface. (c) Raman investigation on mono and bilayer 

MoS2 as well as over a region of an artefact. (d) Optical contrast measured on the MoS2 mono 

and bilayers as well as the artefacts 1 and 2 labelled in (a). 

Artefacts observed following MoS2 exfoliation onto Cu are shown in 

Figure 4.16(a) with (b) showing an image of actual MoS2 flakes on Cu. These 

artefacts are confirmed not to be MoS2 through a Raman investigation shown 

in figure 4.16(c). The ability to distinguish them through optical contrast is 

demonstrated in figure 4.16(d). These artefacts are believed to be related to 

compression and subsequent rearrangement of the thin metal film during 

exfoliation. These artefacts are investigated later in this chapter with the 

application of different normal forces during exfoliation, and they are 

investigated optically in chapter 5. 

 

 

 

 



100 

 

4.5.7 Exfoliating other 2D materials on metal substrates and 

further improving coverage through heat treatment 

Other TMDCs can be exfoliated through this gold-enhanced exfoliation 

method7,83. Here this is extended to apply to the exfoliation of InSe on gold 

substrates in figure 4.17(a). Of significant interest is extending this enhanced 

exfoliation to other 2D materials exfoliated on other metal substrates, one 

example of this has been shown in literature for nickel deposited onto 

graphene substrates which also has shown near unity exfoliation13. If this kind 

of enhanced exfoliation can be further applied to other systems, it may mark 

a substantial advancement in isolating large pristine 2D monolayers or 

materials for research and open the way for potential applications of 

exfoliated materials.  

Methods of increasing the observed coverage of exfoliated 2D 

materials have been previously investigated in other work. Of keen promise for 

further improving coverage in this work is the application of heat treatment to 

the sample.14 The heat treatment applied consisted of heating the samples to 

100 °C on a hot plate for 10 minutes before being allowed to cool back to 

room temperature before peeling the tape from the surface. It is interesting to 

note the significant increase seen following heat treatment, particularly on the 

cobalt sample, which is demonstrated in figure 4.17(b-d). In the case of InSe 

on Au (figure 4.17(a)), which already shows enhanced exfoliation, no 

significant improvement between heat-treated and regularly exfoliated 

samples was observed. The heat treatment increases the pressure of trapped 

air between 2D material flake and the substrate. This increase in pressure 

causes trapped gas to escape and reduces the amount of trapped air 

between the flakes and the sample. When the sample is cooled, atmospheric 

pressure acts to press the material onto the sample, increasing its contact to 

the underlying surface and hence increasing the adhesion between the flakes 

and the sample.  



101 

 

 

Figure 4.17: Investigation of other 2D material exfoliation on metallic substrates. (a) Shows the 

observed coverage of InSe on 3 and 6 nm Au with and without the applied heat treatment 

before exfoliation is completed. (b)Coverage of graphene on Co and Ni films with and without 

heat treatment. Note no significant graphene coverage on Co could be identified from the 

regular exfoliation. (c)Coverage of MoS2 on Co and Ni films with and without heat treatment.  

(d) Coverage of h-BN on Co and Ni substrates with and without heat treatment. (e, f) AFM 

measured roughness for produced Ni and Co samples. 

The effect of heat treatment applied to the samples before mechanical 

exfoliation was investigated. A significant increase in materials coverage can 

be noted for most samples. The exception is on thinner and smoother gold 
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samples already showing large exfoliation coverage. In this case, any change 

in coverage with heat treatment is observed to be within the measured 

variances between samples. This smaller improvement may be caused by the 

smoother gold surface trapping less air due to the lower amount of spacing 

between the grains. Less trapped air means less of an additional pressure 

differential created by the treatment and hence less of an improvement in 

coverage seen. It may also just be due to difficulties in identifying further 

improvement on the already enhanced coverage. 

These exfoliation investigations revealed that enhanced coverage 

observed is not simply about the roughness of the films or affinity of the metals 

to physisorb the 2D material. None of the investigated systems demonstrates 

comparably large coverage to that of TMDCs on Au. Of course, it must also 

be considered that Au is relatively more inert in the atmosphere, in comparison 

to other metals, this may allow for a cleaner surface once exfoliation is carried 

out. Perhaps Ti, Co, Ni, Cu and Ag would be expected to show significantly 

more coverage if exfoliation was carried out in a vacuum or inert environment 

where no, or significantly less possible contamination could occur. The results 

clearly show gold as the substrate of choice of those investigated for large 

MoS2 exfoliation. From the cobalt and nickel investigation, cobalt shows better 

coverage than nickel for all materials investigated here. Cobalt is also 

observed to be significantly smoother than the nickel, which may contribute 

to the difference in coverage.  
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4.5.8 Photoluminescence of monolayers on different 

materials 

As separation increases the photoluminescence intensity is expected to 

increase as less charge transfer and hence quenching is expected to occur84. 

Investigating the amount of quenching which occurs, allows a probe of 

charge transfer between the 2D material and the supporting metallic 

substrates. This was investigated for a range of Au thicknesses and exposure 

times before exfoliation was carried out. Unfortunately, this investigation of 

different Au substrates was inconclusive. An example of the PL spectra 

obtained on Au, Ag and Cu is shown in figure 4.18. Here a laser power of 1mW 

was focused by a ×100 objective lens.  

 

Figure 4.18: Photoluminescence investigation for MoS2 monolayers on different metallic 

surfaces. Monolayer photoluminescence measured for films on Au, Cu and Ag as well as the 

measured PL on bare Cu. PL measurements were carried out with a laser of 532 nm wavelength. 

In figure 4.18, the PL of monolayer MoS2 on a variety of exfoliated metal 

substrates is shown. It should be noted that each of these noble metals shows 

a background PL under laser irradiation85,86. The PL peak for monolayer MoS2 

on SiO2 is expected to occur at ~680 nm. It is interesting that the peak 

observed on the copper substrate occurs at a central peak position of ~660 

nm as shown in figure 4.18. This blueshift in peak position is similar to what has 

been observed on other substrate materials before including Au78. This 

suggests that copper has a much lower rate of charge transfer between the 

monolayer flake and metallic substrate, perhaps created by a significant 

tunnelling barrier present even upon rapid exfoliation. This barrier may be 

formed of copper oxide or other contaminants from its reaction with air. It 
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appears that both Ag and Au act to quench the PL much more effectively 

than Cu. This suggests there is efficient charge transfer between the MoS2 

monolayers and the Ag and Au substrates.  

 

4.5.9 MoS2 Coverage with time as a function of Exfoliation 

force 

Several anomalies have been identified through this chapter. These include a 

large variance in measured step height of MoS2 on Au surfaces as measured 

via tapping mode AFM (Figure 4.13b) as well as apparent shadows of flakes 

on substrates coated with thin Cu films which show no Raman signal but which 

appear visible optically (Figure 4.16a-d). Although changes from expected 

monolayer step height have been reported previously, these have largely 

been attributed to layers of water present on or beneath the 2D material, or 

changes in the AFM set point resulting in a slight error in the calibration of the 

measured step height87. However, neither of these possible explanations is 

capable of explaining the exceedingly large variation in monolayer step 

heights measured so far in this work. This variation includes multiple flakes 

which have been measured as having a negative step height (Figure 4.12b), 

so they appear lower than the surrounding bare Au surface. These flakes show 

the expected Raman signal and measure a similar contrast to a monolayer 

film. Even measuring a difference in the phase image during non-contact AFM 

scanning. The observed darker regions on the Cu surface were only readily 

observed for the exfoliation carried out with the least exposure to the 

atmosphere. These shadows on Cu and lower than expected flake heights for 

monolayers on Au may be separate observations from the same root cause. 

What if the exfoliation process carried out on these relatively soft metals, is 

causing rearrangement of the metal films beneath flakes pressed onto their 

surface, forming an imprint or indenting of the metal to occur beneath flakes? 

Indenting may explain lower than expected step heights as well as the 

observed dark regions on Cu formed in the shape of flakes. This indentation 

should be related to nanoindentation studies, which are used to investigate 

the mechanical properties of the systems.    
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 This possible nanoindentation was initially investigated by exfoliating 

two sets of samples, one upon which a very small amount of pressure was 

applied normally during the exfoliation process and another which applied a 

much larger normal force during the exfoliation before the removal of the 

tape. Due to the nature of the exfoliation process, it is likely there were some 

tangential forces applied throughout the process as well. The results of this 

investigation are shown in figure 4.19.   

 

Figure 4.19: Investigation into the observed exfoliated coverage and measured monolayer AFM 

step height for the normal force applied during exfoliation on a 30 nm Au film. (a) Observed 

mono and multilayer coverage on produced 30 nm Au films for hard and soft exfoliation. (b) 

Corresponding average step height measured across multiple flakes for each sample showing 

step height change with time for high and low pressure (HP and LP) exfoliations. Each step 

height shown is the average step height measured across five separate flakes on each sample. 

Error bars show standard deviation. 

Figure 4.19(a) and (b) show results obtained from the initial investigation into 

this exfoliation force experiments. In this case, a gold film of 30 nm thickness 

was the exfoliation substrate. No measurement was made for the applied 

forces. The low-pressure exfoliation was very lightly pressed onto the gold 

surface while the high-pressure exfoliation was pressed down with significant 

force applied downward by the thumb during exfoliation. (a) Shows how the 

observed coverage of exfoliated material was observed to change with 

exposure to air for both low and high-pressure exfoliations when exfoliated 

onto a 30 nm Thick Au surface. Interestingly here low-pressure exfoliations show 

a significantly larger coverage than their high-pressure counterparts. Figure 

4.19(b) shows the average measured step height averaged across multiple 

different flakes on each sample. This graph shows a clear change in average 
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step height observed between low and high-pressure exfoliations as well as a 

general increase in step height observed with time. These changes in step 

height support the idea of higher pressure exfoliations indenting the freshly 

produced gold samples.  They also support the idea of a contamination layer 

of increasing thickness present between the MoS2, and the gold surface, which 

leads to the increases in measured height observed the longer the sample is 

exposed to atmosphere before exfoliation. This work was then later repeated 

for 3 and 6 nm Au films with approximate measurements made for the forces 

applied during exfoliation. The results of this second investigation are 

summarized in figure 4.20. 

 

Figure 4.20: Investigation into the observed exfoliated coverage on 3 and 6 nm Au for two 

different normal forces (~5 and 50 N) applied during exfoliation. (a) Observed mono and 

multilayer coverage on produced 3 nm Au films for high and low-pressure exfoliations. (b) 

Observed mono and multilayer coverage on produced 6 nm Au films for high and low-pressure 

exfoliations. 

 One thing to be noted concerning this experiment is a change in the 

force applied for the low-pressure exfoliation. Here a force of in the region of 

5-10 N, measured by simple digital weighing scales, was normally applied on 

the surface for the low-pressure exfoliations with the high-pressure exfoliations 

using a force of approximately 50 N. These are the exfoliation conditions which 

gave the results in figure 4.20. From this figure in general, it appears that 

differences in exfoliation coverage between the forces investigated are not 

significant beyond experimental uncertainty. It is also interesting that 

monolayer coverage is significantly lower than has previously been observed 

for films of similar thickness (fig 4.6(f)).  High-pressure exfoliations may show 
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improved coverage at later exposure times when more contamination is 

expected on the Au surface. Of significant interest is the nearly consistent 2-3 

times improvement observed in multilayer MoS2 coverage for 3nm Au films 

compared to what is observed for 6nm Au films. This change in monolayer 

selectivity may be caused by a reduction in the free electrons available for 

doping in the 3nm thick Au film compared to the 6nm Au. However, there may 

also be differences in the strain present in the first MoS2 layer from the different 

thicknesses of Au films. 

 

Figure 4.21: Average step height measured on 3 and 6 nm Au films for high pressure and lower 

pressure exfoliations. Step height is averaged across five separate MoS2 flakes on each 

investigated substrate. Error bars give the standard deviation for the flakes measured for that 

sample. 

In figure 4.21, the step heights measured for the separate exfoliation forces fail 

to follow the previously observed results from figure 4.19(b). These results 

suggest that for the 2nd set of experiments, the low-pressure exfoliation may 

have been at too high of an applied exfoliation force. The average step 

heights shown in figure 4.21 are consistently lower than those expected for 

MoS2 (~0.7 nm). This discrepancy suggests that for both of the forces applied 

in this follow-up investigation, significant indentation occurs across the 

exfoliation. This consistent indentation confirms that for the force range (5-50N) 

investigated in this second set of experiments, the pressure beneath the flakes 

is large enough to cause rearrangement and indentation of the Au films. 

Figures 4.19-21 demonstrate the importance of exfoliation force on 

observed MoS2 yield when exfoliated onto Au. There may perhaps be an 

optimum force applied during exfoliation to maximize coverage. Any such 
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force may be dependent upon a large array of factors, such as Au thickness, 

roughness, time exposed to air, the area of exfoliated flakes as well as any 

tangential forces applied during exfoliation. The nature of what causes the 

observed change in coverage is not resolved here. It may originate from a 

change in the electrical contact between the MoS2 layers and the Au surface 

as perhaps suggested by the change in surface potential with step height 

observed in the KPFM analysis in figure 4.13(b). It may also have some origin in 

flattening of the Au surface beneath the film which may occur during 

indentation. The different thicknesses of the gold films investigated may play 

a large role in their different reactions to exfoliation force. Most likely and 

perhaps most obvious for this exfoliation force dependence of monolayer 

coverage is the effect of compressive stresses and strains between the MoS2 

and the Au surface13,27. Some other unexpected effects, such as 

piezoelectricity of MoS2
88,89

, may additionally complicate this process or 

impact observed results. Unfortunately, due to the lack of measurements of 

exfoliation force for the first investigation and the much larger force applied 

during the low-pressure exfoliation in the second experiment little meaningful 

further comparison can be made directly from this data. The coverage 

dependence on exfoliation force may play a significant role for any cases 

where 2D materials are exfoliated onto freshly produced metallic surfaces and 

may be worth further investigation.  

 

4.5.10 Explaining Multilayer exfoliation for MoS2 on Au 

So far, this chapter has focused on investigating and understanding large 

monolayer exfoliation when considering MoS2 on Au. This section considers the 

coverage of multilayers exfoliated onto fresh gold substrates as well as how it 

changes with the time the Au surface has been exposed to air before 

exfoliation is carried out. As exfoliation is carried out on these freshly produced 

Au surfaces initially very large monolayer exfoliation is observed with 70-90% of 

imaged areas being coated with monolayers of material (figure 4.6 f). The 

change in coverage of multilayer exfoliations is shown in figure 4.22. Here the 

coverage at each point shows the average multilayer coverage taken from 
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a minimum of five х5 optical microscope images. This gives the average 

exfoliated multilayer coverage across an area greater than 6 mm2.  

 

Figure 4.22: (a) Total multilayer exfoliated coverage change with Au thickness and time 

substrate is exposed to air before exfoliation. (b) Relative multilayer coverage to the total 

exfoliated coverage on each sample. 

A few relationships of interest can be seen in figure 4.22. The first thing to note 

is the apparent increase in monolayer selectivity with increasing Au thickness, 

which can be most clearly seen in the relative multilayer coverage 

comparison of 4.22(b). Increasing monolayer selectivity with increasing film 

thickness agrees with the strain explanation for selective monolayer exfoliation 

as thickness dependence of Ni films have been observed for strain mediated 

exfoliation of graphene13. The increase in relative monolayer exfoliation of 

MoS2 in figure 4.22 is not accompanied by an increase in exfoliation yield. Total 

coverage appears to decrease for thicker films, as seen in figure 4.6(f). Figure 

4.22 also suggests that monolayer selectivity is dramatically reduced shortly 

before enhanced exfoliation drops off. This decrease in monolayer selectivity 

is expected to be caused by a layer of contamination between the Au and 

MoS2. This contamination increases the average separation between the two 

materials and reduces the strain applied to the MoS2 film. When this monolayer 

selectivity decreases appears to be dependent upon the thickness of the film, 

with thicker films reducing monolayer selectivity sooner than thin films. This 

behaviour shows good agreement with the results of the WCA investigation, 

where thicker films showed a faster change in the solid-liquid surface tension 

(Figure 4.11). 
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After about 12 minutes, monolayer and multilayer coverages on most 

samples drop to negligible amounts as expected with weakening VdWs 

forces. Here it is observed that selective monolayer coverage drops off before 

the complete reduction of exfoliated coverage. This shorter exposure time 

dependence suggests that the forces or effects responsible for the selective 

monolayer exfoliation drop off on a shorter time scale than the large VdWs 

forces responsible for the enhanced exfoliation. A shorter time exposed to 

atmosphere suggests a smaller average separation between the Au and the 

MoS2. 

 

4.5.11    Estimating contributions to selective monolayer 

exfoliation  

This chapter has investigated the large monolayer exfoliation of MoS2 on Au 

and has identified two possible contributions for this monolayer selectivity. 

Here very simple estimations of these contributions shall be discussed to 

understand their respective roles. The first, from existing literature, is strain-

induced crystallographic stacking changes8,13. Here strain in the layer closest 

to the gold changes the atomic stacking arrangement between this layer and 

its nearest neighbour. Estimates of the change in binding energy with 

dislocation between these layers have been investigated previously. From this 

work an estimate of the change in binding energy per unit cell can be 

obtained27. Initially considering the binding energy per unit cell, this paper 

reports a change in the binding energy of ~0.005 eV per displaced sulphur 

atom. Considering the area of a single unit cell of MoS2 for this change in 

binding energy only the interaction of a few sulphur atoms need be 

considered. As the stacking favourability may be spread across a range less 

than this value of binding energy in other, more favourable stacking locations, 

this may be the largest change we see in a singular atom. Hence this may be 

estimated to weaken the adhesion between the two adjacent MoS2 layers 

closest to the Au within the range of ~-0.001-0.01eV/Unit cell. These estimates 

suggest stacking weakening the bonding between the two bottom-most 

layers from 4--40% of its original value. 
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 The second contribution discussed earlier in this chapter, possibly 

for the first time in this context, is that of electrostatic repulsion caused by 

tunnelling mediated differential doping between layers of the 2D material. To 

estimate this force, n-doping of the MoS2 monolayer nearest the Au is taken 

from Bader charge analysis in previous work to be ~0.1 electrons per unit cell7. 

Assuming an exponential decrease in doping with increasing separation 

caused by the tunnelling mediated charge transfer between layers the 

doping in the 2nd closest layer to the Au is assumed to be an order of 

magnitude smaller at ~ 0.01 electrons per unit cell. Discussing fractions of 

electrons is not very physical, but it is assumed that the areas interacting are 

a lot larger than single unit cells to justify this treatment. By using these values 

to calculate the Coulomb force, assuming a separation r on the scale of 

~0.7nm (the thickness of a MoS2 layer) results in a Coulomb force of ~0.0029 

eVnm-1. When considered across a unit cell, this may be expected to give a 

change in the binding energy on the scale of ~ 0.003 eV/Unit Cell. This 

estimation suggests the repulsive electrostatic force is estimated to weaken 

the bonding by up to 12% of the MoS2-MoS2 bonding energy. This is only used 

for a rough estimate with many significant assumptions yet provides an 

estimate for a change in binding energy of the same scale as that estimated 

from stacking dislocations. These simple estimations suggest that both of these 

mechanisms contribute to this selective monolayer exfoliation.  

Figure 4.23: (a) Estimate of average contamination thickness as the Au films are exposed to air. 

Measured contamination thickness was taken from figure 4.19b and extrapolated, assuming a 

linear increase in contamination thickness.  (b) Schematic of the experimental system under 

investigation showing separation due to roughness and contamination as well as the source 

and expected location of a repulsive electrostatic force between the two closest MoS2 layers 

to the Au surface.   
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 A theoretical investigation into electrodynamic effects as well as 

a rigorous quantification of the two estimated contributions may lead to a 

better understanding of their relative contributions and roles in selective 

monolayer exfoliation. The remainder of this section uses data from this 

chapter to attempt to compare experimental observations to how these 

separate contributions may be expected to change.  

Figure 4.23(a) estimates how the thickness of the contamination layer forming 

on the Au changes with the time that the gold sample is exposed to air. This 

provides a rough estimate for how the separation between the MoS2 and the 

Au changes with time.  This can allow an estimate for how different forces may 

be expected to drop off with these changes in separation. Figure 4.23(b) gives 

a schematic of MoS2 over a granular gold film.  Here d1 is the separation 

between the MoS2 and the Au at its closest approach on top a gold grain, d2 

is the closest separation between Au and the 2nd closest MoS2 layer (~d1+0.7 

nm). d3 represents the much further separation between MoS2 and Au in 

regions where they do not make close contact, such as between grains. Fr is 

the repulsive electrostatic force between the two closest layers of MoS2 and 

tc is the thickness of contamination trapped between the MoS2 and the Au. It 

is assumed that the contamination is not a continuous film, particularly for fresh 

exfoliations and that contamination may be rearranged during exfoliation, as 

is possible for the metallic films. Compression may spread contamination to 

thinner films or even push it aside in regions to allow closer or direct MoS2-Au 

contact. 

 It is important to consider how the relative strength of these 

electrostatic contributions may change with separation. VdWs forces are 

expected to decrease proportionally to the separation between the planes 

squared as given by equation 4.1. The attractive electrostatic attraction (𝐹𝐴) 

between the gold and the first MoS2 layer is expected to be related to the 

Coulomb force, and this may be approximated by equation 4.2. This means 

that it decreases with the inverse square of the separation but also scales 

approximately with the square of the doping or charge density and so 

decreases further as the doping into the monolayer decreases. The doping is 
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expected to be exponentially dependent upon the separation, as shown in 

equation 4.6. The repulsive electrostatic dipole decreases as the doping 

between the two bottom-most layers of MoS2 decreases. For this case, there is 

no inverse D2 relation as in the previous two relationships as the separation 

between the two bottom-most layers of MoS2 shall not change with 

contamination thickness. These relationships dependence on separation (D) 

and doping into the first and second MoS2 layers (Q1 and Q2 respectively) are 

summarised in the following equations. 

𝑉𝑑𝑊  ∝  
1

𝐷2       [4.8] 

𝐹𝐴  ∝
(𝑄1)2

𝑟2  ∝  
1

𝐷2 × (
1

𝑒𝐷) 2     [4.9] 

𝐹𝑟  ∝ 𝑄1 × 𝑄2  ∝ (
1

𝑒𝐷)  ×  (
1

𝑒(𝐷+7Å)
)   [4.10] 

These equations suggest that both considered electrostatic contributions are 

expected to drop off faster than the VdWs force. This suggests that changes 

in these forces may contribute to the observed changes in mono and 

multilayer exfoliation before the complete reduction in the exfoliated 

coverage. The dominant mechanism of either repulsive electrostatic dipoles 

or changes in strain with the presence of a contamination layer or from the 

thickness of the Au films requires further investigation. The observed results may 

equally be explained by contributions from all of these mechanisms and 

perhaps others not considered here. 

 

4.5.12 Applications of Produced Samples 

2D materials have very interesting potential future applications, some of which 

require or facilitate their presence on gold samples. MoS2 has been 

investigated as a diffusion barrier for copper interconnects, suggesting a 

lifetime improvement of three orders of magnitude compared to control 

devices without such barriers90. Modified MoS2 films on Au substrates have also 

been shown to be able to make photovoltaic cells91. MoS2 coated Au films 

have also been investigated as a potential catalyst for hydrogen evolution92–

94 which may play an important role in a green economy. One possible 
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application for MoS2 monolayers on gold films is in memory devices where gold 

sandwiched MoS2 has been shown to act as a switchable memory device2.  

The advantage of this system is its possible flexibility and inherent 

thinness. The large scale MoS2 exfoliation has been demonstrated here on 

gold films as thin as 3 nm. An individual sheet of these 2D material memory 

pads with a very small total thickness could be produced. Devices of this type 

hundreds of nm in lateral dimension have so far been demonstrated yet, the 

research in this application of these materials is still very recent in its maturity. 

This has frequently been limited by the size of the MoS2 flakes which are 

available for device fabrication, and this is a direct potential application for 

research of this technique in the future. Some of the as-produced gold 

samples were sent to collaborators for further investigations and to try making 

devices from our exfoliated materials. Examples of IV plots obtained for such 

devices are shown below in Figure 4.24.  

 

Figure 4.24: IV curve characteristics of Atom-ristors produced from exfoliated films by 

collaborators. (a) Shows shorting behaviour observed in the majority of produced devices and 

(b) shows slight hysteresis as desired for applications in one device produced. The device 

fabricated is expected to be similar to that shown in figure 1.1. Thanks to collaborators Dr D. 

Akinwande and Ruijing Ge for permission to include this data. 

Across the multiple samples which were produced a large shorting effect was 

observed on almost all produced devices. It is possible these devices were 

seen to short due to the change in electrical contact due to indentation as 

may have been suggested from AFM results. Although this may also be due to 

sulphur vacancies or damage to the exfoliated flakes. Further investigation of 

these memory devices may realize applications in reducing the dimensions of 

memory bits to the atomic scale82.  
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4.5.13 Attempted binding energy measurements 

An attempt was made to measure the binding energy of the MoS2 films on a 

bare Au film through wrinkle analysis as discussed in the theory section65. This 

exploratory investigation sought to find wrinkled flakes from existing samples 

produced across this chapter that were suitable for adhesion measurements. 

Multiple flakes were measured for a range of the investigated 2D materials 

exfoliated on different metallic substrates.  Initial results from this investigation 

are shown in figure 4.25.  

 

Figure 4.25: Wrinkle measurement for surface adhesive forces and comparison to the binding 

energy. (a) Measured data on 3 nm Au. (b) Data obtained for MoS2 on 6 nm Au film. (c) Flake 

and wrinkle used to measure adhesion of MoS2 on Ag. (a - c) AFM line profiles shown are for 

illustrative purposes and were not those used in calculations. (d) The predicted binding energy 

of MoS2 layers7(taken from [7]). (e) Measured adhesion energy from the data shown in (a-c). 

Error bars represent the experimental error. A/t is the amplitude of the measured wrinkle divided 

by the thickness of the wrinkled flake.  



116 

 

Figure 4.25 (a-c) show a range of wrinkles measured for, MoS2 on a freshly 

exfoliated Au substrate, a substrate exposed to air for 12 minutes before 

exfoliation and finally MoS2 on a silver surface. Here AFM insets are illustrative 

and were not the measurements used in calculations. Significant errors are 

present in any calculations following from these measurements for several 

reasons. The main reason is that of changing width and amplitude of wrinkles 

across flakes investigated. Attempting to calculate the adhesion energy using 

equation 4.8 gave the results observed in figure 4.25(e) when measured on a 

rapidly exfoliated upon Au surface compared to one which was exposed to 

the atmosphere for 12 minutes and a freshly exfoliated upon a silver surface. 

The change in measured adhesive energy is in good agreement with the 

predicted reduction expected from a reduced VdWs force at an increased 

average separation of ~3 Å at approximately one-fifth of the original adhesive 

force. The large uncertainty shown in the plots is largely due to changes in the 

amplitude and width of measured MoS2 wrinkles. It is hoped that more 

extensive investigations will allow more accurate measurements of the binding 

energy of the films to be investigated. This technique may allow an effective 

adhesion energy measurement for investigating 2D material films on a wide 

range of potential substrates.  

 

4.6 Conclusion  

Very large coverage of monolayer MoS2 is observed for freshly sputtered gold 

samples when exfoliation is carried out rapidly upon exposure to air. As the 

sample is exposed to air, this large coverage is observed to drop off with time 

to a negligible amount of coverage being observed after 15 minutes. This drop 

in coverage correlates with a ~20° increase in water contact angle, 

suggesting a decrease in the surface’s adhesive energy. This is attributed to 

the formation of a nm scale layer of contamination on the Au surface, 

increasing the average separation between the MoS2 and the Au. 

The roughness of the samples produced was also observed to have a 

significant effect on the coverage of TMDC Layers. In this case at low 

thicknesses produced the samples tended to be quite smooth, with the MoS2 
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able to follow the roughness of the surface, however, these films are observed 

to be rougher when thicker films are produced. For these rougher films, the 

MoS2 was not able to follow the roughness of the surface, which decreases 

the adhesive energy leading to a reduction in observed coverage. It was also 

noted that there is the possibility of rearrangement of the relatively soft metal 

surface under the application of normal and tangential forces during the 

exfoliation process. This indentation was observed optically on Cu (Figure 

4.16a) and to affect the adhesion and coverage of exfoliated films on Au as 

well as to reduce the indented monolayers measured step height (fig. 4.19-

4.21). KPFM investigations into this effect appear to show a correlation 

between measured step height and change in surface potential over MoS2 

monolayers on the gold film. It is unclear whether this change in surface 

potential is due to a change in the underlying gold’s density or a change in 

electrical contact between the MoS2 layer and the underlying gold film. 

The predominantly monolayer coverage has been suggested to be 

contributed to by layer dependent doping. Here there is expected to be an 

electrostatic adhesion energy contribution acting between the bottom-most 

two layers of MoS2. This is caused by differing electron doping levels between 

the two closest layers to the Au surface. It acts as an attractive force between 

the Au and the nearest monolayer. At the same time, it creates electrostatic 

repulsion from the monolayer to its nearest TMDC layer lowering this adhesion 

energy to less than other layers of the system encouraging exfoliation of 

monolayer films. These different doping levels between mono and bilayer 

flakes are suggested through Raman and KPFM data. This repulsive 

electrostatic force is estimated to be of comparable magnitude to 

contributions from strain-induced stacking changes which have previously 

been used to explain specifically monolayer exfoliation. It is suggested that 

both of these mechanisms contribute to the monolayer selectivity of the 

exfoliation. 

This large coverage of TMDCs on Au was also observed for sputtered 

gold-coated glass coverslips. This large exfoliation was also tried for 

evaporated Au systems, but in this case delamination of the Au from the glass 

substrate was observed upon MoS2 exfoliation. This was believed to be caused 

by the lack of an adhesion layer between the gold and the bare glass surface. 
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This suggests this exfoliation method can be applied with other Au deposition 

techniques provided an appropriate adhesion layer is used to prevent sample 

delamination. 

The possibility of specific substrate selection or material enhanced 

exfoliation for near-unity 2D material exfoliation is a very interesting one. The 

enhanced exfoliation of MoS2 and other TMDCs onto these Au substrates 

demonstrates the possible application of this technique for the exfoliation of 

mm-cm approaching sized flakes of 2D materials. Ideally, this work should be 

carried out completely in a vacuum, oxygen-free, or super clean environment 

to remove the effect contamination has as the sample is exposed to air. 

Material deposition on bulk VdWs materials in a vacuum may provide a 

preferential investigation method as this largely removes the impact of 

airborne contamination on reducing the exfoliation yield. This may also open 

up the application for other materials besides TMDCs with materials which are 

expected to react with air. This contamination from interaction with air may 

be why, for certain materials deposited we have been unable to see any 

significant coverage, as the surface may be reacting with the air on a 

timescale of seconds and not minutes. This is possibly why this large coverage 

was able to be seen in air on Au due to its chemical inertness in comparison 

to other materials which are expecting a comparably high adhesive energy. 
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Chapter 5          

 

Maximizing the optical contrast of 2D 

materials on thin gold films   

 

5.1 Abstract 

A significant bottleneck in 2D material research is isolating and locating 

monolayers of the materials which are to be investigated. The thinness of the 

materials and that some 2D materials, such as hexagonal boron Nitride (h-BN), 

have a very low optical absorption can lead to a very small optical contrast. 

This can make them difficult to find optically and time-consuming or expensive 

to find through other methods, such as AFM and SEM. Work was carried out to 

address these problems by intentionally designing gold-coated optical 

cavities on substrates to enhance the optical contrast of 2D materials. The use 

of lenses of different numerical apertures and optical aperture stops (AS) are 

investigated to further enhance this measured optical contrast through 

illumination angle control. Here an order of magnitude improvement in the 

peak measured optical contrast of MoS2 has been demonstrated reaching 

over -300% for a monolayer of the material. This is an improvement from ~30% 

contrast observed in the literature to date, and this order of magnitude 

improvement should make locating and working with monolayers of 2D 

materials much easier.   

An AFM investigation correlated with optical contrast measurements 

has been carried out extensively for MoS2 on Au. This was carried out to 

understand better the nature of observed uncertainties in measured optical 

contrast and separation between theory and experiment. This variation is 

elucidated in this chapter where indenting of the gold film results in an 

increase in the film's density, free electron density and Fermi level. This is 
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supported with experimental evidence and supporting simulations of this 

effect on optical contrast. Other metal films show different contrast variations, 

and these are believed to be related to the optical interactions of the metals 

themselves. 

 Further work was also carried out for h-BN, which is one of the most 

transparent 2D materials across the visible spectrum. This material has seen 

important applications as an insulating and capping layer for a range of 

devices. Due to its large electronic bandgap h-BN has lower absorption in the 

visible than either graphene or graphene oxide (GO) and hence the 

application of this enhanced contrast for locating and working with this 

material is of larger interest and applicability. Early investigations suggest an 

increase in contrast from the previous best reported in the literature of 2.5% to 

an estimated ~10-20 % contrast estimated from enhancements seen in this 

work. These measured contrasts suggest an improvement in measured 

contrast by at least a factor of ~4. It is hoped that the angle control 

demonstrated here may be extended to these more transparent materials 

making them significantly easier to find. 

 

5.2 Introduction 

A crucial step in advancing the pace of 2D material integration into our world 

is developing rapid and reliable methods of locating and investigating these 

materials. This chapter hopes to help aid the speed at which research can be 

carried out on these, sometimes difficult to observe and locate materials. 

There is a clear advantage to finding and characterizing 2D materials rapidly 

and cheaply to make working with them easier. Significant work has been 

carried out previously looking at the contrast of 2D materials making use of an 

optical cavity 1,2. Optical contrast investigations have allowed layer number 

identification for 2D materials on heterostructures3,4. Contrast thickness 

measurements are supported by AFM, Raman and PL spectroscopies for layer 

number confirmation5,6. Contrast spectroscopy has demonstrated the ease 

with which such flakes can be located. However, there are few materials of 

which the measured contrast remains very low. One example of this is h-BN7, 
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where currently the highest observed optical contrast is on the order of ~ 2.5%2, 

which makes monolayers very difficult to find.  

   Substrate based enhancement is discussed in detail across several 

recent papers 2,7–10 and has led to significant improvements in researchers 

ability to locate and work with monolayers of these 2D materials11–15. Previous 

work in the area has shown that making use of thin Au substrates on top of 

these optical cavities can lead to significant enhancement in observed 

optical contrast16. However, in reported results, there have been occasions of 

departure between simulations and experiments16. To investigate this 

discrepancy monolayers of MoS2 are investigated through optical and 

scanning probe measurements. MoS2 is advantageous for this investigation as 

it provides a relatively larger step height for AFM investigations as well as a 

significantly larger contrast than that observed for other 2D materials 

available. The large scale coverage discussed in chapter 4 leads to the ready 

production of samples with a large yield of monolayers perfectly suited to such 

an investigation17. 

It has long been known that the incident angle of illumination plays a 

large role on the measured optical contrast of 2D materials18,19. Although some 

work has investigated this,20 little effort has been made to take advantage of 

this effect to maximize the measured optical contrast. Here we utilize a range 

of lenses with different numerical apertures (NAs) to investigate how the 

measured optical contrast changes with different objective lenses. This is 

possible due to the large coverage and high uniformity of our exfoliated TMDC 

crystals.17 These large, high-quality flakes allow local contrast measurements 

to be made on these flakes at lower magnifications. Previously the small size 

of exfoliated flakes may have hindered any possible investigation in this area. 

This NA control is augmented with the application of an aperture stop (AS) 

within the illumination column of the microscope. The AS acts to reduce the 

light incident at high illumination angles, lowering the average angle of 

incidence for the illuminating light, while maintaining large collection angles. 

Allowing illumination angle-controlled measurements on small flakes using a 

high NA lens. This angle control was observed to significantly improve 

measured optical contrast and maintain high spatial resolution simultaneously 

at large magnifications. 
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Previous optical contrast investigations have often relied upon 

measuring a positive optical contrast, looking for a reduction in the reflected 

light relative to the substrate it rests upon (Equation 3.1). This leads to several 

limitations. The first is that the largest contrast which can be measured is 100% 

when no light would be reflected from above the material. If instead a 

negative contrast is utilized, looking for a higher intensity of reflected light over 

the material than on the substrate, the contrast can exceed 100% (see Eq. 

3.1). By using a substrate of near-zero reflectance, any small increase in 

reflection provided by the 2D material can provide a dramatically larger 

contrast than those previously reported. This chapter demonstrates that this 

technique provides an order of magnitude improvement in measured optical 

contrast for MoS2 than those previously reported in the literature21–23. 

 

5.3 Background theory 

Enhancing the optical contrast of 2D materials has been a subject of 

significant interest for the past several years. Optical contrast can be 

accurately used to determine the thickness of thin 2D material flakes1,24. This 

work relies upon placing the material on top of optical cavities and then 

relying upon changes in the intensity and the phase of the reflected light to 

measure the optical contrast. This contrast can then be used to determine the 

layer number. The use of optical contrast-enhancing heterostructures and 

angle of illumination control has been investigated previously1,3,4,25,26. These will 

be briefly discussed to elucidate the physical mechanisms behind the 

increased contrast. Finally, in this section, a simplified model for treating these 

systems is discussed.  

 

5.3.1  Optical contrast enhancement with heterostructures 

Optical contrast-enhancing heterostructures considered here act essentially 

as Fabry-Perot cavities covered with anti-reflection coatings27. These cavities 

can enhance or decrease transmitted or reflected light due to constructive or 

destructive interference. This interference depends upon optical path length, 



130 

 

refractive index, absorption and reflectivity of both mirrored ends. Enhanced 

areas of reflection and transmission within the spectral domain can be 

created by changing these parameters28. One method of producing anti-

reflection coatings is to coat a surface with a thin film of a material of 

refractive index between the refractive index of the incident and transmitting 

medium. When measuring relative contrast on a 2D material compared to the 

bare optical heterostructures, both changes in intensity due to absorption of 

the material and phase changes due to the increased optical path length are 

important. The refractive index of the material also has an impact on the 

effective optical path length. Any changes to the refractive index will affect 

the resultant contrast spectrum. 

 

5.3.2 Optical contrast enhancement with illumination angle 

Different illumination angles will undergo different amounts of constructive 

and destructive interference in an optical cavity at different wavelengths. The 

traditionally measured optical contrast with lenses of high NAs measures the 

mean optical contrast across the range of illumination angles collected. By 

appropriately weighting the illumination angles for the size of the objective 

lens and its NA, it is possible to improve the match between theoretically 

predicted optical contrast to that observed experimentally20. As we are 

concerned with measuring the optical contrast over the bare substrate 

compared to one coated with a 2D material, the relative contrast is all that 

needs to be considered.  Any multilayer optical layer system on a semi-infinite 

substrate can be modelled with a single optical complex reflectivity. This 

complex reflectivity is angle-dependent, so the angle of illumination needs to 

be considered for accurate simulations. 

By selecting a range of the desired angles of illumination to manipulate 

the relative weighting of angles, it should be possible to increase the 

measured optical contrast of these systems dramatically. Methods of 

controlling these NAs were investigated, using lenses of different NA as well as 

an aperture stop to reduce the intensity of light illuminating the sample at high 

angles of incidence while using the large NA lens. From equation 2.1.9, it can 
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easily be seen that increasing the angle of incidence of light on a substrate 

will also increase the amount of light reflected at the interface. 

Work has previously been carried out for angle-dependent 

investigations on contrast through tilting the angle of the sample26, but this is 

less easily transferred to other optical systems and may require significant 

experimental equipment and setup for little appreciable gain.26   

 

5.3.3 A Simplified model for optical contrast enhancement  

Previous considerations of optical heterostructures have looked at and 

modelled individual reflections at different layers of the heterostructures to 

model measured optical contrast29. This depth of consideration for individual 

layers and reflections is not always required. Instead, by considering the 

relative change in reflectivity, the optical contrast can be calculated from a 

single complex reflectivity representing the entire system, as shown in figure 

5.130.   

 

Figure 5.1: Schematic of light reflection on a stratified substrate with and without a thin film. The 

substrate is composed of M layers of homogeneous planar films with optical properties denoted 

by εj, µj, and thickness by hj, j is the layer number. Taken with permission from 30 

This is a very effective method for simulating the contrast of 2D materials on 

contrast-enhancing heterostructures. Contrast simulations presented in this 
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chapter were simulated with this method30. As the derivation and fine details 

of these simulations are described in detail elsewhere30, this is not covered in 

detail here. Crucially this paper identifies both magnitude and phase to be 

important for enhancing optical contrast, as well as the use of substrates of 

low reflectivity30.  

For investigations taking advantage of negative optical contrast, it is of 

benefit to have a substrate which has a very small reflectivity in a wavelength 

region where the material is most reflective. The substrates reflection minima 

relate to where the largest enhancements in negative optical contrast can be 

observed. To calculate the contrast of measured 2D materials it is necessary 

to know the complex refractive index of the materials under investigation. 

These have been determined for a range of TMDC materials.31 

By knowing the optical dielectric functions of these materials31,32 it is 

possible to design specific substrates to maximize the observed optical 

contrast. Essentially it is desired to create an overlap in the low reflectivity 

region of the underlying substrate with a large reflective region of the 2D 

material. MoS2's peak C exciton occurs in the 2.5-3eV energy range. This 

exciton red-shifts and broadens with layer addition33,34 as well as increasing 

the size (radius) of the exciton as layer number increases from 1-5 layers34. The 

reflection of such films on a SiO2 substrate are seen to change with layer 

number35.  Other work has demonstrated tuneable reflectivity of TMDCs 

depending on doping caused by applied voltage36 as well as the optical 

contrast for these materials encapsulated in oxide layers37. This chapter 

investigates contrast for MoS2 and a range of other 2D materials on gold-

coated substrates.  

 

5.4 Experimental methods  

This methods section briefly discusses optical contrast measurements and how 

different effects may be isolated experimentally.  
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5.4.1 Optical contrast 

Optical contrast measurements are a very 

useful tool for determining the layer number 

of 2D material crystals when exfoliated onto 

optical contrast-enhancing substrates38 or 

even on metal substrates8. The substrate 

dependence of contrast was investigated 

by producing multiple samples to measure 

contrast across. A schematic of the optical 

multilayer heterostructures produced is 

shown in figure 5.2. The thickness t of the 

gold layer is changed to investigate its 

effect on the optical contrast of 2D materials. 

These optical measurements provide a faster and much less disruptive 

measurement to the systems investigated than either AFM probing, even in 

noncontact mode, or Raman spectroscopy. In some cases, Raman 

spectroscopy can require the use of quite high-power lasers as certain 

materials show particularly weak Raman signals. Contrast measurements were 

made by taking micro-reflectance spectra from both the bare Au of the 

substrates as well as from an area covered by the 2D materials.33 Contrast 

measurements were calculated with equation 3.1. Spectra are collected 

using a 100×, 50×, 20×, 10× and 5× objective lenses, and their information is 

displayed in table 3.1. 

Two methods of controlling the illumination angles incident on these 

samples are used to enhance contrast through this mechanism. The simplest 

way to control angles of incidence is to make use of lenses of different 

magnification which also have different angles of acceptance corresponding 

to their NAs. This is the simplest and most effective way to investigate the 

effects of illumination angle on measured contrast. However, it necessitates 

larger collection spots in the case of low magnification objectives, as shown 

in table 3.1. A similar method of selecting these low angles of incidence is to 

control the aperture size for the input light into the objective lens. By reducing 

this aperture size, it is possible to filter out much of the wide incident angle 

Figure 5.2: Schematic of optical 

heterostructures used in this 

investigation 
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illumination. This AS can allow lenses of higher magnification to be used with a 

small collection spot, yet, provide contrast spectra measured to be much 

closer to those measured with a lens of lower NA. A schematic for this system 

is demonstrated in figure 3.4. 

It is important to note that at large magnifications, any uncertainty in 

the position of the aperture stop can lead to significant uncertainty in the 

angles of light used to illuminate the sample. The data presented in figure 5.4 

is calculated assuming the light is uniformly incident through the objective’s 

input aperture in the region allowed by the aperture stop. The objectives are 

approximated as an effective lens with NA's as given in table 3.1.  The 

estimation for the weighted illumination angles are shown in figure 5.3 at 0.5° 

intervals for each objective and aperture stop combination. This is shown as 

the percentage of illuminating light against the estimated incident angle of 

illumination for each objective lens used, to allow a simple comparison 

between the optical systems.  

 

Figure 5.3: Approximate weighting of optical illumination angles for each objective lens with 

investigated optical aperture stops. (a) 5×. (b) 10×. (c) 20×. (d) 50×. 
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 An additional avenue of investigation can be followed through by 

trying to collect not low angles of incident light but high angles of the incident 

light. The effect of this on weighting is again estimated in figure 5.3. These 

larger angles require a high NA lens and to actively select higher angles of 

incidence the centre portion of the illumination aperture can be blocked. This 

allows low angles of incidence to be selected against and will increase the 

contribution to any observed spectra from larger angles of incidence of the 

light. By carefully designing this blocking system (shown in figure 3.4) it is 

possible to more precisely control the contribution of whichever angles of 

incidence are desired. Any slight uncertainty in the size or positioning of any 

illumination blocking filters can lead to quite a large uncertainty in the 

measured angles of incidence. When low angles of incidence are desired, it 

may be beneficial to measure these with a lower magnification lens where 

possible. Using a low magnification lens with an appropriate filter may allow 

rapid and easy determination of material coverage and layer number. 

 

5.4.2 Isolating parameters 

In order to effectively isolate different possible parameters which may be 

causing experimental uncertainty in these contrast measurements, several 

investigations were carried out. Some parameters which may play a role in 

measured contrast uncertainty include: 

1. Small local changes  in Au thickness/density caused by 

nanoindentation observed in chapter 4 creating changes in 

reflection/absorption 

2. Contamination on Au/2D material surfaces changing with time 

3. Contamination trapped between monolayers and the Au 

4. Electrical changes in films due to charge transfer 

5. Changes in total monolayer coverage within the collection spot  

How each of these may be isolated experimentally is now addressed. It is 

hoped that by understanding the physical origin of these uncertainties, it will 

be possible to reduce their impact on measured contrast. Resolving these 
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uncertainties is an important step in the development of enhanced optical 

contrast for sensing applications.  

Small local changes in Au thickness/ density were investigated by 

exfoliating MoS2 onto the desired Au substrate and applying different forces 

during exfoliation. It is of interest if the applied force during exfoliation changes 

the contrast spectra of measured flakes. Flakes may indent small imprints of 

nanometre-scale in magnitude depending on the force applied during 

exfoliation as discussed in chapter 4. This indenting may lead to a significant 

change in measured contrast, particularly for thin Au films.  As Au film thickness 

increases, this should have less of an effect due to the increased optical 

reflection of the film. This may overlap with changes in the reflection or 

absorption from the Au substrate with changing Au roughness. These two 

effects will vary depending on the change in Au roughness and density and 

what effects may be expected for each. For the smooth Au films investigated 

in this thesis, any change in the small nm scale roughness is not expected to 

have a significant effect on the reflected light spectra. A change in the 

density of the Au is expected to lead to a change in its refractive index, and 

any change in refractive index is expected to play a significant role on the 

measured contrast. 

Changing of contamination on the Au/2D material surface with time is 

a tricky parameter to isolate. The simplest method is to measure the optical 

contrast of the 2D material relative to the bare Au film as a function of time. 

This has been shown to change in previous work and may open interesting 

applications in molecular sensing39. The difficulty is how to disentangle 

contamination on the measured reference Au reflection compared to 

contamination which is present on the surface of the 2D material. AFM 

scanning of surfaces may provide evidence to indicate if contamination is 

present on the 2D material or the Au surface. However, this may not be able 

to identify small uniform layers on either surface. Contamination beneath 

monolayers was investigated by considering measured MoS2 step height 

against contrast. These measurements are compared as a function of time 

that has passed before the initial exfoliation of the flakes. Time here is the time 

freshly-produced samples were exposed to air before having MoS2 pressed 

upon their surface. It is hoped that comparing step height and contrast 
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measurements between exfoliation times will elucidate how trapped 

contamination beneath 2D material layers may affect optical contrast. Fully 

disentangling contributions from charge transfer and contamination between 

the 2D material layers are also beyond the scope of this work. However, it is 

hoped some indication of the effect these have on contrast may be 

determined. 

Finally changing the quantity of monolayer coverage within the size of 

the collection spot may be an issue when flakes smaller than the collection 

spot are being investigated. Alternatively, this may also be an issue where 

small optically unresolvable bi-multilayer films are present and increase 

measured contrast.  This possible uncertainty was mitigated by taking contrast 

spectra from near the centre of flakes as well as follow up AFM investigations 

to check monolayer coverage and quality when possible. Uncertainties in 

contrast from these effects are expected to be related to the percentage 

area missing monolayers or covered with multilayers within the collection spot. 

This effect may only be expected to change the intensity of 2D materials 

contrast spectra or superimpose small contributions of multilayer flakes over 

monolayer contrast. For this initial consideration, it is assumed these changes 

in coverage should not be expected to have any other significant effects on 

the spectra. 

 

5.5 Results and discussion 

Optical contrast measurements, Raman spectroscopy and AFM 

measurements were carried out to determine the layer number accurately by 

comparing the multiple data sources. Once the optical contrast for each 

layer number is determined, optical contrast can then be used to identify the 

layer number for that material on that substrate.  

In this section, different methods of improving optical contrast are 

discussed. This section begins with the enhancement from optical substrate 

design, followed by controlling the optical illumination angle. The high 

sensitivity of enhanced optical contrast is then used to investigate artefacts 

from exfoliation observed in chapter 4. This hopes to resolve the role of 
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airborne contamination and nanoindentation on the contrast measured on 

2D materials.  

This work was carried out to maximize the optical contrast measured for 

2D materials on gold-coated contrast-enhancing substrates for potential 

applications in sample preparation, research and sensing purposes. 

Hypothetically the larger the contrast shift, the larger the sensitivity which can 

be obtained for potential sensing applications or simply for layer coverage 

quality. 

 

5.5.1 Contrast of MoS2 on gold-coated heterostructures 

A range of 2D materials were exfoliated on gold-coated contrast-enhancing 

heterostructures. This was done to try to maximize the measured optical 

contrast of these 2D materials. Improved contrast allows rapid, accurate and 

non-destructive identification of the presence of 2D material films on the gold-

coated substrates.  

 Figure 5.4 shows the optical contrast of MoS2 on a range of Au 

thicknesses. The layer thickness was confirmed with AFM and Raman 

measurements. This is shown in figure 5.4(a, c, e, g) for 5 nm and figure 5.4(b, 

d, f, h) for 10 nm thick gold films. Optical images taken with a 50× objective 

are shown in figure 5.4(a) and (b) to demonstrate the observed contrast 

between layers. The layer number identified by optical microscopy is 

confirmed with the use of tapping mode AFM images in figure 5.4(c) and 

5.4(d). Raman spectroscopy measurements taken on 1-4 layers of MoS2 are 

shown for each sample in 5.4(e) and (f). The Raman spectra of the modes on 

these films are observed to change with layer number40,41. Raman modes of 

MoS2 on a gold surface can be observed to increase in frequency17 as has 

been shown in figure 4.7. This gives information on the bonds present in the 

crystal as the layer number is increased40,42,43. This blue shift is caused by 

electronic charge transfer between the MoS2 layers and the Au surface as well 

as strain present in the film as discussed in detail in chapter 4. Finally, figure 

5.4(g) and 5.4(h) show the measured optical contrast for 1-4 layers of MoS2 on 
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5 nm and 10 nm Au films. Here it can be seen that the thinner 5 nm Au films 

provide a much larger optical contrast than the 10nm Au film.   

 This figure confirms, through multiple techniques, the validity of optical 

contrast as a tool for determining flake thickness across the samples 

investigated. Of interest to note here is the shifting peak position and 

magnitude of the negative contrast. Here as layer number of MoS2 is increased 

the peak position red-shifts ~20 nm from 1-4 layer systems. The peak magnitude 

is also observed to increase with layer number in a nonlinear fashion. This is 

attributed to the layer dependent dielectric function of few-layer MoS2 and its 

dependence on the excitons of the system44. These excitons increase 

reflectivity are dependent upon electrical doping for other encapsulated 2D 

TMDC systems.45 Further discussion of this peak position and magnitude 

dependence on layer number is discussed in detail later in this chapter. 



140 

 

 

Figure 5.4: MoS2 layer number identification through optical contrast measured on different 

thicknesses of gold-coated optical heterostructures. (a) and (b) Optical images on 5 &10 nm 

Au films. (c) and (d) show AFM images for the same flakes confirming layer number. (e) & (f) are 

Raman spectra measured on 1-4 layers of MoS2 on 5 and 10 nm Au respectively. (g) & (h) 

Measured contrast spectra for 1- 4 layers of MoS2 on 5 & 10nm Au films. 
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5.5.2 Improving contrast by angle and wavelength selection 

Figure 5.4 has demonstrated that the optical contrast of 2D materials can be 

enhanced by producing contrast-enhancing substrates with different 

thicknesses of gold coating layers. This is a beneficial method of improving the 

contrast of exfoliated materials16. Although this is a promising start, the 

production of different sample thicknesses can be time-consuming and costly. 

Designing specific substrates for contrast enhancement is not the only way to 

improve optical contrast. Controlling the angle of illumination of incident light 

can also improve the optical contrast46, and this section uses lenses of different 

NAs to control illumination angles incident on these gold-coated structures. 

Controlling the NA through the selection of the objective lens allows a 

simple method of illumination angle selection. Figure 5.5 gives a comparison 

of optical contrast measured with a 5× and 50× objective lens on 5 nm, 8 nm 

and 30 nm gold-coated heterostructures, for monolayers of MoS2. It can be 

seen that lower NA lenses show a larger contrast enhancement over high NA 

lenses, this enhancement is seen to increase dramatically with a much 

narrower FWHM for thinner gold-coated samples. This demonstrates that lower 

angles of incidence on these samples have larger optical contrasts than 

higher angles of incidence.  

As the thickness of gold is increased, changing the NA of the objective 

gives less increase in the measured optical contrast. This is because thicker 

films have higher reflectivity, so changing the incident angle does not alter the 

reflectivity as much as that on thin films. This dependence on gold thickness 

can be seen as the 30 nm gold, which has a very small shift in measured 

contrast for 5× and 50× objectives (Fig. 5.5(e, f)). As the gold thickness is 

reduced to 8 nm an approximate doubling in measured negative contrast 

was observed. Decreasing the thickness of the gold further down to 5 nm then 

shows an approximate 6 fold increase in the magnitude of the measured 

negative contrast. This demonstrates the possibility of using lenses of lower 

numerical aperture to further enhance contrast measured on contrast-

enhancing heterostructures.  
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Figure 5.5: Measured optical contrast comparison of 5× and 50× objectives for measuring 

monolayer MoS2 contrast. Corresponding images are inset (a) and (b) taken with 490 nm 

bandpass filter, (f) taken with 520 nm bandpass filter.  (a) MoS2 on a 5 nm thick Au film measured 

with a 5× objective. (b) Contrast measured with a 50× objective. (c) MoS2 on an 8 nm thick Au 

film measured with a 5×objective. (d) 8 nm Au film with a 50× objective. (e) 5× objective 

measured contrast of MoS2 on a 30 nm thick Au film. (f) Monolayer measured contrast on a 30 

nm Au film with a 50× objective. 
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In figure 5.6 optical contrast is measured for mono and bilayers of MoS2 on 3 

nm (a, b) and 5 nm (c, d) gold thicknesses as well as monolayer dependence 

on 6 nm (e) and 10 nm (f) Au films. Measurements were taken with 5×, 10×, 20× 

and 50× magnification objective lenses. These are demonstrated on each plot 

by the coloured contrast spectral measurements and labelled in each case.  

Interestingly a larger contrast enhancement is observed for the 10× objective 

than for the 5× objective in all cases. On a bilayer film, this contrast 

enhancement increases to approximately ~1300% compared to the bare 

gold substrate for the 5 nm film. The 6 nm and 10 nm Au films shown in (e) and 

(f) respectively again show that as gold thickness is increased contrast 

becomes significantly less dependent on the illumination angle.  

From figure 5.6 the contrast enhancement seen by the use of small 

numerical apertures can most clearly be seen in plot (d) where there is almost 

a 9 times increase in the negative optical contrast measured for a bilayer MoS2 

flake on the 5 nm thick Au film. Figure 5.6(c) considers only a monolayer film 

on the same substrate, and in this case, a contrast increase by a factor of ~5 

is seen between the 50× and the 10× objective lens. This increase is caused by 

the lower incident angle of the light illuminating the lens when the 10× 

objective is utilized. These low magnification contrast measurements were 

able to be carried out as the exfoliated mono and bilayer films were large 

enough for collection spots with diameters up to 20 µm to be located over 

them easily.  

Of interest is which Au thickness gives the largest improvement in 

measured contrast. Here the 5 nm Au film measures a larger contrast for the 

monolayer film while the 3 nm Au sample measures a larger contrast for a 

bilayer of MoS2 with the 5× objective than the 5 nm film under the same 

circumstances. This suggests the optimum thickness lies close to or between 

these values but resides below 6 nm of Au thickness. This suggests that it is not 

just making the gold thinner which improves optical contrast but that there is 

an optimum Au thickness for improving the contrast of MoS2 on these Au 

coated heterostructures. This figure shows the dramatic effect that changing 

optical illumination and collection angle has on the measured optical contrast 

for thin-film coatings. This figure also displays the rapid drop off in contrast 
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enhancement as the thickness of the metal is increased from 5-10 nm in film 

thickness. 

 

Figure 5.6: NA of objective lens dependence for the contrast of MoS2 mono and bilayers on a 

range of gold film thicknesses. (a) Measured contrast with each lens for monolayers on 3 nm 

Au. (b) Bilayer contrast on 3 nm Au. (c) Monolayer contrast on 5 nm Au films. (d) Bilayer contrast 

on 5 nm Au films. (e) Monolayer contrast on 6 nm Au films. (f) Monolayer contrast on 10 nm Au 

films. 
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In figure 5.6(f) as the NA of the objective lens is changed for measurements on 

the 10 nm Au coated substrate a shift in the magnitude of the peak negative 

contrast of about 10% is observed between the 20× and the 10× objective. 

When a 50× objective is used a blue shift in both of the peak measured 

contrasts are observed for this thickness of gold. Although this ~10% fluctuation 

in minimum contrast is not insignificant, it is also not showing any worthwhile 

increase in the measured contrast to justify using a smaller NA lens over that 

of the 50× objective. This data was obtained from the same sample as the 10 

nm Au investigation in figure 5.4 and can explain why it is not a desirable 

sample with which to continue this work. Thinner gold films are expected to 

produce larger contrasts, and this is where further work was focused.  

 This large enhancement is observed for heterostructures covered in a 

thin gold coating. As the coating of the gold is increased the effects of the 

underlying optical heterostructures are decreased as the reflection of the gold 

film at normal incidence increases and progressively less light propagates 

through the gold to interact with the structure. The increased reflectivity of the 

thicker gold films reduces the magnitude of any measured negative contrast. 

This figure demonstrates the large contrast enhancement which can be 

observed for 2D materials on optical heterostructures by simply using lenses of 

differing numerical aperture to control the incident angle of the light. 

 How the contrast peak position and magnitude were observed to vary 

with gold thickness are plot in figure 5.7. Here the change in the positive and 

negative peak magnitudes are plot in figure 5.7 (a) and (b) respectively for 

different gold thicknesses taken with different objective lenses. These plots 

nicely show the improved optical contrast magnitude measured with the 

lower NA objectives and how this improves for thin gold films. Figure 5.7 (b) 

shows the massive enhancement which can be seen for negative contrast 

magnitude with the lowest NA lenses on the thinnest Au films which 

demonstrates the benefits of this angle control for massively enhancing 

contrast. The change of the peak positions for the positive and negative 

contrast peaks are shown in figure 5.7 (c) and (d), respectively. Here both 

peaks are observed to red-shift as the thickness of gold is decreased.   
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 This figure demonstrates the dependence of peak position and 

magnitude on the thickness of the gold film. It also demonstrates the 

magnitude enhancement seen with the use of lower numerical aperture 

lenses. It shows that by changing the thickness of the metallic coating on the 

optical heterostructure, it is possible to tune the peak contrast positions and 

magnitudes for the 2D material under investigation. Tuneability suggests it 

should be possible to create metal-coated heterostructures tuned to 

maximize the contrast of specific materials which have high absorption or 

reflection in specific regions of the visible spectrum. This has significant interest 

for materials which show very poor visibility such as h-BN.  

 

Figure 5.7: Contrast peak positions and magnitudes for a range of gold thicknesses and different 

objective lenses. (a)Peak monolayer positive contrast magnitude. (b) Peak monolayer negative 

contrast magnitude. (c) Positive contrast peak position. (d) Negative contrast peak position. 
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5.5.3 Controlling illumination angle with an aperture stop 

Having demonstrated the improvement in contrast measurements which can 

be obtained by choosing lenses of lower numerical aperture on gold-coated 

heterostructures, it is of interest if this improved contrast can be extended to 

high magnification lenses. This would allow easy identification of small flakes 

on the scale of microns which are not measurable with low magnification 

lenses due to their small size and the larger size of the collection spot used for 

contrast measurements.  

This angle control is achieved with the use of aperture stops to select 

either large or low angles of illumination, as demonstrated in figure 5.8 (a) and 

(b) respectively. To select low angles of illumination an aperture stop was 

inserted with a small central aperture to allow light illumination through the 

centre of the optical column. For high angle illumination, a small circular field 

blocker was inserted to try and block low angle illumination light from the 

optical contrast measurements. This control was done in such a way to block 

either the majority of low angle or high angle incident radiation, allowing the 

other to dominate the measured contrast spectra. Images obtained with 

these stops in place are shown for MoS2 on a 5 nm thick Au substrate are shown 

in figure 5.8 (c) for high angle selection and (d) for low angle selection.  

Monolayer measured optical contrast spectra are shown in figure 5.8 (e) and 

(f) for high and low angle illumination, respectively. From these spectra, it can 

be seen that low angles of illumination provide a much larger measured 

optical contrast than high illumination angle measurements. Figure 5.8(e) 

demonstrates the measured contrast obtained when high angles of 

illumination are selected on the collection spot for MoS2 on a gold substrate. 

The sharp reduction in measured contrast magnitude is in contrast to the 

increase seen when low angles of incidence are collected in figure 5.8(f). It is 

the contribution of all of these angular components which average out to give 

the ordinarily measured optical contrast for the numerical aperture of the 

objective lens. This also shows that large angles of incidence are not desirable 

for increasing the observed maximum contrast and low angles of illumination 

are of greater interest.  
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Figure 5.8: (a) Schematic showing the selection of large angles of illumination. (b) Schematic 

showing aperture stop selection of low angles of illumination. (c) and (d) Show images of a 

sample taken when contrast is measured with respective aperture stops in place with a 50× 

objective. (e) and (f) show measured contrast at high and low angles of illumination selected 

respectively. 

Choosing objective lenses with appropriate numerical aperture 

selection for the desired materials where the angles of incidence give the 

largest contrast has been shown as one method of improving contrast. In 
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comparison, figure 5.8 has shown for MoS2 on gold-coated substrates that low 

incident angles provide a larger optical contrast. Choosing lower NA lenses 

gives a larger measured optical contrast. However, lower magnification lenses 

have a much larger collection spot from which the data is collected. Large 

collection spots are fine if the flakes under investigation are of large enough 

size, but this will limit the application of this method to these very large flakes 

which are already easier to identify. The use of an aperture stop can maintain 

the small collection spot used for the contrast measurements and hence can 

be applied to locate and measure much smaller flakes. The initial investigation 

into the use of low incident angle selective aperture stops is shown in figure 

5.9. This figure investigates a range of field stop aperture sizes, across a range 

of flake thicknesses with the 50× objective lenses to try and maximize the 

observed optical contrast. 

 Figure 5.9(a-c) shows the contrast enhancement observed with 

layer number on a 5 nm Au coated substrate with the 50× objective lens, with 

no aperture stop in place and for an aperture stop of diameter 4.5 mm and 

2.5 mm, respectively. In both cases with an aperture stop present, a dramatic 

increase in the measured optical contrast can be observed, with the smaller 

aperture showing the larger increase. This shows that ASs can allow enhanced 

contrast measurements to be made without a large loss of the resolution of 

the optical contrast measurement system. 

   



150 

 

Figure 5.9: (a) Optical contrast change with layer number measured with a 50× objective lens 

measured on 5 nm Au coated system. (b) Optical contrast change with layer number measured 

with a 50× objective lens with a 4.5 mm diameter field blocker inserted into the optical column. 

(c) Optical contrast change with layer number measured with a 50× objective lens with a 2.5 

mm diameter field blocker inserted into the optical column. (d) Measured contrast of a 

monolayer films shift with field blockers diameter for the 50× objective also included is a 

comparison to the measured contrast with a 5× objective.  

Figure 5.9 (d) shows a comparison of measured optical contrast for a 5× 

objective against a 50× objective lens with no AS, as well as with the 2 AS 

diameters investigated here. An enhancement by a factor of ~3 and ~5 times 

is observed with the insertion of the 4.5 mm and 2.5 mm ASs respectively. The 

similarities between the 2.5 mm aperture at 50× and the individual 5× contrast 

show that the AS is effectively selecting illumination angles and taking the 

contrast closer to that measured with the 5× objective lens. 
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Figure 5.10: (a) Monolayer contrast measured with 10× objective lens showing the contrast 

enhancement as a 2.5 mm field stopper was inserted. (b) Bilayer contrast measured with 10× 

objective lens showing the contrast enhancement as a 2.5 mm field stopper was inserted. All 

measurements were taken on a sample with a gold film of 5 nm thickness.   

 Figure 5.10(a) shows the additional enhancement observed when a 

beam stop aperture is applied to a lower NA lens. Here the 10× objective was 

used, which previously provided the best measurement of optical contrast. 

Here for a monolayer of MoS2, an enhancement of ~ 50% is observed with the 

use of the aperture. When this is applied to a bilayer system as shown in figure 

5.10 (b) the enhancement is observed to be dramatically larger with contrast 

being measured over twice as high compared to the measurement without 

an aperture stop. 

 Of note here, particularly in figure 5.10(a) and (b), is the extremely high 

magnitude of the measured contrast as well as its significantly reduced FWHM. 

This opens up significant potential applications in the field of sensing. Two 

methods which sensing can be achieved is by either looking for changes in 

magnitude or changes in wavelength position. The small FWHM observed may 

suggest that these substrates could be used as sensors which look for changes 

in the peak position. However, further experiments would need to be devised 

to investigate this. Of greater interest to this work is in looking at changes in the 

magnitude of the measured contrast. This has been improved to over 2500% 

higher locally than the reflection of the bare Au for a bilayer of MoS2, as shown 

in figure 5.10(b). This drastically increases the sensitivity of such a system for 

magnitude-based sensing. This increase in sensitivity of the system is used to 

investigate artefacts later in this chapter. 
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5.5.4 Contrast enhancement of h-BN  

Increasing the contrast of h-BN has been one of the largest driving factors 

behind this work. Although routinely used in 2D material research, the 

maximum contrast which has previously been obtained for this material has a 

low value of ~2.5% across the visible spectrum47. This low contrast is caused by 

its extreme transparency across the visible spectrum. Hence producing a 

substrate which would allow enhancement in observed optical contrast for h-

BN is of significant research interest for locating monolayers of the material.  

 
Figure 5.11: Possible mono-few layer measured contrast for a range of Au thicknesses (a) 3 nm 

Au. (b) 5 nm Au. (c) 8 nm Au. (d) Simulated contrast spectra for monolayer h-BN on a range of 

Au thicknesses. 

Initial contrast measurements of h-BN, taken with the 100× objective, on 

a range of thin gold substrates are shown in figure 5.11. Maximum contrast on 

the order of 8-11% is observed on a range of flakes found on different 

thicknesses of gold films. Some of these are thought to be monolayer in nature 

in agreement with simulations, yet no AFM scans to confirm layer number were 

obtained for data shown in figure 5.11(a-c). A negative optical contrast is also 
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observed for very thin Au films, as seen in figure 5.11(a), peaking in the region 

of ~420 nm. These measured contrasts suggest an increased optical contrast 

measured for h-BN flakes by 2-4 times the previous highest measured contrast 

in literature. 

Figure 5.11(d) shows simulated contrast spectra for hBN for a range of 

Au coating thicknesses. In general, these show good agreement with the 

experimental results shown in figure 5.11(a-c), particularly in the case of 8 nm 

Au films. This agreement suggests that some of these possible monolayers are 

in fact, monolayers. It also suggests slight variations between the simulations 

and experimental results. Perhaps one cause for this separation between 

theory and experiment is the indentation of the Au film, which was observed 

for MoS2 on Au in chapter 4. 

Figure 5.12(a) shows measured optical contrast on a range of h-BN 

flake thicknesses on a 6 nm Au coated heterostructure. Figure 5.12(b) plots the 

simulated contrast for h-BN of changing layer number on 6 nm Au for 1-7 

layers. Figure 5.12(c) plots the simulated peak magnitude of contrast against 

the layer number. Figure 5.12(d) plots the measured peak contrast from the 

spectra shown in 5.12(a) against the estimated layer number as taken from 

AFM images shown in figure 5.12(e and f). Figure 5.12(e) shows measured AFM 

images for scans taken over 3, 4 and possibly 5-7 layer h-BN flakes whose 

contrast is shown in 5.12(a). Figure 5.12(f) plots line profiles from the extracts 

from AFM images shown in 5.12(e). Assuming AFM thickness measurements are 

accurate, there is a significant departure for measured contrast from the 

simulated contrast across the flakes investigated in 7(d). There is uncertainty in 

the exact layer number as flake thicknesses have previously been reported to 

be measured up to a nm higher than expected48. This potential source of error 

may place what is labelled as a 7 layer flake in figure 5.7 as a 5 layer flake. If 

this were the case, the simulated contrast would match much closer to 

experimentally observed contrast as shown in figure 7(d).  
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Figure 5.12: Optical contrast of h-BN flakes measured on 6 nm gold-coated optical cavities. (a) 

Contrast measured on four flakes of h-BN on 6 nm Au with estimated layer number. Inset are 

associated filtered optical images. (b) Simulated contrast of 1-7 layer h-BN on 6 nm Au, from 

bottom to top. (c) Change in the peak position of simulated contrast with increasing layer 

number. (d)Change in the peak position of measured optical contrast for attributed layer 

number. The red line plots the simulated contrast while the black dashed line plots the fit from 

the estimated layer number. (e) AFM images of h-BN flakes shown in (a). (f) Line profiles are 

taken from (e) and used to estimate layer number.  

Figure 5.11 and 5.12 demonstrate how changing the thickness of the 

Au coating film can be used to enhance the contrast of h-BN. This technique 
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is shown to increase the measured contrast of extremely transparent materials 

such as h-BN by at least twice what has previously been reported in literature2. 

The potential observed enhancement here is on the order of 4 times the 

previously reported highest value. This shows that this is a promising technique 

for the location of thin flakes of h-BN and perhaps may suggest its further 

applicability to other low contrast materials. It is of significant interest to 

improve the contrast of h-BN further through illumination angle control.  

Further investigations were carried out, more h-BN flakes were located, 

and contrast measured with and without an aperture stop present. In this case, 

no flakes of known single layer number were measured. It is hoped that by 

confirming several flake’s thickness with AFM that the layer number of these 

flakes could be identified and used to determine the expected optical 

contrast of individual monolayers of the material.  

 Some measurements of thicker h-BN have been obtained, and these 

are shown in figure 5.13 and 5.14. In these figures, an increase in the measured 

contrast can be observed by a factor of ~2 in all cases with the use of an AS 

with a larger increase seen for negative contrasts. This shows that the same 

techniques can be applied to enhance the contrast of h-BN, as was shown for 

MoS2. By considering a measured contrast of ~10% for a possible monolayer 

flake as shown in figure 5.11 (a) and a further increase by a factor of ~2 with 

the use of an optical aperture stop it may be possible to increase the 

measured optical contrast of h-BN to ~20% from the techniques demonstrated 

in this work.  If one then considers tuning the reflectance minima to a lower 

wavelength to coincide with the increased reflection of h-BN at ~420 nm it 

may be possible to obtain significantly larger negative contrasts for monolayer 

h-BN as has been shown for MoS2 on gold-coated heterostructures. 

 From the previously estimated contrast on 3 nm Au samples, the layer 

numbers shown in figure 5.13 are expected to be a trilayer flake at position 2 

and a bilayer flake where it is observably thinner at position 1. This suggests 

that a monolayer flake may be expected to measure an optical contrast of 

~20% as an expected bilayer measures almost 50% with the trilayer contrast 

approaching 80%. If this were shown to be the case, this would demonstrate 

an enhancement in the contrast magnitude by up to 8 times the previously 
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reported highest contrast for h-BN monolayers existing in literature across the 

visible spectrum.  This would mark a substantial advancement in the optical 

detection of monolayer h-BN films. 

 

Figure 5.13: Measured optical contrast enhancement for several layers h-BN with the use of the 

aperture stop on a 3 nm Au coated film. (a, b) Optical image of flake with and without AS in 

place. (c, d) Corresponding measured contrast with and without AS for thinner and thicker 

layers respectively.  

Contrast measured over h-BN flakes on 6 nm gold-coated 

heterostructures, with AFM measurements are shown in figure 5.14. The 

thickness of the films in figure 5.14 have been measured by AFM and were 

observed to have the collection spot over an area estimated to be 4 layers 

thick from figure 5.14(d-f). This means there are no confirmed monolayers of 

hBN which have been investigated for this work, yet some simple conclusions 

can still be made. The effective doubling of measured optical contrast with 

the addition of an aperture stop for illumination angle control demonstrates 

the value of this method, particularly for detecting and measuring layer 

number for very transparent films such as h-BN. 
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Figure 5.14: Aperture stop increase on the measured contrast for known flake thickness. (a) 50× 

magnification optical image of multilayer h-BN flake on 6 nm Au coated heterostructures. 

Marked is the location of contrast measurement. (b) Optical image with 2.5 mm aperture stop 

in place. (c) Measured optical contrast for the marked location for 50× objective with and 

without aperture stop present. (d) Tapping mode AFM image of h-BN flake. (e) Zoomed in AFM 

image checking step height measurements. (f)AFM line profiles are taken from (d, e) showing 

the estimated layer thickness. 
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5.5.5 Contrast measurements of InSe 

Improved contrast has demonstrated for h-BN and MoS2 through 

heterostructure design with further improvement shown for both through 

illumination angle control. It is desirable to demonstrate this enhanced 

contrast for other materials to show its wider applicability to other systems. 

Here InSe films were exfoliated onto thin gold films in the same method which 

gave the large exfoliated coverage for MoS2. Contrast investigations of these 

films are shown in figure 5.15 and 5.16. Figure 5.15 demonstrates optical 

images and measured contrast of InSe flakes exfoliated on 3 and 6 nm Au 

films. Of note is that the 3 nm Au film appears to show features in the measured 

optical contrast spectra in the region around 530 nm. 

 

Figure 5.15: Optical images and measured contrast of suspected mono and bilayer exfoliated 

InSe flakes on 3 and 6 nm Au films taken with a 50х objective lens. (a) Optical image on 3 nm 

Au film. (b) Mono and bilayer measured contrast on a 3 nm Au coated heterostructure. (c) 

Optical images on 6 nm Au. (d) Measured optical contrast for mono and bilayer flakes on a 6 

nm Au coated heterostructure. 
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Figure 5.16: Contrast investigation for InSe. (a) Monolayer optical contrast measured on 3 nm 

Au one day and one week after samples are exfoliated. (b) Monolayer optical contrast 

measured on 6 nm Au one day and one week after samples are exfoliated. (c) Measured 

bilayer optical contrast on 3 and 6 nm Au films measured one day after samples are produced. 

(d) Contrast change observed after samples have been aged by one week. (e, f) Optical 

contrasts change with the objective lens for aged samples on 3 nm and 6 nm Au, respectively. 
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Figure 5.16 investigates the optical contrast of InSe on thin Au coated 

substrates. In (a) and (b) a clear and stark difference can be seen between 

contrast as measured one day after the samples are produced compared to 

one week later. Plot (c) shows the measured contrast of a bilayer film 

measured with a 50× objective lens for both 3 and 6 nm Au coated films. (d) 

Then shows the difference between the fresh and aged contrast 

measurements to demonstrate how the measured contrast changes due to 

sample exposure to the atmosphere. The exact cause of this change in 

contrast is not identified here.  The most likely explanation for this change in 

contrast is from the instability of InSe in air. InSe has been shown to oxidise upon 

exposure to air and it is thought the observed change in contrast may be an 

artefact of this decay. This oxidation can form a capping layer with the 

topmost layer of the InSe protecting any underlying layers49. There are perhaps 

other factors which may be contributing to this shift.  This brings up an 

important point which has so far not been considered in depth in this contrast 

investigation. What is the effect of sample contamination on the measured 

contrast? This shall be considered in detail later in the chapter, yet this figure 

may provide our first insight into the effect. 

Finally, in this figure, the optical contrast with changing objective lenses 

is demonstrated for exfoliated monolayers of indium selenide aged for one 

week. For this aged material, the contrast measured starts at a much lower 

magnitude and hence is only seen to increase to a maximum of 100% 

negative contrast an increase of between 3-5 times the original value. It would 

be of interest to see how this NA dependence may affect the contrast of a 

freshly produced InSe sample. This measurement is of significant interest as it is 

thought to be the largest monolayer contrast measured for InSe to date. Also 

of interest is that by the time the gold thickness is increased to 6 nm very little 

change in the measured contrast of aged InSe can be seen for many of the 

investigated objective lenses.  

This figure shows the applicability of these methods to other 2D 

materials, although specific optimization may be required to determine the 

optimum gold thickness and objective lens used across the measurements. 

The significantly larger contrast of MoS2 over that of InSe can also be seen. 
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Although both thicknesses of gold show a higher measured contrast for InSe 

than those previously measured in the literature on transparent substrates12. 

 

5.5.6  Basic reflection source of enhancement 

This enhanced contrast is created by the low reflection of the Au coated 

substrates. This is demonstrated in figure 5.17. Figure 5.17 (a) compares the 

measured reflection from a 100 nm thick Au surface, a 90 nm thick SiO2 over a 

silicon sample and for the as produced 5nm thick Au film on this optical 

heterostructure. 5.17(b) shows how the reflection of the bare SiO2 coated 

substrate changes with lenses of different numerical apertures. Here a limited 

change is observed in reflection as the light of different incident angles are 

collected. 5.17(c) shows how reflection changes between 5× and 50× 

objective lenses as well as for the 50× objective with aperture stops of different 

diameter inserted. This demonstrates the reduced minima of reflection with 

the use of different aperture stops. Figure 5.17(d) shows how the reflection of 

these substrates change with the objective lens used for measurement. 5.17(e) 

Demonstrates the relative measured reflection intensity for both aperture stops 

investigated. This highlights the minima in observed reflection at around 500 

nm.  Figure 5.17(f) shows how the measured reflection changes for bare Au as 

well as mono and bilayer MoS2 flakes. Here a red-shift is observed in the 

measured minima as successive MoS2 layers are added over the gold-coated 

substrate.  

The very large contrast which is observed is caused by the very small 

reflection measured on the bare gold sample shown in the inset in 5.17(d). 

Dividing by this small reference is what allows such a large negative contrast 

to be measured. This is why the largest contrast enhancements are seen on 

thinner Au films as they show the lowest reflection minima. It is suggested that 

different few-nm metallic coatings may lead to different regions of minima 

reflectance and so may allow spectral tuning of the region of low reflectance. 

This spectral tuning may allow further optimization of the peak contrast 

measured for 2D materials, in particular when the low reflectance region of 

the substrate overlaps with the high reflectance region of the 2D material.  
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Figure 5.17: Reflectivity of various optical substrates under different measurement conditions. 

(a) Comparison of reflection from a bulk gold surface, 90 nm SiO2/Si and a 5 nm Au coated 

heterostructure. (b) Change in the reflection of SiO2 substrate for different objective 

magnifications. (c) Change in the reflection of 5 nm Au coated sample with ASs present also 

includes a 5× objective for comparison. (d) Change in reflection for different lens magnifications 

for 5 nm Au coating. (e) The relative measured intensity of reflection on 5 nm Au coated sample 

for each aperture stop used. (f) Reflection minima as mono and bilayers of MoS2 are measured 

on the 5 nm Au coated sample.  
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5.5.7 Determining the role of uncertainties 

So far in this chapter maximizing optical contrast of 2D materials and 

particularly MoS2 has been investigated. However, little has been said about 

observed uncertainties present in the system. This is addressed in this section 

where uncertainties are looked at in detail.  This attempts to understand what 

is causing deviation from the theory seen in previous work in the area16. 

Resolving the nature and impact of these uncertainties is crucial for the 

application of these methods on materials with a much lower initial optical 

contrast, such as h-BN. 

Contrast has so far been shown to be able to be enhanced by three 

separate methods. These methods include: 

1. Designing specific optical heterostructures for the 2 D material 

to rest upon and maximize its contrast 

2.  Choosing lenses of appropriate NA to illuminate the structure 

with appropriate angles of illumination to maximize the 

measured contrast 

3. The addition of an aperture-stop in the optical column to allow 

illumination angle selection measurements without significant 

loss of resolution in the microscope system.   

However, across these investigations, it was observed that as the peak 

maximum and minimum contrasts were improved a corresponding increase 

in the variance of these peak values was also seen between measured flakes. 

This may originate from small changes which cause small shifts in the originally 

measured optical contrast. However, as the system is optimized to become 

more sensitive to the optical contrast of the material and system as a whole, 

this small variance is likewise enhanced. By controlling the illumination angle 

of the light and thinning the layer of gold, the system, not only improves its 

sensitivity of detecting monolayers that are being measured but also becomes 

a lot more sensitive to detecting anything else which may have an impact on 

the contrast. This includes things such as; changes in the gold surface, such as 

thinning or flattening which may lead to a change in its density, as well as any 

contamination trapped between the 2D material and the gold or on either of 

these surfaces. Degradation of 2D material films over time also needs to be 
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considered for materials which are not particularly stable. A change in the 

density of the gold or the presence of a contamination layer may be 

expected to change the refractive index of the system, and optical contrast 

measurements should be sensitive to these fluctuations.  This high sensitivity 

may have potential applications in sensing with these heterostructures22. 

When considering any changes in the gold film, it should be expected 

for this to play a dramatically larger role as the thickness of the gold film is 

brought down to the range of a few nanometres. Across early work in this 

chapter, confirming monolayer films presence by AFM investigation, as well as 

in chapter 4 there have been instances where monolayer step height has 

been measured to be significantly less than what is expected to be measured 

for a monolayer of the material. This is best summarised in figure 4.21. There 

have even been instances whereby no noticeable step height has been 

measured, or a negative step height was measured for the monolayer film on 

the gold surface. All of this suggests that in some cases during the exfoliation 

process monolayer films appear to be pushed into the freshly sputtered gold 

film or 'indented' to a certain degree. While this evidence is observed in the 

step height for a slight change in the Au thickness it may be expected that 

some reorganization may occur beneath these films reducing the roughness 

of the gold. As this has been observed in a single nm or sub-nm regime, this 

shall be referred to as Nanoindentation (NI).    

 Flattening of the gold film may also play a role by increasing reflected 

light and decreasing the amount of light which is scattered with each 

interaction with the granular gold surface. Considering the roughness of the 

produced films, which is ~ 1nm in RMS roughness, this effect is expected to be 

minor and shall be assumed to be negligible for the remainder of this chapter. 

 An example of this suspected indentation is shown in Figure 5.18. This 

figure shows data obtained from a possibly indented region of Au following 

exfoliation of h-BN flakes. Here no clear step height measurement could be 

seen at the boundary although clear differences could be seen between the 

bare Au and the potentially covered region. These differences include a much 

less contaminated region over the coated or indented region. 
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Figure 5.18: Direct measurement of the contrast of an indented region with a 10× objective. (a) 

Optical image taken over the indented region. (b) Enhanced contrast luminescence of the 

optical image in (a). (c) AFM measurement at indent edge from (a). Inset is a line profile showing 

no noticeable step height when moving from bare Au to an indented or coated region. (d) 

Contrast measured across the positions marked in (a, b). Optical images and contrast 

measurements are taken with a 10× objective lens to improve contrast.   

Figure 5.18(a) shows an optically identifiable region demonstrating a 

change in optical contrast for a heterostructure coated with 3 nm of Au upon 

which h-BN exfoliation was carried out. Finer detail can be observed optically 

in the enhanced contrast image in figure 5.18(b) where the brighter region 

indicates the region of improved contrast. AFM measurements at the 

boundary between bare and contrast shifted Au are shown in figure 5.18(c). 

Here it can be seen that the bare Au is significantly more contaminated than 

the Au of changed contrast. This cleaner surface could be caused by the 

presence of a h-BN flake over this contrast shifted region. From this AFM image, 

a couple of points can be noted. The first is that the points of contamination 

observed on the contrast shifted region are much larger if fewer than those 

observed on the bare Au (top left of image). Secondly, the contrast shifted 
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region appears to be a smoother surface than the Au once contributions from 

its large contamination points are removed. Figure 5.18(d) shows measured 

contrast spectra from two locations shown in (a), measured with the 10× 

objective lens. It is important to note the large values of these contrast spectra 

as well as that they in no way resemble the contrast spectra expected from h-

BN flakes, as demonstrated in figures 5.11-5.14. This suggests this contrast is not 

due to the presence of the 2D material but instead caused by artefacts from 

NI or possibly the observed contamination in the AFM scans. This optical 

measurement of NI artefacts suggests direct experimental evidence for the 

flattening of these metal films beneath 2D materials. In conjunction with the 

previous chapter, this provides further evidence for NI occurring. The 

magnitude of this uncertainty due to NI is shown to be quite dramatic, creating 

changes in peak contrast in the region of 40%. This, if not adequately 

understood, may make applying this enhanced contrast to materials such as 

h-BN an effort in futility if the uncertainty from this cannot be reduced to below 

the contrast of a monolayer h-BN flake. 

Figure 5.18 shows the potential impact this indentation can have on the 

measured contrast, particularly for highly sensitive systems. This may explain 

changes in peak position and magnitude for exfoliated films on gold-coated 

substrates. Here depending on if the contrast peak is before or after the 

crossing point in the contrast induced by NI we should be expecting the 

measured contrast peak to shift accordingly. This indentation effect is 

expected to be common when working with exfoliated materials on these 

high sensitivity substrates, particularly when working with softer metals and 

higher exfoliation forces. Although this has now been demonstrated from h-BN 

exfoliation, it is desired to extend this to other 2D materials to investigate a 

system where there are definitely no 2D materials present. 

Figure 5.19(a) shows an optical image from the red detector range 

showing another region of indentation on a 3 nm Au film, this time from the 

exfoliation of MoS2. Inset is a full-colour optical image. Figure 5.19(b) then 

shows the measured contrast spectra for each objective lens above on this 

more reflective indented region. This shows the same form of contrast, 

although reduced in magnitude, as observed for h-BN indents in figure 5.18. 

This confirms the indentation source of the contrast as in this case it is incredibly 
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clear that there is no 2D material present over the indented region. In addition, 

Raman measurements were carried out over indented regions and no 2D 

material peaks were observed. Figure 5.19(c) shows the optical image of an 

indented region on a 6 nm Au film, here the contrast does not make the 

indented region clear as in the 3 nm Au case. The contrast measured for a 

range of objective lenses is shown in figure 5.19(d), this shows the much smaller 

change of contrast observed for thicker Au films.  

Figure 5.19: Contrast shifts and evidence of nanoindentation. (a) 10× Optical image from the 

red channel of the detector of an indent in 3 nm Au. Inset is the full-colour image. (b) Measured 

contrast of Au indent in (a) for different objective lenses. (c) Optical image over an indents 

location on a 6 nm Au film. (d) Corresponding measured spectra for different objective lenses. 

The observed contrast spectra in 5.18 and 5.19 are confirmed as being caused 

by the observed NI from chapter 4. This NI creates a change in the refractive 

index of this indented gold region. This may be expected as different dielectric 

functions have been reported for gold prepared under different 

conditions50,51. It is a change in the refractive index that is observed by the 

highly sensitive contrast measurements. Two possible physical explanations 

are considered to explain this contrast. Both may originate from an increase 
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in density from NI. These are discussed briefly here to elucidate their expected 

contributions.  

  The first explanation considers an increase in the plasma frequency of 

the Au. This may originate from an increase in density of the Au, which naturally 

leads to an increase in electron density. The plasma frequency is related to 

the density of free electrons via equation 2.1.20. Compression of the thin Au 

films may also expect to decrease the damping coefficient of the Au film due 

to a more ordered surface. Such effects have been simulated to compare 

their expected effect to the observed NI contrast spectra. These simulations 

are shown in figure 5.20. 

Figure 5.20: Simulations investigating the expected change in contrast for a change in the 

density, and hence electron density and plasma frequency of an indented Au film, effectively 

changing the dielectric function of the gold. (a) Simulated contrast spectra with a 10×objective 

on 3 nm Au. (b) How this contrast is expected to change for a range of objective lenses.  

Figure 5.20 shows simulation results investigating how a change in the 

dielectric function of the Au, results in a change in optical contrast. Here this 

change in the dielectric function is modelled by a change in the plasma 

frequency and damping constant used for calculating the dielectric function 

of the gold52. The behaviour of the simulated contrast with lens magnification 

simulated in 5.20(b) shows very good agreement with spectra seen in 5.19(b). 

One important thing to note is the change in wavelength positions between 

modelled and experimentally observed spectra. Here the simulated spectra 

are ~20 nm blue-shifted compared to the experimentally observed contrast. 

Modifications of the simulation parameters may allow for this shift in 

wavelength. However, the dielectric function of Au is not well described by 

the Drude model in the blue region of the visible spectrum. This departure from 

the Drude model stems from interband transitions between the filled 3d band 

and sp conduction band that lies across the Fermi level of Au. The 
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dependence of the dielectric function of gold on interband transitions and 

the difference in frequency between initial simulations changing the plasma 

frequency and experimental results may suggest that a change in the plasma 

frequency is not the source of this NI contrast. 

The second explanation for this NI contrast relies upon a change in 

energy of the previously mentioned interband transitions. These occur 

between the filled d band to above the Fermi level of the Au, as shown in 

figure 5.21(b). These transitions occur at energies above ~2.4 eV53 (~516 nm). 

If the increasing density of the gold also created an increase in its Fermi level, 

this may result in interband transitions starting at higher energy than the non-

indented Au. This would then expect to blueshift the reflection minima due to 

this change in onset energy of the interband transitions. This is supported by 

the experimentally observed changes in the Fermi level for indented MoS2 

flakes from KPFM results in figure 4.13. These KPFM measurements may suggest 

a change in the Fermi level of 70 meV in energy. The positions of the 

experimental NI contrast spectra appear to agree very well with the onset of 

interband transitions. The role this may play on contrast is modelled very simply 

in figure 5.21(a). This model considers the change in position of a Lorentzian 

peak between the bare and NI Au surface. It plots the difference between 

these peaks, which should be related to contrast if caused by a change in the 

Fermi level. This is understood as a change in the absorption for the indented 

Au film. The simplicity of this explanation and how well it resembles 

experimental contrast spectra strongly support this explanation. 

Figure 5.21: Contrast shifts and evidence of nanoindentation. (a)Simple model estimating the 

effect of changing Fermi level on optical contrast (b) Schematic of the effect of changing Fermi 

level for an explanation for observed contrast of the indented Au.  
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This simple model suggests that these observed NI contrast spectra may 

allow the change in Fermi level of the surface to be estimated from fitting this 

model to experimental data. Other metallic samples are expected to reveal 

different indentation effects on their measured optical contrast dependent 

upon their optical properties across the visible spectrum.  

Figure 5.22(a) shows measured contrast for monolayers of MoS2 from a 

6 nm Au film, for high and low-pressure exfoliations for samples which were 

exfoliated within 1 minute of being exposed to air and samples which were 

exfoliated after 12 minutes of exfoliation to air. It can be seen that both the 

exfoliation pressure and the time for which the sample is exposed create 

significant shifts in the positive and negative peak magnitudes of the 

measured optical contrast. This demonstrates how sensitive this contrast 

measurement is to the system investigated. It should also be noted that in 

general, the variance observed across single flakes tended to be incredibly 

small on the order of a few percent. When considering multiple flakes across 

one sample, the optical contrast was observed to vary a lot more between 

individual flakes. With the difference observed between different sample 

thicknesses being many times larger than uncertainties of individual samples 

or flakes. 
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Figure 5.22: Optical contrast of MoS2 measured on 6 nm thick gold layers with 10× objective, 

dependence on exfoliation time and force. (a) Average measured contrast for MoS2 exfoliated 

on 6 nm Au films for high and low pressure exfoliation forces and different exposure times to air 

before exfoliation is carried out. (b) 0 and 12-minute exfoliation difference in average flake 

contrast between high and low pressure exfoliations. (c) The contrast from the rapid exfoliation 

in (b) with Nano-indentation component subtracted leaving the residual unexplained contrast 

difference between hard and softer exfoliations. (d) The difference in contrast between the 

immediate exfoliations and that which was carried out after 12 minutes.  

Figure 5.22(b) shows the difference in contrast between high pressure 

and low-pressure exfoliations for samples produced within one minute and 

after 12 minutes of being exposed to air. Interestingly the NI component of 

contrast is strongest for the 0-minute samples. This may suggest that 

contamination formed in the time between this and the 12-minute sample 

acts to reduce any NI from forming, possibly due to the presence of airborne 

contamination. The difference in the 12-minute exfoliations contrast may show 

the component of contaminations effect on contrast due to a thinning of the 

contamination beneath the MoS2 layer for the high-pressure exfoliation, 

resulting in a reduced contamination component in this system. Figure 5.22(c) 

shows the 0-minute plot from (b) with a NI component removed from the 
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spectra to extract the remaining unexplained change in contrast. This may be 

caused by a more uniform layer of contamination created during the high-

pressure exfoliations, uniformly affecting the contrast. With lower pressure 

exfoliations this contamination may have been more prevalent in gaps 

between grains and so play less of a role in the measured contrast.  Figure 

5.22(d) compares the difference in contrast between the initial exfoliation and 

the exfoliations carried out after 12 minutes. In both cases, a contrast shift with 

a peak in the region of ~480 nm is observed. It is believed this peak relates to 

contamination present on the surface of the bare or coated gold film, with its 

magnitude related to the thickness of this contamination film. 

In figure 5.22 plots are extracted to isolate contributions from exfoliation 

pressure and contamination. It is of interest to note the reproducible form of 

the extracted spectra from (b, c and d) which is expected to be related to 

contamination39. The contrast of such a carbonaceous contamination layer 

has been reported before for graphene on Au films, and the peak position 

reported in this work overlaps well with this observation in literature. Where it 

was reported to peak between 486-494 nm on a 100 nm Au film39. This 

agreement with literature for the position of this contamination contrast 

contribution appears to confirm that this is the source of the peak around 

490nm. From looking at spectra in figure 5.22 (b and c) it appears that there 

may be an additional peak near 400nm which has yet to be discussed. 

Perhaps this is caused by interactions of the c-exciton of the MoS2, which 

peaks in the wavelength range of ~ 2.7-3 eV depending on layer number. This 

may reveal the effect of charge transfer on the c-exciton and hence 

measured contrast. This is evidenced as it appears larger for the fresh 

exfoliations, where significant charge transfer is expected, than it does for 

exfoliations carried out after 12 minutes where contamination is expected 

between the MoS2 and the Au reducing the n-doping of the film.   

 It is hoped that by understanding these different contributions which 

affect the highly sensitive contrast, this enhanced contrast technique may 

provide a much more valuable tool for 2D material system characterization. If 

the possible contributions from NI, contamination and layer doping can be 

optically probed, isolated and measured, optical contrast of such systems 

may become a much more valuable tool than simple layer number 
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identification as it is currently mainly used. These separate contributions may 

explain previous uncertainties in measured optical contrast and provide routes 

to minimize these contributions in future high sensitivity optical contrast 

spectroscopy investigations.   

To conclude this chapter, figure 5.23 plots a range of images and 

measured contrasts for indented regions after 2D materials were exfoliated 

onto a thin metal-coated substrate. This demonstrates the artefact nature of 

this effect and shows it must be considered for exfoliation of these materials 

onto metal-coated substrates in the future for enhancing optical contrast 

among other applications. 

 

Figure 5.23: Optical images and contrast measurements over indented regions with the 

corresponding refractive index of each metal used. (a-c) optical image and contrast for 

indented 6 nm Au films. Inset is an enhanced contrast image of the green collection channel 

to make indented region visible. (d-f) Optical images and contrast measured after exfoliation 

onto a fresh 10 nm thick Cu sample. (g-I)Optical images and contrast measured after fresh 

exfoliation onto a 10 nm thick Co film. Inset in (g) is an image taken with a 400 nm filter causing 

actual MoS2 flakes to appear more brightly than the bare Co or indented regions.  

This figure demonstrates the observed contrast change with indentation for 

three metals upon which this effect was observed. In each case, the change 

in contrast is observed to react differently as the density of the film is varied. 
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This is attributed to the optical properties of each of the metallic films, which is 

why the refractive index is shown in figure 5.22 (c, f, i). Here it appears that the 

most interesting effects such as those observed for Au and Cu occur when the 

refractive index of the material is changing rapidly in the region where it is 

close to n=1. This may be expected as regions of changing optical properties 

may be the most susceptible to changes in refractive index from a small 

change in density. This work is brought no further here but reported for the aid 

of others who may work with systems sensitive to these refractive index 

variations. 

 

5.6 Conclusion 

The measured optical contrast of MoS2 is massively enhanced through 

substrate heterostructure design and angle control of the illuminating light. For 

MoS2 on thin gold films, monolayer contrast is improved by one order of 

magnitude compared to the best previous contrasts reported in the literature. 

The same methods applied to h-BN flakes on these substrates suggest an 

enhancement of potentially up to 10 times compared to the previous highest 

contrast reported in the literature. Further work in this area may prove this 

enhancement for a monolayer h-BN flake. Large contrast has also been 

shown for InSe, and it is expected that these methods should be applicable 

for improving optical contrast across the entire spectrum of 2D materials. 

This enhanced contrast is possible by looking for an increase in light 

collected compared to the bare substrate surface. With the use of a substrate 

of low or ultra-low reflectance, any reflection from the 2D material can be 

much larger than the reflection detected from the bare substrate. Through this 

work, the thin gold coating layer creates a substrate of very low reflectance 

around a wavelength of ~500 nm. Thicker gold films reflect more strongly 

across the visible spectrum and hence measured a lower magnitude of the 

negative contrast peak. Other metallic coatings may provide absorption in 

different locations in the visible spectrum, and this may allow the minima in the 

reflection of the substrates to be controlled. This opens up interesting 

possibilities in tailoring the cavity coating material and thickness to create a 
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minimum reflection at a location where a 2D materials reflection is expected 

to be largest. This may then allow very large optical contrast to be measured 

for specific materials and may show significant further improvement for 

materials, such as h-BN, which are hard to detect optically. 

The incredibly high contrast magnitude measured and its small FWHM 

show that these are incredibly sensitive optical measurements. The sensitivity 

of the system has been drastically improved as the contrast has been further 

enhanced. This increased sensitivity from this enhanced optical contrast has 

allowed the identification of nanoscale indented regions of Au with modified 

refractive indices. The contribution to measured contrast spectra from a small 

change in the density of the gold film has been directly measured with 

contributions from contamination also having been identified. The sensitivity 

of these measurements to such nanoscopic phenomena raises some 

interesting questions for potential chemical sensing applications of these 

systems. This change in contrast attributed to rearranging or indentation of the 

metallic film has been observed post exfoliation on multiple metal substrates 

including, Au, Cu and Co. The effect this has on the change in contrast is 

different for each case as it is dependent upon slight changes in the optical 

properties of the metallic film. This appears to be a common effect following 

exfoliation onto a metal substrate and may play a role in the electrical 

contact which the flake makes with the substrate. Low pressures applied 

during the exfoliation process appear to reduce this effect. Care should be 

taken for any exfoliation onto metallic substrates where this indentation may 

cause undesired effects. 

In summary, this chapter has shown an order of magnitude 

improvement in the measured optical contrast for MoS2 compared to its 

previous best in literature. These methods are effective for improving contrast 

on other extremely transparent materials, i.e. h-BN. The sensitivity of this optical 

contrast has been shown to isolate contributions from substrate indentation 

and possibly contamination present in the system. Finally, it is suggested that 

different coating materials may create different positions of reflectance 

minima. This may allow specific tailoring of the coating material to maximize 

contrast for any 2D material to be investigated. 
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Chapter 6          

 

Comparing tip and prism emission from 

plasmonic STM junctions 

 

6.1 Abstract 

STM light emission investigations have been carried out on a custom-built STM 

set up to investigate the relationship between LSP mediated tip side emission, 

and the SPP mediated prism-coupled emission from a plasmonic tip-sample 

tunnel junction. The tip side of emitted light has previously seen significant 

spectral investigations and is well modelled and understood. The prism-

coupled emission has not seen the same attention in experimental 

investigation. The spectral and excitation intensity relation between the tip 

and prism side emission is examined in this work. It is hoped to provide a 

deeper understanding of this electrical method for the generation of surface 

plasmons towards the incorporation of 2D materials into MIM tunnel junction 

geometries. 

Light has been simultaneously collected for both spectral investigations 

as well as photon mapping experiments looking at the local Intensity variation 

of the emitted light. Spectral emission for tip-coupled emission shows excellent 

agreement with the theory, which is crucially dependent upon the end radius 

of the gold tip used in the investigation as well as the humidity in which the 

STM operates. The experimental work reported here expands this investigation 

to include light detected from the prism-side emission. This prism side emission 

includes prism transmitted light excited at the tip side of the tunnel junction 

and transmitted through the gold film at low angles as well as prism coupled 

emission outcoupled as leakage radiation from the decay of SPPs above the 

critical angle of the metal-dielectric interface.  The influence sample 

geometry may have on emitted light is highlighted through photon mapping 
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with a Pt-Ir tip which demonstrates instances of negative correlation 

behaviour, for the tip- and prism-side emission between individual grains on 

the Au film. The possibility of optical spectral measurements for estimating gold 

tip end radius and hence suitability for STM LE investigations is discussed with 

some promising initial results shown. Finally, noise present in the system is 

discussed and how this may be improved for future work in this area. 

 

6.2 Introduction 

Binnig and Rohrer invented the scanning tunnelling microscope1 and realised 

its ability to produce atomic-scale images on different samples. From this 

point, the machine was developed and went from the original highly 

sophisticated, bespoke, lab-built system to precisely manufactured machines 

of more straightforward design. The invention of the STM was followed by the 

invention of other scanning probe instruments, most notable of which is the 

AFM. The AFM has hence been developed, leading to many different kinds of 

scanning probe methods available with this very robust system and has 

advanced scanning probe microscopy to where it is today. 

The emission of light from a scanning tunnelling microscope was first 

observed several decades ago2. The underlying theoretical framework for the 

emission spectra has also been developed across a significant amount of time 

with gradual improvements being added to the theory as the research groups 

in the area gradually advanced its understanding3,4. It is understood and has 

been demonstrated that this emission, when plasmonic metals are used for tip 

and sample material, is due to the inelastic tunnelling excitation of surface 

plasmons. Both localised surface plasmons (LSPs), excited between the tip and 

sample junction which scatter light into the air on the tip side, as well as surface 

plasmon polaritons (SPPs), which can be excited upon the metals surface, can 

be excited from this inelastic tunnelling. In a prism coupled geometry, these 

SPP excitations can be observed in the far-field. This has been demonstrated 

experimentally5. This electrical excitation of SPPs in STM prism-coupled 

geometry has been largely neglected in terms of experimental and 
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theoretical investigation compared to its tip-side counterpart, partly due to 

difficulties in the experimental setup.  

Although some work in this area has been carried out6 some key areas 

of interest, have been neglected. One such area is that of photon mapping 

investigations which look at the local emission intensity depending upon 

tunnelling location 7–10. Although this has been carried out by several groups 

with regards to the tip side emission, it has not been investigated extensively 

for prism-coupled emission. Simultaneous photon mapping of tip and prism-

side emission is potentially very interesting with the potential of comparing 

local excitation intensities of LSPs or SPPs simultaneously. It is not unreasonable 

to believe this could lead to information on coupling as well as excitation 

requirements between these phenomena. Using this to investigate a range of 

different samples including atomic steps, granular surfaces or maybe more 

specifically designed plasmonic structures, may provide information on the 

coupling of these electrically excited surface plasmons for different 

geometries and materials. When combining this with a spectral investigation 

on the relationship between electrically excited LSPs and SPPs, this 

experimental configuration may be crucial in the future development of 

potential electrically excited, tuneable on-chip plasmonic sources.   

Light emission into the far-field, collected from the tip side emission is 

well understood and is crucially dependent upon the end radius of the 

plasmonic tip. No such dependence has yet been demonstrated for emission 

transmitted or coupled through the plasmonic film and into the prism. 

Previously the end radius of the excitation tip has been determined with the 

use of a scanning electron microscope (SEM), making the experimental 

process, equipment dependent and more expensive. It is interesting to 

consider the use of optical microscopy and spectroscopy as a faster and 

cheaper alternative for determining tip radius and thereby if a tip is suitable 

for STM LE. This chapter hopes to elucidate if prism side emission, in particular 

prism coupled emission, is dependent upon the end radius of the tip used for 

its excitation and how this relates to the light out coupled from the tip side 

emission. 
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6.3 Background theory 

Quantum tunnelling, the basic operation of a STM as well as a brief 

introduction to plasmonics have been covered in the background theory 

chapter. This section elaborates on the theory behind light emission from the 

STM covering the models used for such systems. It identifies the gaps in the 

literature upon which this chapter seeks to elucidate.  

6.3.1 Light emission from a STM 

Light emitted from a scanning tunnelling microscope was first detected by 

Coomb et al2. This initial detection was followed by the detection of light from 

very separate systems from entirely noble metal systems to semiconductors11. 

It was observed that the tip-surface region of the STM emits light when the 

energy of the tunnelling electrons is sufficient to excite luminescent 

processes12. A schematic illustrating different mechanisms of light emission 

from a STM tip-sample junction is shown in figure 6.111. 
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Figure 6.1: Schematic illustration of mechanisms of STM-induced light emission for (a) noble-

metal surface, (b) III–V semiconductor, (c) Si(001) surface, and (d) an organic molecule 

adsorbed on a sample surface. (a) Tunnelling electrons excite the plasmon mode with energy 

of ħωs’ (tip-induced surface plasmon (TISP)) and the excited plasmons decay radiatively. (b) 

Electron–hole recombination provides light with an energy the same as the band-gap width in 

the energy-band diagram. (c) Dipole transitions from the surface state of the tip to that of the 

sample produce light with the energy difference of the two energy levels in the energy-band 

diagram. (d) Dipole transitions between the orbitals of a molecule adsorbed on the sample 

provide light with an energy of the difference of the two energy levels. The bold line between 

the sample and the vacuum corresponds to an insulator layer to reduce the interaction 

between the molecule and the metal.  Taken with permission from “New aspects of light 

emission from STM”11. 

For a plasmonic STM light emission system, it is generally considered that the 

light emission is formed through inelastic electron scattering and enhanced by 

resonant plasmonic processes with both SPPs and LSPs being excited5,13–15. The 

nature of these excitations and their interactions with one another is of 

fundamental interest for improved plasmonic engineering and control.   

The STM, in this case, allows some exciting opportunities for investigation 

perhaps unmatched by other tools currently in use. The STM allows spatially 

localised electrical excitation of plasmons with potentially sub-nanometre 

level resolution through an electron tunnelling process12. This local molecular 
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excitation was utilised in a very impressive experimental investigation in which 

an individual molecule was locally investigated with spectra being obtained 

at specific positions on the molecule16. Zhang et al. then went on to show how 

multiple molecules could be manipulated to overlap and enhance the 

emission.  Their work demonstrated how effective LE from an STM tunnel 

junction can be and how it has significant potential for application in future 

molecular investigations. It also demonstrated the excellent level of 

experimental control which can be obtained and which is required for such 

precise molecular investigations. There have also been several STM LE 

investigations from above 2D materials17,18. These have focused on the effect 

the electronic nature of the material plays. Such studies demonstrate how vital 

low levels of drift and noise are for these investigations. 

The STM is also capable of detecting SPPs propagating across a surface 

that has been excited by in-coupled light. Changes in temperature or electron 

density are picked up through shifts in the tunnelling current, which acts as the 

microscope’s feedback system19,20. 

STM LE dependence on the tip material and shape as well as the 

photon mapping of surfaces7,8,21,22 has been investigated previously with most 

remaining aspects of the tip LSP mediated emission having been explained 

including over-bias emission and the role of nonlinearities due to the strong DC 

field4,23,24. Over-bias emission refers to a small component the emission that 

occurs at energies greater than eVb, where Vb is the applied bias, and thus 

violates the quantum cut-off condition, ħωmax = eVb . The emission from the tip 

has been experimentally shown to be very well described by the Rendell and 

Scalapino(RS) model25. The RS model considers a metallic sphere of radius R 

separated by a distance d from a semi-infinite metallic substrate and uses this 

to calculate the LSP modes of the tip-sample junction (TSJ). The modal 

frequencies are given by the equation  

   𝜔𝑚 = 𝜔𝑝 [
tanh(𝑀+

1

2
)𝛽0

𝜖𝑚+tanh(𝑀+
1

2
)𝛽0

]

1/2

 m= 0, 1, 2…  

 [6.1] 

where 𝛽0 = 𝑐𝑜𝑠ℎ−1(1 +
𝑑

𝑅
), 𝜖𝑚is the dielectric function of the medium around 

the TSJ and M denotes the mode number. This equation is valid in the limit d/R 
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<< 1. The wavenumber of a SPP can be given as a function of its frequency by 

equation 2.1.2326 with its frequency given by equation 2.1.21. These equations 

offer a starting point for a comparison of the light emitted from LSPs and SPPs 

in the STM tunnel junction, an initial investigation of this has already been 

carried out theoretically6. 

 

6.3.2  Prism coupled Light emission 

When looking specifically at STM LE in a prism-coupled geometry significantly 

fewer rigorous investigations have been carried out compared to their tip side 

emission counterparts. Inelastic electron tunnelling excitation of SPPs from an 

STM tip has been demonstrated5 by Wang et al.6 In that work, LSP and SPP 

contributions were separated by the use of an oil immersion lens to view SPPs 

or an air immersion lens to view the LSP component individually. Here they also 

demonstrated the effect different tip materials can have on the emission 

observed. However, despite claiming a significant increase in the light emitted 

from SPPs, they do not show a single spectrum for the SPP mediated emission. 

Another paper looks at the emission angle of these detected SPPs27, 

confirming the SPP nature of the emission but again showing no spectral 

investigation. Papers that do demonstrate experimental spectra for the tip 

and prism-side emission show data with a small signal to noise ratio 15,28  - the 

one comparison made between tip and prism emission seems mainly included 

to compare the intensity of the spectra28. How the presence of a self-

assembled monolayer affects the light from the tip- and prism-coupled 

emission was investigated, providing spectral information on the SPP 

mediated emission15. A higher signal to noise ratio was reported for prism 

coupled emission, yet, no spectral comparison is made for peak positions 

between tip and prism coupled emission. This work demonstrates that SPP 

mediated emission is stronger than tip side emission upon the addition of a 

self-assembled monolayer of material present in the tip-sample junction.  The 

limited scope of data presented leaves this area open for significant further 

investigation. This limited amount of data is particularly true in looking at the 

effect that decaying LSP resonances may have on the SPP modes which are 

excited by the junction. 



187 

 

 Some papers have investigated the effect of exciting SPPs on the 

detected tunnel current in the STM29. One of these shows some interesting 

results where, for different scanning regions, different SPP induced currents 

were detected depending on the angle of excitation and hence, which SPP 

mode of the film is excited30. This optically induced current work may have 

potential links to any simultaneous photon mapping investigations which may 

be carried out here (current-induced emission). Other papers have utilised a 

photon STM to investigate surface plasmons present on a metallic surface. 

Theoretical investigations into the prism coupled light emission suggest SPPs 

are excited from the decay of LSPs yet, no experimental work is presented to 

establish their ideas 31.  

 

6.3.3  Optical investigation of tip scattering 

Dark-field microscopy collects the scattered light from investigated systems, 

and plasmonic nanoparticles are routinely investigated through this method. 

Light is detected in the dark-field on account of the excitation and 

subsequent de-excitation or radiation of nanoparticle LSPs. Through the same 

Figure 6.2: previous STM prism spectral emission investigations showing low signal to noise ratios 

(suggesting low count rates). To the best of my knowledge this is the best example of tip and 

prism experimental spectral comparison data available. Taken from [28] 28 and  [15] 15 with 

permission respectively.(i) Reprinted by permission from Springer nature customer service centre 

Gmbh: Springer Nature,  Bulletin materials science, STM-induced light emission from vacuum-

evaporated gold film, J.U. Ahamed et al, 2015.  (ii)Copyright (2010) The Japan Society of 

Applied Physics 

(i) (ii) 
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idea of collecting scattered light and effectively removing the background, it 

should be possible to obtain scattering signals characteristic of LSPs supported 

on etched Au tips. If isolated, these scattered signals should provide an 

estimate for tip-end radius and, importantly, a critical evaluation of the 

suitability of the tip for STM light emission investigations.  

 A theoretical description of scattering and absorption of light by 

spherical particles was proposed by Mie in 190832. Mie theory is rigorous yet 

can be simplified when assuming that the nanoparticles are much smaller 

than the interacting light (d<<λ). When these nanoparticles interact with a 

plane wave, and only the dipole interacting terms are considered the 

extinction and the scattering cross-sections can be expressed as33,34: 

𝜎𝑒𝑥𝑡 =
18𝜋𝜀𝑚

3/2
𝑉

𝜆

𝜀2(𝜆)

[𝜀1(𝜆)+2𝜀𝑚]2+𝜀2(𝜆)
  [6.3] 

𝜎𝑠𝑐𝑎 =
32𝜋𝜀𝑚

2 𝑉2

𝜆4
(𝜀1−𝜀𝑚)2+(𝜀2)

2

[𝜀1+2𝜀𝑚]2+(𝜀2)
2   [6.4] 

Where λ is the wavelength of the incident light, V is the particle volume, εm is 

the medium’s dielectric function, ε1 and ε2 are the real and imaginary part of 

the metal’s dielectric function respectively35. Although this assumes spherical 

geometry, it shall be used as an approximation for any detected plasmonic 

extinction and scattering components. 

By taking into account and weighting the reflected signal from the side 

of the gold tip (𝑅𝐴𝑢) and any contribution from free space background signals 

(𝑅𝐵𝐺) within the collection spot the expected background signal may be 

determined. This background signal should approximate all light collected by 

the system, neglecting plasmonic contributions. The plasmonic scattering 

components from the plasmonic tip end should be expected to lie above this 

expected signal with plasmonic extinction contributing to light emission below 

this expected background. This should be described as follows: 

𝑅𝑡𝑖𝑝 = 𝐴𝑅𝐴𝑢 + 𝐵𝑅𝐵𝑔 + 𝑅𝑠𝑐𝑎 − 𝑅𝑒𝑥𝑡  [6.5] 

Where 𝑅𝑡𝑖𝑝 is the total signal collected over the end of the tip, 𝑅𝑠𝑐𝑎 is the 

plasmonic scattering contribution to the measured signal, 𝑅𝑒𝑥𝑡 is the 

contribution from plasmonic extinction. A and B are fitting components to 

weigh the relative contributions from the Au and the background, where 
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A+B=1. Essentially this weighs how much of the collected light over the tip end 

originates from reflection from the Au tip and the dark background. Any other 

light not reflected from the tip or incident from the background should be 

related to scattering from the tip end. By fitting values of A and B to minimise 

residual background and reflection components, the plasmonic peaks of the 

tip end can be isolated. An estimate of the tip’s end radius from the peak 

position of Rsca may be obtained by fitting Lorentzian peaks to the extracted 

scattering and extinction contributions. If this method were shown to be 

sensitive and reliable, it could reduce the cost and time of tip examination for 

STM LE experiments and potentially speed up data acquisition. Such an 

estimate of the tip’s end radius should also be verifiable by comparison with 

the analysis of STM LE spectra and SEM measurements.  

Optical scattering of tips as they approach a surface has been shown 

previously 36. Here they reported the shape of meniscus key in tip geometry as 

they demonstrated optical characterisation of Au tips (single peaked for tips 

with one feature, multiple peaks with multiple features). They reported that 

inhomogeneities also caused spectral broadening. Similar scattering 

measurements have been made investigating the plasmonic components of 

AFM end radius37. 

 

6.4  Experimental methods  

Experimental methods used for this investigation and covered in this chapter 

include; STM, photon mapping, spectral investigations, tip electrochemical 

etching to produce tips of small end radius, optical scattering measurements 

and SEM imaging to analyse these etched STM tips.  

 

6.4.1  STM light collection setup 

In this section, a detailed description of the experimental light collection set 

up is given. This information is important to allow accurate estimations of the 

collection efficiency for each collection setup which is vitally important to 

make accurate comparisons between the two systems. Prism side emission is 
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out coupled through a sapphire (n=1.7) Weierstrass prism38 of diameter 12.7 

mm or radius, r = 6.35 mm. This type of prism is of hyper-spherical geometry 

such that the perpendicular distance from the centre of the planar face to 

the spherical boundary of the system is r + r/n where r/n=3.7 mm here. Imaging 

a point light source (STM tunnel junction) placed at the centre of the planar 

face, this prism format has the virtue that the refracted rays emerging from all 

points of the spherical surface may be back-traced to a common focal point 

located a distance r.n – r/n on the ambient side of the planar surface along 

the symmetry axis of the system. This is not the case for a simple hemispherical 

prism and greatly simplifies the downstream optics e.g. the insertion of a simple 

spherically corrected lens will collimate the output from the point source. 

 

Figure 6.3: Diagram of light emission from prism coupled STM plasmonic system. 

 This STM was surrounded in a dark enclosure creating very low light 

levels within the enclosure as well as adding a measure of humidity control for 

the ambient conditions which the microscope operates within. This humidity 

control was measured to reduce the relative humidity to ~0–20% depending 
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on how long the enclosure was dehumidifying. Dehumidification was carried 

out with a Munters MG50 desiccant dehumidifier. 

6.4.2  Light collection optical setup 

Light emitted from the STM system was detected through several optical 

collection systems. Tip-side light emission is collected through the liquid light 

guide (LLG) fibre itself. In this case, the LLG was held in a home-built mount 

system angled at 52 degrees and was positioned with an x-y positioning stage. 

This setup allowed the LLG to be positioned very precisely for close positioning 

to the tip end, allowing reproducible positioning of the collection system while 

maintaining an efficient optical collection. Image of this tip side collection is 

shown in figure 6.4. 

 

Figure 6.4: Optical images of the tip-side light collection setup. (a)image of light collection setup 

from an Au film deposited directly on a sapphire prism. (b) Image of light collection setup from 

a gold-coated glass coverslip on a sapphire prism.  

Prism coupled Light emission was out coupled from the sapphire 

Weierstrass prism upon which the sample (thin Au film) was directly deposited 

for the final run of results. For initial experiments, the Au film was deposited on 

a thin coverslip which was contacted to the prism with index matching fluid. 

The positioning of collection optics after this point was in one of two 

configurations shown in figure 6.5. The lenses used are coated with an anti-

reflection coating to minimise reflection in the optical to NIR wavelength 

range. The lenses used for the first configuration include, from Thorlabs LA1050-

B and LA1131-B for the 100 mm focal length and 50 mm focal length lenses 

respectively. For the second configuration, a 25 mm focal length Plano-

Convex lens with a VIS-NIR coating was added from Edmund optics (LENS PCX 

25 X 25 VIS-NIR TS), as shown in figure 4b. 
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Figure 6.5: Ray tracing of prism coupled optical collection carried out in this work. (a) Optical 

collection system used to investigate only low emission angle prism coupled emission. (b) 

Optical collection system used to collect high angles of prism coupled emitted light.  (Note that 

vertical and horizontal scales are different.)  

Figure 6.5 (a) shows a ray tracing for light emitted at the prism surface into the 

hemispherical prism through the initial optical collection configuration used to 

investigate low angle emission. In this case, the maximum collected angle is 

at ~20 degrees to the normal, comfortably below the critical angle, θc = 34.8°, 

so no SPP detection is expected. As samples were placed above this prism, a 

smaller range of emission angles are expected to be collected. This limit for 

collection angles confirms that this configuration shall not detect any SPPs out 

coupled by the system, and this is only expected to image the low angles from 

the LSP component of the light emitted. This component of emission shall be 

referred to as the prism transmitted emission. 
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 Figure 6.5(b) shows a ray tracing for the 2nd optical collection 

configuration where SPPs may be collected by the system. This emission is 

referred to as prism coupled emission. Here the largest angle collected by the 

system is ~46o, thus facilitating collection of SPP-mediated emission above the 

critical angle of ~34.8 degrees when properly aligned. However, any small 

misalignment of any of the optical components may lead to a significant 

change in the range of angles collected which does not leave much room for 

margins of error.   

 

6.4.3  Photon mapping 

Photon mapping is a technique whereby as the STM tip is scanned across the 

sample surface the optical collection systems are fed into two PMTs 

connected to discriminator units and counting systems. Two photon multiplier 

tubes (PMTs) are utilised, one to collect light emitted from the tip side of the 

system and one to collect light emitted through the prism side of the system 

through the film. These are then fed into the auxiliary inputs of the STM and 

allow photon counts to be correlated with the topographic maps of the 

system. Such a setup allows local light emission intensity to be mapped with 

topographic features of the sample surface. Photon mapping allows the local 

intensity of the light emission to be correlated with the topography of the 

sample under investigation. 

PMTs used were purchased from Hamamatsu Photonics model number 

R943-02 Used in conjunction with C9744 photon-counting units, and Stanford 

Research SR400 gated photon counter units. The PMTs are cooled with 

Hamamatsu Photonics cooling systems C10372 with separate power supplies. 

The dark counts detected from these Hamamatsu PMTs is in the region of 20 

counts per second. These PMTs, selected for their extended infrared response, 

are reasonably efficient in the wavelength range of 400 – 930 nm which covers 

most of the region of interest for this work.  

Light is fed from the end of a LLG to an AL2520-B 20 mm focal length 

lens optimised with an antireflection coating allowing excellent transmission 

from 650-1050nm, located at a distance of 24 mm away from the LLG’s end. 
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This lens creates an image on the detector of the PMT ~40 mm away from the 

lens. This optical input allows a collection efficiency into the PMT of ~60% of 

the total light collected by the system. This same setup was in place for both 

PMTs in operation for tip and prism coupled emission.  

 

6.4.5  Spectral investigations 

Spectral acquisitions are collected simultaneously from both the tip and 

prism side of the plasmonic junction system into two separate spectrometers. 

The use of two spectrometers means that the intensity of the systems needs to 

be calibrated for the collection efficiency of each spectrometer to compare 

the light collected from each side. The collection efficiency of each 

spectrometer is calibrated as discussed earlier in the methods chapter with a 

calibrated light source of known spectral intensity. Light emission from 

plasmonic systems are investigated with gold tips, with Pt-Ir tips being used to 

investigate the system without strong plasmonic coupling.  

Light from the Liquid light guides is then fed into both of the 

spectrometers. These spectrometers are an Andor iDus 416 and an Andor iDus 

420 attached to Andor shamrock 163 and 303i spectrographs respectively. Of 

these two the Andor 416 provides a lower dark count in the system and so 

provides a much better system for the low light intensities present for the STM 

LE investigation.  Both of these spectrometers have been calibrated for 

wavelength position and spectral dependence of the emitted light intensities 

as described in chapter 3.  

 

6.4.6  Tip etching and optical characterisation 

In order to effectively investigate plasmonic emission from an STM system, a tip 

of known end radius is required. To produce Au tips, an etching process is 

carried out on a thin gold wire using a homebuilt etching setup. The etching 

was carried out to produce gold tips of small end radius and regular shape. 

This CaCl2 etching of Au tips has been reported previously39 and so is not 

discussed in detail here. To characterise etched tips, a SEM can be used to 
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measure the tip’s end radius to allow modelling and comparison to theory. 

However, throughout this work SEM investigation of tip end radius was not 

always available due to machine downtime and the consequent 

accumulating workloads. 

 To work around this problem and allow some work to be still carried out 

in the area optical investigations of these etched tips were carried out to 

distinguish possible promising tips for light emission investigations and tips 

which were not up to the required standard. An initial optical investigation was 

carried out to check for any contamination present on the tip or for any visible 

deformation of the tip shape which may make it unsuitable for STM operation. 

Once these initial checks were carried out and the tip was seen to appear 

usable an optical reflection measurement was carried out in an attempt to 

measure any local plasmonic modes present across the end radius of the tip. 

The logic being if the tip’s end radius is of nanoscale dimensions, it should 

exhibit scattering peaks similar to those seen for metallic nanoparticles. Using 

an optical microscope and unpolarised illuminating light, localised spectral 

measurements were taken from multiple locations, a reflection from the side 

of the gold tip was taken as well as a background measurement above free 

space. A spectral measurement was taken above the bottom portion of the 

tip, ensuring that the position of its end was within the collection spot. Finally, 

by modelling the reflected light measured over the end of the tip as a 

summation of the relative amounts contained in the collection spot reflected 

from the side of the gold tip and a contribution from the measured 

background measured above free space it was possible to isolate individual 

plasmonic peaks. It is possible both scattering and extinction peaks of any 

plasmonic structures near the end radius of the tip may be isolated here. The 

different components of the measured signal are shown in equation 6.5. 

Rearranging this gives; 

𝑅𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔 − 𝑅𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 𝑅𝑡𝑖𝑝 − (𝐴𝑅𝐴𝑢 + 𝐵𝑅𝐵𝑔)  [6.6] 

Where A +B=1 and the plasmonic contribution is given by  

Rp=Rscattering -Rabsorption    [6.7] 
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These equations are used to determine if the etched tip has a nanoscale end 

radius and make an estimation of its size. This estimation is then compared to 

the tip radius measured by SEM. Crucial to the modelling of the STM LE is a 

knowledge of the end radius of the gold tip used in the experiments. SEM 

images were taken of etched Au tips allowing their end radius to be 

determined.  

 

6.5 Results and discussion 

Experimental work carried out in this chapter focuses on STM light emission and 

in particular, a spectral investigation of the light emitted from the tip and prism 

coupled emission excited from the tip-sample tunnel junction 

First of all, this chapter investigates the spectral comparison of prism-

coupled emission with a focus on understanding LE observed from the prism 

side of the system. Some data from initial investigations is presented to show 

the initial limitations of measurements and how this was improved. After this, a 

comparison of the spectral tip and prism coupled emission is made to 

understand how this changes as the Au thickness is varied before investigating 

the modelling of the respective tip and prism coupled spectra. Simultaneous 

photon mapping, which was carried out across this work is then presented.  

Evidence for the possible optical characterisation of etched tips follows this, 

as well an analysis of noise present in the system. This section concludes with 

what may be improved to carry out further work in this area. 

 

6.5.1  Initial Spectral comparison of tip & prism emission 

This section summarizes initial investigations carried out into prism coupled 

emission. Here the prism light collection setup is set in configuration 1 with gold 

films being deposited on a clean glass coverslip and not directly on the prism. 

This added thickness is expected to limit the largest angles which are detected 

by the system and so it is not expected to detect SPP mediated emission. Any 

emission collected is expected to be prism transmitted and related to LSP 
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excitation.  Here the prism side emission is investigated to compare to what is 

expected in similar scenarios for tip side emission (such as with different tips 

and with different voltages applied). 

Figure 6.6: (a) Spectral evolution with voltage for a gold tip’s prism coupled emission. (b) 

Comparison of prism side emission excited with a gold and a platinum-iridium tip. (c) Tip and 

prism coupled simultaneous emission comparison on a 20 nm Au film on a glass coverslip resting 

on the prism. (d) Tip and prism coupled simultaneously acquired emission of an Au tip on a 50 

nm Au film on a glass coverslip resting on the prism.  
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Figure 6.6(a) shows the spectral evolution of prism side emission for an Au tip 

as the voltage is changed from 1.4V to 1.9V. As observed with tip side emission, 

as the applied voltage is increased, higher energy plasmonic modes can be 

excited. The position of these peaks is observed to blue shift as the applied 

voltage is increased. This behaviour all shows good agreement with the 

established behaviour for tip side emission from a plasmonic STM system. Figure 

6.6(b) shows an example of the difference in spectra obtained with the use of 

a plasmonic (Au) and non-plasmonic (Pt-Ir) tip. It can be seen that the Pt-Ir 

tip’s spectrum is much broader than that of the gold as well as being much 

lower in intensity. This difference is caused by the plasmonic modes of the Au 

enhancing emission in specific regions matching plasmonic modes of the 

system. Figure 6.6 (c) compares tip and prism coupled emission simultaneously 

detected in this configuration for an Au tip on a ~20 nm thick Au film. Figure 

6.6(d) compares tip and prism coupled simultaneous emission for an Au tip on 

a 50 nm thick Au film. Comparing (c) and (d) it is possible to note the 

substantial reduction in prism coupled emission on the thicker Au film which 

may be expected due to the reduced transmission of light through the thicker 

Au film. Some overlap is observed in the position of spectral peaks, yet their 

positions may be somewhat shifted. However, it is difficult to identify individual 

peaks in the tip coupled emission of figure 6.6(c) and the prism emission of 

6.6(d) is very low in intensity making meaningful spectral comparisons difficult.  

 Tip and prism spectral comparisons were initially carried out with a 

single spectrometer requiring tip retraction to swap optical inputs. Here the 

scanning tip was retracted between measurements to swap optical inputs to 

the iDus 416 spectrometer. Example comparisons of some observed tip and 

prism spectra are shown in figure 6.7. Differences in spectral peak positions 

between tip and prism coupled emission were observed. It should be noted 

that changes between individual spectral acquisitions were sometimes 

observed, this may be caused by tunnelling to a separate region of the 

surface, the formation of a water-bridge or a tip crash resulting in a changed 

geometry of the STM tips end radius. The results from these initial experiments, 

particularly changes in spectra between individual spectral acquisitions, figure 

6.7(a), raised doubts as to the reliability of separately measured tip and prism 

coupled spectra, such as those shown in figure 6.7(b, c).  



199 

 

 

 

Figure 6.7: Tip and prism emission early investigations. (a) Separately acquired tip and prism 

transmitted comparison spectra across multiple measurements with an SEM image of the gold 

tip inset. This suggests crashing of the tip at one or multiple points across the measurements. (b)  

Tip side emission for another gold tip with a SEM image of the tip inset. (c)Prism transmitted 

emission for the same tip shown in (b). The model fit for (b) and (c) use the same size of the tip 

(r = 385 nm) and only requires an adjustment of the dielectric function which is used in the model 

to achieve shown fits.  

The model applied to obtain the fits shown in figure 6.7 (b,c) is taken from 

previous publications in the area40 and requires an estimation of tip end radius. 

An end radius of r = 385 nm was used in the fitting of these models. To model 
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prism transmitted emission required a change in the value of ε of the 

surrounding medium. In this case, it needed to be increased to 1.77, which 

coincides with the value of water. Tip coupled emission was modelled by an 

effective epsilon value between that of water and air of 1.25. The fits also 

required the weighting of the strength of plasmonic modes excited to match 

the observed data. Interestingly the largest mode weighting modelled for the 

tip side fit is the 5th mode of the junction at ~807 nm which when calculated 

with water as the surrounding medium is located at 921 nm as observed as a 

peak in the prism transmitted spectra.  

 It is of interest that it appears there is a difference between tip and prism 

transmitted emission from this initial work. The possibility of these shifts being 

caused by other experimental effects, such as tip crashes has yet to be 

eliminated. To remove these sources of error, all further investigations make 

use of spectra which are acquired from the tip and prism side emission 

simultaneously.   

 

6.5.2 Effect of changing Au thickness 

Here results obtained from three different thicknesses of Au film are compared. 

These thicknesses are; 25, 36 and 58 nm thick Au films. These were deposited 

directly onto a clean sapphire hemispherical prism for this light emission 

investigation. This investigation then made use of the 2nd configuration for 

prism optical collection discussed in the methods section of this chapter. This 

configuration is expected to be able to detect outcoupled SPPs if aligned and 

positioned correctly.  

Here as the thickness of gold is increased, there are two effects which 

are competing with the changing gold thickness. The transmission of the gold 

film decreases as the film thickness is increased. This decreasing transmission is 

expected to reduce the contribution from prism transmitted emission with 

increasing thickness. As the gold thickness initially increases the excitation 

coupling to SPPs is also expected to improve. Stronger plasmonic excitations 

are expected to be excited from thicker (~40-60 nm) Au films than from very 

thin (<30 nm) Au films. For very thick films (~80-100 nm) SPP coupling across the 
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film is expected to decrease at a slower rate to that for prism transmitted LSP 

mediated low angle light emission.   

 

Figure 6.8: Comparison of different Au tips excited spectra on different thicknesses of Au. Each 

spectrum is spectrally corrected for each separate detection system, and each compared 

spectrum is acquired simultaneously for each Au thickness. (a) Measured tip and prism coupled 

emission from a 25 nm thick Au sample. Max counts tip ~ 400, prism ~ 250.  (b) Measured tip and 

prism coupled emission on a 36 nm thick Au sample. Max counts tip ~ 670, prism ~ 270. (c) 

Measured tip and prism coupled emission on a 58 nm thick Au sample. Max counts tip ~ 8470, 

prism ~ 930. 

The results demonstrated in figure 6.8 may suggest some interesting behaviour. 

Figure 6.8(a) shows tip and prism coupled emission for the thinnest Au film 

shown here. In this case, there is good general agreement observed between 
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tip and prism coupled emission, with prism coupled emission showing more 

plasmonic peaks than are observed from the tip side emission. This tip and 

sample system had a low number of counts on both sides, which may be 

expected from the thinness of the Au film. 

 Figure 6.8(b) shows corrected normalised spectral emission from a tip 

taken on a 36nm thick Au film. In this case, a significant departure is observed 

between the tip and prism coupled spectra. Here it appears that prism 

coupled emission occurs more strongly on the higher energy side of the 

spectrum than at longer wavelengths, perhaps caused by the transmission of 

the gold film. Poor SPP confinement at longer wavelengths may also 

contribute to this observation6. Tip side emission appears to radiate more 

efficiently towards the near-infrared. At this thickness, a dramatic change is 

observed between the tip and prism spectra with the plasmonic modes 

appearing in different positions for each emission pathway. Figure 6.8(c) shows 

the simultaneously acquired intensity corrected normalised optical spectra for 

tip and prism coupled emission over a 58nm Au film. In this case, again, tip side 

emission is observed to be relatively stronger approaching the near-infrared 

while prism side emission is relatively stronger at shorter emission wavelengths. 

Again these spectra show a significant departure from matching spectral 

peak positions. As simultaneous spectral investigations still show a change in 

peak positions between tip and prism coupled emission, it appears that there 

is a difference between them which is not simply an artefact of tip crashes 

between scans.  

Figure 6.9 allows a more quantitative comparison between these 

spectra acquired for different gold thicknesses. Figure 6.9(a) shows the prism 

coupled emission divided by the tip side emission for each of the data sets 

shown in figure 6.8. It can be seen that the 36 nm Thick Au film gives the highest 

amount of prism coupled emission. By summing each of the curves in 6.9(a) a 

comparison of prism coupled emission for different gold thicknesses is shown 

in figure 6.9(b). Figure 6.9(b) shows decent general agreement with what has 

been reported theoretically in literature28, if the relative magnitude of prism 

coupled emission is significantly smaller than has been reported. From 

comparing these few spectra it is not yet possible to say with certainty if SPPs 
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are successfully being outcoupled and detected in the experimental setups 

used in this investigation. 

Figure 6.9: (a) Light emission intensity ratio between tip and prism coupled emission for the three 

systems shown in figure 7. (b) Ratio of prism coupled emission to tip coupled emission detected 

for the different gold thicknesses investigated. 

Figure 6.10 displays simple plots for the change in dispersion relation and 

expected outcoupling of light for three dielectric/Au systems, one with air as 

the dielectric 6.10(a) and the other with water 6.10(b) with both of these being 

compared to that of sapphire. This simple consideration may help explain the 

significantly lower prism coupled emission compared to previous work5,28. Light 

is only outcoupled when the top dielectric/metal’s dispersion relation falls 

above the light line of the metal/sapphire prism. By comparing the area 

between the curves of 6.10(a) and (b) it can be seen that a water coating 

layer may be expected to reduce outcoupling. This may also reduce the 

highest energy of SPP modes which may be outcoupled. However, this 

assumes a thick layer of water on the metal surface while any water layer 

present is expected on the scale of nms. 

Figure 6.10: Change in dispersion relation with tip side dielectric environment. (a) Air as tip side 

dielectric. (b) Water as tip side dielectric. 
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Figure 6.11: Modelled RTA plots for gold films on sapphire. (a) RTA plot for 50 nm Au film at 850 

nm wavelength. (b) Changes in calculated reflection component for different thicknesses of 

Au. (c)Calculated emission angles expected from LE from an STM for gold/sapphire substrates. 

(d) Spectral reflection plot for different Au thicknesses at 36° with a 3nm layer of water coating 

the Au. 

Figure 6.11 calculates expected attenuated total reflection (ATR) curves for 

plasmonic Au films on a sapphire prism. This calculates the incident light 

reflected, transmitted and absorbed by the film and may be considered as 

the inverse to plasmons excited on the films and then outcoupled at different 

angles. This treatment was initially developed for modelling light emitted from 

MIM devices41 and understanding the optical excitation of SPPs42. The 

dielectric functions of Au used in these calculations are taken from measured 

values for evaporated films in literature43. Figure 6.11(a) shows an example of 

the reflection, transmission and absorption of films for a single wavelength of 

850 nm across a range of incident angles. 6.11(b) Demonstrates how the 

angular reflection of these incident 850 nm light beams changes with Au 

thickness. Figure 6.11(c) converts the reflection curves in 6.11(b) to expected 
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emission angular dependence at 850 nm. Emission below the critical angle is 

LSP mediated prism transmitted emission and dependent on the transmission 

of the Au film instead of its reflection. Figure 6.11(d) shows spectral reflection 

curves for a set angle of incidence of 36° across a range of Au thicknesses. 

Here as the angle is decreased towards the critical angle, the reflection 

minima, and so expected emission maxima are observed to redshift. 

 

Figure 6.12: Angle dependent SPP outcoupling for 36 nm Au on sapphire. (a) Bare Au films with 

no water layer present. (b) The same system with a 3 nm layer of water present on the top 

dielectric face of the Au. 

Figure 6.12 demonstrates the effect a thin layer of water has upon the angular-

emission spectra of outcoupled SPPs. A 3 nm thick water film is modelled to 

redshift the spectra emitted at each angle, essentially causing light to be 

emitted at slightly higher angles38. It is of interest that thicker water films, >100 

nm in thickness, coating the top Au surface lead to an increase in the angle 

of outcoupled SPP leakage radiation beyond that which is collectable from 
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the experimental setup. Any water film on the Au surface is expected to have 

a thickness on the scale of a few nms, and so this is not expected to be a huge 

problem. However, as figure 6.12 shows any water layer presence, will affect 

the SPP leakage radiation angle, and this may be expected to have a 

detrimental effect on the light collected. Any increase in emission angle will 

lower the margin of error allowed in tip and optics positioning for light 

collection. 

 

6.5.3  Spectral comparison of tip and prism emission 

This section investigates the voltage evolution of collected simultaneous tip 

and prism coupled emission. A comparison of tip and prism coupled spectral 

emission is shown in figure 6.13 for an Au tip over a 36 nm thick Au film.  Figure 

6.13(a) shows how the prism coupled emission changes with applied voltage. 

Again this shows good agreement with what was observed for tip side 

emission. Figure 6.13(b) shows the simultaneously acquired tip side collection 

for the emitted light. Worth noting here is the lack of change to the lowest 

emission peak observed as the voltage is increased. This may suggest that this 

peak may be an artefact of some description as it does not behave as the 

usually expected LSP components of emission. This may also explain why no 

peak is observed in this region in the prism side of the emission spectrum. Figure 

6.13(c) shows an SEM image of the scanning tip used for this light emission 

investigation after the tip was removed from the system. Figure 6.13(d) shows 

a closer zoom in on the bottom portion of the tip, potentially identifying a few 

regions from which the tunnelling may occur. These regions were measured to 

identify possible tip end radii for modelling this emitted light.  
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Figure 6.13: Tip and prism spectral voltage evolution for a tip of measured shape with 

simultaneously acquired tip and prism emission. (a) Prism coupled emission for different voltages 

obtained from the imaged tip. (b) Tip side emission at different voltages obtained from the 

imaged tip. (c) low magnification image of tip end showing irregularity of tip end shape. (d) 

Zoom in of tip end region believed to be responsible for tunnelling and hence associated light 

emission. 
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This light emission was modelled for tip and prism side emission as in figure 

6.7(b, c). The comparison between the applied model and the experimental 

data is shown in Figure 6.14. 

 

Figure 6.14: Comparison of experimental data with the theoretical model. All models use a tip 

end radius of 40nm with simultaneously acquired tip and prism spectra. εm gives the value used 

to fit the model for that spectrum. (a) 1.6V Tip coupled emission. (b) 1.6V Prism coupled emission. 

(c) 1.8V Tip coupled emission. (d)1.8V Prism coupled emission. (e) 2V tip coupled emission. (f) 

2V prism coupled emission.  
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The model applied here is one which has been applied before for the 

modelling of tip coupled emission40. For modelling the prism side emission, only 

one parameter was changed. This parameter was again epsilon, which is the 

effective dielectric function of the dielectric in which the plasmon oscillates. 

In all prism emission cases shown above, epsilon was increased relative to that 

used for tip side emission to model the prism side emission. This increase in 

epsilon is justified by the presence of a thin water or contamination layer 

coating the surface of the gold. It may also be caused by the geometry of the 

water droplet bridge. Modification of epsilon has previously been used when 

fitting tip side spectra, as a method of allowing for the presence of a water 

bridge of various size, shown to change with relative humidity23. This 

adjustment for fitting LE spectra suggests that although the SPPs, if detected, 

are excited from the tip-sample junction, they may be more dependent upon 

the surrounding dielectric environment, through which they propagate before 

decaying than tip side emission excited at the tip-sample junction. 

The associated uncertainties present in this data must also be 

considered. The multiple potential tips and unsymmetrical nature of the 

excitation tip prevent this data showing anything of surety. Including the 

significant noise in the spectrometer used for taking the tip emission spectra 

and the possible compounded uncertainties in the tips positioning and optical 

alignment, little of note can be known from this data without further data 

acquisition. Even so, it still marks a significant improvement in tip and prism 

spectral comparison compared to the signal to noise ratios obtained 

previously in literature for similar investigations. 

To summarize, multiple results have shown effective tip and prism 

emission modelling by increasing the value of epsilon for prism side emission. 

A thin water layer may be expected to cover metal films in an ambient 

atmosphere, and this may explain the changed model for the prism coupled 

emission. Observed instances of plasmonic peaks present in prism coupled 

emission yet absent in tip side emission may be caused by the directional 

dependence of tip side emission induced by an asymmetry of the excitation 

tip. Prism side emission may be expected to collect all of these excited peaks 

caused by tip asymmetry. Finally, there is the question of whether SPPs have 

been detected. Unfortunately, this has not been demonstrated for certain. 
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Angles above the SPP emission angle are expected to be detected assuming 

all the optics are perfectly aligned, so SPP emission is an expected component 

of the measured spectra. However, with the lack of successful low emission 

angle blocking experiments, this cannot be said for certain. 

 

6.5.4 Simultaneous photon mapping  

In addition to the spectral investigations carried out so far, local intensity 

variation investigations were carried out for tip and prism coupled emission in 

the form of simultaneous photon mapping. An example of a photon map 

obtained for tip coupled light emission is demonstrated in figure 6.15.  

 

Figure 6.15: Example photon map obtained from tip coupled light emission on a granular Au 

surface. (a) Topography. (b) Corresponding photon map. Here each point corresponds to the 

intensity collected by the PMTs as the tip scanned over that position. 

It is hoped that by investigating simultaneous tip and prism coupled emission, 

it may be possible to investigate directly what structures/geometries can be 

used to enhance SPP or LSP emission, respectively. This locally resolved intensity 

enhancement may have important applications in plasmonic tunnelling 

devices that seek to excite SPPs or far-field emission. 

 Figure 6.16 shows results obtained when using a Pt-Ir tip over an Au 

surface interestingly in this case, anti-correlation was observed. Anti-

correlation means when tip side emission was strong, and prism side emission 

was weak and vice versa. This anti-correlation may be attributed to the 

geometric effects of the tip and sample creating stronger coupling of light out 
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the tip side or through the Au film and out-coupled through the prism. Similar 

effects have previously been observed from tip side light emission where some 

grains appear dark44. This anti-correlation was observed on a few other 

occasions for Pt-Ir tips over Au films across this work and is of some interest.  

 

Figure 6.16: Anti-correlation observed between photon maps when a Pt-Ir tip is used for 

scanning. (a, d, g, j) topography. (b, e, h, k) Tip detected light emission locations. (c, f, I, l) Prism 

detected emission. 
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Figure 6.17 displays photon maps obtained for different Au tips across a range 

of Au film thicknesses throughout this work. Due to the different tips used and 

uncertainty in tip positioning, not a lot can be taken from these photon maps, 

yet some few qualitative points can be made.  

 Figure 6.17(a) and (g) provide good examples of scans which 

contained a large amount of drift present. This drift was caused by a small 

tilting of the microscope stage leading to an additional tilt to the ramp upon 

which the inertial walker STM scan head rests. It can easily be understood how 

any small slope present in this sensitive system can lead to small but significant 

drift present in the microscope. Drift becomes pronounced at slower scan 

times, which, is why it could be so readily observed during photon mapping. 

For these two light collection setups in this work, it can also be observed from 

the scales used for the tip- and prism-coupled emission that the tip emission 

observed in this work tended to be significantly higher than any prism emission 

observed. Interestingly the anti-correlation observed with the use of Pt-Ir tips is 

not observed in this case when an Au tip is used. Finally, it appears that the 

prism coupled component of the emission observed drops off as the thickness 

of the Au increases towards 100 nm at which point no prism coupled leakage 

radiation is expected.  

 Unfortunately, due to time constraints and experimental difficulty, this 

marks the end of the photon mapping investigations carried out in this work. It 

was hoped to investigate tunnelling into plasmonic nanostructures as a 

potential source for the enhancement of excited SPPs yet this work never got 

to that stage for these experiments. SPP antennas may be of significant interest 

in future work for the electrical excitation of plasmons. Due to the uncertainty 

in tip position, prism alignment, as well as tip geometry and efficiency for 

excitation of light emission, a quantitative investigation of these photon maps 

for different gold thicknesses, is not possible. It is also not possible to say for 

certain if SPPs have been detected in any of these photon mapping 

investigations. 
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Figure 6.17: Simultaneous photon maps for gold tips over gold films of different thickness. (a, d, 

g, j) topography. (b, e, h, k) Tip detected light emission locations. (c, f, I, l) Prism detected 

emission. 
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6.5.5  Optical and SEM tip characterisation 

Tips were characterised optically as has been described earlier in the methods 

section. A selection of the extracted plasmonic peaks are given in figure 6.18 

(a, c and e), and the corresponding SEM image of each is shown in (b, d and 

f). An estimate for scattering peak position, assuming the tip end acts as a 

spherical nanoparticle was obtained from an online Mie theory calculator45.   

The clear alignment of the tip end radius against the expected 

plasmonic peak positions can be seen across all of these examples. Even in 

the case where a tip is probably unsuitable due to multiple tip ends, these 

create corresponding multiple plasmonic peaks which can be seen in optical 

measurements. This method may not allow unequivocal evidence of the tips 

end radius and suitability for light emission investigations as SEM imaging can 

provide. Nonetheless, it still may play a role in allowing tip end radius to be 

estimated and to determine if a tip is likely to be suitable or not for a light 

emission investigation. This tip end radius estimation may be carried out given 

access to an optical microscope and a spectrometer without the need for 

access to expensive electron microscopy facilities. A 50× objective was used 

to take spectral measurements from the tip end; this gives a focal spot for 

spectral collection in the region of 3 µm2. The magnification of the objective 

lens used is dependent upon the working distance of the lens being long 

enough to focus on the tips end without coming into contact with any part of 

the tip. Larger magnification objectives have a larger NA as they can collect 

larger angles of light emitted into the objective. The large angular collection 

should allow a larger range of scattered light to be collected, which should 

be beneficial for detecting light scattered by the end of the tip. 

Table 6.1 summarises the SEM and optical data taken across a broader 

range of the tips investigated through this method. Where a measurement 

suggests that the tip is unsuitable, the cell is coloured amber, and when the 

information of a cell identified the tip as unsuitable, the cell is coloured red. 

For this initial analysis, some values were set for the number of peaks and FWHM 

which may suggest an unusable tip (>3 peaks and 150 nm FWHM respectively). 

Table 6.1 shows how the optical inspection and spectra correctly identify the 

tips most unsuitable for STM LE investigations. The agreement between 
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observed peaks and peak positions estimated from a spherical nanoparticle 

with Mie theory is remarkably close for such a simple approximation of 

expected peak position. 

Figure 6.18: Optical characterization of tip radius compared to SEM images. (a, b) Show the 

extracted plasmonic spectra measured over the end of the tip imaged optically and by SEM in 

b. (c, d) Shows the extracted plasmonic peaks measured from the tip imaged optically and via 

SEM in d. (e, f) Shows the fit spectra to the tip imaged optically and via SEM in (f). Measured 

possible tip end diameter and expected scattering peak position for nanoparticles of this size 

are also labelled in each example. 
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Figure 6.19: Extracting plasmonic peaks from optical tip measurements for tip 1 from table 6.1. 

(a) Spectral measurements for RAu and RBG. Inset is an image showing where RAu was measured 

from the side of the tip. (b) Comparison of RBG and RTip. The similarity here suggests that only a 

very small component of RAu is present in the spectra collected over the tip end. (c) Extracted 

plasmonic components for different values of A. (d) Optical image of measured tip. Inset image 

of only the spectral collection spot over the tip end illuminated.  

Figure 6.19 provides an example of the measurements taken in extracting the 

plasmonic components of a tip’s end radius. Figure 6.19(a) shows the 

reflection measured from the side of the Au tip and that of the measured 

background in free space. Figure 6.19(b) compares the measured tip spectra 

to that of the measured background. The small difference suggests that the 

reflection from the gold provides only a small component of the measured 

spectra over the tip end. Inserting these values into equation 6.7 and fitting 

the spectra by varying A and B to minimise the detected light with minimal 

negative contributions allows the remaining plasmonic components to be 

extracted. This is shown in figure 6.19(c) for three different values of A, it is 

suggested to vary A and B to minimise the residual spectra while removing 

negative peaks such as the one seen when A =0.006. This is justified as 

extinction is expected to be related to the intensity of RBG which is of much 
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lower intensity than RAu which is expected to be the larger source of scattering. 

Figure 6.19(d) shows an optical image of the tip end measured here. 

 

6.5.6  Noise, Uncertainties and areas for improvement 

 

Figure 6.20: Noise analysis for the microscope. (a) Noise in z position across an 8 second period. 

(b) Fourier analysis of Z noise. (c) Noise in current across an 8 second period. (d) Fourier transform 

of noise present in the tunnel current. 

Figure 6.20 (a) plots noise present in the z position of the microscope as the 

microscope is in tunnelling proximity of the sample surface. This noise in z is 

observed to be ~0.5 nm in magnitude. This small distance makes a huge 

difference at the tunnelling length scale and will drastically increase the 

probability of tip crashes as the sample surface is scanned or even as the tip 

is at rest over the sample surface in tunnelling proximity. The Fourier transform 

of this data 6.20(b) reveals a spike in noise observed between 45 and 60 Hz. 

Noise at this frequency suggests that the source of this noise is electrical. This 
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electrical noise may be further reduced with improved electrical isolation or 

improved grounding. Figure 6.20(c) carries out the same investigation for the 

current noise with 6.20(d) showing the Fourier transformed data. Here, again 

a peak is seen close to 50 Hz with a larger amount showing at higher 

frequencies. These observed uncertainties made reliable use of the STM more 

difficult. They made producing STM LE results arduous due to frequent crashes 

while scanning the sample at raised voltages and currents. For any further 

work in this area, steps should be taken to reduce these sources of noise and 

so improve the reliability with which data can be obtained from the system.  

 

6.6 Conclusion 

Spectral investigations show the similarity in behaviour between tip and prism 

coupled emission. The observed spectra show reasonably good matching 

with a shift in peak positions between tip and prism side emission. Additional 

plasmonic peaks were detected for prism side emission, and this is attributed 

to the directional nature of tip side emission. This tip and prism emission has 

been simply modelled using a method for tip coupled emission. For prism 

coupled emission modelling, adjusting the dielectric environment closer to 

that of water provided a good match for the data available, this was 

observed for simultaneous spectra and separate measurements of spectra 

with the one spectrometer.  The change in epsilon for prism coupled emission 

suggests LSPs as a source for prism side emission (possibly SPPs) with prism side 

emission dependent on the dielectric function at the metal surface and not 

just the same as between the effective dielectric function of the tunnelling 

gap. The ratios of tip and prism coupled light emission observed here for 

different thicknesses of gold films show a similar general trend with most light 

out coupled from the prism for films near 40 nm in thickness. However, for the 

thicker 58 nm Au film a significantly smaller amount of outcoupled light was 

detected in comparison to what may be expected for outcoupled SPPs. This 

in conjunction with a comparable intensity of tip and prism coupled emission, 

instead of SPP prism coupled emission dominating the emitted intensity 

suggests that SPPs are not efficiently collected. This may be caused by some 

slight misalignments of the bottom optical collection system. Yet there may 
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also be issues of tip positioning on the Au substrate which may lead to certain 

measurements not collecting SPPs while others may collect some fraction of 

the excited SPPs.   

Photon mapping investigations elucidate the relation between intensity 

for excitation of tip and prism side emission. This investigation presented an 

interesting effect of directional light emission with the use of a non-plasmonic 

Pt-Ir tip scanning across a granular Au surface. A thickness investigation for this 

tip- and prism-coupled emission was also carried out although this provided 

little in the way of useful information. The low level of prism coupled emission 

counts may again suggest that SPPs are not effectively outcoupled from the 

system. This may suggest what differences have been observed in tip and 

prism side photon maps are related to the local LSP mediated prism 

transmitted emission and not from the decay of SPPs. 

Optical spectroscopy has been shown to be a potentially useful tool for 

determining tip suitability for STM LE and as an estimation tool for tip end radius. 

This optical characterization was carried out to provide some measurement 

of tip size and suitability when no access to electron microscopy facilities are 

available. Further investigations are required to confirm the applicability of this 

method for highly symmetrical tips of small end radius as are desired for STMLE. 
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Chapter 7          

 

Conclusion and Further Work 

 

Conclusion  

Throughout this work, three main topics of research were investigated 

between the fields of 2D materials, microscopy and plasmonics. Increasing the 

size of exfoliated 2D material films, increasing the optical contrast of these 2D 

films and finally comparing tip and prism side plasmonic light emission from a 

STM were all investigated.  

The possibility of obtaining larger and more numerous monolayer flakes 

of pristine mechanically exfoliated 2D materials onto metal-coated substrates 

has been investigated. This investigation was started after large coverage of 

monolayer TMDCs was observed on a freshly sputtered Au film. The selective 

monolayer coverage is explained here by contributions from strain-induced 

stacking rearrangements and the differential doping of MoS2 layers near the 

gold surface. Estimations are made for these relative contributions, but no 

direct measurements of these are made. This thin metal film assisted exfoliation 

was tried for a range of materials on a range of metallic substrates, and a small 

increase in the observed coverage was seen to occur for different systems. No 

other set of exfoliations led to a comparable coverage to what was observed 

for TMDCs on Au. Cases, where large binding energies may be expected but 

were not observed, may be attributed to rapidly forming oxides or 

contamination upon the metal films upon exposure to the atmosphere. The 

crucial component necessary for this large coverage of TMDCs on gold was 

attributed mainly to strong VdWs forces and pristine contact between the 

TMDC and the Au surface. This pristine contact allows the Au to strain the 

bottommost MoS2 layer as well as allowing electrons to tunnel between the 
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TMDC and the fresh gold surface. As adsorbates build up the MoS2-Au 

separation effectively increases, leading to a reduction in pristine contact, 

strain, charge transfer, VdWs forces and weaker binding energy in the system 

all leading to lower amounts of coverage. It was observed that the source of 

monolayer selectivity drops off at shorter separation distances than the large 

coverage, providing a clue as to its nature. 

Enhancing the visibility of 2D materials on thin Au films was investigated 

to make it easier to find and identify mono and few layers of these materials. 

Enhanced contrast was demonstrated through heterostructures design, lens 

NA selection and with the use of an aperture stop. In this work, locally 

measured contrast of over one order of magnitude larger than has previously 

been shown was measured for MoS2. These contrast-enhancing techniques 

were demonstrated to be applicable methods for improving contrast for InSe 

and importantly h-BN. This enhanced contrast shows drastic improvement 

over any previously reported contrast of 2D material films. It opens the 

possibility of using this increase in contrast as a very sensitive probe for sensing 

applications. This enhanced contrast is also used to identify small changes in 

the refractive index of the thin metallic films induced by nanoscale 

indentation from forces applied during the exfoliation process. Possible 

contributions to measured contrast from contamination, among other effects 

are also revealed from this highly sensitive enhanced contrast. 

Finally, this thesis looked at light emission from propagating and 

localized surface plasmons excited from STM plasmonic tunnel junctions. It was 

sought to elucidate the spectral relationship between LSPs and launched SPPs 

for potential applications as an electrical source for plasmonic antennas. In 

this case, no definitive proof of SPP collection was shown. However, prism side 

spectral emission was shown to be modelled effectively by slightly increasing 

the dielectric function used for modelling the tip side light emission. As the 

system was operated in ambient, this may be explained by a thin water film 

coating the gold substrate surface. Additionally, it was sought to investigate 

how excitation intensities vary locally between the two emission paths and this 

was investigated with simultaneous photon mapping. Some scans 

demonstrated anti-correlation between tip and prism side emission with the 
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use of a Pt-Ir tip where most scans with gold tips show correlation. Work was 

also carried out in an attempt to reduce the required equipment necessary to 

carry out such STM investigations by attempting to work around the necessity 

of a SEM for tip end radius investigation. This optical characterization 

demonstrated some promising initial results with further investigation required 

to show its applicability to pristine symmetrical tips of end radius in the region 

of 10’s of nms. 

It was sought to advance the field and understanding of nano-gap 

plasmonics. With regards to this, 2D materials make exciting materials for 

applications in plasmonic devices. The ability of these materials to provide 

precise nm separation and act as tunnelling barriers may allow plasmonic 

devices with very precisely controlled separation and perhaps overcome 

many of the previous limitations of tunnel junction devices. With better control 

of these materials, it may be possible to bring plasmonic circuitry into real 

applications to see improvements beyond what is possible in electronic 

systems alone. Improving the size of the 2D materials which are isolated and 

making them easier to find and investigate optically should make any further 

work in producing devices with these materials much simpler.  

 

Further work 

For investigating possible enhanced exfoliation of 2D materials on metallic 

substrates, perhaps coverage may be improved by carrying out exfoliation 

either in vacuum or in a tightly controlled clean environment. Exfoliation in 

vacuo may prevent rapid contamination forming on the metallic surface and 

allow a significantly improved binding energy on a pristine metallic surface. 

Other groups have extended this gold mediated exfoliation to a wide range 

of other 2D materials1, as well as transferring these flakes to other substrates2. 

This metal aided exfoliation has now been demonstrated for graphene with 

nickel and a broad range of materials with Au. Expanding this to further 2D 

materials may be possible with the use of a larger range of metals. Perhaps 

including thinner layers of cobalt, on the range of a few nm, for the exfoliation 

of h-BN may allow monolayers of the material to be more easily identified. 
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Incorporating metallic enhanced adhesion, with an increased optical 

contrast as is observed for MoS2 on thin Au substrates may make working with 

few-layered flakes much easier. 

The large observable coverage of TMDCs on gold substrates opens up 

possibilities for potential applications in ultra-flat memory applications. High 

yield exfoliation techniques shown in this thesis have the possibility of creating 

large areas of these memory devices. Due to their potential flatness, these 

may find their way into real applications where flexible memory devices are 

desired. Improving upon this with in vacuo exfoliation may reduce the loss of 

coverage and prevent time constraints on the exfoliation. With a novel 

architecture, it may be possible to scale up this large scale coverage for 

potential real-world memory storage applications. As the mechanism behind 

these memory devices is from the atomic substitution of Au into a sulphur 

vacancy3 the atomic nature may allow radical lateral scaling of memory bits. 

This memory application may have the potential to surpass current storage 

density limits for modern memory devices.  

The large increase in optical contrast of 2D material films on contrast-

enhancing substrates with illumination angle control is extremely sensitive to 

small sources of refractive index variation in the regions measured. The 

exceedingly large contrast peak magnitude and small FWHM observed for 

MoS2 on Au provides a range of potential sensing options. Such sensing may 

rely upon changes in this peak’s magnitude or position. A range of 

experiments to investigate potential applications of these substrates in sensing 

may lead to the generation of novel sensing devices from this work.  

Finally, the STM plasmonic work still leaves some questions unanswered 

and requires significant further work. The limiting factor for this work was a 

combination of noise in the microscope, coupled with experimental 

uncertainties. By working to reduce the noise present in the current system, it 

may be possible to make multiple measurements of investigated systems 

without crashing the tip used during scanning. Such corrections may provide 

significant further data on the investigated systems and enable the 

investigation of SPP antenna systems for their effect on spectral emission. A 

limiting factor of this work is its dependence on STM as an excitation 
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mechanism. Its inability to scan insulating substrates and the ease of damage 

to scanning tips means this is a delicate scanning probe system. Perhaps 

making use of a conducting AFM with a tip coated in plasmonic material 

would allow a much more robust and easily positioned scanning probe system 

to investigate tunnelling initiated plasmonic light emission. The inclusion of 2D 

materials, such as h-BN, may allow them to be utilized as tunnelling barriers for 

such systems. The use of appropriate optical filters may filter out the light 

present in the system for AFM feedback while allowing the collection of 

spectra emitted from such systems. Such a technique may aid in bringing local 

plasmonic antenna excitation investigations to a greater number of labs and 

hopefully improve the ease with which such measurements are carried out. 

This tunnelling excitation could play an important role for investigations into 

the direct electronic excitation of components for plasmonic circuitry. 
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