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Abstract

Two dimensional (2D) materials are widely studied for both pure scientific interest and

potential real world applications. Recently, the effect of a relative twist between 2D

materials has generated a lot of interest. This has motivated the need for experimental

techniques that can create samples with in-situ twist to avoid individual fabrication

of samples at fixed angles. Additionally, many of the effects of twist require a fully

momentum resolved band structure to fully appreciate them. This thesis describes

and provides steps to replicate a recently developed novel scanning probe technique,

the quantum twisting microscope (QTM), which provides an approach to overcoming

both of these problems by facilitating the creation and characterization of 2D material

interfaces with arbitrary twist angle.
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1.3 Moiré and Twist . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Scanning Probes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.1 Atomic Force Microscope . . . . . . . . . . . . . . . . . . . . . 13
1.5 Opportunities for New Experimental Techniques in 2D Materials . . . 15

1.5.1 In-Situ Twistronics Experiments . . . . . . . . . . . . . . . . . 15
1.5.2 Momentum Resolved Electronic Structure . . . . . . . . . . . 16

Chapter 2: Planar Tunneling Junctions 18
2.1 Quantum Tunneling . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.2 Planar Tunneling Junctions . . . . . . . . . . . . . . . . . . . . . . . 19
2.3 Twistable Planar Tunneling Junction . . . . . . . . . . . . . . . . . . 20

2.3.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.4 Other QTM Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.4.1 Backgated Sample and Probe . . . . . . . . . . . . . . . . . . 36
2.4.2 Twistable Inelastic Planar Tunneling Junction . . . . . . . . . 37
2.4.3 Tunneling Through Point Defects . . . . . . . . . . . . . . . . 37

Chapter 3: Implementation 38
3.1 Custom AFM Tip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Geometric Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.3 Custom Stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

iv



3.4 Sample Pillar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.4.1 Substrate Selection . . . . . . . . . . . . . . . . . . . . . . . . 50
3.4.2 Plasma Etch Photoresist Mask . . . . . . . . . . . . . . . . . . 51
3.4.3 Plasma Etch . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.4.4 KOH Wet Etch . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4.5 Electrical Contacts . . . . . . . . . . . . . . . . . . . . . . . . 62

3.5 Measurement Electronics . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.5.1 DC Measurements . . . . . . . . . . . . . . . . . . . . . . . . 66
3.5.2 Lock-in Measurements . . . . . . . . . . . . . . . . . . . . . . 66

3.6 Transfer Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.6.1 Intermediate Polymer Transfer . . . . . . . . . . . . . . . . . . 70
3.6.2 Flake Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

Chapter 4: Electrical Transport of Vertical Graphite Interfaces 82
4.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.2 Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

Chapter 5: Conclusions and Next Steps 99

Bibliography 101

Appendices 121
A Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

A.1 Mechanical Exfoliation . . . . . . . . . . . . . . . . . . . . . . 122
A.2 Polymer Stamp Preparation . . . . . . . . . . . . . . . . . . . 123
A.3 Heterostructure Preparation . . . . . . . . . . . . . . . . . . . 128
A.4 Specific Stamp Preparation for Graphite . . . . . . . . . . . . 129
A.5 Flake Preparation on Substrate . . . . . . . . . . . . . . . . . 132
A.6 Inverted Transfer . . . . . . . . . . . . . . . . . . . . . . . . . 133

B Polymer Stamp PDMS Shape Motivation . . . . . . . . . . . . . . . . 135
C Graphene Band Structure . . . . . . . . . . . . . . . . . . . . . . . . 136
D Scanning Tunneling Microscope . . . . . . . . . . . . . . . . . . . . . 141
E QTM: Momentum Resolved Twisted Bilayer Graphene Examples . . 142
F Photolithography Mask Design . . . . . . . . . . . . . . . . . . . . . 145
G Lockin Amplifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

G.1 Filtering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
G.2 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

H AFM Tip Solvent Bath . . . . . . . . . . . . . . . . . . . . . . . . . . 156
I Ellispometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

v



J PMMA Transfer Examples . . . . . . . . . . . . . . . . . . . . . . . . 159

vi



List of Figures

1.1 Graphene honeycomb lattice structure . . . . . . . . . . . . . . . . . 5

1.2 Two honeycomb lattices rotated by a commensurate twist angle . . . 8

1.3 Two honeycomb lattices rotated by an incommensurate twist angle . 11

1.4 Schematic of standard SPM operation . . . . . . . . . . . . . . . . . . 12

1.5 Tapping mode AFM scan of graphite flake . . . . . . . . . . . . . . . 14

2.1 Rotated honeycomb lattices with momentum offset . . . . . . . . . . 21

2.2 Metal bands in parallel plate capacitor . . . . . . . . . . . . . . . . . 24

2.3 Graphene bands in parallel plate capacitor . . . . . . . . . . . . . . . 24

2.4 Solution to electrostatics of graphene based parallel plate capacitor . 25

2.5 Spectral function of a graphene . . . . . . . . . . . . . . . . . . . . . 27

2.6 Difference between the Fermi-Dirac distributions of the two graphene

layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.7 Line cuts of difference between the Fermi-Dirac distributions of the

two graphene layers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.8 Visualization of the band offset and twist on the product of graphene

spectral functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.9 Effect of the Fermi Dirac windowing on the product of graphene layer

spectral functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

vii



2.10 Calculated tunneling current as a function of VB and θ with features

overlaid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.11 Features and conditions within calculated tunneling current as a func-

tion of VB and θ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.12 Graphene bands depicted at the features and conditions within calcu-

lated tunneling current as a function of VB and θ . . . . . . . . . . . 33

2.13 Monolayer graphene probe used to probe twisted bilayer graphene sam-

ple. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.14 Demonstration of inherent momentum offset between K points elec-

trons of dissimilar materials. . . . . . . . . . . . . . . . . . . . . . . . 36

3.1 Schematic displaying the key components of a QTM system . . . . . 39

3.2 Commercial tipless cantilevers . . . . . . . . . . . . . . . . . . . . . . 40

3.3 Commercial tipless cantilevers with Au coating . . . . . . . . . . . . . 41

3.4 Commercial tipless cantilevers with Au coating and custom tip . . . . 41

3.5 Custom deposited tip . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.6 Schematics depicting the necessary considerations when engaging a

short custom AFM tip to a sample. . . . . . . . . . . . . . . . . . . . 43

3.7 Schematic of components comprising custom stage . . . . . . . . . . . 44

3.8 Schematic demonstrating the two possible planes to rotate within . . 45

3.9 Schematic demonstrating the effect of rotating an uncentred sample . 46

3.10 Bruker AFM system . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.11 Schematic of designed stage mount with slotted screw holes and mount-

ing holes for the goniometer. . . . . . . . . . . . . . . . . . . . . . . . 48

3.12 Schematic of designed bare PCB . . . . . . . . . . . . . . . . . . . . . 49

viii



3.13 Raised sample pillar substrate fabrication process . . . . . . . . . . . 50

3.14 Patterned photoresist etch mask. . . . . . . . . . . . . . . . . . . . . 53

3.15 Line profile of patterned photoresist etch mask. . . . . . . . . . . . . 54

3.16 Ar/CF4 plasma etch SiO2 etch rate . . . . . . . . . . . . . . . . . . . 55

3.17 Images of displayed lack of spatial uniformity in plasma etching. . . . 56

3.18 Patterned SiO2 mask. . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.19 KOH etching setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.20 Etched sample pillar. . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.21 KOH sidewall etching . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.22 Profilometre scan of etched pillar . . . . . . . . . . . . . . . . . . . . 61

3.23 Schematic demonstrating role of LOR in patterned deposition . . . . 62

3.24 Etched sample pillar with developed resist contact pattern . . . . . . 64

3.25 Complete raised sample pillars with different metal contact patterns . 65

3.26 Demonstration of the use of an AC bias superimposed on a DC value

to estimate dI/dV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.27 Lock-in amplifier functionality . . . . . . . . . . . . . . . . . . . . . . 68

3.28 vdW transfer to a substrate with the polymer both above and below

the vdW structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.29 Schematic demonstrating the transfer of a pre-stacked vdW structure,

that has not been flipped right side up, to a substrate polymer side up. 70

3.30 Schematic demonstrating the transfer of a pre-stacked vdW structure,

that has been flipped, to a substrate polymer side up. . . . . . . . . . 70

3.31 Schematic demonstrating the steps to transfer and flip a vdW structure

from PPC to a PMMA tape frame. . . . . . . . . . . . . . . . . . . . 73

ix



3.32 Images of the steps to flip a vdW heterostructure from a PPC film to

a PMMA/PVA film. . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.33 Polymer tape frame suspended over glass slide with a hole. . . . . . . 75

3.34 Structure used to prop up AFM tips for transfer. . . . . . . . . . . . 76

3.35 Schematic demonstrating the steps to place a vdW structure from a

polymer tape frame to an AFM tip . . . . . . . . . . . . . . . . . . . 78

3.36 Schematic demonstrating the steps to place a vdW structure from a

polymer tape frame to a raised sample pillar. . . . . . . . . . . . . . . 79

3.37 Images of the steps to place a graphite flake from a PPC tape frame

to a custom AFM tip. . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.38 Images of the steps to place a graphite flake from a PPC tape frame

to a raised sample pillar . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.1 Conductive AFM probe holder with custom AFM tip . . . . . . . . . 83

4.2 Graphite flake on sample pillar contacted by metal wire. . . . . . . . 84

4.3 Custom stage with sample mounted and contacted . . . . . . . . . . . 84

4.4 Experimental setup showing connections to SMU . . . . . . . . . . . 86

4.5 Circuit diagram of system under test . . . . . . . . . . . . . . . . . . 86

4.6 Schematic of the expected effective interface resistances for different

landing conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.7 vdW tip during laser alignment . . . . . . . . . . . . . . . . . . . . . 89

4.8 vdW tip during tip engagement . . . . . . . . . . . . . . . . . . . . . 90

4.9 IV curve of withdrawn vdW tip . . . . . . . . . . . . . . . . . . . . . 91

4.10 IV curves between the graphite vdW tip and Au surface . . . . . . . 92

4.11 IV curves between the graphite vdW tip and graphite flake . . . . . . 93

x



4.12 Contact mode AFM scans of Au surface on raised pillar taken using

custom vdW tip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.13 Contact mode AFM scans of graphite flake on raised pillar taken using

custom vdW tip. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.14 IV curves between the graphite vdW tip and graphite flake post topo-

graphic scans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.15 IV curves between the graphite vdW tip and gold post topographic scans 96

4.16 vdW tip before and after topographic scan over rough surface . . . . 97

A.1 Mechanical exfoliation process . . . . . . . . . . . . . . . . . . . . . . 124

A.2 PDMS shapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

A.3 Polymer stamp making process . . . . . . . . . . . . . . . . . . . . . 127

A.4 Dry transfer technique used to pickup an hBN flake. . . . . . . . . . . 129

A.5 Graphite stamp preparation . . . . . . . . . . . . . . . . . . . . . . . 131

A.6 AFM tip flake cutting . . . . . . . . . . . . . . . . . . . . . . . . . . 132

A.7 Inverted transfer method . . . . . . . . . . . . . . . . . . . . . . . . . 134

A.8 Inverted transfer drift demonstration . . . . . . . . . . . . . . . . . . 135

A.9 PDMS shape motivation . . . . . . . . . . . . . . . . . . . . . . . . . 136

A.10 Graphene probe and TBLG sample bands used in the calculation of

tunneling current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.11 Calculated tunneling current between graphene probe and TBLG samples144

A.12 Photolithography masks . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.13 Padding added to pillar shapes in the first photolithography mask . . 146

A.14 Pillar shapes on the first photolithography mask . . . . . . . . . . . . 147

A.15 Contact shapes overlaid onto a pillar shape. . . . . . . . . . . . . . . 148

xi



A.16 Alignment marks in the first and second mask. . . . . . . . . . . . . . 149

A.17 Use of alignment marks when aligning second mask to etched pillar

substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

A.18 Window in the second mask around the pillars to enable easy viewing. 150

A.19 Use of window demonstrated when aligning second mask to etched

pillar substrate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

A.20 First and second masks aligned. . . . . . . . . . . . . . . . . . . . . . 151

A.21 Circuit used to test homemade lock-in amplifier . . . . . . . . . . . . 153

A.22 Demonstration of lockin amplifier used on test circuit . . . . . . . . . 154

A.23 Sourced and measured signals during lockin amplification. . . . . . . 155

A.24 Processing performed on measured signal during lockin amplification. 156

A.25 Tweezer holder to facilitate AFM tip solvent baths . . . . . . . . . . 157

A.26 Flipped vdW heterostructure transfer from PMMA film to raised sam-

ple pillar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

A.27 Flipped vdW heterostructure transfer from PMMA film to tipless AFM

cantilever . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

xii



1

Chapter 1

Introduction

Whether in search of new technological applications or in the desire to deepen our

understanding of science, scientists and engineers alike are interested in studying the

electronic properties of materials. Today, 2D materials offer exciting opportunities

in both directions and significant effort is being put into their study, particularly the

effects of twisted 2D materials [1].

Traditional fabrication methods of twisted 2D materials are effective and reliable;

however, they can be moderately tedious and time consuming, especially when mul-

tiple samples at different twist angles are needed, as each sample is assembled at a

fixed angle. While innovative devices and techniques to realize in-situ twisted samples

have been achieved, few groups have implemented them [2–6]. Promisingly, recent

progress towards more universal approaches has been made. This includes the in-

strument described in this thesis [7] as well as a completely separate platform [8]. In

addition to being able to produce 2D material samples with any twist, the field needs

more methods to probe the electronic band structures of these materials. Current
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experimental setups do exist, but they are limited in number and have their own sets

of challenges.

In this thesis, I discuss my efforts towards the development and replication of a novel

scanning probe, the Quantum Twisting Microscope (QTM) [7], capable of character-

ising 2D material planar interfaces at an arbitrary twist angle through the collection

of an out-of-plane current. This platform allows for momentum-resolved spectroscopy

and in situ twistronic experiments [7, 9]; and although not the focus here, the QTM

platform is highly versatile and can enable many other measurement schemes [10–15].

In Chapter 1, I begin with a high-level introduction to 2D materials as well as discuss

the experimental techniques this system can replicate. A self-contained pedagogical

explanation of the theory that describes the momentum-resolved spectroscopy func-

tion of the instrument is provided in Chapter 2. Chapter 3 covers how to implement

the scanning probe, followed by some early measurements which demonstrate initial

proof of concept in Chapter 4. Finally, conclusions and future steps are outlined in

Chapter 5.

1.1 2D Materials

There is a distinct class of materials known as two-dimensional (2D) or van der

Waals (vdW) materials which are organized as layers of one or a few atom thick

sheets stacked on top of each other. Within these layers, the atoms are tightly bound

in plane by covalent bonds and are loosely bound out of plane to adjacent layers by

vdW forces [16].
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Although, researchers have studied vdW materials for quite some time, it was initially

believed that individual layers (monolayers) would be thermodynamically unstable

and that they could only exist as a part of their larger layered bulk structures [17].

Despite this, there were still attempts to isolate individual layers through intercala-

tion and growth techniques [17] and theoretical models were still developed before

their successful isolation. It was Canadian scientist P.R. Wallace from Chalk River

who initially solved for the electronic structure of graphene (monolayer of graphite)

when he was investigating graphite post World War II, presumably in the context of

graphite’s use as a moderator in nuclear fission reactors [18,19].

In 2004, A. Geim and K. Novoselov were successful in isolating a monolayer of

graphene from bulk graphite by mechanical exfoliation [20,21]. Their method, a pro-

tocol for which is described in Appendix A.1, demonstrated that the weak vdW forces

between layers could be overcome by the adhesive force of scotch tape such that a

bulk crystal could be thinned down to its atomically thin layers. Monolayers of many

other 2D materials have since been isolated, including insulators such as hexagonal

boron nitride (hBN) [22, 23], metallic and semiconducting transition metal dichalco-

genides (TMD) [24], magnetic materials [25,26], superconductors [27,28] and various

other materials with novel characterizations [29]. In addition, growth methods have

become sufficiently sophisticated such that relatively high quality monolayers can be

grown [30–33].

The study of these materials has revealed that monolayers and few layers host distinct

properties not present in their bulk counterparts. For example, graphene monolayers

host quasiparticles that behave as if they are massless [34] and certain TMDs go from
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having indirect to direct bandgaps when reduced from bulk to monolayers [35]. In

addition, the vdW gap between layers makes it such that 2D materials can be stacked

to create heterostructures with new effective material properties [23,36]. The recipes

and methods to fabricate these vdW heterostructures can be found in Appendix A.

The materials in heterostructures are important, but the relative twist between layers

introduces another important degree of freedom. Although some twist angle inho-

mogeneity may be inherently present in graphite flakes [37–39] or other materials,

methods to introduce a deterministic twist angle during heterostructure fabrication

have been widely adopted [40]. Notably in 2010, R. Bistritzer and A. H. MacDonald

theoretically showed that at specific angles between graphene layers, the dispersion

relation of the electrons would become flat. This would effectively quench the kinetic

energy of the electrons [41] making electron-electron correlations relevant [42, 43].

Early scanning tunneling microscope (STM) studies supported the presence of these

flatbands [44, 45], but in 2018, transport measurements conclusively showed their

presence and relevance with correlated insulator states and superconducting states

existing within the same twisted samples [46, 47]. The phase diagram of these sam-

ples resembled those found in high temperature superconductors, sparking further

excitement into the field of 2D materials [42]. Despite the prolific publishing record

of these magic angle twisted bilayer graphene samples, our understanding of the na-

ture of these strongly interacting states remains incomplete [48], and we need more

momentum resolving techniques to study them. Research has been extended beyond

twisted bilayers and other more complicated systems with flat bands are now being

investigated [49–53].
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1.2 Graphene

Graphene is arguably the most widely studied 2D material, but it would be a mistake

to owe this entirely to it being the first to be isolated and conceptualised. Graphene

has tremendous properties, some of which are highlighted here, and from a prac-

tical standpoint, the availability of both low defect count synthetic highly oriented

pyrolytic graphite (HOPG) and natural graphite make it very accessible [1].

Its interesting properties are the direct result of its honeycomb lattice crystal structure

constructed from two identical triangular sublattices. An image of the honeycomb

lattice in real and reciprocal space can be found in Figure 1.1.

Figure 1.1: Graphene honeycomb lattice in real and reciprocal space. Left: Real
space with two sublattices shown in red and blue. Lattice vectors are labeled by a⃗i
and nearest neighbour vectors are labeled by δ⃗j. Right: Reciprocal space showing first
Brillouin Zone with K, K’ and Γ high symmetry points. Reciprocal lattice vectors
labeled by b⃗i.
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In Appendix C, this geometry is used to solve a nearest neighbour (NN) tight binding

model, where one finds that the conduction and valence bands of graphene’s electronic

structure meet at two degenerate discrete points in momentum space known as the

K and K’ points (referred to from now on as just K points). The bands meet at the

Fermi energy where they have zero density of states (DOS). Around the K points,

the electron dispersion relation is linear with respect to their crystal momenta,

E = ±h̄vf |k| (1.1)

where E is the quasiparticle energy, h̄ is the reduced Planck constant, k is the crystal

momentum with respect to the K points and vf is the Fermi velocity and is approx-

imately 300x smaller than the speed of light, vf ≈ c/300. The reader may notice

that this linear relationship is distinct from the more common dispersion relations

of electrons within crystals that can approximated by that of a free particle with a

renormalized effective mass, m∗.

E(k) =
(h̄k)2

2m∗ (1.2)

This distinction becomes apparent if we instead write the full relativistic energy of a

particle, with momentum p, speed of light c and rest mass m,

E2 = (pc)2 + (mc2)2 (1.3)

Ephoton = pc (1.4)

A photon or a massless particle’s energy is linear with respect to its momentum. Given
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the resemblance, electrons in graphene with crystal momentum near the K points

behave as if they are massless and are modeled by the relativistic Dirac equation.

As a result, they are appropriately named Dirac fermions. This is more than an

interesting observation as it has direct consequences on the behaviour of the electrons.

For instance, Klein tunneling is a mechanism in which massless particles incident on

potential barriers have near perfect transmission coefficients. This effect has been

observed in graphene and makes it challenging to electrostatically confine electrons

in graphene [54–56]. In addition, graphene’s sublattice symmetry imparts another

degree of freedom, distinct from spin, referred to as pseudospin. The pseudospin is

locked to the crystal momentum such that they are either parallel or antiparallel,

analogous to the concept of chirality between true spin and momentum found in

quantum electrodynamics [19,54]. The chiral nature of graphene’s electrons makes it

such that backscattering off impurities is suppressed [57]. Combined with graphene’s

high group velocity, vf , all these effects lead to graphene samples having very high

electron mobilities [58].

The Dirac cones in graphene are also robust and protected by discrete symmetries.

To break the Dirac cones and open a bandgap, either sublattice symmetry or time

reversal symmetry must be broken [59,60]. Time reversal symmetry can broken with

an external magnetic field leading to the formation of Landau levels and the quantum

hall effect (QHE) [61, 62]. Haldane also showed that it is possible to achieve a QHE

without an external magnetic field [63]. This has been experimentally realized in

graphene systems where some correlated electron states within flatbands can break

the symmetry [64]. The underlying substrates can break the sublattice symmetry as

is seen with a small gap opening [65, 66], or it can directly be seen with hBN as a
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honeycomb lattice with broken sublattice symmetry and a large gap of approximately

6 eV [67,68].

1.3 Moiré and Twist

One of the mechanisms responsible for the properties of vdW heterostructures is

the introduction of a new relevant periodic length scale. A weak periodic potential

leads to band folding, effective mass renormalization, the creation of bandgaps, and in

general, changes the dispersion relations [69]. When the bands become flat enough and

electron energies become independent of crystal momentum, strong electron-electron

correlations become relevant leading to properties not captured by the independent

electron approximation [42,43].

Figure 1.2: Two honeycomb lattices rotated with respect to each other by a commen-
surate angle of 21.8◦. Left: Real space, Right: K space

To provide some intuition for why this new length scale appears, we can refer to

our early wave mechanics. When two modes with slightly different frequencies are
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superimposed, one intuitively expects low frequency beats [70]. This is shown in

Figure 1.2, where two honeycomb lattices rotated with respect to each other produce

a visible long range periodicity. In 2D, a spatial frequency, or lattice periodicity, is

represented by x and y components, k⃗ = (kx, ky). A difference between two separate

crystal’s wavevectors can be the result of a difference in orientation (twist) or modulus

(lattice constant). Consider two reciprocal lattice vectors with arbitrary twist angle,

θ, and relative lengths, δ:

k⃗1/|k⃗1| =

1
0

 (1.5)

k⃗2/|k⃗1| =

cos θ − sin θ

sin θ cos θ


(1 + δ)

0

 (1.6)

Taking the difference between these and finding the magnitude,

(k⃗1 − k⃗2)

|k⃗1|
=

1− (1 + δ) cos θ

−(1 + δ) sin θ

 (1.7)

|(k⃗1 − k⃗2)

|k⃗1|
|2 = (1− (1 + δ) cos θ)2 + ((1 + δ) sin θ)2 (1.8)

= 2(1 + δ)(1− cos θ) + δ2 (1.9)

we find a beat frequency magnitude. Converting that beat frequency back to real

space we find the often quoted moiré wavelength:

λ =
(1 + δ)a0√

2(1 + δ)(1− cos θ) + δ2
(1.10)
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We can fix the lattice constants as they would be with two layers of the same material,

λ =
a0√

2(1− cos θ)
=

a0
2 sin(θ/2)

(1.11)

The direct tunability of the moiré length scale with a relative twist between layers

allows us to change the bands and enables the possibility of creating artificial lattices

and quantum simulators [71].

It is important to note that the moiré superpattern is not strictly periodic with

the underlying crystals and is usually quasiperiodic, not maintaining translational

symmetry [70]. For the moiré period to be commensurate and form a periodic lattice,

the moiré wave vectors must be integer linear combinations of the underlying crystal

lattice vectors.

R⃗λ = R⃗A = R⃗A (1.12)

R⃗λ = na⃗
(1)
1 +ma⃗

(1)
2 = n′a⃗

(2)
1 +m′a⃗

(2)
2 (1.13)

Given the coefficients must be integers, one would expect a discrete set of solutions.

It can be enforced that n = n′ and m = m′ such that pairs are solutions to

cos(θ) =
1

2

m2 + n2 + 4mn

m2 + n2 +mn
(1.14)

An incommensurate twist angle is shown in Figure 1.3 and a commensurate twist an-

gle is shown in Figure 1.2. In both, a large moiré pattern is apparent, but only in the

commensurate example is the pattern a perfect crystal. The effect of commensurabil-

ity can be seen in the electrical properties of a twisted material (Section 1.5.1), but
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Figure 1.3: Two honeycomb lattices rotated with respect to each other by a non-
commensurate angle of 6◦. Left: Real space, Right: K space

it also has an effect on the feasibility of theoretical models. Atomistic calculations,

such as density functional theory or tight binding models, require explicit inclusion

of atoms and their positions. For small twist angles, where the moiré supercell is very

large, accounting for all atoms makes these methods significantly more computation-

ally expensive. As a result, continuum models that only focus on the moiré length

scale, making commensurability less relevant, are often employed first [42,70,72].

1.4 Scanning Probes

Scanning probe microscopy (SPM) techniques are essential to the investigation of 2D

materials as they lend themselves to studying the surfaces of materials through highly

localized probe to surface interactions. In general, an SPM system requires a sharp

probe with a distance to sample sensitive interaction, a feedback control loop (often

proportional integral derivative (PID) is sufficient) and a set of stages to raster scan

the probe across the sample [73]. Commonly used SPM techniques are the atomic
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force microscope (AFM), essential to the QTM and described below, and the scanning

tunneling microscope (STM), described in Appendix D.

Figure 1.4: Two standard modes of operation in SPM using a probe with a distance
dependent interaction and a PID controller. a) Position of the probe is fixed by PID
and the interaction amplitude is recorded. b) Amplitude of the interaction is fixed by
PID by maintaining the probe to sample distance thus mapping out the topography.

Figure 1.4 highlights the two main ways the control loop can be used: maintaining a

constant interaction amplitude to some set point by adjusting the distance between

probe and sample giving a topographic scan, or holding the height of the probe fixed

while the amplitude of the interaction is recorded. With a functioning control loop,

additional measurements can be performed independently of the interaction used in
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the feedback.

1.4.1 Atomic Force Microscope

As mentioned, the AFM is commonly used in the field of 2D materials and has many

variations. AFM relies on the Lennard Jones potential between a tip on a cantilever

with calibrated stiffness and the sample surface. Standard commercial tips tend to

have a radius around 10-20nm and heights of 10-20ums. When close to the sample,

but not in contact, the tip to sample force is attractive causing the cantilever to

deflect downwards. However, when in contact and very close, the tip to sample force

changes sign and the cantilever is deflected up. The amplitude and sign of the force

are monitored by reflecting a laser off the cantilever onto a photodetector (PD) array.

During initial setup, the laser is aligned to the centre of the array, effectively zeroing

the signal. The difference in the signal between the top and bottom halves of the

array indicate vertical deflection of the cantilever, and differences between left and

right halves indicate lateral deflection of the cantilever.

For measuring the topography of our samples, a tapping mode AFM scan is often used,

an example of which is shown in Figure 1.5. In tapping mode, an AFM tip with a high

Q factor cantilever is driven near its resonance by a piezoelectric actuator and the

amplitude of its oscillation is recorded on the PD array. As the tip briefly comes into

contact with the surface, or very nearly, the oscillation amplitude is modulated. The

control loop aims to maintain the amplitude by adjusting the tip to sample distance

mapping out the topography. In contact mode, the cantilever is not driven by an

oscillator and it is a DC deflection of the cantilever that is controlled. As the tip scans
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the surface, a z piezoelectric stage adjusts the height of the cantilever to maintain a

constant deflection. Contact mode can also be used to acquire topographic scans of

samples. However, the tip makes direct contact with the surface and poses a risk of

damaging samples. Since the cantilevers used in contact mode have known stiffness

values, the deflection of the cantilever corresponds to a measurable force. This enables

the user to apply a known, controlled force to the sample during scanning.

The QTM is built off of an adapted AFM that is used in contact mode. With the con-

stant deflection setpoint, conductance measurements can be performed independently

of the photodiode signal used in the control loop.

(a) (b)

Figure 1.5: Tapping mode AFM scan of graphite flake. Left: Optical image of exfoli-
ated graphite flake on 285nm SiO2/Si substrate. Right: Tapping mode AFM scan of
the graphite flake.



1.5. OPPORTUNITIES FOR NEW EXPERIMENTAL TECHNIQUES
IN 2D MATERIALS 15

1.5 Opportunities for New Experimental Techniques in 2D Materials

In the introduction, I identified two classes of experimental techniques in twisted 2D

materials that present opportunities for further development. Here, I describe some

setups within these classes that the QTM can improve on or add to.

1.5.1 In-Situ Twistronics Experiments

Important to the study of the effect of the twist angle on a 2D material is the interlayer

coupling between layers as a function of the twist [74,75]. To directly study this, one

needs to either create a lot of samples or have a scheme to twist in-situ [2–6]. Many

of these studies rely on the rotation of a microscopic gear structure to twist the

layers with respect to each other. These have not been widely adopted and require

specialized expertise, making more universal approaches to create 2D materials with

arbitrary twist desirable [7, 8].

An example of a measurement that would be impractical with standard fabrication

protocols is the study of graphite to graphite interfaces as a function of twist. Of

those performed [2, 3], and recreated in [7], an incommensurate to commensurate

phase transition can be observed by monitoring the interlayer conductance as a func-

tion of twist. At angles above 10◦, the interlayer coupling of the graphene layers is

heavily suppressed, leading to incoherent tunneling, and the layers behave as if they

are independent [44,45]. However, at commensurate twist angles where the moiré su-

perlattice forms a perfect crystal, allowing for strong interlayer coupling and coherent

tunneling to take place, a large peak in conductance is observed [2, 3, 7, 74,76].
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1.5.2 Momentum Resolved Electronic Structure

Measurement of the band structure of a crystal provides a full image of how electrons

within the material behave. There are techniques to measure a 2D material’s band

structure; however, they are limited in number and have their own sets of challenges.

Two techniques, separate from the one used in the thesis, that find common use are

briefly described below.

Quasi Particle Interference

This technique is thoroughly described in [77, 78]. STM gives access to the local

density of states (LDOS) of a material, ρ(E, r), which provides the number of available

states at a given energy, E, and position, r. The ability to perform highly localized

spectroscopy with STM is very important and has had tremendous success. However,

the STM tip is not selective of momentum as it sums over all available states at a

given energy and position irrespective of the momentum, k. To achieve momentum

resolution and extract the dispersion relation of a material, a loss of spatial resolution

is required through a Fourier transform (FT). Near defects, wavefunctions can scatter

to equal energy states with different momentum on the Fermi surface. This scattering

can result in energy dependent oscillations that LDOS measurements are sensitive

to. Taking a FT, the energy and wavelength dependence can be used to extract

the dispersion relation of the bands. These measurements are very challenging and

require highly stable systems as scan sizes need to be large to achieve good resolution

in frequency space. Few QPI experiments have been performed on twisted graphene

samples, presumably given the difficulty of these measurements.
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Angle-Resolved Photoemission Spectroscopy

This subsection briefly summarizes key aspects from [79]. Another widely used

technique to achieve momentum resolution of electronic states in 2D materials is

angle-resolved photoelectron spectroscopy (ARPES). In ARPES, electrons occupy-

ing energy states within a material can be kicked out by an incident photon via the

photoelectric effect. The incident photons carry minimal momentum and it can be

approximated that ejected electrons maintain their initial momentum from within

the material. In typical setups, the energy of the ejected electron is measured on a

detector with electromagnetic lenses while the momentum is recorded by the ejec-

tion angle of the electron. Most ARPES systems rely on ultraviolet light sources,

often from synchrotrons, and cryogenic ultra high vacuum environments. Improve-

ments to ARPES experiments are being made with complicated optical trains such

that nanometer spot sizes can spatially resolve the bands (nano-ARPES) [80], but

they unfortunately still do not have sufficient energy resolution to fully study certain

samples such as twisted bilayer graphene [9].
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Chapter 2

Planar Tunneling Junctions

This chapter provides a self contained description of the theory underlying the mo-

mentum resolved spectroscopy capabilities of the Quantum Twisting Microscope

(QTM). It follows the supplemental of the original paper [7] with a more pedagogi-

cal approach, including simplifying assumptions, more steps and motivations. More

generally, the background on tunneling experiments follows from [81]. The intention

of this section is to provide sufficient intuition and understanding to another student

so that the model can be easily implemented and even expanded on.

2.1 Quantum Tunneling

Classically, when a particle encounters a potential barrier with energy greater than

its own, the particle will not be able to pass it. However, as is well known, tunneling

is observed for microscopic particles and requires a quantum mechanical treatment.

Given the wave nature of matter, an incident particle may have a finite probability
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of existing on the other side of a potential barrier. Within the region of the barrier,

the particle can not exist and its wavefunction decays evanescently. If the evanescent

wave reaches the other side of the barrier where it can exist once more, then the

particle can tunnel.

Tunneling is commonly introduced from a free space region through a barrier to an-

other free space region. This approach is instructive, but it is relatively uninteresting

compared to what is possible experimentally. Instead, it is significantly more enlight-

ening to tunnel from one material to another. By setting the energy of an incident

particle from one material, the presence of a resonant energy state in the other ma-

terial can be inferred through the measurement of a tunneling event, where the rate

of tunneling is described by Fermi’s Golden Rule. Tunneling can be either be charac-

terized as being elastic or inelastic. In elastic tunneling, the energy of the particle is

conserved whereas in inelastic tunneling, the particle has either gained or lost energy

by a scattering event. Elastic tunneling events can be used to measure the presence

of available states in a material directly, whereas in inelastic events we can measure

the energies of excitations that can be scattered off of.

2.2 Planar Tunneling Junctions

Early tunneling experiments between materials were carried out between planar metal

electrodes separated by an insulator, usually aluminum oxide. The barrier was ini-

tially treated as vacuum, and the resulting tunneling current depended on the density

of states at the Fermi energy of both metals [81]. Famously, Giaever used a planar
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tunneling junction to measure the energy gap in superconductors [82]. Inelastic tun-

neling experiments were also used to measure phonon modes of the barrier material

or dopants embedded within [83]. Notably, in a planar tunneling junction, both en-

ergy and in plane momentum are conserved [84, 85], requiring a match in energy

and momentum between the initial and final states. By comparison, in STM, the

atomically sharp tip does not have a defined crystal momentum and is insensitive

to it. Momentum conserved tunneling was eventually explored within semiconduc-

tor tunneling junctions where tunneling would occur when the Fermi surfaces of the

two electrodes would overlap [84, 85]. An inplane magnetic field was often used to

change the separation of the Fermi surfaces in momentum space as an electron picks

up an impulse from the Lorentz force during its tunneling. The resultant change in

momentum is proportional to the magnetic field and thickness of the barrier. This

approach has been built on in various ways with electrical pump probe experiments

and full energy momentum resolution [86, 87]. Researchers now perform planar tun-

neling junction experiments between 2D materials; however few focus on momentum

resolution and tend to be performed at fixed angles [88–95].

2.3 Twistable Planar Tunneling Junction

To perform momentum resolved spectroscopy of 2D materials, we need a way to tune

the energy as well as the relative momentum of tunneling electrons. A twistable

planar tunneling junction can do both. In this section, we investigate how this can be

realized between two graphene layers separated by a WSe2 tunneling barrier, where

one graphene layer acts as a probe and the other acts as a sample.
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As mentioned previously, a relative rotation between layers in real space rotates the

reciprocal lattice vectors of the layers with respect to each other creating a superpat-

tern periodicity. This rotation in k-space also rotates the bands such that a difference

in crystal momentum between layers develops. The K point Dirac cones of the sample

and probe layers become separated in k-space such that the quasiparticles between

layers have different crystal momenta as can be seen in Figure 2.1.

Figure 2.1: Two honeycomb lattices twisted with respect to each other, imparting
momentum offset shown by the dashed gray line. One layer is in red and the other
layer is in blue.

The separation as a function of twist is simply the arc length

∆k = |K|θ (2.1)

where |K| is the magnitude of the distance between the Γ and K points and θ is the

relative twist between layers. We can use this twist between layers to tune the relative

momentum of electrons supplied from the K points of the probe graphene layer to
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the K points of the sample, allowing us to take a line cut through the sample’s band

structure at the K point.

The energy of tunneling electrons can be tuned with an external bias as is done in

STM and other tunneling experiments. The relationship between bias and energy

can be understood by modeling the tunnel junction as a parallel plate capacitor.

For simplicity, let us begin by with the case where we have two perfect conductors

separated by a dielectric.

Electrostatics of High Density of States Metal Parallel Plate Capacitor

Applying a bias, VB, across a standard parallel plate capacitor causes a charge, Q, to

build up on the plates depending on the geometric capacitance, C, of the capacitor.

VB = Q/C (2.2)

The bands also become offset by ϕ, corresponding to the applied bias as shown in

Figure 2.2.

eVB = ϕ (2.3)

Electrostatics of Graphene Based Parallel Plate Capacitor

We now turn our attention to our graphene based capacitor. It is similar, but the

low density of states near charge neutrality alters the electrostatics. Whereas adding

charges to a high DOS material does not change the chemical potential noticeably,

adding electrons to charge neutral graphene will increase the chemical potential. This

effect is known as electronic compressibility and leads to quantum capacitance [96,97].
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With this we get the following equation,

eV = µB − µT − eQ

Cgeo

(2.4)

where µT,B are the chemical potentials of the top and bottom electrodes. By keeping

track of energies, we also get the condition shown in Figure 2.3:

eVB = ϕ+ (µT − µB) (2.5)

Here, it is assumed that there is no independent electrostatic doping of the individual

layers such that µT = −µB as in [7]. To solve for these equations self consistently, we

write the accumulated charge as the charge of an electron times the density of states,

n(µ), and use the familiar expression for the capacitance of a parallel plate capacitor.

n(µ) = sign(µ)
µ2

πh̄2v2f
(2.6)

Cgeo/A =
εrε0
d

(2.7)

Altogether now,

eV = 2µ− e2sign(µ)µ2d

πh̄2v2fεrε0
(2.8)

using two layers of WSe2 as the dielectric tunneling barrier with εr = 4.63 and layer

thickness of 0.58 nm, we solve for µ and ϕ as functions of the applied bias, VB, in

Figure 2.4.
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(a)
(b)

Figure 2.2: Bands of metal electrodes in parallel plate capacitor. a) Fermi energies
aligned b) Fermi energies offset by an applied bias

(a) (b)

Figure 2.3: Bands of graphene electrodes in parallel plate capacitor. a) Bands and
Fermi energies aligned b) Bands and Fermi energies no longer aligned as the result of
an applied bias
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Figure 2.4: Solution to electrostatics of graphene based parallel plate capacitor where
B and T subscripts label the graphene electrodes. Left: ϕ(VB), µT (VB), µB(VB) with
vertical line at 1V. Inset depicting the top and bottom graphene electrodes separated
by a WSe2 tunnel barrier forming the parallel plate capacitor. Right: Depiction of
the graphene bands at the 1V solution.

Tunneling Current

We now have an understanding of how an external bias applied across the graphene

to graphene tunneling barrier alters the relevant energies and how a twist between the

graphene layers induces a momentum offset. Let us calculate the tunneling current

as a function of both, where we assume only elastic momentum conserved tunneling

events are allowed. The tunneling current is then proportional to the integral over

all momentum and energy matching states within the energy window available for
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tunneling [76],

IT ∝
∫
dE{(fB(E)− fT (E + ϕ))︸ ︷︷ ︸

Term 1

∑
kB ,kT

|Tαβ
kB ,kT

|2AB(kB, E)AT (kT , E + ϕ)}︸ ︷︷ ︸
Term 2

(2.9)

where fB,T are the Fermi Dirac distributions for the distinct layers, |Tαβ
kB ,kT

| is a tun-

neling constant, and AB,T are the spectral functions of the top and bottom graphene

layers. The spectral functions are related to the imaginary component of the Green’s

function representing the response of the crystal from adding an electron with a

given momentum and energy. It captures the band structure of graphene, including

Lorentzian broadening as a result of the finite lifetime of the quasiparticle [98,99].

AT,B(k,E) =
2γ

(E − ϵT,B(k))2 + γ2
(2.10)

where γ is the inverse lifetime and ϵ(k) are the graphene dispersions in each layer. We

use a model for γ, as employed in experiments to best fit the data, γ = 4+0.035|E−µ|

eV [7, 95]. The spectral function for an individual graphene layer with line cuts at

specific energies is shown in Figure 2.5.

Term 1 of Equation 2.9 is shown in Figure 2.6 and acts as a boxcar filter that selects

the energies available for tunneling. The available energies are dictated by µT,B and

ϕ which are functions of the applied bias. Its sign dictates the direction of tunneling

and the sharpness of the cutoff is a result of kBT , set to 25meV here.
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Figure 2.5: Spectral function of a graphene layer. The amplitude is a dimensionless
quantity indicating the probability of a state. Left: Spectral function of graphene
layer with dimensionless units colour scale Right: Slices of the spectral function at
different energies to show the effect of spectral broadening.

Figure 2.6: Term 1 of Equation 2.9 as a function of VB. The colour scale is dimension-
less and indicates the availability of energy states for tunneling and the sign represents
the direction of tunneling. Energies shown in the centre colour (turquoise) are outside
of the energy range where tunneling is possible. Vertical cuts at two different applied
biases are shown in Figure 2.7.
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(a) (b)

Figure 2.7: Vertical line cuts from Figure 2.6. The y axis is unitless. The red and
light blue lines represent the individual Fermi-Dirac distributions from each respective
graphene layer and the black line represents the difference between the two. a) -0.1V
b)0.5V

Term 2 of Equation 2.9 sums every combination of momentum states between layers

at a fixed energy. Conservation of momentum is enforced by setting

|Tαβ
kB ,kT

|2 = |T |2δkT ,kB (2.11)

where δkT ,kB is the Kroenecker Delta symbol. For simplicity, unique from [7], we

assume |T |2 is a constant. As such, effects leading to the tunnel barrier breakdown

such as WSe2’s finite band gap and Fowler-Nordheim Field emission will not be

captured.

The product of the two spectral functions captures the amplitude of overlap between

states in the top and bottom graphene layers with equal energy and momentum. The

spectral functions are offset in energy by ϕ(VB) and in momentum by the relative
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twist angle ∆k(θ). Figure 2.8 shows examples of the product between the spectral

functions under various offsets, without the effect of Term 1. The individual spectral

functions are indicated by black and white dashed lines. The product peaks where the

bands from different layers intersect, indicating a potential for a tunneling transition.

This is distinct from the crossing of the valence and conduction band within an

individual layer’s spectral function. We see that the bias and twist shift the energy

and momentum of the intersections between the spectral functions.

Figure 2.8: Schematic demonstrating the effect of the band offset ϕ(VB) and twist
between layers θ on the product of the spectral functions. The spectral functions from
the two layers are overlaid with different colours such that separation in momentum
can be distinct from separation in energy. Going vertically between panels, ϕ is
changed. Going horizontally between panels, θ is changed.
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Now, we look at the effect of the Fermi-Dirac window on an arbitrarily biased and

rotated junction in Figure 2.9. The window clearly filters out the energies that are

not available for tunneling such that only relevant momentum and energy conserved

transitions are counted. Summing over all energy and momenta results in a value

proportional to the tunneling current. In the depicted alignment, the two spectral

functions cross within the energy window which would result in a tunneling current.

Figure 2.9: Schematic demonstrating the effect of applying the Fermi Dirac windowing
on the product of the spectral functions at an arbitrary twist and bias across the
graphene based capacitor. Left: Fermi Dirac window, Middle: Product of the two
graphene layer spectral functions, Right: Product of the spectral functions multiplied
by the Fermi Dirac window.

The calculation of Equation 2.9 over a range of applied biases and relative twists,

results in Figures 2.10. The tunneling current changes sign between positive and

negative applied bias as expected from Term 1. Notably, there are also two key
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features found in the calculated I and dI/dV plots: a high current feature highlighted

by a white dashed line and a border separating regions in the plot with and without

a tunneling current overlaid with a black dashed lines.

Figure 2.10: Calculated tunneling current as a function of VB and θ with nesting and
onset tunneling conditions overlaid from Figures 2.11 and 2.12. Purple corresponds
to a positive current or derivative, and orange corresponds to negative current or
derivative and white corresponds to zero current or derivative. Left: Tunneling cur-
rent Right: Derivative of tunneling current.

I will walk you through these features by looking at their band alignments. In Figure

2.11, the highlighted features are marked with black markers, indicating the bias

voltages and twist angles for which the corresponding band alignments are shown in

Figure 2.12. On the marked triangle, associated with the high current feature, the

bands are nested in such a way that there are many energy momentum matching
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Figure 2.11: Different tunneling features and current conditions as seen in Figure
2.10. The orange curve represents the nesting condition. The purple curve represents
the tunneling onset condition. The graphene bands at the twist and bias marked by
the triangle, circle and square markers are shown in Figure 2.12.

states. This occurs when

ϕ = ±h̄vf |KD|θ (2.12)

This feature gives a direct readout of the band offset ϕ as a function of VB. As

discussed when solving the electrostatics of the junction, the offset and applied bias

are intimately linked to the chemical potential of the layers. From this, the geometric

and quantum capacitance can be extracted. Going from the triangle to the circle, the

twist angle is increased leading to an increase in the momentum separation between

the layers. We see that at this separation, the system reaches a critical point at which
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the bands are maximally separated, while states remain accessible for tunneling. This

minimum separation onset condition occurs when

ϕ+ 2µ = ±h̄vf |KD|θ (2.13)

VB = ±h̄vf |KD|θ (2.14)

This expression is effectively the band structure of graphene as |K|θ is a trace through

the K point in reciprocal space. This can be used to extract the vf for instance. From

the circle to the square, the separation is reduced further such that there are no states

available for tunneling and as a result there is not tunneling current recorded.

Figure 2.12: Graphene bands of top and bottom layers at three different twist angles
and biases marked in Figure 2.11 Left: Triangle marker placed on the nested feature
leading to high tunneling current. The bands of the two layers are nested such that
there are many states available for tunneling. Middle: Circle marker placed at the
tunneling onset condition. The bands are at the separation in k-space where there are
states available for tunneling. Right: Square marker placed outside of the tunneling
onset condition. At this bias and twist angle there are no available states for tunneling.
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2.3.1 Discussion

This chapter demonstrates how graphene can be used as a probe to trace out the bands

of a graphene based sample in what is now being called Dirac point spectroscopy [9].

The graphene probe supplies electrons at a given energy and momentum relative to

the graphene based sample. If there is a match between an empty and filled state,

then a tunneling current can take place. This effectively allows us to take a line cut of

the bands around the K point of the sample. Since all graphene based samples have

their Dirac cones or hybridized Dirac cones at the same distance from the Γ point, we

can always trace them out with a graphene Dirac cone probe. Figure 2.13 depicts the

relevant angles when probing a twisted bilayer graphene sample. A bilayer sample

is initially fabricated with a fixed angle, and the Dirac cones, at Klayer1 and Klayer2,

from the two layers can hybridize in between. The monolayer graphene probe can

then be continuously rotated with respect to the twisted sample to probe its bands.

Examples of the tunneling current model implemented where graphene traces out

bands resembling those of twisted bilayer graphene can be found in Appendix E.
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Figure 2.13: Monolayer graphene probe used to probe twisted bilayer graphene sam-
ple. Blue: Twisted bilayer graphene sample, Red: Monolayer graphene probe. Left:
Twisted bilayer graphene sample with a fixed angle, θsample. Its K points are sepa-
rated in crystal momentum by this twist, and when sufficiently close, they hybridize
to form flat bands. Right: Monolayer graphene probe with continuously twistable
angle, θprobe, with respect to the twisted bilayer graphene sample. This twist angle is
used to take a line cut through the K points of the twisted sample.

However, a graphene probe can not be used to measure the K point dispersion re-

lation of all materials. For instance, a graphene probe could not easily be used to

measure the K point dispersion of a TMD sample as the graphene probe would not

pass through the K point of the TMD [100, 101]. The inherent momentum offset

between materials with different lattice constants resulting in different |K| point is

demonstrated in Figure 2.14. To account for the inherent momentum offset, a rotat-

ing external magnetic field could potentially be used. To perform this momentum

resolving measurement at the K point of materials, like materials should be used on

the probe and sample [7].
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Figure 2.14: Demonstration of the requirement for |K| to match between sample and
probe. Left: When both are equal, as with graphene to other graphene based samples,
the graphene probe can take a line cut through the sample’s K point dispersion
relation. Right: When both are different, the graphene probe will not trace a cut
through the sample’s K point dispersion relation.

2.4 Other QTM Experiments

2.4.1 Backgated Sample and Probe

By adding another dielectric and conductive electrode to the probe and sample, both

can be backgated such that their chemical potentials can be tuned independently.

For example, to study electron correlation effects, it would be necessary to be able to

tune the carrier density with more control.
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2.4.2 Twistable Inelastic Planar Tunneling Junction

In this section, only elastic momentum conserved tunneling is discussed; however,

inelastic momentum conserved events do take place within these junctions. Analo-

gous to the experiments described in [83], but with momentum resolution, inelastic

events can be recorded to map out the dispersion relations of the excitations that the

electrons are scattering off of. This has recently been realized to measure graphene

phonon modes and their coupling to electrons [10, 11]. There are also proposals to

record other quasiparticles such as plasmons [12] or those in proposed quantum spin

liquids [13].

2.4.3 Tunneling Through Point Defects

While distinct from the other schemes described, with no twisting or conservation

of momentum, it is worth mentioning that this system can be used to measure the

electrostatic potential of a material on one side of a 2D material interface through tun-

neling into point defects. At low temperatures, the point defects behave as quantum

dots and become sensitive to the local potential of the material on the interface. This

has been used to extract the electrostatic potential resulting from a moiré potential

of graphene aligned to hBN [15].
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Chapter 3

Implementation

At this point of the thesis, the reader should understand the motivation for an exper-

imental technique capable of creating twistable 2D material planar interfaces. Now,

we discuss the implementation of a QTM to facilitate these interfaces and their elec-

trical characterization. The system is built around a commercial AFM. To establish

a junction, one half of the interface is placed on an AFM tip while the other half

lies on a sample substrate. The halves of the junction are brought together using the

AFM’s contact mode capabilities with a custom stage enabling rotation. Electrical

measurement equipment then characterizes the interface through the collection of an

out of plane current.

The implementation requires a custom AFM tip, a custom sample substrate, new

methods, a custom set of stages and electrical equipment. I begin with a description

of the custom AFM tip as it imposes constraints on the rest of the system. I then

outline the adaptations required to accommodate these constraints, namely a custom

set of stages and procedures to fabricate necessary sample substrates. The electrical
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measurement equipment is described and finally, I go over new methods that were

developed to transfer 2D materials and heterostructures to the necessary structures.

Figure 3.1: Schematic displaying the key components of a QTM system consisting of
a custom rotating stage, a raised sample pillar and a custom AFM tip.

3.1 Custom AFM Tip

The key to the QTM is an electrically contacted vdW tip. Conventional AFM tips are

generally tall and sharp such that they have good spatial resolution and can resolve

deep features. For our application, spatial resolution is not of chief concern, and the

main requirement is that our tip must allow for a 2D material to be placed on top,

forming a flat apex. These conditions are met with a significantly shortened tip of

1-2um with a flat apex of approximately 50nm. The tip must also be placed on the

cantilever with sufficient room from the edges such that there is enough area for flakes

to conform and stick. These conditions require a custom tip. When a vdW material
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is eventually transferred to one of the custom tips, they form a flat plateau at the

apex with area sizes ranging from 50nm to 1-2um depending on the thickness of the

flakes [7].

(a) (b)

Figure 3.2: Optical microscope images of a commercial tipless cantilever at magnifi-
cations of a) x20 and b) x50.

First, commercially available tipless cantilevers are purchased, as shown in Figure

3.2. The cantilevers are then loaded into an evaporator chamber to be coated with

Cr/Au (3nm/100nm), as shown in Figure 3.3, to enable conductivity measurements.

The Cr adhesion layer is evaporated with an e-beam source and the gold is thermally

evaporated. The custom tips are then grown on top of the conductive cantilevers.

The tips are made of platinum that has been deposited by focused ion beam (FIB)

deposition at the Canadian Centre for Electron Microscopy (CCEM). In this process,

the cantilever is placed in a vacuum chamber flooded with a Pt containing precursor

gas. A focused ion (Ga+) beam is then directed at the end of the cantilever where the

operator intends to deposit material, causing the precursor molecules to dissociate,

depositing the metal [102]. The tip structures are pyramids composed of eight square

layers of roughly equal thickness. The layers are grown layer by layer from the base,
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(a) (b)

Figure 3.3: Optical microscope images of commercial tipless cantilever after Cr/Au
film deposition at magnifications of a) x20 and b) x50.

with each added layer being smaller in area. The apex is not directly deposited at

50nm, but is instead milled down from a larger layer. The tip is deposited approx-

imately 10um from the edges of the cantilever. Images of the cantilevers with the

custom tips are found in Figures 3.4 and 3.5.

(a) (b)

Figure 3.4: Optical microscope images of commercial tipless cantilever after Cr/Au
film deposition and FIB deposition of custom tip at magnifications of a) x20 and b)
x50.
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Figure 3.5: FIB images of custom Pt tip deposited at the end of an AFM tip via FIB
deposition. a) 52◦ tilt b) 52◦ tilt c) 0◦ tilt

Once the tips have been deposited, vdW materials or heterostructures can be trans-

ferred to them by techniques described in Section 3.6.

3.2 Geometric Constraints

The short custom tip accommodates vdW material transfers, but imposes geometric

constraints on the sample substrate and stage. Solutions to these constraints are

illustrated in the schematic sets shown in Figure 3.6. AFM heads are designed such

that the probe holder tilts the cantilever down towards the sample at a defined fixed

angle. For standard tall tips, this poses no issue during tip engagement. However,

our shorter custom tip deposited 10um from the cantilever edge presents an issue

when landing. The tip can contact the substrate if we angle the sample to match
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the inclination of the probe. This should also help to ensure that we form a planar

interface. Finally, to minimize collisions between the substrate and any part of the

AFM probe or probe holder, the sample is placed on a custom raised pillar.

(a) (b)

(c)
(d)

Figure 3.6: Schematics depicting the necessary considerations when engaging a short
custom AFM tip to a sample. a) Commercial AFM tip engaging with sample held
at a typical AFM tip tilt angle. b) Custom AFM tip engaging with sample held at
a typical AFM tip tilt angle. The tip is not tall enough to engage the surface before
the edge of the cantilever. c) Custom AFM tip engaging with an inclined sample to
match the typical AFM tip tilt angle. The tip is now able to engage. d) Custom
AFM tip engaging with an inclined and tall sample to match the typical AFM tip tilt
angle. The tall sample provides more space to minimize collisions during engagement.

3.3 Custom Stage

A custom stage is required to successfully allow our custom tip to land and to en-

able in situ rotation. The components of the custom stage, shown in Figure 3.7,
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include a mounting solution compatible with the existing system, an angled base,

and integrated rotational functionality.

Figure 3.7: Schematic of three components comprising the custom sample stage. In
red, a mount to the existing system, in green a component to tilt the sample, in blue
a set of stages to enable rotation in plane.

The presented solution is for a Bruker ScanAsyst AFM, but can be generalized to

other systems. The mount secures the rest of the stage components to the base of the

AFM. An inclined plane must be placed on top to match the angle of inclination of the

cantilever as set by the AFM head. The rotation enabling components are placed on

top of the angled base such that rotations can be performed in the correct plane and

maintain contact with the interface as shown in Figure 3.8. The rotation functionality

is achieved with a rotating stage and a set of xy positioners. The xy positioners are

placed on top of the rotator to ensure that the sample can be moved to the centre

of rotation (COR). A demonstration highlighting the need for this configuration is

provided in Figure 3.9.
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Figure 3.8: Schematic demonstrating the two possible planes to rotate in. In blue,
if the rotator is not inclined, the rotation will be in the wrong plane. In red, if the
rotator is inclined, the rotation will be in the correct plane.

In standard use of the Bruker AFM, the sample is placed on the coarse motorized

stage, shown in Figure 3.10, that provides a large lateral travel range. Using the

stage, the sample is approximately aligned to the AFM tip through use of the built in

camera system, and the AFM head is lowered until the tip is engaged. Conveniently,

the Bruker AFM’s sample stage has two unused screw holes, which we used to attach

our custom stage mount. This modification does not interfere with the standard

operation of the AFM, allowing us to use the original alignment capabilities between

the sample and tip. The custom mount acts as a sliding shelf with two slotted holes

aligned to the existing screw holes as well as additional mounting holes for the rest

of the custom stage, and is shown in Figure 3.11. The prototype was 3D printed to

make iterations easily; however, a final version would ideally be machined.

The Bruker holds AFM probes at an angle around 12◦ from the horizontal. While a

fixed angled wedge would be sufficient to match this, the inability to make adjustments

if necessary motivated the use of a goniometer. Stepper or piezoelectric goniometers
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(a)

(b)

Figure 3.9: Schematics demonstrating the effect of rotating the stage with and without
xy positioners on top. a) No xy positioners to centre the sample to the rotator’s COR.
Upon rotation, the sample moves laterally. b) xy properly placed on top of rotator
such that the sample can be centred to the rotator’s COR. Upon rotation, the sample
does not move laterally.

add some convenience, but ultimately their use was decided against. The Thorlabs

GN05 is sufficiently small, has a range of -15 to 15◦ and is very economical. While

its official load limit is 115g, this was found to be greatly conservative when more

than doubling the limit, and did not pose any issues. The rotator is then mounted to

the goniometer with a 3D printed adapter plate allowing for the use of the threaded

holes on the rotator and goniometer. The selected rotator is an Attocube ECR-5050hs
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Figure 3.10: Bruker AFM system with different views. Left: Overhead view of course
lateral stage and AFM head with two different views highlighted by red and blue
arrows. Top Right: View from blue arrow showing spacing between head and course
lateral stage. Bottom Right: View from right angle showing available screw holes for
mounting custom stage.

piezoelectric motor with closed loop feedback, 0.001◦ sized steps and 360◦ range. This

was selected for its size and resolution. xy stages required for centering the sample

were not acquired at this point in the project, but ideally another set of Attocube

piezoelectric stages, such as those from the ECX line, would be used such that only

one controller interface is required and they can be mounted without any additional

hardware. However, the main constraints on these xy stages are the height, the load

relative to the limit on the selected rotator, the travel range and the step size. With

sample substrate sizes on the order of 1x1cm2, it would be prudent to have at least

1cm travel in each direction. A minimum step size of 1um is also warranted, with

smaller being better. With 1um steps, being within 0.5um of the rotator’s COR

should be achievable. At 0.5um, a 30◦ rotation would yield a sample movement of
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Figure 3.11: Schematic of designed stage mount with slotted screw holes and mounting
holes for the goniometer.

250nm. For sample areas on the order of microns this is sufficient.

At the top of the stack, a bare printed circuit board (PCB) should be added to

enable easy electrical connections to the sample. This was not implemented at the

current phase of the project, but the design was completed and is shown in Figure

3.12. It should feature large gold pads that can be wire-bonded to, and they should

terminate with a low-profile connector. Finally, the sample should be propped on a

raised 1x1cm2 block to provide additional room between the edge of the stage and

the AFM head.
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Figure 3.12: Schematic of designed bare PCB with features highlighted

3.4 Sample Pillar

As demonstrated in Figure 3.6, a raised sample platform reduces the likelihood of

collisions during engagement of the custom tip. The following section outlines the

process to fabricate an electrically contacted raised sample pillar 60-80um in height.

Figure 3.13 illustrates the steps of the developed process used to define the pillar

feature, which relies on photolithography, plasma etching and wet etching. The entire

process can be divided into four or five main substeps, the details and development

of which are described in the following subsections.
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Figure 3.13: Raised sample pillar substrate fabrication process. Steps 1-3 (Red): A
patterned photoresist mask is defined on a Si/SiO2 substrate. Steps 4-6 (Green): A
plasma etching step removes the unprotected SiO2 such that patterns of unetched
SiO2 remain. Step 7 (Blue): A KOH wet etch is performed to etch into the Si using
selectivity between the SiO2 and crystal orientation. Steps 8-12 (Black): A patterned
photoresist mask is defined to deposit a set of conductive contacts. Step 8b (Purple):
An unpatterned conductive layer is deposited.

3.4.1 Substrate Selection

For the developed method, the substrate must be an intrinsic Si wafer oriented in

the ⟨100⟩ plane with 1um SiO2. The orientation of the crystal and the thick oxide

layer are necessary to take advantage of a wet potassium hydroxide (KOH) etch. The

wafer does not have to be intrinsic, but it can not be boron (B) doped as the B

greatly reduces the etch rate of the Si, as was found during initial trial runs and is
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well known [103].

While Si will always develop a native oxide layer (∼4-5 nm) when exposed to air,

it is common for Si wafers to be purchased with a thickened layer. The amorphous

oxide is generally grown with thermal oxide in which the wafers are heated in the

presence of an oxygen containing source. For thicknesses 300nm and below, a dry

thermal oxide is grown which is slow but yields a higher density higher quality film.

For thicker films, a wet oxide is grown with water vapour and is faster, but can yield

lower quality films. There was no discernible difference between the etch rates of two

oxide types during the development of this process.

3.4.2 Plasma Etch Photoresist Mask

To begin, a patterned photoresist etch mask is defined on the substrate using pho-

tolithography. This will be used in the next step to perform a patterned etch into

the wafer’s oxide layer. In photolithography, a photosensitive polymer (photoresist)

is exposed by an ultraviolet light (UV) light source through a patterned mask. A

positive resist, as is used here, becomes soluble in developer when exposed. As a

result, after development, a patterned layer of unexposed resist will remain. The

process described here uses an i-line (365nm) contact photolithography setup that

is manually aligned with micrometre screws. In this step, SPR220-7.0 photoresist is

used due to its ability to form uniform films with micron scale thicknesses, making

it an effective candidate for use as an etch mask. The pattern defined in this step,

described in Appendix F, consists of large area pillar shapes with the smallest fea-

ture size being on the order of 100s of um. Broadening of the features as a result of
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diffraction through the thick resist layer is not a relevant consideration. The mask is

prepared with the following recipe:

• On a clean Si substrate with 1um SiO2, spin SPR220 at 6000RPM

• Perform a soft bake on a 115◦C hotplate for 90s

• Measure the photolithography lamp irradiance to determine the required expo-

sure duration to achieve a dose of 385mJ

• Load the first photolithography mask (Appendix F) and expose the photoresist

for the calculated dose time

• Let the substrate sit for over 30 minutes post exposure

• Perform a post exposure bake on a 115◦C hotplate for 90s

• Develop the exposed areas of photoresist by placing the substrate into a beaker

filled with M24 developper for 60s. To stop the development, submerge the

substrate in water.

Images of an example patterned photoresist etch mask can be seen in Figure 3.14.

After development, the thickness of the photoresist mask can be confirmed with a

profilometer trace or with ellipsometry on an unexposed film. In the particular ex-

ample, a profilometer trace over the alignment marks, shown in Figure 3.14, measures

the thickness of the mask to be just under 5um. Note that there will always be some

variance in the film thickness which could result from overdevelopment, the size of

the wafer, etc.
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(a) (b)

(c) (d)

Figure 3.14: Patterned photoresist etch mask. Blue-gray features are photoresist.
Pink-gray areas are 1um of SiO2. a) Label ”200” to identify feature. b) End of pillar
feature. Inset: Schematic of the patterened photoresist etch mask in the shape of the
pillar. c) Alignment marks. d) Middle of pillar feature.
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Figure 3.15: Line profile of patterned photoresist layer taken over an alignment mark,
shown in Figure 3.14, taken by profilometry.

3.4.3 Plasma Etch

A dry plasma etching step is now performed to etch away the areas of exposed SiO2

while the patterned photoresist areas will remain. The etch takes place in a reaction

ion etcher (RIE) with an Ar/CF4 chemistry. In this process, the Ar ions sputter etch

the surface and the fluoride ions assist by reacting with the surface chemically [104].

The chamber is initially evacuated, then filled with Ar/CF4 gasses at flow rates of

10/25 sccm to a pressure of 8Pa. A radio frequency power source supplies 100W

to ignite the plasma, ionizing the gasses and accelerating the ions to the sample,

ultimately leading to material removal.

The recipe was initially tested on unpatterned SiO2 substrates and unpatterned

SPR220 films for 5 minutes. The etch rates measured by ellipsometry (Appendix
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I) were ∼ 50nm/min and ∼ 150nm/min respectively. Assuming the process is linear,

etching 1um of oxide would take ∼ 20minutes and at least 3um of resist would be

necessary. The measured etch rates should only be used as a guide because plasma

etching processes are not linear in general and anecdotally, show variance between

days. As such, monitoring the etch rate between shorter runs with profilometry and

ellispometry and adapting as necessary is prudent.

Figure 3.16: Ar/CF4 plasma etch SiO2 etch rate measured with ellipsometry used as
a guide. Images of the substrate taken at each point show the colour change in the
SiO2 film as the thickness changes. A linear regression is used to calculate the etch
rate.

The patterned SiO2 mask achieved by plasma etching the photoresist mask shown

in Figure 3.14 can be seen in Figure 3.18. Initially, a 10 minute etch was performed

and the film thicknesses were measured with unpatterned witness samples and pro-

filometry. Based on the results and the average etch rates, another 15 minutes was
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deemed appropriate. While the 1um of oxide was entirely cleared near the perime-

ter of the substrate, approximately 90nm remained near the centre. This gradient

could have resulted from non-uniformity in the plasma etching process, where etch

rates were higher at the edges or from an incomplete development of the photoresist

near the centre which could have caused a partial masking. In the following KOH

etch step, the remaining oxide will reduce the effective mask and total etch depth.

However, the resulting pillars will still be 10s of um tall so this variation does not

pose any issues. The remaining resist was then removed with acetone. Profiles of the

SiO2 mask thickness in different locations of the substrate are shown in Figure 3.17,

clearly demonstrating the gradient.

Figure 3.17: Images of patterned substrate after plasma etching displaying lack of
spatial uniformity in the etch depth. Left: Profilometer traces over alignment marks
taken at different locations on the plasma etched substrate. Etch mask thickness
varies from approximately 900nm to 1um. Right: Image of substrate with SiO2

mask.
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(a) (b)

(c) (d)

Figure 3.18: Patterned SiO2 mask. Purple areas are remaining SiO2 not etched away,
here approximately 90nm. Pink-gray features are 1um of SiO2. a) Label ”200” to
identify feature. b) End of pillar feature. Inset: Schematic of the patterned SiO2

mask in the shape of the pillar. c) Alignment marks. d) Middle of pillar feature.

3.4.4 KOH Wet Etch

We now have an intrinsic Si substrate oriented in the ⟨100⟩ plane covered by a ≈

1um thick pattern of SiO2 that can be used as an etch mask for a wet KOH etch.

In this process, highly vertical etching will take place in regions without a protective

layer of oxide given the fast etch rate of the Si ⟨100⟩ plane and the low etch rate
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of the sidewall planes [105]. Regions covered with the thick oxide etch mask will

be protected given the slow etch rate of SiO2. Regions with some oxide not etched

during the plasma etching step will just have thinner effective masks because the Si

etching can not begin before the oxide is completely removed. During that time,

the 1um mask will be etched partially aswell. To maintain good optical contrast of

thin 2D materials, we would like to retain approximately 285 or 90nm of oxide on

the pillars [106]. This makes the effective mask thickness 1um - 285(90) nm less any

native oxide or remaining oxide not etched during the plasma etching step.

The KOH etching setup underwent three variations before the final configuration was

established. Initially, a hotplate was used to heat the KOH solution from the bottom

of a beaker, but low contact area made for poor heat transfer. In addition, this setup

had very low thermal mass making controlling the temperature exceedingly difficult.

KOH etching is a temperature dependent process, so this was found to be inadequate.

The next iteration used a temperature controlled water bath. This immediately im-

proved the temperature control and stability, however it was found that after etching

the SiO2 was not uniform and displayed patches of different thicknesses. The final

resulting setup uses a temperature controlled ultrasonic bath in which the oscillations

appear to aid in the uniformity.

The recipe uses 30% KOH at 70◦C with the transducer driven at 37kHz. The SiO2

etch rate is approximately 325nm/hr which sets the total etching time to just over

2h. A witness unpatterned Si/SiO2 substrate was used to monitor the remaining SiO2

with ellipsometry. The raised sample pillar with 285nm of SiO2 on top is shown in

Figure 3.20. Visually, the etched Si is rough and silver, while the pillars are purple,
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(a) (b)

Figure 3.19: Final KOH etching setup within ultrasonic temperature controlled bath.
a) View of system in operation with aluminum foil used to insulate the system and
an external thermometer to verify temperature readings from the system. b) View of
patterned substrate being etched within KOH solution.

characteristic of 285nm SiO2. A profilometer scan of the pillar feature, shown in

Figure 3.22, measures the resulting pillar height to be ≈70um. The profile also reveals

the angle between planes from a KOH etch. Sidewall etching is visually evident in

Figure 3.20, where a reduction in the area of the alignment marks can be observed

by comparing pre and post etch images.
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(a) (b)

(c) (d)

Figure 3.20: Etched sample pillar. Silver rough areas are etched exposed Si. Purple
features are 70um pillars with 285nm of SiO2 on top. a) Etched ”200” label. b) End
of pillar feature. Inset: Schematic of etched pillar with 285nm of SiO2 on top. c)
Alignment marks. d) Middle of pillar feature.

(a) (b) (c)

Figure 3.21: Alignment marks before and after KOH etching displaying sidewall etch.
a) Before etch b) After etch c) Before and after overlaid
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(a)

(b)

Figure 3.22: Profilometre scan of etched pillar shown in Figure 3.20. a) 3D scan of
pillar edge with line cut path shown by dashed black line. b) Line cut of 3D scan
displaying characteristic vertical etching angle.
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3.4.5 Electrical Contacts

Upon completion of the patterned substrates with tall etched pillars, electrical con-

tacts must be established. For simple samples, only one contact is needed and the

entire pillar can be coated with Au at the expense of optical contrast of placed flakes.

Samples that require isolated contacts require a patterned deposition. To define the

contact shapes before metal deposition, a photolithography step with a lift off resist

(LOR) is required. LOR, similar to photoresist, becomes soluble in developer when

exposed, but is designed to develop an undercut such that evaporated films do not

bridge to the sidewalls. The effect of the undercut achieved through the use of an

LOR is demonstrated in Figure 3.23.

Figure 3.23: Schematic demonstrating the need for a LOR film during a patterned
photolithography metal deposition

The smallest dimension on the electrical contact photomask is 15um (Appendix F).

This is still quite large with respect to the diffraction limit, but there is significantly

less tolerance than in the first photolithography step. Ideally, a thin resist would be

used, but there are practical issues with our substrate. Initial trials to spin thinner,

more appropriate resists, SPR955 and LOR2B, failed with them not adhering to the
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substrate and lacking uniformity. As such, thicker resists with significantly higher

viscosity, LOR10B and SPR220 once again, are required. The resulting films adhere

to the substrate and are sufficiently uniform for our contact patterns, but would be

challenging to use for small features. The procedure for the second photolithography

step is:

• On the patterned substrate, spin LOR10B at 3000RPM

• Perform a soft bake on a 180◦C hotplate for 5mins

• Spin SPR220 at 6000RPM on the LOR10B fil

• Perform a soft bake on a 115◦C hotplate for 90s

• Measure the photolithography lamp irradiance to determine the required time

to achieve a dose of 385mJ

• Load the second photolithography mask (Appendix F) and expose the photore-

sist for the calculated dose time

• Let the substrate sit for at least 1h post exposure

• Perform a post exposure bake on a 115◦C hotplate for 90s

• Develop the exposed areas of photoresist by placing the substrate into a beaker

filled with M24 developper for 60s. To stop the development submerge the

substrate in water.

The developed contact patterns on the raised sample pillars are shown in Figure 3.24.

The substrates with or without a patterned resist layer are loaded into an evaporator



3.4. SAMPLE PILLAR 64

chamber to deposit 3nm of Cr and 50nm of Au by e-beam and thermal evaporation

respectively. The patterned substrates can then be placed in a photoresist remover

or acetone to perform the lift off. The completed conductive raised sample pillars are

shown in Figure 3.25.

(a) (b)

(c) (d)

Figure 3.24: Etched sample pillar with a developed LOR and photoresist contact pat-
tern. Yellow areas of resist whereas exposed and developped areas show the substrate
underneath. a) Label to identify feature. b) End of pillar feature. Inset: Schematic of
developed pattern on etched pillar. c) Alignment marks. d) Middle of pillar feature.
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Figure 3.25: Complete raised sample pillars with different metal contact patterns.
Left: Pillar with patterned Au contacts with 285nm of SiO2 on top. Inset: Schematic
of pillar with patterned contacts. Right: Pillar with Au coating. Inset: Schematic of
pillar with Au coating.

3.5 Measurement Electronics

To apply a bias across the junction and measure the resulting current, appropriate

electrical instrumentation is necessary. DC measurements are sufficient for initial

characterization, but certain features of the I(VB, θ) plots become more readily visible

in the dI
VB

plots which should be taken with a lock-in amplifier.
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3.5.1 DC Measurements

To perform DC measurements, only a standard source measurement unit (SMU) is

required. For this work, I decided to use a 6.5 digit Keithley 2400 SMU which I

interface with through GPIB-USB adapter using a standard Python library. The

voltage source is swept over a range and the current at each voltage step is recorded.

3.5.2 Lock-in Measurements

A numerical derivative of collected DC IV curves can be taken, but present noise will

dramatically affect the signal. Therefore, it is customary to take dI/dV measurements

by approximating dI
dV

≈ IAC

VAC
where the AC voltage is kept small.

Figure 3.26: Demonstration of the use of an AC bias superimposed on a DC value to
estimate dI/dV .

In a noisy environment, collecting the AC signal without any filtering will not yield
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any improvement over the numerical derivative. Instead, a lock-in amplifier is used to

apply the small AC bias at a reference frequency ωr and collect the filtered response

signal at the same frequency, functionally acting as a very narrow bandpass filter. I

implemented a lockin amplifier using a National Instruments (NI) multipurpose board

with digital to analog converters (DAC) and analog to digital converters (ADC).

The DAC generates the DC signal, VB, superimposed with the reference AC signal

at ωr to be applied across device under test (DUT). The ADC then digitizes the

response signal of the DUT, now containing noise. The noisy digitized signal is then

mixed with the reference signal in Python. The signals are then lowpass filtered

to extract the amplitude of the signal at the reference frequency. The two out of

phase signals are added in quadrature to extract the relevant signal amplitude. We

now have everything we need to get the amplitude and phase of the signal at the

reference frequency. Normally, the signal across the DUT can be sampled without

issue. However, for this system, connecting the leads across just the junction would

be very challenging. Instead, a transimpedance amplifier can be used to measure

the current as a voltage signal which can then be read by the ADC. Details on the

underlying math behind the filtering and a test of the homemade lockin amplifier

system can be found in Appendix G.
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Figure 3.27: Lock-in amplifier functionality. Reference signal generated at ωr to the
DUT. The signal across the DUT is sampled, now containing the signal of interest
at ωr and noise at other frequencies. Lockin amplifier extracts the relative phase
between the reference and signal of interest as well as the amplitude.

3.6 Transfer Techniques

The commonly used methods to transfer flakes and vdW stacks to substrates require

modifications to deterministically transfer flakes to our custom pillar and tip struc-

tures. Within our group and the field in general, the exfoliation and stacking of

individual vdW materials or heterostructures onto a polymer film is routine. Read-

ers unfamiliar with these standard techniques are directed to Appendix A. Briefly,

the fabrication process results in a flake or vdW heterostructure on a polymer film,

polypropylene carbonate (PPC) is used in our group, that must be transferred to a

substrate.

As demonstrated in Appendix A.6, materials transferred to a substrate by the inverted

transfer technique can drift from their original location. To create our interfaces, half

of the 2D material interface must be placed on the etched sample pillar and the other
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half is required to be placed on the custom AFM tips. The portion on the pillar must

be near the edge and be aligned with the metal contacts when using the patterned

contacts. Similarly, the portion on our custom AFM tips also must be on the tip

and can not drift away. Unlike the inverted transfer method, by transferring the

vdW structure with the polymer on top, direct contact with the substrate can be

made, and the polymer can be removed with solvent without causing the flake to

drift. Although not as commonly used today, this approach was used in early vdW

heterostructure fabrication [22], and is the method suggested in [7, 15].

Figure 3.28: vdW transfer to a substrate with the polymer both above and below the
vdW structure.

During standard fabrication of vdW heterostructures, layers are sequentially picked up

onto a polymer film from bottom to top. To place the vdW heterostructure onto the

substrate polymer side up as as shown Figure 3.28, the structure is flipped upsidedown

as shown in Figure 3.29. Transferring individual vdW flakes from a PPC film does

not have this issue, and individual layers can also be transferred successively to create

a vdW heterostructure. However, to transfer a prefabricated vdW heterostructure on

a PPC film, an intermediate step described in Section 3.6.1 must first be taken. The

method to transfer a vdW flake or heterostructure from a polymer film to a pillar or



3.6. TRANSFER TECHNIQUES 70

AFM tip is then demonstrated in Section 3.6.2.

Figure 3.29: Schematic demonstrating the transfer of a pre-stacked vdW structure,
that has not been flipped right side up, to a substrate polymer side up. Left: Prepared
vdW heterostructure on a polymer film picked up from bottom to top. Right: vdW
heterostructure transferred with polymer film above the stack, as described in Section
3.6.2, resulting in the heterostructure being upside down.

3.6.1 Intermediate Polymer Transfer

One approach to addressing the issue of prefabricated vdW heterostructures being

flipped upside down upon transfer to the substrate is to incorporate an intermediate

flipping step using a different polymer. This allows the stack to be right side up when

it is ultimately placed on the substrate/structure, as shown in Figure 3.30.

Figure 3.30: Schematic demonstrating the transfer of a pre-stacked vdW structure,
that has been flipped, to a substrate polymer side up. Left: Prepared vdW het-
erostructure on a polymer film picked up from bottom to top. Middle: Intermediate
step to flip vdW stack by transferring it to a different polymer. Right: vdW het-
erostructure transferred with polymer film above the stack, as described in Section
3.6.2, resulting in the heterostructure being upside down.
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The conditions on the intermediate polymer are that it must have a different glass

transition temperature (Tg) than that of the PPC, such that it can become more

adhesive than PPC when heated, but its Tg can not be so high that it melts or

deforms the PPC layer during transfer. To perform the transfer to the other polymer,

the structure on a PPC/PDMS stamp is brought into contact with the intermediate

polymer at its Tg, where it becomes more adhesive than the PPC, allowing the stack

to transfer onto the intermediate polymer.

Polymethyl methacrylate (PMMA) has a Tg around 80◦C, well above that of PPC,

around 40◦C, and below its melting point while also being soluble in acetone. How-

ever, PMMA films are significantly more fragile than PPC and are challenging to

peel off of a substrate using a tape frame. Various attempts to spin coat PMMA

directly on PDMS or drop cast PMMA onto a glass slide did not yield consistently

usable films. The PMMA would require a supporting film such as polyvinyl alcohol

(PVA) [15, 22, 107]. The PVA has a higher melting point than PMMA and can be

separated from the PVA carefully with tweezers or removed in a water bath as it is

water soluble. Once the structures have been transferred to the PMMA film right

side up, they can be transferred to a substrate, in the same way as a PPC film, as

described in Section 3.6.2. The procedure to prepare a PVA/PMMA film and perform

the transfer of a vdW heterostructure from PPC is depicted in Figures 3.31 and 3.32

and is described below:

• Prepare a flake or vdW heterostructure on a PPC/PDMS (hemispherical) glass

slide. See Appendix B for the justification of a hemispherical PDMS stamp.

• Spin PVA (Partall Film 10) onto a clean substrate at 3000 RPM then place on
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a hotplate at 75◦C for 5 minutes

• Spin PMMA (950K A6) on the PVA coated substate at 3000 RPM then place

on a hotplate at 75◦C for 5 minutes

• Place PMMA/PVA substrate onto the bottom set of stages on transfer setup

and PPC/PDMS glass slide stamp onto the top set of stages

• Load PPC/PDMS (hemispherical) glass slide with vdW stack onto piezoelectric

stage

• Bring the flake on PPC/PDMS into contact with a clean area of PMMA at

80◦C until the flake makes contact

• Slowly raise the PPC/PDMS glass slide until no longer in contact. If successful,

the stack will have transferred to the PMMA.

• Pickup the PMMA/PVA film with a tape frame

• Place tape frame into a room temperature DI water bath for 10 minutes to

dissolve the PVA.

• Place the tape frame onto a holed glass slide flake side down to be transferred.

The glass slide should then be placed onto a 120◦C hotplate to evaporate any

remaining water. Any wrinkles present in the film will also be smoothed out in

the process.

• Transfer the vdW heterostructure to the pillar or tip as described in Section

3.6.2.
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Figure 3.31: Schematic demonstrating the steps to transfer and flip a vdW structure
from PPC to a PMMA tape frame. a) Beginning with a prepared vdW heterostructure
on a PPC/PDMS stamp and a PMMA/PVA film on a Si/SiO2 substrate. b) The
stamp is brought into contact with the substrate at the Tg of PMMA, 80◦C, allowing
the stack to adhere more strongly to the PMMA and transfer onto it. c) A tape frame
is then used to lift the PMMA/PVA film. d) Tape frame is then placed in a water
bath. e) The water soluble PVA is dissolved. f) The flipped vdW heterostructure on
the PMMA film is mounted onto a holed glass slide, ready for its final transfer to a
structure. The process is shown in Figure 3.32.
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Figure 3.32: Images of the steps to flip a vdW heterostructure from a PPC film to
a PMMA/PVA film. a) Starting with an hBN/graphite heterostructure on a PPC
film. b) The stamp is brought into contact with a PMMA/PVA film on a Si/SiO2

substrate at 80◦C. The contact area of the PPC/PDMS is apparent by the circular
fringe. c) When removed, the heterostructure is transferred. Some of the PPC that
adhered to the PMMA is seen below the vdW heterostructure. d) The PMMA/PVA
tape frame is removed from the substrate. e) A water bath is used to remove the
PVA. f) A zoomed in image of the now flipped vdW heterostructure on a PMMA
tape frame.
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3.6.2 Flake Transfer

Once a vdW flake is prepared on PPC or a vdW heterostructure is rightside up on

PMMA, it can be transferred to a tip or pillar structure. The target structure will

be mounted on a set of positioners, while the polymer film placed on a glass will

be mounted on a separate set of positioners, all under an optical microscope. The

positioners will be used to align the vdW materials with the target structure and the

polymer film will be melted off. To facilitate this process, it is helpful for the film

surrounding the flake to be suspended such that the polymer does not adhere to the

glass slide. The easiest way to think of doing this was to suspend the polymer over a

1/4′′ hole in a glass slide, as shown in Figure 3.33.

(a) (b)

Figure 3.33: Polymer tape frame suspended over glass slide with a hole. a) Glass
slide with hole, b) PPC tape frame suspended over hole.

The transfer procedure is shown in Figures 3.35 and 3.36 with real demonstrations

transferring individual flakes from a PPC film provided in Figures 3.37 and 3.38.

Demonstrations transferring stacks that have been flipped to PMMA first are shown

in Appendix J. While the pillar substrates are somewhat fragile, they can be handled

as normal substrates with a bit of care. However, the AFM probes are significantly
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more fragile and must be treated uniquely. In addition, since the tips are not flat,

the flakes in contact do not naturally conform. Once the flake has made contact with

the tip, its sides needs to be pulled down to the cantilever. This can be achieved by

propping the AFM probe up, as shown in Figure 3.34. The structure propping the

AFM probe up is placed on a glass slide such that when the polymer tape frame is

melted off the hole glass slide, it does not stick to the transfer setup.

Figure 3.34: Structure used to prop up AFM tips before transfer. The structure is a
substrate and a thick PDMS space all placed on a glass slide. Left: Schematic, Right:
Image of structure.

The protocol is described in detail below:

• Prepare or identify a flake or vdW stack on a polymer film with a tape frame

– A flake or stack can be picked up with standard PDMS/PPC stamp from

exfoliated flakes

∗ If a stack is picked up, it must first be flipped to a PMMA film as

described in Section 3.6.1.

– A flake can be exfoliated directly onto a PPC coated substrate and iden-

tified

• Place the tape frame flake side down onto a holed glass slide. If the polymer
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is wrinkly, the glass slide can be placed onto a hotplate to smoothen the film.

The tape frame is then placed on the piezoelectric manipulators on the transfer

stage

• Place the pillar substrate or the AFM probe, propped up as is shown in Figure

3.34, on the stepper motor stage of the transfer setup

• Align the flake to the region of interest

• Lower the polymer film until it makes contact with the substrate or probe

• Raise the temperature of the stage to 140◦ C to melt the polymer

• Remove excess polymer around the flake by carefully cutting the tape frame

away with a sharp needle

• Place the substrate or probe in an acetone bath followed by an isopropyl alcohol

bath to dissolve the polymer above the flake. My setup for performing the

polymer removal on the AFM probe is described in Appendix H.
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Figure 3.35: Schematic demonstrating the steps to place a vdW structure from a
polymer tape frame to an AFM tip. a) Starting with a vdW flake on a polymer tape
frame placed on a holed glass slide. b) The flake is aligned to the AFM tip, propped
up by a substrate and PDMS spacer as shown in Figure 3.34. c) The polymer and
flake are brought into contact with the AFM tip. d) The polymer is then melted
off the holed glass slide so that the vdW flake conforms to the tip. e) The holed
glass slide is removed such that the AFM tip can be placed into a solvent bath. The
process is shown in Figure 3.37.
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Figure 3.36: Schematic demonstrating the steps to place a vdW structure from a
polymer tape frame to a raised sample pillar. a) Starting with a vdw flake on a
polymer tape frame placed on a holed glass slide. b) The flake is aligned to the
sample pillar substrate. c) The polymer and flake are brought into contact with the
pillar. d) The polymer is then melted off the holed glass slide. e) The holed glass
slide is removed such that the pillar substrate can be placed into a solvent bath. The
process is shown in Figure 3.38.
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Figure 3.37: Images of the steps to place a graphite flake from a PPC tape frame to
a custom AFM tip. a) Starting with a graphite flake on a polymer tape frame placed
on a holed glass slide. b) The flake is aligned to the AFM tip. c) The flake is brought
into contact with the AFM tip. d) The PPC is melted such the flake and polymer
conform to the AFM tip. e) The AFM tip is placed into an acetone solvent bath to
remove the PPC. The process is shown in Figure 3.35.
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Figure 3.38: Images of the steps to place a graphite flake from a PPC tape frame to
raised sample pillar. a) Starting with a graphite flake on a polymer tape frame placed
on a holed glass slide. b) The Au coated sample pillar is placed onto the transfer
stage. c) The flake is aligned and brought into contact with the pillar. d) The PPC
is melted. e) The pillar substrate with the flake is placed into an acetone bath to
remove the PPC. The process is shown in Figure 3.36.



82

Chapter 4

Electrical Transport of Vertical Graphite Interfaces

In this section, we present results obtained during prototyping of our adapted AFM

system. The primary objective was to demonstrate proof of concept before more

comprehensive measurements were taken. The measurements were performed using

a graphite flake vdW AFM tip and a gold coated raised sample pillar with another

graphite flake. All interfaces were made at fixed angles and no twisting was per-

formed. The vertical deflection setpoint and PID coefficients used to engage the tip

to the surface were fixed to low values throughout. In addition, our homemade lockin

amplifier was not used as DC conductance measurements offer a simpler starting

point. We begin by outlining practical considerations including the electrical connec-

tions and the conditions for successful proof of concept. Then a brief description of

the procedure is provided, followed by presentation and discussion of the data.
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4.1 Setup

The measurements are DC conductance measurements between a graphite flake placed

on a custom AFM tip and another graphite flake placed on a gold coated sample

pillar, both tens of nanometers thick, at a fixed twist angle. The graphite vdW tip is

loaded into a standard conductive AFM probe holder which has conductive wire that

contacts the surface of the Au cantilever, shown in Figure 4.1.

Figure 4.1: Images of the custom graphite vdW AFM tip as well as how it is electri-
cally contacted. Left: The custom AFM tip is shown loaded onto conductive AFM
probe holder with a conductive wire with white insulation. Right: Zoomed in image
of custom AFM tip loaded into probe holder on left. Graphite flake highlighted by
red dashed line.

The graphite flake on the Au coated pillar is shown in Figures 4.2 and 4.3. It is

electrically connected by attaching a metal wire to the pillar with conductive H21D

Epotek Ag epoxy. The sample substrate is placed on top of the custom stage with

the goniometer incline set to approximately 11◦. 3D printed spacer plates were used

in place of xy positioners. A metal nut was used as a spacer to prop the sample up

to limit contact between the edges of the stack and the AFM head.
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Figure 4.2: Images of the graphite flake sample pillar substrate as well as how it is
electrically contacted. Left: Au coated sample pillar substrate shown mounted onto
custom stage. A wire with white insulation is bonded to the Au coated substrate
with Ag epoxy. Top Right: Image of the Au coated raised sample pillar with the
graphite flake at the end. Bottom Right: Zoomed in image of the graphite flake at
the edge of the pillar.

Figure 4.3: Image of custom stage with electrically contacted sample pillar. The
components of which are described in Section 3.3. The components from bottom to
top are as follows: mount to coarse alignment stage of adapted AFM, goniometer set
to approximately 11◦, ECR5050hs rotator, two spacer plates used instead of xy posi-
tioners, a metal nut, Au coated sample pillar substrate with wire used to electrically
contact graphite sample.
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The setup of all components is shown in Figure 4.4. A Keithley SMU is connected

to the two wires contacting the two separate graphite flakes with generic spring min-

igrabber clips, and is used to both source the voltage and sense the drawn current.

This type of connector and wire is more prone to external noise through capacitive

coupling, but made for quick and easy troubleshooting which was more important

during prototyping. In the future, shielded connectors would be preferable and more

permanent connections, enabled by a PCB, would make the contacts less prone to

any motion. The voltage source was floated to maintain simplicity in connections and

as such there is no reference to earth ground. During the measurement setup, the

voltage was applied manually, starting with a deliberately low current limit that was

expected to be reached. The limit was then gradually increased until the recorded

current remained below it. This process ensured that no short circuits were present

and helped establish an appropriate current limit that would not clip the signal. The

voltage could then be swept over a -15 to 15 mV range. At each voltage step, five

current readings are averaged, with the standard deviation being used as the mea-

surement error. The resistance and uncertainty in the resistance are calculated from

a linear regression and the resulting standard error in the regression.

The effective circuit we are aiming to prove that we can achieve with our system

is drawn in Figure 4.5. The output impedance of the SMU is negligible, and the

resistances of the wires to the graphite flakes are on the order of a few ohms. They

are added as the series resistor and are not removed from the resistance measurement

because they are small and the measurements remain qualitatively the same with or

without their inclusion.
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Figure 4.4: Image of the experimental setup and connections to the SMU used to take
initial measurements. The green highlighted wire connects the SMU to the pillar wire
shown in Figures 4.2 and 4.3. The yellow highlighted wire connects the SMU to the
probe holder wire shown in Figure 4.1.

Figure 4.5: Circuit diagram of the system being tested. Voltage and current are
sourced and sensed by Keithley SMU. Series resistance represents all resistances in
series with the resistance of interface being made by the vdW tip. A closed or open
switch represents the state of the AFM tip being engaged or widthdrawn from the
surface.
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The two interfaces that we expect to form, shown in Figure 4.6, are between the

graphite tip and the gold surface of the pillar (G-Au) and between the graphite tip

and the graphite on the pillar (G-G). Given the G-G interface inherently has a G-

Au interface as well, one could naively assume that the recorded resistance of this

junction should be larger than when the tip is landed directly on the gold. Although

the resistivity of the two graphite to Au interfaces should be comparable, the contact

area of the graphite flake on the Au pillar is orders of magnitude larger than that

between the graphite on tip to the Au pillar. As a result, it is reasonable to compare

the two configurations, and the total resistance in the G–G configuration may not

necessarily exceed that of the G–Au case.

(a)

(b)

Figure 4.6: Schematic of the expected effective interface resistances for different land-
ing conditions. a) When the tip is landed on Au, only a G-Au resistance makes up
the interface. b) When the tip is landed on the graphite flake, the effective resistance
should include the resistance between layers, G-G as well as the resistance between
the flake on the tip and the pillar, G-Au. However the RG−Au in a) and b) are not
comparable given the difference in contact area.
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Confirmation of the following characteristics of the circuit drawn in Figure 4.5 should

be sufficient to demonstrate that the system behaves as expected, and that 2D ma-

terial interfaces can be established and characterized using this setup:

1. When the vdW tip is not engaged to the surface, an open circuit should be

recorded.

2. Landing the vdW tip on the surface should close the circuit and result in a

measurable conductance.

3. Different interfaces should have different measured resistances, allowing charac-

terization of specific interfaces.

4. Conduction takes place through the vdW flake on the tip and not elsewhere on

the cantilever.

4.2 Procedure

First, the custom AFM tip is loaded into the probe holder which is then mounted

onto the AFM head. The laser is then aligned to the tip and the camera focus is

fixed, as shown in Figure 4.7. The photodiode vertical deflection signal can then be

zeroed. The AFM head is lifted and the coarse stage is repositioned to allow the

custom stage to be attached.
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Figure 4.7: View of custom AFM tip/cantilever during the standard alignment pro-
cess. Left: Laser alignment to the cantilever’s shadow Right: Setting focus to the
cantilever body.

With the inclined sample connected to the coarse movement of the AFM system, the

sample can then be aligned to the laterally stationary head. The head is manually

lowered until the outline of pillar is visible. The wires can then be attached to the

SMU and the feedback loop is turned on to engage the tip. In Figure 4.8, the pillar can

be seen to be in focus, while the AFM tip only comes into focus as it is engaged to the

surface. The feedback loop is set with a low vertical deflection setpoint of 0.2V and

low proportional and integral coefficients to ensure a slow landing and controlled tip

approach. Calibration of the force to deflection setpoint was not performed and the

setpoint and coefficients were not changed during the measurements. Once landed,

the AFM can be used to scan in contact mode or current voltage (IV) curves can be

taken.
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Figure 4.8: View of AFM tip through AFM system’s camera both before and after
tip landing. The sample pillar is always in focus as it only the cantilever that moves
up and down into the focal plane with the head. a) Tip withdrawn, b) Tip engaged.

4.3 Results

This subchapter presents the measurements, in the order they were conducted, using

the setup described above. To begin, in Figure 4.9, IV curves are taken with the tip

withdrawn to confirm the lack of a short circuit. A short would indicate that for

current to be drawn it does not have to pass through the conductive probe which

would make it impossible to characterize a 2D material interface made with the vdW

tip.
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Figure 4.9: IV curve with the vdW tip not engaged to the surface showing an open
circuit. Recorded current in black and linear regression in red.

The tip is then engaged on the Au pillar such that G-Au interfaces are formed and

characterized. The two formed interfaces, shown in Figure 4.10, correspond to two

distinct tip locations on the Au pillar. The first interface demonstrates conductivity

with a total circuit resistance of 770 ± 7Ω. While fairly linear, the current exhibits

a step at the end of the voltage range. The interface made at the second location

measured a lower conduction and non-monotonic behaviour in the current at the start

and end of the voltage sweep. These measurements confirm that engaging the tip to

the surface does close the circuit. Furthermore, the conductance of the interfaces

appears to be sensitive to the details of the contact, which in this case is likely as

a result of surface roughness. The observed nonlinear behaviour suggests that good

contact is not always consistently achieved and that the contact of the interface may

be unstable.
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Figure 4.10: IV curves between the graphite vdW tip and two areas of the Au surface
showing conduction. Recorded current in black and linear regression in red. First
Interface: Linear regression performed on data between -15 to 10 mV. Second Inter-
face: Linear regression performed on data between -8.5 to 10 mV

The tip was then withdrawn and, by visual inspection, landed on the graphite flake.

The first G-G interface was measured, then the tip was withdrawn and reengaged in

the same location on the graphite flake, such that the second G-G interface should

be similar, if not the same. The resulting IV characteristics are shown in Figure

4.11. The voltage of the first G-G interface was restricted to -10 to 10 mV as a

precaution for the first measurement through the graphite flake. The first interface

has a very linear curve with low noise and resistance lower than that of the G-Au

interfaces. In the second measurement, the resulting signal is significantly less linear

with three different apparent slopes. The linearity and conductivity observed at the

first interface indicate that a good electrical contact was established and suggest that
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previous interfaces between the tip and the Au surface were poor. The second G-G

interface fails to reestablish the same interface as the first despite being in the same

location. In addition, the three different slopes present within the single voltage sweep

further indicate instability in the interface.

Figure 4.11: IV curves between the graphite vdW tip and graphite flake showing
conduction. Recorded current in black and linear regressions coloured. First Interface:
Linear regression performed on data between -10 to 10 mV. Second Interface: Linear
regressions performed on data within the following ranges: -15 to -8 mV in red, -7.5
to 6mV in blue and 8.5 to 15mV in Green

Given that the alignment of the G-G interfaces was done by eye, it was prudent to

ensure the tip was engaged to the graphite flake on the pillar. To ensure a G-G

interface is made, a contact mode topographic scan was performed on the flake using

the custom tip such that the tip could be deterministically placed onto the flake. A

scan was initially completed on Au, then on the graphite flake. Both scans are 40x40
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um2, 64x64 pixels at 0.2Hz with unchanged gain settings and are found in Figures

4.12 and 4.13.

(a) (b)

Figure 4.12: Contact mode AFM scans of Au surface on raised pillar taken using
custom vdW tip. 0.2V setpoint, 40x40 um2, 64x64 pixels at 0.2Hz a) Topography, b)
Tip deflection error.

(a) (b)

Figure 4.13: Contact mode AFM scans of grapihite flake on raised pillar taken using
custom vdW tip. 0.2V setpoint, 40x40 um2, 64x64 pixels at 0.2Hz a) Topography, b)
Tip deflection error.
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The tip deflection error of the Au area scan shows the surface’s roughness. The

graphite flake topography and tip error deflection scans clearly show the outline of

the flake. Notably, oscillations in the tip deflection error of the flake scan suggest a

potentially poorly tuned, unstable control loop.

With a graphite scan complete, the tip was directed to the centre of the flake such that

a G-G interface was guaranteed. Two voltage sweeps were taken and unexpectedly

high resistances around 10MΩ were recorded in Figure 4.14.

Figure 4.14: IV curves between the graphite vdW tip and graphite flake post topo-
graphic scans showing high resistance. Recorded current in black and linear regres-
sions in red. Linear regressions of both the first and second interface were performed
over entire voltage range.

To investigate, the tip was withdrawn and placed back onto Au. IV curves on Au,

shown in Figure 4.15, indicate an open circuit.
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Figure 4.15: IV curves between the graphite vdW tip and gold post topographic scans
showing open circuit. Recorded current in black and linear regression in red.

Due to the unexpected results, the tip was withdrawn and removed from the AFM

head for further inspection. Figure 4.16 shows a comparison of the graphite tip before

and after the measurements, and clearly indicates damage to the flake on the AFM

tip. The graphite flake was probably torn during the scan performed on the rough

Au surface. No further measurements were performed, as this was the only vdW tip

we had remaining from process development.
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Figure 4.16: Comparison of graphite vdW tip prior to measurements and post topo-
graphic scans. a) Prior to the measurements performed in this section, the graphite
flake tents over the custom tip forming a flat plateau b) Post topographic scans, the
graphite is visibly torn from the custom tip.

4.4 Discussion

The measurements generally support the conclusion that the implemented system is

capable of forming and characterizing 2D material interfaces. With the tip retracted

and far from the surface, an open circuit was recorded, confirming that no short

circuits were present in the system. When the graphite tip was engaged to the graphite

flake or Au surface, a finite resistance was recorded, indicating that the tip closes

the circuit and forms an interface. Furthermore, the variation in recorded resistances

across measurements demonstrates the sensitivity of the system to different interfaces.

Importantly, the loss of conductivity after the graphite was torn from the tip suggests

that the previously recorded resistances were measured through the graphite on the

tip. Had the graphite not been required for conduction, its removal would not have

led to high resistance values.
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However, the measurements revealed that the formed interfaces did not always have

good contact and were not consistent. While the first G-G measurement demonstrated

that stable and effective contact can be established, all other measurements displayed

nonlinear features and increased noise. The inability to reestablish the same G-G

interface at the same location on the flake, and the fact that the interface changed

within a single voltage sweep, indicates a stability problem likely related to the control

loop settings of the system. The oscillations present in the topographic scans on the

graphite flake further corroborate the idea that the PID was poorly tuned.

A logical next step would be to address the stability and consistency of the formed

interfaces. This would be done through optimization of the PID coefficients to limit

oscillations. Furthermore, the effect of the vertical deflection setpoint should be

investigated. A relatively low vertical deflection setpoint was appropriately chosen to

avoid crashes and was not adjusted, but it is reasonable to believe that applying a

greater force could improve the contact quality between the tip and flake. It would

also be prudent for a larger area flake to be placed on the pillar or for it to be placed

on a Si/SiO2 pillar with patterned contacts to minimize the effect of surface roughness

and reduce the risk of damage to the flake placed on the tip.
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Chapter 5

Conclusions and Next Steps

In this thesis, the Quantum Twisting Microscope is described and the necessary

steps/procedures to set one up in a lab are detailed and motivated. While this work

presents a replication of that found in the original paper [7], the aim is that with all

the required hardware, one could read this thesis as a very comprehensive guide that

enables others to build and operate a QTM with minimal additional development.

Preliminary proof of concept measurements demonstrate that the system described in

this thesis could be used to implement a fully functional QTM. To move toward a full

implementation, some improvements are required. The next steps involve acquiring

additional custom tips and preparing more samples to fully validate the functional-

ity of the system. As our measurements indicate that the feedback coefficients and

setpoint were suboptimal resulting in instability in the interface contact, this would

require investigation. The use of shielded wires, less precarious connections with a

PCB, and the use of the lock-in amplifier could be done fairly easily. Furthermore,

xy positioners would need to be obtained to enable controlled rotation of the bottom
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flake.

One of the limiting factors preventing additional measurements was the cost and

time associated with fabricating the custom AFM tips with FIB deposition. During

protocol development for transferring vdW materials onto the AFM cantilevers, three

of four were broken. Although improvements to the protocol reduced the risk of

damaging the cantilevers and allowed the final AFM tip to not be broken, there is

still some inherent risk of breakage when handling them. Given the time and financial

cost of the FIB deposition process, developing a more scalable method for custom tip

production would be worthwhile.

Once the system is fully functional, benchmarking experiments to replicate results

would be the next step. Generalizing the system to cryogenic temperatures, as has

been done by the original authors, would then be a desirable improvement. However,

in terms of novel ideas, I believe it would be fruitful to look at optically pumped

QTM systems. Conceivably, one could find a way to measure Floquet states under

optical excitation. In addition, while this thesis motivates measurements near the K

points of graphene based samples given the excitement of flatbands, many other vdW

materials could be looked at. Furthermore, there are proposals to look at flat bands

near the M or Γ points of other twisted materials [108,109]. While this system could

be used to probe the Γ point, it should be able to take measurements near the M

point of desirable materials with suitable selection of a probe material.

Altogether, I hope this work may be of some use to those aiming to implement a

Quantum Twisting Microscope.
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[68] S. Mitra, Jiménez-Galán, M. Aulich, M. Neuhaus, R. E. F. Silva, V. Pervak,

M. F. Kling, and S. Biswas, “Light-wave-controlled Haldane model in monolayer

hexagonal boron nitride,” Nature, vol. 628, pp. 752–757, Apr. 2024. Publisher:

Nature Publishing Group.

[69] N. W. Ashcroft and N. D. Mermin, Solid State Physics. Fort Worth: Saunders

College Publishing, 1976.



BIBLIOGRAPHY 113

[70] S. Carr, S. Fang, and E. Kaxiras, “Electronic-structure methods for twisted
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A Methods

Here, I discuss standard 2D material device fabrication techniques commonly used in

our lab.

A.1 Mechanical Exfoliation

As mentioned in the main body, 2D materials in their bulk are stacks of individual

layers only loosely bound to each other by vdW forces. Monolayers or few layers

of material can be isolated by overcoming the vdW forces to adjacent layers, often

done with mechanical exfoliation [20, 21]. The process involves the preparation of

a Si substrate with 285nm SiO2, required to achieve optimal optical contrast of the

exfoliated flakes [106]. Next, a bulk crystal is thinned out on a piece of tape and the

prepared substrate is pressed onto the tape. In detail:

• Use a diamond scribe to cleave a Si wafer with 285nm of oxide into smaller

substrates.

• Clean the substrates by sequentially placing them for approximately 5 min-

utes each in an acetone bath, followed by an isopropyl alcohol (IPA) bath, and

finally in a distilled water (DI). After rinsing, blow off excess water using nitro-

gen. Then place the substrate on a hotplate at a temperature above 100◦C to

evaporate any remaining moisture. The DI bath followed by the hotplate are

optional.

• Place a small piece of your layered material onto a piece of adhesive tape.
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• Thin the crystal by repeatedly folding clean sections of tape onto the flake until

a large area of the tape is covered with thin flakes.

• It is simplest to now press the cleaned substrate onto the thinned out flakes on

the tape.

For hBN and TMDs, prior to placing the substrate onto the flakes an intermediate

step is used to improve the yield.

• Cut a square of polydimethylsiloxane (PDMS) roughly into the shape and size

of the substrate.

• Press the PDMS onto the thinned out flakes on the tape

• Remove the PDMS from the tape and place it flake side down onto the cleaned

substrate.

• Place the substrate and PDMS onto a hotplate between 80-100◦C for 5 minutes

then peel the PDMS from the substrate.

Once the flakes have been placed on a prepared substrate, their thicknesses can be

identified under an optical microscope by their contrast. For more confirmation of

the layer count, AFM or Raman spectroscopy can be used.

A.2 Polymer Stamp Preparation

Once crystals have been exfoliated onto substrates and desirable flakes have been

identified, the dry transfer technique can be used to fabricate heterostructures [110].
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(a) (b)

(c) (d)

Figure A.1: Mechanical exfoliation process. a) Small flake of graphite placed on tape.
b) After the small flake was folded once showing a mirrored copy. c) After the tape
has been folded on itself many times. d)A 285nm SiO2/Si wafer placed on the thinned
crystal.

This technique uses the temperature dependent adhesion of a polymer stamp to over-

come the vdW forces between a flakes and substrate. A variety of polymers are used

by different labs, but we use a thin polypropylene carbonate (PPC) film supported

by a protruding soft polydimethylsiloxane (PDMS) stamp on a glass slide, shown in

Figure A.2, to make contact with the flake.
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(a) (b)

Figure A.2: PDMS on glass slides. a) Square of precured Gel Pak PDMS placed on
a glass slide. b) Hemisphere of PDMS cured in lab placed on a glass slide.

PPC has a glass transition temperature (Tg) near 40◦C at which it its adhesion to

2D materials becomes higher than that of the substrate. PPC is soluble in acetone

and requires a relatively low operating temperature range. The PDMS is relatively

soft and does not come in contact with the flakes, but allows for controlled contact

between the PPC film and the substrate/flake. The adhesion of PDMS can be used

and has recently been demonstrated [111]; however its Tg requires a liquid nitrogen

setup to reach. The polymer stamps are made in the following way:

• PPC in solid form is mixed with anisole in a 17:3 ratio by mass

• PPC solution is spun on a clean Si substrate at 1500 RPM and placed on a

75◦C hotplate for 5 minutes

• The PPC films are carefully removed from the substrates with a tape window.
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• PDMS is placed on a glass slide

• Optionally, the PDMS can undergo an oxygen plasma etching cycle at 50W for

2 minutes to promote adhesion between the PPC and PDMS

– Planar PDMS squares can be cut from purchased precured PDMS sheets

– Hemispherical PDMS squares can be made from uncured PDMS kits.

Briefly, the kits come with the correct ratio of polymer to curing agent

and are mixed together. A small drop is dispensed on a glass slide and is

cured on a hotplate at 100◦C for 10-15 minutes [111].

• The PPC supported by the tape window is placed overtop of the PDMS pro-

trusion.
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(a) (b)

(c) (d)

Figure A.3: Polymer stamp making process. a) PPC film on SiO2/Si substrate. b)
Tape frame placed on PPC film. c) Removal of the PPC film with the tape frame.
d) PPC film placed on PDMS square on a glass slide.

Planar pre-cured PDMS squares are generally sufficient, however I have personally

found hemispherical PDMS transfers to be more controlled and can minimize the

contact area that the film makes with the substrate. The ability to control the size
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of the contact area can play an important role in certain scenarios (Appendix B).

A.3 Heterostructure Preparation

Once flakes have been identified and PPC/PDMS stamps have been prepared, flakes

can be picked up and stacked to create vdW heterostructures. A substrate with an

identified vdW flake is placed on a set of stepper motors with x,y,z and rotation

degrees of freedom underneath an optical microscope. The polymer stamp glass slide

is held overtop the substrate with a set of piezoelectric motors with x,y and z degrees

of freedom. Briefly, the flake of interest is raised to the focal plane and is centred to

the field of view of the optical microscope. The PDMS/PPC film is slowly brought

into contact with the substrate between 40-45◦C, ideally not initially directly on the

flake of interest. The point of contact between the film and the substrate is easily

identified by the characteristic Newton’s rings. The point of contact is slowly brought

across the flake by continuously lowering the glass slide. After the flake is completely

covered, it should adhere more strongly to the PPC than to the substrate. The

substrate stage is then lowered, allowing the flake to transfer onto the stamp. To pick

up subsequent layers, the same procedure is followed except already picked up flakes

must be aligned laterally with the flakes to be picked up. To introduce twist between

layers, the same flake is only partially picked up then rotated before the rest is picked

up.
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(a) (b)

(c) (d)

Figure A.4: Dry transfer technique used to pickup an hBN flake. a) hBN flake
exfoliated onto Si/SiO2 substrate b) PPC/PDMS stamp making contact with the
substrate with contact area visible from interference fringes. c)d) hBN stuck to PPC
and removed from substrate

A.4 Specific Stamp Preparation for Graphite

Anecdotally, picking up graphite as the first material in a heterostructure can be quite

an arduous task with PPC but once the graphite is on the PPC, subsequent flakes are

relatively easy to pickup. Some labs use polycarbonate (PC), which is more effective
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at picking up graphite, but it is not soluble in acetone and its Tg is too high for our

setup (180◦C). One solution is to exfoliate graphite directly on PPC which has high

yield. In this method, a graphite flake is thinned on tape normally and pressed onto

a PDMS square before pressing the PDMS onto a PPC covered substrate. Flakes

can then be identified on the PPC coated substrate with greatly reduced contrast.

Identifying very thin flakes may be challenging, but thicker flakes do not pose an

issue. Once a desirable flake is identified, a standard tape window can be used to

lift the PPC off the substrate and onto a PDMS square or hemisphere on a glass

slide. By hand it may be difficult to place the PPC film on the PDMS such that

the identified flake lies above the PDMS. Instead, the film can be placed onto a glass

slide with a hole drilled in it. The flake can then be lined up to the PDMS under the

microscope with the previously described transfer stage. Once aligned, the PPC film

can be lowered to the PDMS and the tape frame will release itself from the holed slide

with a bit of heating. This graphite flake can then be dropped off onto a substrate

or can be used to pick up other materials.



A. METHODS 131

(a) (b)

(c) (d)

Figure A.5: Graphite stamp preparation. a) PPC film covered 285nm SiO2/Si wafer
with tape frame. b) After placing flakes onto the PPC film, the tape frame and PPC
are removed from the substrate and placed onto a glass slide with a hole. Graphite
side into the hole. c) The suspended PPC film on the holed glass slide is heated on
a hotplate to remove ripples. d) Once a flake is identified it is aligned to a standard
PDMS glass slide and the film is transferred.
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A.5 Flake Preparation on Substrate

Often, desirable flakes are surrounded by large flakes that might interfere with a

transfer. In addition, the standard twisted sample fabrication method requires tear-

ing a flake which can also introduce strain and angle inhomogeneity. It is possible

to carefully remove adjacent flakes with a set tweezers by hand, but this is not a

controlled method and has a high chance of damaging the flake of interest. Instead,

one can use their transfer stages to carefully bring an AFM tip down to the surface

of their substrate. Carefully dragging the tip across an area can remove debris and

or make cuts in flakes [112].

(a) (b)

Figure A.6: Optical images of AFM tip used to cut flake on substrate a) x5 magni-
fication image of AFM tip in contact with substrate. b) x50 magnification image of
AFM tip in contact with substrate after cutting through flake.
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A.6 Inverted Transfer

Once a stack of vdW materials has been constructed on a PPC stamp, the sample is

transferred to a prepared substrate for further analysis. The inverted transfer method

is commonly used because it ensures the top surface maintains limited contact with

polymer contaminants, critical for STM samples. During this technique, the PPC

tape window is removed from the glass slide and is placed on the substrate flake side

up. The PPC film is then removed through tube and vacuum furnace annealing. As

the PPC evaporates from underneath the flakes, the flakes have a tendency to drift

away from their original location (Figure A.8). When the heterostructure needs to be

placed near certain features, this technique can not be used reliably. An intermediate

polymer can be used to remedy this problem and is described in Section 3.6.1.
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Figure A.7: Inverted transfer steps a) vdW stack on PPC film. b) PPC film removed
and flipped flake side up. c) PPC placed on substrate. d) Substrate undergoes
annealing to remove PPC. While the PPC is removed, the vdW stack has the potential
to drift from its original location as is shown with the transparent copy to its left.
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(a) (b)

(c) (d)

Figure A.8: Inverted transfer before and after PPC removal. a),b) vdW stack placed
on substrate by inverted transfer viewed at x5 and x50 magnification respectively. c),
d) vdW stack after tube furnace and vacuum annealing to remove PPC underneath
viewed at x5 and x50 magnetification respectively. Comparing their location relative
to the reference scratch it is clear they have drifted hundreds of microns.

B Polymer Stamp PDMS Shape Motivation

When the contact area made between a PPC/PDMS stamp and a substrate is too

large, the PPC can sometimes stick to the substrate making the transfer significantly

more difficult.The hemispherical PDMS makes it easier to minimize the contact area.
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Figure A.9: Transferring a vdW structure from a PPC/PDMS stamp when the con-
tact area is too large resulting in the PPC film being stretched and not detaching.

C Graphene Band Structure

The following derivation is reproduced from my homework submission for PHY5110,

Winter 2024. To calculate the electronic structure of graphene, I use a common

approach of a nearest neighbour (NN) tight binding model. Graphene sublattices are

identical and as such the onsite energy of each is identical. I am therefore free to set

the energy of occupying a carbon atom to 0. The Hamiltonian is then only the kinetic

energy from hopping between nearest neighbours which are on different sublattices.

Hopping is captured through the creation of an electron on sublattice A (B) at site RA

(RB) and the annihilation of an electron on sublattice B (A) at site RB + δ (RA + δ).

The annihilation/creation operators are distinct between sublattices, a†/a and b†/b.

NN atoms are always on the other sublattice such that we can write the Hamiltonian
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as,

H = −tNN

∑
RB ,δ

b†RB
aRB+δ + c.c. (1)

where there are three δ connecting NN from the other sublattice. I now rewrite the

creation/annihilation operators in momentum space.

H = −tNN

N

∑
RB ,δ

∑
k,k′

b†kak′e
−ikRBeik

′(RB+δ) + c.c. (2)

H = −tNN

N

∑
RB ,δ

∑
k,k′

b†kak′e
iRB(k′−k)eik

′δ + c.c. (3)

We use the definition of the Kronecker delta in terms of Fourier components,

H = −tNN

∑
δ

∑
k,k′

b†kak′e
ik′δ 1

N

∑
RB

eiRA(k′−k) + c.c. (4)

H = −tNN

∑
δ

∑
k,k′

b†kak′e
ik′δδk,k′ + c.c. (5)

H = −tNN

∑
k,δ

b†kak′e
ik′δ + c.c. (6)

The three NN vectors are: δ1 = a(0, 1), δ2 = a(−
√
3
2
,−1

2
), δ2 = a(

√
3
2
,−1

2
) where a is
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the carbon carbon separation length.

H = −tNN

∑
k

b†kak(e
−ikya + eikxa

√
3

2
+ikya

1
2 + e−ikxa

√
3

2
+ikya

1
2 ) + c.c. (7)

H =
∑
k

b†kakf(k) + c.c. (8)

H =
∑
k

b†kakf(k) +
∑
k

bka
†
kf

∗(k) (9)

H =
∑
k

b†kakf(k) + bka
†
kf

∗(k) (10)

H =
∑
k

ψ†(k)h(k)ψ(k) (11)

where ψ(k) = (bk, ak)
T is a field operator for momenta k on both sublattices and

h(k) =

 0 f(k)

f ∗(k) 0

 . (12)

This is a good form and all we need to do is solve for the eigenvalues of h(k).The

eigenvalues are ±|f(k)|, where f(k) can be simplified to

f(k) = −t(e−ikya + eikxa
√
3

2
+ikya

1
2 + e−ikxa

√
3
2
+ikya

1
2 ) (13)

f(k) = −t(e−ikya + eikya
1
2 (eikxa

√
3

2 + e−ikxa
√

3
2 )) (14)

f(k) = −t(e−ikya + 2eikya
1
2 cos (

√
3a

2
kx)) (15)
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therefore

|f(k)|2 = (−t(e−ikya + 2eikya
1
2 cos (

√
3a

2
kx)))(−t(eikya + 2e−ikya

1
2 cos (

√
3a

2
kx)))

(16)

|f(k)|2 = t2(1 + 2 cos(

√
3a

2
kx)(e

i 3a
2
ky + e−i 3a

2
ky) + 4 cos2 (

√
3a

2
kx)) (17)

|f(k)|2 = t2(1 + 4 cos(

√
3a

2
kx) cos(

3a

2
ky) + 4 cos2 (

√
3a

2
kx)) (18)

E(k) = ±|t|

√
1 + 4 cos(

√
3a

2
kx) cos(

3a

2
ky) + 4 cos2 (

√
3a

2
kx) (19)

There are six points in the first BZ in which the energy goes to zero ,however only

two of them are unique as the others are connected by reciprocal lattice vectors. The

points are known as theK andK ′ points and areK = 2π
3a
( 2√

3
, 0) andK ′ = 2π

3a
(− 2√

3
, 0).

Now, let’s expand f(k) around our K points and plug into our diagonalized Hamilto-

nian again!

f(K + δk) ≈ f(K) +∇f(K) · (K + δk) (20)

∂kyf = −t(−iae−ikya + iaei
a
2
kycos(

√
3a

2
kx) (21)

∂kyf(K) = −t(−ia+ ia cos (

√
3a

2

4π

3a
√
3
)) = it

3a

2
(22)

∂kxf = t
√
3aei

1
2
kya sin (

√
3a

2
kx) (23)

∂kxf(K) = t
√
3a sin (

√
3a

2

4π

3a
√
3
) = t

3a

2
(24)
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f(K + δk) ≈ t
3a

2
(δkx + iδky) (25)

f ∗(K + δk) ≈ t
3a

2
(δkx − iδky) (26)

|f(K + δk)|2 = f(K + δk)f ∗(K + δk) (27)

E(K + δk) = ±t3a
2
|δk| (28)

E(K + δk) = ±vf |δk| (29)

We see that the dispersion relation of graphene near its K points is analogous to light

where it is only linearly dependent on momenta.

Now, we want to calculate the density of states for graphene. I follow the standard

counting procedure, where the total number of states with momenta equal to or less

than k are the volume in k-space over the spacing between states.

ns =
Vk
∆k

=
2πk2

(2π/L)2
=
k2L2

2π
(30)

ns/A =
k2

2π
(31)

The number of states between k and k + δk is

dns =
dns

dk
dk (32)

g(E)dE =
dns

dk
dk (33)

g(E) =
k

π
(
dE

dk
)−1. (34)
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We now how the density of states in number of states per unit energy per unit area.

For most systems there is a spin degeneracy between energies, so a factor of 2 is

added, but here we also have a K valley degeneracy.

g(E) = 2(2)
k

π
(
dE

dk
)−1 (35)

g(E) = 2(2)
k

π
(vf )

−1 (36)

g(E) = 2
E

πv2f
, (37)

The DOS of a material can only be positive,

g(E) = 2
|E|
πv2f

. (38)

D Scanning Tunneling Microscope

The scanning tunneling microscope (STM) is an SPM technique which relies on a

tunneling current between an atomically sharp tip, ideally one atom, and metallic

sample which goes as IT ∝ e−κd. In constant current mode (i.e. constant interaction),

xy piezoelectric actuators scan the tip across the surface while the PID controls a z

piezoelectric actuator in the tip to change the height to maintain the current at some

setpoint. This gives the user a topographic map of the surface of the material under

investigation. The tunneling current is also dependent on the local density of states

(LDOS, DOS) of the sample. If there are no available states at the correct energy to

tunnel into, then no tunneling current will be recorded. By measuring the dI/dV one

can measure the DOS as a function of energy where the DC voltage corresponds to
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the energy of the electrons. This is fantastic as it begins to highlight the electronic

bands of a material.

E QTM: Momentum Resolved Twisted Bilayer Graphene Examples

I use the model described in Chapter 2 to simulate the tunneling current between

graphene probe through a WSe2 tunnel barrier into two different samples with band

structures that approximate twisted bilayer graphene (TBLG). The TBLG band

structures are modeled as two Dirac cones separated in k-space by the rotation of

the sample with some coupling between them, as is done in [7]. I change the flatness

of the bands to demonstrate that the resulting current plots are representative of the

sample’s bands. The input TBLG bands are shown in Figure A.10 and the calculated

tunneling currents are shown in Figure A.11.
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(a)

(b)

Figure A.10: Graphene probe and TBLG sample bands used in the calculation of
tunneling current, shown in Figure A.11. The monolayer graphene band is shown in
blue, and the TBLG bands are shown in red. The TBLG is approximated by two
parabolic or quartic bands. The intersections of these bands near±0.5 nm−1 represent
the two Dirac cones, separated by the twist angle between the individual graphene
layers that make up the TBLG sample. The region in between approximates the
hybridization of the bands. a) Parabolic approximation b) Quartic approximation
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(a) a)

(b) b)

Figure A.11: Calculated tunneling current between graphene probe and TBLG sam-
ples with bands shown in Figure A.10. a) Parabolic approximation for TBLG bands
b) Quartic approximation for TBLG bands
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F Photolithography Mask Design

Two photolithography masks were required for the pillar fabrication process. Both

masks are made of sodalime glass and have patterned Cr to dictate which areas of

resist get exposed. The first mask was designed to define the large pillar shapes in

the photoresist. The Cr pattern on this mask is such that light exposes everywhere

but the pillar shapes. The second mask is required to pattern electrical contacts on

the pillars once they have been etched. The Cr pattern on this mask allows for light

to only expose the contact patterns.

(a) (b)

Figure A.12: Photolithography masks a) First mask with Cr covering pillar shapes
b) Second mask with Cr covering everywhere except for contact shapes

The masks were designed and ordered prior to the initial characterization of the

required etching steps. They were designed in Python to automate the creation of

features with varying shapes and sizes to accommodate a range of different process

results. Primarily, 16 different pillar dimensions were included to allow for variations
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in sidewall etching produced during the KOH etch. The variations were created by

adding padding ranging from 200-450um to an unpadded ”master” feature as shown

in Figure A.13. The set of 16 is repeated four times on the mask as shown in Figure

A.14.

Figure A.13: Padding was added to pillar shapes. On the mask, only the padded
features are found with padding ranging from 200 to 450 um.
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Figure A.14: Pillar shapes on the first photomask. Left: Smallest pillar feature with
200um of padding added to unpadded ”master”. Middle: 16 pillar features with
padding ranging from 200-450um of padding. Right: All of the pillar features found
in the first mask. 2x2 grid of the 16 pillar features shown in the Middle figure.

The second photolithography mask was then designed for the electrical contacts. The

contacts are required to terminate near the edge of the pillar and must have large pads

at the other end to wire bond to. Two different contact terminations were designed

to allow for sample versatility as shown in the original paper and in Figure A.15. One

termination is repeated in the top left and bottom right quadrants, and the other is

repeated in the top right and bottom left quadrants.
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Figure A.15: Contact shapes overlaid onto a pillar shape. Left: Pillar shape shown
in red. Contact pattern shown in blue. Top Right: Contact termination pattern
variation. Bottom Right: Contact termination pattern variation.

While the first photolithography step does not require any alignment, the contacts

need to be aligned to the pillars. Since the contacts are small, and only the contacts

are exposed, there is limited visibility of the sample during alignment. Viewing

windows and alignment marks are added to make aligning of the contacts to the pillars

easier. The alignment marks are shown in Figure A.16 with their use demonstrated in

Figure A.17. The viewing window added to the second mask that allows for alignment

to the edge of the pillar features is shown in Figure A.18 with their use demonstrated

in Figure A.19. A view of the two masks overlaid on each other, with all features, is

shown in Figure A.20.
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Figure A.16: Alignment marks in the first and second mask.

Figure A.17: Use of alignment marks when aligning second mask to etched pillar
substrate.
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Figure A.18: Window in the second mask around the pillars to enable easy viewing.

Figure A.19: Use of window demonstrated when aligning second mask to etched pillar
substrate.
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Figure A.20: First and second masks aligned.

G Lockin Amplifier

G.1 Filtering

Our device under test (DUT), the interface resistance, is linear, so we can treat each

frequency component of the collected signal separately. To illustrate the filtering, we

look at a signal at an arbitrary frequency, ω

V = A cos(ωt+ ϑ) (39)
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If we mix it with two 90◦ out of phase signals at the reference frequency

A cos(ωt+ ϑ) cos(ωrt) =
A

2
{cos((ω + ωr)t+ ϑ) + cos((ω − ωr)t+ ϑ)} (40)

A cos(ωt+ ϑ) sin(ωrt) =
A

2
{sin((ω + ωr)t+ ϑ) + sin((ω − ωr)t+ ϑ)} (41)

it becomes clear that the average/DC value of either of these mixed signals is 0 unless

ω = ωr.

A cos(ωrt+ ϑ) cos(ωrt) =
A

2
{cos((2ωr)t+ ϑ) + cos(ϑ)} (42)

A cos(ωrt+ ϑ) sin(ωrt) =
A

2
{sin((2ωr)t+ ϑ) + sin(ϑ)} (43)

We can filter out the second harmonic by lowpass filtering the mixed signals such

that only the reference frequency remains

A cos(ωrt+ ϑ) cos(ωrt) =
A

2
cos(ϑ) (44)

A cos(ωrt+ ϑ) sin(ωrt) =
A

2
sin(ϑ) (45)

G.2 Testing

To test my lock-in amplifier before having a QTM to test on, I had to come up with a

way to generate a signal with lots of noise. A simple and obvious way to do that is to

take the voltage across a very small resistor in series with a large resistor forming a

resistor divider, depicted in Figure A.21. The source amplitude was swept from 0.02
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to 0.2Vpk−pk at 10kHz With Rsignal = 100Ω and Rseries = 1MΩ,

Vsignal = Vreference
100

100 + 106
(46)

Vsignal ≈ Vreference10
−4 (47)

The recorded IV curve and signal to source voltage ratio shown in Figure A.22 mostly

match what was expected for source voltages when above 50mV. While not exact, the

small signal amplitude certainly affects the ability of the lockin, but during proper

measurements a transimpedence amplifier would amplify the signal into a higher

voltage range. The collected signal shown in the bottom row of Figure A.23 clearly

has noise present which has been successfully filtered out.

Figure A.21: Circuit used to test homemade lock-in amplifier
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Figure A.22: Demonstration of lockin amplifier used on test circuit achieving desired
ratio set by the resistor divider.
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Figure A.23: Source and measured signal during lockin amplification test. Left: In
time, Right: In frequency. Top: Source signal, Bottom: Measured signal.
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Figure A.24: Processing performed on measured signal during lockin amplification.
Left: In time, Right: In frequency. Top: Modulated signal achieved by mixing the
measured signal from Figure A.23 with the reference signal, Bottom: Low pass filter
of the mixed signal extracting only the DC value when averaged, corresponding to
the signal amplitude at the reference frequency. Step response of the used lowpass
filter shown in red.

H AFM Tip Solvent Bath

Once a flake or vdW heterostructure with its carrying polymer has been aligned and

melted onto the cantilever the polymer must be washed away. Ideally, the tip would

be loaded into the probe holders and placed into an acetone bath. In our case, all

the AFM tools are from a shared facility and this was not possible. Instead, I opted

to manually hold the cantilever body with tweezers during the acetone bath. This

approach, while functional, was impractical for extended durations and resulted in

accidental cantilever breakage. If these problems are relevant, I would recommend
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this as a potential solution, albeit not very sophisticated.

The solution I opted for was to load the AFM cantilever into a set of reverse action

tweezers. With a 3D printed collar, sized to fit around a standard beaker, and an

angled slot for the tweezers the AFM tip can comfortably sit in an acetone bath. The

tweezers are easily loaded and removed dramatically reducing the chance of knocking

the tip into the sides of the beaker.

Figure A.25: Tweezer holder to facilitate AFM tip solvent baths. Left: Schematic of
design to holder tweezers. Right: 3D printed tweezer holder.
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I Ellispometry

Ellipsometry was used to monitor thin film thicknesses where step edges were not

available. The method relies on the difference in Fresnel reflectance coefficients be-

tween s (⊥ to the plane of incidence) and p (∥ to the plane of incidence) polarizations,

Rs = |n1 cos θi − n2 cos θt
n1 cos θi + n2 cos θt

|2 (48)

Rp = |n1 cos θt − n2 cos θi
n1 cos θt + n2 cos θi

|2 (49)

where ni are the indices of refraction and θi,t are the incident and transmitted angles

which can be related by Snell’s law. Ellipsometry measures the change in the polar-

ization state of light reflected from a a thin film sample. Incident light, often linearly

polarized, with a known polarization undergoes a phase shift and change in amplitude

upon reflection, depending on the index and thickness of the film. The reflected light

is generally elliptically polarized and this is recorded by the ellipsometer. If the thick-

ness of the film is known, the index can be extracted, or as was done here, the index

can be input and the thickness can be measured. The ellipsometer I used has Xe lamp

with a motorized monochrometer to sweep the input wavelength. My recipe swept

from 400-700nm in increments of 10nm with 100ms integration times. The index of

SiO2 is readily found online and the indices for photoresists are usually provided in

their datasheets. Although some ellipsometers have built in spatial resolution, ours

does not which motivates the use of witness samples with no patterning.
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J PMMA Transfer Examples

Here, I present examples of transferring a flipped vdW stack from a PMMA film,

as described in Section 3.6.2, to a raised sample pillar, in Figure A.26, and tipless

cantilever, in Figure A.27. Given the limited number of custom AFM tips available,

a test was performed only on a tipless cantilever.
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Figure A.26: Flipped vdW heterostructure transfer from PMMA film. a) Starting
with a flipped vdW heterostructure on a PMMA/PVA film. The PMMA film is
prepared using the technique described in Section 3.6.1. b) The PMMA film is lifted
off the substrate and placed onto a holed glass slide. c) The flake is aligned to the
pillar substrate. d) The PMMA film is melted onto the pillar. e) Zoomed in image of
the vdW heterostructure on the pillar with the PMMA film overtop. f) The PMMA
is removed with acetone such that ultimately the heterostructure is transferred right
side up without drifting, as described in Section 3.6.2.
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Figure A.27: Flipped vdW heterostructure transfer from PMMA film. a) Starting
with a flipped vdW heterostructure on a PMMA film as prepared in Figure 3.32. b)
PMMA film flipped rightside up as it will be placed onto the cantilever. Note the
graphite is no longer visible. c) The vdW heterostructure film is then loaded onto
a holed glass slide and aligned to the cantilever. d) The flake makes contact to the
cantilever and the PMMA is melted off of the glass sldie. e) The PMMA is removed
with acetone such that ultimately the heterostructure is transferred right side up
without drifting, as described in Section 3.6.2.
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