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With the advent of two-dimensional (2D) materials came a library of new systems that not 

only individually host novel states of matter but are naturally suited to being stacked into 

heterostructures – a virtually limitless space of possible geometries for study. The incorporation 

of electrical contacts transforms these heterostructures into 2D electrical devices wherein 

electronic behavior can be simultaneously probed and tuned by locally applied electric fields. This 

thesis presents pioneering studies of the electronic band structure in such devices in-operando 

using sub-micrometer angle-resolved photoemission spectroscopy (µ-ARPES), a surface-sensitive 

technique already perfectly suited to probe the electronic states in these 2D systems made more 

powerful by the addition of in-situ control of carrier densities and local electric fields. 



 

Following a brief background review of 2D materials and ARPES, I will show how with 

careful sample design and preparation µ-ARPES was applied for the first time to artificially 

stacked structures of prototypical 2D materials, graphene and atomically thin semiconducting 

transition metal dichalcogenides (TMD). From there, I will demonstrate how in-situ control of an 

electrostatic back gate voltage alleviates a fundamental limitation of ARPES as a probe of only 

occupied states and study the electronic landscape in two-terminal TMD field-effect transistor 

devices as a function of applied electric field and doping. I will then take a detour to discuss the 

possible effects of relative crystallographic alignments in heterostructures on the µ-ARPES 

spectra, which ultimately stem from a combination of moiré effects and electron diffraction. I will 

then turn to gated devices with monolayer WTe2 and study the bands as a function of doping and 

temperature to shed light on the of its unusual insulating state below 100K which interplays with 

topologically insulating and superconducting behavior recently shown in transport measurement.  

Finally, I will conclude with a brief discussion of the outlook for µ-ARPES of 2D materials in 

devices under operation.
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Chapter 1. INTRODUCTION 

The reduced dimensionality of van der Waals materials exfoliated down to their two-

dimensional (2D) limit presents a deep well for novel physics and technological applications. 

Stacking these 2D crystals into van der Waals-bonded heterostructures multiplies the already wide 

(and ever-growing) variety of available individual material properties to generate a virtually 

limitless space of possible engineered electronic environments exhibiting emergent hybridized 

electronic behavior. Due to their 2D nature, atomically thin samples can be affected throughout by 

the application of local electric fields; this presents a powerful parameter for tuning the electronic 

properties of our 2D systems. The ability, then, to directly monitor the states of electrons in such 

structures, especially whilst e.g., applying a local electrostatic gate voltage, could transform the 

understanding of underlying physics and device function. This dissertation will show that such 

direct study of the electronic bands is possible using sub-micrometer angle-resolved photoemission 

spectroscopy via discussion of pioneering experiments performed at state-of-the-art synchrotron-

based beamlines. 

The rest of this chapter is an introduction to ARPES, reviewing some of its fundamental 

theory, applications, and the state of high-spatial resolution ARPES, as well as a primer on 2D 

materials and 2D fabrication. Along the way, we will review some experimental techniques that 

complement ARPES and are referenced later in this thesis, such as atomic force microscopy 

(AFM), photoluminescence spectroscopy (PL), and piezo-response microscopy. 

In the following chapter, we will show how with careful sample design and preparation, µ-

ARPES can produce high resolution spectra from artificially stacked heterostructures of graphene 

and TMDs. From these spectra we can extract key band parameters, determine the evolution of the 



 
 

 
 

2

valence bands with decreasing thickness down to a TMD monolayer (ML), and reveal 

unexpectedly strong band hybridization in crystalographically-aligned TMD heterobilayers, which 

we show is the result of commensuration. 

We then review the µ-ARPES of TMDs in operating two-terminal devices, wherein a 

longstanding limitation of ARPES (which probes only occupied states) is bypassed via the in-situ 

application of voltage to a graphitic back gate to controllably and reversibly populate conduction 

band states and thereby allow direct measurement of the band gaps of these semiconductors. 

Notably, this study demonstrated doping-dependent band gap renormalization in monolayer WSe2, 

indisputably confirms its direct-gap nature, and revealed field-dependent band alignment shifts at 

the contact region in these effectively field-effect transistors between the semiconducting TMDs 

and its overlapping graphene grounding electrode. 

Next, we will discuss ongoing µ-ARPES study of heterostructures where the 

crystallographic twist between certain proximal layers produces folded replica bands in the 

apparent spectra. In the case where the twist is between monolayer boron nitride and a TMD, we 

will argue that the band replication is the result of trivial electron diffraction. In contrast, we will 

argue that in the case of graphene on a TMD (or a TMD heterostructure), the observed folding is 

the result of moiré effects.  

In the final chapters, we will show µ-ARPES measurements of the bands in monolayer 

WTe2 as a function of both electrostatic doping and temperature to try to shed some light on the 

nature of its unusual insulating state below 100K which interplays with topologically insulating 

and superconducting behavior recently shown in transport measurements. We will conclude with 

a brief discussion of the outlook for µ-ARPES of 2D materials in devices under operation. 
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1.1 Angle Resolved Photoemission Spectroscopy 

Angle-resolved photoemission spectroscopy, or ARPES, has its roots in the photoelectric 

effect: the ejection of electrons from the surface of a material under illumination by light of 

sufficient frequency with the electron energies independent of the intensity of the light. It was for 

his theoretical explanation of this phenomenon – that light is quantized into photons each carrying 

a unit of energy that must exceed the minimum energy binding electrons to a given material to free 

an electron – that Einstein won his Nobel prize in 1921. Illumination by photons of energy greater 

than this minimum generates an excitation energy-dependent distribution of energies of the 

photoemitted electrons. Such photoemission spectroscopy (PES) can uniquely identify the material 

under study. This is of course a direct application of energy conservation and lies at the core of 

such techniques as X-ray photoelectron spectroscopy, two-photon photoelectron spectroscopy, and 

of course ARPES. As we shall see below, ARPES adds momentum conservation to the equation, 

allowing direct mapping of the band structure in a crystalline solid. 

1.1.1 Fundamentals 

The theory behind ARPES naturally starts at the basic principle from solid state physics 

that an electron subject to a periodic potential, say from a crystalline lattice, has Bloch states as 

eigensolutions to Schrodinger’s equation. These Bloch states are each the product of a plane wave, 

�� �∙	, with a function with the same period as the potential. The plane wave component introduces 

the wavevector � which is reciprocal to the real space position. Any value of � is allowed for these 

stationary states and so the space of eigenstates spans a continuum of allowed quantum numbers 

�. For a given � there will be a discrete, indexable spectrum of solutions and eigenenergies. To 

each index 
 is a corresponding continuum of energy eigenvalues ��,�; this forms a continuous 
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band of states in � − � space. Thus, the full space of solutions is the spectrum of these electronic 

bands: the band structure.  

Naïve insertion of the Bloch states into Schrodinger’s equation reveals that ℏ� acts as a 

momentum, and for this � can be referred to as crystal momentum. The real-space periodic lattice 

has an equivalent reciprocal lattice, and the Bragg law of diffraction for plane waves on a periodic 

lattice forces � to be only uniquely defined within a primitive cell of the reciprocal lattice, 

conventionally taken to be a Brillouin zone. The first Brillouin zone is the Voronoi cell about the 

origin of the reciprocal space. A value beyond this range is equivalent to one mapped back to the 

first Brillouin zone by a linear combination of the reciprocal lattice vectors. 

A way to think of how bands are formed is in terms of hybridization between the orbitals 

of the lattice’s constituent atoms. As similar orbitals overlap, they hybridize and split apart in 

energy to lift the degeneracy. In the continuum limit of an infinite crystal with infinitely many 

copies of a given orbital, this hybridization generates a continuum of hybridized states. Core 

electron states are tightly bound to the atoms, overlapping little and thus producing nearly 

nondispersive bands referred to as core levels.  

These core levels are, however, still sensitive to their chemical environments and, for 

example, can distinguish possible oxidation states1–3. The number of states in a band is equal to 

the number of orbitals hybridizing to produce it, i.e., twice (for spin-degeneracy) the number of 

primitive cells in the lattice. As fermions, the electrons in the crystal at � =  0 then fill these bands 

up starting from the lowest energy states (the core levels). The energy of the last filled state 

(relative to that of the first) is the Fermi energy ��*. 

                                                 
* While this nomenclature is strictly for zero temperature, it is often used interchangeably with the analogous energy 
at finite temperature, the energy of the Fermi level. This work will follow the latter convention. 
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The band structure is important as it determines fundamental properties of a material and 

the electrons in it. For example, in a metal the Fermi energy lies in the middle of a band; in an 

insulator or semiconductor it lies in between bands. Additionally, the curvature at each point along 

a band defines the effective mass of the electrons occupying those states, thus affecting the 

response of those electrons to say, an applied electric potential. In a semiconductor, the gap – the 

energy difference between the highest energy filled state (in the valence band) and the lowest 

energy empty state (in the conduction band) – determines its conductivity (if undoped), and the 

energy at which it can absorb or emit light in an LED/photovoltaic. The efficiency of such light 

absorption/emission is greatly enhanced if the gap is direct, i.e., the two states have the same �. 

The bands themselves may carry topologically nontrivial properties, with consequences we will 

briefly describe later in this thesis. This is a woefully incomplete list of the consequences of the 

band structure, and an understanding of it in a material under study is of manifest utility. In the 

following subsection we will review how ARPES provides a uniquely powerful tool for directly 

probing band structure.  

1.1.2 ARPES: kinematics, application, and interpretation 

Consider an electron of binding energy �� below the Fermi energy, which is itself some 

energy � below the energy of a free electron at rest (the work function). Absorption of a photon 

of frequency ν produces a photoelectron of kinetic energy ���� that satisfies energy conservation:  

 ���� =  ℎ� −  � −  ��.  (1.1) 

This is provided that the electron is not scattered before leaving the solid or afterwards by gas 

molecules. For this (and another) reason, high resolution (AR)PES must be done in ultra-high 

vacuum (UHV). 
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Of course, in-plane momentum must also be conserved. The photoemitted electron escapes 

the material at some polar and azimuthal angles, � and �, relative to the sample surface, thereby 

carrying away some finite in-plane momentum �||. The original electron state had some in-plane 

crystal momentum �|| which as previously discussed is equivalent to ordinary momentum save for 

only being uniquely defined within a Brillouin zone. Typical ARPES photon energies involved are 

< 200 eV; such photons have total momenta < 0.1 Å-1, which is negligible. Thus, our momentum 

conservation equation reads: 

 �|| = �
ℏ �|| ≅ �

ℏ !2#$���� %sin � cos � , sin � sin �+.  (1.2) 

Note that the out-of-plane component of momentum �, is not conserved as there is a nontrivial, 

abrupt potential change (partly �) at/away from the surface, though it is possible to approximate 

by estimating the so-called inner potential4. From this one can assess the 2D (surface-bound) nature 

of a band which should not disperse5,6. 

Thusly we have described the kinematics of ARPES and how the addition of angle-

resolution allows the inference of the original electron energy and momenta in a solid of interest, 

schematically shown in Figure 1.1. Energy resolution is most commonly achieved by using a 

hemispherical deflection analyzer (Figure 1.3A), a hemispherical capacitor which electrostatically 

Figure 1.1. Kinematics of photoemission.  
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deflects electrons entering through a narrow aperture according to their ����. Those electrons not 

deflected into either hemisphere (i.e., within a narrow range of energies centered on the pass 

energy, �-.//) reach the other side and can be counted by an electron detector, or 1D array of 

detectors.  

The addition of electron optics ahead of the aperture serves two primary roles: electrostatic 

retardation of the electrons entering the analyzer and focusing of the photoelectrons (Figure 1.3B). 

The latter is clearly to maximize angular resolution. The former allows tuning of the ���� that are 

detected for a fixed �-.//. Additionally, it can be shown7 that the energy resolution (read: 

uncertainty) of a hemispherical detector of average radius 01 is given by  

  Δ� = �-.//%3 01⁄ 5  67 4⁄ +, where 3: slit width, and 6: acceptance angle.   (1.3) 

In principle then, energy resolution improves as �-.// is decreased. As the ���� of the 

photoemitted electrons depends on the excitation energy (which should be tuned to maximize 

photoemission intensity and angular resolution, as will be discussed below), this can only directly 

set to equal �-.// by means of the electron optics. In practice, however, increasing either �-.// or 

Figure 1.2. Schematics of ARPES measurement. A, schematic of a typical ARPES 

measurement geometry. B, cross-section of A showing cloud of photoemission from the 

sample (yellow) being collected and focused by electrostatic lenses. The electrons entering 

the hemispherical analyzer are split up by their energies (color coded). Adapted from J. 

Mudd, thesis (2014), University of Warwick. 
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3 increases the number of electrons reaching the detector and thereby can improve the signal-to-

noise ratio. The latter does this by allowing more electrons to enter, the former by widening the 

energy window of electrons reaching the end of the analyzer, which scales as 

�-.// %���� − �-.//+⁄ . As the analyzer has finite spatial width, this maps a larger range of electron 

energies to each unit length of the detector(s). This has the added benefit of widening the range of 

energies over which a 1D array of detectors can simultaneously measure. 

The simplest approach to angle resolution involves rotation of an electron spectrometer 

with small acceptance angle about the sample to capture spectra at a collection of angles and so 

sample the band structure along an interesting line in momentum space8, or even over a large 

volume of � − � space by sampling over the entire hemisphere9. A more modern approach is made 

more time efficient by measuring a range of energies and angles simultaneously in a single 

positioning of the detector, so-called “multidimensional acquisition”. This is commonly achieved 

by replacing the originally narrow angular aperture on the analyzer with a well-defined entrance 

slit which we will take to be vertical for ease of discussion. Electrons of appropriate energies now 

reach the detector displaced along two different axes by their energies and entrant angles. A 2D 

electron detector (e.g. a microchannel plate detector on a phosphor screen and CCD) can then be 

used to record this 2D energy-angle snapshot.  

A combination of rotation of the sample under a fixed excitation/detector, and rotation of 

the detector itself then permits measurement over a volume of � − �. Sample rotation can be 

achieved by rotating the sample stage itself (typically on a goniometer), or by swapping between 

sample mounts machined with incrementally different surface normals. Rotating the detector is 

challenging as hemispherical analyzers are large by design to improve the energy resolution (see 

Eq. 1.3). A recently developed method to sidestep this problem is to augment the electron lens 
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system with additional electrostatic deflectors10,11 which allow sweeping of the azimuthal angle of 

electrons incident on the analyzer entrance slit by ~±15°. However, as we shall see in the next 

subsection, the ability to move the detector is critical for efficiently studying 2D heterostructures.  

Having established the experimental background of ARPES, we must address the 

interpretation of the ARPES spectra, specifically that of the photoemission process producing it 

beyond the simplified kinematic picture. A rigorous description of the photoemission process is 

given by the one-step model12–14, which considers the quantum mechanical optical transition 

directly from the original Bloch state to the final excited state (a damped plane wave propagating 

out from inside the solid leaving behind a hole). Critically, this model must simultaneously capture 

within the Hamiltonian appropriate boundary conditions and internal scattering by other states to 

connect the nontrivial final state and the unknown initial state.  

This is challenging in practice, and so a standard alternative is to break up the 

photoemission process into three parts – the three-step model15. These steps are:  

1. Absorption of a photon by an electron, 

2. its propagation to the sample surface, 

3. and escape through the surface potential into the vacuum. 

Figure 1.3. Universal 

curve of photoemission. 

Reproduced from Sean, 

M, et al., Surf. Interface 

Anal. 1 2-11 (1979). 
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The third step kinematically constrains the photoelectron final state momentum. In the second 

step, the photoelectron travels some effective mean free path and either makes it to the surface or 

undergoes some inelastic scattering. Such scattering events produce a continuous background. This 

sets the effective penetration depth of ARPES which famously follows the so-called universal 

curve16 (Figure 1.3). This curve shows that only electrons within a few atomic layers of the surface 

can be effectively probed; therefore, the resolution achievable in ARPES is severely limited by the 

surface cleanliness. This is optimized with bulk crystals by cleaving them in-situ immediately 

before measurement. UHV is required to minimize gas adsorption, with pressures below 10-9 Torr 

necessary for maintaining an already clean surface17. Interestingly, a uniform adsorption of a 

dipolar gas can cause adsorption geometry dependent band shifts in 2D materials18.  

  The first step encodes the probability of an optical transition from the original state of N-

electrons. Two approximations can be made here: the sudden approximation, and the dipole 

approximation. To apply the sudden approximation, one assumes that the electron is 

instantaneously photoemitted (which does not hold for low energy photoelectrons) and so 

relaxation processes can be neglected. That is, the final state is the antisymmetric product of the 

photoemitted electron wavefunction �= and the excited state of N-1 electrons, Φ=?@�, given by the 

Slater determinant of the N-1 wavefunctions. The initial state is simply the antisymmetric product 

of the states of a single particle �� and the remaining N-1 electrons, Φ�?@�. The photoemission 

probability 3=� follows from Fermi’s Golden rule: 

 3=� = 7A
ℏ  B < ��Φ�D@�BE��F|�=Φ=D@� > |7H%%�=?@� 5 ����+ − %��?@� 5 I�+ − ℎ�+    (1.4) 

Thus the photoemission intensity distribution J%�, ����+ = K%�, �+ ∑ 3=�=�  is  

 J%�, ����+ = K%�, �+ ∑ B< �M |E��F|�� >B7|N=�|7H O� 5 P − �
ℏQ H%�= − �� − ℎ�+=� ,   (1.5) 
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where K%�, �+ is the Fermi-Dirac distribution, |N=�|7  = B< Φ=?@�|Φ�?@� >B7
is the one-particle 

spectral function, which captures the self-energy Σ%�, �+ of the excited N-1 state originating from 

correlations, and the interaction Hamiltonian is E��F = S
TU V ∙ � via the dipole approximation. This 

applies for excitation wavelengths larger than the atomic spacing, i.e. ℎ� < 3000 �X.  

The B< �M |E��F|�� >B7
 term is often referred to as the matrix element term. It encodes 

such effects as the excitation energy-dependent absorption cross section, dependence on the 

excitation polarization, and possible interference effects. The first effect makes tunable excitation 

energy a particularly powerful capability. The last produces such interesting effects as the dark 

corridor in graphene, where the photoemission channels from the two equivalent sublattice sites 

interfere destructively along a particular final state momentum direction at each Dirac point19.  

The one-particle spectral function can be taken as the following Lorentzian1, 

 |N=�|7 = @YZ%�,[\]^+
A%_[\]^@`]@Ya%�,[\]^+bcd%Yaa%�,[\]^+c+ , with Σ%�, �+ = ΣZ%�, �+ 5 eΣ′′%�, �+.     (1.6) 

In a system without correlations, the self-energy |Σ%�, �+| = 1 and Eq. 1.6 reduces to a delta 

function in energy. This follows from having the initial unexcited N-1 state matching exactly one 

of the possible final excited states. The presence of correlations renormalizes the quasiparticle 

energy, and the photoemission spectrum is broadened in energy. This follows from a having a 

finite lifetime for the excited states. Different models for Σ%�, �+ have been established in the 

literature20 and can be appropriately applied to extract these lifetimes and many body effects.  

To assess the contributions of these terms, typically line traces of the ARPES spectra 

through a feature of interest are fit to Eq. 1.5. The two possible types of line cuts are constant in 

energy (momentum distribution curves, or MDCs) and in momentum (energy distribution curves, 

EDCs). MDCs have the advantage of uniform contributions from the Fermi function and the 
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inelastic scattering background. If these two terms are manageable, however, EDCs can be more 

useful as they more directly show quasiparticle peaks1. 

Most commonly, ARPES facilities are lab-based and rely on bench-top light sources such 

as gas discharge lamps, and lasers. These sources produce reliable light at fixed, typically low 

energies. This carries the dual benefits of operating in the more tunable end of the universal curve 

(thereby leaving the option of enhanced sensitivity to the bulk) and enhanced momentum 

resolution1. Laser frequency multiplication can be used to generate higher harmonic light, leading 

to exceedingly impressive resolution21,22. Laser-based ARPES has the added advantage of 

compatibility with pulsed, time-resolved measurements. This opens the door to studying dynamics 

of transient excitations, such as excitons in monolayer WSe2
23.  

The other conventional ARPES facilities are synchrotron-based. Modern synchrotrons are 

purpose built to produce exceptionally high brilliance light and can generate essentially arbitrary 

photon energies limited by the insertion devices feeding the beamline with the ARPES endstation. 

Variable excitation energy allows fine-tuning to maximize the photoemission cross-section. In 

addition, it enables resolution of perpendicular momentum dependence which is typically done by 

sweeping through photon energy. With using higher energies comes a larger accessible momentum 

space ~!�h�i. This can be especially useful as the matrix element term may be enhanced in a 

higher order Brillouin zone (with fixed sample-excitation geometry). 

1.1.3 Micro-focus ARPES, optics and synchrotrons 

Most existing ARPES systems were designed to study the surfaces of conventional, bulk 

systems. Such samples typically present surface areas that are a few millimeters across. 

Consequently, hypothetical problems of excitation beam spot-size and relative beam spot drift due 
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to sample rotation (to resolve angle) are not of especial priority. For example, ARPES spot sizes 

themselves typically measured in millimeters.  

These conditions are of course unsuitable for studying either nonuniform, or simply small 

samples. Over the past decade, efforts11 have been made to address this deficiency and demonstrate 

ARPES leveraging highly focused beams. To date, (sub-)micrometer-scale spot sizes have been 

achieved in at least four commissioned synchrotron beamlines using specialty optics with 

dedicated focusing mirrors11. By also incorporating fine sample translation capabilities, these 

systems are capable of a form of spectro-microscopy. Discussed in detail below are the two 

beamlines where the experiments presented in the body of this thesis were performed. 

At the aptly named Spectromicroscopy endstation at the Elettra Sincrotrone Trieste, the 

light is focused ultimately down to a spot diameter of ~600 nm using Schwarzschild objectives24. 

These objectives use specialty multilayer coatings that provide high reflectivity albeit at fixed 

frequencies. Spectromicroscopy has three sets of these objectives tuned for high flux at 27, 74, and 

95 eV. This micro-focusing is paired with a custom compact hemispherical analyzer (radii 60 and 

20 mm). The analyzer’s slit axis is fixed, but it is mounted to a goniometer that can move the whole 

analyzer about the sample to resolve photoemission angle. The sample mounting system is 

compatible with the addition of up to three electrical contacts to the sample plate which then 

contact leads inside the measurement chamber to which external voltages can be applied and 

currents measured by a connected sourcemeter.  

At the MAESTRO beamline at the Advanced Light Source (ALS) synchrotron, there are 

two ARPES end-stations, “micro-ARPES” and “nano-ARPES”, that can access energies between 

20 and 1000 eV. Both systems use Scienta R4000s, large hemispherical analyzers that nevertheless 

are routinely rotated about the sample space. This is supplemented with deflector capabilities on 
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both systems. Additionally, the analyzer can be rotated in place by hand, allowing snapshot 

measurements along arbitrary lines. “Micro-ARPES” (“micro”) achieves a minimum spot size of 

~10 um by simply using Kirkpatrick-Baez mirror pairs and tunable slits. “nano-ARPES”(“nano”) 

in contrast has additional access to both Fresnel zone plates11 and capillary mirror optics25. With 

the former, diffractive selection of the beam can produce a spot size of ~0.12 microns, though a 

substantial amount of light is lost in the focusing process. With the latter, the spot size can be as 

small as ~1 micron across, while achieving similar fluxes as typical in the “micro” line. “nano” 

also has the benefit of having eight available electrical leads integrated into the sample mounting 

“puck”. Recently facile temperature control was incorporated via closed-loop cryocoolers 

connected to the sample stages of both systems by long, vibrationally-isolated cold fingers, very 

recently demonstrating stable 17K base temperatures. 

1.2 Layered (van der Waals) materials 

The history of layered materials traces back to before antiquity when two naturally 

occurring examples, graphite and molybdenite (MoS2), were so known for their similar softness, 

friability, and utility as a blackener to a common lead ore, PbS, that the three shared a name to the 

ancient Greeks: molybdos. In the case of graphite and MoS2, this softness and ease of application 

by friction originates from their layered crystal structures, which comprise effectively 2D atomic 

sheets with strong in-plane atomic bonds. These sheets however are held together by only weak 

van der Waals bonding which offers little resistance to in-plane forces. Thus, they can slide easily 

over each other when laterally pushed. A modern application of this property is so-called dry 

lubrication, a critical alternative to conventional lubricants in certain extreme conditions, e.g., at 

high temperature, or with high contact pressures. 
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That such layered materials can be cleaved to produce flat and pristine surfaces free of 

surface dangling bonds was scientifically relevant before the first monolayer crystal was ever 

isolated. An example is the use of graphite surfaces as atomically smooth substrates onto which 

gas atoms can adsorb26,27. If the amount of gas introduced to a closed system containing graphite 

is carefully accounted for, then the relationship between pressure, temperature, and adsorbed 

fraction reveals properties of the adsorbed gas as it condenses into a monolayer on the graphite 

surface – an ironically early study of isolated quasi-2D states of matter.  

However, it would be more than fifty years before graphene, a monolayer of graphite, 

would be experimentally treated, in part due to an argument of Peierls in 193428 predicting that 

divergent fluctuations in two-dimensions would destroy any monolayer crystal, as well as the no-

go argument29 and subsequent theorem30 of Mermin and Wagner forbidding non-vanishing Fourier 

components in two-dimensions in the thermodynamic limit. The practical applicability of these 

arguments would be called into question over the following decades, both on theoretical 

grounds31,32 and in experiments, including the aforementioned adsorption studies inferring the 

existence of monolayer adsorbed rare gas films, as well as photoemission33 and inverse-

photoemission studies34 of epitaxial monolayer graphene films. In these experimental works, 

however, interactions between the substrates and the monolayer films left it unclear if 2D physics 

were truly at play.  

It would not be until 200435 that a 2D crystal would be found to be effectively decoupled 

from its substrate and exhibit unambiguously 2D physics. This was achieved by micro-mechanical 

exfoliation of bulk graphite onto a SiO2/Si substrate to produce flakes of few-layer graphite (FLG) 

and even graphene. The choice of substrate generated contrast in a standard optical microscope for 

the exfoliated flakes without substantially interacting with them. Transport measurements on the 
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FLG exhibited Shubnikov-de Haas oscillations with frequency linearly dependent on the carrier 

density – a hallmark of electrons confined to two dimensions. This landmark result launched the 

field of 2D materials, and its methodology for producing atomically thin samples remains the 

predominant technique in the field. To date, the library of 2D materials contains 2D analogs of 

virtually any condensed matter phenomenon in three dimensions, from strange metals, 

superconductors, magnets, and topological insulators36. The following subsections will present 

background on graphene and the other van der Waals materials relevant to the experiments 

reviewed in the rest of this thesis. 

1.2.1 Graphene and hexagonal boron nitride 

Graphene is a sheet of sp2-bonded carbon atoms on a honeycomb lattice. The first 

theoretical treatment of graphene was in 194737, when it was shown using the tight binding 

approximation that the Bloch Hamiltonian on a monatomic honeycomb lattice with only nearest 

neighbor hopping is given by: 

 E = j 0 K%�+
K∗%�+ 0 l where  (1.7) 

 K%�+ =  −m%�@�hno 5 2�pqnr
c cos %hso√u

7 +), and m: hopping parameter which yields  (1.8) 

 �± = ±m v3 5 2 cos_√3wxyb 5 4 cos j√uhso
7 l cos %uhno

7 +  as eigenenergies.  (1.9) 

This dispersion crosses zero energy at exactly the corners of the hexagonal Brillouin zone, � = 

K, K’, where a low energy expansion yields the now-familiar linear, massless Dirac dispersion, 

 �±%�+ =  ±ℏz�|�|.  (1.10) 
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Following their seminal work discussed above where they presented an image of 

monolayer graphene but data from FLG, Geim and Novoselov showed in 200538 the first direct 

evidence of unique behavior in graphene through the observation of the half-integer quantum Hall 

effect, a direct consequence of the predicted linear dispersion. In contrast, bilayer graphene (BLG) 

exhibited the integer quantum Hall effect expected from ordinary materials with parabolic bands 

and massive quasiparticles. This work earned Geim and Novoselov the 2010 Nobel prize. 

It goes without saying that a stupendous variety of experiments on graphene followed in 

the wake of this work, such as ARPES studies revealing modulations of the Dirac dispersion due 

to electron-plasmon interactions39, and the observation of specular Andreev reflection at the 

interface of graphene, and a superconductor40. For the purposes of the experiments at the heart of 

this thesis, graphene serves as a prototypal 2D system with which to benchmark pioneering work, 

as well as a conveniently air-stable single layer conductor. More recently graphene launched a 

mini-revolution in the field when it was observed41 that graphene stacked with itself at a critical, 

Figure 1.4. Graphene crystal and band structure. A, polytopes of hexagonally bonded carbon, 

including graphene (top left) and graphite (top right). B, tight-binding band structure of 

graphene, with zoomed in image of Dirac dispersion at a zone corner. Reproduced from Castro 

Neto, et al., “The electronic properties of graphene”, Reviews of Modern Physics 81 2009. 
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‘magic’ relative angle exhibits unconventional insulating and even superconducting states as a 

result of moiré physics converting the Dirac dispersion from the constituent layers into nearly non-

dispersive flat bands at the Fermi energy. As the bandwidth sets the electron kinetic energy, this 

results in strong correlations and exotic phases can emerge41–44 

These latter results (amongst many others) would not have been possible without another 

2D material hexagonal boron nitride (hBN). Also known colloquially as white graphite, it is 

structurally very similar to graphite, with a honeycomb lattice of alternating boron and nitrogen 

atoms and a lattice constant mismatch of only ~1.8% relative to graphite. It was shown 2010 that 

hBN, an insulator, serves as a superior substrate for graphene by providing an atomically flat 

dielectric support largely free of defects and charge traps. Taking the additional step of fully 

encapsulating graphene (or any other 2D flake of interest) with hBN above and below when 

possible generically improves sample quality as the van der Waals interactions on either side of 

the region of interest naturally acts to maximize the direct interfacial area, squeezing any surface 

contaminations together and sequestering them into isolated bubbles45. Full encapsulation with 

hBN has the additional benefit of protecting a chemically air or water sensitive flake by forming a 

relatively tight van der Waals seal all around it. Additionally, few- and monolayer hBN can serve 

as a tunneling barrier46 or as an inert spacer47. While it predominantly plays a supportive role in 

2D material research, hBN has exhibited interesting physics, including hosting single photon 

emitter sites48, forming a moiré superpotential with graphene49, and exhibiting unconventional 

ferroelectricity50. 

1.2.2 Semiconducting transition metal dichalcogenides 

The family of layered transition metal dichalcogenides is a large one; with chemical 

formula MX2, where M (= Ti, Nb, Mo, W, Re, etc.) is a transition metal and X (= S, Se, Te) a 
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chalcogen, there are at least thirty combinations with layered allotropes51. Some pairings support 

multiple (meta-)stable monolayer structures52. This diversity in turn spans a wide range of 

electronic classifications including insulators (HfS2), semiconductors (MoS2, WSe2), semimetals 

(TiSe2), polar metals (few-layer WTe2
53), and true metals (NbSe2). In addition, many have been 

shown to superconduct (e.g., WS2
54, MoSe2

55, and NbSe2).  

We have already touched on MoS2, which belongs a small branch of the family that also 

includes MoSe2, WS2¸ and WSe2. The bulk forms of these four combinations are naturally found 

with the 2H structure, comprising quasi-honeycomb lattices stacked with adjacent layers rotated 

by 180° relative to one another. An individual sheet consists of an alternating pattern of a M atom 

bonded to two X atoms, one above and one beneath, arranged with trigonal prismatic coordination. 

Looking at the resultant structure from above Figure 1.5 reveals the hexagonal symmetry in the 

monolayer shared with graphene. Compared to graphite, however, these materials in are well 

known to be semiconducting56–59 and therefore easily optically addressable, a property that persists 

down to their monolayer form60. 

 This fact, along with its air-stability and natural occurrence made MoS2, and subsequently 

its family members, very attractive for early 2D research looking beyond graphene61. This interest 

persists to present day, as these materials continue to reveal new and exotic facets for study, such 

as spin-valley coupling62, unconventional ferroelectricity63, and moiré trapping of excitons64. 

Naturally, the interpretation and future development of these experiments can be greatly aided by 

direct knowledge of their monolayer band structures, and of the band alignments between them. 

To this end, most of this thesis will be focused on ARPES studies of these materials, and as the 

only other transition metal dichalcogenide discussed here will be WTe2, we will refer to the family 

of semiconductors as the TMDs for short. 
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Many early probes of the nature of the semiconducting gaps in these materials using 

ARPES65 and optical studies66 demonstrated that they are all indirect, with the extrema of the 

valence (VBM) and conduction band (CBE) at the { and Q points, respectively. That the system 

remains gapped in the monolayer limit can be seen via its structural similarity to graphene. 

Expanding the graphene Bloch Hamiltonian, Eq. 1.7, about the K-points yields 

 E%�+ = z�%|}~w~ 5 }xwx+, where  (1.11) 

 z�: Fermi velocity, | = ±1: valley index, and }�: Pauli matrices.  (1.12) 

This dispersion lacks a }� term as this would index states by sublattice site. As the TMDs have 

broken sublattice symmetry, such a term is allowed. In fact, it can be shown62 via � ∙ � theory that 

the equivalent Hamiltonian for a monolayer TMD takes the form 

 E%�+ = ym _|}~w~ 5 }xwxb 5 �
7 }�.  (1.13) 

The added term here manifestly opens a gap Δ at the K and K’ points, which are now inequivalent. 

These band edges we will sometimes refer to as the K/K’ valleys, or collectively as the K point if 

the measurement is not spin- or polarization-resolved.  

Furthermore, the broken inversion symmetry and the presence of the heavy transition metal 

atoms introduce strong spin-orbit coupling (SOC) from the metal d-orbitals, which further 

Figure 1.5. Hexagonal transitional 

metal dichalcogenide crystal structure. 

A, top-down and B, cross-sectional 

view of ML TMD 2H structure. Metal 

atoms are blue, chalcogen atoms are 

yellow. 
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modifies the Hamiltonian62 by lifting the spin degeneracy at the K/K’ points in both the valence 

and conduction bands. As the monolayer has reflection symmetry with mirror plane through the 

metal atoms, this splitting must distinguish only the out-of-plane spins. The application, then, of 

time-reversal symmetry swaps both valleys and spins. For this to leave the Hamiltonian 

unchanged, the spin-splitting must be opposite at opposite valleys.  

Theoretical calculations that include SOC predict large splitting of the valence band in 

excess of ~0.15 eV in MoX2 and ~0.45 eV in WX2 monolayers62,67,68. The splitting of the 

conduction band is expected to be only on the scale of a few (MoS2) to tens of meV, the result of 

the SOC vanishing to leading order for the dominant orbital (coming from the metal) composing 

the conduction band valley69. Interestingly the sign of the conduction band splitting is opposite in 

MoX2 monolayers vs. in WX2. This is because the only first order SOC contribution comes from 

the minor orbital composition from the chalcogen which competes with the second order 

contribution from the dominant metal orbital. 

It should be noted that this approximation is local to the valleys and is of limited predictive 

value for the rest of the monolayer band structure. A better qualitative picture can come from a 

theoretical analysis of the band structure of the bulk forms. For example, density functional theory 

(DFT) reveals that the VBM at the { point is mostly of out-of-plane orbital character (specifically, 

M ��c and X �� orbitals)69. Consequently, we would expect the band structure in the vicinity of { 

to be sensitive to thinning to a monolayer and resultant reduction in amount of interlayer coupling. 

The local valence band extrema (VBE) at the K/K’ are, in contrast, largely of in-plane character 

(M �~c@xc & �~x) and thus should be relatively insensitive to number of layers. This opens the 

possibility that the global VBM momentum can shift between these two edges in the ML limit.  
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The argument for the conduction band is a bit more nuanced. Here, the expected conduction 

band extrema (CBE) at K and Q have at least some out-of-plane character, with majority orbital 

compositions of M ��c at K and minority orbital compositions of M ��cand X �� for the Q CBE. 

Consequently, both CBE should be at least somewhat sensitive to changes in thickness. However, 

the interlayer overlap of the X �� orbitals should be larger than that of the M ��c orbitals69 and so 

plausibly the CBM could also shift from Q to K/K’ on sample thinning. 

Indeed, it is possible for first-principles calculations to predict such shifting for either of 

the band maxima for any/all of the TMD monolayers. Such predictions however, if unmoored by 

experimental parameters such as the lattice constants, have produced conflicting results69 

regarding the CBM momentum even when performed within the same theoretical framework, e.g., 

GW calculations for MoS2
70,71. It has been noted that the inclusion of certain orbitals (Mo 4� or W 

5�) in the calculation can reliably produce a direct gap72. A consequence of these gaps being direct 

is that low energy excitations would be localized to the K/K’ point, strengthening the applicability 

of these monolayers in spin- and valley-tronic applications62. 

On the experimental side, even the earliest optical studies of monolayer samples were 

consistent with all four gaps becoming direct, for example by observing dramatic increases in 

photoluminescence upon thinning from two to single layer61. Early experiments using scanning 

tunneling spectroscopy (STS), a powerful technique capable of probing the local density of states 

(LDOS), struggled to produce a consensus for the band gap sizes73–75 for comparison to candidate 

theoretical models/methods. This is in large part due to the STS tunneling probability of a given 

state in the material exponentially decaying with its in-plane momentum �||, reducing STS’ 

sensitivity to far flung band edges relative to a band edge with no in-plane momentum, to wit our 

K/K’ and { valleys, respectively. 
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One report76 used variable-height (constant current) STS in combination with conventional 

constant-height measurements to also measure the energy dependence of the tunneling probability 

coefficient and therefrom infer changes in the B�||B of the CBE’s as they contribute shoulders/peaks 

to the measured LDOS of monolayer MoSe2 and WSe2. For the former, it was found that the gap 

was direct and at K/K’. However, the gap was found to be indirect in the latter, with the CBM at 

Q which was 0.08 ± 0.06 eV lower energy than observed CBE at K/K’. It was suggested that this 

discrepancy with the expectation from PL resulted from the large direct exciton binding energy in 

monolayer TMDs (~ 0.5 eV)69 allowing for efficient optical transitions at the nearly energy-

degenerate direct gap. It should be noted, however, that STS of semiconductors is prone to so-

called tip-induced band bending77, the shifting of observed voltages of spectral features due to 

spatially-variable voltage drops across the semiconductor between the rounded STS probe tip and 

the underlying metallic substrate. Such modulations may nontrivially impact the assumptions used 

here on the tip-sample distance dependence of the tunneling. 

ARPES studies of these gaps were in accordance with the other experiments regarding the 

VBM shifting to the K/K’ point in the monolayer limit78–82. Spin-resolved measurements83 directly 

evinced the spin-valley locking phenomenon already expected from polarization-dependent 

optical measurements84,85 However, as we will discuss in Chapter 3, attempts to access the ML 

TMD conduction band in ARPES have until recently necessarily introduced complications to 

interpreting the observed gaps relative to those of other experiments.  

1.2.3 WTe2, a monolayer topological insulator 

The remaining material of interest in this thesis is another transition metal dichalcogenide, 

tungsten ditelluride (WTe2). What sets WTe2 apart from the semiconducting TMDs is that it was 

predicted86 to not minimize its structural energy with a hexagonal lattice. Rather, it was the only 



 
 

 
 

24

compound of the six combinations considered to fully stabilize the Td structure, a distorted form 

of the tetragonal structure 1T. In the latter, each metal atom is octahedrally coordinated with its 

nearby six chalcogen atoms, resulting in ABC stacking with the P3m1 space group. 1T has been 

shown to be generically metallic87; however it is unstable to the formation of metal-metal bonds. 

Such bonding distorts the lattice, generating the Td structure which consists of one-dimensional 

zigzag metal chains and inequivalent Te sites. The Td structure is shown in Figure 1.6. 

Whereas the hexagonal phase generically produces a gapped band structure, the low 

symmetry, chain-like Td structure uniquely accessible to WTe2 combined with the strong SOC it 

shares with TMDs can exhibit a wide range of exotic phenomena. For example, it has been shown 

that bulk WTe2 is a type-II Weyl semimetal with ‘large’ non-saturating magnetoresistance 

stemming from its so-called perfect compensation88, a balance between the electron and hole 

pocket sizes. The nonlinear anomalous Hall effect was observed in few-layer samples, the result 

of a nonzero dipole moment of the Berry curvature arising from layer polarized Dirac fermions89. 

Remarkably, it has also been shown that such few-layer samples are polar metals63, sustaining a 

switchable polarization that is not screened by the mobile electrons via the stacking order90. 

Figure 1.6. Crystal structure and symmetries of Td WTe2. M and G are the y-z mirror plane 

and x-z glide plane respectively. Te atoms are shown in orange, W in blue. The multilayer 

polar axis is shown by the green and red arrows. Reproduced from Zhao, W., thesis. University 

of Washington (2020). 
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The monolayer limit is perhaps the most interesting: it is only known single layer 2D 

topological insulator (2DTI). The 2DTI state has a bulk gap with a helical bands localized to the 

edges. These bands support topologically protected helical edge modes with resultant quantized 

edge conduction at low doping91,92. This property alone opens the door to a variety of both novel 

phenomena and technological applications93. This is especially true when combining this 

topologically protected state with other 2D materials, such as magnets.  

Another path to exotic physics traces from the origin of the 2DTI state itself. The 

topological edge states come from an inversion of the low energy bands, which are all at the { 

point. Ordinarily, the orbital character of bands appears in the same order as the textbook orbital 

ordering (s, p, d, etc…). However, sufficiently strong orbital overlaps can cause the bands 

themselves to overlap and cross. There the bands can hybridize and anti-cross, producing a gap. 

This causes segments of the original conduction and valence bands to be effectively cut out and 

stitched onto the rest of the opposite bands. A consequent inverted band structure is topologically 

distinct from the ordinary ordering in vacuum. Continuity of the electronic states requires that the 

states of opposite character (starting at opposite sides of the bulk gap inside the 2DTI) must cross 

at the 2D crystal edge to swap order in vacuum. First-principles calculations have shown that the 

(inverted) valence band consists of W dyz and dxy orbitals, while the conduction band mainly 

consists of Te py orbitals94. 

Band inversion and the formation of edge states alone does not a 2DTI make, as the gap 

formed from the bands anti-crossing can still be negative to produce a semimetal rather than an 

insulator. The original theoretical work predicted this would be the case for ML WTe2 in contrast 

to the other transition metal dichalcogenides considered (the semiconductors and MoTe2) which 

would host a band insulator in the 1T’ phase (the monolayer limit of Td). Within that context the 
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apparent insulating state in ML WTe2 at low temperatures91 is suggestive of correlations affecting 

the band overlap. Low temperature ARPES95,96 measurements have evinced this insulating state, 

showing a positive gap of ~50 meV, with the excitation-polarization dependence of the spectra 

consistent with the predicted band inversion. Measurements of the 2D bulk conductivity using a 

specialized contact geometry further suggest a highly nontrivial nature of the insulating state. 

Monolayer WTe2 has also demonstrated a superconducting state97 that competes with this 

insulating state, with their balance tunable by doping at levels achievable with an electrostatic gate.  

A 2D semimetal with massive carriers can be unstable to the formation of a many-body 

ground state due to electron-electron correlations. If the densities of electrons and holes are equal 

the ground state could be an excitonic insulator, a hypothesized electronic ground state that has 

not yet been unambiguously observed. The 2D insulating state of monolayer WTe2 has unusual 

characteristics that make it a prime candidate for being hosting an excitonic insulator state98. The 

capability to determine its electronic spectrum using ARPES as a function of doping and 

temperature offered may allow unravelling of the nature of this state and observe possible spectral 

reconstruction that occurs as it forms as will be discussed in Chapter 5. 

1.3 2D fabrication, and relevant other experimental techniques 

A cornerstone of 2D materials research is the ability to stack individual 2D flakes into 

arbitrary heterostructures. Another is that the workflow for preparing these structures and devices, 

from exfoliation, isolation, and selection of appropriate flakes; to the stacking methods; to the 

patterning and addition of electrical contacts; is reasonably common across the field despite the 

sheer variety of materials. The author points the reader to a thorough treatment of this process in 

a colleague’s recent dissertation, ref.99. This section will provide a briefer overview of this 



 
 

 
 

27

workflow as relevant to the devices discussed in the remaining chapters, along with some 

additional comments. Experiment-specific details will be given in the corresponding chapters. 

1.3.1 Sample isolation 

Naturally, we start the discussion of 2D fabrication with the matter of preparing the 

constituent 2D flakes. The prevalent method is largely unchanged from the micromechanical 

exfoliation technique pioneered by Geim and Novoselov, though there is certainly site-to-site 

variation. Relatively up-to-date local exfoliation protocols can be found in the aforementioned 

ref.99 and I will only expand on certain key points here.  

Also known as the Scotch tape method, the technique starts with the careful addition of 

bulk crystals to and flush with the adhesive face of a piece of tape. By careful doubling of the tape 

onto crystals and pulling the tape back apart, the crystals can be repeatedly cleaved to leave new 

flat and unbroken crystal surfaces. As cleaving approximately halves the thickness of the original 

crystal, it is critical to avoid cleaving any patch too often. 

If the original bulk crystal is of exceptional size (> 3mm across), then this procedure should 

be adjusted to prioritize the integrity of the cleaved crystals over the overall coverage on the tape. 

This is because the typical size of the exfoliated flakes scales with the effective contiguous surface 

areas of the crystals and the self-duplication protocol requires bending the tape under the crystals 

which can cause them to fracture. However, the resultant cleaved crystals are generally still very 

thick. Thus it is good practice to copy the tape as a whole by placing a fresh tape on top of it, 

lightly pressing the tapes together, and then peeling them apart. This can be repeated as necessary. 

This author found it sometimes useful to not apply pressure against the tapes when copying 

in this manner, and to instead rapidly rip the new tape away (horizontally along the tape long-axis) 

shortly after placing it onto the original. Provided that the original tapes’ crystals are large and 
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relatively thick, this violent process may serve to generate islands of isolated few-/mono-layers in 

the middle of and decoupled from the open crystal faces on the copy.  

 With a tape prepared, we turn to the target substrate. The traditional substrate of choice is 

degenerately doped Si with a grown film of SiO2 on top which generates differential optical 

contrast between the substrate and exfoliated crystals of different thickness via thin film 

interference. Generally speaking, ~285 nm thick oxide is functional (if not optimal) for most 2D 

materials, with ~90 nm a better choice when trying to acquire monolayer hBN100, among others. 

A relatively recent development regarding the substrate is oxygen plasma treatment immediately 

before usage, which removes surface organic contamination and leaves the SiO2 surface 

hydrophilic and clean, save potentially for an atomically thin film of adsorbed water. While it has 

been argued101 that the presence of the water layer during exfoliation can aid in the production of 

thin flakes, its continued presence can cause degradation in exfoliated flakes of especially water-

sensitive materials, such as MBT102. Exfoliating such materials demands first baking out the 

freshly cleaned substrate in a dry environment. It should also be noted that such chemically 

unstable materials must be prepared and kept in inert environments, typically inside gloveboxes 

filled with an inert gas such as N2 or Ar. While the former is more economical, the latter has the 

advantage of displacing water vapor and O2 and has proven critical in preserving the topologically 

nontrivial properties of MBT.  

Other common substrates include conductors, e.g. degenerately doped TiO2[ref] and bare 

(doped) Si103, which are useful for electron-depleting experiments, and sapphire [ref] which is 

optically transparent. However, these substrates lack the optical contrast provided by the SiO2. 

Note that such contrast can be approximated by first depositing a thin film of a polymer, e.g., the 
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resist PMMA, of appropriate thickness onto the substrate. This has historical significance we will 

discuss in the next subsection.  

With an appropriate tape in hand, it is inverted, placed onto the substrate, and brought into 

good contact by systematically rubbing the surface with soft-tipped tweezers taking care to not 

generate air bubbles. The tape & substrate are heated on a hotplate at a temperature of roughly 

100-130° C for up to five minutes101, then taken off and allowed to cool before the tape is peeled 

off slowly (< 1mm/sec). The angle the tape makes with the substrate surface as it is peeled off 

qualitatively affects the exfoliation, with high angles (~90°) exfoliating more total surface area of 

flakes which are skewed to higher thickness, and low angles (~15°) generally exfoliating less 

overall but with relatively more few-layer flakes. Near-instant exfoliations can also produce large 

areas of few-layer flakes, though they tend to have wrinkles. As mentioned, the exfoliations are 

then manually examined in an optical microscope and flakes of desirable thickness, shape, and 

approximate degree of cleanliness can be identified by color contrast. Ultimately, typical usable 

exfoliated flakes are between five and a fifty microns across.  

Notably, alternatives to Scotch tape with less sticky adhesive, e.g. dicing tape, have 

anecdotally been better for the exfoliation of few- and monolayer flakes, though it is yet unclear if 

the residue left by such tapes on the exfoliated flakes is as routinely manageable by the rest of the 

sample fabrication process as that of conventional Scotch tape. 

Though it was not used for any of the results discussed later in this thesis, a related 

exfoliation technique deserves mention as it is able to produce macroscopically large (>0.5 mm 

across) monolayer flakes of chalcogenides by placing the bulk flake into contact with either 

gold104, or AlO2. These have relatively strong attractive interactions with chalcogens and thus can 

tear away the entire monolayer surface from a bulk crystal.  
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A relatively common alternative to exfoliation for isolating few- or monolayer samples is 

physical or chemical vapor deposition (PVD/CVD). These processes involve the volatilization of 

relevant solid source materials upstream from a target substrate held at a high temperature in a 

tube furnace under vacuum. The source vapors are carried downstream by gas flow, which may 

include reactants for the crystal growth105, and some fraction is deposited onto the hot substrate on 

which it is semi-mobile and is able to react and grow individual crystals (which are typically 

nucleated around surface contaminants or imperfections). While PVD/CVD can grow macroscopic 

films of graphene and monolayer hBN on copper106,107, and >100 μm islands of single crystal, 

monolayer TMDs of high quality108, their use in 2D heterostructure research is relatively limited. 

This is because the grown crystals are generally well adhered to their substrates, complicating their 

removal therefrom and integration into a vertically stacked device. One research direction in which 

PVD is critical, however, is the study of lateral heterostructures wherein two or more materials of 

relatively similar lattice constants are grown sequentially and contiguously as a single crystal109. 

The regions of different materials are separated by 1D heterojunctions where, for example, a 

staggered band alignment can cause excitons to comprise laterally localized electrons and holes.   

In any case, candidate flakes are carefully characterized for thickness, uniformity, and 

surface cleanliness by atomic force microscopy (AFM). In brief, AFM works by measuring 

atomic-scale forces between a surface and a sharp probe at the end of a long cantilever. Probe 

vertical position adjustments needed to maintain constant force as a function of in plane position 

reflect the surface topography, modulo position-dependent changes in the force-distance curve. 

Changes in properties of the cantilever can be used as a proxy of the force on the probe; notable 

examples include static cantilever deflection (contact mode) while the probe in the Pauli-repulsive 

regime, the cantilever’s oscillatory motion if it is externally driven near resonance (non-contact, 
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or “Tapping™” mode), and its peak quasi-static deflection if it is driven well below resonance 

(pulsed-force, or “Peak Force Tapping™”).  

Flake characterization and validation is typically done in non-contact mode with 

amplitude-feedback which can give relatively accurate height maps without potentially having the 

probe perturb the sample surface. However, it does not typically yield accurate measurements of 

the height difference from SiO2 onto few- or monolayer flakes, possibly due in part to the 

difference in adsorbed water on the different surfaces. With this AFM mode, the relative phase 

between the drive and cantilever response is sensitive to the surface mechanical properties110 and 

so mapping it simultaneously with topography can provide contrast between different materials, 

e.g. between the crystal and any surface contaminants. 

Additional characterization can be done by optical studies such as photoluminescence 

spectroscopy (PL), Raman spectroscopy, and second harmonic generation (SHG). PL can be used 

to probe optically active materials like monolayer TMDs. The optical quality of a given sample 

can be determined by analysis of the width of expected luminescence peaks and from the absence 

of defect peaks111. A prevalence of atomic defects is often endemic to an entire batch of bulk 

crystals and is generally not immediately observable by AFM (though they can become apparent 

with time as they can nucleate degradation), so typically a batch of crystals grown by collaborators 

is first quickly exfoliated and validated in PL before general use.  

Raman spectroscopy and second harmonic generation are both sensitive to the local 

symmetries and so can be used to identify when a particular symmetry is broken. For example, a 

Raman spectrum reflects the phonon modes in the crystal and so can identify a monolayer which 

would not produce a Raman peak associated with, for example, an interlayer breathing mode. 

Similarly, linearly-polarized SHG (lin-SHG) is forbidden in centrosymmetric systems112 and so 
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can disambiguate the parity of the number of layers in a flake with a hexagonal lattice. In odd-

thickness flakes (with honeycomb lattices), centrosymmetry is broken and so the SHG is nonzero 

with its intensity vs co-linear polarization following a six-fold pattern. The intensity is maximized 

when the polarization is aligned to an armchair axis of the honeycomb lattice113. Critically this 

measurement allows different flakes, say TMD monolayers, to be crystalographically aligned 

modulo 60°.  

However, the two elements in a TMD or hBN occupy alternating sites on an armchair, thus 

orienting the armchair axes. This distinguishes 0° (“AA-like”) from 60° (“AB-like”) alignment 

between honeycomb monolayers which, as we will see in Chapter 2, may have different properties. 

A technique for determining the (relative) armchair orientations in two flakes is phase-resolved 

lin-SHG114–116 (phase-SHG) wherein pulsed lin-SHG excitation is first passed through a reference 

z-cut quartz crystal which generates its own co-lin-SHG. This reference SHG and the excitation 

travel to the flake (with an armchair axis aligned to the incident polarization) where the excitation 

generates SHG and the reference is back-reflected. When two SHG pulses arrive at the detector, 

they will be time delayed from each other due to the dispersive optics in the system upstream of 

the sample. This temporal displacement can be Fourier transformed to reveal a spectral fringe 

pattern at the detector, the phase of which depends on the pulses’ phase difference. The phase of 

the sample lin-SHG depends on the armchair orientation, and so two flakes will have identical 

armchair orientations relative to the lin-SHG polarization axis if their phase-SHG interference 

patterns have the same fringe phase. 

1.3.2 Heterostructure assembly 

With flakes in hand, the next step is of course to design and assemble the heterostructure. 

Even more so than in the previous section, dissertations predating this one such as ref.99 have 
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already gone in great detail on this topic. Rather than rewriting the wheel, this section will aim to 

add some details specific to the samples discussed in the rest of the thesis and present some recent 

developments.  

We start with some historical context. The original method for van der Waals stacking is 

the so-called wet transfer technique. This involves first exfoliating using a substrate, say Si, coated 

with thin films of PMMA on PVA, a water soluble polymer. Once a usable flake is identified, the 

substrate is broken down to a ~4×4 mm square centered on it which is then placed flake side-up 

in clean water. This dissolves the PVA leaving the flake-on-PMMA-film floating on the water 

surface. The film can then be scooped up with a flat wire loop, aiming to have the flake’s open 

side facing away from the loop. This is then transferred onto a target flake or stack using a 

micromanipulator system with the PMMA ripped away from the loop and left on the substrate 

until cleaned away using the standard PMMA cleaning procedures laid out in other works99. A 

more complex heterostructure is built thusly one layer at a time.  

This method is by most metrics strictly inferior to the various methods of dry transfer, as 

it requires the use of water (which precludes water-sensitive materials), exposes nearly every 

interface to PMMA contamination, and is much less controllable as the free-standing PMMA film 

tends to vibrate during transfer. This leads to both poor control over alignment and substantial 

air/contaminants trapped in bubbles between the flakes. It should be noted, however, that a 

variation on this is still commonly used to transfer PVD/CVD grown crystals where rather than 

dissolving PVA with water, either the copper or SiO2 is etched away chemically. In addition, most 

of the problems mentioned above are largely irrelevant when not transferring to form a 2D 

heterostructure. In fact, that wet transfer requires virtually no downward pressure on the substrate 

can be critical, e.g. when placing a sample onto a TEM grid. 
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Turning now to the currently standard family of techniques for van der Waals stacking, 

collectively referred to as dry transfer (relative to wet transfer, which involves water). These 

techniques use ‘stamps’ to sequentially pick-up the heterostructure on layer at a time. Generally, 

they involve using cured poly-dimethylsiloxane (PDMS), a thick, elastic, transparent, and 

chemically/thermally inert polymer as a soft and flexible support placed on a glass slide. Most dry-

transfer methods have a thin film of polymer on top of the PDMS which has finite adhesion to and 

thus able to pick-up 2D flakes under certain polymer-specific conditions.  

The version predominantly used by this author, which has polycarbonate (PC) as its 

polymer film of choice, has the advantages of being generally reliable, providing high control over 

where and in what manner the polymer (and accompanying flake or stack) comes into contact with 

the substrate/exfoliation, and compatibility with transferring at temperatures above 100° C (which 

correlates with higher quality interfaces with fewer bubbles). However, PC generally requires high 

temperatures (>165° C) to melt down and complete a heterostructure, which may be incompatible 

with especially temperature sensitive materials102 

A small difference between the protocol detailed in ref.99 and that used in the primary works 

presented below is that immediately before melting a heterostructure down, the author finds it 

useful to use a sharp needle to poke a hole in the film ~100 um away from the region where the 

stamp had been touching the substrate during previous transfers. As the film must be delaminated 

around the hole, this area can help delaminate the film as whole which is a key step for melting 

down. The remaining (large) difference between this work and the reference is that here, once the 

stamp is down and the flakes/stack are brought together on the substrate, the system is usually first 

heated to ~155° C. It is then allowed to cool to ~110° C before the stamp is continually retracted 

at a low speed (~.5 um/sec) by the micromanipulator z-motor. This process takes the PC above its 
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glass transition temperature (~147° C) to the point where it is able to flow and thus conform to 

everything underneath it, including the target flake. This greatly enhances the interaction between 

the PC film and the flakes on the substrate. PC used this way will generally pick everything up if 

it is able to pick-up anything at all. Exceptional cases include PVD/CVD grown crystals†, MBT 

and NbSe2 which adhere extremely strongly to SiO2
117, and thin-bulk of NiPS3 [REF], which is 

relatively brittle and self-cleaves during pick-up. The lift-up temperature of ~110° C is a 

compromise between being cool enough that the film is not too attracted to the substrate, and not 

requiring so much cooling that the resultant relative thermal contraction between stamp and 

substrate causes the film/substrate interface to move erratically during lift-up.  

A recently introduced polymer for dry transfer is polycaprolactone (PCL), which has an 

abrupt melting transition at ~60° C.  PCL has been found to have an exceptionally strong attraction 

to most van der Waals materials117. Taken above its melting point, it also behaves very similarly 

to PC taken above 150° C, becoming able to entirely conform to anything underneath it. It 

recrystallizes with some hysteresis, typically solidifying at around 40° C. However, compared to 

PC, solid PCL is very hard and adheres poorly to SiO2. This may contribute to its superior ability 

to pick-up flakes by itself compared to the other common polymers, PC and poly-propylene 

carbonate (PPC), as it will tend to flex less after being conformally molded around a flake and thus 

be less likely to bend away and lose contact with it anywhere. A distinct disadvantage of PCL 

compared to PC, however, is that its solid thin-film form has micron-scale grains which are 

translucent (resembling grains of frost) rather than transparent, reducing visibility to the point of 

making isolated graphene very nearly invisible on the stamp.  

                                                 
† PVD grown TMDs can be loosened from the growth-SiO2 by submersion of the entire substrate in water, or a 1:1 
solution of water:IPA. The flakes can then be dry-transferred as normal and devices made this way have shown 
reasonable transport characteristics203, and ARPES spectra as shown in the previous subsection. 
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A brief summary of the transfer procedure with PCL is as follows: 

1. A new PCL stamp must first be taken through a dry run of the following steps on a clean 

substrate (ignoring steps involving flakes/alignment). This serves to smoothen the PCL 

film surface, which when freshly made is rough due to the crystal domains. 

2. After the touchdown point of the stamp is adjusted as desired, the substrate is heated to 

~50° C. At this temperature, the stamp left hovering but nearly touching over it should not 

be visibly affected by the heat. 

3. Flakes are aligned as necessary, à la with PC. 

4. The stamp is brought down into contact, stopping ~10-20 um shy of bringing the 

flakes/heterostructure together. 

5. The micromanipulator motor is used to slowly and smoothly bring the stamp down and the 

heterostructure together.‡ Typical speed is ~0.5 um/sec. 

6. Once the heterostructure is entirely on the substrate, heat to 60° C to melt the PCL. 

7. The heating can be turned off and the stage allowed to cool to below 30° C at any desired 

rate. However, the film/stamp should not be allowed to meaningfully move vertically away 

from the substrate/stage in this step. Either the motor is set to an appropriate speed and 

made to constantly move the stamp towards the stage as it thermally contracts during 

cooling, and/or adjustments to the stage height/stamp position are made manually. It is key 

that the boundary where the film leaves the substrate surface is not allowed to kink and 

stretch too much. This would manifest as a deep shadow at the boundary. 

                                                 
‡ If the goal is to pick a flake up and it has clearly been “pulled up” by the heterostructure due to van der Waals 
attraction before the stamp has been lowered onto where the flake used to be (resulting in a color change of the flake 
to ~grey where it would otherwise still be on the substrate and thus be non-greyscale), then one can skip to step 8. 
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8. Below 30° C, the manipulator can be set to a low speed and set to retract the stamp from 

the substrate. If the boundary was not allowed to stretch too much, the film will eventually 

lose contact there and begin to leave the substrate as the stamp retracts. Continue until the 

stamp is entirely off the substrate. If the adjustments in step 7 were insufficient, the stamp 

will instead abruptly snap away from the substrate. 

It is possible to exfoliate directly onto the PDMS and use a sufficiently large flake on it to 

overlap and pick up the subsequent layers of the heterostructure, though care must be taken not to 

allow the stack to wholly come into contact with the SiO2 substrate lest the whole stack be dropped 

off upon retraction of the PDMS ‘stamp’. This is because the PDMS-flake adhesion is weaker than 

that of any of the flakes to SiO2, which is in turn weaker than the van der Waals attraction between 

the flakes. This procedure has the benefits of not involving a polymer that must be dissolved away 

(which requires solvent exposure and nearly always leaves surface contamination) and leaves an 

avenue for “flipping” of the stack by picking it up from the PDMS using another stamp. This is 

useful in cases where it is impossible/implausible to pick-up what should be the top-most layer 

first, so it is instead picked-up last at the end of a heterostructure built from the bottom up118, 

though there are other means of achieving this so-called flip-chip technique using PPC119. Finally, 

it is also possible to simply exfoliate most of the materials on PDMS and build the heterostructure 

by dropping off each layer one at a time. 

An additional notable recent development is so-called tear-and-stacking120. Using any of 

the dry-transfer methods, one relies on the van der Waals attraction between flakes to pick-up only 

a part of a large few-/monolayer flake by bringing only that part into contact with a stack-on-stamp 

at low temperature, then retracting the stamp away and tearing the target flake. The rest of the 

flake can then be picked up underneath. The purpose of this is to achieve high precision in the 
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relative angle between the flake halves, which is critical for studying critical-twist-angle 

phenomena such as “magic angle” graphene physics. A refinement of this technique involves using 

AFM-electrochemical cutting121 to define isolated patches of graphene, possibly with additional 

features meant to prevent the stacked layers from slipping and rotating away from the desired 

angle. Though this cutting has also been demonstrated with TMDs, the underlying electrochemical 

reaction requires the presence of water and is therefore incompatible with water-sensitive 

materials. 

1.3.3 Heterostructure processing and related characterization 

The previous sections have covered how to prepare arbitrary all-2D heterostacks which in 

principle can then be placed onto arbitrary substrates. However, without the presence or addition 

of macroscopic electrical leads, e.g., deposited metal films, these structures would be floating and 

wanting for perhaps one of the powerful tools in the 2D arsenal – tunability by local electrostatic 

fields. The addition (“patterning”) of such metal features is most commonly done via electron-

beam lithography to define the desired features into a thin film of a resist (typically PMMA) atop 

the entire substrate, followed by a deposition of the desired metals. Standard techniques for the 

deposition include electron-beam evaporation, sputtering, and thermal evaporation. The designed 

pattern emerges from the uniformly deposited metal surface when the excess resist (and the metal 

on it) is removed, typically by solvent treatment (“lift-off”). Again, the most relevant of these 

processes are exquisitely detailed in the referred dissertation99.  

A noteworthy alternative to these techniques is shadow masking, where a thin physical 

mask with holes with the shapes of the desired features is placed atop the substrate (aligned as 

necessary) before metal deposition to produce the pattern. This method suffers from relatively low 
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resolution (limited by the aspect ratio of the mask’s features) but can be done relatively quickly 

and without the use of a resist. 

As a result of the fabrication process, heterostructures are often coated in a thin layer of 

polymer residue. This is especially the case following patterning as generally resists are known to 

not clean especially well by standard solvents. PMMA is among the cleanest standard resists, but 

AFM topography can show a flake from which only PMMA has been added and dissolved by long 

baths in acetone (24 hours) followed by dichloromethane (48 hours) reveals a nearly uniform, 

rough coating of polymer residue with occasional gaps down to the BN flake. 

Many experiments, such as transport and PL, are insensitive to the surface of the device 

provided the material/layer of interest is isolated from it due to, for example, encapsulation from 

above by hBN. Surface-sensitive techniques like ARPES, in contrast, are by definition going to 

suffer from the addition of surface contamination. Furthermore, some devices must be made with 

multiple stacking-deposition-patterning steps, potentially introducing nontrivial contamination 

into the device. For example, a device demanding metal contacts in the middle of the stack usually 

starts with hBN placed onto graphite to form a back gate. Onto this gate the desired contacts are 

patterned. The rest of the device is then stacked and then placed atop the back gate and contacts – 

note that the material to which contact is being made must go directly onto the patterned, polymer-

contaminated surface. 

The standard method for handling such contamination is by annealing at temperatures 

above 200° C to thermally degrade and volatilize the organic residue. Higher temperatures are 

generally more effective. The annealing environment can be open-air, (ultra-high) vacuum, or 

under gas flow of O2, H2, Ar, or any mixture thereof. The environment is chosen to maximize 

reactivity with/removal of the contamination at the high temperature. The combination of 
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temperature and environment required to fully clean a surface of course depends on the nature of 

the contamination. Tape and PCL residue, for example, readily anneal off at less than 400° C in 

95% Ar/5% H2. PPC interestingly anneals away at 250° C in vacuum, even out from under a 

heterostructure. PMMA residue, however, requires at least 500° C in an O2/Ar environment, and 

to the author’s knowledge the complete thermal removal of PC has not yet been demonstrated.  

However, one is limited by the stability of the sample as whole. While Si/SiO2, hBN, and 

graphene are all certainly stable in a low O2 environment up to at least 500° C, exposed TMDs can 

degrade if annealed in UHV above ~400° C. Furthermore, very thin-films of metal (<10 nm) will 

undergo Ostwald ripening and become discontinuous if kept above 250° C for too long. Even 

greater care must be taken with less stable 2D materials such as WTe2 or CrI3, even when 

encapsulated. MBT has been known to lose its topological properties if taken above ~75° C even 

in an inert atmosphere. 

A consequence of these limitations is that the surfaces of devices that either involve PC, 

intermedial contacts, or a final step of patterning can only be partially cleaned by annealing, if at 

all. To fully remove surface contamination, we turned to mechanical means – AFM cleaning. As 

discussed previously, contact-mode AFM involves the rastering of the sharp probe tip over a 

surface while it is in the repulsive regime, i.e., in contact. As the polymer residue is soft relative 

to the out-of-plane strength of 2D materials, it is possible to nanomechanically push the residue 

around on our devices’ surfaces while using only relatively low forces (<100 nN, typically). With 

line-spacing smaller than the probe tip radius, a scan can systematically sweep an area free of 

contamination which accumulates at the sides and end of the scan area.  

Care must be taken when scanning in contact mode across the edge of a few- or monolayer 

flake, as the force of the tip combined with an entrained hard piece of contaminant can tear into 
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the relatively weak edge and cut or even mangle the flake [FIG]. For this reason, it is useful to first 

scan with Peak-Force Tapping™ (PFT), or a similar pulsed-force AFM mode. PFT has the probe 

sinusoidally come into contact with surface, stop when a set force is reached, and retract with a 

period of ~1 ms. While the contact time is relatively brief (~.1 ms typical), this still represents a 

substantial fraction of the duty cycle. If the scan surface velocity is, say, 50 um × 0.4 Hz ~ 20 

nm/s, the probe traverses a mere 20 pm laterally each cycle. This allows PFT scanning to move 

most contaminants with small pushes of finite lateral force. With care, it is even able to use the 

probe body to push away large particulates with PFT, e.g. unfortunate dust particles [FIG]. 

However, unless the surface velocity is set very low, PFT struggles to fully clean a surface. Thus 

it is generally still necessary to finish a clean using contact-mode. When the area is essentially free 

of large particulates, contact mode cleaning can have the added effect of pushing out trapped 

bubbles at the interfaces when scanning over an edge, provided the force is sufficiently high and 

the bubble sufficiently close to the surface. 

As mentioned in a previous subsection, an effective means to remove organic residue is 

oxygen plasma treatment. However, the high energy plasma also etches even the relatively-

chemically inert faces of hBN and graphite. Consequently, its usage is limited to cleaning 

substrates, and patterned hBN back gates (with very short exposure time, < 20 seconds, typical). 

Following the completion of a heterostructure or device, it can be useful to do preliminary 

characterizations. Many of the previously discussed methods for characterizing exfoliated flakes 

can be used, of course. The most natural and facile methods of these is perhaps AFM, by which 

one can naively characterize the overall cleanliness of the interfaces from the distribution of 

bubbles of trapped contamination. In addition, AFM can show some features of the ultimate 

geometry of the device at higher resolution than optical microscopy, potentially revealing where 
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certain layers were, say, inadvertently shorted together. Mapping of the AFM feedback signal itself 

(e.g. the deflection signal with contact mode AFM) with a cleaned surface can reveal even a 

monolayer step buried in a stack under tens of nanometers of other flakes. Furthermore, that certain 

AFM signals are surface-material sensitive can help disambiguate the position of a thin layer at 

the top of the stack from confounding features from other layers. 

Another preliminary characterization that will be of use later is piezo-response microscopy 

(PRM). A cousin of AFM, PRM is a probe microscopy which typically follows the surface 

topography using contact-mode AFM feedback. The signal of interest is the sinusoidal force on 

the probe tip by the surface’s piezo-response to an AC voltage applied either to the sample itself 

with the probe grounded or vice versa. Notably, conventional PFM uses frequencies well below 

the mechanical resonance of the cantilever to minimize mechanical coupling to the PRM signal. 

However, it is possible to operate close to the contact resonance of the cantilever (which is 

typically ~10× the free-space resonance) which offers higher signal sensitivity at the cost of 

mechanical coupling122.  It was recently shown119 by contact-resonant PRM that moiré 

superlattices can relax to maximize the areas of the domains with energetically favorable stacking, 

separated by regions where centrosymmetry is broken. It is at these boundaries that piezo-response 

becomes possible, though the response is predominantly in-plane. As this relaxation leaves the 

overall moiré period intact, and the moiré pattern is function of the layers’ relative angles and 

lattice constants, this measurement can be used to determine the exact relative angle modulo 60° 

and if there are, say, long-range strain gradients which will stretch the moiré pattern [FIG]. 
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Chapter 2. µ-ARPES OF 2D HETEROSTRUCTURES 

A variety of 2D structures have generated substantial research interest including 

graphene/hBN123; graphene/graphene44,124; graphene/TMD125 and TMD/TMD126–128 for efficient 

photocurrent generation; and graphene/hBN/TMD for light-emitting diodes129. In TMD 

heterobilayers, ultrafast charge transfer130 and formation of layer-polarized interlayer excitons131 

have been observed. Such heterobilayers are also predicted to host rich valley physics132 and valley 

polarization of the interlayer excitons has been seen84 in aligned (small twist angle) heterobilayers 

of WSe2 and MoSe2
133. Understanding and exploiting the physics in this exemplar system and 

potentially others hinges on knowing the band structure and properties of interlayer excitations.  

Although optical and transport studies successfully probed many facets of the underlying 

physics in the TMD/TMD system, many critical questions cannot be directly answered by these 

techniques alone. These include: Does a semiconductor heterobilayer have a direct bandgap at the 

K points? To what extent do the orbitals hybridize? Can one regard the bands at K as simply being 

those from isolated monolayers? What are the band offsets, which govern the nature and binding 

energy of interlayer excitons? And are the layers in the heterobilayer commensurate?  

ARPES has the potential to answer these questions. Conventional ARPES has been used 

extensively to determine 2D band structures in large-area van der Waals structures78–80,83,134–136. 

However, 2D heterostructures are generally limited to a few microns in size, necessitating the use 

of µ-ARPES techniques, and lack naturally clean surfaces as fabricated, impacting ARPES 

resolution81,82,137. This chapter will explore the introduction of a sample design affording 

spectrometer resolution-limited µ-ARPES measurements of artificially stacked heterostructures, 

as reported in Wilson, N. R.*; Nguyen, P. V.* et al. Determination of band offsets, hybridization, 

and exciton binding in 2D semiconductor heterostructures. Sci. Adv. 3, e1601832 (2017)138. 
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2.1 ARPES of 2D materials 

To contextualize this work, we will first briefly review its predecessors. The introduction 

has already discussed the pioneering ARPES studies of graphene that quickly followed the initial 

report35. These works achieved high resolution by studying large-area, pristine graphene films 

grown in-situ by graphitization of (0001) SiC39. ARPES of TMDs, however, were initially limited 

to bulk studies. An inventive approach78 for realizing ARPES-compatible 2D samples deposited 

potassium onto the freshly cleaved surface of bulk MoS2. The potassium intercalated in between 

the two topmost layers, simultaneously doping and separating them spatially. The resultant quasi-

freestanding ML was shown to be direct-gapped, as anticipated by prior optical and transport 

studies. However, this technique requires substantial doping (
7� ≈ 3.8 × 10�u cm-2), which 

complicates quantitative comparison of its derived band properties to other measurements. For 

example, comparison of observed band gap of �� ≈ 1.8 eV to PL70 implies an exciton binding 

energy of less than 0.1 eV, which is substantially less than expected75.  

Conventional ARPES measurements of atomically thin TMDs probed films grown by 

either molecular-beam epitaxy on SiC79, or CVD onto silicon139. These techniques produce 

scalable large samples that are suitable for technological application, but incompatible with 

heterostructure fabrication. Nevertheless, they produced spectra of sufficiently high quality to, for 

example, cleanly resolve the ~100 meV spin-orbit splitting at the K-valley in MoS2.  

µ-ARPES has been applied to few- and monolayer TMD samples prepared both by CVD 

growth81 and exfoliation82,137. Though these works were largely in qualitative agreement with the 

literature, e.g., observing a clear indirect-to-direct gap transition on thinning to single layer, they 

failed to resolve fine details such as the K-valley splitting. As will be shown below, this is not a 

fundamental limitation of µ-ARPES and can be improved upon with appropriate sample design. 
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2.2 Proving approach and sample design via WSe2 

To illustrate our approach and demonstrate its effectiveness, we first study the effect of 

hybridization between monolayers of WSe2. The optical image in Figure 2.1A shows a 

heterostructure with an exfoliated WSe2 flake that naturally has monolayer (1L), bilayer (2L) and 

multilayer (bulk) regions. Figure 2.1B is a schematic cross-section. Using PC-based dry-transfer, 

the flake is partly capped by a graphene monolayer (G). The graphene protects the TMD, and 

distances it from surface polymer contaminants. It rests on a thin graphite flake, exfoliated directly 

onto a p-doped silicon chip to serve as an atomically flat conducting substrate. Contamination 

trapped between the layers during transfer collects in blisters which consolidate on annealing to 

leave the remainder of the interfaces atomically clean140. The PC is removed by standard solvent 

treatment followed by thermal annealing in an Argon (95%)/Hydrogen (5%) atmosphere at 400 

°C for 2 hours. To ease coarse optical alignment, the Si substrate is scribed from an edge to within 

~0.5 mm away from the sample. 

µ-ARPES was performed at the Spectromicroscopy beamline, with linearly polarized 

radiation focused to a ~0.6 µm diameter spot by a Schwarzschild objective24 and incident at 45° 

with respect to the sample. The energy and momentum resolution of the hemispherical electron 

analyzer were ~50 meV and ~0.03 Å-1 respectively. Scanning photoemission microscopy (SPEM) 

maps were acquired over the energy range of the fixed detector (~3.5 eV at the pass energy used), 

integrating over its angular range of ~15° (at 70 eV this is ~1.1 Å-1). The sample temperature 

during the measurements was 110 K. Before measurement, the sample was annealed in UHV in a 

preparation chamber for several hours at up to ~400° C to remove adsorbates. It is best to ramp the 

anneal temperature slowly, allowing the pressure to fall and recover before increasing the target. 

Annealing at higher temperatures, or well after pressure is minimized can damage the sample. 
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The sample is located by SPEM using a ~1 µm beam spot at 74 eV photon energy. Figure 

2.1C shows momentum-integrated spectra taken at points in each region of the WSe2 flake. The 

highest intensity peak shifts downwards monotonically in energy as the number of layers increases. 

A SPEM map of the peak energy vs location (Fig. 2.1D) therefore shows contrast between 1L, 2L 

and bulk. All spectra were highly consistent within each region, with no spatial variations that 

would signal fixed charges from contamination or in the substrate, and no drift due to charging 

resulting from photoemission was detected. From momentum-resolved energy slices we could 

determine the orientations of the WSe2 flake, graphene cap and graphite support (Fig. 2.1E). 

Figure 2.1F  shows a momentum slice through the graphene K-point in the 1L region. �� is 

Figure 2.1. Bands in graphene-encapsulated WSe2 measured by µ-ARPES. A, Optical image and 

B, schematic cross-section of an exfoliated WSe2 flake with monolayer (1L), bilayer (2L) and bulk 

regions (red), partially capped with monolayer graphene (G, black) and supported by a graphite 

flake on a doped silicon substrate. C, Angle-integrated spectra from regions in A. D, Map of the 

energy of peak emission, showing contrast between 1L, 2L and bulk regions. E, Momentum slice 

through the graphene K-point showing that �� is at the Dirac point. F, Momentum slice along { −
� (WSe2) in the 1L region. The intensity is twice differentiated with respect to energy. Anti-

crossings between the graphene valence band (white dotted line) and the monolayer WSe2 bands 

are indicated by white arrows. 
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determined by fitting the edge of the graphene dispersion. The Dirac point energy �� coincides 

with �� (red dotted line) to within the measurement accuracy of <50 meV, implying minimal 

charge transfer to the graphene. This implies there is not a significant density of defect states in 

the gap of the WSe2. Figure 2.1G shows the second derivative of a momentum slice along Γ-K of 

WSe2 in the 1L region. The valence band of the capping graphene is marked by a white dotted 

curve. It hybridizes with the WSe2 bands producing avoided crossings (white arrows) similar to 

those seen in graphene on MoS2
80. These features are less than 3 eV below �� and the important 

WSe2 bands nearer ��140 are not affected.  

 Figure 2.2 presents Γ - K slices showing the important features within 4 eV of the Fermi 

level for the 1L, 2L and bulk WSe2 regions, along with their second derivatives. All features of 

the upper bands are well resolved. The spectra are consistent with expectations based on the 

Figure 2.2. Layer-dependent band hybridization in WSe2. A-C, Momentum slice of unprocessed 

(above), and twice-differentiated ARPES (below) along { − � of WSe2 in the 1L (A), 2L (B), and 

bulk (C) regions. Rigidly shifted DFT calculations are overlaid (red dashed lines). 



 
 

 
 

48

literature141 and density functional theory (DFT, overlaid red dashed lines) reproduces the upper 

valence band well with no adjustable parameters other than an energy offset chosen to match the 

uppermost measured band at Γ. The bands near K are almost unchanged from monolayer to 

bulk142,143due to their in-plane orbital character (W 5d�� and 5d~c@xc), and in the monolayer69,141 

the valence band edge is at K. On the other hand, there are strong hybridization effects on the 

bands near Γ due to their out-of-plane orbital character (Se 4p� and W 5d�c). In the bilayer and 

bulk, the valence band splits at Γ with a higher-mass band 0.25 eV below that in the monolayer 

and lower-mass band 0.50 eV higher. In the bilayer, the valence band edge is still at K, while it 

moves to Γ in the bulk.  

2.3 MoSe2/WSe2 heterostructures, band alignments and hybridization 

Having demonstrated a sample preparation paradigm capable of producing high quality 

spectra, we turn to semiconductor heterobilayers. Figure 2.3A is an optical image of a sample with 

an MoSe2 monolayer partially overlapping a WSe2 monolayer forming a heterobilayer region (H). 

The monolayers were aligned during transfer by identifying the crystal axes using polarization-

resolved second-harmonic generation112,144,145. As before we included a protecting graphene cap 

and a graphite support. Figure 2.3B shows angle-integrated photoemission spectra from one point 

in each region. The largest peak is ~200 meV lower in the MoSe2 monolayer than in the WSe2 

monolayer, while in the H region there are two peaks that are shifted relative to the monolayer 

peaks. As a result, a map of the energy where the intensity is highest vs position (Fig. 2.3C) shows 

contrast between monolayer and H regions. In constant-energy slices the K-points of the 

monolayers coincide in momentum space (Fig. 2.3D-E), confirming a twist angle less than 1° and 

consistent with lattice constants differing by <1%. 
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The variation in band structure across the heterojunction is seen in the { − � momentum 

slices in Figure 2.4A-C for 1L MoSe2, 1L WSe2, and the heterobilayer, respectively. The upper 

valence bands in the monolayer regions are again well matched by DFT (green and red dashed 

lines). The spin-orbit splitting at K is much smaller in the MoSe2 than the WSe2 and the valence 

band edge is substantially lower. In the heterobilayer, the bands near K are very similar to the 

bands in the monolayers, implying weak interlayer hybridization near K as was the case for the 

Figure 2.3. ARPES of a 2D heterostructure. A, optical image showing 1L MoSe2 (green) and WSe2 

(red) sheets which overlap, with MoSe2 on top, in an aligned heterobilayer region (H, blue). B, 

angle-integrated spectra in the three regions. C, map of the energy of maximum emission. D-F, 

constant energy slices with highlighted TMD Γ and K points (red circles connected by lines), 

graphene K point (black circle connected by line) and graphite K point (brown circle connected by 

line) from: the MoSe2 flake (D); the heterostructure (E); and the WSe2 (F). the TMD Γ and K 

points were found by fitting line profiles and coincided to within a rotation of 1° and a relative 

reciprocal spacing of 1%. 
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WSe2 homobilayer. On the other hand, the bands at Γ are substantially different from those in the 

monolayers, implying significant hybridization, again as in the WSe2 homobilayer. Nevertheless, 

the valence band edge remains at K. This is important for the electrical and optical properties. 

Interestingly, we clearly see three bands within 0.5 Å-1 of Γ, not just two as would be 

expected from homogeneous hybridization of one band from each monolayer. We note however 

that the third band resembles the upper band in the WSe2 homobilayer (Fig. 2.2B), in which the 

layers are perfectly commensurate having the bulk 2H stacking. We also recall that when 

Figure 2.4. Bands in a 2D heterostructure. A-D, momentum slices along { − � in the three regions, 

(above) unprocessed and (below) twice differentiated, with cartoons of the structures above. 

Superposed dashed colored lines are DFT calculations for MoSe2 (green), WSe2 (red), and an 

aligned heterostructure (blue). The graphene valence band is indicated by a white dotted line. The 

white dashes in the lower panel of C indicate the valence band maxima in the monolayer MoSe2 

and WSe2, and hence the valence band offset. The white dashed lines in the upper panels mark the 

valence band maxima in the isolated regions (W, M), and in the aligned heterobilayer (H). D, a 

momentum slice near Γ in another heterobilayer intentionally misaligned by about 30°. Here only 

two bands are seen, indicating that the third band near Γ in the aligned heterobilayer (C) arises 

from commensurate domains. 
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monolayers with mismatched lattice constants are stacked, elastic energy considerations will 

ensure that any commensurate domains have finite size. This has been demonstrated for graphene 

on hBN146. For zero twist angle the scale of the domains is a2/δa, where a is the lattice constant 

and δa is the difference. Here this scale is ~100 nm, less than the X-ray spot size. The spectrum of 

the heterobilayer could thus be interpreted as a superposition of spectra from a mixture of 

incommensurate domains in which hybridization is weak and commensurate domains in which 

hybridization is similar to that in the homobilayer.  

 

Figure 2.5. Bands in a 2D multi-layer heterostructure. A-C, optical images of: (A) MoSe2 

(outlined by dashed green line) on graphene (dashed black line) on the stamp; (B) WSe2 (dashed 

red line), MoSe2 and graphene on the stamp (heterostructure region outlined in blue), and (C) 

the exfoliated WSe2 flake on SiO2 prior to transfer. D, integrated SPEM map at Γ near ��; scale 

bar is 5 μm. E, corresponding map of the energy of maximum emission. F-I, the dispersion 

around Γ from points in the bilayer WSe2, bilayer MoSe2, monolayer WSe2, and the hetero-

trilayer (bilayer MoSe2 on monolayer WSe2) regions respectively (labeled in B) with 

corresponding DFT calculations overlaid: for the hetero-trilayer the independent layers 

(monolayer WSe2 red dashed, bilayer MoSe2 green dashed) and commensurate hetero-trilayer 

(blue dashed) are both shown. These dispersions are not along high symmetry directions as 

sample drift during acquisition was too quick to acquire full �−� spectra in each region. 
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In support of this interpretation, first, DFT simulations of the commensurate heterobilayer 

reproduce the uppermost band at Γ (blue lines in Figure 2.4C) and the slightly downward shifted 

lower band. Adding the hybridized bands of the isolated MoSe2 and WSe2 monolayers (green and 

red respectively) reproduces the three apparent bands in H fairly closely. The remaining small 

discrepancy can be accounted for by shifts of order 100 meV in the incommensurate case, roughly 

independent of twist angle147, as predicted by linear-scaling DFT. Additionally, in an intentionally 

misaligned (by ~30°) MoSe2/WSe2 heterobilayer, where no commensuration is expected, we saw 

only two bands near Γ. This is illustrated in Figure 2.4D. The band shifts in the twisted 

heterobilayer are well matched by DFT predictions for incommensurate layers. Furthermore, in a 

sample with an aligned bilayer of MoSe2 on a monolayer of WSe2 we observed four bands at Γ 

rather than three (Figure 2.5). The combined evidence is therefore compelling that aligned 

heterobilayers comprise mixtures of incommensurate and commensurate domains.  

The values of key parameters extracted from the µ-ARPES measurements are summarized 

in Figure 2.6. They were consistent across multiple samples and showed no dependence on the 

orientation of the graphene cap or graphite substrate. The spin-orbit splitting, ���, at K is 0.49 ± 

0.03 eV in WSe2 and 0.24 ± 0.03 eV in MoSe2, in agreement with the literature141 as are the 

effective masses of holes at Γ and K. In monolayer WSe2 we find �� − �� = 0.50 ± 0.03 eV, 

consistent with scanning tunneling spectroscopy results148. In monolayer MoSe2 we find �� −
�� = 0.44 ± 0.03 eV. We also record here the valence band width, D, which is useful for 

comparison with band structure calculations141. As is well known, in both monolayer species the 

valence band edge is at K whereas in the bulk it is at Γ. In the heterobilayer we find that the valence 

band edge is also at K and is higher than the maximum at Γ by 0.14 ± 0.03 eV. We measured a 

valence band offset between the WSe2 and MoSe2 monolayers of Δ��� = 0.30 ± 0.03 eV. Since 
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the bands at { in H (Figure 2.4C) align well with those in the separate monolayers, we infer that 

this value is an intrinsic parameter of the heterojunction, and that any charge transfer between the 

layers has negligible effect on the measurement.  

Since we cannot probe the conduction band in these samples, we show the conduction band 

edges at K (red dashed line) and Q (blue dashed line) calculated by DFT. Although DFT 

Figure 2.6. Summary of measured band parameters. Left: schematic defining parameters 

applicable for monolayers and aligned bilayers. Solid lines signify measured quantities, dotted 

lines DFT calculations. Main: graphical illustration of the positions of homologous band edges 

and hybridization effects. In both 2L WSe2 and heterobilayer MoSe2/WSe2, hybridization is almost 

undetectable at K (red) but much larger at Γ (black). Below: table of quantities determined by 

fitting the µ-ARPES spectra shown in Figure 2.2 and Figure 2.4. Energies are from Lorentzian fits 

to the second-derivative curves. The effective masses, which within the accuracy of the fits are 

isotropic, are obtained from weighted parabolic fits to the above band positions in symmetric 

windows about K and Γ of width 0.08 Å@� and 0.15 Å@� respectively. 
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underestimates these energies, the predictions of variations within the family of materials and 

across the Brillouin zone are more reliable69,141. The conduction band edge in H is predicted to 

remain at the K-point, which taken with our measurements implies that the band gap in H is direct. 

2.4 Interlayer exciton binding energy 

We can gain important insights into exciton binding by combining these results with optical 

measurements. Photoluminescence measurements were performed using ~30 μW of 532 or 632.8 

nm continuous-wave laser excitation in reflection geometry, with the signal collected by 

spectrometer and Si CCD. Figure 2.7A shows a photoluminescence spectrum from an aligned 

WSe2/MoSe2 heterobilayer sample at room temperature. Below it is a plot of the peak positions 

for 13 similar samples. There are three peaks, whose origins are indicated schematically in Fig. 

4B. �� and �� are the intralayer excitons formed by an electron and a hole in bands from the 

same layer, either MoSe2 or WSe2, respectively. Their energies ℏ3(��) and ℏ3(��) are almost 

coincident with the corresponding valley excitons in the isolated monolayers, consistent with the 

observation that the band-edge states near the K-points hybridize little. This implies that the 

binding energy of intralayer excitons in one layer is insensitive to the presence of the other layer. 

The third peak is the interlayer exciton, ��. The small (~2%) variation of ℏ3(��) between samples 

could be due to variations in substrate doping or twist angle. 

According to Figure 2.7B, the energy difference between the intra- and interlayer excitons 

has two contributions: the difference in their binding energies, H�� = �� %��+ − �� %��+; and the 

valence band offset, such that ℏ3(��) and ℏ3(��)= Δ��� − H��. The uniformity of ℏ3(��) is 

consistent with ���� being an invariant parameter of the heterojunction. Hence, by combining 

optical and ARPES measurements made at the same temperature, we can deduce the magnitude of 

H�� = ℏ3%��+ − ℏ3%��+ 5 Δ���. Averaging over the samples we get ℏ3%��+ − ℏ3%��+ = 0.22 
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± 0.02 eV, at 300 K. At 105 K it is slightly larger, by about 0.03 eV. Then using Δ��� = 0.30 ± 

0.03 eV from above gives H�� = 0.05 ± 0.04 eV. That the ��  is more weakly bound than �� is 

not surprising because the electron and hole in different layers are on average further apart. The 

values of �� found in similar monolayers in the literature range from ~0.3 to 0.7 eV74,75,149–154,with 

a report of 0.55 eV for MoSe2
74. We deduce that the interlayer binding energy �� %��+ = ��%��+ −

H�� is at least ~0.2 eV. This is an order of magnitude larger than the binding energy of spatially 

indirect excitons in GaAs/AlGaAs double quantum wells. 

  

Figure 2.7. Photoluminescence and exciton binding in aligned heterobilayers. A, Above: 

representative PL spectrum showing peaks due to intralayer (�� and ��) and interlayer (��) 
excitons (2.33 eV excitation at 20 μW). Below: peak positions for 13 samples, implying that the 

energy of �� is 220 ± 20 meV below that of ��. B, Energy diagram showing the connection 

between the three exciton energies and the levels derived from the MoSe2 and WSe2 conduction 

and valence bands at the K points. 
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2.5 Discussion and summary 

The results described above establish the key electronic parameters of MoSe2-WSe2 

heterobilayers. The hybridization effects at Γ provide the first evidence for commensurate domains 

in such heterostructures, suggesting the possibility of band engineering by layering similar to that 

discussed in the context of graphene on hBN. Confirmation of this explanation will however 

require further research, such as higher resolution ARPES measurements showing the absence of 

hybridization of bands from the spatially separated domains. The observations that the valence 

band edge remains at the K-point and that the band alignment is type II are both significant for 

electronic and optoelectronic applications.  

Electron doping is required to probe the conduction band of insulators by ARPES. The 

samples discussed here are undoped but as we shall discuss in the next chapter, the sample design 

used offers the possibility of gate doping in-situ in the ARPES chamber. In cases where the bands 

of the graphene cap may obscure features near the Fermi energy the graphene can be replaced with 

monolayer hBN, which is equally effective but both harder to prepare and to work with. 

It is thus clear that the technique of µ-ARPES combined with careful sample design 

provides invaluable information for realizing the potential of 2D semiconductor heterostructures. 

It will also enable determination of the local electronic structure and chemical potential in all 

manner of other 2D materials and devices.  
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Chapter 3. ELECTROSTATIC GATING EFFECTS IN 2D 
HETEROSTRUCTURE DEVICES 

Having established a sample fabrication protocol to overcome an apparent limitation in 

spectral resolution of µ-ARPES with 2D heterostructures, it is prudent to tackle another, more 

fundamental limitation: ARPES probes only occupied electron states. A semiconductor sample 

must therefore be electron-doped to produce a signal from the conduction band. This is usually 

achieved by depositing electropositive atoms such as alkali metals6–8,13 on the surface. This process 

cannot be controlled accurately and can only be reversed by high temperature annealing. 

Moreover, it chemically perturbs the electronic structure and introduces disorder through the 

random distribution of dopants. An alternative is pump-probe measurement, where electrons are 

excited to previously-unoccupied states before photoemission155. While this technique can probe 

conduction band states, for example, with effectively zero net doping, it fundamentally studies 

nonequilibrium states.  

A unique facet of 2D research is that with the addition of appropriate metal electrodes, 2D 

heterostructures become 2D devices wherein local electric fields can be applied to the entirety of 

a layer of interest to, for example, controllably and reversibly dope it. If the sample design 

discussed in Chapter 2 could be adapted to make µ-ARPES-compatible devices, effects of doping 

and of the applied electric field itself on band structure throughout the device could be directly 

visualized without the disadvantages of the conventional doping techniques.  

This chapter will demonstrate exactly this, reprinting work from Nguyen, P. V. et al. 

Visualizing electrostatic gating effects in two-dimensional heterostructures. Nature 572, 220–223 

(2019)156. Also to be discussed is more recent work from Teutsch, N. C.*, Nguyen, P. V.*, et al. 

Field-dependent band-structure measurements in two-dimensional heterostructures (in prep.).  
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3.1 Proving approach and sample design via gating graphene 

We first demonstrate and validate the technique using monolayer graphene, which has an 

exquisitely well understood band structure even when doped. In our graphene devices, a graphene 

sheet is capped by monolayer hBN, supported on a BN flake over a graphite gate (Fig. 3.1A), and 

located in a gap between two platinum electrodes on an SiO2/Si substrate chip (Fig. 3.1B, C). The 

gate is contacted to the smaller electrode, and the graphene to the larger electrode which functions 

as a grounding plane to minimize stray electric fields that may distort the electron trajectories. A 

similar structure with two contacts to the graphene would function as a high-mobility transistor26.   

Figure 3.1. Visualizing electrostatic gating of monolayer graphene. A, Schematic of a device with 

a stack comprising graphene encapsulated by BN on a graphite back gate. The addition of ML 

hBN sharpened the graphene spectra which otherwise remained comparable to spectra from 

uncapped samples. The graphene is grounded while a voltage X� is applied to the gate. B, Optical 

image of a device mounted in a standard DIP. C, optical zoom on the dotted box in B and D, SPEM 

image of the same area (scale bar, 50 µm). E, E - k slices near the graphene K-point, along the red 

line in the inset Brillouin zone, at the labelled X�. The dashed lines are linear dispersion fits; the 

Dirac point energy �� is deduced from their crossing (scale bars, 0.2 Å-1). F, gate dependence of 

��, with error bars from MDC fits. The solid line is a fit based on the dispersion of graphene, with 

the gate-induced electron density 
� (top axis) calculated from the capacitance. 
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To minimize polymer contamination of the device surface, the substrates are pre-patterned 

with electrodes of ~30 nm Pt on a 5 nm Ti sticking layer. Pt is chosen for its high maximum 

annealing temperature (at least 400° C). Residual PMMA residue is removed by O2 plasma 

treatment (50W, 15 minutes). The device is melted down onto the substrates and solvent and AFM-

cleaned. The substrates are then mounted in ceramic eight-pin dual-inline packages (DIP, Kyocera 

SB008AK959-1) using low-outgassing, high-temperature compatible silver epoxy (EPO-TEK 

H20E). To minimize the annealing time in UHV, the packages are cleaned with IPA, then annealed 

in low vacuum at 300° C for two hours before the substrates are mounted. After mounting, the 

assembly is annealed again in low vacuum to cure the epoxy. Bare wire is wrapped around the 

package pins, fixed using the epoxy, and used to contact to leads on the ARPES sample mount.  

ARPES measurements were done also at Spectromicroscopy under similar conditions as 

discussed in Chapter 2. Photon energy is 74 eV. Voltages are applied, and current is measured via 

a sourcemeter. SPEM is used to locate the sample in the ARPES chamber (Figure 3.1D). Figure 

3.1E shows energy, E - EF, vs momentum for a slice through the Dirac cone near the graphene 

zone corner K, acquired at a series of gate voltages VG at 105 K. As expected, the Dirac point 

energy ED shifts from above EF at VG = -5 V to below it at +5 V. Fitting a linear dispersion, �%�+ =
 ��  ±  ħz�� (dashed lines), gives ED and the Fermi velocity z� at each voltage.  

The variation of ED with VG is plotted in Figure 3.1F and is consistent with the expected 

form (solid line) given graphene’s linear dispersion. To see this, it is useful to consider gate-

induced doping 
�, which is expected to follow 

 
� = ¡¢
S %X� − ∆X − ∆¤/�+  (3.1) 

where ∆X is the voltage drop to ground from the sample under the ARPES beam due to 

photodoping, �¤ =  � %�� − ��+ is the chemical potential change due to gate doping, and Cg is 
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the geometric capacitance. For graphene, the resistance R < ~1 kΩ and the maximum sourced 

current <2 nA, thus ΔV < ~2 µV which is negligible. Δμ can be found from the spectrum at each 

voltage to an accuracy of ~20 meV. In the measurements in Figure 3.1, �¤/� is at least ten times 

smaller than VG. Thus 
� ≈ ¦�X� (accurate to within 10%). As w�� =  9 meV ≪ ��, from the 

conical Dirac dispersion one expects35 ��7 ≈ ¬ℏ7z�7%
1 5 
�+, where 
� = ¦X� is the induced 2D 

electron density, C the areal capacitance, and 
1 the residual electron density at VG = 0.  

The solid line in Figure 3.1F is a fit to this model with C and 
1 treated as fitting 

parameters. The value of 
1 obtained is (1.8 ± 0.1) × 1012 cm-2, implying a somewhat high residual 

doping that may be due to residual contamination. The value of C is (2.2 ± 0.2) × 10-7 Farad cm-2, 

consistent with the geometrical capacitance, %I1I�?+/��? = (2.5 ± 0.2) × 10-7 Farad cm-2, derived 

from the BN thickness, ��? = 14 ± 1 nm, measured by atomic force microscopy, and the dielectric 

constant, I�? = 4.0, taken from the literature36–38. Note also that the intensity near ED is weak 

because these E - k slices do not pass exactly through K. The much lower intensity on one side of 

the cone corresponds to the graphene corridor (destructive interference between sublattice sites39
).  

Figure 3.2. Gate dependence of graphene spectra. A, extracted graphene Fermi velocity vs. gate 

voltage X� showing weak dependence. B-D, constant energy slices through the Dirac cone at 

different energies with no significant change with X�. Panels are 4 Å-1 wide. E, E – k slice through 

K and K’, showing symmetric spectrum without gate-induced distortions. 
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Finally, we find z� = 9.3 ± 0.1×105 ms-1 at VG = 0, with a weak VG dependence (Figure 

3.2A). Evidence has previously been reported157 of a reduction of z� by up to 20% near ED in 

graphene films at low doping levels (~1 × 1012 cm-2). However, this corresponds to a subtler 

distortion of the Dirac cone than can be resolved by the spectrometer at Spectromicroscopy. 

Rather, the variations observed here might be explained by experimental limitations such as the 

very weak emission from one branch and the sensitivity to the exact alignment of the momentum 

slice with the Dirac point. No modification of the dispersion near ED which could arise due to 

interactions, is detectable with the system spectral resolution (Fig. 3.2B-E). The consistency of the 

above properties with the graphene literature, together with the observation that the spectrum is 

undistorted as VG is changed, implies that the photoelectron trajectories are not affected by stray 

electric fields due to the gate voltage or charging effects. We conclude that the technique produces 

accurate local electronic spectra during live electrostatic gating. 

3.2 Visualizing the conduction band of 2D TMDs by gating 

To study gate-doping of 2D semiconductors, we incorporate a TMD flake into the stack on 

top of the BN, partially overlapping graphene that acts as a contact to it (Fig. 3.3A). Figure 3.3B 

and C are optical and SPEM images of Device 1, which has a WSe2 flake that has monolayer 

(ML), bilayer (2L) and trilayer (3L) regions. 27 eV excitation was used over 74 eV, as it produces 

more photoemission from the K valleys. Sample stage temperature was 100K. Figure 3.3D-E are 

momentum slices obtained with the beam spot on each of the regions, respectively, along Γ - K of 

the WSe2 Brillouin zone at 100 K (Fig. 3.3G, inset). As expected, at X� = 0 (upper row) only the 

valence bands can be seen. Their evolution with layer number is consistent with the literature27 

and matches the overlaid theoretical predictions (GW approximation, Appendix) well. At VG = 

+3.35 V (lower row) an additional spot appears near ��. The size of this conduction band feature 
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is determined solely by instrument resolution, and the dispersion cannot be resolved. However, its 

intensity is maximal near the graphene contact, possibly due to electrostatics. In ML WSe2 the spot 

is located at K, whereas in 2L and 3L it is at Q (Fig. 3.3G). This is consistent with evidence from 

photoluminescence25 that the gap is direct at K in the monolayer but indirect for 2+ layers.  

Figure 3.3. Layer-number dependent conduction band edge in WSe2. A, Schematic of a device 

incorporating a WSe2 flake with overlapping graphene top contact grounded and gate voltage VG 

applied to the graphite back gate. B, Optical and C, SPEM images of WSe2 Device 1 (dBN = 7.4 ± 

0.5 nm), with monolayer, bilayer and trilayer regions identified (scale bars, 5 µm). D-F, energy-

momentum slices along Γ - K for ML, 2L, and 3L regions respectively. The upper panels are at 

VG = 0 and the lower ones at VG = +3.35 V. The intensity in the dashed boxes is multiplied by 20. 

The fuzzy spots signal population of the CBE. Scale bars, 0.3 Å-1. The data have been reflected 

about Γ to aid comparison with electronic structure calculations (GW approximation, see 

Appendix) (red dashed lines). G, Brillouin zone of TMD, and schematic of bands along Γ - K 

showing definitions of the energy parameters discussed in the text. 
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 ∆SOC (eV) EK (VG = 0) (eV) EKГ (VG = 0) (eV) #­∗ /#S Eg (eV) 

ML MoS2 0.17 ± 0.04 1.93 ± 0.02 0.14 ± 0.04 0.7 ± 0.1 2.07 ± 0.05 

ML MoSe2 0.22 ± 0.03 1.04 ± 0.02 0.48 ± 0.03 0.5 ± 0.1 1.64 ± 0.05 

ML WS2 0.45 ± 0.03 1.43 ± 0.02 0.39 ± 0.02 0.5 ± 0.1 2.03 ± 0.05 

ML WSe2 0.485 ± 0.010 0.80 ± 0.01 0.62 ± 0.01 0.42 ± 0.05 1.79 ± 0.03 

2L WSe2 0.501 ± 0.010 0.75 ± 0.01 0.14 ± 0.01 0.41 ± 0.05 1.51 ± 0.03 * 

3L WSe2 0.504 ± 0.010 0.74 ± 0.01 0.00 ± 0.01 0.40 ± 0.05 1.46 ± 0.03 * 

*indirect, with CBE at Q 

Table 3.1 shows the band parameters for ML–3L WSe2 as well as for other monolayer 

TMD species, derived15 from measurements on this and other devices (Fig. 3.4). The band gap, Eg 

= EC - EK, where EC is the energy of the CBE, was determined at a doping level of 
� ≈ 1013 cm-2 

for which EF - EC ~ 30 meV. We also list the simultaneously determined hole effective mass #K∗ , 

valence band edge EK, spin-orbit splitting ∆SOC, and EKΓ as defined in Figure 3.3G, all measured 

for the first time on an hBN substrate and with greater precision than in previous reports.  

Table 3.1. Measured band structure parameters of TMDs. As defined in Figure 3.3G, ∆SOC 

is the valence band spin-orbit splitting at K; EK is the valence band edge at VG = 0; EKГ = EK - 

EΓ is the difference between the valence band edges at K and Γ at VG = 0; #�∗  is the effective 

mass of the valence band edge at K in units of the free electron mass #S; and Eg is the band 

gap measured at gate-induced electron density nG = 1.0 ± 0.2 × 1012 cm-2. The stage temperature 

was 100 K for the WSe2 and 105 K for the others. 

Figure 3.4. Conduction band edges in other ML TMDs. A-C, E - k slices through K for ML 

MoS2, MoSe2, and WS2, respectively. Linear dispersion in A due to partial overlap with 

graphene capped region. Scale bars are 0.3 Å-1. 
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It is worth verifying that the gating process does not distort the TMD spectra. Figure 3.5 

shows two constant energy slices from 2L WSe2 doped to the CBM at Q/Q’ (X� = +8 V through 

��? = 24.5 ± 0.5 nm. The first slice is through the 2L WSe2 VBM, and allows determination of 

the hexagonal Brillouin zone. The second slice is very nearly at ��, and shows small bright spots 

from the CBM at Q and Q’. Their energetic alignment to each other, and angular alignment to the 

valence band feature at K implies that the gate field is not generating significant distortion. 

3.3 Band gap renormalization in the low doping regime 

We can now consider gate dependence of the spectra in detail. The lower left of Figure 3.6 

shows the behavior of the top of the valence band at Γ, where the photoemission signal is strongest, 

for monolayer WSe2 Device 2. At low VG (range labelled B-C-D) the spectrum shifts nearly 

linearly with a slope -1/e, where e is the electron charge, implying that the electrostatic potential 

in the WSe2 tracks the gate potential when it is undoped. For VG > +2.1 V (E) or < -1.5 V (A) it 

becomes almost independent of VG, implying that these are the thresholds for electron and hole 

accumulation, respectively. The behavior can be understood with reference to the corresponding 

band diagrams (above), taking into account the balance of photoemission current, IPE, the currents 

into the beam spot from the contact, IC, and the gate, IG, as indicated in the sketch at the top left. 

Figure 3.5. Uniform band shifting in electrostatically 

gated 2L WSe2. Constant energy maps of gated 2L WSe2 

at X� = +8 V, (left) at a binding energy of 1.555 eV 

which corresponds to the valence band maximum, and 

(right) near �� at a binding energy of 0.025 eV. The 

conduction band energy is the same at Q and Q’, 

implying that the gate field does not significantly distort 

the spectrum in this case.  
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At small VG, the doping nG must be very small because of the band gap, so the in-plane 

resistance can be large and ΔV can be substantial. As long as nG is negligible, ΔV can be identified 

with the purely electrostatic energy shift of an ARPES spectral feature. ΔEΓ/e in Figure 3.6 indeed 

tracks VG closely at low VG (Fig. 3.6F,G). We deduce that in this regime photoemission directly 

from the hBN valence band generates photoconductivity in the hBN which is sufficient to keep 

the potential in the TMD close to that of the gate, i.e., ΔV ≈ Vg, with negligible potential drop 

across the hBN and no accumulation of charge in the TMD. In contrast, at a sufficiently large 

Figure 3.6. Electrostatic gating of monolayer WSe2. (Bottom left) Each vertical strip is an 

energy-momentum slice, 0.6 Å-1
 wide, through { in WSe2 Device 2 (dBN = 6.0 ± 0.5 nm) 

measured at the gate voltage shown on the bottom axis. ΔEΓ is the photoelectron kinetic energy 

measured relative to the Γ-point maximum at VG = 0. The dashed line has slope -1/e. Above left 

is a device schematic indicating the photoemission current IPE from the beam spot, current IC 

from the graphene contact, and current IG from the gate through the BN due to 

photoconductivity. The schematic band diagrams (top left) indicate the situations at the gate 

voltages labelled A-E. The gray rectangle is the graphene Fermi sea, the blue lines are the WSe2 

conduction and valence band edges, and the smaller arrows indicate when IG and IC are 

significant. F, ΔEΓ vs VG for WSe2 monolayer Device 2. G, VG - ΔEΓ/e vs VG. H, current i from 

gate to ground vs VG. The grey shaded regions indicate the threshold regions in which the WSe2 

becomes conducting.  

 



 
 

 
 

66

magnitude of VG, (VG - ∆EΓ/e) tends towards a linear increase with VG. This happens when the high 

doping makes in-plane resistance R small enough that the electrochemical potential in the TMD 

approaches that in the (ground) electrode and ΔV stops changing, with the Fermi energy virtually 

pinned at the band edge due to the large density of states. In this regime we can take  

 
� = ¡¢
S %X� − ∆��/�+  (3.2) 

since (VG - ∆EΓ/e) is the static potential drop across the hBN, the electrons are in electrochemical 

equilibrium, and the quantum capacitance is negligible (i.e., EF is effectively pinned at the CBE).  

A full interpretation can thus be formed as follows. The currents IPE, IC, and IG must sum 

to zero. IG can be substantial because of photo-excited carriers in the hBN. (n.b., in general such 

currents may cause a device to operate differently from how it would in the dark). Between B and 

C, the WSe2 is depleted and insulating enough that the BN photoconductivity brings the potential 

close to that of the gate. Holes created by photoemission from the WSe2 recombine with excited 

electrons in the BN, and IPE ≈ IG. Between C and D, these holes can also drift to the contact through 

the depleted WSe2, and IC is significant. Above threshold, at E, electrons accumulate at the CBE 

in the WSe2 as they flow in laterally from the graphene contact, and the CBE is pinned close to the 

graphene Fermi level. Similarly, at A, holes accumulate, and the valence band edge is pinned. An 

“overshoot” occurs at D because when the CBE in the beam spot first moves below the graphene 

Fermi level, the Schottky barrier between graphene and WSe2 prevents electrons flowing in fast 

enough to accumulate. 

Note that no change in spectral widths is seen as long as the WSe2 is insulating (range B-

D), but above threshold (range D-E) all features are smeared in energy by a similar amount. This 

can be explained by inhomogeneous broadening due to variation of the potential across the beam 
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spot associated with lateral current flow in the WSe2. Refinement of the technique to reduce this 

effect may allow studies of changes in intrinsic broadening with doping. 

Figure 3.7A shows spectra from monolayer WSe2 Device 1 at VG = 0 (for reference) and at 

selected gate voltages well above threshold (about +1.5 V). In this regime we derive the gate 

doping nG, also shown, from Eq. 3.2 . The CBE becomes visible at K for nG > ~1012 cm-2 and at Q 

for nG > ~1013 cm-2, when EK is roughly 30 meV below EF. We conclude that the conduction band 

minimum at Q is higher than that at K. Scanning tunneling spectroscopy (STS)21 also indicates 

that for 1L WSe2 these minima are very close. The form of the valence bands does not change 

Figure 3.7. Renormalization of the band gap and comparison with PL. A, E - k slices along Γ - K for 

ML WSe2 in Device 1 at a series of VG, with doping nG also shown (scale bar, 0.3 Å-1). The intensity 

in the dashed box is multiplied by 20 at +2.05 V and by 40 at higher VG. The definition of the band 

gap, Eg, is indicated. B, band gap dependence on nG for Device 1 (red) and Device 3 (dBN = 4.5 ± 0.5 

nm, solid black circles) at 100 K. Also plotted (black open circles) are the photoluminescence peak 

positions for the neutral exciton (X0) and negative trion (X-) in Device 3 at the same temperature. The 

inset shows the photoluminescence data, with an impurity-bound exciton peak XI also labelled. The 

points at nG = 0 are measurements of the gap from other techniques from the literature: STS120 (purple 

triangle) and STS221 (pink triangle) are from scanning tunnelling spectroscopy measurements, on 

graphite at T= 4.5 K and 77 K respectively; 2ph (brown square) is from two-photon absorption22, on 

SiO2 at 300 K; ARIPES (black open square) is from inverse photoemission23, on sapphire at 300 K; 

and Magex (green solid square) is from magneto-optical measurements24, encapsulated in BN at 4 K. 
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discernibly with increasing nG but they shift upwards in energy while the CBE is pinned at EF, 

implying that the band gap decreases.  

Optical spectroscopy can be performed on the same devices, and under the same 

conditions, as the µ-ARPES measurements, eliminating uncertainties due to differences in sample 

quality, dielectric environment, gate voltage and temperature28–30. PL measurements were 

performed using ~20 µW linearly polarized 532 nm continuous-wave laser excitation in reflection 

geometry, with the signal collected by a spectrometer and a silicon CCD, in vacuum in a closed-

cycle cryostat. Figure 3.7B shows both the µ-ARPES determination of Eg (black solid circles) and 

the PL peak positions (black empty circles), ��0 and ��−, for neutral (X0) and charged (X-) 

excitons, for monolayer WSe2 Device 3 as a function of gate doping at 100 K. Also shown are the 

values of Eg from Device 1 (red solid circles), which agree to within the uncertainty. It is apparent 

that Eg decreases systematically, by ~400 meV as nG rises to 1.5 × 1013 cm-2. Such renormalization 

of the band gap with static doping is expected to occur in a semiconductor as a result of free-carrier 

screening31, though it has not previously been so accessible to experiments.  

Also plotted in Figure 3.7B are values of the band gap at nG = 0 inferred from several other 

techniques. An extrapolation of Eg measured by µ-ARPES to nG = 0 is consistent with STS 

measurements which put it in the range 2.1-2.2 eV. Comparison with ��0 supports arguments that 

the binding energy of neutral excitons is very large in WSe2 28, at several hundred meV. Eg 

decreases much faster than ��− with doping, implying dramatic weakening of the exciton binding 

which is another expected effect of free-carrier screening29. Finally, the still smaller values of Eg 

reported in monolayers doped with alkali metals (down to 1.4 eV for 1L WSe2) are consistent with 

an extrapolation of the renormalization process to higher nG
7,8.  
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3.4 Field-dependent band alignment at the graphene/TMD interface 

In electronic and optoelectronic devices made from 2D materials, electric fields may induce 

substantial band structure changes underpinning device operation. This is perhaps most practically 

important where the material of interest interfaces with its contact. As we have seen, graphene 

itself can function as a contact to TMDs. In fact, using graphene (or another 2D conductor) as a 

contact can be advantageous, as its finite density of states means its carrier density, and therefore 

its band alignment to, say, a TMD can be tuned by a gate voltage. Understanding to what degree 

this is possible, then, is vital to development of all-2D devices.  

µ-ARPES can be applied to this question with the device geometry used in the previous 

subsection (Fig. 3.8A). Figure 3.8B is an optical image of Device 4, with the different layers 

outlined. Figure 3.8C shows the Brillouin zones of the graphene and ML WSe2 and Figure 3.8D 

shows sketches of the bands along the three colored lines (in Fig. 3.8C) at the zone center ({, red), 

the zone corner of WSe2 (�¯, blue), and the zone corner of graphene (�°±, green line). The 

behavior of the spectra along these lines, as a function of gate voltage, is shown in the cubes in 

Figure 3.8E-G. On the front of each cube is an energy-momentum slice of the intensity ²%�, w∥, X�+ 

along the respective momentum line at X� = −6 V. As X� is varied each of these pieces of the 

spectrum shifts vertically with some broadening; the shift is seen on the side of the cube.  

At each gate voltage we determined the WSe2 valence band maximum at {, �Г, from a 

parabolic fit to the intense photoemission around {, and similarly �� from the weaker 

photoemission around �¯. The Dirac point energy, ��, of the graphene was found from the 

crossing points of linear fits to each side of the conical graphene dispersion around �°±. We 

find �{ − �� = 0.55 ± 0.05 eV, and the spin splitting at �¯ is ∆��¶ = 0.48 ± 0.03 eV, consistent 

with our previous measurements103,158 on ungated monolayer WSe2. At X� = 0, the valence band 
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edge is at �� = 0.85 ± 0.05 eV, slightly higher binding energy than the value of 0.80 ± 0.01 eV 

from Table 3.1 where there was no top graphene. Since monolayer WSe2 on BN has a direct gap158 

of approximately 2.1 eV, the chemical potential is deep in the gap of the WSe2. 

The variation of these band parameters with X� is plotted in Figure 3.9A. The Dirac point 

moves downwards in an S-shaped manner as X� is increased, as expected due to the vanishing 

density of states in graphene near the Dirac point159. The WSe2 valence bands shift rigidly, with 

detectable changes in neither �� − �� nor ∆��. They also follow an S-shape, but their overall shift 

in the same X� range is larger. Figure 3.9B shows similar measurements done with Device 5, which 

had monolayer MoSe2 instead of WSe2. Spectra were only acquired from the MoSe2 bands at { 

Figure 3.8. Gate-dependent valence band measurements in a 2D heterostructure. A, Schematic and 

B, optical microscope image of device 4, the scale bar corresponds to 50 µm. C, First Brillouin 

zones of the monolayer WSe2 (blue hexagon) and graphene (green hexagon), with the positions of 

the energy-momentum slices marked as solid lines. D, Energy-momentum schematic of the band 

energies. E, Photoemission intensity as a function of energy, momentum, and gate voltage, 

²%�, wǁ, X�+ around the Brillouin zone center; F, the zone corner of WSe2; and G, and graphene; 

the scale bars correspond to 0.3Å-1. 
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due to the low photoemission intensity at the zone corner. The band gap of MoSe2 is similar to that 

of WSe2,158,160 so the higher position of �� at X̧ = 0 suggests n-doping of the MoSe2, possibly 

due to intrinsic defects. Note that these measurements were made in UHV after annealing to 

remove atmospheric contaminants, and at low temperature (100 K) so that adsorbates and charge 

traps in the substrate are unlikely to contribute.161 

We interpret these shifts via schematic band diagrams, Figure 3.10A and B. At X� = 0 

(Fig. 3.10A), the graphene Dirac point �� is very close to the Fermi level, i.e., �¹ = 0, implying 

that the graphene is undoped and the electric field in the hBN is small. The position of the valence 

band edge �� in the monolayer TMD is then defined to be ��1. When a (positive) gate voltage X� 

is applied to the graphite (Fig. 3.10B) the electric field increases, the graphene becomes doped 

with electrons to a chemical potential ¤, measured relative to the Dirac point, and, since the Fermi 

energy is defined to be zero, �� shifts to – ¤. The areal charge density is to a good approximation 

¦X�, where the geometric capacitance ¦ = I�?/» is dominated by the hBN with thickness » and 

dielectric constant I�? ≈ 4.5, found in the previous subsection. Then � ¼ 
%�+��½
1 ≈ ¦X�, where 


%�+ = 
�¾ 5 
�.- is sum of the density of states of the graphene, 
�¿ = 7
A%ħÀÁ+c �, and of possible 

Figure 3.9. Gate-dependent band 

alignments across graphene on TMD. 

Band energies �� (green), �� (blue) and 

�Г (maroon) extracted from the data in 

Figure 3.8, plotted as a function of gate 

voltage, for A, graphene on monolayer 

WSe2 and B, graphene on monolayer 

MoSe2. The dashed lines are fits to the 

data as described in the text. 
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in-gap states in the TMD, 
�.-. ¤%X̧ + can therefore only be calculated if 
ÂoÃ is known. However, 

for the WSe2 device, � = 25.5 ± 0.2 nm and we obtain a good fit to the measurements of �� =
−¤ vs X� by taking 
�.- = 0. From this we infer an upper bound on the density of in-gap states in 

the monolayer WSe2 of < 1011cm-2. 

 The shift of the TMD bands relative to the graphene Dirac point observed in Figure 3.9 is 

naturally explained by the gate electric field creating an electrostatic potential energy difference Δ 

between electron states localized on the WSe2 layer and those localized on the graphene.  This is 

Figure 3.10. Gate-dependent electrostatic potential drop across the TMD layer. Schematics of the 

band edge energies across the heterostructure without applied gate voltage X�  =  0 (A), and with 

applied gate voltage X� (B). The electrostatic potential difference between states on the MX2 and 

top graphene layer, determined from the band alignment data in Figure 3.9, plotted as a function 

of the electrostatic potential drop across the BN for WSe2 (C) and MoSe2 (D) heterostructures. 

The dashed lines are linear fits to the data. 
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indicated in the profile of the electrostatic potential �, drawn in red superimposed on Figure 3.10B. 

For linear polarizability of the insulators, Δ will be proportional to the total potential drop %X� −
μ/�+ between the graphite gate and the graphene, that is, Δ = 6%�X� − ¤+, where 6 is a numerical 

constant. Therefore, �� = ��1 5 μ 5 Δ = ��1 5 μ 5 6%�X� − ¤+, and using �� = −¤, 
 �� − �� = ��1 5 6%�X� − ��+.  (3.3) 

Thus, plotting �� − �� against �X� − �� using the measured values of �­ and �¹ should 

yield a straight line of slope 6. Such plots are shown in Figure 3.10C and D for WSe2 and MoSe2, 

respectively. For the WSe2 the linear fit shown yields 6 = 0.012 ± 0.002. Treating the BN and 

WSe2 as dielectric slabs gives 6 = Ä
¹

`ÅÆ
`Ç , where � and I� are the effective thickness and 

perpendicular dielectric constant of the monolayer TMD. Taking ���$c = 0.65 nm162–164, we get 

I��$c = %9.8 ± 1.5+ which is similar to prior reports for multi-layer WSe2
165. And for the MoSe2, 

with ��È�$c = 0.65 nm and » = 19.0 ± 0.5 nm, we find I�È�$c = %8.9 ± 1.0+. 

3.5 Discussion and Summary 

The results presented here demonstrate that ARPES with in-operando gating can probe 

device physics in 2D heterostructures. The ability to measure changes in the electronic bands 

throughout 2D field-effect devices opens up many interesting possibilities. For example, it could 

be used to study electric-field tuning of the bands across topological phase transitions5; to 

investigate the doping dependence of spectra in correlated electron systems such as in 

superconductors, Mott insulators, and charge-density-wave materials; to observe spectral 

reconstructions in structures with moiré superlattice modulations32; and, with the addition of 

circularly polarized light or a spin-resolved spectrometer, to study electrically controlled magnetic 

phenomena33.  
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Chapter 4. BAND ALIGNMENTS AND REPLICA BANDS IN TWISTED 
2D HETEROSTRUCTURES 

A unique degree of freedom in designing 2D heterostructures is the interlayer rotational 

alignment, which can be set to arbitrary angles to produce nearly any desired incommensurate 

stacking. At such a twisted heterointerface, the electrons can feel the combined potential of the 

nearby layers – a moiré superpotential with longer spatial period than of the constituent crystals. 

The moiré periodicity from two similar lattices at small twist can alter the underlying optical and 

electronic properties. For graphene based superlattices many studies of high impact physics have 

been reported as the result of flat moiré bands driving strong correlations, such as magic-angle 

superconductivity41, and tunable Mott insulator states157. More recently, moiré potentials have 

been exploited in heterostructures of TMDs to change their optical response, e.g. by localizing 

interlayer excitons64,166,167. Naturally, knowledge of the band structure in these systems is of 

paramount importance for substantiating and interpreting any observed novel phenomena. 

This chapter will cover on-going work to apply μ-ARPES to such incommensurate 2D 

heterostructures to directly determine the effect, if any, of twisting on the combined electronic 

structure. All ARPES presented came from Spectromicroscopy with identical procedures as 

previously discussed. The discussion will be chronological, starting with observations of twist-

dependent replications of the spectral features in samples of ML hBN on ML and 2L TMDs. There, 

the folded bands are not observed to produce minigaps where they cross with the original bands. 

Thus, any possible moiré effects (which would change the underlying bands) must be 

disambiguated from final state diffraction effects (affecting only the ARPES). Following this will 

be a discussion of more recent studies of gated TMD/TMD twisted-heterobilayers, both with and 

without graphene on top. These results are less ambiguous, as the graphene bands themselves are 

observed to be replicated according to the moiré of the underlying TMD/TMD bilayer. 
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4.1 What is a moiré?168 

Just as the spatially periodic potential of a crystal produces a reciprocal periodicity of the 

electronic states, a moiré potential imposes an additional periodicity on the bands, producing 

replicas within the electronic structure of the material. This generates multiple mini-Brillouin 

zones (mBZ) within the original host Brillouin zone. The strength of the moiré potential is 

predicted to decrease with twist angle between the layers169–172. The position of replica bands, �É, 

in momentum space is given by: 

 �É = � − �Ê.  (4.1) 

where �Ê =  �Ë − �Ì, the difference in reciprocal lattice vectors of the two-interacting 

consecutive layers and � is the wave vector of the original band.  

However, replica bands have another possible origin: electron diffraction. Equation 4.1 

also describes the condition for the diffraction of photoelectrons as they pass through the 

encapsulating atomic layer to the surface.  Such diffraction is plausible as the wavelength of the 

photoelectrons in ARPES experiments is comparable to the atomic spacing in the 2D lattices. Final 

state diffraction effects are an artefact often seen in high-energy ARPES data173 and are seen in 

similar experiments were photoelectrons are scattered by a surface barrier potential174,175.  

The question of whether replica bands seen in ARPES data are a result of a final state 

diffraction effect or a moiré potential have been considered for studies of graphene on Ir(111) and 

SiC(0001)176,177. The interpretation of results came down to whether there were hybridization 

minigaps present between the primary and replica bands along the mBZ boundaries, which can 

only result from an initial state effect, such as a moiré potential.  
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4.2 Micro-focus low-energy electron diffraction (μ-LEED) 

Some of the samples discussed in this chapter were characterized using μ-LEED, and so it 

is valuable to briefly review the technique. As its name suggests, LEED measures the diffraction 

of electrons off a surface of interest. Diffraction off of a lattice produces a pattern of spots that 

reflects the reciprocal lattice. This alone makes it a powerful technique for characterizing a surface 

of unknown symmetries, e.g. to verify in-situ the growth of a desired polytype, or to probe the 

angular alignment between (and any consequent structural reconstruction of) a grown film and its 

substrate178,179. More quantitative analysis can be performed of the dependence of the diffraction 

spots’ intensities on incident electron energy which results from attenuation of the incident electron 

beam as it penetrates the structure. This is sensitive to the average absorption height, which itself 

a function of the registry (and therefore the level of interaction) between the atomic layers at the 

surface. This so-called I-V analysis (comparing the diffracted current I to the electron gun voltage 

V defining the electron energy) requires nontrivial simulation and is not presented here. 

The μ-LEED measurements that will be presented were performed on the low energy 

electron microscope (LEEM) at the Nanospectroscopy beamline at Elettra180. A micrometer spot 

size beam of low energy electrons was focused on to the sample through a 20 μm illuminating 

aperture and the elastically backscattered electrons were directly imaged on a 2D detector. A 

voltage bias applied to the sample determined the energy of the electron beam. LEEM images 

of the flake were acquired using a contrast aperture to acquire the μ-LEED patterns at the same 

positions as the µ-ARPES data. The μ-LEED patterns in Figure 4.2 and Figure 4.4 were acquired 

with an electron beam energy of 50 eV. The diffraction patterns in Figure 4.6were acquired at 

multiple energies from 17 - 35 eV, comparable energy to that of the µ-ARPES data, and averaged. 

Before measurement, the samples were annealed under similar conditions as used for µ-ARPES. 
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4.3 Twisted hBN / TMD heterostructures 

4.3.1 First encounter in hBN on W0.75Mo0.25S2 

As mentioned Chapter 3, Device 1 had a monolayer hBN cap atop the graphene. The 

motivation for its inclusion was to sharpen the bands at the cost of overall counts. Time permitting, 

this approach was also applied to some monolayer TMD devices, including Device 6 (Fig. 4.1A). 

As part of an experimental run probing WxMo1-xS2 alloys, this device comprised gated ML 

W0.75Mo0.25S2 wholly capped with ML hBN. Compared to similar devices sans cap, the ARPES 

counts over the TMD were reduced by about a factor of four, which we attributed to the hBN. 

Nevertheless, the bands were sharp at X� = 0 with the spin-orbit splitting at K clearly resolved in 

an E–k slice through �Í�� (Fig. 4.1B). Note that Figure 4.1B is plotted in terms of the 

photoelectron kinetic energy, ����. The hBN cap and the TMD were coincidentally aligned within 

a degree in this device, and Figure 4.1B just captures the hBN VBM at KhBN. A large minigap can 

be seen where a TMD band crosses the hBN band (Fig. 4.1B, horizontal arrow). At X� = 3.75 V, 

the TMD CBM at K can be seen (Fig. 4.1C), though the valence bands have broadened, as has 

been seen previously when the conduction band is populated (e.g., Fig. 3.6).  

Interestingly, the ungated spectra from Device 6 differs from what we have previously seen 

from monolayer TMDs, with additional valence features (Fig. 4.1B, vertical arrows) including one 

at high ���� in between { and KTMD. It disperses similarly to the TMD valence band at { and is 

centered at a �¾$- equal to the difference in the momenta of the TMD and hBN zone corners,  

  �¾$- = �hBN − �TMD.  (4.2) 

This is Eq. 4.1 with the original feature at { (where � = 0). These replicated bands do not clearly 

hybridize/anti-cross where they intersect with original bands from either then TMD or the hBN 

(Figure 4.1B, circled), however, and they are not resolvable when the gate is applied.  
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Furthermore, careful analysis is made challenging by the alloyed composition, which 

complicates theoretical prediction of the original bands with which to compare. Nevertheless, this 

observation was, to our knowledge, the first of a replicated band in an incommensurate 2D 

structure, and so sufficiently intriguing to merit further studies of twisted ML hBN on TMDs.  

4.3.2 Small-angle twisting of ML hBN on WSe2   

To go beyond this serendipitous observation, we turn to study a ML TMD we know better, 

WSe2, starting with Device 7. Figure 4.2A shows a schematic of the device, and Figure 4.2B shows 

an optical image with the different flakes outlined. The mismatch Hy/y between the in-plane lattice 

Figure 4.1. Replicated bands in a gated ML hBN/ML W0.75Mo0.25S2 heterostructure. A, an optical 

image of Device 6. The graphene is outlined in black, the ML W0.75Mo0.25S2 in white, and the 

monolayer hBN in blue. B, energy-momentum slice spectra (above) and twice-differentiated 

(below) connecting {, and the K-points of the TMD, �Í��, and of the capping hBN, �Õ�? from 

the hBN/TMD/back gate region with X�  =  0. The horizontal arrow points at the avoided crossing 

between the TMD and hBN bands. Vertical arrows point at replicated bands. Circled are where 

replicated and original bands cross. C, energy-momentum slice spectra (above) and twice-

differentiated (below) with X�  =  3.75 V. 
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constants of WSe2  and hBN is about 32% (y��$c = 3.32 Å, yÕ�? = 2.52 Å). The stacking of 

misaligned ML hBN on top of ML WSe2 therefore creates a highly incommensurate 

heterostructure. μ-LEED measurements performed on the device (Figure 4.2C) show a twist angle 

of 2 ± 1° between the layers. The electron diffraction pattern shows the first order diffraction spots 

from the hBN and WSe2 plus additional diffraction spots seen at positions corresponding to the 

vector GD. A schematic of the relative orientation and size of the hBN (blue) and WSe2 (red) 

hexagonal Brillouin zones can be seen in Figure 4.2D.  

 Replica bands are seen in the valence band structure of the sample, which also appear at 

positions GD from the primary bands. Figure 4.3A shows µ-ARPES constant energy maps at a 

variety of binding energies. The maps show numerous repeated features much unlike what would 

be expected from previous measurements without an hBN cap (cf. Fig. 2.3). Take for example, the 

map through � − �� =  1.21 eV through the WSe2 VBE at Γ. In the region of momentum space 

probed, three replica Γ bands of WSe2, Γ
R, are seen within the first WSe2 BZ (bounded by the red 

lines), highlighted by the hollow black circles. An energy-momentum slice along the direction of 

the black arrow labelled GD in that map is shown in Figure 4.3B. The spectrum below is a double-

differentiated spectrum of the above. No hybridization gap is observed at the mini BZ boundary 

Figure 4.2. A twisted ML hBN on WSe2 device. A, schematic and B, optical image of Device 7. 

The ML WSe2 is outlined in red, and the ML hBN in blue. Scale bar 15 µm. C, schematic of hBN 

(blue) and WSe2 (red) Brillouin zones. Difference in the reciprocal vectors, GhBN and GWSe2, given 

by GD (black arrows). High symmetry points are labelled. D, μ-LEED image with voltage 50 eV.  
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where the Γ and ΓR bands intersect (white arrow). The absence of the hybridization gap could be 

attributed to its magnitude being smaller than the energy resolution of the beamline (50 meV) 

because of a very weak moiré-periodic potential. However, the intensity of the replica bands 

observed are relatively strong, suggesting that at least a proportion of their intensity is likely due 

to final state diffraction effects.  

Figure 4.3. Bands in low twist angle hBN/TMD. A, constant energy µ-ARPES maps at a variety 

of binding energies. Two maps at � − �� = 1.21 and 1.04 eV, are labelled with the various high 

symmetry points. Positions of replica Γ bands, ΓR, are indicated by hollow black circles. Positions 

of replica KWSe2 bands, KR
WSe2, are indicated by solid black circles. B and C, energy-momentum 

slices between Γ(KWSe2) and ΓR(KR
WSe2) along arrows labelled GD in maps at � − �� = 1.2 and 

1.0 eV respectively. Underneath in B, second derivative spectra of above with white arrow 

showing where the Γ and ΓR bands overlap. Red lines mark the Brillouin zone boundary of WSe2. 

All scale bars, 0.2 Å-1.   
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Figure 4.3C shows a µ-ARPES constant energy map at a binding energy just below the 

VBM of the WSe2 K point (KWSe2). Similarly, replica bands, KR
WSe2, can be seen at positions 

corresponding to the vector GD, highlighted by the solid black circles. Again, an energy-

momentum slice along the direction of the black arrow with the label GD in Fig. 2e is shown in 

Fig. 2f and no hybridization gap is observed between the primary and replica bands. Similar results, 

as described above, have also been observed for a heterostructure of ML graphene on ML WSe2 

with small twist angle172.  

4.3.3 Large-angle twisting of ML hBN on WSe2  

Similar results were observed in Device 8 (Fig. 4.4A) which has a large twist angle between 

the top ML hBN and WSe2. Figure 4.4B shows a μ-LEED diffraction pattern from this device 

revealing a twist angle of 28 ± 2°. As with Device 7 (cf. Fig. 4.2C), additional diffraction spots are 

also observed at positions corresponding to GD. Figure 4.4C shows the relative orientation of the 

BZs. 

Figure 4.4. A ML hBN on ML WSe2 device with large twist. A, optical image of Device 8. The 

ML WSe2 is outlined in red, ML hBN in solid blue, 2L hBN in dashed blue, and graphene in black. 

Scale bar 14 µm. B, μ-LEED image with start voltage 50 eV. and C, schematic of hBN (blue) and 

WSe2 (red) Brillouin zones. Difference in the reciprocal lattice vectors, GhBN and GWSe2, given by 

the vector GD (black arrows). High symmetry points are labelled. 
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Within the momentum space field of view, multiple replica WSe2 K points, KR
WSe2, were 

observed, clearly manifesting as a hexagonal pattern of dots about { near the VBM energy � −
�� = 0.60 eV. The formation of these replica bands close to Γ is explained by the schematic in 

Figure 4.5B. Other replicas KR
WSe2 can be identified both outside the first BZ and inside, as shown 

in the slice at � − �� = 0.89 eV. Additionally, one replica Γ band, ΓR, is observed at the expected 

position, seen in the µ-ARPES constant energy map at � − �� = 1.09 eV, Figure 4.5A. An energy-

momentum slice in the Γ - ΓR  direction is shown in Figure 4.5C.  

The observation of these replica bands is unexpected as a previous report for ML graphene 

on ML WSe2 heterostructure with large twist angle did not observe any replica bands. This was 

attributed to the fact that the moiré potential was too weak at such large twist angle172. The high 

Figure 4.5. Bands in large twist angle hBN/TMD. A, constant energy µ-ARPES maps at a variety 

of binding energies. Two maps at � − �� = 1.09, 0.89 and 0.60 eV, are labelled with the various 

high symmetry points. Positions of replica Γ bands, ΓR, indicated by hollow black circles. 

Positions of replica KWSe2 bands, KR
WSe2, indicated by solid black circles. B, Schematic of 

formation of KR
WSe2 around Γ. C, Energy-momentum slice between Γ and ΓR labelled in A. All 

scale bars, 0.2 Å-1. 
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intensity of the replica bands seen in our data and again the absence of the hybridization gap 

suggests these replica bands are due to final state diffraction effects. However, further 

experimentation is still required to resolve whether a moiré potential is still present which could 

be contributing to the intensity of the replica bands observed. 

4.3.4 Twisted hBN and MoSe2  

For comparison, a heterostructure of a different TMD, MoSe2, was also studied. MoSe2 has 

a similar lattice constant to WSe2 (aMoSe2 = 3.28 Å). For Device 9, a partially hBN encapsulated 

MoSe2 sample, μ-LEED and µ-ARPES measurements were performed on three different regions: 

(1) ML MoSe2 on hBN, ML (2) hBN on ML MoSe2 and (3) ML hBN on bilayer (BL) MoSe2, 

illustrated by Figure 4.6A. An optical image of the sample is shown in Figure 4.6B, , where the 

yellow box indicates where the SPEM map in Figure 4.6C was taken. For each region, additional 

diffraction spots were observed in the μ-LEED patterns, Figure 4.6C - E. These measurements 

were used to find the twist angle between the top two layers in each region. Figure 4.6F - H show 

constant energy slices from the corresponding regions taken at different energies. 

We start with region (1), where there was no hBN cap. Interestingly, no first order 

diffraction spots from hBN were observed here (Fig. 4.6C) despite the presence of the hBN back 

gate. Nonetheless, spots not associated directly with the MoSe2 were observed (which we assign 

to GD) From this, we can infer the twist angle between the MoSe2 and the underlying hBN of 

7±1°. In addition, one replica band of the MoSe2 K point was observed within the region of 

momentum space probed (Fig. 4.6F). Scattering from an underlying hBN substrate has also been 

shown to form replica bands of graphene in ARPES181, and a diffraction-replicated feature can be 

identified by analyzing the symmetry of their dark corridors. Unfortunately, the only feature 

observed here is centered beyond the accessible momentum space, and its symmetries cannot be 
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determined. To clarify the underlying physics will require further study, though this is the only 

known observation in this system despite many studies on our part of TMD on hBN. 

Figure 4.6. Twisted hBN on MoSe2. A, sample schematic, and B, optical of Device 9. Different 

layers are outline, ML hBN (light blue) and thick hBN (blue) on graphene (black) on MoSe2 

(brown) on hBN (blue) on graphite back gate (red). Yellow square shows area imaged in C. C, 

SPEM map identifying location of regions 1, 2, and 3. (C-E) Averaged μ-LEED image from start 

voltage of 17-35 eV. (E-G) Constant energy µ-ARPES maps at the binding energy defined in top 

left of the individual maps. Position of replica Γ bands, ΓR, indicated by hollow black circle. 

Position of replica KMoSe2 bands, KR
MoSe2, indicated by solid black circles. Otherwise noted, all 

scale bars, 0.2 Å-1. 
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Encapsulating ML MoSe2 in hBN (region 2) shifts the MoSe2 bands lower in binding 

energy by 0.04 eV, which can be attributed to a shift of the surface work function. The μ-LEED 

pattern (Fig. 4.6D) clearly shows a set of spots from hBN and from the MoSe2 monolayer. The 

MoSe2 spots are identical to those from the uncapped region. However, the small wavevector 

features are different here, though they can be described via the GD expected from the observed 

primary spots. This suggests that these hBN spots are coming from the cap, rather than the 

supporting hBN. The constant energy maps (Figure 4.6D) from this region show replica features 

like those already discussed in this section. Notably, the same effect is seen, but an order of 

magnitude larger, when encapsulating WS2 between graphene and hBN172.  

Finally, for bilayer MoSe2 (region 3), the Γ point is the VBM at a binding energy of 1.1 

eV, whereas in the ML the K point is the VBM. Figure 4.6E shows a μ-LEED diffraction pattern 

similar to that from the ML MoSe2 region. However, higher intensity replica bands are seen in the 

µ-ARPES measurements of the bilayer (Figure 4.6H).  

4.3.5 Summary 

This section has shown a variety of studies hBN twisted with one- and two-layer TMDs. 

In all samples even without a capping hBN layer, μ-LEED revealed all (first order) diffraction 

spots expected from Equation 4.1. The µ-ARPES was less consistent, not showing every feature 

that would be expected by a complete application of Eq. 4.1. Furthermore, replication-related anti-

crossings were not observed, as would be expected if the replicas actually resulted from a moiré 

superpotential. Finally, the moiré periodicity between hBN and TMDs is ≅1 nm, which would 

severely limit the strength of the resultant potential103,182. These issues suggest that the underlying 

mechanism is final state diffraction. Potential future measurements to fully address this problem 

are time-resolved µ-ARPES, and I-V analysis to see if a moiré pattern is in fact present. 
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4.4 Case study: Monolayer WS2 on monolayer WSe2 with finite twist 

Chapter 2 discussed how twisting monolayers of WSe2 and MoSe2 at a small but finite 

angle can still produce strong hybridization between bands of out-of-plane character. We argued 

this results from these layers with similar lattice constants (Hy/y ≈ 0.3%) forming commensurate 

domains wherein the interlayer coupling is maximized. This section will consider in detail a 

particular heterostructure of WS2 and WSe2, which have a lattice mismatch of ~ 4%183. Even with 

nearly zero twist, this system should remain incommensurate throughout. Despite this, the 

WS2/WSe2 heterobilayer hosts the strongest moiré potential of all TMD combinations182. The 

device discussed here has a working back gate with which to probe the conduction bands to reveal 

a different manifestation of band replication than was seen with monolayer hBN capping. This will 

allow direct determination of the band alignments of the TMD MLs. Additionally, the graphene 

partially above the heterobilayer will provide a useful probe of the moiré superpotential formed by 

the TMDs, with its Dirac cone is replicated according to the TMD/TMD moiré vector GD.  

4.4.1 Device characterization  

Figure 4.7A shows an optical image of Device 10. Note that the graphene has been shaped 

into a comb using electrochemical AFM cutting121e before being transferred along with the rest of 

the heterostructure. This maximizes the heterobilayer area that is near but not under the grounding 

graphene. As discussed in Chapter 3, such areas are where the conduction band ARPES signal is 

generally strongest and stablest. To determine the twist angle between the TMDs in this device, 

we employed contact-resonant lateral PRM to image the moiré pattern both where the 

heterobilayer is uncapped, and capped with graphene (Fig. 4.7B and C, respectively). 2D FFTs of 

the maps show peaks at the moiré periods, which are ~ 2.5 nm on average in both regions. That 
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the FFT peaks are at different radii implies the moiré is anisotropic, i.e., the system is strained184. 

The twist angle � is related123 to the period Ö, lattice constant y, and lattice mismatch H by 

 Ö = %15H+y
v2%15H+%1−cos%�++5H2 which yields � ≈  7°.  (4.3) 

A large area SPEM map (Fig. 4.8A) with the gate grounded highlights where the TMD 

flakes overlap the gate but are not obscured by the graphene ground. Scanning photocurrent 

microscopy (SPIM) performed over the same area (Fig. 4.8B) highlights where the current 

measured to the graphene ground lead is greatest. With the gate grounded and the TMD(s) 

insulating, this is where the grounded graphene overlaps with the gate (and therefore generates an 

additional current from it, see Figure 3.6). Higher resolution SPEM and SPIM maps taken around 

the area of interest (Figs.  4.8C and D) reveal an area where the TMD photoemission is uniformly 

strong, and multiple (but not all) of the graphene ‘fingers’ remain contiguous and grounded. 

Figure 4.7. Microscopy of a gated WS2/WSe2 device with small twist. A, optical image of Device 

10, outlining the graphene (black dashed), ML WS2 (yellow), and ML WSe2 (green). Scale bar 15 

µm. B and C, contact-resonant lateral PRM taken in the uncapped heterobilayer (marked with a 

triangle in A) and graphene capped heterobilayer regions (marked as a star in A), respectively. 

Scale bars are 5 µm. Insets in B and C, FFTs of the corresponding spatial maps, scale bars, 1 nm. 
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Figure 4.8E plots the photocurrent as a function of back gate voltage over the heterobilayer 

with and without graphene. A clear rise in the photocurrent from the uncapped bilayer, indicating 

when the TMD(s) become conducting, can be seen at X� ≈ 1.5 V. SPEM taken at 2.5 V (Fig. 4.8F)  

highlights a slightly smaller area than at 0V, suggesting that the heterobilayer (or the smaller 

monolayer) is more conductive than the rest. A SPIM map taken at the same voltage (Fig. 4.8G) 

shows that the gated TMDs and the graphene are indeed conducting.  

Figure 4.8. SPEM and SPIM of a gated WS2/WSe2 device with small twist. A, large area SPEM 

and B, corresponding SPIM at 0 V. SPIM highlights the most conducting regions, i.e. where 

grounded graphene overlaps the gate. Scale bars 20 µm. C, SPEM and D, corresponding SPIM at 

0 V of region of interest (solid black boxes in A, B) with intact graphene pieces (highlighted in 

SPIM). E, photocurrent vs gate voltage from graphene capped (blue) and uncapped (red) regions. 

F, SPEM and G, corresponding SPIM (right) at 2.5 V in the region of interest. Scale bars in C, D, 

F, and G, 5 µm.  
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4.4.2 Ungated spectra 

Figure 4.9A and B show constant energy slices through binding energies near the WS2 and 

WSe2 VBM containing the { and the K points of the TMDs with the gate grounded. The two zone 

corners can clearly be identified, and from this a twist angle of ~7° can be immediately determined, 

consistent to the PRM result. No replicated features can be observed over the probed region of 

Figure 4.9. Ungated bands WS2/WSe2 device with small twist. A and B, constant energy maps 

through WS2 K VBM and the WSe2 K VBM respectively, both averaged over 0.6 eV, at inscribed 

binding energies. Suggests a twist angle of ~5°. D, E - k slices of WS2/WSe2 heterobilayer at 0 V, 

along the high symmetry directions Γ-KWS2 and Γ-KWSe2, as illustrated in A (blue arrow), and B 

(red arrow), respectively. Red lines show peak fits through EDCs near Γ and the WSe2 and WS2 

K points (where possible). Plots are mirrored across { for clarity. Color plots are linearly scaled, 

grayscale plots are log-scaled. All scale bars, 0.2 Å-1. 
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momentum space. Figure 4.9C and D plot energy-momentum slices along the high symmetry 

directions Γ-KWS2 and Γ-KWSe2. Again, no extraneous spectral features can be identified. Note that 

the intensities of the bands assigned to WSe2 are substantially lower than those from WS2, as can 

be expected from the fact that the WSe2 is underneath.  

Nonetheless, the WSe2 dispersion near KWSe2 can be fitted to (red line), yielding an 

effective mass #­∗ /#S = 0.47 ± 0.02. This and other band parameters are summarized in Table 

4.1. The effective masses at the K points are in agreement with our previous measurements (Table 

3.1) when comparing the uppermost band here to isolated ML WSe2, and the third band from the 

top to ML WS2. This is consistent with the orbital composition analysis for MoSe2 and WSe2 which 

holds here, and so permits assignment of the bands at K in this heterobilayer to the respective 

layers. As the two bands at { each flow continuously into a particular material’s spin-split K bands, 

it is tempting to assign them similarly, i.e., the upper band to WSe2. However, the effective mass 

of the upper band here differs substantially from our previous measurement for ML WSe2 (Fig. 

2.6). This indicates strong hybridization of these bands without either global commensuration 

(given the large twist angle), or commensurate domains (as there are only 2 bands at {). 

Figure 4.10 shows spectra from spots where graphene overlaps the heterobilayer. Constant 

energy surfaces (Figs. 4.10A and B) show strong emission, and an energy-momentum slice 

through the Dirac point (Fig. 4.10C) shows reasonably sharp linear bands. A surprise comes from 

comparing to the spectra in Figure 3.1, which were taken along a similar line in the BZ. Those 

 Peak Energy (eV) #∗/#S 

Upper Γ 1.144 ± 0.001 0.88 ± 0.01 

Lower Γ 1.707 ± 0.001 1.45 ± 0.01 

Upper ���$c  0.716 ± 0.002 0.47 ± 0.02 

Upper ���c  1.293 ± 0.001 0.38 ± 0.01 

Lower ���c  1.732  ± 0.001 0.56 ± 0.01 

Table 4.1. Measured band parameters 

in a WS2/WSe2 heterobilayer with 

X� =0. Parameters extracted from 

bands observable in Figure 4.9, from 

peak positions of Lorentzian fits to 

EDCs (Figure 4.9, red lines).  
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bands were highly asymmetric about the K point as the result of cutting across the graphene dark 

corridor. In contrast, the bands in Figure 4.10A and B are symmetric in intensity. The constant 

energy surfaces similarly reveal no strong angular dependence on the photoemission intensity. 

Since the dark corridor is an effect of the sublattice sites in graphene being equivalent, this suggests 

that the sublattice symmetry has been lifted here. This may be the result of coupling to the 

underlying TMD heterobilayer, the moiré pattern of which was shown to be strained by PRM.  

 In Figure 4.10D, a larger area constant energy slice through ��, the Dirac point at ��¾ can 

clearly be identified along with two other, fainter spots. The closer of them to ��¾ has been labeled 

��¾× . An E - k cut connecting it and ��¾ shows that this feature replicates the graphene bands and 

is ~0.4 Å away (Fig. 4.10E). A cut through the other spot similar shows a faint Dirac cone. As it 

was outside of the measurement range, the position of �′�¾ close to the second spot must be 

extrapolated (rightmost dashed orange line, Fig. 4.10D). Its distance from the second spot is also 

~0.4 Å-1, and the vector connecting them is consistent with being 120° rotated from the vector 

connecting ��¾ and ��¾× . 

Figure 4.10. Ungated strained graphene. 

A and B, constant energy maps through 

� − �� = 0 and -0.74 eV. C, E-k through 

Dirac cone (red arrow in A). D, large area 

constant energy map through � − �� = 0, 

showing natural Dirac point (��¾) and 

replica Dirac at (��¾× ). E, E-k  through 

��¾ and ��¾×  (blue arrow in D). In each 

pair, data is linearly scaled on the left, log-

scaled on the right. All scale bars, 0.2 Å-1. 

(A-C) and (D&E) acquired from different 

spots on the device. 
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4.4.3 Gating the twisted heterobilayer 

 As was seen in Chapter 3, applying a sufficiently large X� can generate a measurable CBM 

signal. Based on previous measurements of the direct band gap in each ML (Table 3.1), and the 

band offset at { of 0.564 eV from Figure 4.9, the band alignment can be expected to be type II (as 

with MoSe2/WSe2), and the global CBM at ���c. Indeed, with X� at 2.5 V (above the threshold 

from Figure 4.8) a line cut from { to ���cshows a strong feature at the Fermi energy directly 

above the WS2 VBM (Figure 4.13A). Pushing the gate to 3 V (Figure 4.13B) produces a fainter 

feature at Q like what was seen in ML WSe2 (Figure 3.7). Eq. 3.2 gives 
�%3V+ = 6.4 ± 0.4 ×
10�7cm-2 at this voltage, which is much lower than the voltage previously required to populate the 

Q-point with ML WSe2.  

Figure 4.11. Gated bands in a WS2/WSe2 device with small twist. Energy-momentum slices of 

WS2/WSe2 heterobilayer at X� = 2.50 V (A), and 3.00 V (B) along Γ-KWS2. Slices are plotted with 

a linear color scale (left), and on a log scale (right) to highlight low intensity features. Red lines 

show peak fits to EDCs in the vicinities of { and KWS2, blue lines are parabolic fits to red lines. 

Plots are mirrored across { for clarity. Scale bars, 0.2 Å-1.   
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Unlike with previous measurements, however, the CBM feature at ���cwith X� = 3 V is 

not flat and instead seems to disperse on close inspection (Fig. 4.12A). Taking EDCs through the 

feature (Fig. 4.12B) reveals the momentum-dependence of the energy of peak photoemission 

intensity, which can be estimated by naïvely fitting each EDC to a Lorentzian. The centers of these 

Lorentzians can be fitted to coarsely estimate the WS2 CBM effective mass, #��c ¶��∗ #S⁄ ~ 0.2. 

In k-space, if the CBM is in fact resolvably far away from ��, then the Fermi surface should be an 

annulus. Figure 4.12D shows that this is indeed the case, with the peak intensity (yellow) forming 

a ring about ���c . The fact that the conduction band dispersion could be resolved here but not in 

any other device may be thanks to the cut graphene reducing the effective resistance to the ground. 

A more robust fit would be to the product of a Lorentzian with a Fermi function centered 

on �� = 0. However, the counts here are relatively low which makes it difficult to deconvolve the 

two factors when they are so close energetically. This primarily affects the extracted dispersion 

Figure 4.12. Curvature of WS2 CBM. A, E-k slice zoomed in around the WS2 CBM at ���c, from 

full E-k slice (inset, green box) at X� = 3 V. Intensities are log-scaled. B, EDCs through CB (red 

lines), each averaged over 0.01 Å-1 and fit to a Lorentzian (blue curves). Fitted peak center energies 

from B (red dots) are fitted to a parabolic dispersion (blue curve) and overlaid in A. C, constant 

energy map averaged over 0 > � − �� > 0.15 eV, D, EDC through CBM (solid blue line) and fit 

to a Fermi function centered at � − �� = 0 times a Lorentzian (solid red line). Dashed lines mark 

�� (black), the fitted Lorentzian center (blue), and overall maximum intensity (yellow). Scale bars 

in A and C, 0.1 Å-1. 
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away from ���c and therefore the fitted #∗. Nevertheless, we can fit this proper model to the 

EDC through the CBM (Fig. 4.12D) to extract a band position of 17 ± 1 meV below ��. This is 

equal to the energy offset between CBM and the Ø��cCBE if we assume that the CBE is only just 

being populated. Comparison of this to the center of the single Lorentzian fit at 74 meV below �� 

shows that a more careful analysis of the conduction band dispersion will be required.  

So far, we have only examined the low energy spectra along the WS2 high symmetry 

direction, observing two features: a manifest CBM at ���c, as expected, and seemingly a CBE at 

Ø��c. Taking instead an energy-momentum cut from { to ���$c  (Fig. 4.13A) shows, surprisingly 

Figure 4.13. Replica conduction features in gated WS2/WSe2 with small twist. A, energy-

momentum slices of WS2/WSe2 heterobilayer at 3 V along Γ-KWSe2 (B, blue arrow). Slices are 

plotted with a linear color scale (left), and on a log scale (right) to highlight low intensity 

features. Red lines show peak fits to EDCs from X� = 0V (Figure 4.9) shifted down in energy, 

Plots are mirrored across { for clarity. B, Constant energy map at the energy of the CBM (WS2 

K point), averaged over 0.2 eV and log-scaled. Visible are the CBE at Q (black circle) and 

replica conduction features (red circles). C, intensity vs. k line cut from B taken along KWSe2 to 

KM. C, log-scaled E-k spectra from KWSe2 to KM (B, red arrow) at 3 V. All scale bars, 0.2 Å-1 
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perhaps, three features near ��: one at ���$c, one near Ø��$c, and one in between. These features 

are all extremely faint, visible only when intensity is log-scaled. To illuminate their origins, a 

constant energy slice at the Fermi energy is plotted in Figure 4.13B. The strong feature from the 

WS2 conduction band can be identified readily. It overlaps with the line connecting { to ���$c 

(upper yellow line) determined in Figure 4.9A. This explains the observed intensity at ���$c as 

not coming from the WSe2 itself and rules out measurement of the conduction band offset from 

these spectra. Similarly, a cluster of photoemission (circled in black) can be observed centered on 

the line connecting { to ���c (lower yellow line), i.e., at Ø��c. As the TMD Q-points are closer 

together than the K-points, the intensity at Ø��$c also can be ascribed to the WS2. 

The remaining feature in Figure 4.13A resembles three others in the vicinity of the TMD 

zone corners (all circled in red). They all lie on corners of a hexagon centered on the WS2 K, like 

the replicated features observed in the previous section with monolayer hBN and are on average 

~0.3 Å-1  away from ���c. Figure 4.13C is an E - k cut through ���cand the brightest feature, 

labeled ��, which shows that the feature is indeed localized to near ��, albeit with ~100 times 

lower intensity (Fig. 4.13D). These features are thus consistent with being replicas of the WS2 

CBM, with positions described by Eq. 4.1 (using the location for ���$c from Fig. 4.9). 

4.4.4 Summary and discussion 

To recap, Device 10 is a heterobilayer of ML WS2 on ML WSe2 with a twist angle of ~8° 

as determined by PRM and ARPES of the valence bands. By gate doping the heterobilayer, we 

were able to populate both the WS2 CBM at ���c  and CBE at Ø��c, and determined their energy 

offset as 17 ± 1 meV. Photoemission from the WSe2 CBM was never resolved, implying that the 

band alignment between these monolayers is Type II.  
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Interestingly, while no replicas of the TMD valence bands were observed, multiple replicas 

of WS2 CBM were seen. These were about 0.3 Å-1 translated from the original feature and located 

consistently with the model for replication for this twist as seen in the previous section with hBN 

on TMDs. As these features do not cross any other bands, we cannot look for anti-crossings as 

proof-positive of moiré effects. However, ARPES of the graphene-capped heterobilayer reveals 

replication of the graphene Dirac point by a wavevector that is wholly inconsistent with the 

difference vector between the graphene and either of the TMDs present.  

Instead, it is similar to that of the TMD replicas. Replication of the graphene bands by the 

TMD/TMD difference vector, ��Í��, as has been observed in Ref.183, cannot be the result of 

diffraction. Instead, it must originate from a moiré superperiod from the TMD heterobilayer 

folding the graphene into a MBZ. The presence of a strong (moiré) interaction between the 

incommensurate TMD layers is further evinced by a large modulation of the bands at {. We note 

though that the graphene replication vector is about 0.4 Å-1, which is longer than but still within 

uncertainty of ��Í��. Unfortunately, due to constraints on beam time, the TMD VBM were not 

measured with the replicated graphene to directly measure the local twist angle. Nevertheless, to 

the author’s knowledge this is the first report of moiré of TMD conduction bands, and the first 

strong evidence of moiré effects in an incommensurate structure at relatively large twist.  

Substantial additional work can be done in this system. For example, here the WSe2 VBM 

became too broad to resolve when heterobilayer became conducting, and so the band gap could 

not be measured. This could be remedied by reversing the TMD order, placing the WSe2 on top to 

increase the photoemission from its derived bands relative to the WS2. Additionally, the data 

presented here could be further analyzed to search for renormalization, as was seen in gated ML 

WSe2, which would modulate the alignment of the valence bands.  
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4.5 Other TMD/TMD heterobilayers 

Having studied Device 10 in detail we now turn to others that, due to limited beam time, 

have not been as fully investigated but each provide additional pieces of evidence for moiré effects 

in the band structure of twisted TMDs. 

4.5.1 WS2 on WSe2 with nearly zero twist 

Figure 4.14A is an optical image of Device 11, which has AFM cut graphene on top of 

WS2 on WSe2. Both flakes happened to have monolayer and bilayer regions, and they were stacked 

ML-on-ML, and 2L-on-2L. A SPIM map at X� = 0 confirms that the graphene is contiguous (Fig. 

4.14B). The monolayer crystal orientations were determined by lin-SHG and stacked to be aligned 

(mod 60°). The alignment was confirmed by PRM (Fig. 4.14C), the FFT of which reveals a 

maximum moiré period of ~8 nm (Fig. 4.14D), which corresponds to a twist angle � < 1°. 

However, there is also a minor period of ~6 nm (�~2°+, indicating that the moiré is strained. The 

Figure 4.14. Replica bands in graphene on a low-twist WS2 on WSe2 heterobilayer. A, optical 

image of Device 11, outlining the graphene (black), ML and BL WS2 (yellow), and ML and BL 

WSe2 (green). Scale bar 10 µm. B, SPIM map with X� = 0. C, contact-resonant PFM of ML-on-

ML region, scale bar 10 nm. D, 2D FFT of C, scale bar 5 nm. E, constant energy map around ��¾, 

and F, log-scaled E - k spectra across Kgr (E, blue arrow) at 0 V. Scale bars in E and F, 0.1 Å-1. 
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Fermi surface about ��¾ reveals a hexagonal pattern of spots (Figure 4.14E), and an E-k slice 

through the graphene K (Fig. 4.14F) shows that these spots are replica Dirac points. There is also 

a weak secondary replica Dirac cone visible at the edge of the slice. The replica Dirac point closest 

to ��¾ is ~0.1 Å-1 away, which is consistent with the TMD layers being aligned within 1°. However, 

the TMD bands in the exposed regions were relatively weak, and no replica valence bands were 

observed. Additionally, we were unable to dope the sample to conduction in either of the 2L-on-

2L or the ML-on-ML regions.  

4.5.2 WS2 on MoSe2 with large twist 

WSe2 and MoSe2 are closely lattice matched, and so the WS2/MoSe2 heterobilayer system 

should be similarly incommensurate to the case of WS2/WSe2. Figure 4.15A is an optical image 

Figure 4.15. Ungated characterization of WS2 on MoSe2. A, optical image of Device 12, outlining 

the graphene (black), ML WS2 (yellow), and ML WSe2 (red). Scale bar 10 µm. B, constant energy 

map (� − �� = 0.70 eV) and C, E-k slice between { and ��¾ (B, green arrow) from graphene on 

heterobilayer. D and E, E-k spectra from heterobilayer region between { and K points of WS2 and 

MoSe2, respectively. Fitted Lorentzian peaks to EDCs overlaid on D (red points). All spectra log-

scaled, and E-k slices mirrored. Scale bars in B-E, 0.2 Å-1. 
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of Device 12, which has AFM cut graphene on ML WS2 on ML MoSe2. The crystal axes were 

determined by SHG and stacked to be ~30° rotated. No lateral PRM contrast was resolved 

anywhere on the sample, as would be expected for such a large twist. As was seen in Device 10 

(cf. Figure 4.10), ARPES spectra from the capping graphene (Figure 4.15B and C) shows strong 

bands lacking a dark corridor, which indicates breaking of the graphene sublattice symmetry. No 

graphene replicas were observed in any of the measurements, also as expected given the large 

TMD/TMD twist angle and large ��183.  

The TMD K points in the uncapped region were determined via constant energy maps at 

the TMD VBMs as usual, revealing a relative twist of 35° ± 1°. Ungated E - k slices through { 

and each K point are shown in Figure 4.15D and E. No clear valence band replicas were observed. 

As was the case with WSe2, the lowest energy valence bands around the zone boundary are derived 

from the MoSe2 and are of diminished intensity due to the stacking order. Unfortunately, the 

MoSe2 bands are too faint to accurately determine their effective masses or the energies of their 

maxima. Both the VBM at { and WS2-derived VBE at ���c are well resolved and the standard 

fitting procedure extracts band parameters (at X� = 0) listed in Table 4.2.  

As was the case with Device 10 (cf. Table 4.1), the effective masses at K are comparable 

to those from the isolated monolayers while those at { are quite different, indicating (strong) 

orbital-overlap dependent hybridization (cf. Table 3.1 and Figure 2.6).  

 #∗/#S 

Upper Γ 0.91 ± 0.02 

Lower Γ 2.10 ± 0.07 

Upper ���c  0.63 ± 0.02 

Lower ���c  0.54 ± 0.04 

Table 4.2. Measured effective masses in a 

WS2/MoSe2 heterobilayer with X� = 0. 

Values extracted from bands observable in 

Figure 4.15, from peak positions of 

Lorentzian fits to EDCs. 
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 We now consider the conduction bands in this device after applying a gate voltage X� =
2.5 V. From the shifting of the bands, Equation 3.2 gives the corresponding doping as 
�%2.5 V+ =
8.9 ± 0.9 × 10�7cm-2. Figure 4.16A and B are E-k slices along the same directions as  Figure 

4.15C and B respectively. The slice through ���c shows a conduction band feature ���c
¶� at the 

WS2 zone corner. Interestingly, the slice through ��È�$cshows photoemission from both the zone 

corner ��È�$c
¶� , and between K and Q. Constant energy maps through �� confirm that all three are 

isolated spots rather than stray counts. That the CBEs are simultaneously observable at the 

individual K indicates that the CBM in MoSe2 and WS2 are nearly energy degenerate. Though all 

three were observed at all nonzero X� probed, that the intensity of ���c
¶� is uniformly weaker than 

��È�$c
¶�  despite the stacking order indicates the MoSe2 CBM is at marginally lower energy. 

Figure 4.16. Conduction bands in WS2 on MoSe2. A and B, E-k slices between { and (A) ��È�$c, 

and (B) ���c  with overlaid fitted band (red) and dispersions (blue). C and D, constant energy 

maps at � − �� = 0. Spectra in A-D taken at X� = 2.5 V and log-scaled. Scale bars 0.2 Å-1. E and 

F, schematics of the BZs in 35° twisted MoSe2 (blue) and WS2 (red) with overlaid translations by 

�� of the MoSe2 K point (E) and the WS2 K point (F). Parallelograms mark region probed in D.  
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The third feature can be seen in Figure 4.16D as overlapping but centered off the line 

between { and ��È�$c, and with higher intensity than ��È�$c
¶� . A schematic of where Equation 

4.1, predicts folding of ��È�$c
¶�  (Figure 4.16E) qualitatively reproduces the location of this 

extraneous feature, ��È�$c
� . If this is indeed a moiré replica, then it is from a remarkably large ��, 

comparable to that between hBN and TMDs. Notably, that ��È�$c
�  may be folded from a different 

��È�$c
¶�  than the one seen in the map may explain the discrepancy in intensities. However, the 

models for folding of ��È�$c
¶�  and ���c

¶�  (Fig. 4.16F) predict multiple other replicas within the 

areas of k-space studied in Figure 4.16C and D that were not observed. It is perhaps not surprising 

that replicas of the latter were not seen given the already low intensity from ���c
¶� .  

4.5.3 WSe2 and MoSe2 at finite twist 

This section concludes by returning to the combination discussed back in Chapter 2, ML 

WSe2 and ML MoSe2. There, we addressed in detail the case of close alignment, which permits 

the formation of commensurate domains. This then produces three apparent bands at { comprising 

two pairs of hybridized bands with different splittings that serendipitously partly overlap. Only 

briefly touched upon was the finite twist-angle case, where hybridization at { was still observed 

but at a substantially reduced degree. Here we will discuss two devices (with functional gates) 

combining these monolayers wherein only two bands at { were observed, indicating 

incommensuration. These devices have the monolayers stacked in opposite orders, thereby 

potentially enabling comparison of band alignment shifting due to the Stark effect. This is because 

the CBM is (expected) to be in the MoSe2, i.e., gate-induced charges will be localized there 

regardless of the stacking. The graphene-covered regions in these devices were not studied due to 

time constraints.  
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Figure 4.17A is an optical image of Device 13, which has graphene partially capping ML 

MoSe2 on ML WSe2. The graphene naturally had a 2 um wide crack as exfoliated, and the device 

was laid out to position heterobilayer region within the gap. Constant energy maps through the two 

TMD VBM energies, ��È�$c
ÙÚÛ  and ���$c

ÙÚÛ  are used to determine the K points of the two layers and 

their relative angle. This was done via measurements where the layers were isolated (Fig. 4.17B) 

and stacked (Fig. 4.17C). Surprisingly, ���$c and ��È�$cwere found to be ~5° apart from the 

individual layers, but were indistinguishable in the heterobilayer, i.e., ���$c~��È�$c ≡ �. 

Figure 4.17. Bands in twisted MoSe2 on WSe2. A, optical image of Device 13 outlining the 

graphene (black), ML MoSe2 (green), and ML WSe2 (pink). Scale bars 5 µm. B and C, (bottom) 

constant energy maps at WSe2 and MoSe2 CBMs taken at points labeled in A with exposed 

WSe2 (heart), exposed MoSe2 (triangle), and heterobilayer (star). Above are schematic BZs of 

WSe2 and MoSe2 showing angular alignment extracted from constant energy maps. D-G, E-k 

slices through apparent shared K point in heterobilayer at X� = 0, 1.2 V, and 4 V. Spectra in 

color are linearly scaled, those in grayscale are log-scaled. Faint low energy valence bands in 

E are due to accidental overlap with the graphene-capped region. G, fitted energies of WSe2 

and MoSe2 VBMs in the heterobilayer vs. X� when the conduction band is observable. H, 

constant energy maps through �� at X� = 2 V and 4 V. Scale bars in B-F, H, 0.25 Å-1.  
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An energy-momentum slice between { and the shared K at X� = 0 reveals sharp bands 

with two low energy bands at { and three observable bands at � (Fig. 4.17D). As previously seen 

in Chapter 2, the lower branches of the WSe2 and MoSe2 spin-split bands at K overlap without 

hybridizing. Since the MoSe2 is above the WSe2, the counts from the apparent lowest energy band 

we take to come from the MoSe2. Gating the sample produces a measurable signal near the Fermi 

energy around K (Fig. 4.17E). Equation 3.2 gives the minimum doping required as 
�Ý�� ≤ 0.96 ±
0.05 × 10�7 cm-2. That the VBM is also at K confirms that the gap is direct here.   

Further doping the sample to 
� = 9.0 ± 0.4 × 10�7 cm-2 populates the Q point (Figure 

4.17F). The energy offset between the K and Q CBE cannot be directly inferred from these data 

as was done for Device 10 because the dispersion at K was not resolved here. However, the offset 

can be estimated by assuming that Q was only just populated at X� = 3 V (spectra not shown here) 

and taking the conduction band effective mass as that of MoSe2 from theoretical predictions147, 

#¶��∗ /#S  ~ 0.15. This yields �Ø¶�ß − ��¶�� = 28 ± 5 meV.  

In this device, we were able to resolve the highest energy valence bands at K derived from 

both monolayers even when the device is gated. As usual then, we extracted the effective masses 

and VBM energies from each layer, ��È�$c
���  and ���$c

��� via fitting parabolic dispersions to the band 

positions in E - k (determined by fitting Lorentzians to EDCs) at each gate voltage where the 

conduction band is observed. The effective masses were not found to vary significantly and agreed 

with the values from Figure 2.6. The two { band edge energies were extracted similarly. Their 

offset – a measure of interlayer coupling – is nearly independent of X�, averaging 0.66 ± 0.02 eV. 

Plotting VBM energies vs. X� (Figure 4.17G) reveals that while the WSe2-derived upper 

band at K is also independent of X�, that of MoSe2 changes roughly linearly. This follows from 

the assignment of the CBM to MoSe2, as doping the heterobilayer into conductance implies the 
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induced charges are localized to the MoSe2. Any band gap renormalization in the system should 

thus predominantly occur in the MoSe2. The decrease in binding energy is ~200 meV over the gate 

voltage range studied, comparable to what was seen for ML WSe2 in Chapter 3 (cf., Fig. 3.7). Since 

the global VBM is WSe2-derived, this implies that the band gap �� is not substantially varying 

with gate voltage, averaging �� = 1.40 ± 0.06 eV. 

Regarding possible Stark shifting of the bands, we first note that in this device the MoSe2 

is on the opposite side of the WSe2 than the hBN dielectric/graphite gate. Since induced charge 

must go into the MoSe2, this means the electric field must pass through both the WSe2 and hBN 

before reaching the MoSe2, i.e., the ML WSe2 and hBN function as a composite dielectric (as 

discussed in section 3.4). A schematic of the potential landscape is shown in Figure 4.18. 

In this model, the hBN and WSe2 are at different electrostatic potentials due to voltage 

drops XÕ�? and X��$c. These plus the drop through the MoSe2, X�È�$c, must sum to the gate 

voltage X�. X�È�$cis equal to the shifting of the MoSe2-derived bands due to the gate, provided we 

ignore any hybridization effects. That is, we have X�È�$c = ∆�àáâãäc
��ß . The electric-field induced 

shifting of the WSe2 bands to larger binding energy relative to the MoSe2, i.e. the Stark shift, is 

given by X��$c = ∆��åãäc
��� − ∆��áâãäc

��ß . This leaves XÕ�? =  X� − ∆��åãäc
��� . Applying these 

formulae to the shifts observed in our spectra yield value smaller than their uncertainties for all X� 

except the highest voltage, X� = 4 V. There, we measure X��$c%4 V+ = 0.12 ± 0.03 V. Modeling 

the layers as capacitors in parallel and using the dielectric constants derived in section 3.4 yields 

an estimated shift of X��$c
ÝÈæ$ç%4 V+ = 0.14 ± 0.01 V, with which our measured value agrees.  

Figure 4.18. Schematic potential 

landscape in a gated MoSe2 on 

WSe2 heterobilayer.  
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Finally, while no replicated valence bands were observed at any X�, one replicated CBM 

feature was seen in this device. It is close to K and became measurable at 
� = 3.5 ± 0.2 × 10�7 

cm-2
. (Fig. 4.17H). Its position is consistent with our model (Eq. 4.1) with a twist angle � between 

2° and 6°. It is unclear why only one of the three expected replicas were observed. Though the area 

of k-space probed did not include the expected centers of the other two foldings, the intensity/width 

of the observed feature X� = 4V suggests that the others should have been partly visible. 

We now turn to the final device in this chapter, Device 14, which comprises graphene 

partly capping ML WSe2 on ML MoSe2, shown optically in Figure 4.19A. Here, the graphene 

originally also had a natural few µm-wide gap which did not survive the sample fabrication 

process. The TMD alignment was determined to be ~7° directly from the heterobilayer region via 

constant energy maps through the WSe2 VBM (Fig. 4.19B), and the MoSe2 CBM (at finite gate 

voltage, Figure 4.19C). With X� = 0, all the valence bands at K are resolvable (Fig. 4.19D), and 

their extracted effective masses agree with those from Device 13 and Figure 2.6. With doping to 


� = 4.2 ± 0.5 × 10�7 cm-2, the CBM was visible at ��È�$c (Fig. 4.19E). The CBE at Ø�È�$c is 

visible at 
� = 10 ± 1 × 10�7 cm-2 (Fig. 4.19F). No photoemission is seen near �� at ���$c at 

Figure 4.19. Bands in twisted WSe2 on 

MoSe2. A, optical image of Device 14 

outlining the graphene (black), ML WSe2 

(pink), and ML MoSe2 (green). Scale bar, 10 

µm. B and C, constant energy maps at WSe2 

VBM (top) and MoSe2 CBM (bottom). D-E, 

E-k slices through labeled K-points at X� = 

0, 2.1 V, and 4 V. Spectra in color are linearly 

scaled, those in grayscale are log-scaled. 

Scale bars in B-F, 0.25 Å-1. All spectra from 

heterobilayer near graphene (A, triangle). 
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any X�. The { band edge energy offset showed no systematic change with X�, averaging 0.67 ±
0.03 eV. Replica features were observed from neither the valence nor conduction bands. 

Thanks to the increased photoemission from the WSe2 VBM in this device compared to 

Device 13, the band gap can be more accurately determined. Time only permitted measurement at 

two gate voltages, X� = 2.1 V and 4 V. A small change was resolved between these spectra, with 

�� decreasing from 1.40 ± 0.01 eV to 1.37 ± 0.01 eV. Alas, the MoSe2 K bands suffered from 

the flake being underneath in this geometry, and they became unresolvable when the sample was 

conducting. Consequently, we have nothing to compare to the renormalization seen with Device 

13. For the same reason, we are unable to measure relative shifting of the MoSe2 and WSe2 bands.   

Note that no Stark shifting should be present here, as WSe2 is on the wrong side of the 

MoSe2 in this device. Consequently, �� should be larger here than that in Device 13 by the 

predicted Stark shift X��$c
ÝÈæ$ç, which is not the case. It is yet unclear whence comes this discrepancy. 

Though the sample twist angles are slightly different (mod 60°), the interlayer coupling (measured 

by proxy via the splitting at {) is consistent between the devices. The hBN dielectrics are of similar 

thickness (~9.5 nm), ruling out the effect of a relative difference in hBN dielectric constant185.  

To perhaps shed some light on this, we plot the fitted E-k from each devices from { to their 

respective VBM in Figure 4.20. Surprisingly, the shared K in Device 13, ��.�u, is ~0.06 Å-1 farther 

out than the K of an isolated ML would be (~1.26 Å-1). This implies a substantial reconstruction  

which may be the result of Device 13 being stacked differently186, with the layers’ armchair axes 

Figure 4.20. Band positions from Devices 13 

(black) and 14 (blue) fitted from E-k slices 

between { and K point of WSe2 in Device 14 

(���$c
�.�è ) and heterobilayer K point in Device 

13 (��.�u+. Scale bar, 0.25 Å-1. 
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anti-aligned (twist ~ 60°). This may change the average interlayer distance and therefore the 

capacitive model, as well as the interlayer coupling which, though small, is nonzero at the K point 

and may have unanticipated dependence on the electric field or doping. This would impact the 

comparability of these devices and so underlines a less visible facet of twisting. We note that there 

is also a Stark shift occurring in the graphene-capped region. This would be significantly more 

difficult to study, as the added layer would diminish the TMD signal at K. This would likely 

preclude observation of those bands from the bottom TMD, necessitating study of at least two 

devices with opposite stacking orders (but with similar absolute angular alignments). 

4.6 Summary and Discussion 

The varied results presented in this chapter hopefully further highlight how uniquely 

positioned µ-ARPES is for probing twisted systems. With ML hBN on TMDs, twisting produces 

a striking mélange of folded features. While the lack of observed anticrossings points to diffraction 

rather than moiré effects, it could be limited by the measurement resolution. As this device 

geometry is perhaps the most direct for enabling ARPES with air-sensitive compounds like WTe2, 

further study is warranted to fully resolve this question. If these results are indeed from diffraction, 

hopefully it will clarify the importance of caution when applying ARPES to twisted 2D structures.  

With twisted TMD bilayers, in contrast, that the twisting of TMDs generates folding of the 

bands in proximal graphene indicates the presence of a moiré superpotential. That no folding of 

the TMD valence bands was seen is a standing mystery, as is whether the graphene folding is due 

to a moiré effect on the Dirac dispersion itself or diffraction off of the moiré potential. Here. in-

situ gating again has proven itself invaluable. By providing access to conduction states and their 

moiré replicas, it sheds light on the alignments in these heterobilayers and how they may yet be 

engineered by doping, electric field, and, naturally, with twisting.  



 
 

 
 

108

Chapter 5. µ-ARPES OF A MONOLAYER TOPOLOGICAL 
INSULATOR 

An increasing number of the known 2D systems are proving to be sensitive to air, water 

and/or heat when thinned down to the atomic limit. Despite the consequent difficulty of study these 

materials attract a tremendous amount of scientific attention as they display a vast variety of exotic 

behaviors. The theoretical models of these exotic materials are often at odds with the experimental 

observations. This naturally demands direct study of the underlying physics to clarify the 

discrepancy. For example, calculations of the interlayer magnetic coupling in CrI3 initially 

predicted that the lowest-energy bilayer form would be ferromagnetic in contrast to optical studies 

showing187 layered-antiferromagnetism. More thorough modeling has since revealed that the 

metastable monoclinic stacking of CrI3 produces antiferromagnetic coupling188, a prediction 

supported by subsequent spin-polarized STS189.  

The nature of the band gap in ML WTe2 has similarly been at the center of scientific back 

and forth. Its first theoretical treatment86 predicted it as the only TMD to be a topological 

semimetal in its stablest polytype. This was contrast to transport measurements91,92 showing a 

semimetal-insulator transition at low temperatures. Subsequent low temp. ARPES and STS 

measurements95,96 revealed a gap of ~50 meV. More recent band structure calculations have since 

predicted a band insulator phase with a similar gap opening via SOC95,190. Yet later transport and 

STS experiments have suggested that the insulator state is not from an intrinsic band gap, but 

instead forms from either electron localization due to defects (a Coulomb gap)191 or, more 

exotically, the formation of an excitonic insulator phase98. In this chapter, we will consider gated, 

temperature dependent µ-ARPES of ML WTe2 to address this controversy. Along the way, we will 

demonstrate how our sample design enables gate-tunable µ-ARPES of air-sensitive materials.  
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5.1 Sample preparation 

The materials we have studied so far are all air- and water-stable, compatible with post-

transfer cleaning in standard solvents under ambient conditions (even only minimally encapsulated 

or not encapsulated at all). They are similarly relatively stable under UHV annealing at high 

temperature before ARPES measurement. In comparison, ML WTe2 devices prepared for transport 

studies have historically been fully encapsulated with at least few-nm thick hBN with no reports 

of post-transfer annealing for fear of compromising the WTe2.  

The first attempt at ARPES study of ML WTe2 to the author’s knowledge was his own, 

done at Spectromicroscopy using a sample geometry like that of Chapter 2. These samples were 

prepared by dry transfer inside a glovebox with a N2 atmosphere, and O2/H2O levels both below 

0.1 ppm. However, they were taken outside of the glovebox and solvent cleaned like the TMD 

samples, in chloroform and IPA (stored under ambient conditions) for upwards of 12 hours. They 

were then annealed in forming gas at up to 275° C for at least an hour, and annealed again in the 

ARPES chamber at up to 300° C.  

An example sample that has both monolayer and multilayer regions is shown in Figure 

5.1A. µ-ARPES was done in both regions with ℎ� = 74 eV, and at two different temperatures, 

Figure 5.1. Temperature dependent µ-ARPES of ML WTe2 at Elettra. A, optical image of a 

sample with graphene (dashed black outline) on WTe2 with ML and multilayered regions 

(dashed red) on graphite on Si. Scale bar, 10 µm. B and C, E-k slices between { and Y of ML 

WTe2 (B, triangle in A) and multilayer WTe2 (C, diamond in A) at T = 109 K and 200 K. 
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109 K and 200 K. In the ML spectra taken along { – Y (Figure 5.1B), photoemission is only seen 

from the wings of the valence band about {, and the VBM is not directly observed. This is 

consistent with the predicted orbital character of the low energy bands192. Combined with the 

mostly P-polarization of the excitation at Spectromicroscopy, this causes the matrix element in the 

immediate vicinity of { to vanish. There is an increase in photoemission near �� at 109 K compared 

to 200 K, and it is localized at momenta consistent with the expected positions of the electron 

pockets. However, from neither these energy-momentum slices nor constant energy slices are the 

electron pockets distinguishable. Consequently, the gap is not resolvable from these data. The 

multilayer spectra (Figure 5.1C) is of similar resolution, and compares poorly not only to our other 

data from other bulk samples (cf. Figure 2.2) but to other reports of ARPES from WTe2
193

 as well. 

This indicates an underlying problem with the experiment, perhaps from the sample preparation 

exacerbated by the comparably low flux and fixed excitation energy at Spectromicroscopy. 

Our next opportunity to study WTe2 was at MAESTRO which offered multiple advantages. 

Notably, the beamline has an integrated glovebox in which sample stored under dry conditions can 

be loaded directly into the ARPES chamber. To keep the sample from contacting water or air, the 

sample processing protocol was modified to use anhydrous solvents inside of a glovebox. The 

sample was sealed inside of a ConFlat™ (CF) flanged cap couplet for transport to MAESTRO 

Figure 5.2. A large area gated ML WTe2 device. A, 

device schematic. B, image of Device 15 mounted 

to MASTRO sample puck with contacts. C optical 

image and D, SPEM map of Device 15 with ML 

hBN (dashed blue outline) on graphene (dashed 

black) partially overlapping ML WTe2 (dashed red). 

SPEM was integrated at �� and { highlighting ML 

hBN/WTe2. Scale bars, 10 µm.  
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glovebox-to-glovebox. Furthermore, MAESTRO offers variable excitation polarization and 

energy. Figure 5.2A shows a schematic of the device geometry used, which is like the one 

introduced in Chapter 3. The sample mounts at MAESTRO are round pucks, designed to facilitate 

automated sample loading. It is adapted for gating by replacing the center with an alumina plate 

screwed through which are eight stainless steel bolts. These bolts contact to external leads on the 

other side of the puck. While it is possible to wire-bond from a sample substrate (mechanically 

affixed to the alumina face) to these bolts using aluminum wires, we did not have access to wire-

bonding under dry conditions. Consequently Device 15 was wired to the bolts using silver paste 

(Figure 5.2B). To leave open the possibility of measuring in both ARPES endstations, the device 

was designed to have a 12 × 12 µm area of WTe2 over the gate and capped with only ML hBN 

(Figure 5.2C). A SPEM map of the sample in nano-ARPES (with the gate grounded) taken at 67 

K shows uniform, bright photoemission intensity over this area.  

5.2 Measurements in Micro-ARPES  

Our first measurements were taken in microARPES after UHV annealing at up to 210° C 

for several hours. After cooling the sample stage down to 15 K, rough E-k maps with 72 eV 

excitation were taken to identify the WTe2 orientation relative to the detector slit axis. This energy 

Figure 5.3. Constant energy maps through WTe2 at 15 K. A, schematic Fermi surface and first 

Brillouin zone of ML WTe2. B, constant energy maps in the first BZ at 15K with 72 eV LH-

polarized excitation averaged over energy windows of 0.1 eV. Scale bars, 0.25 Å-1. 
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was reported in the literature to maximize the photoemission cross section95.  The analyzer was 

then manually rotated to align the slit with the WTe2 {-Y axis and through the electron pockets 

(Figure 5.5A) and a fine E - k map taken within the first Brillouin zone with a pass energy of 50 

eV and linear horizontal (LH) polarization. The Fermi energy was determined here from the 

background away from {, and agreed with the �� measured from the platinum ground electrode. 

The constant energy cut through this map at � − �� = 0 (Figure 5.5B) averaged over a 0.1 eV 

window shows a four spots of photoemission along {-Y, with the center two curving inwards and 

forming ellipses. Cuts at lower binding energy, such as at  � − �� =  −0.8 eV and −1.6 eV show 

modulations of the photoemission intensity between otherwise symmetric points in k-space.  

5.2.1 Polarization dependence and matrix elements 

An E - k slice through this map along {-Y (Figure 5.4A) shows a valence band centered on 

the Brillouin zone that curves sharply near {, going nearly flat before vanishing. Just farther out 

from where the valence band seemingly kinks are two pockets of photoemission where the 

conduction band’s electron pockets are expected86. These pockets and the two flat segments from 

Figure 5.4. Excitation polarization dependence of WTe2 spectra in µ-ARPES. A-C, E-k 

spectra of WTe2 along {-Y taken at microARPES with T = 15 K using linear horizontal (LH, 

A), linear vertical (LV, B), circular right (CR) and left (CL) excitation. C plots the difference 

between spectra with CR and CL. 
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the valence band are the four spots of photoemission seen as the apparent Fermi surface from 

Figure 5.5B. E - k snaps were taken along the same line and with comparable integration times as 

in Figure 5.4A using linear vertical (LV), circular right (CR) and circular left (CL) polarized 

excitation. Figure 5.4B shows the LV data, wherein no conduction band-like features can be seen. 

Instead, the entirety of the valence band can be seen with maximal intensity at {. The signal-to-

noise ratio here is distinctly worse than in Figure 5.4A due to a substantially lower flux.  

The spectra in Figure 5.4A and B are consistent with the literature, such as ref95 which 

showed polarization dependence of the ARPES spectra. The matrix element for photoemission 

vanishes when the parity (with respect to reflection across the mirror plane defined by the sample 

surface normal and the excitation light path) of the excitation and the orbital character of the initial 

electron state differ. In this reference, calculations of the orbital characters of the low energy bands 

showed that the valence band near { has primarily d�� character, which translated to the 

measurement geometry in our experiment has the same parity as LV polarization. This causes 

enhancement of its photoemission signal in Figure 5.4B and suppression in Figure 5.4A. Similar 

arguments can be made for the conduction band, which has either d�c   or mixed p� and d�� 

characters, and the rest of the valence band (also p� and d��) being enhanced by LH polarization.  

While circularly polarized excitation can differentially probe spin-polarized states19489, our 

spin-agnostic measurement should not be sensitive to this effect. Nevertheless, plotting the 

difference shows the difference in photoemission with CR and CL light (Figure 5.4C) reveals an 

asymmetry of most of the bands across { with multiple inflection points where the asymmetry 

reverses. Strangely, only the outermost visible valence band below � − �� ~ 0.5 eVis symmetric 

in CR – CL across {. Qualitatively similar results have been reported from dichroic ARPES studies 

of graphene and hBN where momentum-modulated circular-dichroism of the photoemission was 
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observed in correlation with the bands’ local Berry curvature195. As a difference in the Berry 

curvature of the electron pockets in ML WTe2 has already been demonstrated experimentally196, a 

similar effect may be at play here with the valence bands.  

5.2.2 Temperature dependent spectra 

Following these polarization dependent measurements, the sample temperature was 

incrementally stepped and E – k maps were taken at T = 60 K, 90 K, 120 K, and 150 K along over 

a small window in k. LH polarization was used to maximize the signal-to-noise and to allow 

visualization of the conduction band feature. Figure 5.5A shows E – k slices taken along {-Y at 

each temperature. From these data two primary effects of increasing temperature can be seen. The 

first is that the energy of the lower valence band feature, as tracked in EDCs through { (Figure 

5.5B) shifts monotonically towards lower binding energy by ~40 meV over the full temperature 

range. A similar shift has been seen in bulk WTe2 which was ascribed to Lifshitz transitions due 

to temperature regulation and surface modification197. It is unclear how applicable such effects 

would be in the monolayer limit. Private communications with other groups have indicated 

consistent shifting has been observed by them in monolayer WTe2.  

The other observable change with the temperature is with the conduction band feature, 

which visibly extends nearly 200 meV below the Fermi energy at 150 K, but only about 100 meV 

Figure 5.5. Temperature dependence of WTe2 microARPES spectra. A, E-k slices along {-Y at 

various temperatures using LH. Dashed blue line marks the peak energy of the central valence 

band feature at 15K. B, EDCs through { at various temperatures from A. 
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below �� at 60 K and 15 K. This difference cannot be ascribed to temperature alone, as the 

difference in Fermi smearing is ~2.2 × w�Δ� ~ 20 #�X. Intriguingly, that the conduction band 

seems to continue to overlap the valence band even at the lowest temperatures is in stark contrast 

with the other ARPES measurements in the literature. It should be noted that in the 90 K, 60 K, 

and 15 K data, the conduction feature drops off approaching zero binding energy well before 

reaching the edge of the background (which is used to calibrate ��). While this may be the 

signature of an exotic energy shifting of the apparent conduction band, perhaps due to electron-

hole pairing into excitons which would cause a shift by ~ the exciton binding energy, it could also 

be due to an error with the electron analyzer according to the beamline scientists.  

5.3 Measurements in Nano-ARPES 

Following the measurements in microARPES, the sample was transferred over to 

nanoARPES where at the time of the measurement the sample stage was cooled via LN2 with a 

stable base temperature of 180 K. When this temperature was equilibrated with the sample loaded, 

the detector was aligned to the {-Y axis of the sample as was done in microARPES. Then, large 

area E – k maps were taken. The spot size was ~3 µm, and LH 72 eV excitation was used. Figure 

5.6 shows constant energy slices through this map, which extended into neighboring Brillouin 

zones which show similar features as the first zone. Two features are of note. Firstly, at several 

Figure 5.6. nanoARPES constant 

energy maps over multiple Brillouin 

zones of WTe2 at 180 K. First 

Brillouin zone is outlined in dashed 

black in first map. Measurements 

used 72 eV LH-polarized excitation 

averaged over energy windows of 

0.1 eV. Scale bars, 0.50 Å-1. 
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ghostly replicas can be seen in between the zones, especially at � − �� = −0.4 eV and −0.7 eV. 

These are reminiscent of the replica bands from Chapter 4. However, it is unclear how the 

drastically different crystal symmetries between WTe2 and the other 2D flakes in this device can 

produce band folding. The second notable feature is that the nearby zone the map nearly fully 

captures shows higher intensity from the valence bands but less from the conduction bands. As we 

are interested in the conduction band, and to ease potential comparison to the measurements from 

microARPES, the remaining measurements were all also from in the first Brillouin zone. 

5.3.1 Temperature and gate voltage dependent spectra with LH polarization 

The first such measurements were E - k slices along {-Y taken at a series of gate voltages 

between −4 V and 54 V across the 14 nm thick hBN dielectric (Figure 5.7A). The voltage biasing 

was done with a Keithley sourcemeter, and the current compliance limit was set to a few nA. For 

yet unclear reasons, the Fermi edge of the background in these measurements was nonuniform in 

Figure 5.7. Gate and temperature dependence of WTe2 nanoARPES spectra. A, E-k slices 

along {-Y at 180 K and X� between −4V and 54 V using LH 72 eV excitation. B, similar slices 

taken at 67 K. All spectra have been vertically shifted to align the central valence band feature 

to the dashed blue line for ease of comparison. Energy scale tick marks are 0.5 eV apart. 
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momentum, possibly due to distortion from the electron lens. Consequently, the data have 

modulations in energy and are not aligned to ��. The former problem is fortunately not significant 

in the vicinity of {. To sidestep the latter, the data can be shifted vertically as to align the fitted 

peak energies of the valence band feature at the centers of the slices. Thusly the data from different 

voltages can be directly compared despite possible relative energy scale shifts due to, e.g., 

changing surface potential due to the gate.  

As the sample was swept from maximally p-doped at X� = −4 V to maximally n-doped, 

the apparent �� shifted to higher energy and more of the conduction band feature could be seen. 

Nevertheless, it remained visible and overlapped with what can be seen of the valence band over 

the entire voltage range. Though with the present spectral resolution this feature cannot be 

definitively ascribed to electrostatic population of the conduction band, it is strongly suggestive of 

the band structure being ungapped.  

Remarkably, the full dispersions of the electron pockets were never fully resolvable even 

with the gate at 54 V. Instead, they appear as essentially straight lines pointed slightly outwards 

away from the valence band, resembling the ‘inner’ halves of the full bands. This behavior is 

similar with previously reported ARPES measurement of the conduction band at high (K-)doping 

using what was labeled “S-polarized” excitation95, the analogue of which at MAESTRO is LV. 

However, this is surprising as these data were taken with LH excitation which enhanced the signal 

from the valence band ‘wings’ as is consistent with the model but for the same reason should be 

similarly enhancing the entire conduction band. This should not be the result of a rotation of the 

sample crystal axis relative to the excitation/surface normal mirror plane, as the orbital character 

of the ‘missing’ conduction band half is d�c which should be insensitive to rotation. 
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Some time after this beamtime, nanoARPES was upgraded with a new closed cycle 

cryostat and we took the chance to have this device remounted and measured below 100 K with 

gating. In between these beamtimes, the sample was sealed in CF flanges and stored inside of the 

glovebox at MAESTRO. Figure 5.7B shows the spectra taken at the system’s base temperature at 

otherwise identical gating/excitation conditions as the previous measurements at 180 K. As was 

done with those data, the spectra here are also shifted to align the central valence band. Due to the 

system then being newly commissioned and not well calibrated, it was only later that the base 

temperature was characterized as 67 K. 

Starting with the spectrum with the gate grounded, the signal from the conduction band has 

been dramatically reduced compared to the grounded 180 K measurement, with the difference in 

the energy extent of that feature shrinking by more than would be expected from the temperature 

difference alone. This is consistent with what was previously seen in microARPES. When the gate 

voltage was taken positive, the conduction band feature extended to higher energy while the 

valence band was fixed. As was at 180 K, not the entire electron pocket is being visualized but 

what can be seen energetically overlaps the valence band. 

As the gate was instead taken to negative voltage, the valence bands shifted up in kinetic 

energy while the photoemission intensity from the electron pockets decreased. The band shifting 

effect was not seen at the higher temperature. It is suggestive of the band shifting one would expect 

when gating a gapped system as the work function is tuned by the gate voltage while the Fermi 

energy is inside of the gap. At −4 V, the photoemission intensity of the conduction band vanishes 

entirely. Since the valence band is known to be very flat near { with a high density of states at the 

band edge, the relatively low doping achievable with such a low gate voltage over 14 nm of hBN 
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(4 V/14 nm ~ 0.28 V/nm ≪ 0.5 V/nm, the typical breakdown field for hBN gates) is not expected 

to substantially move the Fermi energy into the valence band.  

Therefore, that the electron pocket vanishes strongly indicates that the gap is positive in 

contrast to the higher temperature case. This stands in contrast with the positive gate result, and 

the discrepancy is too great to be ascribed to thermal smearing. While it cannot be proven from 

these data alone, this hints at a possible tuning of the band gap itself with doping. This would be 

consistent with the idea that the gap is opening due to the formation of excitons, as doping the 

system can reduce the exciton binding energy (see Figure 3.7) and ultimately dissolve the excitonic 

insulator state.  

However, the author remains wary of drawing strong conclusions from these data as time 

constraints limited the ability to carefully align the slices to be exactly along {-Y and the strengths 

of the electron pocket signal at each gate voltage may not be comparable between each other. 

Similarly, as the 180 K and 67 K data were taken several months apart (during which time the 

sample was stored in only reasonably dry conditions), they may also not be simply compared. For 

example, the sample’s rotational alignment to the excitation/surface normal mirror plane can 

change is not easily controlled due to the rotational symmetry of the sample puck. Changes in this 

may then affect the matrix elements and artificially change the relative intensities of the conduction 

band feature. 

5.3.2 Visualizing all low energy bands with circular polarization and gating 

The last data we will discuss here were taken at the last moments of our beamtime when it 

was realized that CR and CL together should access all parts of the bands more consistently than 

with linearly polarized excitation alone. Indeed this was the case, as can be seen in Figure 5.8A 

which shows spectra taken at 67 K with X� pushed near the ~2 nA compliance limits at +6 V and 
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-5 V. These spectra have been shifted in energy to align their apparent local �� by eye. While the 

intensity at the VBM was still greatly diminished relative to the rest of the band structure, it 

remained high enough to resolve and appears strongly in the second derivative.  

The electron pockets evolved consistently with what was seen with LH excitation. In 

particular, the electron pocket remains seemingly half-visualized, and at the most negative gate 

voltage intensity from it is essentially completely gone even in the second derivative data. Finally, 

the shifting of the valence bands in energy (without the manual energy-scale shifting of the spectra) 

can be seen via EDCs through { (Figure 5.8B) from which a monotonic shift totaling ~75 meV 

over this voltage range can be seen for two different valence band features. This is surprisingly 

similar to the shift seen in other reports95 using K-doping which likely reached at least twice the 

amount of induced carriers than achieved here with gating.  

Figure 5.8. Gate dependence of circularly polarized spectra at 67 K. A, E-k slices along {-Y at 67 

K at −5 V, 0 V, and 56 V with CR + CL excitation. Raw spectra are plotted above, second 

derivatives beneath. B, EDCs through { from A. Two prominent valence band features labeled by 

red arrows and their peak energies marked by blue lines. 
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5.4 Summary and Discussion 

In this chapter, we discussed a substantial number of µ-ARPES studies of an air-sensitive 

monolayer, topologically nontrivial material with both electrostatic gating and temperature 

dependence. These results would not have been possible without the numerous advantages to 

measuring at MAESTRO, e.g., the integrated glovebox, tunable excitation energy and polarization, 

closed-cycle cooling, and high flux. Promising changes of the spectra with temperature were 

observed in measurements from both the microARPES and nanoARPES endstations. In particular, 

the photoemission from the conduction band could be modulated with decreasing temperature by 

a greater degree than would be expected by changing thermal broadening. Similarly, the Fermi 

energy was tunable with gate, and at high positive voltage it was shifted towards the conduction 

band by more than the highest plausible estimates of the band gap. At high negative voltage, the 

conduction band could still be visualized at high temperatures but as absent at 67 K. This is 

inconsistent with a trivial gap of ~50 meV again as this is much larger than the expected 

broadening due to the Fermi-Dirac distribution.  

It is however also inconsistent with the high positive gate behavior which had the 

conduction band overlapping the valence band at all temperatures. This may indicate a doping-

dependent band structure, possibly due to the destruction of an exotic gapped phase such as the 

excitonic insulator state proposed in other works. A direct signature of such a phase is shifting of 

the spectral weight between the low energy valence and conduction bands. This stems from the 

fact that ARPES ultimately probes the photohole and excitons would comprise electrons from the 

conduction band and holes from the valence band23. This effect would vanish with increasing 

energy past the transition temperature and so a relative change of the spectra may make provide 

additional information. 
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The data presented here lack the resolution to resolve such spectral weight shifting, in part 

due to the yet unclear polarization dependence. We are not helped by the difficulty in comparing 

the gated spectra taken at nanoARPES at different temperatures, as they were taken at different 

times and therefore under different conditions. These problems may be addressed in the future 

with a fresh sample with which all gate- and temperature-dependent measurements can be done 

simultaneously. In the near term, nanoARPES has very recently demonstrated a new lower base 

temperature of 15 K, with which thermal broadening should be yet decreased and the conduction 

band edge made sharper. We learned that the combination of circular left and right excitation at 

MAESTRO allows convenient simultaneous observation of the electron and hole pockets, a 

capability that will certainly be leveraged with future beamtimes. Theoretical support will also be 

critical by providing, say, models of how the matrix elements should vary with the formation of 

an excitonic insulator state.  
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Chapter 6. OUTLOOK 

Over the last decade the development and application of µ-ARPES to 2D materials has 

exploded. Not only have new beamlines been developed198 and new focusing schemes 

demonstrated25, but hopefully the works discussed here have shown how the 2D fabrication 

process and understanding of the spectra from 2D heterostructures have continued to evolve to 

leverage ever more of µ-ARPES’s full power. In particular, it should be clear now that in-operando 

gating provides a uniquely potent tool for studying the local changes of the electronic structure in 

operating 2D heterostructures and devices. Here we only touched on a single shelf in the two-

dimensional material library and have left much up to be discovered with continued study. 

Though many (if not most) of the remaining isolated materials are likely less stable than 

the TMDs, our measurements with WTe2 have demonstrated a device geometry affording both 

relative sample stability and ease of application to ARPES with an air-/water-/heat-sensitive 

material. Other materials of similar sensitivity include some of the 2D magnets, such as 

Fe5GeTe2
199 and NiPS3

200, studies of which will benefit from long term development of spin-

resolved µ-ARPES11. In the case of NiPS3, for example, the photoluminescence spectra have a 

strong dependence on thickness due to an expected shift in the band extrema positions and can 

have doping dependence – perfect matters for gated µ-ARPES to probe.  

Beyond studying individual materials, µ-ARPES is also an effective tool for studying the 

bands at the surface of heterostructures and particularly heterobilayers/heterotrilayers. The most 

topical facet of which today is involves twisting at “magic angles” wherein the folded and 

hybridized bands form flat bands. The formation of such bands has already been reported from 

ARPES, but so far no effects of gating on the bands have been claimed. Instead claims of the 

isolated nature of the flattened bands from the dispersive higher conduction bands were supported 
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by normalization of the spectra by the Fermi function, thereby revealing a weak, distanced center 

of photoemission at positive binding energy. Clearly, however, electrostatic doping would have 

been a more direct means to reach those states. In-situ electric field control may be especially 

important in magic systems where gate-induced polarization of the electrons in the heterostructure 

is important, such as in magic-angle double-bilayer graphene201. 

Finally, we should address the future of µ-ARPES and nano-ARPES itself. Following its 

successful debut in nanoARPES at MAESTRO where a capillary optic provided a compelling 

compromise between spatial resolution and flux25, there are short term plans for adoption of this 

technology at other µ-ARPES facilities such as I05 at the Diamond synchrotron to supplement 

Fresnel zone plate-based focusing which in the author’s experience often offers too little flux to 

study materials/states with relatively low cross-section. In the long term, it should be noted that all 

of the synchrotrons hosting µ-ARPES facilities are planning upgrades to become “fourth 

generation” sources202 with so-called diffraction-limited performance. This would dramatically 

reduce the dimension of the source and so enhance the brightness. For established µ-ARPES 

facilities, this will provide further ease of focusing the excitation beam and may rebalance the 

compromise from zone plates. Accessing nm-scale beam spots will have knockdown 

improvements of the energy and angular resolution. Nonetheless, the ultimate benefits of this 

upgrade will be limited as ARPES is intrinsically limited by space-charge effects11, where the 

cloud of photoemitted electrons interacts with itself which must scale with the photoemission rate. 

Beyond synchrotron-based µ-ARPES are developments of laser-based facilities where the draw of 

studying 2D materials has justified improvements in the beam spot size96 and collection schemes23. 

Further refinements in this field will enable additional techniques such as time-resolved ARPES 

to probe excited states.  
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APPENDIX – NOTES ON DFT 

 
Linear scaling DFT calculations were performed for twisted MoSe2-on-WSe2 

heterobilayers. The details for these calculations are reproduced with minor edits from the author’s 

original work as listed in Chapter 2.  

Misaligned (rotated) MX2 layers form coincidence cells too large for the capabilities of 

plane-wave DFT. Instead, linear-scaling DFT was used to gain insight into the effects of 

hybridization on band edge energies for incommensurate structures. Full methodological details 

are below. We have previously shown that the energy landscape for twisted MX2 heterostructures 

is roughly independent of twist angle, and similarly the hybridization induced shifts at Γ are 

consistent in magnitude. For this reason, we considered the angle which resulted in the smallest 

supercell size; a simulation cell containing 873 atoms (432 for WSe2, 441 for MoSe2) for layers 

rotated by 8.21°, with strain < 1% (in the MoSe2 layer). To observe the band structure effects of 

each layer in the presence of the other, we have calculated the unfolded spectral function, which 

was projected selectively on each of the component layers. 

Comparison between the band structures of the independent monolayers and the unfolded 

spectral-functions of the corresponding layers in the heterostructure shows low-spectral weight 

band intrusions from one monolayer into the other upon stacking. Moreover, the valence band 

maximum (VBM) at Γ of WSe2 is raised by 202 meV, while the MoSe2 VBM is lowered by 67 

meV giving an increase in separation of ~ 250 meV. The experimental results show qualitatively 

similar behavior, with the bands shifting in the same direction and with a similar magnitude of 

increase in separation (experimentally ~ 100 meV) to the DFT predictions. Note that currently the 

linear scaling DFT approach adopted here does not include spin-orbit interactions – these are not 

expected to significantly alter the band structure at Γ but do change the band structure at K.



Linear-scaling DFT predictions of the band structure of the twisted MoSe2-on-WSe2 

interface. A, Atomic model of MoSe2/WSe2 heterostructure with a twist angle of 8.21°. B, 

Unfolded spectral function of the twisted MoSe2/WSe2 heterostructure (A), projected on the WSe2 

monolayer (left) and MoSe2 layer (right). The center inset shows the density of states (DoS) 

projected onto the WSe2 and MoSe2 layers from the heterointerface. C, The spectral-function 

representation of the independent monolayers for WSe2 (left) and MoSe2 (right). The color scales 

for B and C are arbitrary, and reflect the effective DoS per supercell as projected onto the reduced 

Brillouin zone of the respective monolayer. The energy reference is the energy of the valence band 

maximum (VBM) at K in the heterostructure. 

Plane-wave DFT: for calculations involving individual materials and aligned 

heterostructures, the Quantum Espresso plane-wave DFT package was used. The ultrasoft atomic 

datasets of Garrity et al were used for structural calculations, and the optB88-vdW functional was 

employed, due to its previous success in describing interlayer interactions in 2D materials. The 

structures were optimized until forces were smaller than 10-4 Ry / Bohr for monolayers, and 5×10-

4 Ry / Bohr for bilayers and bulk, while stresses were required to be smaller than 0.05 GPa. 

Subsequently, the band structures were calculated using the high-accuracy fully-relativistic PAW 
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potentials of Dal Corso, such that spin-orbit interaction was included. We used a 12x12 in-plane 

k-point sampling grid (with 4 out-of-plane k-points for the bulk), an 800 eV plane-wave energy 

cutoff, and an 8000 eV charge density cutoff. The simulation cell height was 30.0 Å, to avoid 

interaction between periodic images. All these parameters were determined to be sufficient for 

very good convergence of structural and electronic properties.  

Linear-scaling DFT: we utilized the ONETEP code, which uses an efficiently-parallelized 

linear-scaling formalism based around representation of the single-electron density matrix via in-

situ optimized local orbitals and sparse matrices. Once again we used the optB88-vdW functional 

and a kinetic-energy cutoff of 800 eV. ONETEP does not currently have the ability to include spin-

orbit coupling, the projector-augmented wave (PAW) method was employed, with atomic datasets 

exactly equivalent to the ultra-soft pseudopotential (USPP) datasets used for the geometry 

optimizations in the plane-wave DFT calculations described above. The Mo and W atoms both 

contained 14 valence electrons (4s2,4p6,4d5,5s1 for Mo, 5s2,5p6,5d4,6s2 for W), while S and Se 

contained only 6 valence electrons (3s2,3p4 for S, 4s2,4p4 for Se). 

ONETEP uses a nested-loop optimization scheme in which an outer loop optimizes the 

form of the local orbitals, while an inner loop optimizes the density matrix for fixed local orbitals. 

The flexibility provided by in-situ optimization means that it is possible to use relatively small 

number of local orbitals and retain systematically controllable accuracy equivalent to the plane-

wave approach. In this case we used 13 non-orthogonal Wannier functions (NGWFs) for W and 

Mo (10 for the valence electrons, 3 allowing for additional polarization) and 9 for S and Se (4 for 

the valence electrons, 5 for additional variational freedom). All NGWFs were chosen to have a 

large cut-off radius (13.0 bohr), and the convergence criterion was that the root mean square of the 

NGWF gradient be smaller than 2×10-6. For each NGWF optimization step, 8 self-consistent 
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density-kernel iterations were performed. Truncation of the density kernel was not necessary for 

the system sizes employed. Geometry optimization was performed by relaxing the internal atomic 

coordinates until the forces were below 0.1 eV / Å. The supercell was constructed by first 

determining the coincidence cells of the over-lapping rotated monolayers, allowing a maximum of 

1% strain. Spectral functions were calculated by unfolding supercell eigenstates into the primitive 

cells of each layer, as described in previous work.  

Electronic structure calculations including spin-orbit interaction from Chapter 3 were 

made using the Quantum Espresso DFT package41. Structures were first optimized until forces 

were smaller than 10−4 Ry / Bohr. Geometry optimizations and band structure calculations were 

performed with an 18×18 in-plane k-point grid with 140 Ry plane-wave energy cut off. To avoid 

interaction between periodic images, the vacuum spacing was 25.0 Å. We used norm-conserving 

fully relativistic pseudopotentials42 from PseudoDojo43, where the semi-core 4d, 5s and 5p states 

for W are retained as valence electrons. This results in a lattice constant of 3.32 Å for all three 

structures. We used the results from calculations with the PBE functional as a starting point for 

G0W0 calculations which utilized the Yambo code44, with the Godby–Needs plasmon pole 

approximation45. We used 300 bands, 500 bands and 700 bands for the mono-layer, bilayer and 

trilayer WSe2, respectively, for the self-energy and dynamical dielectric screening. In order to treat 

the divergence of the Coulomb interaction during the self-energy calculation, the random 

integration method46 was used, with 3 × 106 random q-points and 100 random G vectors. 
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