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Developing optoelectronic devices with increased efficiency and novel functionality re-

quires an understanding of the electronic structure of exotic materials and their interfa-

ces. Perovskite oxides and two-dimensional (2D) materials have emerged as promising

classes of materials that exhibit intriguing properties such as high temperature supercon-

ductivity and spin-valley locking. Combining these materials into heterostructures offers

even more functionality and is facilitated by a shared crystal structure (in the case of pe-

rovskites) or van der Waals bonds that do not require epitaxial relationships for clean

interfaces (in the case of 2D materials). In this thesis, we present original studies of four

materials within these broader classes. Thin films are fabricated by molecular beam epi-

taxy (MBE) and chemical vapor deposition (CVD) and studied primarily through angle-

resolved photoemission (ARPES) measurements conducted at Cornell and the SOLEIL

synchrotron in Gif-sur-Yvette, France.

LaxBa1−xSnO3 (LBSO) is a high mobility perovskite oxide with a large band gap, ena-

bling promising applications as a transparent conductor for use in solar energy harves-

ting or fully transparent electronics and as a channel material in all-oxide transistors.

LBSO films are grown by MBE and studied by in situ ARPES. While the valence band

structure is found to agree well with bulk density functional theory (DFT) calculations, a

La-dependent upward band banding is observed at the surface. Additional exposure to

ultraviolet (UV) light induces a reduction in the original band bending, offering a route

for controlling carrier concentration and band offsets at LBSO interfaces.

Graphene is a 2D semimetal with a host of exotic properties, including an extremely



high mobility and tunable carrier concentration. Here, monolayer graphene is grown by

CVD and studied by ex situ ARPES. Although the films originate from multiple nucleati-

ons, all individual graphene grains share the same crystallographic orientation, providing

an ideal building block for van der Waals heterostructures with angle-tunable properties.

Twisted graphene bilayers are fabricated from these growths and spatially resolved nano-

ARPES reveals angle-dependent gaps in the graphene electronic structure, providing a

route for creating devices with tunable optical absorption and exotic electronic states.

Cu2Si is a 2D Dirac line node semimetal, a newly appreciated form of topological mat-

ter. Here we form van der Waals heterostructures of graphene and Cu2Si on Cu substrates

by CVD, representing a unique interface between two atomically thin topological materi-

als.

SnSe2 is a layered main-group metal dichalcogenide that has exhibited gate-tunable

superconductivity and has promising applications as a component in high efficiency two-

dimensional heterojunction interlayer tunneling field effect transistors. However, despite

decades of study, basic questions about its electronic structure remain unanswered. Here

we synthesize thin films of SnSe2 by MBE and study them with ex situ ARPES. A compa-

rison between ARPES and DFT reveals the importance of spin-orbit coupling and out-of-

plane dispersion in the SnSe2 valence band structure, critical information for developing

new electronic devices based on SnSe2.
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Chapter 1

Introduction

Humanity has always been shaped by the materials at our disposal, and in fact they play

such a prominent role that many of our historical periods are defined by materials rat-

her than cultural phenomena: stone, bronze, iron, petroleum, silicon. Although many

of these materials were discovered by chance, today we are fully aware of the value of

finding and exploiting new materials. At a time when the semiconductor transistor −

the heart of electronic devices and modern society for the last fifty years − is reaching its

fundamental performance limits [4] and the world’s energy requirements are growing [5]

at the expense of the environment, [6] the quest for new materials and functionalities is

more important than ever.

One promising class of materials is the perovskite oxides. By virtue of their extremely

accommodating structure, this group of compounds exhibits nearly every type of exotic

phenomenon possible, including high temperature superconductivity, colossal magneto-

resistance, and magnetoelectric multiferroicity. In addition to adding new functionalities

to electronic devices, they support higher carrier densities than traditional semiconduc-

tors, allowing for decreased size and improved scalability. [7] Two dimensional (2D) ma-
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terials offer a different route to more efficient electronic devices. Existing in the atomic

limit of thickness, their reduced size corresponds to reduced power requirements. [8]

One common strategy applied to both oxides and 2D materials is the formation of

heterostructures. By putting different materials in close proximity to each other, new be-

havior can emerge at the interface, producing technological advances and facilitating the

exploration of physical principles. A well-known example in oxides is LaAlO3/SrTiO3,

where two insulators host an electron gas at their interface. [9] For 2D materials, the idea

of van der Waals heterostructures has produced phenomena such as twist-angle depen-

dent optical absorption in twisted graphene bilayers [10] and Hoffstadter’s butterfly in

graphene on h-BN. [11]

In this thesis, I present original studies of four different material systems spanning the

gamut of oxides, 2D materials, and their interfaces:

LaxBa1−xSnO3 is a promising new transparent conducting oxide whose high mobility

facilitates potential applications in transparent electronics, oxide electronics, and power

electronics. Here we report the first quantitative comparisons between angle-resolved

photoemission and density functional theory, demonstrating a close agreement between

calculations and the measured bulk electronic structure. Further measurements reveal

upward band bending at the film-vacuum interface, while ultraviolet exposure is found

to increase the surface electron density, similar to other oxides. These results elucidate

the LBSO interfacial electronic structure and offer a route for ultraviolet carrier density

control, critical steps towards realizing novel LaxBa1−xSnO3-based electronic devices. A

manuscript based on this study has been published, where I am the first author: E. B.

Lochocki et al.: Controlling surface carrier density by illumination in the transparent con-

ductor La-doped BaSnO3. Applied Physics Letters 112(18) (2018), 181603. [12]

Graphene is grown in an aligned and scalable way on commercial copper foils, where
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each film originates from multiple nucleations yet exhibits a single orientation. Thorough

characterization of this graphene reveals uniform crystallographic and electronic struc-

tures on length scales ranging from nanometers to tens of centimeters. As demonstrated

with artificial twisted graphene bilayers, these inexpensive and versatile films are ideal

building blocks for large-scale layered heterostructures with angle-tunable optoelectronic

properties. A manuscript based on this study has been published, where I am a co-first

author: L. Brown, E. B. Lochocki et al.: Polycrystalline Graphene with Single Crystalline

Electronic Structure. Nano Letters 14(10) (2014), 5706–5711. [13]

Graphene/Cu2Si van der Waals heterostructures are formed on Cu substrates by che-

mical vapor deposition. Cu2Si is a two-dimensional Dirac line node semimetal, making

this heterostructure a unique interface between two atomically thin topological materi-

als. The structural and electronic properties of the films are studied using low energy

electron diffraction, x-ray photoemission spectroscopy, and angle-resolved photoemis-

sion spectroscopy. Although the graphene’s electronic structure remains unmodified, im-

provements to the growth technique and extensions to other ordered surface alloys offer

new possibilities for tuning the optoelectronic properties of two dimensional materials.

A manuscript based on this study is in preparation.

SnSe2 is a layered main-group metal dichalcogenide that has exhibited gate-tunable

interfacial superconductivity as well as promising optoelectronic applications. SnSe2

films are synthesized by molecular beam epitaxy and their electronic structure is inves-

tigated with angle-resolved photoemission spectroscopy. A comparison between density

functional theory calculations and photoemission data from a thick film reveals the im-

portance of spin-orbit coupling and out-of-plane dispersion in the SnSe2 valence bands.

Additional bands are observed in a thin sample, although the overall electronic structure

is closer to the bulk than to a monolayer, where the gap size is expected to increase. A

manuscript based on this study is in preparation.
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During the course of this reseach, I have also contributed to the following published

papers:

• L. Bawden et al.: Hierarchical spin-orbital polarization of a giant Rashba system.

Science Advances 1(8) (2015), e1500495. [14]

• C. Gutiérrez et al.: Imaging chiral symmetry breaking from Kekulé bond order in

graphene. Nature Physics 12 (2016), 950. [15]

• H. I. Wei et al.: Electron Doping of the Parent Cuprate La2CuO4 without Cation

Substitution. Physical Review Letters 117(14) (2016), 147002 [16]

• H. Paik et al.: Adsorption-controlled growth of La-doped BaSnO3 by molecular

beam epitaxy. APL Materials 5(11) (2017), 116107 [17]

• S. Vishwanath et al.: MBE growth of few-layer 2H-MoTe2 on 3D substrates. Journal

of Crystal Growth 482 (2018), 61–69. [18]

• Q. Zhang et al.: Band offset and electron affinity of MBE-grown SnSe2. Applied Phy-

sics Letters 112(4) (2018), 042108. [19]

1.1 Outline of This Thesis

This thesis is divided into ten chapters and two appendices, summarized as follows. In

Chapter 2, I discuss photoemission, especially angle-resolved photoemission, which is the

main experimental tool used in this thesis. In Chapter 3, I discuss molecular beam epitaxy

and chemical vapor deposition, the two growth techniques used to produce the samples

studied in this thesis. Chapters 4 and 5 provide overviews of transparent conducting

oxides and two-dimensional materials, the two main classes of materials studied in this

thesis. Chapters 6, 7, 8, and 9 each discuss one of the four material systems mentioned

above: LaxBa1−xSnO3, twisted graphene bilayers, Cu2Si, and SnSe2, in that order. Chapter

4



10 discusses the conclusions drawn in this thesis and indicates potential directions that a

continuation of this research could take. In Appendix A, I discuss my efforts to improve

the overall productivity of my research group, while Appendix B describes some aspects

of designing an inverse photoemission system.
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Chapter 2

Photoemission Spectroscopy

In 1887, Heinrich Hertz observed that ultraviolet (UV) light emitted from an electrical

arc triggered nearby electrodes to produce sparks [20]. The response of the electrodes to

UV light was difficult to systematically study using his original experimental apparatus,

prompting him to write:

"For this reason, I am at present confining myself to communicating the facts

established, without attempting a theory of the manner in which the observed

phenomena are produced."1

Hertz was wise to avoid speculation – the physics community ultimately required nearly

two decades of investigation to arrive at a full explanation. The true significance of the so-

called "Hertz effect" was not clear at the time, although it did attract immediate attention

(as indicated by the 48 articles published on the subject by 1890 [21]). Benefiting from 130

1Original German: "Ich beschränke mich deshalb gegenwärtig darauf, die festgestellten Thatsachen
mitzutheilen, ohne eine Theorie über die Art, wie die beobachteten Erscheinungen zu Stande kommen,
zu versuchen." Reproduced and translated with permission from [20] with Google Translate: https:
//translate.google.com/
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years of hindsight, we now recognize Hertz’s report as the discovery of the photoelectric

effect, a physical phenomenon that led to the development of quantum mechanics, pro-

duced five Nobel prizes in physics [22–26], and now forms the experimental backbone of

this dissertation.

A breakthrough in understanding the photoelectric effect came in 1899 when J. J.

Thompson showed that materials exposed to UV light emit electrons, a process now refer-

red to as photoemission [27]. With this knowledge, it became possible to make predictions

about photoemission using Maxwell’s laws. One simple expectation was that increased

light intensity would impart more energy to the photoelectrons. In 1902, Philipp Lenard

carefully tested this hypothesis, revealing that the maximum energy of a photoelectron

was actually independent of the intensity of the light used to produce it [28]. Lenard took

this in stride, writing:

"...the latter result suggests that the light in the process of radiation plays only

a triggering role for movements, which then have to be permanently present

at full speed within the body’s atoms."2

To Lenard, this conclusion transformed photoemission into a valuable tool for revealing

details about the velocity distribution of electrons within atoms. This so-called "trigge-

ring hypothesis" was the dominant explanation for the photoelectric effect over the next

decade, until mounting contrary evidence caused even Lenard to abandon it by 1913 [21].

Although the triggering hypothesis has passed away, it did leave behind an important

spiritual legacy: the idea that the energies of photoelectrons can reveal the electronic

structure of atoms and materials.
2Original German: "...dies letztere Resultat legt die Vorstellung nahe, dass das Licht bei dem Vor-

gange der Ausstrahlung nur eine auslösende Rolle spiele für Bewegungen, welche dann dauernd in voller
Geschwindigkeit innerhalb der Körperatome vorhanden sein müssten." Reproduced and translated with
permission from [28] with Google Translate: https://translate.google.com/
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The true explanation of the photoelectric effect arrived in 1905. Inspired by Max

Planck’s work on blackbody radiation [29], Albert Einstein realized that if light came

in quantized units with energy hν, with ν the frequency, then the photoelectron energy

would be determined by light frequency rather than intensity according to

Ekin,max = hν − φ, (2.1)

where Ekin,max is the maximum photoelectron kinetic energy and the work function φ is

a material-specific energy barrier that must be overcome for photoemission to occur [30].

This dependence was later verified by Robert Millikan in 1914 [31], providing experi-

mental evidence for the existence of photons and spurring the development of quantum

mechanics.

Understanding that photoemission is (in semi-classical terms) a collision between a

photon and an electron paved the way for photoemission spectroscopy, a real and functi-

onal manifestation of Lenard’s older vision. Photoemission became widely recogni-

zed as a valuable experimental tool when Kai Siegbahn developed X-ray photoemission

spectroscopy (XPS) and used it to probe the elemental and chemical properties of material

surfaces [32]. This technique was soon joined by ultraviolet photoemission spectroscopy

(UPS), which used lower photon energies and probed valence electron states [33]. In 1964,

two more key developments occurred when conservation of electron momentum was de-

monstrated in the photoemission process from crystalline solids [34] and its implications

for measuring band structure were realized [35]. A new technique called angle-resolved

photoemission spectroscopy (ARPES) was born, allowing scientists to directly measure

the band structure of crystals [36, 37]. Continuous improvements in light sources and

electron detectors have made ARPES an indispensable tool in condensed matter physics

and materials science today [38–44].
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2.1 X-ray Photoemission Spectroscopy (XPS)

When viewing photoemission as a collision, it is apparent that conservation of energy

plays a central role in the process and that Einstein’s equation (Equation 2.1) is a statement

about conservation of energy for electrons at the chemical potential. For electrons with

binding energy EB, the photoelectron kinetic energy must be correspondingly reduced:

Ekin = hν − EB − φ. (2.2)

Thus, measuring Ekin can reveal EB according to EB = hν − φ − Ekin. Typical work

functions lie within 3 - 5 eV, so that electron binding energies can be measured nearly up

to hν. For X-ray photons with hν� 100 eV, it is therefore possible to probe deeply-bound

atomic-like core electrons that contain detailed information about a material’s stoichiome-

try and the chemical environments of its constituent ions. This technique is called X-ray

photoemission spectroscopy (XPS) or electron spectroscopy for chemical analysis (ESCA).

Because core electrons are highly localized around individual atoms, the core levels

measured by XPS occur at energies characteristic of the relevant element. By identifying

all the core levels in an XPS spectrum, the elements in a material can be determined.

Changes in an atom’s chemical environment can lead to small energy shifts in its core le-

vels which can be measured using XPS with sub-eV resolution. Calculating these changes

is complex and not routinely performed. However, comparisons to reference samples can

reveal fine details such as an atom’s oxidation state.

If the intensities of core level are measured in addition to their binding energies, the

elemental composition of a material can generally be determined to within a few percent.

The photoemission intensity for core level i of element X with energy E is given by [45]

I (i,X) ∝ σ (hν, α,E)T (i,X)λmfp (E)n (X) , (2.3)

where instrumental factors that are the same for all peaks have been ignored (e.g. photon

9



intensity and detector efficiency). The cross section for photoemission (σ) generally de-

pends on the angle between the incident photon and the detected electron (α). These cross

sections are ideally calibrated for a specific material based on similar materials, although

calculations based on isolated atoms are routinely used in XPS analysis [46]. The factor

T (i,X) represents the probability of transmission through the material’s surface, λmfp(E)

is the photoelectron escape depth, and n(X) is the atomic concentration. For extracting

stoichiometry from XPS data, many core levels are measured and a comparison of their

integrated intensities provides the atomic concentration.

The escape depth or mean-free-path, λmfp, is critical for both interpreting and per-

forming photoemission spectroscopy measurements. Photoelectrons are easily scattered,

resulting in very short escape depths. λmfp has been measured for several materials, mos-

tly elemental metals, and has been found to roughly fall along the so-called universal curve

(see Figure 2.1). For XPS with electron kinetic energies between 100 - 1000 eV, λmfp lies

roughly between 1 - 5 nm.

Although this extreme surface sensitivity presents several difficulties, it also forms

the basis for angle-resolved XPS (AR-XPS), a powerful non-destructive technique for me-

asuring depth profiles near a material’s surface. Although λmfp is a material-dependent

quantity, the actual depth of material probed by XPS also depends on the measurement

geometry. As a simple consideration, note that the actual path length ` traveled by a

photoelectron emitted from depth D depends on the angle θ of its propagation with re-

spect to the surface normal according to ` = D/ cos θ. If ` is fixed to be the mean-free-path,

then the effective escape depth is given by λeff = D = λmfp cos θ. Thus, by tilting the sam-

ple surface with respect to the electron detector, it is possible to obtain depth-dependent

elemental concentration and oxidation state, as depicted in Figure 2.2. Retrieving a quan-

titative depth profile from an ARXPS measurement requires a model for the surface struc-

ture and an accurate estimate of λmfp, which may not always be available.
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2.2 Angle-Resolved Photoemission Spectroscopy (ARPES)

While energy conservation is the guiding principle in understanding XPS measurements,

momentum conservation also plays an important role in photoemission. Crystalline

materials exhibit in-plane translational symmetry in the x- and y-directions even at the

surface, implying that the in-plane components of crystal momentum (kx, ky) should be

conserved during photoemission. In fact, by measuring an outgoing photoelectron’s di-

rection in addition to its kinetic energy, it is possible to directly determine the relationship

between EB and k|| for electrons in a crystal, where k|| is the in-plane crystal momentum.

This technique is called angle-resolved photoemission spectroscopy (ARPES).

Interpreting ARPES data is most straightforward with ultraviolet (UV) light having

energy below 100 eV. In this case, the photon’s momentum phν = hν/c is much smaller

than the characteristic electron momentum pe− = ~ · 2π/a (assuming a typical crystal with

cubic lattice constant a ≡ 4 Å) and can be neglected. For this reason, ARPES is usually

performed with UV light and can be thought of as a refinement of UPS.

2.2.1 The Three Step Model

Relating ARPES data to a material’s electronic structure requires an understanding of the

photoelectron intensity measured during an experiment. Because photoemission takes

place as a single event, calculating the photoemission intensity is predicated on detailed

knowledge of a material’s entire wavefunction and is usually not feasible. For a general

understanding, it is beneficial to replace this so-called one-step model with the conceptually

simpler three-step model, which breaks down photoemission into three separate processes:

1. An electron within the solid absorbs a photon and is promoted to an excited energy

12



state, leaving behind a positively-charged hole.

2. The photoelectron travels to the material’s surface.

3. The photoelectron escapes the material.

Step 1 contains information about the material’s intrinsic electronic structure and will

be addressed in the following sections. As previously discussed in Section 2.1, there is a

high probability of scattering during Step 2. The photon energies used in ARPES experi-

ments typically lie close to the bottom of the universal curve (see Figure 2.1), correspon-

ding to λmfp as short as 1 nm and necessitating very clean surfaces. Scattered electrons

may still complete Step 3, contributing to a momentum-independent background signal

in an ARPES measurement. In Step 3, the transmission probability depends on the energy

of the excited electron and the value of the work function.

2.2.2 Fermi’s Golden Rule and the Sudden Approximation

Step 1 of the three-step model is a transition from the N -electron ground state ΨN
i to

one of the possible final states ΨN
f when the ground state Hamiltonian is perturbed by

the incoming photon’s electromagnetic field. Assuming the perturbing potential is small

enough, Fermi’s Golden Rule can be used to find the transition probability:

wfi =
2π

~
∣∣〈ΨN

f |Hint|ΨN
i 〉
∣∣2 δ (EN

f − EN
i − hν

)
, (2.4)

where Hint is the perturbing Hamiltonian, EN
i = EN−1

i − Ek
B and EN

f = EN−1
f + Ekin are

the initial and final state energies of the N -particle system, and Ek
B is the binding energy

of a photoelectron with kinetic energy Ekin and momentum k.

To gain more insight into this rate, we first invoke the sudden approximation, where the

photoemission process is assumed to be instantaneous. In this case, the final state can be
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factorized as

ΨN
f = Aφk

fΨ
N−1
f , (2.5)

where A is an operator that properly anti-symmetrizes the N -electron wavefunction, φk
f

is the wavefunction of a photoelectron with momentum k, and ΨN−1
f is the wavefunction

of the N − 1 electrons remaining in the material, which we can consider to be an excited

state with eigenfunction ΨN−1
m and energy EN−1

m . Assuming the initial state is a single

Slater determinant, we can rewrite it as

ΨN
i = Aφk

i Ψ
N−1
i , (2.6)

similar to Equation 2.5. However, in this case, ΨN−1
i is not necessarily an eigenstate of the

N − 1 particle Hamiltonian.

Under these assumptions, the matrix element in Equation 2.4 becomes

〈ΨN
f |Hint|ΨN

i 〉 = 〈φk
f |Hint|φk

i 〉〈ΨN−1
m |ΨN−1

i 〉 = Mk
f,icm,i, (2.7)

where Mk
f,i ≡ 〈φk

f |Hint|φk
i 〉 is the one-electron dipole matrix element (see Section 2.2.5) and

cm,i ≡ 〈ΨN−1
m |ΨN−1

i 〉 is an overlap integral representing the probability that the removal

of an electron from state i will leave the system in the excited state m. Furthermore, the

total photoemission intensity for a given Ekin and k becomes

I (k, Ekin) =
∑
f,i

wf,i ∝
∑
f,i

∣∣Mk
f,i

∣∣2∑
m

|cm,i|2 δ
(
Ekin + EN−1

m − EN
i − hν

)
. (2.8)

2.2.3 The Non-Interacting Case

Although Equation 2.8 is quite complicated, it greatly simplifies in the case of noninte-

racting electrons, and its resulting form reveals several important points about ARPES.

For such a system, the N − 1 electron part of the wavefunction will be identical before
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Figure 2.3: (a) Momentum-resolved one-electron removal and addition spectra for a non-
interacting electron system with a single energy band dispersing across EF
and (b) the same spectra for an interacting Fermi-liquid system. The lower
right panel shows the photoelectron spectrum of gaseous hydrogen and the
ARPES spectrum of solid hydrogen developed from the gaseous one. Adap-
ted with permission from Damascelli et al. (2003) [41].

and after photoemission, i.e. ΨN−1
m0

= ΨN−1
i for some particular m = m0. In this case,

|cm0,i|
2 = 1 and all other |cm,i|2 = 0, reducing Equation 2.8 to

I (k, Ekin) ∝
∑
f,i

∣∣Mk
f,i

∣∣2 δ (Ekin + Ek
B − hν

)
. (2.9)

In this picture, the resulting photoemission intensity is proportional to the matrix ele-

ments
∣∣Mk

f,i

∣∣2 and is only nonzero at discrete Ekin given by Ekin = hν − Ek
B. In other

words, in the absence of interactions, the kinetic energy and momentum of a photoelec-

tron has a one-to-one relationship with the material’s underlying band structure. This

situation is illustrated in Figure 2.3a.

Once a photoelectron’s kinetic energy is known, finding the magnitude of its momen-

tum is trivial via the standard relationship E = p2/2me. The in-plane components of its

momentum can then be determined from the angle of its propagation with respect to the

sample surface. When the photon’s momentum is neglected, conservation of momentum

implies that the photoelectron’s in-plane momentum is identical to the crystal momentum

it had before being photoemitted, finally revealing both EB and k||.
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2.2.4 The Spectral Function

In a more realistic scenario, many |cm0,i|
2 in Equation 2.8 will be nonzero. In this case

we should replace ΨN−1
i with the more generalized wavefunction ckΨN

i , where ck is an

annihilation operator for an electron with momentum k. In this case, the overlap integrals

become cm,i = 〈ΨN−1
m |ck|ΨN

i 〉 and Equation 2.8 can be written

I (k, Ekin) ∝
∑
f,i

∣∣Mk
f,i

∣∣2A (k, ω) , (2.10)

where A (k, ω) ≡
∑

m |〈ΨN−1
m |ck|ΨN

i 〉|2δ(ω + EN−1
m − EN

i ) and ω ≡ Ekin − hν (i.e., ω is the

electron energy with respect to the Fermi level). The function A (k, ω) is the one-electron

removal spectral function and is related to the one-electron Green’s function.

In the context of Fermi liquid theory, the spectral function can be expressed in a sim-

pler form using the complex self-energy Σ(k, ω) = Σ′(k, ω) + iΣ′′(k, ω):

A (k, ω) = − 1

π

Σ′′(k, ω)

[ω − εk − Σ′(k, ω)]2 + [Σ′i(k, ω)]2
, (2.11)

which is simply a Lorentzian lineshape. From this functional form it is clear that the real

part of the self-energy corresponds to an apparent shift in energy with respect to the bands

that would occur without electron interactions, while the imaginary part corresponds to

a broadening in energy.

2.2.5 Matrix Elements

To understand the matrix elements introduced in Equation 2.7, we must identify Hint. We

begin by performing a canonical replacement in the unperturbed Hamiltionian, where

the vector potential A represents the perturbing radiation field of the photon:

H0 =
1

2m
p2 + V (r)→ H =

1

2m
(p− eA)2 + V (r) ≈ H0 −

e

m
A · p, (2.12)
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where in the last step we have neglected the quadratic term proportional to A2, utilized

the commutator relation [p,A] = −i~∇·A, and applied the dipole approximation∇·A = 0.

Vacuum ultraviolet light with energies of 20 - 100 eV has wavelengths between 120 - 620

Å, showing that A is essentially constant over atomic dimensions and justifying the dipole

approximation. This approximation may not be applicable at a material’s surface, but the

main result of this surface dipole term is an asymmetric lineshape in ARPES spectra and

it will be ignored in the following discussion for simplicity [48–50].

From Equation 2.12 it is clear that Hint = − e
m

A · p is the appropriate interaction term

to use when calculating the matrix elements Mk
f,i, explaining the name one-electron dipole

matrix element. The formula for the matrix elements now becomes:

Mk
f,i = 〈φk

f |Hint|φk
i 〉 = − e

m
A〈φk

f |e · p|φk
i 〉, (2.13)

where e is the polarization vector of the light. Matrix elements typically need to be eva-

luated on a case-by-case basis; however, from this form it is clear that they depend on

both the experimental geometry (including polarization and direction of incoming light)

as well as the orbital character of the state being probed. [51, 52] Any apparent influence

of matrix elements on a photoemission spectrum is usually referred to as a matrix element

effect. Matrix elements are most prominent when a band’s intensity falls to zero at some

point in the Brillouin zone, which can complicate analysis.

2.2.6 kz Effects in ARPES

As noted in Section 2.2, the out of plane momentum kz is not conserved during the pho-

toemission process. For this reason, ARPES is often used to study quasi-two-dimensional

materials whose band structures have little dependence on kz. However, in the case of

three-dimensional materials, kz can play an important role. Unfortunately there are no
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straightforward ways to determine kz in an ARPES experiment since it depends sensi-

tively on material parameters and on the photon energy.However some insight can be

gained by making the assumption that the final state in the photoemission process can

be described as a nearly-free electron with a parabolic dispersion, where the only free

parameter is an energy offset E0:

Efinal (k) = ~2k2/2m− E0 = ~2
(
k2z + k2||

)
/2m, (2.14)

where k|| is the size of the in-plane component of the momentum. Solving Equation 2.14

for kz, we find that

kz =
1

~

√
2m (Efinal + E0)− k2|| =

1

~

√
2m (Ekin + V0)− k2||, (2.15)

where we have defined the inner potential V0 ≡ E0+φ. Provided a light source with tunable

photon energy is available, hν can be scanned so that kz spans a full Brillouin zone, and

the periodicity can be used to determine V0. An alternative approach is to calculate kz

for a given Ekin and k||, and compare a calculated band structure to the measured one,

altering V0 to achieve good agreement. This approach is used in Chapters 6 and 9.

The short mean free path in an ARPES measurement also has significant effects via kz

broadening. The Fourier transform of a step function followed by an exponential decay

with decay constant λmfp is a Lorentzian with full-width at half-maximum given by ∆kz

= 1/ λmfp. In this case the measured photoemission intensity proportional to a weighted

average of the spectral function over this range. Near the bottom of the universal curve,

λmfp ≈ 1 nm, leading to ∆kz ≈ 0.1 Å−1. For a typical cubic crystal with lattice constant

a = 4 Å, ∆kz covers 6 % of the zone. For a material with true 3D dispersion, this can

lead to significant broadening of the spectral features. Figure 2.4 shows ARPES spectra

simulated from the copper sp bands for different values of λmfp and hence ∆kz. For small

broadening (left), the measured photoemission tracks the intrinsic band structure. For

extreme levels of kz broadening (right), all the features are smeared out and no dispersion
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Figure 2.4: Simulations of normal-emission ARPES spectra from the copper sp band for
varying electron mean free paths from very long (left panel) to very short
(right panel). Adapted with permission from Strocov (2003) [53]

is observed. Real ARPES measurements lie somewhere between these two cases, and kz

dispersion must often be considered when interpreting ARPES data.

2.3 Experimental Considerations for ARPES

The general layout of our ARPES system is shown in Figure 2.5. Broadly speaking, the

system consists of two vacuum chambers separated by a gate valve: an upper chamber

(for sample preparation and characterization) and a lower chamber (for ARPES measu-

rements). A sample manipulator receives a film from the transfer chamber (not shown),

moves between the upper and lower chambers, and rotates and cools the sample during

measurement. In addition to ARPES, an X-ray source allows us to perform XPS, while an

electron gun and detection screen allows us to perform low-energy electron diffraction

(LEED) and Auger electron spectroscopy (AES). Several of the components in Figure 2.5

will be discussed in greater detail in the following sections.
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Figure 2.5: Schematic showing the upper and lower ARPES chambers with some of their
associated equipment. Details given in the text. Modified from an original
image by Haofei Wei, CC BY NC SA 4.0.

2.3.1 Light Sources

Photoemission experiments obviously require photons, making the light source one of

the most important aspects of a measurement. Our ARPES system uses a VG Scienta

VUV5000 helium lamp for the primary light source. In this device, a waveguide directs

the output of a microwave generator into a small cavity filled with helium gas at a low

pressure (∼ 1 × 103 Torr). The microwave radiation excites the helium into a plasma and

it emits its characteristic radiation with spectral line widths of around 1 meV. A toroi-
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Line Atomic Transition Energy (eV) Intensity (%)

He-Iα 2p 1P→ 1s2 1S 21.2 88
He-Iβ 3p 1P→ 1s2 1S 23.1 5
He-Iγ 4p 1P→ 1s2 1S 23.7 1
He-Iδ 5p 1P→ 1s2 1S 24.0 0.2
He-IIα 2p 2P→ 1s 2S 40.8 5
He-IIβ 3p 2P→ 1s 2S 48.4 0.5
He-IIγ 4p 2P→ 1s 2S 51.0 0.1

Table 2.1: Atomic lines emitted by a helium plasma

dal grating monochromator is used to select an individual line during a photoemission

experiment. The energy and intensity for each line is shown in Table 2.1. He-Iα is the

most commonly used due to its high intensity and is often referred to simply as He-I.

He-IIα (usually called He-II) is also frequently used for probing deeper binding energies

or materials with 3D band structure (to provide an additional kz value), although its low

intensity reduces its utility. The other lines are rarely used since they only offer modest

changes in photon energy at the expense of a large reduction in intensity. Following the

monochromator, the light passes through a narrow glass capillary, finally forming a spot

of ∼2 - 3 mm diameter on the sample.

Our system also contains an Omicron DAR400 X-ray source used for XPS measure-

ments. In this type of X-ay source, a thoria-coated tungsten filament is heated to produce

free electrons, which are accelerated by an electric field onto an anode, knocking out ot-

her electrons from it. When an inner shell vacancy is filled by an electron from a higher

shell, an X-ray is emitted. The photon energy depends on the anode material and the

particular transition. The DAR400 contains two anodes which can be selected by the user,

therefore offering two photon energies: Al Kα (1486.6 eV; linewidth≈ 0.7 eV) and Mg Kα

(1253.6 eV; linewidth ≈ 0.85 eV). While operating, the anode voltage is set to 15 kV and

the emission current is 20 mA, corresponding to 300 W. Most of this energy is dissipated
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as heat, requiring water cooling. Even with the cooling water jacket, the source heats up

significantly during measurement. Adsorbed gases are released, increasing the pressure

to∼ 2× 10−9 Torr. For this reason, XPS is generally only performed after ARPES measure-

ments (see Section 2.3.3). The DAR400 is not monochromated and there is some crosstalk

between the anodes, leading to a small amount of radiation from the other anode when

one is being used. The Al anode is more commonly used, due to the larger range of bin-

ding energies that can be probed with it. However, Mg is occasionally necessary when an

Auger transition unfortunately obscures a core level line in the spectrum measured with

Al Kα.

A drawback of these lab-based sources is that they only produce a few different pho-

ton energies. Greater control over UV and X-ray photons can be achieved by using a

synchrotron light source. Besides tunable photon energies, synchrotrons also provide

smaller spot sizes (100 µm or smaller), controllable polarization, and higher flux. An

exciting recent development is that Fresnel zone plates have been used to focus 100 eV

photons down to a spot size below 1 µm. Combined with piezoelectric positioners, it is

now possible to perform ARPES with a spatial resolution of a few tens or hundreds of nm.

[43, 54–57] This new technique is called nano-ARPES (n-ARPES) and plays an important

role in Chapters 7 and 8.

2.3.2 Electron Analyzer

Besides a light source, a photoemission experiment also requires an electron analyzer.

Most modern ARPES systems, including ours, utilize hemispherical analyzers such as

the one shown in Figure 2.6a. (Our system employs a VG Scienta R4000.) In this design,

electrons entering the nose cone of the analyzer are first retarded by an electrostatic lens

to a fixed pass energy. The electrons then pass through a slit oriented in the z direction
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Figure 2.6: (a) Illustration of a hemispherical electron analyzer showing trajectories of
electrons in (blue) and out (red) of the target energy range. (b) Electron trajec-
tory in the transverse direction as a function of distance along the total path
shown in (a), demonstrating how angular trajectory is converted to vertical
position on the detector. Subfigure (b) adapted with permission from Wann-
berg (2009) [58]. Entire figure modified from an original image by Haofei Wei,
CC BY NC SA 4.0.

(not shown in the diagram) and enter a region between two hemispheres held at a fixed

voltage, which causes them to follow a curved path with a radius that depends on their

kinetic energy. Finally, the electrons reach a multi-channel plate which accelerates and

amplifies the electrons, causing a nearby phosphor screen to fluoresce. A CCD camera

makes an image of the screen, where the distance along the x corresponds to an energy

spread in the photoelectrons. In the out-of-plane direction, the electrostatic lenses are

configured so that electrons entering the nose cone at different angles are linearly mapped

to different z positions on the detector, as shown in Figure 2.6b. This multiplexing feature

is called angle mode and revolutionized ARPES measurements when it first appeared by

greatly reducing the time required to measure band structures.

For a hemispherical analyzer with average radius r, the energy resolution in an ARPES

experiment are determined by the pass energy (Ep) and slit size (s) according to:

∆E = sEp/2r. (2.16)
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Ep (eV)
Slit width s (mm)

0.1 0.5 0.8 1.5 2.5

1 2.87 (0.25) 2.94 (0.5) – – –
2 3.35 (0.5) 3.50 (1.0) 3.85 (1.5) – –
5 – 4.88 (2.5) 5.75 (3.8) 7.63 (6.3) 10.92 (10)

10 – 7.17 (5.0) (20) – –
20 – 12.2 (10) (40) (75) –

Table 2.2: Measured and nominal (in parentheses) resolution ∆E in meV for the Scienta
R4000 analyzer used in our ARPES system for common pass energies and slit
sizes.

In our system, we can select slit widths between 0.1 - 2.0 mm and pass energies between

1 - 200 eV, while the mean radius r is 200 mm, resulting in a theoretical best resolution of

0.25 meV. Table 2.2 shows the instrumental resolution for commonly used pass energies

and slit sizes, determined by fitting the Fermi level cutoff of a freshly deposited gold film

held at 4.2 K.

The angular resolution is primarily determined by the lens voltages and the photon

spot size, where a smaller spot size corresponds to better angular resolution. In principle,

the Scienta R4000 can reach ∆θ = 0.1◦. However, under typical measurement conditions,

we measure a total angular spread of 30◦ and our photon spot is around 3 mm in diameter,

leading to ∆θ ≈ 0.5◦. Electrons photoemitted from EF using He-I light have a kinetic

energy of 16.9 eV, and in this case an angular resolution of 0.5◦ corresponds to ∆k ≈ 0.02

Å−1 near the zone center, while ∆k ≈ 0.025 Å−1 for He-II. For a typical crystal with lattice

constant a = 4 Å, ∆k is just 1.2 - 1.5% of the Brillouin zone size.
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2.3.3 Surface Preparation and Vacuum

As discussed in Sections 2.1 and 2.2.1, the penetration depth in a photoemission experi-

ment is a few nanometers at the most and frequently less than that. This extreme surface

sensitivity requires that the surface of a sample must be as clean as possible to maximize

the photoemission signal. This is a significant restriction since even a single monolayer

of adsorbed water or molecular oxygen can greatly reduce the photocurrent. Assuming

every gas molecule that collides with a surface sticks to it, ∼ 2.5 × 10−6 Torr·s of gas

exposure is required to form a monolayer on a surface at room temperature. [45] At at-

mospheric pressure a monolayer will form in about 3 ns; even at 10−10 Torr, monolayer

formation only requires 7 hours. Thus, ultra high vacuum (UHV) conditions are necessary

for a surface to remain clean long enough to perform a photoemission measurement.

In our ARPES system, vacuum is maintained with a system of multiple pumps, some

of which are illustrated in Figure 2.5. The lower chamber is pumped using a cryopump

(CTI Cryo-Torr 8) and titanium sublimation pump (TSP; Duniway TSP-275-003). The

upper chamber is pumped by a large turbopump (Edwards STP 451) which is backed

by a smaller turbopump (Pfeiffer HiPace 80), which is in turn backed by a diaphragm

pump (Pfeiffer MVP 015-2). Note that all the pumps directly attached to the chamber

are completely dry (i.e. contain no oil-based lubricant). This is essential to good vacuum

performance, since in UHV the oil from backing pumps can diffuse into the high vacuum

side of a turbopump, limiting the ultimate pressure and contaminating samples. Addi-

tionally, the manipulator itself helps reduce pressure during measurement since its cold

surface traps gas molecules that hit it, effectively acting as another cryopump.

Besides pumps, the pressure in a vacuum chamber is also influenced by the cham-

bers connected to it. In a lab-based ARPES system, the plasma in a helium lamp can be

a source of increased pressure. In our system, the helium plasma is separated from the
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main measurement chamber by a narrow capillary that provides an unobstructed path for

the UV light but limits the amount of gas that passes through. The lamp itself has a diffe-

rential pumping scheme where two Pfeiffer HiPace 80 turbopumps keep the pressure as

low as possible. Load locks are another source of high pressure since they are frequently

vented and exposed to atmospheric conditions while introducing samples into the va-

cuum system. In our system, the load lock is separated from the measurement chamber

by a transfer chamber which acts like a buffer layer of intermediate pressure. Using these

pumps and design strategies, we are able to achieve pressures of ∼ 5 × 10−11 Torr during

measurement while the helium lamp is running.

Low pressures allow a surface to remain clean for hours or days in the measurement

system. However, care must also be taken to produce an initially clean surface. Several

methods for surface preparation are available for photoemission experiments:

1. Repeated cycles of bombarding the surface of a metal with ions and annealing it to

high temperatures

2. Scratching or filing the surface of a metal in vacuum to remove the surface oxide

layer

3. Cleaving a brittle single crystal to expose atomically flat surfaces

4. in situ film growth on a crystalline substrate

5. Annealing a 2D material to remove adsorbed gas molecules

6. Annealing a film to remove a capping layer

Although the first method is effective, there is usually little interest in the band structure

of metals where this technique is available, making it rarely used for ARPES experiments.

The simplicity of the second method is attractive, but it typically results in a rough and
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disordered surface that is more appropriate for UPS or XPS than ARPES. Historically, cle-

aving has been the most popular surface preparation technique for ARPES. However, it

has significant drawbacks since many materials are only available in small single crystals

or do not readily cleave. In our system, we overcome these limitations by relying hea-

vily on the fourth method. While in situ growth and subsequent transfer into the ARPES

system has a host of associated technical and logistical challenges, it facilitates the measu-

rement of materials that do not cleave or do not have bulk counterparts. This technique

is central to the studies of BaSnO3 presented in Chapter 6. Method 4 exploits one of the

useful properties of layered and 2D materials that lack dangling bonds at the surface.

These materials are generally unreactive and some do not readily oxidize, meaning that

they can be safely transferred through air and simply cleaned by gentle heating in UHV.

This technique is used in the graphene studies in Chapters 7 and 8. Finally, some ma-

terials can be protected by an amorphous layer of another material with a higher vapor

pressure, usually referred to as a capping layer. By careful annealing in UHV, this layer

can be removed, exposing the fresh film surface. This method is critical for the SnSe2

measurements reported in Chapter 9.
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Chapter 3

Thin Film Deposition

One of the cornerstones of modern technology is the ability to form thin layers of mate-

rial from the bottom up by depositing individual atoms or molecules onto the surface of

another material. These thin films possess higher surface-to-volume ratios than bulk ma-

terials and can exhibit tailor-made structures and properties not found in bulk, important

qualities that mankind often exploits. [59] They play integral roles in items as diverse

as bathroom mirrors, endmills, and cell phones, and, as demonstrated by this thesis, they

also enable much of the condensed matter physics research taking place today. This chap-

ter discusses two important methods for creating thin films: molecular beam epitaxy and

chemical vapor deposition.

3.1 Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is one of the most powerful techniques for depositing thin

films, enabling the highest recorded electron mobilities. [60] In its simplest sense, MBE
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can be thought of as "atomic spray painting," where beams of atoms or molecules strike a

substrate surface, combining to form the desired compound. [61] The substrate acts as a

seed crystal, determining the orientation and lattice constant of the resulting film; this re-

lationship is referred to as epitaxy. Growth rates can be tuned as low as a single monolayer

per minute, offering exquisite control over film stoichiometry and defect concentration.

MBE was first developed in the 1960’s at Bell Laboratories by A. Y. Cho and J. R. Ar-

thur, who were originally interested in studying the surface chemical reactions that occur-

red during the growth of III-V compound semiconductors. [62] However, their technique

quickly evolved into a means of growing high-purity semiconductor films. [63] In the fol-

lowing two decades, refinements to the method were driven primarily by the application

of MBE to the growth of GaAs/AlxGa1−xAs heterostructures, eventually leading to the

discovery of the fractional quantum Hall effect and a corresponding Nobel prize. [64, 65]

State-of-the-art MBE systems are now available commercially and play a large role in the

manufacture of electronic and optoelectronic semiconductor devices such as lasers and

light emitting diodes. [66]

In addition to III-V semiconductors, MBE has also been extended to grow oxides and

layered van der Waals materials. Although MBE was successfully applied to oxide mate-

rials as early as 1979, [67] rapid development in this area occurred after the discovery

of the cuprate superconductors in 1986, [68] eventually leading to reactive oxide MBE.

[61] Oxide MBEs capable of growing thin films of transition metal oxides paved the

way to studying their complex properties, leading to multiferroic behavior, [69] interface-

induced high-temperature superconductivity, [70] and enhanced magnetic properties in

oxide heterostructures. [71] Layered van der Waals materials were first grown using MBE

in 1984, [72] although this application of MBE, called van der Waals epitaxy (VDWE), did

not receive significant attention until the resurgence of interest in metal dichalocogenides

that occurred in the early 2010s. [73–75] (Also see Chapter 5.)
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(a) (b)

Figure 3.1: (a) Schematic drawing of a typical oxide MBE system labeling the key com-
ponents. (b) Illustration of MBE growth process, showing an molecular beam
(white) flowing from the effusion cell (bottom) to the substrate (red circle).
Adapted with permission from Schlom et al. (2008) [61]

Figure 3.1a shows a schematic drawing of a typical oxide MBE system, which broadly

consists of a vacuum chamber, sample stage, molecular sources, and monitoring equip-

ment. These components will be discussed in detail in the following sections. An oxide

MBE similar to the one shown in Figure 3.1a was used to grow the BaSnO3 films studied

by in situ ARPES in Chapter 6 of this thesis, while a second chalcogenide MBE was used

to grow the SnSe2 films studied by ex situ ARPES in Chapter 9.

3.1.1 Controlling Molecular Beams and Other Sources

The elemental or molecular beams in an MBE are typically formed by heating high purity

materials, collimating the resulting thermally evaporated molecules, and directing them

towards a substrate target. For this process to work, the vapor pressure of the sources

must be comparable to the pressure in their environment, and the gas molecules must
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have long mean free paths. Both of these requirements can be met in UHV, where indi-

vidual atoms or molecules can travel for meters without encountering another molecule.

These thermal sources are critical for forming metastable phases since the resulting flux

has a very low kinetic energy, an aspect of MBE that separates it from other growth techni-

ques.

MBE requires stable and reproducible molecular beams, and Knudsen effusion cells

(also called "K-cells") have emerged as the most common method of producing them.

[76] The heart of a K-cell consists of a conical crucible in contact with one or more heating

elements and surrounded by a thermal shield. Crucibles can be made of ceramics (e.g.

alumina) or refractory metals (e.g. tungsten) depending on the working temperature and

source material, while the heat shield is typically made from a refractory metal. The tem-

perature of the source material is monitored by one or more thermocouples and stabilized

with a proportional-integral-derivative (PID) controller. Most K-cells operate within the

main growth chamber. However, in an oxide MBE, source elements that can easily be

oxidized must be sheltered in a differentially pumped K-cell, where a narrow aperture

allows an additional pump to reduce the pressure inside the cell.

The flux from a K-cell is typically calibrated with a quartz crystal microbalance (QCM).

A QCM is simply an oscillating crystal whose resonant frequency changes when its mass

increases according to ∆f = −C∆m, where C is a sensitivity factor that depends on

geometry and can be accurately determined. [77] By placing a QCM in front of the sample

stage so it intercepts the flux from a K-cell, it is possible to measure the rate of mass

increase and hence the flux to within 5 %, a reasonable starting place for MBE growth.

The flux can be altered by carefully changing the source temperatures, and can effectively

be switched on and off using a shutter that blocks the beam. Figure 3.1b shows an open

K-cell (bottom), another elemental source (Varian TiBallTM) being blocked by a shutter

(top), and a retracted QCM (middle, near substrate and sample stage).
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In the early days of MBE, films were typically created by depositing monatomic lay-

ers onto a substrate one at a time. However, to form oxides or nitrides, it is necessary to

introduce gaseous O2 or N2 into the growth chamber while aiming molecular beams of

another species at the substrate, where the elements would react at the surface. This pro-

cess led to the name reactive MBE. In a modern oxide MBE, the oxidant is introduced into

the chamber through a nozzle aimed at the sample stage as shown in Figure 3.1a. Mole-

cular oxygen is not sufficient to oxidize some materials since the total pressure is limited

to ∼ 10−5 Torr to prevent the source materials from oxidizing. For these difficult materi-

als, the O2 can be replaced by the 10 % O3 / 90 % O2 output of an ozone generator. In

our oxide MBE, even higher fractions of ozone can be produced by distilling liquid ozone

from the aforementioned mixture, since ozone liquifies at a higher temperature than O2.

This is not a simple process since ozone is highly explosive, reactive, and dangerous to

human respiratory systems.

3.1.2 Growth and Monitoring

Several different growth strategies are available when depositing binary or ternary

compounds in an MBE, differentiated by the flux ratios used (stoichiometric or non-

stoichiometric) and the order of elemental deposition (sequentially or in parallel). Flux-

matched growth, in which the source elements are supplied in stoichiometric ratios, is

conceptually the most straightforward technique. This method can be further subdivided

into shuttered growth, where shutters ensure that only a single beam reaches the substrate

at a time, or codeposited growth, where all beams are open simultaneously. The alternative

to flux-matched growth is adsorption-controlled growth. This method is only applicable

when one of the elemental or molecular constituents has a significantly higher vapor

pressure than the desired film. Excess amounts of this constituent will not be incorpo-

rated into the film. Adsorption-controlled growth is usually achieved with codeposition
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rather than shuttered growth since thermodynamics will ensure the correct stoichiometry.

As a concrete example, an oxide MBE could be used to grow BaSnO3 with a (100)

surface orientation in the following ways:

• Shuttered growth: in a constant oxidant background pressure, the Ba shutter is left

open long enough to form one BaO layer at the surface. Then the Ba shutter closes,

and the Sn shutter is left open long enough to form one SnO2 layer at the surface.

Shutters are alternated until the desired thickness is achieved.

• Flux-matched codeposition: in a constant oxidant background pressure, Ba and Sn

K-cells tuned to identical output fluxes are opened at the same time, growing layers

of BaSnO3.

• Adsoprtion-controlled codeposition: in a constant oxidant background pressure, the

substrate is heated to a temperature where SnO2 is volatile but BaSnO3 is not. Ba

and Sn K-cells supply atomic beams simultaneously, but the Sn flux is significantly

higher. BaSnO3 and SnO2 form at the surface, but the SnO2 immediately desorbs.

Each method has advantages and disadvantages. For example, flux-matched growth re-

quires careful and accurate flux calibration and control, but shuttered growth can produce

metastable phases unavailable using other methods. On the other hand, adsorption-

controlled growth usually requires higher temperatures and oxidant pressures, but can

achieve nearly perfect stoichiometry with low defect densities.

Film deposition in an MBE can be monitored in real time using reflected high energy

electron diffraction (RHEED). [78] In RHEED, high energy electrons (10 - 30 keV) appro-

ach the sample surface at a glancing angle, and the diffracted electrons are detected with

a CCD camera. This geometry has two advantages, namely it creates an extreme surface

sensitivity and allows the electron gun / CCD to be located away from the sample and
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Figure 3.2: (a) Schematic of typical RHEED geometry in an MBE (b)-(c) RHEED images
from a perovskite (100) surface captured along the [100] direction both (b)
before and (c) after film growth.

heater without blocking any molecular beams, as shown in Figure 3.2a. The resulting

images (Figures 3.2b-c) contain several important pieces of information. First, the ver-

tical extent of the peaks indicates dimensionality, where the fully 3D bulk substrate has

sharp points (Figure 3.2b) and the thinner film exhibits long streaks (Figure 3.2c). Second,

the spacing between the peaks is related to the in-plane surface lattice constant, indica-

ting whether the film has relaxed to its bulk lattice constant. Finally, the intensity of the

RHEED peaks sensitively on the uppermost surface layer, where a half-formed layer le-

ads to a minimum in RHEED intensity. The number of RHEED intensity peaks during

a growth can indicate the number of atomic layers that were deposited, while changes

in the shape and dynamic range of the RHEED intensity curve during deposition can be

used to calibrate fluxes to within 1%. [79]

3.1.3 Epitaxy

One of the main benefits of MBE is its ability to form coherently strained epitaxial films,

where the film inherits the substrate’s in-plane lattice constant and symmetry. Biaxial

strains up to 3% can be routinely produced with this technique, an order of magnitude
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higher than what can be achieved by external pressure in bulk crystals. [80] Inducing

large strain in a material is a powerful way to tune its electronic structure via hopping

parameters and crystal field splitting, and can be used to create properties not found in

the bulk, such as multiferroicity. [81] However, not all films and substrates are compatible

and there is a limit to the amount of strain that can be applied to a film. High strains

can also induce defects, which are undesirable for device applications since they reduce

mobility.

Fortunately, the perovskite family of oxide materials exhibits a wide range of sym-

metries and lattice constants that all share a similar structure, enabling many options for

pairing films with substrates. An ideal oxide perovskite material has the formula ABO3

and its crystal structure consists of a cube with an A atom in the center, a B atom at each

corner, and O atoms at the midpoint of each edge. Almost all atoms on the periodic ta-

ble can be incorporated into perovskite crystals, [61] and tuning the size and valence of

each atom in the structure can yield a dizzying array of lattice constants and electronic

properties. [42, 82, 83] Figure 3.3 shows some of the variation in lattice constants that are

available for growing and straining perovskite films.

In layered materials, the individual layers are held together by weak van der Waals

forces rather than chemical bonds, preventing films grown by VDWE from becoming

strained to the substrate’s lattice constant. In fact, a size mismatch of 58% can be tole-

rated in the case of NbSe2 and MoSe2 grown by VDWE on (KF)2(Al2O3)3(SiO2)6(H2O)

(mica) substrates. [84] For these vdW materials, epitaxy generally refers to a shared cry-

stallographic orientation between the film and substrate. Although VDWE epitaxy was

originally used to form layered films on layered substrates, it eventually grew to encom-

pass 2D/3D junctions, where either the film or substrate is layered while the other com-

ponent has a fully 3D structure. [85, 86] Rather than applying strain as in the case of

oxide MBE, VDWE is more often used to control the electronic properties of materials by
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Figure 3.3: Number line showing the pseudocubic lattice constants of many commercially
available oxide substrates (bottom) and films commonly grown by MBE (top).
BaSnO3 is indicated with large bold letters. Adapted with permission from
Martin & Schlom (2012) [69]

changing their dimensionality (see Section 5.2) or tuning the band offsets at interfaces.

[87]

3.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) refers to the deposition of a solid on a heated surface

achieved by a chemical reaction in the vapor phase, distinguishing it from physical vapor

deposition (PVD) techniques such as MBE where films are formed by condensation. [88] A

simple distinguishing feature between PVD and CVD is that PVD is usually exothermic

while CVD is usually endothermic. Figure 3.4a shows the basic steps of a generic CVD

growth, where gas is flowing over a hot substrate:

1. Reactants diffuse through a boundary layer to reach the substrate surface

2. Reactants adsorb onto the surface (shown in the figure as an interface layer of neg-
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Figure 3.4: (a) General CVD mechanism. Steps 1-5 are described in the text. Adapted from
Pierson (1999) [88] (b) Typical CVD furnace setup used to deposit graphene on
Cu foil.

ligible thickness)

3. A chemical reaction takes place on the substrate, producing a solid

4. Gaseous by-products desorb from the surface

5. By-products diffuse outward through the boundary layer

CVD has existed since the late nineteenth century when it was used to coat filaments

used in incandescent bulbs, [89] although the name CVD only originated in the 1960s. [88]

Over the last 122 years, many refinements and variations of the basic process have been

developed. When performing CVD today, it is possible to vary the substrate type, heating

method, gas pressure, and flow rate to tune the final product. Given this variability, the

microscopic processes that occur on the surface during CVD growth are not well charac-

terized and are only understood in a few specific cases. [88] Nevertheless, identifying

and controlling the rate-limiting step has proven to be a powerful way to understand and

optimize deposition. In this framework, CVD can be subdivided into schemes that are
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(a) (c)(b)Copper Oxide 1000 °C, CH4/H2

Copper

Figure 3.5: Schematic illustrating the three main stages of graphene growth on copper by
CVD. (a) The foil is initially covered by an oxide. (b) Exposure to CH4 and H2

removes the oxide and nucleates graphene grains. (c) Graphene grains enlarge
and eventually coalesce. Adapted with permission from Mattevi et al. (2011)
[90]

rate-limited by either mass transport or surface reaction kinetics. When pressures and tem-

peratures are high, the boundary layer becomes thick and the reaction proceeds quickly at

the surface, causing the growth to be limited by the mass transfer rate. On the other hand,

lower pressures and temperatures tend to favor reaction limited growth. This mode tends

to be more uniform with higher quality films. [88]

In this thesis, CVD is used exclusively to produce monolayer graphene films on Cu

substrates. Figure 3.4b shows a typical CVD system designed for depositing graphene on

Cu foil. The deposition takes place inside a quartz (SiO2) tube which is heated by a 3-zone

furnace. This heating method is described as hot-wall CVD, in contrast to cold-wall CVD

which uses another method (typically induction) to selectively heat the substrate, creating

different thermal gradients and altering the gas movement within the tube. Gases (CH4,

H2, and Ar) are introduced on one end of the tube and pumped out by a rough vacuum

pump on the other, creating a flow CVD system, as opposed to a closed one where no gases

are added during the deposition process. The flow rate and relative concentration of each

gas is set by a mass flow controller (MFC) in conjunction with a control valve. The gases

may also pass through purifiers before entering the growth chamber. A throttle valve in

conjunction with a gauge in the main chamber allows the total pressure to be controlled.

Graphene is typically grown using low pressure (1 - 30 Torr), [90] although atmospheric

pressure CVD is also capable of producing high quality graphene. [91, 92]
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Graphene growth on Cu by CVD is typically a multistep process, as shown in Figure

3.5. The substrate is initially covered by an oxide layer (Figure 3.5a). An anneal at ∼1000

◦C in a mixture of Ar and H2 clears the oxide and reduces the number of other surface

defects, revealing a typically polycrystalline Cu surface with many different grain orien-

tations (dark lines in Figure 3.5b). When the surface is sufficiently clean, methane (CH4)

is introduced into the gas mixture. The Cu surface catalyzes the following thermal de-

composition reaction:

CH4(g)→ C(s) + 2H2(g), (3.1)

and the deposited carbon begins to form graphene platelets, typically near defects (black

hexagons in Figure 3.5b). As deposition continues, the graphene islands grow, eventually

merging with each other and typically forming boundaries between grains of different

orientation (Figure 3.5c). For sufficiently long growth times, continuous sheets can be

produced.

Small changes in the substrate temperature, overall pressure, and relative concentra-

tion of the different gases during CVD growth can have large effects on the resulting

graphene, even when staying within the reaction-limited regime. Different growth re-

cipes can be used to control platelet nucleation density and growth rate, [93] which in

turn affects the final grain size, [94–97] shape, [98] thickness (monolayer [99] or few-layer

[91]), and orientation with respect to the substrate. [95, 100] Although graphene can be

deposited by CVD on other metals such as Ni, Cu is advantageous as a substrate due to

the low solubility of C in Cu and the ease of transferring graphene from Cu, which can be

accomplished by spraying a thin layer of poly(methyl methacrylate) (PMMA) on top and

dissolving the Cu with iron chloride (FeCl3 in HCl/H2O). [90]
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Chapter 4

Transparent Conducting Oxides

The mobile electrons in a good conductor also absorb visible light, making transparent

conductors rare in nature and raising an interesting question: how can a conductor be

transparent? Much insight into this problem can be gained by defining a simple figure of

merit for a transparent conducting film:

φ = TN/RS, (4.1)

where T is the transparency at an optical wavelength (typically chosen to be 550 nm),

RS is the sheet resistance, and N is an integer whose purpose will soon become clear.

Desirable films will have high T and low RS , corresponding to high values of φ. As

defined, φ is an extrinsic quantity that depends on the size of the film:

φ = σte−Nαt, (4.2)

where σ is the material’s conductivity, α is the material’s optical absorption coefficient

at 550 nm, and t is the film’s thickness. It is easy to show that φ has a maximum value

proportional to σ/α which occurs at the optimal thickness of 1/Nα, and that the film’s
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transparency at this thickness is e−1/N . If N =1, then the film is "optimal" when its trans-

parency is just 37%. Most people would not consider such a film to be transparent; for

this reason, N is often chosen to be 10, leading to an optimal transparency of∼ 99%. [101]

One insight from the preceding discussion is that any conductor can be a transpa-

rent conductor if it is thin enough. In fact, the first transparent conductor reported in a

scientific publication was a very thin gold leaf used as an electrode in a primitive type of

photocell in 1885, [102] with platinum and silver following shortly. [103, 104] However,

the optical absorption coefficient for gold at 550 nm is 6× 105 cm−1, leading to an optimal

thickness of just 1.7 nm. [105] This is not practical for most applications since such a film

is fragile and difficult to fabricate. On the other hand, conductive oxide materials tend

to absorb much less light, leading to a more reasonable optimal thickness. For example,

the first conducting oxide discovered, CdO, [106] has an absorption coefficient of 5× 104

cm−1, [107] corresponding to an optimal thickness of 20 nm. Compared to a thin metallic

film, the oxide film is more robust and easier to synthesize.

Analysis of Equation 4.2 also reveals that σ/α is the most important material property

for determining φ and is therefore a measure of a material’s potential as a transparent con-

ductor. For gold, σ = 4.5 × 105 Ω−1 cm−1, corresponding to σ/α = 0.75 Ω−1, [105] while

the conductivity in CdO is 7.1 × 104 Ω−1 cm−1, yielding σ/α = 1.4 Ω−1, around twice the

value for gold. [107] From this example and the curves shown in Figure 4.1, it becomes

clear that oxide materials are significantly more useful than metals as transparent conduc-

tors, both due to ease of fabrication and superior performance. The ubiquity of oxides in

the transparent conductor toolbox has led to common usage of the term "transparent con-

ducting oxide" (TCO). Some oxides can reach even higher values, where a classic example

is Cd2SnO4 (σ/α = 7 Ω−1). [105]
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Figure 4.1: Figure of merit φ calculated as a function of thickness for Au and CdO.

4.1 Optimizing Transparent Conductivity

The Drude model for electrical conductivity is instructive for understanding why oxides

are better transparent conductors than metals. In the Drude model, electrons are trea-

ted as ballistic particles being scattered inelastically by immobile positive ions, and σ is

determined by

σ = neµ = ne2τ/m∗, (4.3)

where n is the free electron density, µ ≡ eτ/m∗ is the electron mobility, τ is the average

time between electronic collisions, and m∗ is the electron effective mass. The high electri-

cal conductivities of metals are due to large carrier concentrations, where n ranges from

1.15× 1022 cm−3 in Rb to 2.47× 1023 cm−3 in Be. [108] As discussed below, this high den-

sity of mobile electrons is able to reflect most visible light, leading to low transparency

and poor performance as a transparent conductor. Conductive oxide materials, on the

other hand, tend to be doped semiconductors with much smaller carrier concentrations,

ranging from 0.6 − 4 × 1020 cm−3. [109] Provided that the mobility is high enough, these

materials are able to conduct electricity with a smaller number of electrons, which greatly

limits the reflection of light at visible wavelengths.
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At low energies, the transmission of light through a material is limited by the mate-

rial’s plasma frequency ωp. Below this frequency, the gas of mobile electrons within a

material is able to completely screen a photon’s electric field by forming a collective exci-

tation called a plasmon. In this case, the incoming light is reflected. In the Drude theory,

the plasma frequency is given by

ωp =
√

4πne2/m∗. (4.4)

As shown in Figure 4.2a, a typical metal with n = 5× 1022 cm−3 and m∗ = 1 has a plasma

frequency of ∼ 2 × 1015 Hz, corresponding to ∼ 8.3 eV, which lies deep in the ultraviolet

range. This high energy plasma oscillation contributes to the high α values in metals

at visible wavelengths. However, a typical conductive oxide with n = 1× 1020 cm−3 and

m∗ = 0.5 has a plasma frequency of just∼ 1.3×1014 Hz or∼ 0.5 eV, reflecting only infrared

light and freely transmitting visible light.

At higher energies, the transmission of light through a material is limited by electro-

nic excitations. For a semiconductor, the most typical excitation is the promotion of an

electron from the valence band to the conduction band by the absorption of a photon

whose energy exceeds the band gap Eg. Therefore, good TCOs have band gaps of ∼ 3 eV

or more, driven by the strong bond between oxygen and metals, as shown in Figure 4.2.

However, defects can introduce electronic states within the band gap, allowing undesira-

ble new excitations between defect levels and the valence/conduction bands that occur

at lower energies than Eg.

In summary, a good TCO has the following properties:

• Low optical absorption coefficient α, which requires:

– Low carrier concentration n (compared to a metal) to limit reflectivity below ωp

– Large band gap (above visible energies) to limit absorption above Eg
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– Low defect concentration to limit sub-band-gap absorption

• Large electrical conductivity σ, which requires:

– High mobility µ to compensate for low n, which requires:

∗ Low defect concentration to limit scattering and reduce τ

∗ Small effective mass m∗

Note that other strategies for transparent conduction are possible. For example, strongly

correlated metals have been suggested as transparent conductors, where a large effective

mass can reduce the plasma frequency below visible wavelengths. [110] However, TCOs

remain the most successful family of transparent conductors.
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4.2 Applications of Transparent Conductors

Transparent conductors have a long history of technological applications. Thin gold leaf

was the first transparent conductor used in a commercial product − a light meter marke-

ted at photographers in 1931. [111] Here the gold was used as an electrode to measure

the photocurrent induced by light exposure in a narrow-gap semiconductor. An opaque

contact would have blocked the light, rendering the meter useless.

The first TCO application appeared in 1947 when SnO2 was used to defrost airplane

windows. [112] The SnO2 coatings used on these windows were transparent enough to

maintain visiblity, resistive enough to produce significant Joule heating when a current

was passed through, and robust enough to survive the harsh conditions of flight. La-

ter, the same material was used as an electrode in the first liquid crystal pixel, where a

voltage applied across anisylidene para-aminophenylacetate created reflective contrast

ratio of 20:1. [113] This discovery eventually led to the widespread use of TCOs in flat

panel displays, currently their most important commercial application. [114] The second

largest use of TCOs today is in infrared-reflecting windows. Such windows can reduce

heat losses in buildings in cold environments or reduce the heat load on buildings in hot

environments, and also find use in ovens and refrigerators. [114]

In addition to these established uses, TCOs are beginning to play a role in emerging

technologies. By virtue of their wide band gaps, TCOs can be used in high-performance

power electronics. [115–120] Their high mobilities relative to other oxides at room tempe-

rature are attractive in the field of oxide electronics. [121, 122] Other applications include

fully transparent electronics and solar cells. [114, 123–128]
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Chapter 5

Two-Dimensional Materials

Materials having macroscopic lengths and widths but thicknesses comparable to atomic

dimensions are called two dimensional (2D) materials. Compared to other broad classes

of materials, e.g. metals, ceramics, and semiconductors, 2D materials are newcomers,

having only been studied for roughly seven decades. However, during that short time,

they have risen to a prominent place within the world of physics research, earning a Nobel

prize [129] and spurring the creation of several dedicated journals.1

Graphene, an atomically thin honeycomb lattice of carbon atoms, is the most impor-

tant 2D material and historically was the first to be studied. It was first considered theore-

tically in 1947 when Phillip Russel Wallace calculated its band structure as a step towards

understanding the electrical properties of graphite, [130] which had long been known to

consist of layered sheets of carbon. [131] Experimentally, significant quantities of grap-

hene had been produced since 1859, when Benjamin Brodie exposed graphite to strong

acids, forming what is now understood to be suspended flakes of graphene oxide. [132,

1E.g. 2D Materials, published by the Institute of Physics, and npj 2D Materials and Applications, published
by Nature
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133] It was clear even in 1859 that the so-called "carbonic acid" contained thin crystals.

However, their true thickness was not known until 1948 when G. Ruess and F. Vogt used

transmission electron microscopy (TEM) to identify flakes of just a few nm. [134] True

monolayers were finally identified by Ulrich Hofmann and Hanns-Peter Boehm using the

same technique in 1962. [135] (Boehm would later coin the name graphene in 1986. [136])

In the ensuing years, several techniques emerged for producing thin graphitic films either

through epitaxial growth or by cleaving graphite crystals, [137] and several schemes for

graphene-based electronics were proposed. [138, 139]

Graphene research entered a new era in 2004, when Andre Geim and Konstantin No-

voselov reported their observation of a large electric field effect and high electron mobility

in exfoliated graphene monolayers. [140] This study differed from its predecessors in two

important ways: (1) graphene was shown to exhibit extraordinary electronic properties

not found in its bulk parent or any other conductive material and (2) graphene was pro-

duced and identified using exfoliation and optical microscopy, simple techniques that

could easily be replicated in almost any lab. [137] These factors led to an intense response

from the physics and chemistry communities. [141, 142] Graphene’s list of remarkable

properties has since grown to include the quantum Hall effect at room temperature [143]

and chiral Klein tunneling [144, 145], among others.

Graphene was merely the first 2D material to achieve prominence, and many ideas

originating from graphene have been extended to produce an entire field of research. Ot-

her layered crystals have been exfoliated into monolayers, and additional synthesis met-

hods such as chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) have

further expanded the library of known 2D materials. [146–150] In most cases these mate-

rials exhibit properties not found in bulk materials, while their large surface areas make

them sensitive to environmental perturbations such as substrates and adsorbed molecu-

les, offering additional routes for controlling and modifying their properties. [151–154]
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Stacking 2D materials into vertical van der Waals (vdW) heterostructures has also proven to

be a powerful strategy for creating new device functionalities. [155] The rapid progress

in 2D materials research that has occurred in the years since 2004 has been chronicled in

numerous review articles. [141, 142, 147–150, 155, 156]

5.1 Electronic Structure of Graphene

To first order, the electronic structure of the graphene π bands can be calculated using a

simple tight-binding approach with nearest-neighbor hopping. As shown in Figure 5.1a,

graphene’s honeycomb lattice is not a Bravais lattice and instead has a hexagonal unit cell

with two atoms, labeled A and B. The lattice vectors can be written as

a1 =
a

2

(
3,
√

3
)
, a2 =

a

2

(
3,−
√

3
)
, (5.1)

where a is the carbon-carbon distance (1.42 Å) and
√

3a is the lattice constant (2.46 Å).

The corresponding reciprocal lattice vectors are

b1 =
2π

3a

(
1,
√

3
)
, b2 =

2π

3a

(
1,−
√

3
)
, (5.2)

and the three nearest-neighbor vectors in real space are

δ1 =
a

2

(
1,
√

3
)
, δ2 =

a

2

(
1,−
√

3
)
, δ3 = −a (1, 0) . (5.3)

To find graphene’s band structure, we form the usual tight-binding trial wavefunction:

ψk(r) = akψ
A
k (r) + bkψ

B
k (r), (5.4)

where ak and bk are complex functions of the momentum k. ψAk and ψBk are Bloch functions

defined by

ψjk(r) =
∑
R

eik·Rφj(r + δj −R), (5.5)
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Figure 5.1: (a) Schematic of graphene crystal structure showing two sublattices (A and B)
(b) Electronic structure of graphene calculated in a simple tight binding model
with zero and nonzero sublattice asymmetry. Upper right inset: 2D Brillouin
zone for graphene. Lower middle inset: zoomed-in view of dispersion near
the K point.

where R is a point on the Bravais lattice, φj are pz orbital wavefunctions, and δj is the

vector that connects the sites of the underlying Bravais lattice with the site of atom j. Note

that we will take sublattice A to coincide with the Bravais lattice, so δj is only nonzero for

atom B.

With this trial wavefunction, the requirement that ψk is an eigenfunction of the Hamil-

tonianH, i.e. thatHψk = εkψk for the band energy εk, becomes

(a∗k, b
∗
k)Hk

 ak

bk

 = εk (a∗k, b
∗
k) I

 ak

bk

 , (5.6)

where we have assumed that ψA and ψB are orthogonal. Equation 5.6 can only be satisfied

when

det [Hk − εkI] = 0. (5.7)
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The diagonal matrix element HAA
k can be evaluated as

HAA =
∑
R

∑
R′

eik·(R−R
′)〈ψA(r −R)|H|ψA(r −R′)〉

=
∑
R

〈ψA(r −R)|H|ψA(r −R)〉

= εA,

(5.8)

which is simply the energy of an electron at site A. Likewise, HBB = εB. Since in both

sites represent otherwise identical carbon atoms for graphene, we take εA = εB = 0 for

simplicity. The off-diagonal term HAB evaluates to

HAB =
∑
RA

∑
RB

eik·(RA−RB)〈ψA(r −RA)|H|ψB(r −RB)〉 = tγk (5.9)

where γk = eik·δ1 + eik·δ2 + eik·δ3 and we have defined the hopping parameter t as t =

〈ψA(r −RA)|H|ψB(r −RA − δi)〉 for i = 1, 2, 3. Note that HBA = HAB∗ = tγ∗.

Combining Equations 5.7, 5.8, and 5.9, we find the band structure to be given by εk =

±t|γ|. It is immediately obvious that the dispersion is symmetric about εk = 0, i.e., it is

particle-hole symmetric. Figure 5.1b shows the negative branch of this function plotted

along the Γ→ K→M→ Γ direction in reciprocal space. The most striking aspect of this

band structure is that the π band appears to be linear near the K point where it touches

EF . In fact, it can be shown that for momentum q measured relative to the K point,

εq = ±vF |q|, where the Fermi velocity vF is given by 3ta/2. This dispersion is more akin

to massless particles like photons than to massive electrons and is responsible for many

of graphene’s remarkable electronic properties. [157, 158] Due to similarities between

graphene’s Hamiltonian and the relativistic Dirac equation, this dispersion is called a

Dirac cone, the point where the bands cross is called the Dirac point, and the energy at

which the Dirac point occurs is the Dirac energy (ED).

Note that the Dirac cone depends critically on sublattice symmetry. If the onsite ener-

gies for the A and B sublattices become unequal, perhaps due to an interaction with a
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substrate or adsorbed gas molecules, the gapless Dirac cone dispersion is lost. For exam-

ple, if εA = −εB = ∆, Equation 5.7 becomes

det

 ∆− εk tγ

tγ∗ −∆− εk

 = 0 (5.10)

and the dispersion changes to εk = ±
√

∆2 + t2|γ|2. This band structure is shown in Figure

5.1 for the case where ∆ = 0.25t. Here, a gap of size Eg = 2∆ has opened up and the π

band is no longer linear near K, instead following

εq = ±
√

∆2 + v2F |q|2. (5.11)

Experimental measurements of the band structure of graphene began to appear

shortly after 2004 and initially focused on expitaxial graphene grown on 6H-SiC(0001).

[159–161] Figure 5.2 shows one of the first reports, where it is evident that the tight bin-

ding model fits the data quite well (Figure 5.2a) Here t is found to be 2.82 eV, the crystal

is n-type with ED located 435 meV below EF , and no gap is observed, which can be seen

clearly from Figure 5.2c. Figure 5.2d illustrates an important point about ARPES from

graphene, namely that the upper (lower) branch of the graphene dispersion is not visible

in the first (second) Brillouin zone due to matrix element effects. [162–164] Later studies

have measured graphene on other substrates and with other surface preparations and

often report a nonzero gap at the Dirac point ranging from ∼ 100 - 350 meV. [165–167]

5.2 Layered Metal Dichalcogenides

After graphene and its relatives (e.g. h-BN), the layered metal dichalcogenides (MX2

where M is a transition metal or a main-group metal and X is a chalcogen) form the

other most important family of 2D materials. Like graphite, these materials consist of
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Figure 5.2: (a) ARPES spectrum measured from graphene along Γ → K → M → Γ with
tight binding fit (black line) (b) Constant energy map of the states at binding
energy corresponding to the Dirac energy (ED) together with the BZ boundary
(dashed line). The orthogonal double arrows indicate the 2 directions over
which the data in (c)-(d) were acquired. (c)-(d) Experimental energy bands
along a line through the K point parallel to GM direction (c) and in an ort-
hogonal direction through the K point (d). Adapted with permission from
Bostwick et al (2007) [159, 161]

thin layers bonded together by van der Waals forces and even retain the hexagonal in-

plane structural motif. However, the layers themselves are not atomically thin but rather

consist of X-M -X triple layers or "minimal sandwiches." [168]

Semiconducting 2H-MoS2 is one of the most prominent transition metal dichalcogeni-

des (TMDs) and its history is closely intertwined with that of graphene. In fact, graphite

and molybdenite (the mineral form of MoS2) have been known since antiquity and are

two of several materials that were historically referred to as "µòλυβδoς" (molybdos) or

"galena" due to their similar appearance and physical properties. [169] In modern times,

the crystal structures of graphite and MoS2 were determined within one year of each ot-

her: 1923 for MoS2 and [170] 1924 for graphite. [131] Just a few years after Hofmann and

Boehm identified graphene monolayers, [135] Frindt and Yoffe exfoliated MoS2 crystals
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down to monolayer thickness to facilitate optical absorption measurements. [171, 172] Fi-

nally, following the resurgence of interest in graphene in 2004, [140] Novosolev and Geim

also demonstrated MoS2 monolayers produced in the same way as graphene. [146]

MoS2 attracted significant interest in 2010 when Mak et al. reported a thickness-

dependent transition from a direct gap (monolayer) to an indirect gap (2 or more lay-

ers). [173] The change in gap character brought along an increase in photoluminescence

quantum yield of 104 compared to the bulk, opening up the possibility for ultrathin optoe-

lectronic devices. Later, it was shown that in monolayers of MoS2 and other related ma-

terials, a combination of inversion symmetry breaking and spin-orbit coupling leads to a

spin-valley interaction, suggesting even more uses in novel electronic devices. [174]

Besides MoS2, a number of other TMDs have shown interesting behavior when redu-

ced to the monolayer limit, most notably NbSe2, where the electronic structure, super-

conducting Tc and charge density wave transition temperatures all dramatically change.

[175, 176] Similar to the case of perovskite oxides, much of the interest in layered metal

dichalcogenides results from the large library of electronic properties available in materi-

als with relatively similar structures. In fact, metal chalcogenides include insulators (e.g.

HfS2), semiconductors (e.g. MoS2), and metals (e.g. VSe2), and exhibit exotic phenomena

such as superconductivity (e.g. NbSe2), charge density waves (e.g. TaS2), and large non-

saturating magnetoresistance (e.g. WTe2).

5.2.1 Structure and Polytypes

The basic building block in a layered metal dichalcogenide is theMX6 polyhedron, which

can take two forms depending on the ionicity of the metal-chalcogen bond. For strongly

ionic bonds, the X ions retain a significant amount of charge and Coulomb repulsion

leads to an octahedral coordination like that found in oxide materials. However, as X
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Figure 5.3: Left column: MX6 polyhedra. Middle column: top view of triple layer. Right
column: side view of triple layer. Top row: trigonal prismatic metal coordina-
tion. Bottom row: octahedral metal coordination.

changes from S to Se and Te, the X electronegativity decreases, sometimes stabilizing an

alternate trigonal prismatic coordination. These two scenarios are shown in the left co-

lumn of Figure 5.3. Some materials such as MoS2 can crystallize in either configuration,

although one is usually metastable. This provides a structural degree of freedom that

can be exploited to control the material’s properties; e.g. trigonal prismatic MoS2 is se-

miconducting while octahedral MoS2 is metallic, primarily due to different crystal field

splitting.

The individual layers in a metal dichalcogenide can be understood as periodic corner-

sharing arrays of theMX6 polyhedra, as shown in the middle and right columns of Figure

5.3. Both types of coordination result in the same triangular Bravais lattice but exhibit dif-

ferent atomic coordinates. Significantly, layers formed by trigonal prisms lack inversion
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symmetry while layers formed by octahedra are inversion symmetric. To form the bulk

crystals, these layers are stacked vertically. The registry between layers, i.e., the relative

rotations and translations between layers, provides another degree of freedom in these

materials. For example, MoS2 commonly occurs in two forms, one having two layers per

unit cell and an overall hexagonal symmetry, the other having three layers per unit cell

and an overall rhombohedral symmetry.

Multiple crystal structures exhibited by a single material that differ only by the

stacking sequence of individual atomic planes are called polytypes and at least two specia-

lized notations have evolved for describing them. Both are based on the notation develo-

ped by Lewis S. Ramsdell in 1947 to describe the growing number of SiC crystal structures

which had previously been denoted by Roman numerals in the order of their discovery.

[177] In Ramsdell notation, SiC structures are described by nS, where n is the number of

Si or C layers in the unit cell and S = R or H describes the overall symmetry (hexagonal

or rhombohedral).

Ramsdell notation was modified by Richard S. Mitchell to describe polytypes of CdI2,

a material with a structure similar to the layered metal chalcogenides having octahedral

coordination. [178] Mitchell noticed that describing the locations of the two I layers using

the classical ABC notation for close-packed lattices fully constrains the position of the

intermediate Cd layer. For this reason he chose to specify CdI2 polytypes by nS, where n

refers to the number of I layers and S is as described above. This notation was adopted by

others and was eventually applied to layered metal dichalcogenides. At the same time,

an alternate notation was developed where n instead referred to the number of minimal

sandwiches or triple layers in the unit cell of a metal dichalcogenide, and a new symmetry

specification (T for trigonal) was added. [168, 179, 180]

Unfortunately, these two competing notations can be difficult to interpret. For exam-

ple, 2H in Mitchell notation refers to a crystal with 2 chalcogen layers in the unit cell,
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Figure 5.4: Different layered metal dichalcogenide polytypes and materials that take each
form. Adapted with permission from Wilson & Yoffe (1969) [181]

while 2H in the other notation refers to a crystal with 2 triple layers (4 chalcogen layers)

in the unit cell. Since the second notation seems to be more prevalent in recent literature,

we will use it whenever possible. However, it also important to note that these types

of notation are ambiguous when applied to layered metal dichalcogenides, as shown in

Figure 5.4, where two different 2H structures are apparent.
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Chapter 6

Controlling Surface Carrier Density by

Illumination in the Transparent

Conductor La-doped BaSnO3

BaSnO3 (BSO) has been studied at least since 1943 when its crystal structure was deter-

mined to be that of an ideal cubic perovskite (Figure 6.1). [182] It remained an obscure

material for quite some time, with only a handful of papers published during the next

forty years. [183–186] Interest in BSO began to grow in 1985 when it was first investi-

gated as a possible high-temperature gas sensing material. [187–191] In 1990, the quest

to improve bulk growth techniques for high-temperature superconductors proved to be

a boon to BSO research when BSO nanoparticles were found to be effective at creating

flux-pinning centers in YBa2Cu3O7−δ. [192–194] By 1992, the increased demand for trans-

parent conductors in commercial applications was driving a search for alternatives to the

industry leader indium tin oxide (ITO), and n-type Sb-doped BSO was suggested as a
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Figure 6.1: Crystal structure of the cubic perovskite LaxBa1−xSnO3

candidate TCO due its large band gap (∼ 3.1 eV) and metallic conductivity. [195]

TCOs play a crucial role in modern electronic devices such as liquid crystal displays,

photovoltaic cells, light-emitting diodes, and future transparent electronics [105, 124, 127,

196]. The central challenge in TCO applications is to maximize the visible light transmis-

sion of a thin film while retaining the high conductivity required for low power consump-

tion. The figure of merit σ/α, where σ is the electrical conductivity and α is the absorption

coefficient at 550 nm, expresses the ability of a material to perform as a transparent con-

ductor [105].

Early BSO-based films were hampered by mobilities below 1 cm2V−1s−1. [197] Ho-

wever, a breakthrough occurred in 2012 when single crystals and films of La-doped BSO

(LBSO) were demonstrated to exhibit room temperature mobilities of 320 cm2V−1s−1 and

70 cm2V−1s−1, respectively. [198] In these single crystals, the ratio σ/α exceeded 30 Ω−1

[198], significantly improving upon traditional TCOs such as ITO (σ/α ≈ 1 Ω−1 [199]),

CdO (σ/α ≈ 3 Ω−1 [200]), and Cd2SnO4 (σ/α ≈ 7 Ω−1 [105]). More recently, LBSO films

grown by MBE have achieved room temperature mobilities and conductivities in excess

of 120 cm2V−1s−1 and 104 Ω−1cm−1. [17, 201]

These improvements in LBSO film quality have generated great interest in LBSO as a

promising new TCO and high mobility oxide. [122] Field effect transistors (FETs) using
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BSO as a channel material and LBSO as the electrical contacts have been fabricated on se-

veral substrates including the transparent perovskite oxide LaInO3, [202–205] suggesting

the possibility of using BSO in fully transparent oxide electronics. More generally, BSO

has been investigated as a platform for hosting two-dimensional electron gases (2DEGs).

[206–208] BSO is also one of the few known ambipolar TCO systems, where the strong

Sn-O bond suppresses oxygen diffusion [198, 209] and prevents the formation of compen-

sating oxygen vacancies in p-type K-doped BSO films, allowing BSO to host p-n junctions.

[210]

Furthermore, BSO adopts the same perovskite structure as complex oxides such as

SrRuO3 and La1−xSrxMnO3, many of which exhibit exotic electronic and magnetic pro-

perties including exotic superconductivity and colossal magnetoresistance [42, 82, 83].

This shared crystal structure suggests the possibility of epitaxially integrating BSO into

next-generation oxide-based devices that could possess an unprecedented range of elec-

tronic and magnetic functionalities. [211–215]

Understanding both the bulk and interfacial electronic structure of LBSO is crucial for

device applications, since most of the promising proposed devices involve heterostruc-

tures. Investigating the electronic response of LBSO to photons with energies above the

band gap is also key for implementing LBSO as a TCO. Here we report the electronic

structure of LBSO thin films synthesized by MBE. in situ ARPES measurements reveal

that the electronic structure of LBSO is well described by density functional theory (DFT)

calculations, while charged defects induce upward band bending at the LBSO surface.

Furthermore, we demonstrate that the surface electron concentration can be controlled

by ultraviolet (UV) exposure, suggesting that band offsets and transport properties at

LBSO interfaces can be modified by illumination.
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Figure 6.2: Schematic showing LBSO films grown (a) with and (b) without a BSO buffer
layer.

6.1 Film Growth and Basic Characterization

Cubic perovskite LBSO films (Figure 6.2) with thicknesses of 10 - 30 nm were grown by

adsorption controlled oxide MBE, where La concentrations ranging from 1 - 10% were

achieved by codepositing La, Ba, and Sn [17]. For the film with x = 0.01, a SnO2 source was

used and the film was grown on an undoped BSO buffer layer, while the other films were

deposited directly on the substrate with an elemental Sn source. The films were deposi-

ted on TbScO3 and GdScO3 substrates (3.8% and 3.6% compressive strain, respectively).

Following growth, in situ ARPES and low-energy electron diffraction (LEED) measure-

ments were made at temperatures ranging from 15 - 300 K and pressures below 1× 10−10

Torr. ab initio band structure calculations were performed using the WIEN2k DFT soft-

ware package [216], where the exchange-correlation functional was approximated using

the Perdew-Burke-Ernzerhof implementation of the generalized gradient method [217]

and spin orbit coupling was included.

The lattice mismatch for LBSO on TbScO3 or GdScO3 is smaller than for LBSO on

SrTiO3 (5.1% compressive strain), which is the most commonly used substrate for LBSO

films. The closer lattice match is expected to reduce the defect density in the films and
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Figure 6.3: LEED images measured with (a) 105 eV and (b) 235 eV electrons for an LBSO
film with x = 0.035.
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Figure 6.4: LBSO transport data showing (a) mobility and (a) resistivity as a function of
temperature for two films with x = 0.10 and x = 0.02.

improve transport properties, although LEED measurements (Figure 6.3) yield a lattice

constant of 4.15 ± 0.08 Å, indicating that the films have fully relaxed to the bulk LBSO

lattice constant by incorporating structural defects.

The films exhibit room temperature mobilities and resistivities between 20 - 140

cm2V−1s−1 and 0.5 - 2.0 mΩcm, respectively (see Figures 6.4). The two films in Figure

6.4 have similar carrier concentration despite different La content, which is due to incom-

plete carrier activation. This issue diminished as the growth technique improved, and

all observed trends discussed later depend only on La concentration rather than carrier

concentration.
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Figure 6.5: ARPES spectra measured from LBSO with He I light (hν = 21.2 eV) along the kx
= 0 direction of the SBZ showing (a) the valence bands and (b) a metallic state
near EF . Inset in (b) shows the SBZ. (c) Angle-integrated He I photoemission
intensity.

Figure 6.5 shows typical ARPES spectra from La0.035Ba0.965SnO3 measured along the

kx = 0 direction of the surface Brillouin zone (SBZ). Highly dispersive bands are observed

for binding energies ranging from 4 - 10 eV (Figure 6.5a), with a dramatic drop in intensity

at 3.5 eV (Figure 6.5c), which we determine to be the valence band maximum (VBM).

Previous LBSO studies have reported optical gaps between 2.85 - 4.02 eV [197, 218–221],

indicating that the chemical potential in La0.035Ba0.965SnO3 has been pushed upwards near

the BSO conduction band minimum (CBM) consistent with electron doping and previous

ARPES measurements [222]. All samples exhibit a metallic state crossing the Fermi level

(EF ) near (kx, ky) = (0,0), as shown in Figure 6.5b for the sample with x = 0.035.

6.2 Comparison of ARPES Band Structure with DFT Calculations

While many proposed applications of LBSO have been based on DFT calculations of its

band structure, the agreement between theory and experiment has yet to explicitly be

verified. Here, we perform a direct comparison between DFT calculations for undoped

bulk BSO with the experimental dispersion as measured by ARPES. Figure 6.6 shows the
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BSO bandstructure calculated by DFT along the path shown in (a)

calculated band structure along the X - R - M - Γ - R path of the full three-dimensional

Brillouin zone. The dispersion in the valence and conduction bands agrees well with pre-

viously published calculations, although the gap size is unrealistically small and varies

depending on the particular calculation method used.

Figure 6.8a-b shows band positions extracted from the ARPES spectra by fits to peaks

in the energy distribution curves (EDCs), using both He I (hν = 21.2 eV) and He II (hν =

40.8 eV) photons, which measure different out-of-plane momenta kz (see Figure 6.7 for

EDCs). By matching the DFT band structure along the (kx = 0, kz) line to the highly

dispersive bands that lie 3 eV below the VBM, the kz values for He I and He II photons

are determined to be kz = 3.4 and 4.5 π/a, respectively, corresponding to an inner potential

of V0 = 17 eV. Figure 6.8c shows the details of this process. Ranges of kz where there is

reasonable agreement between DFT and ARPES ∼ 4 eV below the VBM are shown as

shaded rectangles, while the calculated kz is plotted against the inner potential for He I

and He II. Good agreement only exists for V0 = 17 eV.

Figures 6.8a-b also show a full comparison between the experimental data and the DFT

calculations using a rigid shift of the chemical potential. The ARPES data closely match
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the DFT band structure, including the overall bandwidth, indicating that DFT accura-

tely treats the bulk BSO electronic structure (notwithstanding the value of the band gap).

This good agreement confirms the general validity of using DFT-based approaches for

studying BSO.
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6.3 Band Bending at the LBSO Surface

Additional features are also apparent in the ARPES spectra that do not correspond to

bands in the bulk DFT calculations for any kz value (marked as open symbols in Figure

6.6a-b), which may be attributed to defects or surface states. In other TCOs such as CdO

and In2O3, surface states and native defects typically act as donors, resulting in down-

ward band bending and electron accumulation layers at the surfaces of n-type materials

[223, 224]. It has been argued that the characteristic n-type TCO band structure generally

favors surface Fermi level pinning above the CBM [196, 225]. Since most proposed ap-

plications involving LBSO rely on its interfacial electronic structure, the presence of band

bending and surface defect states may have significant consequences for device design

and performance.

To identify band bending, a series of films with different La content is investigated. In

general, the addition of electrons to a semiconductor shifts the Fermi level upward, cau-

sing the valence and conduction band binding energies to increase, as observed in LBSO

by bulk-sensitive hard x-ray photoemission spectroscopy (HAXPES) [226]. In Figure 6.9,

a series of EDCs are shown from near (kx, ky) = (0,0) for several different films, where

each EDC was measured immediately after transferring the film to the ARPES chamber

without exposing it to air. In contrast to the HAXPES results, the VB and core levels are

observed to shift towards smaller binding energies as the La concentration increases from

1% to 10% (Figure 6.10), counter to expectations from a simple rigid-band electron doping

model. Due to the surface sensitivity of ARPES, this opposite trend indicates an opposite

evolution of the chemical potential of the surface and bulk, suggesting upwards band

bending (Figure 6.11).

In addition to the decrease in binding energy, the intensity of a peak in the valence

band (labeled α in Figure 6.9) increases with doping (Figure 6.10c), which we attribute
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to oxygen adsorption as reported in other oxides such as SrTiO3 and CaVO3 [227, 228].

Based on the dependence of αwith La content, La dopants in LBSO may affect the density

of surface oxygen adsorbates in addition to the bulk carrier density, influencing the degree

of surface band bending and indicating a complex interplay between defects at the LBSO

surface.
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6.4 UV Carrier Control in LBSO Films

The observed band bending likely reflects different defect energetics at the surface versus

the bulk, which could impact future devices that utilize LBSO, e.g. transparent electro-

nics in photovoltaics [229]. In other oxides such as SrTiO3, KTaO3, and SrVO3, exposure

to high intensity UV photons induces a surface two-dimensional electron gas (2DEG),

where the increase in electron density is attributed to the removal of oxygen from the

surface [230–232]. In BSO, UV exposure has been found to induce a 107-fold increase in

conductivity that decays on a timescale of hours after the light is removed [233], but the

role of the surface in this persistent photoconductivity has not been explored.

The electronic structure of LBSO was tracked over the course of illumination with a

helium lamp (∼ 9×1011 photons/s using He-I,∼ 2×1010 photons/s using He-II [234]). Fi-

gure 6.12a shows measurements of La0.035Ba0.965SnO3 near (kx, ky) = (0,0) made with He-II

photons at low temperature (∼30 K). In the first ten minutes of UV exposure, the metallic

state intensity is negligible, confirming that the bands initially bend upward at the sur-

face. After 15 hours of illumination by both He-I and He-II light (∼ 7× 1012 photons), (1)

the metallic state intensity increases dramatically, (2) the valence band shifts nearly 1 eV
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La0.035Ba0.965SnO3 after 10 minutes and 15 hours of UV exposure at low tem-
perature. (b) EDCs measured from La0.01Ba0.99SnO3 after 1 hour and 14 hours
of UV exposure at low temperature, and after warming to room temperature
in darkness for 12 hours.

towards higher binding energies, (3) the α peak intensity decreases dramatically, and (4)

a new defect state (labeled β) is observed deep within the gap at 1.77 eV. Nevertheless,

the spectral features do not become broader, suggesting that these effects are unrelated to

degradation. The increase in the intensity of the metallic state indicates that an increase

in the surface electron concentration is also responsible for the downward shift observed

in the valence band. In Figure 6.12b, a La0.01Ba0.99SnO3 film displays similar changes after

receiving ∼ 4 × 1012 photons, albeit on a smaller scale, where it is also shown that the

changes can be reversed by slowly warming the sample to room temperature in the dark

over the course of 12 hours.

To investigate these effects in more detail, the electronic structure of the La0.01Ba0.99SnO3

was measured for many hours under different conditions with a time resolution of ∼10

minutes. Spectra near EF and of the valence band were acquired (Figures 6.13a-b) and

quantified by extracting the total intensity of the metallic state at EF , the binding energy

of one of the valence band peaks, and the relative intensity of the α peak (Figures 6.13c-e).

Figures 6.13f-h) show the detailed time dependence. During the initial 4 hours of expo-

sure to He-I light, the MS intensity and VB BE increase steadily while the α state decreases
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in intensity relative to the main VB peak. (Note that some data is missing during this pe-

riod because of a glitch in the data acquisition software, but the light was shining for the

full 4 hours). Following the initial light exposure, the He lamp was shuttered for 4 hours,

followed by an hour of additional He-I exposure. It is clear that the film experienced no

changes to its electronic structure during the period of darkness, demonstrating the im-

portance of light for these effects. Finally, during the course of 4 hours of He-II exposure,

the MS intensity, VB BE, and α state intensity continue to follow the same trends. He-I

and He-II differ in both energy and intensity, indicating that neither of these quantities are

the rate-limiting factor in the evolution of the LBSO electronic structure. After warming

to room temperature in the darkness for 12 hours, the UV-induced changes are partially

reversed and respond to additional He-I light in a similar way as at low temperature.

These measurements show that the photodoping in LBSO is significantly different

than in other oxides, where the induced surface 2DEG is typically attributed to photo-

assisted oxygen vacancy formation [230–232, 235–238]. The rate of photodoping in SrVO3

depends sensitively on light intensity[232]. In STO, there is an energy threshold of hν

= 38 eV for producing a 2DEG. [237] This threshold is related to an Auger transition in-

volving the creation of a Ti 3p core hole which is subsequently filled by electrons from

neighboring O 2p orbitals, ultimately ejecting an oxygen ion. In LBSO, the lowest-energy

transition-metal core state is Sn 4d with a binding energy of ∼28 eV, which would lead to

a threshold between the He-I and He-II lines. Alternatively, the lowest-energy transition-

metal p core state is Sn 4p with a binding energy of ∼85 eV, leading to a threshold much

higher than He-II. (See Figure 6.14) In contrast with any of these scenarios, we observe

nonzero carrier density changes at nearly identical rates for both helium lines, indicating

that a different mechanism is at work.

Note that in the presence of band bending, the photoemission process itself is capable

of altering the charge distribution at the surface of the film. In this scenario, called surface
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Figure 6.14: XPS measured at room temperature from La0.01Ba0.99SnO3 using Mg K-α pho-
tons (hν = 1253.4 eV).

photovoltage (SPV), electron-hole pairs created indirectly during photoemission are spread

apart by the built-in electric field in the band-bending region near the surface, creating an

opposing electric field. [239–241] The net effect is an energy shift of the photoemission fe-

atures opposite to the shift induced by the original band bending, where the magnitude of

the shift is determined by the electron-hole recombination rate. In the case of downward

band bending, as observed in LBSO, the presence of a SPV would cause an upward shift

in the valence band, and BSO is known to exhibit extremely slow electron-hole recom-

bination, which would facilitate a large energy shift. [233, 242] However, a SPV would

also alter the kinetic energy of photoelectrons emitted from the Fermi level, causing the

Fermi step-edge to shift in energy. This effect is not observed in LBSO, ruling out the SPV

scenario.

Rather than invoking oxygen vacancy formation or SPV generation, we propose a

mechanism based on adsoprtion/desorption of molecular oxygen to explain our obser-

vations. In Figure 6.15, the UV-induced effects are summarized in the context of this

model:

1. Initially the Fermi level near the surface is close to the CBM as a result of the upward
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band bending, corresponding to a small surface electron concentration.

2. Upon UV exposure, adsorbed oxygen is removed while other defects, likely oxygen

vacancies in analogy to SrTiO3 and KTaO3, become apparent, as evidenced by the

decrease in the α peak and the simultaneous increase in the β peak. The intensity

trade-off between these two states motivates the idea that O2 preferentially adsorbs

at oxygen vacancy sites similar to SrTiO3. [243]

3. This altered defect population increases the surface electron density and pushes the

bands downwards relative to the Fermi level.

4. Upon removing the UV illumination and warming the sample to room temperature

over the course of 12 hours, the defects return to their original state and the surface

electron concentration decreases back to its original value. This may be caused by

adsorption of residual O2 in the vacuum chamber. Over the course of twelve hours

in UHV, we estimate that the film surface receives roughly 0.1-0.2 Langmuir of oxy-

gen exposure, comparable to the 0.4 L dose used by Walker et al. [237] to reset a

SrTiO3 surface after forming a UV-induced 2DEG.

Although in some device applications such UV-induced changes may not be desirable, we

note that the modified band bending and increased surface carrier concentration persist

for many hours after the removal of the UV light source. This suggests careful UV expo-

sure as a possible route for tailoring the band offsets and electron densities at interfaces

between LBSO and other materials in a laboratory setting.

6.5 Conclusions

In summary, we have revealed the bulk and surface electronic structure of the TCO LBSO.

In contrast to other TCOs, upward band bending is observed at the vacuum interface, and
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posure at low temperature and their subsequent reversal while warming in
darkness.

the data indicate a scenario where increased La content in LBSO films increases both the

degree of upward band bending and the adsorbed oxygen concentration at the surface.

Subsequent UV exposure removes the adsorbed oxygen, revealing oxygen vacancies that

increase the surface carrier concentration. Significant quantities of oxygen vacancies at

the surface may form an impurity band that interacts with the bulk conduction band, ex-

plaining the appearance of the metallic state. However, despite the peculiarities of defects

at the surface, the LBSO valence band is well-reproduced by bulk DFT calculations. These

results establish DFT as a valid tool for designing new devices based on LBSO, as well as

offer a route for controlling the surface electron concentration and band offsets with other

materials through careful UV exposure.
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Chapter 7

Polycrystalline Graphene with Single

Crystal Electronic Structure

Chemical vapor deposition (CVD) on copper (Cu) has recently emerged as a powerful

growth technique for realizing large scale graphene and hexagonal boron nitride (h-BN)

films in an inexpensive and simple way, enabling their production up to meter scale.

[99, 244] However, these films do not exhibit crystalline alignment over distances critical

to the large scale production of spatially uniform vertical heterostructures. For example,

CVD grown graphene films are usually comprised of small, randomly rotated grains [245,

246] and even though some recipes can create graphene grains nearly one centimeter in

size, [97, 247] neighboring grains rarely maintain a common orientation. [248] Previous

studies have shown that controlling the graphene crystallinity requires ordered substra-

tes with strong templating interactions during growth. For instance, graphene deposited

on the symmetry-matched surface lattices of certain single crystal metals, including ru-

thenium (0001), iridium (111), rhodium (111), and Cu (111), can follow the substrate’s

rotational orientation under specific growth conditions; [247] a recent example is the gro-
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wth of a graphene film aligned over 1 mm on a sputtered Cu (111) film. [249] Another

recent paper has demonstrated aligned graphene growth on 5 cm germanium (110) wa-

fers. [250] Graphene, although generally not a single layer, can also be grown epitaxially

on silicon carbide (SiC) substrates. These aligned growth methods, however, all suffer

from complicated and expensive substrate preparation [249, 250] or transfer procedures.

[251]

In this report, we present a growth method for graphene and h-BN that combines the

scalability and ease of transfer inherent to Cu foil based CVD with the lattice uniformity

achieved on ordered templating substrates. Following growth, the graphene and h-BN

films were characterized and studied using a large suite of experimental tools including

the following:

• Laue x-ray diffraction (XRD) data were recorded with a Multiwire Laboratories

MWL110 real-time back-reflection Laue camera system. All images were taken with

a 1.0 mm collimator and 9.0 keV x-rays.

• LEED data were measured in ultra-high-vacuum with a Specs ErLEED 150 reverse-

view LEED optics system. The angular field of view is approximately 80◦. All ima-

ges were acquired with 145 eV electrons, and the samples were annealed in situ at

600 ◦C for 45 minutes before measuring.

• ARPES measurements were performed at the ANTARES beamline of the SOLEIL

synchrotron in Gif-sur-Yvette, France. All data are from a single sample, which was

annealed in situ at 450 ◦C for several hours prior to measurements and cooled to

120 K while recording ARPES spectra. All data were acquired with 100 eV linearly-

polarized photons and either a 90 µm or 200 nm spot size. The small spot size is

achieved with a focusing Fresnel zone plate and a piezoelectric positioning system

with spatial resolution better than 1 nm.
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Figure 7.1: Schematics showing the graphene growth process, where Cu foil is annea-
led to create large Cu(111) grains. Insets: Laue diffracition patterns measu-
red from pre-anneal foil (bottom left), post-anneal foil (bottom right), and a
Cu(111) single crystal (top right).

Additionally, density functional theory (DFT) calculations for bulk Cu were perfor-

med with the full-potential linear augmented plane-wave code WIEN2k [216] using

the Perdew-Burke-Ernzerhof implementation of the generalized gradient approximation.

[217] Volume optimization resulted in a lattice constant of 3.635 Å (the accepted expe-

rimental value is 3.615 Å [252]), which was used in all subsequent calculations. After

computing the electron density at 500,000 k points in the full Brillouin zone using a

Monkhorst-Pack k-mesh, we calculated energy eigenvalues on a grid of 20,576 evenly-

spaced k points in the full zone.

7.1 Growth of Aligned Graphene and h-BN on Annealed Cu Foil

Our growth method relies on two key factors: (1) Cu foil recrystallization and (2) growth

parameters optimized for reduced reactivity (see Figure 7.1). First, we produce long range

crystallinity in the Cu foil (Nilaco corporation, #CU-113213, 99.9% purity) by annealing it

for up to twelve hours at a temperature of 1030 ◦C, which is close to its melting point, in an
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Figure 7.2: BSED maps taken over three 200 × 200 µm2 areas across a 12 cm annealed Cu
foil, to demonstrate the large-scale Cu alignment (bottom left). "Out-of-plane
(z)" data represents the surface orientation, while the corresponding "In-plane
(y)" measurements indicate the azimuthal angle. For comparison, the right-
most map shows polycrystalline Cu on a foil annealed for just 1 h. Bottom
right: key orientation color map.

Ar/H2 environment. This procedure generates a single Cu(111) domain with a spatially

uniform in-plane orientation over the entire foil, which we have verified up to 16 cm

using bulk sensitive Laue x-ray diffraction (XRD) (Figure 7.1, insets) and surface sensitive

spatially-resolved backscatter electron diffraction (BSED) (Figure 7.2). Second, graphene

or h-BN is grown using carefully chosen growth parameters that reduce the nucleation

density, [247] suppress bilayer growth, [253, 254] and, most importantly, favor angular

correlation between graphene or h-BN grains and the underlying Cu(111) surface. [95,

100] The final results are continuous graphene and h-BN films (Figures 7.3b, middle and

7.3c, bottom); however, we often intentionally limit the growth time to produce a partial

coverage that facilitates characterization of individual grains.

The resulting graphene and h-BN films display uniform crystalline alignment, as we

confirm using several microscopy and spectroscopy techniques. In Figures 7.3 we show

false-colored dark field transmission electron microscope (DF-TEM) images of the grap-

77



(a) (b) (c)

Figure 7.3: (a) False-color DF-TEM image of a partial-coverage aligned graphene mono-
layer, where color indicates different crystalline orientations. (b) Diffraction
pattern explaining the DF-TEM color scheme, with colored circles indica-
ting crystalline angle (top). Comparison false-color DF-TEM images of a
continuous aligned graphene monolayer (middle) and monolayer graphene
with randomly oriented grains (bottom). (c) False-color DF-TEM images of a
partial-coverage aligned h-BN monolayer showing typical grain shape (top)
and long-range alignment (middle). Bottom: False-color DF-TEM image of a
continuous aligned h-BN film.

hene and h-BN transferred onto TEM grids, where each color represents a specific cry-

stallographic orientation (Figure 7.3b, top). [245] In partial-coverage graphene (Figure

7.3a), the majority of the islands (blue) have similar orientations across the imaged area

(∼ 300 µm), which is representative of the entire sample; this orientational uniformity

was also observed on continuous graphene films (Figure 7.3b, middle). This is in stark

contrast to the properties of graphene films grown under different conditions; for exam-

ple, a graphene sample grown using a method reported by Li et al. [99] exhibits small,

randomly oriented graphene grains (Figure 7.3b, bottom). We also find in Figure 7.3c that

the partial-coverage and continuous monolayer h-BN grown on our annealed Cu foil dis-

plays characteristically triangular domains with a long range alignment of the B-N bond

orientation (but not the polarity), while other growths lack this alignment. [255]
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7.2 ARPES Measurements of Aligned Graphene Films

Extending this promising growth technique to larger areas and using the resulting alig-

ned films in stacked electronic and optoelectronic devices will require quantitative kno-

wledge regarding both the film-substrate rotational alignment and the uniformity of the

electronic structure between different grains. We investigate these properties below for

the case of graphene. Angle resolved photoemission spectroscopy (ARPES) is an ideal

characterization tool, as it is sensitive to both the film and its Cu substrate and can easily

distinguish between the two. In particular, we simultaneously perform two types of AR-

PES measurements, an innovative capability of the ANTARES beamline at the SOLEIL

synchrotron. Conventional ARPES with a 90 µm photon beam spot (µ-ARPES) directly

measures the k-resolved electronic structure averaged over multiple grains, while nano-

spot ARPES with a 200 nm photon beam spot (n-ARPES) can probe a single grain (Figure

7.4).

A comparison between single- and multi-grain ARPES Fermi surface maps (Figures

7.4b and 7.4c) reveals the precise graphene inter-grain and graphene-Cu alignments. A

n-ARPES Fermi surface map acquired from the center of a single grain (Figure 7.4b; loca-

ted using a n-ARPES spatial map like the one in Figure 7.6d) appears nearly identical to

a map taken from many grains with µ-ARPES (Figure 7.4c). Both maps display six bright

spots (red in inset of Figure 7.4b) that correspond to the Fermi crossings of graphene’s Di-

rac cones near the K and K’ points. The angular widths of these spots (n-ARPES FWHM

= 2.4◦; µ-ARPES FWHM= 2.8◦) are similar in the two maps, demonstrating that all grains

measured with the large spot have nearly the same orientation (inset of Figure 7.4c). In

addition to the graphene spots, both maps display faint star-shaped curves (blue in inset

of Figure 7.4b) originating from the Cu substrate. These curves confirm that the copper

surface has a (111) orientation with a single azimuthal domain, based on comparison to

previous ARPES measurements [167, 246] and density functional theory (DFT) calcula-
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Figure 7.4: (a) n- and µ-ARPES beam spots overlaid on the DF-TEM image from Figure
7.3a; n-ARPES spot shown 10x larger than true size. (b) Symmetrized n-
ARPES Fermi surface showing photoelectron intensity integrated from (EF
- 30 meV) to (EF + 10 meV), acquired from a single grain with a 200 nm pho-
ton spot; inset: Schematics of the copper (blue) and graphene (red) features in
(b) and (c). (c) µ-ARPES Fermi surface similar to (b) but acquired using a 90
µm photon spot. Inset: n- and µ-ARPES photoelectron intensity along an arc
passing through one of the Dirac points.

tions. Our key findings are that the two Fermi surfaces belonging to graphene and Cu

are aligned to within 0.5◦, as determined by the coincidence of the graphene Γ-M high

symmetry axes with the Cu reflection symmetry axes, and that 92 ± 6% of the graphene

grown on the Cu(111) facet shares the same orientation (see Section 7.2.1).

7.2.1 Quantifying Alignment with ARPES

We use our experimental µ-ARPES Fermi surface, together with DFT calculations of bulk

Cu, to determine the graphene-Cu rotational alignment. Figure 7.5a shows the unsym-

metrized µ-ARPES Fermi surface, where the blue dots represent the extracted Cu Fermi

surface (as determined from Lorentzian fits to momentum distribution curves). For com-

parison, Figure 7.5a also shows the Cu Fermi surface calculated by DFT (solid black cur-

ves). To simulate this Fermi surface, we first interpolated the DFT energy eigenvalues
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Figure 7.5: (a) Non-symmetrized µ-ARPES map at EF with extracted Cu Fermi surface
(blue dots), a ring used to analyze the graphene Fermi surface (thin red curve),
a ring used to estimate the diffuse background (thin black curve), simulated
Cu(111) Fermi surface from DFT, high symmetry directions (black arrows),
and the Cu (011) direction (blue arrow). (b) Polar plot of the extracted Cu
Fermi surface from (a) (blue; left axis) and angular distribution of photoelec-
tron intensity along the red ring in (a) (red; right axis). Gaussian (Cu) and
Lorentzian (graphene) fits are shown as black curves. (c) Angular distributi-
ons of raw graphene intensity (light blue; from red ring in (a)), diffuse back-
ground (dark blue; from black ring in (a)), and their difference (red), along
with Lorentzian fits (black).

across a spherical surface in k-space that corresponds to a photoelectron kinetic energy of

95.7 eV and an inner potential of 13.5 eV. The Fermi surface itself was extracted by finding

a constant-energy contour (at EF = 0 eV) from the resulting three-dimensional dataset.

The experimental and theoretical Fermi surfaces closely agree. From this comparison,

we see that the Cu reflection symmetry axes (dashed black lines in Figure 7.5a) align with

the graphene Γ-M directions and that the graphene Γ-K direction is parallel to the Cu

(011) direction (dashed blue line in 7.5a). In real space, this corresponds to an alignment

between the graphene C-C bond direction and the Cu[211] direction, as expected for the

minimal-energy configuration of graphene on Cu(111). [256]

We now make a quantitative determination of the graphene-Cu alignment. In Figure

7.5b, we determine the precise angular locations of the Cu reflection symmetry axes to be

81



90.65◦ ± 0.02◦, 150.7◦ ± 0.3◦, and 210.69◦ ± 0.02◦. Figure 7.5b also shows the integrated

photoelectron intensity along an arc stretching from 1.70 Åto 1.76 Å(red ring in Figure

7.5a). This arc passes through the graphene Fermi surface and exhibits large peaks at the

K and K’ points. Since we cannot directly determine the graphene Γ-M directions, we

instead use Lorentzian fits to determine Γ-K directions and find their averages. We find

the Γ-K directions to be 60.41◦ ± 0.06◦, 120.15◦ ± 0.06◦, 180.08◦ ± 0.04◦, and 240.23◦ ±

0.05◦, and consequently estimate the Γ-M directions to be 90.28◦ ± 0.08◦, 150.12◦ ± 0.07◦,

and 210.16◦ ± 0.06◦. Due to the close agreement between the two sets of directions, we

estimate that the two lattices are aligned to within ∼ 0.5◦.

To determine the percentage of graphene grains within the aligned majority, we ex-

tract the integrated photoelectron intensity along two rings (red and black in Figure 7.5a)

and plot them in Figure 7.5c. The difference between the two represents graphene’s con-

tribution to the Fermi surface. The curve exhibits large peaks with 60◦ spacing that cor-

respond to the graphene K points. There are also smaller peaks (rotated from the large

ones by 30◦) that correspond to the K points of misaligned graphene. Since there appears

to be an angle-dependent intensity modulation of the data, we compare only the areas of

adjacent large and small peaks to estimate the graphene alignment. The peaks near 120◦

and 90◦ have areas of 920 ± 40 and 50 ± 40, respectively, corresponding to 95 ± 4% of the

graphene being aligned. The peaks near 180◦ and 210◦ have areas of 1120 ± 40 and 120 ±

50, respectively, corresponding to 90 ± 4% of the graphene being aligned. An average of

these values yields an overall alignment of 92 ± 6%. Note that the small peak at 150◦ is

unreliable due to its proximity to the Cu bands so we have excluded it from this analysis.
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7.2.2 Uniformity of Electronic Structure

In order to study the uniformity of the graphene’s electronic structure, we present k-

resolved spectra taken along the Γ-K direction both with n-ARPES (single grain; Figure

7.6b) and µ-ARPES (multi-grain; Figure 7.6a). They again show almost identical featu-

res, including a sharp graphene π-band and a manifold of Cu d-bands between 2 - 5

eV binding energy. For a more direct comparison, we plot the extracted dispersion of the

graphene π-band taken from several different grains measured using n-ARPES (dots with

different colors, Figure 7.6c) together with that of multi-grain µ-ARPES measurements

(solid line, Figure 7.6c). Any spatial variations in the grain orientation, Fermi velocity, or

doping level would be evident from these plots; instead, all dispersion curves show the

same characteristics, ensuring highly uniform electrical and optical properties. From both

our n-ARPES and µ-ARPES measurements, we extract a Fermi velocity of 1.04 ± 0.03 ×

106 m/s and a Dirac energy of 285 ± 30 meV (measured from the Fermi level, indicating

electron doping), all in close agreement with previously reported values. [246, 257, 258]

Altogether, our n-ARPES and µ-ARPES data reveal a well-defined electronic structure (as

expected from a single crystal) that exists despite its origin in many individual grains;

the n-ARPES data in particular provides a quantitative understanding of inter-grain alig-

nment that has been unavailable in previous ARPES studies of aligned graphene films.

[258]

n-ARPES spatial maps such as the one in Figure 7.6d were generated by measuring

many spectra with the same emission angles over a grid of spatial points. The maps

themselves represent the total photoelectron intensity within a narrow region of (energy,

angle) space. By choosing a region near the Fermi level at the Dirac momentum (dashed

box in Figure 7.6b), we generated maps that are only sensitive to graphene grains oriented

near the macroscopic average. However, some of the grains appear to exhibit some non-

homogeneity, with higher intensity in the center.

83



(a) (d)

2.01.0
k|| (Å-1)

-6

-5

-4

-3

-2

-1

0
E 

- E
F (

eV
)

2.01.0
-6

-5

-4

-3

-2

-1

0(b)

k|| (Å-1)

E 
- E

F (
eV

)

graphene 
π-band

Cu 
d-bands

0.1 mm

(c)

E 
- E

F (
eV

)

μ-ARPES

k|| (Å-1)
1.701.65

-0.8

-0.6

-0.4

-0.2

0.0
 Grain 1
 Grain 2
 Grain 3

EDirac

Figure 7.6: (a) A valence band spectrum along the graphene Γ-K direction using the 90 µm
spot. (b) A valence band spectrum along the graphene Γ-K direction acquired
from the center of a single graphene grain. Dotted box: region used to form
map in (d). (c) Several Γ-K cuts acquired on separate individual graphene
grains nearly 200 µm apart (colored circles), and a Γ-K cut acquired using the
90 µm spot (black line). (d) 200 × 150 µm2 (2 µm step size) n-ARPES spatial
map showing aligned graphene grains.

To address the nature of these bright spots, we present additional n-ARPES data. Fi-

gure 7.7b shows some of these grains with higher spatial resolution, while Figure 7.7c

is a map of the copper d-band intensity over the same spatial region. By comparing the

blue boxes in Figures 7.7b-c, we can see that increased graphene intensity corresponds to

a decrease in copper intensity. This situation is expected for bilayer graphene, where the

extra graphene layer diminishes the intensity of photoelectrons emitted from the under-

lying copper. The ARPES spectrum in Figure 7.7d, which was integrated over the bright

graphene regions, confirms this hypothesis by demonstrating clear bilayer behavior. In

contrast, Figure 7.7a shows an ARPES spectrum which was integrated over the dashed

red boxes in the spatial maps. These grains exhibit produce normal monolayer spectra.

These bilayer regions are only observed near the centers of a small fraction of the

graphene grains, and no bilayer signal is detectable in our µ-ARPES data. We therefore

conclude that the bilayer coverage is insignificant. In any case, the bilayer presence can
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Figure 7.7: (a) Valence band spectrum along the graphene Γ-K direction integrated over
the dashed red boxes in (b)/(c). (b) n-ARPES spatial map showing the photoe-
mission intensity from the graphene π band near EF . (c) n-ARPES spatial map
showing the photoemission intensity from the Cu d bands. (d) Valence band
spectrum along the graphene Γ-K direction integrated over the blue boxes in
(b)/(c).

be minimized by fine-tuning the graphene growth parameters. Finally, we note that we

specifically avoided bilayer regions while acquiring the n-ARPES data shown in Figures

7.4b, 7.6b, and 7.6c.

7.3 Aligned Growth Over Centimeters

These observations suggest that our approach can generate an arbitrarily large graphene

film with a crystalline electronic structure, and we demonstrate this ability below. First,

the BSED data in Figure 7.2 confirm the large scale alignment of our Cu foil after thermal

recrystallization. Here, the constant color displayed in the out-of-plane (z) and in-plane

(y) maps indicates a Cu(111) surface with a single rotational domain across the entire 12

cm sample. After graphene growth, low energy electron diffraction (LEED) patterns (Fi-

gure 7.8a) acquired from several different spots (as far as 7 mm apart) on a single sample

demonstrate the preservation of the graphene-Cu and graphene inter-grain alignment.
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(a) (b)

Figure 7.8: (a) Eight LEED patterns recorded from a grid of spatial locations on a sin-
gle sample. (b) LEED pattern recorded from a different sample with many
randomly-oriented grains. All images were taken at 145 eV.

This is evident in the presence of a single set of graphene diffraction spots with constant

azimuthal orientation, as well as the apparent overlap of the graphene and copper spots.

In contrast, LEED from a non-aligned film (7.8b) clearly shows a ring due to the many

randomly-oriented graphene domains. The optical images in Figure 7.9 are consistent

with these measurements, showing the edges of the graphene islands to be aligned over

an entire 2.5 cm sample.

The graphene alignment can be characterized by the fraction of the Cu foil with a

Cu(111) surface and by the percentage of aligned graphene grains on the Cu(111) areas.

We estimate that 95% of the Cu foil is Cu(111) after thermal recrystallization, based on

our optical images. After growth, 95% of the graphene grown on the Cu(111) facet shares

the same orientation, based on our ARPES and DF-TEM data. These results represent a

significant improvement over existing studies and point to strategies for increasing the

overall alignment. For example, we note that the end result of an annealing process is

extremely sensitive to the initial state of the material. For this reason, manufacturing
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Figure 7.9: Optical image of large postanneal Cu foil (bottom) and optical dark-field ima-
ges of the graphene on the Cu foil taken from the locations indicated below,
where dotted lines (green) highlight the graphene edge orientation. The con-
trast in the optical image is caused by macroscopic bending of the copper foil.

processes play a large role in determining the post-anneal surface of a Cu foil: cold-rolled

Cu foil typically recrystallizes with a Cu(001) surface after a long anneal, [259, 260] while

electrodeposited foils are able to provide various recrystallized surface planes. [261, 262]

Certain annealing conditions can even produce multi-faceted surfaces from cold-rolled

Cu. [256] The high efficiency of thermal recrystallization in polycrystalline Nilaco foil

is likely facilitated by a manufacturing process that produced a favorable distribution of

surface orientations and grain sizes. Optimization of foil production in conjunction with

ideal annealing conditions could therefore further improve the efficiency of the thermal

recrystallization. In terms of growth, the complex interplay between a growing graphene

grain and the Cu surface beneath it can contribute to misalignment. Attempts at growth

on molten copper [247] encounter limited film alignment due to the highly malleable Cu

surface. Even for a (111) surface, growth dynamics have been found to depend sensitively

on thermodynamic variables such as temperature and pressure, [263] surface morphology

and defects, [95, 264] and relative growth orientation. [265] Further control of the growth

process can be achieved by applying results from recent studies. [247]
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7.4 Forming and Controlling Twisted Graphene Bilayers

Large scale 2D films with structural uniformity, such as the graphene and h-BN we pre-

sent in this paper, are ideal building blocks for artificial stacked materials that require

precise control of the interlayer rotation angle θ. Initial exploration of this rotational de-

gree of freedom, which is not accessible to layered synthesis techniques like molecular

beam epitaxy or pulsed laser deposition, has already revealed several θ-dependent elec-

trical and optical phenomena in bilayers of graphene, [10, 266] h-BN, [267] and molyb-

denum disulfide (MoS2), [268] as well as graphene/h-BN heterostructures. [11, 155, 269,

270] Tuning these θ-dependent behaviors on macroscopic scales has been untenable so

far, as CVD grown bilayers exhibit multiple interlayer rotations, [271] and stacked po-

lycrystalline layers result in physical properties averaged over many random θ domains

(see Figure 7.10a).

In Figure 7.10, we show the fabrication of large scale twisted bilayer graphene (tBLG)

with a uniform twist angle θ for the first time, demonstrating the potential of our appro-

ach. tBLG is a model vertical heterostructure because of its strongly θ-dependent optical

properties, [10, 272] and because it can easily be created using the many available techni-

ques for transferring graphene from Cu foils onto arbitrary target substrates. [99, 273,

274] To form tBLG, we serially transfer two graphene layers to the same substrate, follo-

wed by a short anneal to promote interlayer adhesion. We confirm the resulting stack’s

high quality using Raman spectroscopy (not shown here). We subsequently assess the θ

uniformity of the resulting sample using spatially resolved hyperspectral imaging. [10]

More specifically, two coupled graphene layers exhibit an optical absorption peak whose

energy has a precisely known relationship to θ. Optical spectra taken from different lo-

cations on our tBLG are shown in Figure 7.10b; each region exhibits a peak with almost

identical position, magnitude, and width confirming the effective interlayer coupling and

the tight angular spread, with the energy (∼ 3.2 eV) corresponding to θ ∼ 20◦. Area his-
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Figure 7.10: (a) Illustration showing the benefits of aligned graphene (right) in artificial
stacks as opposed to graphene with randomly oriented grains (left). (b) Op-
tical reflection spectra at different locations on a single tBLG sample on a
fused silica substrate, compared to Bernal stacked bilayer graphene (black
curve). In this geometry, the differential change in reflection due to the grap-
hene, ∆R/R, is proportional to the graphene’s absorption. Spectra are offset
for clarity. Inset: schematic indicating the location where each spectrum was
taken. (c) A histogram of area vs twist angle compiled from hyperspectral
absorption measurements taken from two samples, over an area of 400× 400
µm2 each. Superimposed in (c) are Gaussian fits to the histograms. The peak
position (θp) and full with at half-maximum (fwhm) are (θp, fwhm) = (19.9◦,
1.3◦) and (22.8◦, 1.4◦) for the two samples. Inset: Illustration of the aligned
transfer process.

tograms of θ similarly measured from two separate samples are shown in Figure 7.10c,

demonstrating the spatial uniformity of our large scale tBLG with different average θ.

The two samples show sharp peaks in the histogram with FWHMs of 1.3◦ and 1.4◦ which

include 88% and 93% of the total bilayer areas, respectively. While more precise θ va-

lues will require control of the rippling and strain in the PMMA supporting scaffold used

for the transfers, [275] the well-defined crystalline orientation of our films successfully

eliminates the predominant source of non-uniformity.
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7.5 ARPES Measurements of Twisted Graphene Bilayers

Although ARPES measurements have previously been performed on tBLG, these experi-

ments have relied on as-grown bilayers formed with small domains of random interlayer

twist angles. This approach is not ideal for investigating tBLG with specific twist angles

since regions with the desired θ can only be identified by scanning multiple locations on

the sample. Small domains require small photon spot sizes that can only be achieved with

synchrotron light sources, while the process of determining the local twist angle requires

a Fermi surface map which consumes large amounts of limited beamtime.

The procedure described in Section 7.4 offers an alternative approach in which tBLG

with a controllable uniform θ can be measured by ARPES. To obtain tBLG samples of suffi-

cient cleanliness for ARPES, Cu(111) films are first sputtered on MgAl2O4(111) substrates,

followed by graphene growth as described above. After growth, the samples are cut in

half, with one half of the graphene transferred to the other half using a standard PMMA-

based transfer. Control over the twist angle can be achieved using the substrate edges as

a reference. The resulting sample consists of an as-grown graphene film on Cu(111) and

a transferred graphene layer above it (Figure 7.10c, inset). To ensure that minimal bilayer

regions exist in the as-grown film, growth is intentionally limited to sub-monolayer films.

Figure 7.11 shows an optical image of sub-monolayer graphene on Cu(111)/

MgAl2O4(111), captured in differential interference contrast (DIC) mode. Graphene

grains are visible as roughly hexagonal regions with a smooth appearance, while expo-

sed copper regions appear as mottled areas. The dark black circles are etch pits in the Cu

layer. Based on this image and others from across the entire sample, this particular film

consists of graphene grains with diameter∼ 20 - 40 µm that cover 60 - 80 % of the surface.

Following growth and optical characterization, this film was processed into tBLG with a

target θ of 3◦. PMMA residue was removed from the surface by annealing in Ar and H2
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Figure 7.11: (a) DIC optical image of partial-coverage monolayer graphene on
Cu(111)/MgAl2O4(111) (b) LEED pattern captured with 70 eV electrons from
tBLG with θtarget = 3◦ (formed from the film shown in (a)). Solid arrow: two
sets of twisted graphene spots. Dashed arrow: signal from misaligned grains.

at 350 ◦C. After a transfer through air from Cornell to France, the sample was introduced

into the ANTARES vacuum system at the SOLEIL synchrotron and cleaned by vacuum

annealing at 350 ◦C for several hours. Figure 7.11b shows a LEED image of this sample.

Two sets of bright graphene spots are visible, corresponding to the two layers, while a

fainter set of spots results from a small population of grains misaligned by 30◦. The twist

angle determined by LEED is ∼5◦, slightly larger than the target.

In tBLG, the Dirac cones of the two graphene layers intersect in momentum space at

a point midway between the K points of the two crystals (K1 and K2), as shown sche-

matically in Figure 7.12a. When the two layers are coupled electronically, a gap opens at

the crossing point, leading to a profound change in the constant energy contours (Figure

7.12b). In particular, at an energy just below the crossing, the contour changes from two

overlapping triangular features (Figure 7.12b, dashed black lines) to a smaller ovoid con-

tour contained within a larger contour (Figure 7.12b, solid black lines). This topology, in

conjunction with the gap shown in 7.12a, is a signature of interlayer interaction in tBLG.

Figures 7.12c-d show µ-ARPES measured from the sample with θtarget = 3◦. Two Di-
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Figure 7.12: Energy vs. momentum cuts passing through K1 and K2 (top row) and con-
stant energy contours (bottom row) for tBLG. (a)-(b) Schematic electronic
structure for interacting (solid lines) and non-interacting (dashed lines) ca-
ses. (c)-(d) µ-ARPES showing two noninteracting Dirac cones. Dashed lines
in (c) indicate the Dirac energies for each cone. The binding energy for (d)
is marked as a solid line in (c). (e)-(f) n-ARPES showing interacting Dirac
cones. Circles in (e) indicate band positions determined by fits to EDCs. The
binding energy for (f) is marked as a solid line in (e). The arrows in (b) and
(f) highlight the avoided crossing induced by interlayer interaction.

rac cones are clearly visible in Figure 7.12c, with a twist angle close to 5◦, in agreement

with LEED. Based on the location of the Dirac energies for each layer (dashed lines in

Figure 7.12c), the cone at K1 originates from the as-grown layer while K2 is the K point of

the transferred graphene layer. A constant energy contour below the Dirac cone crossing

energy (Figure 7.12d; energy indicated by solid line in Figure 7.12c) shows two overlap-

ping contours, while no gap is observed in the energy vs. momentum cut. µ-ARPES has

a photon spot size of 100 µm, resulting in an average over many grains. In this case, non-
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overlapping regions in each layer contribute monolayer graphene photoemission signals

that obscure any sign of interlayer interaction. Additionally, despite the care taken to

produce clean samples, some of the overlapping regions may be contaminated by resi-

due from the transfer process, further reducing the signal from electronically interacting

tBLG.

n-ARPES has a much smaller spot size (∼ 200 nm) and is capable of revealing the

electronic structure from a single region of clean overlapped graphene grains. To iden-

tify such regions, n-ARPES spectra were measured across a grid of positions covering a

150 × 150 µm2 area. By azimuthally rotating the sample so that either the Γ-K1 or Γ-K2

direction is aligned with the electron analyzer slit, it is possible to selectively measure

the as-grown and transferred graphene layers. Figure 7.13a-b show spatially-averaged

spectra from the entire region. By integrating the photoelectron intensity near the Fermi

energy, it is possible to generate spatial maps showing the presence of graphene (Figure

7.13c-d). Alternatively, the photoelectron intensity at higher binding energy can be used

to generate a spatial map of the Cu d-band strength (Figure 7.13e-f).

The Cu intensity in Figures 7.13e-f is not sensitive to the graphene orientation or qua-

lity and can therefore be used to align the two maps. Several clear features, such as the

large circular dark regions, are visible in both maps, indicating that the beam spot stayed

focused on the same area after rotating the sample. However, the graphene intensity

shown in Figures 7.13c-d is markedly different for the two different sample orientations.

Bright areas∼20 - 30 µm in size are apparent, in good agreement with the graphene grain

size determined optically in Figure 7.11a. Additional smaller regions exist, which may

represent subsections of otherwise dirty or misaligned grains. The red arrows in Figures

7.13c-e mark a particular area with high intensity in both graphene maps, indicating the

presence of clean tBLG.

To probe the electronic structure of this region, radial ARPES spectra were captured
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Figure 7.13: (a)-(b) n-ARPES spectra averaged over a 150× 150 µm2 area (c)-(d) n-ARPES
spatial maps showing graphene photoemission intensity determined by the
dashed black boxes in (a) and (b). (c)-(d) n-ARPES spatial maps showing
Cu photoemission intensity determined by the dashed white boxes in (a)-(b).
Top row: transferred graphene layer. Bottom row: as-grown graphene layer.
Red arrows indicate a tBLG region.

while rotating the sample azimuthally between K1 and K2. Because of a small misalign-

ment in the photon spot, the sample also needed to be simultaneously translated in the

in-plane directions to keep the spot centered on the tBLG region. The results are shown

in Figure 7.12e-f, where two Dirac cones are observed with a twist angle of∼ 4.2◦, slightly

smaller than the macroscopic average, indicating a small variation in the graphene grain

alignment across the sample. An energy vs. momentum cut passing through the two K

points clearly shows a gap of∼ 200 meV opening where the two Dirac cones cross (Figure

7.12e), in contrast to the non-interacting spectra in Figure 7.12c and in good agreement

with previously published ARPES measurements on a sample with θ ∼ 5.6◦ [279]. A con-
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stant energy map below the crossing point also shows the expected topology for tBLG,

where the bands have split into inner and outer contours.

7.6 Conclusions

In conclusion, we present a scalable method for growing single layer graphene and h-BN

on inexpensive Cu foils which results in films with uniform orientation and electronic

structure potentially over arbitrarily large distances. We then use these films to create ho-

mogeneously oriented tBLG with a uniform twist angle θ throughout. Some challenges

remain, such as further optimizing and scaling the Cu recrystallization process, under-

standing the detailed growth dynamics, and creating a stronger transfer scaffold to better

maintain the orientation uniformity. Nonetheless, the concepts of our growth method de-

monstrate great promise as they can be generalized for growing other uniform 2D mate-

rials grown on recrystallized metal surfaces. Furthermore, our results offer new avenues

for implementing 2D materials in real-world devices, as well as exploring new phases of

electronic matter in heterostructures based on 2D materials.
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Chapter 8

Van der Waals Heterostructure of a 2D

Dirac Nodal Line Material and Graphene

As bulk materials are scaled down to the two dimensional (2D) limit, their properties of-

ten exhibit dramatic modifications such as an increase in mobility [140], a change in band

gap character [173], or a metal-insulator transition [276]. Combining these materials into

van der Waals (vdW) heterostructures allows additional control of their properties and

can even cause them to display entirely new phenomena, offering the promise of novel

optical and electronic devices[155]. In particular, interfacing the relativistic Dirac fermi-

ons in graphene with other exotic two-dimensional electronic materials has led to a di-

verse playground for creating heterostructures with novel emergent electronic properties.

Here we demonstrate the first realization of a vdW heterostructure between two Dirac se-

mimetals: graphene and monolayer Cu2Si. Cu2Si has recently been demonstrated to be a
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two-dimensional Dirac nodal line semimetal whose topologically nontrivial valence and

conduction bands touch along an extended contour near the Fermi energy (EF ) [277], and

whose nodal loops are protected by mirror reflection symmetry.

Cu2Si has no bulk form, existing instead as an ordered surface alloy on Cu(111) or

Si(111) surfaces. It can only be formed by deposition or the migration of impurities from

within a bulk crystal, precluding synthesis by traditional exfoliation methods. Howe-

ver, the ability to grow graphene on Cu(111) by chemical vapor deposition (CVD) sugge-

sts the possibility of realizing epitaxial heterostructures of graphene/Cu2Si on a Cu(111)

substrate. These vdW heterostructures would host a unique interface between two Dirac

materials, where the larger lattice constant of Cu2Si would also apply a supercell potential

to the graphene, further modifying its electronic structure.

8.1 Heterostructure Growth and Basic Characterization

Heterostructures of graphene/Cu2Si were synthesized by CVD on Cu(111) substrates

following a growth recipe known to produce highly aligned graphene over length sca-

les exceeding 10 cm [13]. Samples of Cu2Si were synthesized both with and without

the presence of a sub-monolayer graphene overlayer, depending on whether methane

was flowed in the CVD tube as the final step in the group process. Following growth,

samples were annealed at 500-600◦ C for 1 hour at better than 10−7 Torr in a separate

UHV measurement system, and then studied using a combination of x-ray photoemission

spectroscopy (XPS), low-energy electron diffraction (LEED), and angle-resolved photoe-

mission spectroscopy (ARPES). Density functional theory (DFT) calculations of mono-

layer surface alloys were performed using WIEN2k. [216] The bulk Cu lattice constant

was used without any structural relaxation, a vacuum spacing of 18 Å separated the slabs,

and 27 x 27 x 1 k points were used in the irreducible Brillouin zone.
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Figure 8.1: (a) Side views of a graphene/Cu2Si heterostructure on a Cu(111) substrate (b)
Top view of the uppermost layer of a Cu(111) surface (top), a Cu2Si monolayer
(middle), and Cu2Si + graphene (bottom) with unit cells outlined in black

Figure 8.1 shows the crystal structure of a graphene/Cu2Si/Cu(111) junction. Cu2Si

can be understood as a continuation of Cu(111) where one third of the upper Cu atoms are

replaced by Si. XPS confirms the presence of Si following the growth process (Figure 8.2a),

while angle-dependent XPS shows increased Si intensity at grazing angles, indicating that

the Si is confined to the surface region (Figure 8.2b). The extracted Si intensity (relative to

Cu) is in qualitative agreement with a simple model consisting of a monolayer of Cu2Si

on bulk Cu, assuming an escape depth of λ = 1.5 monolayers.

Cu2Si consists of a hexagonal Si lattice intertwined with a honeycomb Cu lattice, modi-

fying the Cu(111) surface with a
√

3×
√

3R30◦ supercell potential that is also applied to the

graphene above. LEED measurements of a sample without graphene confirm this aspect

of the heterostructure, where diffraction spots from Cu(111) and a Cu2Si overlayer are

evident (Figure 8.3b). The extracted lattice constant for the Cu2Si is 4.24 ± 0.07 Å, which

is ∼ 4% smaller than the expected
√

3 × 2.55 Å = 4.42 Å for a true Cu(111)
√

3 ×
√

3R30◦

supercell. However, it is close to a graphene
√

3 ×
√

3R30◦ supercell (4.26 Å), indicating
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Figure 8.2: (a) XPS spectra showing the appearance of Si on a Cu foil following thermal re-
crystallization. (b) Angle-resolved XPS data demonstrating the concentration
of Si near the sample surface.

aCu = 2.55 Å

aCu2Si = 4.24 ± 0.07 Å

aGraphene = 2.46 Å
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     Cu
+ graphene arc

graphene arc

(c)

Cu

Cu2Si
Graphene

60 eV

Cu

Cu

Cu2Si
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Figure 8.3: Crystallinity of Cu2Si on Cu(111). (a) Schematic representing all observed
LEED spots. (b) LEED image measured with 60 eV electrons showing spots
from Cu, Cu2Si, and their moiré. (c) LEED image measured with 120 eV elec-
trons showing features from graphene, Cu, and Cu2Si.

that the Cu2Si layer has relaxed to a lattice constant that is ideal for forming an epitaxial

interface with graphene. Figure 8.3c shows distinct sets of diffraction spots from Cu(111),

Cu2Si, and graphene, demonstrating the close rotational alignment between the materials

in a full heterostructure, while Figure 8.3a summarizes the observed LEED patterns.
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8.2 Electronic Structure of Graphene/Cu2Si Heterostructures

Many vdW heterostructures harness a lattice mismatch to apply a 2D periodic poten-

tial to each layer. Examples include the moiré potential arising from the different lattice

constants of graphene and h-BN which has facilitated the observation of Hofstadter’s

butterfly, [11, 269, 270] as well as twisted bilayers of graphene or MoS2 which exhibit

twist-angle-dependent band gaps. [278–280] In a graphene/Cu2Si heterostructure, the
√

3 ×
√

3R30◦ potential should cause band folding in the graphene layer, producing a

new Dirac cone at the center of its Brillouin zone. This modified electronic structure may

increase the interaction strength between graphene and Cu2Si, since the Dirac fermions in

Cu2Si also occur at small momenta, and would also allow experimental techniques that

are restricted to small momenta, such as laser ARPES, to access graphene’s Dirac cone.

Other vdW heterostructures utilize proximity effects between topological materials,

where, for example, high density interfacial carriers and large induced spin-orbit cou-

pling are observed in graphene on Bi2Se3 [281, 282]. Similar effects may also be present in

a graphene/Cu2Si junction.

To investigate the graphene and confirm the topological nature of Cu2Si, we perform

ARPES measurements that separately reveal the electronic structure from the Cu(111)

substrate, the graphene, and the Cu2Si. Figure 8.4a shows a constant energy momentum

space map (at the graphene Dirac energy EDirac) measured near the edge (center) of the

graphene Brillouin zone using 100 eV (40.8 eV) photons. The nearly continuous outer

star-like structure is attributed to the Cu sp bands, in accordance with its agreement with

band structure calculations and previous ARPES measurements [13]. The Dirac cones

of the graphene are apparent as bright circular features centered on the K points of the

graphene Brillouin zone. The two remaining features − a roughly circular feature near Γ

and a fainter triangular feature visible close to the Dirac cones − are neither attributable
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Figure 8.4: ARPES from graphene, Cu2Si, and Cu(111). (a) ARPES constant energy map
of a graphene/Cu2Si/Cu sample, measured at the Dirac energy of the grap-
hene. The edge (center) is obtained using 100 eV (40.8 eV) photons. (b) ARPES
spectrum measured near the Γ point along the Γ-K direction of the graphene
with 40.8 eV photons. (c) ARPES spectrum measured near the graphene K
point with 100 eV photons (d) Schematic of the visible features from part (a).
(e) Schematic of all bands observed along the Γ-K direction of the graphene.
Inset: schematic showing the direction of the cut in momentum space used in
(b), (c), and (e).

to Cu sp nor graphene π bands, even when considering band folding or energy shifts, and

are therefore attributed to the Cu2Si.

An ARPES spectrum measured near Γ (Figure 8.4b) with 40.8 eV photons reveals a
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Sample Type Band hν (eV) vF (106 m/s) kF (Å−1)

Graphene/Cu2Si on Cu film Sα 40.8 0.85± 0.03 0.113± 0.004

Graphene/Cu2Si on Cu film Sα 21.2 0.87± 0.04 −

Graphene/Cu2Si on Cu foil Sβ 100 0.89± 0.03 0.10± 0.03

Graphene/Cu2Si on Cu film Sβ 40.8 0.85± 0.07 −

Cu2Si on Cu foil Sβ 40.8 0.85± 0.07 −

Table 8.1: Extracted band parameters from Cu2Si. kF for band Sβ is measured relative to
the second Cu2Si Γ point.

hole-like, nearly linear band (Sα) rather than the electron-like parabolic L-gap surface

state typically observed on clean Cu(111) [283] or graphene/Cu(111) [167]. Similarly,

a spectrum measured close to the graphene K point (Figure 8.4c) clearly shows that the

triangular features arise from a band (Sβ) that is distinct from the Cu and graphene bands.

As shown in Table 8.1, Sα and Sβ exhibit quantitatively consistent Fermi velocities and

wavevectors near 0.87 × 106 m/s and 0.11 Å−1, respectively, indicating that they both

arise from the Cu2Si surface layer. Additional measurements of Sα (Sβ) with 21.2 eV (40.8

eV) photons reveal unchanged Fermi velocities, confirming their 2D character as expected

for states originating in an atomically thin material.

Previous ARPES studies of binary 2D surface alloys formed by p-block elements on

(111) transition metal surfaces [284–289] reveal a universal low energy band structure

consisting of two hole-like bands near the Γ point, where the inner band (S1 or A) has

predominantly spz character and appears circular in constant energy maps, while the ou-

ter band (S2 or B) has pxpy character and exhibits a hexagonally-distorted flower shape

[284]. In the Ag2Ge/Ag(111) system, S1 and S2 exhibit nearly identical Fermi velocities,

and photoemission matrix elements result in a triangular appearance of S2 near the se-

cond Γ point [285, 288]. Spin-orbit coupling is already insignificant in Ag2Ge/Ag(111),

so the band structure of the isoelectronic Cu2Si/Cu(111) system is expected to be qualita-
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tively similar, leading us to identify Sα (Sβ) with S1 (S2). We attribute the absence of Sβ

(Sα) near Γ (2Γ) to variations in photoemission intensity with photon energy. The Fermi

velocities in Table 8.1 and the overall band structure are also identical to recent ARPES

measurements of Cu2Si, although the Fermi level in our films is pushed upwards by ∼

0.5 eV relative to Feng et al. [277], possibly due to charge transfer resulting from different

growth techniques. These observations together demonstrate that the Cu2Si in our films

has the expected topological line node electronic structure, although the Dirac nodes in

our films are not clearly visible due to overlap with the bulk Cu d band manifold.

8.3 Spatially Mapping with Nano-ARPES

To confirm that the system is a vertically stacked vdW heterostructure, as opposed to spa-

tially distinct regions of graphene and Cu2Si, we also perform ARPES with sub-micron

spatial resolution at the ANTARES beamline of the SOLEIL synchrotron. First, a spatial

map of graphene grains that are oriented with their Γ-K directions along the slit of the

electron analyzer (Figure 8.5b) is generated by measuring the total photoemission inten-

sity from the graphene π band as a function of position. A spectrum averaged over the

grains (Figure 8.5c) show clear bands from both graphene and Cu2Si, while spectra avera-

ged over the inter-grain areas (Figure 8.5a) show only a faint signal from small misaligned

graphene grains. These observations restrict any possible inhomogeneity to length sca-

les much smaller than the photon beam (∼ 200 nm) and ensure that the majority of the

measured photoelectrons originate from vertical heterojunctions between graphene and

Cu2Si.
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Figure 8.5: (a) - (c) Nano-ARPES data showing (b) a spatial map of individual graphene
grains along with spectra measured (c) on and (a) off the grains. (d) Perpen-
dicular cut through the graphene K point showing a gapped Dirac cone (e) -
(f) DFT band structures for monolayers of (e) Cu2Si, (f) Cu2Al, and (f) Cu2Sn,
with symmetry-protected band crossings lighlighted with red circles.

8.4 Extension to Other Ordered Surface Alloys

Although we have formed vdW heterostructures of graphene in epitaxial registry with

2D Cu2Si, the graphene’s band structure has not been altered by the
√

3×
√

3R30◦ poten-

tial or interaction with the Cu2Si bands. No folded Dirac cone replica is visible near Γ,

and the Cu2Si bands do not cross the graphene bands (Figure 8.4). Furthermore, Figure

8.5d shows a cut through the graphene Dirac cone measured perpendicular to the Γ - K

direction using 100 eV photons. Fits to the spectrum show that the Fermi velocity (0.96 ±

0.05× 106 m/s), Dirac energy (-0.19± 0.02 eV), and gap (0.38± 0.04 eV) are all typical for

graphene on Cu(111).

Surface roughness or incomplete Cu2Si coverage may interfere with the long range
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order necessary to induce band folding in the graphene layer. Finer control over the

Cu2Si layers can likely be achieved by depositing Si via silane gas rather than relying

on sublimation from a quartz tube. The successful realization of either graphene band

folding or a graphene/Cu2Si band crossing could introduce a gap to the graphene’s band

structure, significantly modifying its optoelectronic properties in a simple and elegant

way. This system is particularly promising because Cu2Si also forms on the Si(111) surface

[290–292], offering the possibility for back-gating, and recent calculations show that Cu2Si

may be stable even without a substrate [293], although removing Cu2Si from Cu is not

straightforward since it interacts strongly with the Cu(111) surface and traditional Cu

etching techniques also destroy Cu2Si.

The existence of this graphene/Cu2Si heterostructure and its simple formation by a

combination of annealing and CVD growth suggests an alternative to the traditional ap-

proach to vdW heterostructure formation. Rather than stacking individual layers that

have been independently synthesized, heterostructures can be created using two steps

that occur sequentially within a single manifold: (1) the formation of an ordered 2D sur-

face alloy on a crystalline substrate, followed by (2) CVD with growth conditions cho-

sen to favor large-scale epitaxy. These two steps can be independently optimized to

produce a clean and ordered interface of arbitrary size without exfoliation, transfer, or

any other type of complex synthesis. The large library of known ordered 2D surface al-

loys would allow for tuning the lattice mismatch, spin-orbit coupling, and topological

properties of vdW heterostructures formed in this way, providing a rich arena for stu-

dying new devices. As a simple extension of the graphene/Cu2Si/Cu(111) heterostruc-

tures considered here, it should also be possible to form graphene/Cu2Al/Cu(111) and

graphene/Cu2Sn/Cu(111). These ordered surface alloys are known to adopt the same

crystal structure as Cu2Si, [294–296] and DFT calculations for monolayers of these mate-

rials (Figure 8.5e-g) show that they retain the same symmetry-protected band crossings

of Cu2Si and are therefore expected to also be 2D Dirac nodal line semimetals.
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8.5 Conclusions

Here we have formed a vdW heterostructure of two 2D Dirac semimetals without any

transfer or mechanical stacking. In particular, we form Cu2Si, which serves to modify the

lattice constant and electronic structure of the underlying Cu(111) substrate, in epitaxial

registry with graphene. XPS and LEED demonstrate an ordered concentration of Si at

the sample surface, and ARPES measurements reveal the 2D Cu2Si bands. Although the

band structure of the graphene is unchanged by the presence of Cu2Si, there is a clear

route for improving the device quality, and extending this architecture to the large library

of available 2D materials (such as the transition metal dichalcogenides) and surface alloys

would allow the interlayer interactions to be tuned for optimized control of optoelectronic

properties.
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Chapter 9

Electronic Structure of SnSe2 Films

Grown By Molecular Beam Epitaxy

Tin-based chalcogenides (SnXn for X = S, Se, Te and n = 1, 2) have recently attracted

significant interest as high performance thermoelectrics, [297, 298] topological crystal-

line insulators, [299, 300] and components in optoelectronic devices, [301–304] where the

high Earth abundance and low toxicity of Sn could facilitate the commercial use of these

materials. SnSe2 in particular has been shown to exhibit gate-induced interface supercon-

ductivity, [305] while its large work function and broken band gap alignment with WSe2

makes it an ideal candidate for high efficiency two-dimensional heterojunction interlayer

tunneling field effect transistors (Thin-TFETs). [19, 306]

SnSe2 was first synthesized in 1956 [307] and its electronic structure has been studied

experimentally and theoretically since the 1960s. [308, 309] Nevertheless, important pro-

perties such as the dimensionality of its band structure, the locations of its conduction

band minimum (CBM) and valence band maximum (VBM), and the differences between
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Figure 9.1: 1T -SnSe2 crystal structure viewed from the top and side

bulk and few-layer films remain unresolved. In this report, we synthesize many- and

few-layer films of SnSe2 by molecular beam epitaxy (MBE) and study their electronic

structure using angle-resolved photoemission spectroscopy (ARPES). Along with com-

parisons to density functional theory (DFT) calculations, these measurements highlight

the importance of spin-orbit coupling (SOC) for SnSe2 and address some of the discre-

pancies present in the previous literature.

As shown in Figure 9.1, SnSe2 crystallizes in a layered structure of Se-Sn-Se sheets

having octahedral Sn coordination [310, 311]. The most common polytype contains one

formula unit per unit cell and belongs to space group 164 (P 3̄m1). This structure is va-

riously referred to as 2H (in the modified Ramsdell notation used to describe CdI2-type

structures, where 2 refers to the number of Se layers in the unit cell [177, 178, 312]) or

1T (in the typical notation for layered transition metal dichalcogenides [TMDs], where 1

refers to the number of Se-Sn-Se minimal sandwiches [168, 179, 180]). Unfortunately, 2H

also refers to the structure of TMDs having trigonal prismatic metal coordination and two

chalcogen-metal-chalcogen triple layers per unit cell, such as 2H-MoS2. [181] In recent ye-

ars the prevalence of 2H-MoS2 in the physics, chemistry, and materials science research

communities has led to confusion in the SnSe2 literature, where, for example, Matetskiy

et al. [313] compare ARPES measurements of SnSe2 films to DFT calculations for SnSe2

monolayers having an energetically-unfavorable trigonal prismatic Sn coordination that

has never been observed experimentally. [314]
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(a) (b)

Figure 9.2: LEED patterns acquired with 50 eV electrons from (a) a 69 ML film and (b) a
3-4 ML film

9.1 Film Growth and Characterization

1T -SnSe2 films were grown by MBE on n+-GaAs(111) substrates and capped with pro-

tective amorphous Se layers as described by Zhang et al. [19] Following transfer through

air to a separate vacuum system, the films were decapped by heating to 250 ◦C for 30 mi-

nutes and subsequently measured by low-energy electron diffraction (LEED) and ARPES

at room temperature and pressures below 1× 10−10 Torr. Figure 9.2a shows a LEED image

captured from a 69 monolayer (ML) thick film using electrons with 50 eV kinetic energy.

Six clear spots are observed in a hexagonal pattern with an extracted lattice constant of

3.78± 0.04 Å, in good agreement with the bulk value a = 3.81 Å, [310, 311] indicating that

the films are not strained to the GaAs substrate (ahex = a/
√

2 = 3.997 Å [315]).

9.2 ARPES Measurements From Thick SnSe2

Figure 9.3d shows angle-integrated ARPES spectra measured from the 69-monolayer film

using He-I (hν = 21.2 eV) and He-II (hν = 40.8 eV) light. A linear fit to the VB leading edge

extrapolates to zero at 1.15 ± 0.03 eV binding energy (BE) independent of photon energy,

indicating that this is the SnSe2 VBM. Likewise, the CBM is found to lie at a BE of 0.25 ±
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Figure 9.3: (a) Angle-integrated ARPES spectra with linear fits shown as dashed lines (b)-
(c) ARPES constant energy maps measured with He-I photons showing (b)
the conduction band crossing the Fermi surface and (c) the valence band at 1.3
eV binding energy. Right inset: photoemission intensity colormap. All data
measured at room temperature from a 69 ML SnSe2 film.

0.05 eV. Figures 9.3e-f show constant energy ARPES maps measured with He-I light just

above (below) the CBM (VBM). It is clear that SnSe2 film has an indirect gap of 0.90± 0.07

eV, with the CBM (VBM) occurring at the M (Γ) point of the projected 2D surface Brillouin

zone (SBZ).

Theoretical studies of the SnSe2 band structure are not in agreement regarding the

location of the band extrema in momentum space. Earlier reports typically place the

VBM at Γ, [316–318] while more recent calculations using variants of DFT locate the VBM

along the Γ - K or Γ - M directions. [319–321] One study has even found that the VBM lies

between Γ and H, which is not along a face or edge of the BZ. [322] The CBM has fared

no better, being placed variously at or between Γ, M, K, and L in the papers cited above.

Experimentally, the data in Figure 9.3 is in agreement with two recent ARPES studies,

[313, 323] although a map at 0 BE has not been reported previously.

More detailed information is contained in the experimental valence band structure.

Figure 9.4a shows ARPES intensity measured along the K→ Γ→ M path in the surface

BZ using He-I light along with band positions extracted via Lorentzian fits to energy and

momentum distribution curves (EDCs and MDCs; see Figure 9.7d for EDCs). At the zone
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Figure 9.4: (a) ARPES image plot along K→ Γ→M measured with He-I. Filled circles in-
dicate band positions extracted by Lorentzian fits to EDCs and MDCs, where
the errors due to fitting are comparable to the symbol size. (b) DFT band
structure for bulk SnSe2 calculated with and without SOC, where the band
extrema with SOC are marked by arrows. (c) Comparison between ARPES
(open circles) and DFT (continuous lines) for different kz. (d) Three-dimension
Brillouin zone and its two-dimensional projection. All experimental data me-
asured at room temperature from a 69 ML SnSe2 film.

center, four bands are observed within this energy range, which can easily be seen in

the low temperature EDC measured at 115 K (black line and dots in Figure 9.7d). The

extracted dispersion agrees well with recent ARPES measurements from SnSe2 films [313,

323] but not with older reports from bulk single crystals, [324, 325] where the discrepancy

can likely be attributed to improvements in resolution and sample quality.
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9.3 Comparison Between ARPES and DFT

To better understand the ARPES data, ab initio band structure calculations were perfor-

med using the WIEN2k DFT software package, [216] where the exchange-correlation

functional was approximated using the Perdew-Burke-Ernzerhof implementation of the

generalized gradient method. [217] The bulk experimental lattice constants of a = 3.81 Å

and c = 6.14 Å were used without any structural relaxation. The shifted k-mesh for inclu-

ded 26 x 26 x 14 points in the irreducible zone, and the product of the smallest muffin-tin

radius (2.46 Bohr, for Se) and the largest K-vector of the plane wave expansion was fixed

to be RKmax = 9.0.

The results are shown in Figure 9.4b, where calculations with and without spin-orbit

coupling (SOC) have been included. In contrast to a previous report, [321] SOC is found to

have a significant effect on the valence band structure, especially along the Γ - A direction

where two degeneracies are lifted. At the A point, SOC creates a 270 meV gap (∆), driving

the valence band upward by 90 meV. The VBM is located along Γ-K, although it differs by

only 3 meV and 30 meV from the upper valence bands along Γ-M and at Γ, respectively.

The CBM is 0.75 eV above the VBM and lies along M-L, while the CB at L lies only 10

meV higher in energy. The weak dispersion along certain directions in momentum space

leads to small energy differences and hence sensitivity to factors such as strain in DFT

calculations, which may contribute to the inconsistencies between papers in the literature.

In Figure 9.4c, the DFT band structure including SOC along the K→ Γ→ M path of

the SBZ is calculated with different out-of-plane momenta kz. In contrast to the usual

assumption that the SnSe2 band structure is quasi-two-dimensional, arrows indicate two

bands that exhibit especially large kz sensitivity. The band near the zone center changes

from a parabolic dispersion to a nearly flat dispersion as kz increases from 0 to π/c, while

the band near the zone edge undergoes a reversal in concavity. These two bands are
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also visible in the experimental data (open circles in Figure 9.4c), where they provide

strict constraints on the possible kz value probed by ARPES. Agreement only exists for

kz = π/c. By rigidly shifting the DFT downward by 1.35 eV, an excellent correspondence

between the experimental and theoretical band structures is observed across the entire

spectrum for this kz value, indicating that the ARPES data represent dispersion along the

H → A → L path on the upper hexagonal face of the three dimensional Brillouin zone

(Figure 9.4d). With this perspective, it is apparent that the upper valence band observed

by ARPES does not represent the true VBM; however, it should only differ from the VBM

in energy by several tens of meV.

The inclusion of SOC is also essential for achieving good agreement with the ARPES

dispersion, as demonstrated by the inset of Figure 9.4c. Using the bands marked by ar-

rows as a guide and performing a rigid shift in energy as before, agreement is again only

found for kz = π/c (not shown). However, in this case ARPES and DFT do not agree for

the uppermost valence band, where it is clear that the 270 meV SOC-induced gap ∆ at

the A point is critical for matching the energy separation between the two highest valence

bands in the ARPES data (260 ± 10 meV).

9.4 Thickness-Dependent Electronic Structure

The electronic structure of many layered materials, including 2H-MoS2 and graphite,

exhibit pronounced changes as their thickness is reduced to the monolayer limit. To se-

arch for similar effects in SnSe2, DFT calculations for monolayer SnSe2 (using 26 x 26 x

1 k points and 15 Å vacuum spacing) were performed. The results are shown in Figure

9.5. No dramatic changes occur, with SnSe2 remaining an indirect gap semiconductor,

although the gap increases to 0.95 eV in the monolayer limit. SOC is again found to be

significant, shifting the VB at Γ upwards by 110 meV and making it degenerate with the
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where the band extrema with SOC are marked by arrows

VBM along Γ - M.

Figure 9.6 investigates the electronic structure of few-layer SnSe2 in more detail. Here,

DFT calcuations have been performed for 1-, 3-, and 4-ML SnSe2 slabs. On the left side

of the figure, the results are compared to the bulk band structure, where the projected

bulk structure for all kz values is shown as a gray shaded area. As more SnSe2 layers are

added, additional subbands appear, gradually filling in the regions covered by the bulk

bands. This is especially apparent in the two regions marked by black arrows, where the

bulk bands exhibit a large kz dependence.

On the experimental side, a few-layer (3-4 ML) film was fabricated and measured at

90 K with He-I light, as shown in Figures 9.7a,c. While the film is not expected to appro-

ach the monolayer limit at this thickness, confinement along the out-of-plane direction

should result in quantum well states for bands with significant kz dispersion, as menti-

oned previously while discussing the DFT band structure. A comparison between the

extracted dispersion from the many- and few-layer films reveals that the thinner film

exhibits several bands not present in the thicker one (marked by open orange/black cir-

cles in Figures 9.7b/c). These bands are also not reproduced by the DFT band structure

with kz = π/c. Nevertheless, the uppermost valence bands, the size of the gap, and the

Fermi surface (not shown) remain identical between the two samples, indicating that 3-4
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ARPES data measured from a few-layer SnSe2 film.

ML is not thin enough to induce significant changes in the SnSe2 band extrema.

In the right side of Figure 9.6, the extracted band structure from the few-layer film is

compared to the slab DFT calculations. Focusing on the bottom band near Γ (marked in

blue), it is clear that the monolayer calculation does a poor job of reproducing the data,

since this band differs from the lowest ARPES band by approximately 2 eV. As more

layers are added, this band moves towards higher binding energies, producing better

agreement with the data. For 4 ML, the lowest DFT band is close to the experimental one,

and the splitting between the two lowest bands closely matches the experimental splitting

(marked by double-ended black arrows), although there is an energy offset. Crucially, all

of the bands present in the few-layer ARPES data but not in the thicker ARPES data are
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closely matched by the subbands visible in the DFT calculations.

9.5 Conclusions

In summary, we have synthesized many- and few-layer films of SnSe2 using MBE and

investigated their electronic structure. For the thick sample, good agreement is found

between ARPES measurements of the valence band and DFT calculations, where it is

essential to include SOC and account for out-of-plane band dispersion. Both of these

effects have been neglected in many previous SnSe2 studies, contributing to disagreement

between theoretical and experimental work. When applied to a SnSe2 monolayer, DFT
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predicts that the material is expected to retain its indirect gap, although the gap should

increase in size. ARPES measurements from the few-layer sample reveal additional bands

when compared to the thicker sample and the bulk DFT calculations. Nevertheless, the

upper valence bands, gap size, and Fermi surface remain identical to the thicker sample.

Overall, these results demonstrate the validity of studying the SnSe2 valence band with

DFT and resolve several inconsistencies found in the literature.
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Chapter 10

Conclusion

In Chapter 6, several important details of the LBSO electronic structure were elucidated.

First, excellent overall agreement was achieved between the ARPES valence bands and

bulk DFT calculations, although the band gap was underestimated as is typical of DFT.

This helps to establish DFT as a useful tool for exploring the LBSO band structure. Second,

measurements of an LBSO doping series revealed upward band bending at the surface,

reducing the surface carrier concentration and changing the band positions. The degree

of band bending was attributed to the presence of adsorbed oxygen at the surface and

found to depend on the La concentration, indicating a complex interplay between surface

defects in LBSO. Finally, UV exposure was found to reduce the degree of initial band

bending by clearing adsorbed molecules from the surface, providing a possible route for

UV carrier density control.

In Chapter 7, ARPES was first used to demonstrate the quality of polycrystalline grap-

hene grown by CVD. Although films grown by CVD result from multiple nucleations and

individual grains typically exhibit random orientations, graphene grown here by a uni-

que method was found to be aligned and electronically uniform. These films were later
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used as building blocks to fabricate graphene bilayers with a controllable interlayer twist

angle. Spatially-resolved nano-ARPES measurements revealed a gap opening where the

Dirac cones from each layer cross, indicating a strong interlayer coupling.

In Chapter 8, ARPES was used to study van der Waals heterostructures of graphene

and Cu2Si grown on Cu substrates by CVD. In contrast to other measurement techniques

such as electron transport or optical microscopy, ARPES was easily able to differentiate

between the three materials, separately revealing their presence and electronic structure.

Although spatially-resolved nano-ARPES showed that the graphene and Cu2Si were in-

deed located in vertical stacks as opposed to spatially separated regions, no obvious sig-

natures of graphene-Cu2Si interaction were discovered.

Finally, in Chapter 9, several inconsistencies in the SnSe2 band structure literature

were resolved. Specifically, a careful comparison between ARPES measurements and DFT

calculations revealed the importance of spin-orbit coupling and out-of-plane dispersion

for achieving agreement between the two methods. Significantly, the apparent disparity

between the location of the valence band maximum in ARPES and DFT was shown to be

a result of kz dispersion rather than strain as had previously been proposed.

There are a number of directions in which these studies could continue.

The nature of metallic state crossing the Fermi level in LBSO has yet to be clarified.

With the data available at the present time, it is difficult to distinguish between scenarios

where (1) the observed feature is a result of kz broadening compounded by the fact that

He-I and He-II probe similar values of kz or (2) the observed feature is a defect band. [326]

The effective mass of the LBSO conduction band plays an important role in understanding

the mobility limits in LBSO but has never been directly determined by ARPES, so an un-

derstanding of the metallic feature or a measurement of the true conduction band would

be beneficial. As a first step, ARPES measurements with a tunable light source would be
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invaluable. Such measurements would likely require transporting samples through air

to a synchrotron. Given the sensitivity of the LBSO surface electronic structure to defects

and adsorbed molecules, making these measurements would not be straightforward, and

significant testing of capping/decapping procedures at Cornell would be required befo-

rehand.

The proposed model of UV carrier control based on the adsorption/desorption of mo-

lecular oxygen at the film surface could be tested in several different ways. One con-

ceptually simple method would be to attempt to reset the surface by intentional oxygen

exposure following a long period of UV illumination. This could be achieved by simply

raising the overall ARPES chamber pressure (perhaps by running the X-ray gun, causing

it to degas), by transferring the sample to a chamber with higher pressure (e.g. the load

lock), by returning it to the MBE for an oxygen anneal, or by using a leak valve to slowly

introduce purified oxygen gas into the ARPES measurement chamber. Another aspect of

this model is the relationship between La content and surface oxygen adsorption, where

increased La corresponds to increased oxygen. To test this, the UV response of LBSO films

covered by 1-2 layers of undoped BSO could be measured. This surface is expected to be

more inert, with smaller UV-induced changes to the carrier concentration even for higher

doping levels.

The sensitivity of LBSO to UV light also offers some interesting possibilities if a thin

layer of LBSO could be produced above another material. As UV exposure alters the

initial band bending in the LBSO film, charge redistribution will occur, possibly altering

the carrier concentration the surface of the material underneath. For a suitably chosen

underlying material with a smaller band gap and a conduction band that crosses the

Fermi level away from the zone center, UV exposure during ARPES could be a route for

studying its band structure during controlled in situ doping in a way that does not modify

the material’s surface structure.
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An obvious extension for the tBLG described in Chapter 7 would be to investigate the

so-called "magic twist angle" near 1.6◦ that has recently been discovered. [327, 328] The

fabrication technique could be improved by using films with higher graphene coverage,

although it is likely that nano-ARPES would still be required to locate suitably clean bi-

layer regions, given the extreme surface sensitivity of ARPES and the various compounds

that come in contact with the graphene surface during bilayer preparation.

The graphene/Cu2Si heterostructures described in Chapter 8 were grown relying on

Si sublimation from the quartz tube of the CVD furnace. This process is not controlla-

ble to the same degree as the graphene deposition. The quality and overall coverage of

the Cu2Si layer could likely be improved by intentionally depositing Si via silane gas as

a first step in the growth procedure, followed by graphene growth. Additional possi-

bilities for extending these heterostructures include other 2D Dirac line node semimetal

surface alloys such as Cu2Al or Cu2Sn, other 2D materials such as MoS2, or growth on a

semiconducting substrate such as Si(111) to facilitate transport measurements.
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Appendix A

Improving Lab Productivity

The productivity of an experimental physicist is greatly influenced by the operational

status of his or her equipment. In our research group, the ARPES system – our main

measurement device – is subject to frequent repairs and other issues, and has occasio-

nally been inoperative for continuous periods of several months! With this in mind, it is

worth considering ways to reduce the number of problems that occur and to decrease re-

covery times when they unfortunately do occur. Typical issues encountered by our group

include:

• Power outages

• User errors while operating the ARPES system

• Overdue maintenance on critical pieces of equipment

• Incomplete transfer of institutional knowledge

• Combinations of the above

In each case, the availability (or lack thereof) of information plays a central role. Even for
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an "Act of God" issue like a power outage, the group’s ability to mitigate its aftereffects is

determined by when we become aware of it. During his time in the group, the author has

developed several systems and standard operating procedures designed to increase our

overall productivity by improving information availability, including equipment main-

tenance and location tracking, automated phone notifications, advanced system status

monitoring, enforced default settings for critical equipment, and robust error checking

while operating the sample manipulator.

A.1 Shengroup Management Interface

Our lab currently possesses at least 18 roughing pumps, 18 turbopumps, 5 cryopumps,

13 uninterruptible power supplies (UPSes), and a myriad of gauges, valves, light sources,

and other pieces of equipment. During the group’s early years, each item’s history and

quirks existed in the minds of its graduate students and in various lab notebooks. Howe-

ver, as the numbers of pieces of equipment and users have grown, this system has been

unable to keep up, causing several types of problems including:

• Maintenance mistakenly performed on equipment that does not require it yet

• Maintenance not performed on equipment that does require it

• Large amounts of time spent locating equipment

• Attempting to use oil-contaminated equipment for UHV applications

It is clear that many of these problems (and others) could be solved by the presence of a

central equipment information repository that is easy to access and update.

To this end, the author has developed a relational database for organizing and tracking

our equipment and user duties. A schematic diagram is shown in Figure A.1. In this data-

124



Equipment
Serial number

Nickname

Non-Maintenance Duty
Description
Time load

Role
Purpose
Location

System
Related roles

Model
Manufacturer
Part number
Maintenance

Event
Date

Description

User
Name

Contact info

Figure A.1: General organization of the equipment and user duty database.

base, an individual piece of equipment is an instance of a model and fulfills a role. It inherits

maintenance information from its model, and its purpose and location are described by

its role. On a larger scale, a group of associated roles forms a system. History events can

be recorded and refer to the relevant equipment, role, and system. Users are responsible

for maintaining pieces of equipment and performing other duties around the lab. As an

example:

• There is a pump nicknamed Janeway with serial number 149584497.

• Janeway is an Edwards nXDS6i scroll pump. This means that its ultimate pressure

must be checked every six months and its tip seals must be replaced if the pressure

has gotten too high or if three years have passed.

• Janeway is the roughing pump on the IPES system, implying that it resides in the

service closet of B22 Clark Hall.

• Chris is reponsible for performing maintenance on Janeway.

• A history item reports that maintenance was last performed on Janeway on January

4, 2018.

125



There are many advantages to this system. For example, when maintenance is performed

on an item, responsibility for that item can easily be transferred to a new user. Another

useful feature is that if a particular item is moved, the change can be represented in the

database by simply altering the role that the item fills.

The database is stored in a MySQL server1 running on Amazon Web Services (AWS)2

and can be accessed and altered via command line with the proper credentials. However,

doing so is not straightforward, and the author has created a web interface for the data-

base called the Shengroup Management Interface (SMI). SMI is written in PHP3 and is also

hosted on AWS. The content of each page within SMI is generated dynamically based on

the entries within the MySQL database (see Figure A.2).

Using SMI, members of our group can quickly and easily perform actions such as:

• View a system overview page containing a list of roles and the equipment that ful-

fills those roles

• View an equipment overview page containing maintenance information and a de-

tailed history for that piece of equipment

• Swap two pieces of equipment and automatically generate a history item

• View a list of all upcoming and overdue maintenance tasks

• Report completed maintenance, automatically reassign the equipment to the user

with the smallest maintenance load, and automatically generate a history item

Additionally, SMI has been integrated with Slack,4 a tool for sharing messages within

the research group. When important events occur, such as when a user moves a piece
1MySQL is an open-source relational database management system utilizing standard query language

(SQL). See https://www.mysql.com/
2AWS is a cloud computing platform. See https://aws.amazon.com/
3PHP is a server-side scripting language. See http://www.php.net/
4Slack is a cloud-based set of proprietary team collaboration tools and services. See https://slack.

com/
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Figure A.2: Screenshot of the Shengroup Management Interface.

of equipment, auto-generated Slack messages instantly inform the group of the change.

In this way, everyone is kept up-to-date about the location, history, and status of our

equipment.

A.2 System Status Monitoring

The operational status of our measurement systems are reflected in various numbers such

as chamber pressures, film temperatures, and manipulator positions. Knowledge of these

values is therefore critical for identifying and responding to issues with the equipment.

For example, an abrupt pressure increase could indicate that a pump is malfunctioning

or a gradual increase in temperature could indicate that a helium dewar is running low.

A previous member of our group, John Harter, improved access to these vital statis-

tics through a set of software tools called Cadillac, written in C++. In Cadillac, a module

standardizes communication with a physical device, a server collects values from multi-
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Figure A.3: Screenshot of the ARPES system Cadillac web server showing a few devices
and their values.

ple modules, and a client provides a customized interface for interacting with one or more

pieces of equipment. As an example:

• The Cadillac module for an ion gauge controller (IGC) extracts an ion gauge pres-

sure and can control the ion gauge emission current

• The Cadillac server for the ARPES system reads the pressures and currents from

three IGCs

• The "ARPES System Pressure" Cadillac client allows the user to see all three pressu-

res and set all three emission currents

Crucially, a Cadillac server is capable of hosting a simple web page showing a list of

all values, allowing them to be accessed from any computer with a web browser (see

Figure A.3). Unfortunately, this system has several shortcomings. Most significantly, it is

difficult to notice trends when viewing only the most recent value. Another issue is that

as the group grows, the Cadillac server begins to monitor more values, making it more

difficult for a group member to pick out the most important ones.

To address these issues, the author has developed a customizable dashboard (see Fi-

gure A.4) that has several advantages over the original Cadillac web server:
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Figure A.4: Screenshot of the ARPES system Grafana dashboard.

1. It automatically updates, passively providing real-time information to the user

2. It only shows the most important values so the user can easily find them

3. It includes time-series data so the user can identify trends

4. It incorporates data from multiple sources, including SMI (see Section A.1)

The dashboard is implemented via Grafana,5 which runs on AWS. The Cadillac server

has been modified to push device values to the same MySQL server used by SMI (Section

A.1), and Grafana retrieves data from this server. For a schematic of the information flow

from a physical device to a web browser, see Figure A.5. MySQL is not optimized for time

series data that is updated and accessed on short time scales, so the dashboard update

interval is currently limited to 2 seconds. Switching the backend from MySQL to another

database such as Graphite6 or InfluxDB7 should improve the dashboard’s performance.

5Grafana is an open source platform for data visualization. See https://grafana.com/
6https://graphiteapp.org/
7https://www.influxdata.com/
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Ion Gauge

Produces emission current
proprtional to pressure

Produces digital
pressure value

Ion Gauge Controller

Extracts numeric pressure
using appropriate serial commands

Cadillac Module

Inserts pressure reading
into a database on our SQL server

Cadillac Server

Retrieves pressure from SQL server
and incorporates into dashboard

Grafana

Displays Grafana dashboard
on your screen

Web Browser

Figure A.5: Diagram of the data flow from an ion gauge to a web browser.

A.3 Batphone

In the 1960s TV series Batman, the titular character possesses a special red telephone −

the Batphone − that provides a direct link to the local law enforcement. When there is an

emergency, the police chief can pick up his phone and get Batman on the line right away.

To aid our group in responding to lab emergencies, a similar type of dedicated line to an

on-call person would be very beneficial. An initial experiment involving a shared lab cell

phone was met with limited success. With this system, the current Batman was required

to carry an extra phone at all times, which was a clunky solution.

To make a more user-friendly system, the author has developed a "virtual Batphone"

using Twilio.8 When someone calls the group’s Twilio phone number (the Batphone num-

ber), the caller is put on hold while an automated system searches for an available Shen

group member. The search starts with the current Batperson, who is determined via SMI

8Twilio is a cloud communications platform for building SMS, voice & messaging applications. See
https://www.twilio.com/
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Figure A.6: Screenshot of SMI Batman selection

(Figure A.6). Twilio calls the Batperson, and if he or she answers the call and presses the

proper keypad response, the original call is forwarded to the Batperson. Otherwise, Twi-

lio calls another group member, cycling through the entire group up to two times. With

this system, it always possible to contact a member of the group but no one needs any

extra equipment.

The calling system is enabled by some behind-the-scenes PHP code hosted on the

group’s AWS server. When someone calls the Batphone, Twilio automatically makes an

HTTP request to this code, initiating queries to the MySQL server (to retrieve phone num-

bers) and phone calls (using Twilio’s PHP library). The PHP code also sends additional

feedback to the group via Slack messages so it is possible to keep track of our phone-

answering performance.

Twilio also enables a new functionality that was unavailable with a physical Batp-

hone: automated calls during emergencies. When the ARPES system interlock detects a
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problem with a piece of equipment, such as a pressure or temperature that exceeds its

setpoint, it is able to generate a call from the Batphone. This emergency call works in a

similar way to the system described before. The system first calls the Batperson, and if

the Batperson responds properly to the call, the group is notified (via Slack) that someone

has responded to the emergency and is in the process of evaluating and rectifying the

situation. Otherwise, Twilio calls other group members, cycling through up to two times.

This function is especially valuable during power outages. Our interlock can detect them

through a power fail monitor, which is essentially just a relay plugged into a wall. Ho-

wever, the interlock and the building’s internet network run off of uninterrupted backup

power, so the Batphone is able to alert the Batperson about the power outage.

A.4 Cadillac Module Strategy

Cadillac modules, described in Section A.2, were originally designed for simply reading

status values from devices. However, they can be more powerful than that since many

pieces of equipment also offer serial commands for changing settings and other parame-

ters. As a simple example, the pressure units on a Gamma Vacuum Single Pump Control-

ler (used to control an ion pump) can be set to Torr or mbar using serial commands. By

including the relevant commands in a module’s initialization code, these parameters can

all be set to their default values.

While this may not seem like an important ability, incorrect settings can sometimes

have serious consequences. The Stanford Research Systems Ion Gauge Controller 100

(SRS IGC100) provides a good example. This device has a setting called the "Gas Sensing

Factor" which is buried beneath several layers of menus when accessing the IGC through

its own touchscreen. This number is a multiplicative factor for the ion gauge pressure

reading, designed to compensate for different gas mixtures which may yield different ion
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Gas Sensing Factor = 10
Pressure = 7.0 x 10-11 Torr

Gas Sensing Factor = 25
Pressure = 1.8 x 10-10 Torr

Long power outage!

IGC turns o� and is reset

Was a pump damaged
during the power outage?

No... just an obscure 
IGC problem!

Pressure has not actually
changed.

Figure A.7: Example illustrating the importance of default device settings

gauge currents at the same pressure. Unfortunately, after the IGC is power cycled, the gas

sensing factor sometimes changes, leading to an artificial change in the apparent chamber

pressure. Diagnosing the issue is not straightforward since the obvious interpretation is

that the pressure has changed (Figure A.7). Using an appropriately designed Cadillac

module, this issue can be eliminated.

The author has introduced a general strategy for designing Cadillac modules whereby

all possible parameters are set to default values within the code itself. This eliminates

issues like the one described above, which may lead to incorrect information about the

system. It also reduces the need for group members to be aware of the default settings,

making the ARPES system easier for new group members to use and troubleshoot.

A.5 Motor Control Panel

The dual-chamber ARPES system design described in Section 2.3 has several advantages

compared to a single-chamber ARPES system, such as the ability to deposit gold far from

the analyzer. However, the narrow constriction between the two chambers presents a

severe problem, since the manipulator is only slightly larger than the inner diameter of

the constriction and visibility outside the upper chamber is limited. As shown in Figure
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Constriction
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(LC)
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Helium lamp capillary:
DANGER!

Electron analyzer
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DANGER!

Descending
manipulator

X-ray gun:
DANGER!

Figure A.8: (a) Illustration showing the dangerous and "safe" manipulator zones within
the ARPES system (b) Illustration showing some of the dangers present to the
manipulator while lowering it into the lower chamber

A.8a, the manipulator is in danger of touching the chamber walls over a wide range of

vertical positions. Such contact is usually quite disastrous, bending the manipulator and

requiring days or weeks to repair. Even the areas within the upper and lower chambers

are only approximately safe (i.e., "safe") due to pieces of equipment that can protrude

into the chamber such as the LEED unit in the upper chamber. All of these considerations

show that raising and lowering the manipulator between chambers is perilous. Figure

A.8b illustrates some of the dangers that are present when lowering.

Unfortunately, moving the manipulator between chambers is a routine operation

while using the ARPES system. A previous graduate student, John Harter, developed

a Cadillac client (see Section A.2) called the motor control panel (MCP) that applies some

basic safety checks while moving the manipulator motors, and two other students, Da-

niel Shai and Haofei Wei, designed a physical crash detection ring capable of electronically

detecting physical contact between the manipulator and the bottom of the upper cham-

ber, killing motor power when a crash is imminent. Nevertheless, several manipulator

crashes occurred even with these safeguards in place.

To address these issues, the author has developed a new version of the MCP with
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many additional safety features (see Figure A.9). The general philosophy behind the new

MCP is based on the following ideas:

• Give the user access to all relevant information

• Reduce the need for the user to manually enter manipulator positions

• Prevent any unambiguously dangerous movements

• Give warnings and advice about any possibly dangerous movements

• In all cases, continuously monitor the manipulator position and system status to

check for dangerous conditions via the real-time limit check (RTLC)

• Make it easy for the user to stop the manipulator

• Make it difficult for the user to bypass any safety features

• Prevent user interfaces from interfering with each other

The last point is especially important, although subtle, since the manipulator can also be

controlled using SES (the electron analyzer control software) while making automated

Fermi surface maps. In the original MCP, SES was able to continue moving the motors

even after the RTLC had stopped them, contributing to at least one crash.

These elements have been implemented through the following features:

• Automated movements to preset locations

• Simple position tweaking with jog buttons

• Manual axis movement

• Emergency stop buttons

• Communication with the SES manipulator user interface

• Communication with the crash detection circuit
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Figure A.9: Screenshot of the motor control panel

• Awareness of the XPS gun position via a limit switch

• Safety checks on the current position and device status

• Safety checks on all requested actions

• Advanced mode for expert users

Communication with the crash detection circuit was accomplished along with Haofei Wei

and represents a large step forward for the MCP. The MCP is now able to confirm that the

crash detection circuit is properly functioning before undertaking any major movement.

Another item of note is Advanced Mode, which relaxes some safety features that may in-

terfere with uncommon but necessary tasks such as resetting an encoder. Rather than

bypassing the MCP entirely and avoiding all safety checks, Advanced Mode allows the

user to retain basic MCP oversight. Advanced Mode also disables itself after 10 minutes

to avoid misuse. Communication with SES is also critical. SES will only move the mani-

pulator when the MCP’s RTLC is running, and the MCP buttons are locked when SES is

controlling the manipulator.

The entire decision tree for a requested axis movement (whether part of an automatic

movement sequence or directly initiated by the user) is shown in Figure A.10, where most

136



(START)

(END)

(END)

(END)Can all important
devices be read?*

Is the real-time limit
check enabled?**

Is the request safe under
this condition?***

Don’t move!

(END)

Don’t move!

(END)

Move!

Don’t move!Yes

Yes Yes YesNo

No

No

Is the user
doing LEED?

Is the user
doing ARPES?

Is the user
doing XPS?

...other possible
situations...

Is the user moving
in the constriction?

No No No

No

No

Was the real-time
limit check just

triggered?

Does the requested
position lie within

the global axis limits?

Yes Yes
Yes

Yes

Yes

Yes

No
Does the user
want to move

anyway?
No

Does the user
want to move

anyway?
No Don’t move!No

Yes

Key:

Generic safety
check

Set of mutually
exclusive conditions

  * Some device read errors are acceptable
  when advanced mode is enabled
** The real-time limit check is not required
 for X, Y, or Z when advanced mode
 is enabled
*** These safety checks are complicated
 since they depend on the particular
 axis and the speci�c conditions. The
 user is able to override some of these
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for some axes

Yes

Figure A.10: Decision tree applied to every movement request by the MCP

paths end without actually moving the motor. In order for an axis movement to occur, all

important devices must be properly functioning (including the crash detection ring), the

RTLC must be running, the requested position must lie within the global limits (deter-

mined by maximum bellows extension, etc), and the requested position must lie within

more narrow limits depending on the current system status (e.g. user is performing LEED

or XPS). As an example of the final type of limit check, the manipulator is not allowed to

move at all when the XPS linear shifter is not fully retracted. All these checks, combined

with the other MCP features, dramatically reduce the possibilities for user errors.
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Appendix B

k-Resolved Inverse Photoemission

Spectroscopy

Inverse photoemission is the process where a material absorbs an electron and emits a pho-

ton. It is the time-reversed version of photoemission and provides complimentary infor-

mation by probing electronic structure above the Fermi level. The corresponding ana-

logue of ARPES is called k-resolved inverse photoemission spectroscopy (KRIPES),1 which

measures the single-electron addition spectral function A+(k, ω) rather than the single-

electron removal spectral function A−(k, ω) returned by ARPES. [329–332] Note that in

this technique, photons are emitted in all directions since their momentum is negligible.

Angular resolution is achieved by tilting the sample with respect to the incoming electron

beam.

A combination of KRIPES and ARPES would be a very powerful experimental tool

capable of revealing the full occupied and unoccupied electronic structure of a material.

1Note: this technique is also sometimes called angle-resolved inverse photoemission spectroscopy (ARIPES),
but KRIPES is preferred to avoid confusion with ARPES.
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Obvious applications in the field of quantum materials include accurately determining

the band gap in semiconductors for applications in solar energy and studying the evolu-

tion of the upper Hubbard band in Mott insulators as a function of doping. Although ot-

her methods such as optical spectroscopy, pump-probe photoemission, and quasiparticle

interference are also able to provide information about unoccupied electronic structure,

they are complicated or limited by lack of momentum resolution, the presence of excited-

state effects such as exciton generation, or the requirement of pre-existing band structure

knowledge, making KRIPES an invaluable technique. One particularly important and

unique aspect of KRIPES is the commercial availability of high-quality spin-polarized

electron sources, allowing a simple extension to spin- and k-resolved IPES (s-KRIPES).2

Although ARPES has become ubiquitous in the study of quantum materials and

KRIPES has been applied with great success in the study of image-potential surface sta-

tes and absorbed molecules, KRIPES has seen few applications to quantum materials or

oxides. Several experimental aspects make KRIPES more challenging than ARPES and

prevent its widespread use:

• Detecting photons in the 10 eV range: optical elements such as mirrors and lenses

for photons at this energy are essentially unavailable. Highly efficient Geiger-Müller

tube detectors exist but are typically limited in energy resolution to ∼ 300 meV,

while high-resolution CCD detectors are limited to a small angular range.

• Cuts in momentum space: hemispherical electron detectors can measure photoe-

lectrons simultaneously at many different emission angles, making a linear cut in

momentum space during an ARPES measurement. (See the discussion of "angle

mode" in Section 2.3.2.) No analogous technique exists for KRIPES since photons

are emitted isotropically.

2Note: it is possible but not advisable to refer to this technique as angle-resolved spin-polarized inverse
photoemision spectroscopy (ARSPIPES).
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• Cross-section and signal strength: the cross section for inverse photoemission is

much smaller than that of photoemission.

Points 2 and 3 above taken together mean that KRIPES experiments take significantly

longer to perform than ARPES measurements, an important experimental consideration.

To understand Point 3, it is necessary to consider KRIPES in more detail. In inverse

photoemission, a free electron enters a material in an unoccupied state with energy E1

and then decays to an unoccupied state of lower energyE2, releasing a photon withEph =

E1 − E2. A key difference between this process and photoemission is the rate at which it

occurs. As discussed in Section 2.2, the cross section σ for photoemission from an initial

state ψi is given by

σ ∝
∑
f

wf,i ∝
∑
f

∣∣〈ΨN
f |Hint|ΨN

i 〉
∣∣2 δ (EN

f − EN
i − hν

)
, (B.1)

where it is clear that σ is simply proportional to the number of available final states ψf .

For photoemission, the density of states dne available to a photoelectron with wave vector

magnitude between k and k + dk is:

dne ∝ 4πk2dk ∝ 2meEkin/~2, (B.2)

where Ekin is the electron’s kinetic energy. Similar considerations apply for inverse pho-

toemission, leading to

dnph ∝ 4πk2dk ∝ E2
ph/~2c2, (B.3)

where Eph is the photon energy. In both experiments, typical energies remain around 10

eV to facilitate momentum resolution. If Ee = Eph = 10 eV, then σe/σph ∝ dne/dnph ≈

4×104. Even accounting for the brightness of electron beams and the efficiency of photon

detectors available for use in a KRIPES experiment, the signal is significantly smaller

than in ARPES. Having discusssed some general features of KRIPES, the remainder of

this Appendix will be devoted to the design of a KRIPES chamber and manipulator.
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(a) (b) (c)

Figure B.1: (a) Render of GM tube geometry, where four GM tubes (gold) and an electron
gun (copper) point towards a sample (not shown) in the interior of a UHV
chamber (silver). (b) Render and (c) photograph of the KRIPES chamber.

B.1 Designing a Vacuum Chamber for KRIPES

The two main design considerations for a KRIPES system are to (1) maximize photon

counts, (2) minimize pressure, and (3) minimize the magnetic field. To achieve (1), our

KRIPES chamber is designed to accommodate up to four Geiger-Müller (GM) tubes, as

shown in Figure B.1a. Multiple tubes allow them to cover additional solid angle, increa-

sing the total number of photons detected. Tubes of larger diameters are also advantage-

ous as a result of the brazing process used to attach the front windows. The braze decrea-

ses the effective radius of the window by a constant offset, so this effect is less important

for larger windows. Our KRIPES system has four 4.5" conflat flanges for mounting the

GM tubes, which sets the overall scale for the chamber.

To maximize the vacuum achievable in the UHV chamber, it is necessary to use mul-

tiple types of pumps. The IPES chamber has ports to fit a cyropump, turbopump, and a

non-evaporable getter (NEG) pump. Using just the turbopump and the cryopump, the

pressure in the chamber has reached as low as 6 × 10−11 Torr. The NEG is expected to re-

duce the pressure even further. A gate valve has been installed in front of the turbopump

to isolate it from the chamber since its compression ratio might prevent it from reaching
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the same ultimate pressure as the cryopump and NEG working together.

Magnetic shielding is another important consideration since KRIPES requires linear

electron paths to easily interpret the data. To minimize the magnetic field within the

KRIPES chamber, it has been fabricated from mu-metal, a high permeability material.

Ports have been strategically placed so that no large holes are directly across from each

other, which was found to greatly reduce the shielding when simulated with ANSYS, a

finite-element-analysis software package. The large ports on either end of the chamber

are fitted with perforated mu-metal shields that allow pumping and sample transfers to

occur but are still effective at reducing the magnetic field.

Besides ports for the items previously mentioned, many extra ports for windows, gau-

ges, and wobblesticks were added around the chamber to improve accessibilty. The final

design is shown in Figures B.1b-c. Using a gaussmeter, the magnetic field perpendicu-

lar to the electron beam was measured to be 15 mG, compared to 400 mG outside the

chamber.

B.2 Designing a Manipulator for KRIPES

Just as with an ARPES system, the sample manipulator in a KRIPES system serves several

purposes:

• Tilting the sample surface relative to the electron beam to achieve angular resolution

• Cooling the sample to improve energy resolution

• Translating the sample to facilitate transfer in and out of the main vacuum chamber

However, for KRIPES, the lack of angle mode and the low cross section impose additional

requirements since measurements may continue for weeks at a time. One consequence of
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the long measurements is that the ideal measurement strategy is to make several sweeps

though momentum space rather than integrating for a long time at individual tilt angles.

If the sample surface degrades or some other error occurs while measuring, it is usually

better to have data of uniform quality over the entire desired region in momentum space

rather than have good quality data at only a few points. This strategy in turn requires

highly repeatable motion when tilting the sample surface.

Another consequence is that the manipulator and sample must be cooled continuously

for a long period of time. A flow cryostat attached to a dewar would eventually exhaust

its He source, necessitating a dewar swap, during which the manipulator temperature

would rise, emitting previously-adsorbed gas and possibly causing the sample surface to

deteriorate. (See Section 2.3.3.) Instead, it is desirable to use a closed-cycle cryostat that

can operate indefinitely during an experiment. Such a cryostat creates additional design

restraints due to its larger size when compared to a flow cryostat.

The author has designed and assembled a five-axis KRIPES manipulator (referred to

as MK-IV) which consists of a custom sample stage connected via a support structure to a

commercially available closed-cycle cryostat, differentially-pumped rotary flange, three-

axis translation stage, and rotary motion feedthrough. Its most important features include

magnetic encoders for all four out-of-vacuum axes, along with a simple rotation scheme

to improve reliability. In particular, MK-IV only has one in-vacuum angular axis and one

set of in-vacuum gears, and the sample is not at the center of the out-of-vacuum angular

rotation, as shown in Figure B.2. The flexible coupler (from Heli-Cal Products) in Figure

B.2a, which is essentially a robust steel spring, is critical for MK-IV since it allows the

rotary flange to tilt at a large angle, providing enough room for the large flange required

to accommodate the closed-cycle cryostat.

Preliminary motion tests indicate that MK-IV is both accurate and reliable. While

moving φ from -40◦ to -10◦ in nominal steps of 0.6◦, the average step size was measured
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Figure B.2: (a) Illustration of the MK-IV top flange and φmotion control. Some parts have
been omitted for clarity. (b) Image of the MK-IV sample stage illustrating phi
motion. A sample holder and film are represented by the gray box and thick
black line, respectively.

to be 0.606◦ with a standard deviation of 0.16◦. For 11 repeated movements between±30◦,

the average step size was measured to be 60.07◦ with a standard deviation of 0.21◦. For

these tests, angles were measured from photographs and carry some inherent uncertainty

based on the camera orientation and edge finding. Testing with a reflected laser spot

would be more accurate.
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