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  Ever since the first digital computer—built on hundreds of vacuum tubes—

appeared in 1942, computers have evolved from room-sized machines to hand-held 

devices and transformed our daily lives. This impressive evolution in computers, the 

same as other modern technologies, is driven by the understanding of new physics, 

materials, and technologies. Undoubtedly, the next tech-revolution will depend on 

these likewise. 

  The Two-dimensional material family is one of the promising candidates for future 

technology. These materials include diverse material species from metals, 

semiconductors to super-conductors and so on, all with layered structures where each 

layer is only one to few atoms in thickness. Their structures of saturated in-plane 

covalent bonds result in the out-of-plane interlayer coupling via weak and 

directionless van der Waals force. These characteristics allow us to assemble any 

combination of two-dimensional materials layer-by-layer to create unprecedented 

heterostructures with atomic precision that can host exciting new physics. 

  In this dissertation, I will present my and my colleague’s efforts to develop new 

methodologies for large-scale, layer-by-layer assembly of two-dimensional materials. 

These methods enable us to investigate and design the properties of the assembled 

films on the atomic scale. Based on our methods, we further demonstrate qubits that 

are built with two-dimensional materials for quantum computers for the first time. The 

methodologies and demonstrations here, hopefully, will help to pave the way for two-

dimensional materials based technology in the future tech-revolution. 
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CHAPTER ONE 

Overview of Two-Dimensional Materials 

1.1. Introduction 

The discovery of the first 2D materials occured in an unexpectedly simple way. 

Kostya Novoselov and Andre Geim put graphite, which can be found in a pencil, on a 

piece of Scotch tape and just repetitively attached and peeled the two halves of the 

tape. After a few times of attach-and-peel, they looked under various microscopes to 

see what happened to the graphite. What they found was graphene1 (Figure 1.1a). 

Being a mere single layer of carbon atoms in a honeycomb lattice with all atoms 

having complete covalent bonds, graphene is free of bonding in the out-of-plane 

direction and hence named the first 2D material. It’s so simple that anyone can do it in 

an elementary school art class, but the influence of graphene in both science and 

technology has won Kostya Novoselov and Andre Geim the Nobel Prize in physics in 

Figure 1.1 Two-dimensional material family. a-c, schematics of graphene, 

hexagonal boron nitride and transition metal dichalcogenides. The schematics of 

transition metal dichalcogenides is reproduced from [5]. d, summary of 2D 

materials, reproduced from [7]. 
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2010, ‘for groundbreaking experiments regarding the two-dimensional material 

graphene.’2 

Ever since then, many more 2D materials such as hexagonal boron nitride 

(hBN) and transition metal dichalcogenides (TMDs) are similarly exfoliated using the 

Scotch tape method, leading to a large 2D material family that includes diverse 

material properties from metals, insulators, semiconductors to more complex ones like 

superconductors and topological insulators (Figure 1.1 b-d)1,3–7. In addition, as the 

monolayers of 2D materials interact with the surrounding primarily through van der 

Waals interactions, different 2D materials can be assembled without constraints 

common in conventional growth techniques, such as lattice matching. This gives ways 

to generate previously inaccessible heterostructures. With all these favorable 

characteristics, numerous physics pheomomena are discovered or revisited in this new 

two-dimensional world; some examples are fractional quantum Hall effect, valley Hall 

effect, and more recently exciton condensation at high temperature8–10.  

Despite the great success of exfoliation using scotch tape, the small sample 

size, typically only a few micrometers, limits the use of 2D materials to scientific 

proof-of-concept demonstrations. In 2009, chemical vapor deposition (CVD) for large 

area growth of uniform, high-quality, monolayer graphene was introduced by the 

Ruoff group and was also used by other groups to grow hBN11,12. In 2015, our group 

introduced metal-organic chemical vapor deposition (MOCVD) for growing high 

mobility TMD monolayers on the wafer scale13. In 2017, our group further developed 

a technique for wafer-scale layer-by-layer assembly of 2D material monolayers with 

nearly pristine interlayer interfaces14. These developments for generating high-quality 

2D materials and their heterostructures on the large scale are critical steps, as they 

brought 2D materials into a technologically relevant scale without sacrificing the 

excellent properties observed in exfoliated samples. With such quality and scalability, 
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previous proof-of-concept demonstrations using 2D materials, such as valleytronics15 

and one nanometer transistors16, could become feasible for future technology. 

In this chapter, only the basic knowledge necessary to understand this 

dissertation will be introduced, in the simplest way. General and detailed introduction 

to 2D materials can be found elsewhere4-6. 

1.2. From 3D to 2D Materials 

The bulk form of a 2D material has a layered structure where the layers are 

held together by van der Waals interaction. As the thickness (i.e., number of layers) of 

2D materials gets below the quantum limit, loosely speaking five nanometers, the 

material properties could be drastically different from those of the bulk. For example, 

they become thin enough to be effectively controlled by electrostatic gating. In 

addition, the crystal symmetry can disappear or emerges as the number of layers 

changes. Such changes result in intriguing physics and properties in 2D materials. 

Here, we will particularly discuss two material systems central to this dissertation: 

graphene and TMDs. 

Graphene, a single layer of carbon atoms arranged in a honeycomb lattice, has 

a hexagonal reciprocal lattice, where the energy-momentum dispersion is linear at the 

six corners, forming the Dirac cones (Figure 1.2a)17,18. The charge neutrality point of 

graphene sits where the top and bottom cones meet, which results in the low 

conductance of intrinsic graphene due to the vanishing density of states at this point. 

The Fermi level of graphene can be easily shifted away from the charge neutrality 

point through electrostatic gating, and the carrier concentration can be tuned over a 

few order of magnitude19. The high tunability of the Fermi level enables the control of 

electrical conductance (Figure 1.2b4), optical absorption (Figure 1.2c20) and many 

other properties, making it one of the most versatile platforms to test physics at 
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different regime. 

Transition metal dichalcogenides are layered materials in the form of MX2, 

where M is a transition metal element (e.g. Mo, W, Nb, etc.) and X is a chalcogen 

group element (S, Se, Te). Unlike graphene, monolayers of TMDs are bi-elemental 

and three-atom thick (Figure 1.1c). This results in more complex variations in crystal 

symmetry that give rise to the abundant physics in TMDs such as the valley Hall 

effect. In addition, with the large number of elements in both transition metal and 

chalcogen groups, TMDs include a wide variety of materials from semiconductors, 

like MoS2, WSe2, to superconductors like NbSe2. Here, we will specifically focus on 

the semiconducting TMDs, as the large scale synthesis of other types of TMD 

monolayers remains a challenge at this time. 

In 2010, Kin Fai Mak and Andrea Splendiani independently investigated and 

Figure 1.2 Physical properties of graphene. a, schematics of graphene band 

structure (top, reproduced from [18]) and the cross section at the charge neutrality 

point (bottom). G, M, K, K’ are the high symmetry points. One of the Dirac cones 

is shown at the bottom right corner. b, Electrical gate tunable resistivity of 

graphene. (inset) corresponding fermi level for each gate voltage. Reproduced from 

[4]. d, Optical response (here reflection contrast) as a function of gate voltage, 

reproduced from [20]. 
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reported the properties of MoS2 when the number of layers is reduced down to the 

monolayer limit (Figure 1.3a)21,22. MoS2 is a semiconductor with an indirect bandgap 

of 1.3 eV in the bulk form, but the bandgap is enlarged as the number of layers is 

decreased and can be up to ~1.9 eV for monolayers. Moreover, the indirect bandgap 

transitions into a direct gap when MoS2 is thinned from bilayer to monolayer, resulting 

in a sharper absorption edge at the bandgap energy and a more than 100-fold increase 

in photoluminescence quantum yield for the monolayers (Figure 1.3b and c). This 

indirect-to-direct gap transition are also reported for other typical semiconducting 

TMDs such as MoSe2 and WS2 except for WSe2, which was recently shown to have an 

indirect gap even for monolayer23. 

The atomic thinness of semiconducting TMD monolayers results in the 

reduced screening of Coulomb interaction between quasiparticles. Such strong inter-

actions lead to abundant many-body physics, which can be studied via photo-

luminescent spectra. For example, tightly bound excitons (i.e., electron-hole pair) with 

binding energies as large as a few hundred meV are measured24–26. Electrostatic gating 

Figure 1.3 Direct to indirect gap in MoS2. a, band structures of (left to right) bulk, 

four-layer, two-layer and monolayer MoS2. The black arrows indicate the transition 

from valence band maximum to conduction band minimum. Reproduced from [22]. 

b, Optical absorption (black) and photoluminescent (red) spectra of two-layer and 

monolayer MoS2. A and B denotes the excitonic peaks and I is the indirect gap 

peak. c, (top) optical image and (bottom) photoluminescent image of an exfoliated 

MoS2 flake containing both monolayer and two-layer region. b and c are 

reproduced from [21]. 
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can further control the charge density in the semiconducting TMDs, allowing other 

complex many-body interactions such as tightly bound trions and the quantum-

confined Stark effect to be realized27,28. Hence, excitons and the photoluminescence of 

semiconducting TMD monolayers have become one of the most important 

characterization methods for probing the physical properties in these materials.  

In addition, these semiconducting TMDs possess different semiconductor 

properties such as the bandgap and band offsets, as summarized in Figure 1.429. The 

variation between different semiconducting TMDs allows them to be used for  

different purposes. For example, a larger bandgap TMD can be used as 2D dielectric14, 

while a smaller bandgap TMD such as MoTe2 can be used for infrared detectors and 

photodiodes30. The various band offsets, on the other hand, offer a diverse toolset to 

generate heterostructures with the band structures engineered layer-by-layer, as will be 

discussed in the following section. 

1.3. From 2D materials to 3D Artificial Solids  

Monolayers of 2D materials interact with the environment only through the 

weak and directionless van der Waals interaction. As no chemical bonding is formed 

between the layers, different 2D materials can be arbitrarily assembled together 

Figure 1.4 Band offsets and gaps of different TMDs. Reproduced from [29]. 
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without the constraints of the composition nor lattice matching/alignment as illustrated 

in Figure 1.5a7. In other words, with N different 2D materials, NL different structures 

can be designed for an assembly of L monolayers. For example, by counting the 2D 

materials that are readily available (N ~ 10) and an assembly of five monolayers that 

can be easily achieved nowadays, up to 100,000 different structures can be created. 

Note here we have only counted the different compositions in the structures and no 

other variables. The versatility and designability of the assembly of 2D materials into 

3D artificial crystal allows unprecedented heterostructures to be constructed, 

providing a powerful platform that has attracted much attention across multiple 

scientific fields. In a review article7, Andre Geim described his prospectives and 

visions regarding building such exciting 3D artificial solids, which were named van 

der Waals heterostructures. In addition, he made an analogy between 2D material 

assembly and the toy LEGO to emphasize the designability of this method. 

However, the analogy with LEGO doesn’t completely capture the 

characteristics of 2D material assembly, as LEGO blocks have to be assembled in 

specific directions while 2D materials can be assembled with rotation between the 

layers owing to the directionless van der Waals interactions. As illustrated in Figure 

1.5b, assembly of 2D materials is closer to stacking paper, where the paper can be 

stacked together with any interlayer rotation. (Each color presents a different 2D 

materials.) This interlayer rotation can significantly change the characteristics of the 

as-fabricated van der Waals heterostructures. For instance, it was recently 

demonstrated that when two graphene monolayers, which are semi-metallic, are 

stacked with an interlayer rotation of 1.1 to form twisted bilayer graphene (tBLG), 

the tBLG becomes a superconductor with a critical temperature up to 1.7 K (Figure 

1.5c)31. In another case, the dielectric constant of MoS2 multilayers with and without 

interlayer rotation is found to be up to three times different14.  
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Van der Waals heterostructures bring an even more complex test ground for 

physics such as the excitonic effect in semiconducting TMDs. For example, it has 

been demonstrated that the excitons generated in a MoSe2-WSe2 heterostructure can 

have the electrons and holes spatially separated in different layers, resulting in an 

order of magnitude longer lifetime for interlayer excitons compared to that of 

intralayer excitons32. The coupling strength between the two semiconducting TMDs 

can be further varied by inserting layers of hBN in between as atomically thin 

spacer33. This prevents the interlayer exciton recombination and was recently 

demonstrated to serve as a promising method for observing high temperature exciton 

condensation10.  

Figure 1.5 Van der Waals heterostructures. a, schematics of a van der Waals 

heterostructure. Reproduced from [7]. b, an analogy to assembly of 2D materials is 

the stacking of color paper, where each color represents a 2D material. A random, 

finite rotation  between each paper is allowed. c, superconductivity in twisted 

bilayer graphene with a twist angle  of ~1.1. (top inset) schematics of twisted 

bilayer graphene; (bottom inset) optical image of the device. Reproduced from [31]. 
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1.4. Large scale synthesis of 2D materials 

The abundant physics in both 2D material monolayers and their hetero-

structures presents a great opportunity for both scientific research as well as 

technological applications. However, the sample size of 2D material monolayers 

prepared by exfoliation of the bulk crystal is typically only a few micrometers despite 

the excellent sample quality. Because scalability is critical for technological 

applications, it is essential to synthesize 2D materials monolayer on the large scale 

while maintaining the material properties close to those of exfoliated samples. Here, 

we will briefly discuss the chemical vapor deposition (CVD) method for graphene and 

TMDs, which produces high quality monolayers of 2D materials on the large scale. It 

is noted that there are other large scale synthesis methods such as sulfurization of 

transition metal thin films and liquid exfoliation, each of which has different 

advantages for technological applications such as cost-efficiency. 

Chemical vapor deposition for graphene 

CVD growth has emerged as one of the most prevailing methods for the 

synthesis of high quality, large scale graphene monolayers since 200811,34. In this 

method, methane and hydrogen gas is introduced into a hot furnace at around 1000C, 

and the graphene can be synthesized on catalytic metal substrates, typically Ni or Cu. 

Different metal substrates may have different growth mechanisms, and thus it is 

crucial to use the appropriate metal substrates for graphene. For instance, graphene 

grown on a Ni substrate tends to have more multilayer coverage, because the carbon 

decomposed from methane is first dissolved into Ni and then precipitate to the surface 

to form graphene as in Figure 1.6a34,35. On the other hand, Cu has a much lower 

solubility for carbon, and therefore the formation of graphene on Cu is mainly a 

surface reaction. This growth mechanism is a self-limiting process, meaning the 

reaction is stopped once the Cu surface is covered by graphene (Figure 1.6b). The self-
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limiting growth allows graphene grown on a Cu substrate to be mainly single layer, 

and is the most common way to grow graphene monolayer nowadays. Graphene CVD 

growth is also compatible with the industrial roll-to-roll process, which allows the 

production of graphene for industrial use36. 

Besides the growth mechanism, the crystallinity of the metal substrate can play 

an important role for graphene growth. Typical CVD-grown graphene is 

polycrystalline, where each grain can have a random orientation. As the lattice 

orientation becomes important in determining the interlayer rotation in the vertical 

assembly of 2D materials, a growth method that allows graphene to have a single 

lattice orientation is desired. For this, our group demonstrated a graphene growth on 

Figure 1.6 Chemical vapor deposition of graphene. a-b, schematics of graphene 

CVD growth on Ni and Cu substrates. Reproduced from [35]. c, Dark-field TEM 

image of aligned graphene grown on Cu (111). The colors indicate the lattice 

orientations. d, ARPES data measured with a 200 nm (left) and a 90 m photon 

spot, which are showing the same electronic structure. Both c and d are reproduced 

from [37]. e, Large scale aligned graphene growth. Reproduced from [38]. 
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the Cu (111) surface that is polycrystalline but has near single crystalline structure and 

electronic properties37. In this method, the Cu (111) surface is used as a template for 

the grains of graphene to be aligned in one direction, which can be confirmed by the 

dark-field transmission electron microscope (TEM) image shown in Figure 1.6c. The 

angle-resolved photoemission spectroscopy (ARPES) in Figure 1.6d further confirms 

that this aligned graphene shows an electronic band structure similar to that of single 

crystalline graphene. As further demonstrated in Figure 1.6e, this method of growing 

highly-oriented graphene on the Cu (111) surface has recently been demonstrated up 

to a 5 × 50 cm2 area in a single, twenty minutes growth, making it close to the scale 

suitable for industrial use38.  

Metal-organic chemical vapor deposition for TMD monolayers 

The metal-organic chemical vapor deposition (MOCVD) method for growing 

TMD monolayers on the large scale was first introduced by our group in 2015, which 

has brought this large group of 2D materials into the technologically-relevant scale 

similar to the first large-scale graphene CVD growth13. Early CVD growths of TMDs, 

which typically used solid phase precursors such as MoO3 and S for MoS2, only 

provided uniform monolayer coverage of around a few millimeters41. One major issue 

for the solid phase precursor is that the vapor pressure can vary over time, making the 

precursor flow during growth difficult to control. By using highly volatile metal-

organic precursors, such as Mo(CO)6 with (C2H5)2S for MoS2, the MOCVD method 

allows the uniform flow of the precursors, where the concentrations can be precisely 

controlled using mass-flow controllers during growth (Figure 1.7). With such 

controllability of the growth environment, we were able to grow MoS2, WS2, MoSe2, 

WSe2 on silicon oxide substrates up to four-inch wafer scale. The TMD monolayers 

grown by the MOCVD method exhibit excellent mobility of ~30 cm2 V−1 s−1 for 

MoS2, which is close to those measured from exfoliated samples. High quality, large 
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scale TMD monolayers are essential for practical applications of the material as well 

as the assembly of 2D materials on the large scale. Hence, TMD monolayers grown by 

the MOCVD method will be the primary source of TMDs used in this dissertation. 

1.5. Overview of the Dissertation 

While many exciting physics has been discovered and demonstrated with 2D 

materials and their heterostructures, most of them remain proof-of-conception 

experiments due to the small scale of the samples and devices. Without scalability, 

most of these exciting discoveries and promising applications will likely stay as 

knowledge instead of becoming technologies that can advance human life. As such, 

this dissertation have been dedicated to scaling up the process for 2D materials while 

maximally preserving the intrinsic properties of 2D materials. Another important goal 

for my Ph.D. research was realizing 2D material-based quantum electronics that takes 

Figure 1.7 MOCVD growth of TMD monolayers. a, schematics of the MOCVD 

growth. b, Photos of MoS2 and WS2 grown on 4-inch fused silica wafer. The left 

half of each photo is a photo of blank fused silica for color contrast. (inset) 

schematics of the crystal structure of MoS2 and WS2. All figures are reproduced 

from [13]. 
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advantages of the sequential layer-by-layer assembly of 2D materials to achieve 

atomic scale designability of vertical structures of devices, on the wafer scale, too. 

This dissertation presents the efforts of our group toward these goals. In 

Chapter 2, we demonstrated a wafer-scale vacuum-stacking method, called 

programmed vacuum stacking (PVS), that enables the layer-by-layer assembly of 2D 

material monolayers with excellent spatial uniformity and pristine interlayer 

interfaces. The PVS method allows us to address the challenges to generate high 

quality van der Waals heterostructures on the large scale, which is the foundation for 

the later work of building quantum electronics using 2D materials. This work was 

published in Nature (2017). In Chapter 3, the optical and electrical properties of 

artificially-stacked twisted bilayer graphene are studied. Here, we grow centimeter 

scale aligned graphene and stack them on top of each other with a controlled angle, 

which allows us to form a uniform twisted angle over a large area. We look at the 

optical transition that arose from the van Hove singularities where the Dirac cones 

from each graphene monolayer intercept. This optical transition is excitonic, and we 

were able to control the optical response through different doping and electric field on 

the twisted bilayer graphene. Our study reveals the quantum-confined Stark effect and 

many-body interactions in this system. In Chapter 4, we demonstrated, for the first 

time, MoS2 superconducting qubits, where the Josephson energies can be tuned via the 

number of layers of MoS2 assembled for the tunnel barrier of Josephson junctions. 

This allows Josephson junctions and superconducting qubits to access the diverse 

material properties of 2D materials, offering a new material systems for studying and 

engineering novel quantum circuit elements for quantum computing in the future. This 

work was published in Nano Letters (2019).  Chapter 5 presents the potential future 

directions for the above projects, as well as a brief introduction to some of the exciting 

work currently going on in our group. The dissertation will be concluded with my 
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personal perspective on the topic of 2D materials at the end. 
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CHAPTER TWO 

Layer-By-Layer Assembly of Two-Dimensional Materials into Wafer-Scale 

Heterostructures 

2.1. Introduction  

 Modern technologies for precisely designing the vertical composition of the 

semiconductor films on the atomic scale provide the foundation for modern integrated 

circuitry and novel materials discovery1-3. The existing methods for generating such 

films, such as chemical vapor deposition, pulsed laser deposition, and molecular beam 

deposition, generally rely on the direct sequential growth, where one layer of material 

is deposited directly on top of the previous one. While the thickness and composition 

of the resulting films can be controlled down to the atomic scale using this approach, 

the growth dynamics of one material are often sensitive to the previously deposited 

one that also serves as the growth substrate, making additional tuning and 

customization necessary, especially for heterostructure films. 

With the discovery of 2D materials, a new approach for realizing such 

precisely-designed films has been proposed based on the sequential layer-by-layer 

assembly. Here, 2D material monolayers are used as atomically-thin building blocks, 

which can be vertically stacked on top of another through van der Waals interactions4-

6. As no interlayer bonding is formed, the addition of a new layer is mostly 

independent of the previous layers, hence making such an approach advantageous for 

realizing previously inaccessible heterostructures with novel physical properties7-11. 

However, there has been no large-scale assembly method that maintained the intrinsic 

properties of these heterostructures while producing pristine interlayer interfaces12-15, 

which limits the use of this concept to only small-size proof-of-concept 
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demonstrations using exfoliated samples (, usually size of a few m).  

In this chapter, we report the wafer-scale semiconductor films whose vertical 

composition and properties are directly designed on the atomic scale using layer-by-

layer assembly of 2D material monolayers, which are shown to have excellent spatial 

uniformity and pristine interfaces. We use the newly-developed method, named 

programmed vacuum stacking, where a series of wafer-scale, three-atom-thick 

semiconductors (MoS2, MoSe2, and WS2) are stacked under vacuum. Using our 

approach, we fabricate a variety of large-scale high-quality heterostructure films and 

devices that were previously inaccessible. These include superlattice films having 

composition vertically-designed layer-by-layer, batch-fabricated tunnel device arrays 

with their resistance tuned over four orders of magnitude, band-engineered 

heterostructure tunnel diodes, and millimeter-scale ultrathin membranes and windows. 

In addition, these stacked films are highly detachable and compatible with water or 

plastic surface, which will enable their integration with advanced optical and 

mechanical systems and applications in unconventional environments.  

2.2.  Programmed Vacuum Stacking 

Figure 2.1a schematically illustrates the process of our newly-developed 

Programmed Vacuum Stacking (PVS): I, wafer-scale 2D monolayers are synthesized 

individually using MOCVD16. II, the initial layer L0, spin-coated with an adhesive 

polymer film, is mechanically peeled from the growth substrate (SiO2/Si) using a 

thermal release tape (TRT). III, L0/TRT is then stacked and pressed on top of the next 

layer L1 (on the growth substrate) in a vacuum chamber, forming an air-free interface 

between L0 and L1. IV, L1/L0/TRT is peeled off from the substrate. The vacuum stack 

(III) and peel (IV) steps are repeated to directly program the vertical composition of 

the film with the desired number of layers (NL). V, the NL-layer film is then released 
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from the TRT onto a target substrate, in either supported or suspended form. 

Figure 2.1b-c shows a representative high-quality semiconductor 

heterostructure film generated using the PVS process. The film is assembled by 

vertically stacking nine layers of individual wafer-scale monolayer transition metal 

dichalcogenide (TMD) films alternating between MoS2 and WS2 (see schematic in 

Figure 2.1b). The scanning transmission electron microscopy (STEM) data in Figure 

2.1c confirm that its composition is vertically designed with atomic-scale precision 

and clean interfaces. First, five dark layers and four bright layers are clearly visible in 

the cross-sectional annular dark field (ADF) STEM image of the film (Figure 1c left 

panel), which correspond to the five MLs of MoS2 and four MLs of WS2, respectively. 

The chemical composition of each layer is directly confirmed by electron energy loss 

spectroscopy (EELS; Figure 2.1c right panel), which shows the Mo peaks only for the 

MoS2 layers, but a uniform S signal everywhere within the film. Second, all nine 

Figure 2.1 Programmed vacuum stacking. a, a schematic for the PVS process. See 

main text for a detailed description. b, schematic diagram of a vertically stacked 

MoS2/WS2 superlattice. c, left: a cross-sectional ADF STEM image of a 

superlattice film transferred on a SiO2/Si substrate. The bright and dark layers are 

WS2 and MoS2 MLs, respectively, with the Si crystal lattice shown at the bottom; 

right: intensity profiles measured from the ADF STEM image and the EELS 

mapping along the out-of-plane direction. black - ADF STEM; green - EELS for 

Mo; orange - EELS for S; red - EELS for C. d, photo of a large-scale freestanding 

ultrathin semiconductor film (7-layer MoS2; thickness ~ 5nm). It is fully suspended 

over a 1 × 1mm2 hole on a TEM chip.  
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individual layers appear uniform and continuous, and run straight and parallel to each 

other. The interfaces between adjacent layers remain clean and free of bubbles or 

wrinkles, with a constant interlayer distance of 0.64 nm, which is consistent with the 

value expected for MoS2/WS2 with a non-zero interlayer rotation angle17. Third, the 

EELS data further shows a very low signal for carbon (red curve, Figure 2.1c) within 

the film near the detection limit of our instrument. Additional STEM images and 

EELS spectra of more heterostructure films are shown in Figure 2.2d. In Figure 2.1d, 

we further demonstrate that the as-generated film can be completely separated from 

the substrate as an ultrathin freestanding film. Here, another high-quality large-scale 

semiconductor film assembled with seven layers of MoS2 is suspended over a 1  1 

mm2 square hole in the middle of a TEM chip. This freestanding film is thinner than 5 

nm, hence results in one of the highest aspect ratios (length/thickness ~ 0.2 million) 

ever reported for freestanding semiconductor films18-20. Achieving a high aspect ratio 

also indicates that our film has excellent structural quality and mechanical strength. 

Altogether, the data in Figure 2.1 demonstrate that our PVS process has produced 

high-quality detachable semiconductor films with atomic-scale programmability and 

pristine interfaces.  

The PVS process provides a key advantage over existing methods of layer-by-

layer assembly: a wafer-scale process that maintains pristine interlayer interfaces of 

the as-fabricated film. For the wafer-scale process, the MOCVD process is used to 

grow homogeneous wafer-scale semiconductor monolayers as the building blocks, 

here MoS2, MoSe2, and WS2 as demonstrated. For the pristine interlayer interfaces, we 

optimize the synthesis to generate excellent surface properties, allowing these building 

blocks to be cleanly peeled off from the growth substrates without the use of any 

etchants or solvents. These building blocks are then assembled under vacuum using a 

customized apparatus for wafer-scale vacuum-stacking. As we show below, this 
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greatly improves the interface quality and flatness of the films, minimizing the amount 

of amorphous carbon or trapped air at the interfaces. Moreover, the PVS process are 

set to be used with an arbitrary 2D material as long as its adhesion to the stacked film 

is stronger than that to the growth substrate, making this a general approach for 

producing large-scale, vertically-designed stacked films with pristine interfaces.  

2.3. Characterizations of the Wafer-Scale Layer-By-Layer Assembled films 

In this section, we utilize several characterization tools to confirm the key 

advantage of the PVS process claimed above. Because the defects can be extremely 

small down to nanometer while our film is as large as several inches, spanning over 

seven orders of magnitudes in the length scale, we use multiple characterization 

techniques in combination as summarized in Table I. 

First, we confirm that our stacked films are spatially uniform. Figure 2.2a 

displays photos of a three-layer MoS2 film taken during the process. The figure shows 

a 2” round region of L0 after the initial peeling (left image), and a three-layer MoS2 

Table I. List of our combined characterizations and their length scales. Here, the left 

end of each bar indicates the resolution of the technique, and the right end indicates 

the largest field of view. 
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film (right image) after two 1” squares of MoS2 MLs, L1 and L2, are subsequently 

stacked. All layers remain continuous and uniform in these photos, where each pixel is 

estimated to have a resolution of few hundreds by hundreds m2. Optical absorption 

spectra (see Figure A2.1 in 2.7. Appendix) up to ten layers further demonstrate that 

there are no significant spatial variations in the optical absorption down to tens of m. 

In Figure A2.2, Raman mapping using the 𝐸2𝑔
1  peak of MoS2 also shows spatially 

homogeneous peak frequency for different numbers of layers of MoS2, further 

confirming the uniformity of our films with a resolution down to a micrometer. The 

uniformity directly results from the uniform monolayers grown by MOCVD (~99.5% 

monolayer coverage as shown in Ref.16) and the nearly perfect yield of our PVS 

process that allows each wafer-scale monolayer to be completely separated from the 

Figure 2.2 Characterization of the assembled films. a, photos of wafer-scale MoS2 

films after step II (left image), where the first layer (L0) on TRT is peeled from a 

2” wafer, and after step IV (right image), where two more layers L1 and L2 (1” 

squares) are stacked on L0, forming a 3L MoS2 film. b, AFM height images (2m 

× 2m) taken from the bottom (L2) side of 3L-MoS2 films stacked in vacuum (top 

right) and air (bottom left). The film stacked in vacuum shows a flatter surface 

without bubble-like structure. Height scales: 5nm. c, XRD pattern of 4L-MoS2 

generated by the PVS process (solid curve) and conventional dry transfer (dashed 

curve). The single peak at 2θ~14 is originated from X-ray beams diffracted by 

MLs spaced along the c-axis direction. Upper inset: schematics of the X-ray 

diffraction from stacked films with pristine interfaces (left) and contaminated 

interfaces (right). The effective beam area used for the measurement is an ellipse of 

0.5  1 cm2. d, cross-sectional STEM image of a MoSe2/MoS2/WS2 film with the 

electron beam aligned with the zig-zag axis of MoSe2 (top) and MoS2 (middle). 
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growth substrate and transferred to the stacked film. This nearly perfect yield is 

evidenced by the residue-free growth substrates after MoS2 monolayers are peeled off, 

as shown using the scanning electron microscopy and Raman measurements of the 

substrates (Figure A2.3).  

Second, we confirm that our stacked films show greatly improved interlayer 

structures and flatness, which is critical to the quality and sub m scale homogeneity 

of the film. Figure 2.2c presents the thin film X-ray diffraction (XRD) data measured 

from a PVS-stacked 4L-MoS2 film (solid curve) over a 0.5 by 1 cm2 sample area. It 

shows a peak at 2θ~14 coming from the X-ray diffraction by the monolayers spaced 

along the c-axis direction. The intensity of this peak is five-times higher than that 

observed from the other film generated by a non-PVS process (dashed curve; 

conventional dry-transfer13), indicating a significantly improved layered structure in 

the former. In addition, the peak position can be converted to an average interlayer 

spacing of 0.64 nm, close to the expected value of 0.65 nm calculated for twisted 

MoS2 multilayers17. The above results indicate that the PVS process indeed improves 

the coherence of interlayer structure over a centimeter scale, suggesting cleaner 

interfaces with a reduced amount of interlayer contaminations in the films (schematic, 

Figure 2.2c). Dark field optical microscopy (Figure A2.4) also shows that the number 

of scatterers is reduced by 98% over a 5 by 5 mm2 area in PVS-stacked films, 

confirming the significantly improved film flatness. Furthermore, Figure 2.2b shows 

the atomic force microscopy (AFM) images (measured on the bottom side of L2) of 

two MoS2 films (NL = 3), whose preparation steps are identical except for the stacking 

environment: one is stacked in vacuum (left), and the other in air (right). The film 

stacked in vacuum (roughness ~ 270 pm) is much smoother than the one stacked in air 

(roughness ~ 700 pm). In addition, the vacuum-stacked film is free of bubble-like 

features, which are clearly visible in the film stacked in air, and are similar to the 
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features reported in previous works14-15. Additional AFM images (Figure A2.5) show 

similar improvements up to 50 by 50 m2 areas.  

As our films are generated by stacking monolayers, they show random 

interlayer rotations as a result of the directionless Van der Waals interactions. This 

random interlayer rotation is in contrast to the naturally-grown multilayers 2D 

materials, which typically show either aligned lattice (i.e. no rotation) or some specific 

rotation angles that have the commensurate structures. This is directly demonstrated in 

Figure 2.2d with the cross-sectional STEM image of a MoSe2/MoS2/WS2 film. Here, 

the zig-zag axes of the MoSe2 (top) and MoS2 (middle) layers are roughly parallel to 

the electron beam while that of WS2 is not. Additionally, in stark contrast to other 

layer-by-layer growth techniques as mentioned in the introduction of this chapter, this 

image directly shows that the vertical stacking is successful in the presence of a lattice 

mismatch (e.g. MoSe2 lattice constant is larger than MoS2 by ~ 4.2%)21 or an 

interlayer rotation (between MoS2 and WS2). This interlayer rotation is an important 

characteristic of layer-by-layer assembled 2D materials, which contributes to many 

interesting new phenomena such as the one shown below. The entire Chapter 3 will be 

dedicated to this topic with twisted bilayer graphene. 

As an example, one consequence of the interlayer rotation in our TMD 

multilayer films is the changes in exciton properties, as demonstrated in Figure A2.6 

with the stacked 2L-WS2. Here, we use the MOCVD-grown monolayer flakes, where 

each flake is typically single crystalline. The interlayer rotation angle  can then be 

approximated using the orientation of the edges of the triangles as shown in the optical 

image of Figure A2.6a. Figure A2.6b (main panel) first shows that the PL measured 

from a 2L-WS2 region is strongly quenched compared to the PL from a monolayer 

region. The bilayer PL spectra also show two additional peaks (see inset) that 

correspond to the indirect peak (peak I) and interlayer exciton peak (peak AI)
22. The 
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PL quenching and the presence of I peak indicate the direct-to-indirect bandgap 

transition due to the interlayer coupling in WS2. Figure A2.6c schematically illustrates 

the origin of the AI peak, which occurs when an exciton is generated across different 

layers of twisted 2L-WS2. The peak line-shape analysis further shows the angle-

dependence of I, A, and AI peak energies as in Figure A2.6e (left), demonstrating the 

effect of interlayer rotation on the exciton characteristic in the stacked films. Similar 

results and the detailed explanation are also reported using as-grown twisted bilayer 

WS2 (, duplicated in Figure A2.6e (right), ref. 22).  

2.4. Band Engineering of Tunnel Junctions 

The layer-by-layer assembly allows for the generation of a large number of 

distinct, vertically-designed semiconductor films with only a small set of 2D materials. 

For example, with n different 2D materials, one can construct nL distinct films by 

stacking L layers. Here, the n different 2D materials can be individually grown without 

considering the specific stacking sequence, making the programming process simple 

and straightforward. Moreover, these stacked films would enable batch-fabrication of 

electronic and optoelectronic devices as the PVS process generates homogenous 

structures and properties over large areas. 

In Figure 2.3, we demonstrate these by generating a series of distinct stacked 

films and heterostructures that have a larger number of stacked interfaces, all 

assembled with two representative TMD MLs (MoS2 and WS2). To study their 

electrical properties, we fabricate large arrays of metal/stacked film/metal vertical 

tunnel devices as shown in Figure 2.3a and b. Here, we choose gold as the electrode 

metal, forming a tunnel band diagram as schematically illustrated in Figure 2.3c. 

Using the tunnel device geometry, we can investigate the uniformity and high quality 

of PVS films accurately over large area, because tunneling is exponentially sensitive 
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to the barrier properties including the thickness, band structure, doping, and defects. 

Figure 2.3d shows the representative current density versus bias (J-V) curves 

measured from NL-layer MoS2 films (NL = 3, 5, 7). All three J-V curves show similar 

non-Ohmic behavior, with the current increasing superlinearly with increasing bias. In 

addition, the magnitude of J strongly depends on NL, decreasing approximately ten-

Figure 2.3. Band Engineering of Tunnel Junctions. a, a schematic of our device 

geometry, where a stacked film is sandwiched between top and bottom electrodes. 

b, schematics of devices with different film compositions (top) and their 

corresponding band profiles (bottom). c, a schematic of the general band profile in 

our devices. d, J-V characteristics measured from three Au/NL-MoS2/Au devices 

with NL = 3, 5, 7. The curves are multiplied by 102 (NL = 5) and 104 (NL = 7). e, 

(left) zero-bias tunnel resistance-area product measured as a function of NL. Each 

data point is an average measured from ten devices; the dashed line is calculated 

using a tunnel model with a single parameter B = 0.5eV; (right top) optical image 

of an array of 24 tunnel devices made with 7L-MoS2 over a 2  3 mm2 area; (right 

bottom) spatial map and (inset) histogram of tunnel resistance of the 24 devices 

shown in the optical image. f, J-V curves near zero bias measured from MoS2, WS2 

and WS2/MoS2 devices, all with NL=6. The curves for WS2/MoS2 and WS2 are 

multiplied by 102 and 103, respectively. g, (left) J-V curve of the heterostructure 

WS2/MoS2 device in the large bias regime, where WS2 side is grounded. It shows a 

diode behavior with the forward bias current ~ 10 times larger than reverse bias 

current at 1.4 volts. (right) the corresponding band diagrams under large reverse 

bias (V <0), zero-bias (V~0), and large forward bias (V>0), which have different 

effective electron tunnel length. Arrows indicate the direction of electron tunneling. 
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fold with each additional layer. Figure 2.3e (left panel) further plots the average zero-

bias resistance-area product (R0A; average from ten devices) as a function of NL, 

which confirms the same exponential NL dependence. This exponential dependence 

and the superlinear J-V curves strongly suggest that the main transport mechanism in 

our devices is electron tunneling as schematically shown in Figure 2.3c, which is the 

same mechanism observed from similar devices made with exfoliated hexagonal 

boron nitride flakes23. Furthermore, our experimental data quantitatively match the 

theoretical zero-bias resistance, which is calculated based on a tunnel model24 using 

the barrier height  B as the single fitting parameter (Figure 2.3e dash line, plotted with 

ϕB= 0.5 eV).  

The agreement between our experimental data and the theoretical model 

indicates that our MoS2 films have a well-controlled NL and band energy (i.e. doping 

level) uniform across the entire films without structural inhomogeneities that would 

strongly affect the tunnel current (e.g. cracks, wrinkles, and trapped impurities). This 

is further supported by the spatial map of R0A values measured from an array of 

twenty-four 7L-MoS2 tunnel devices over a 2 × 3 mm2 area (Figure 3e, right panel). It 

shows a 100% device yield with a uniform tunnel resistance. The tunnel resistance 

histogram of these measurements (Figure 2.3e, inset) further shows a single narrow 

peak with a standard deviation that corresponds to a thickness variation of only 0.1 

layers (i.e., ~ 70 pm variation; see supplementary notes). Similarly, for larger NL, the 

control over NL and spatial uniformity is demonstrated using capacitance 

measurements (Figure A2.7a). The average capacitance values measured from NL-

layer MoS2 capacitors (NL up to 11) closely follow the 1/NL dependence expected from 

a parallel plate capacitor with only a small variation. 

The electrical properties of our stacked films are also composition-sensitive. 

As schematically depicted in Figure 2.3b for three example devices of (6L-)MoS2, 
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(6L-)WS2 and WS2(3L)/MoS2(3L), varying the composition drastically modified the 

tunnel band profiles of the devices. Figure 2.3f presents the J-V curves of these 

devices near zero bias, showing up to ~ 10,000-fold increase in resistance when the 

composition of the film is changed from MoS2 (< 1 MΩ·μm2) to WS2 (~ 10 GΩ·μm2). 

In addition, an intermediate value of ~ 100 MΩ·μm2 is observed from the WS2/MoS2 

heterostructure device. The different band alignments of MoS2 versus WS2 (Figure 

2.3b, bottom) explains this large tuning range. Even though MoS2 and WS2 have 

similar bandgap energies, EF of gold is closer to the center of the WS2 bandgap25, 

leading to a higher tunnel barrier and thus larger resistance for the WS2 device. 

Similarly, the effective barrier height in the heterostructure WS2/MoS2 device is 

approximately the average of those of MoS2 and WS2, explaining the intermediate 

tunnel resistance value24. Moreover, the heterostructure WS2/MoS2 device shows an 

asymmetric, diode-like J-V curve at larger biases (Figure 2.3g), with the forward bias 

current ~ 10 times larger than reverse bias current at 1.4 volts, in contrast to the 

symmetric curves of MoS2 and WS2 devices (Figure A2.7b). This is similar to the 

characteristic behavior of the metal-insulator-insulator-metal (MIIM) tunnel diode 

recently reported26, where the effective tunnel distance changes depending on the bias 

direction due to the barrier height offset at the insulator-insulator interface. (see right 

panel of Figure 2.3g). 

2.5. Freestanding Ultrathin Film for Optical and Mechanical Applications 

Because of the van der Waals nature of 2D materials, they are highly 

detachable and transferable, making them compatible with various environments and 

processing. However, this advantage of 2D materials can only be fully utilized when 

the sample is large and high quality, which we have achieved here with the PVS 

process. Hence, many applications of 2D materials become practical. For instance, the 
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films can be suspended to produce ultrathin windows, patterned to generate 

freestanding structures, or transferred to form unconventional interfaces, as we 

demonstrate below. 

Figure 2.4a first demonstrates the use of films as an optical window with color-

tunable transparency. An array of patterned gold reflectors is imaged through the 

freestanding 7L-MoS2 film (1  1 mm2, shown in Figure 2.1c) at two different photon 

energies, each below and above Eg of MoS2 (~1.86 eV). At 1.55 eV, the reflector array 

is clearly imaged with the MoS2 window, showing no significant intensity difference 

compared to the window-free area. At 2.32 eV, however, the features under the 

window are barely visible as the MoS2 film becomes opaque due to its strong 

absorption at this wavelength. Another example of applications is the fabrication of 

Figure 2.4 Large-scale free standing TMD films. a, top: schematics of a 7L-MoS2 

film as an ultrathin optical window with color-tunable transparency; bottom: 

optical reflection images of patterned gold reflectors at two different photon 

energies taken with the window (inside the green dotted square) suspended ~ 200 

m above the substrate. The window is transparent at 1.55eV (below Eg, left 

image), but is opaque at 2.32eV (above Eg, right image), as compared to the 

window-free area (outside the circle). b, bottom: SEM image of cantilever-shaped 

structures generated within a 7L-MoS2 membrane. They are made using FIB 

milling (shown in the top schematic). c, a 4L-MoS2/WS2 superlattice floating on 

water surface with no additional support (schematic on top). Inset: a photo of a 1”-

scale ML MoS2 film transferred onto a plastic (PET) substrate from water.  
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freestanding structures within our films. Figure 2.4b (bottom) shows an SEM image of 

an array of cantilever-shaped structures, patterned using a focused ion beam (FIB) 

milling. This process allows us to pattern ultrathin semiconductor structures with an 

arbitrary shape, such as cantilevers or holes, which could lead to a new class of micro- 

and nano-electromechanical systems27 and nanoporous membranes28. Finally, Figure 

2.4c shows a large-scale 4L-Mo/W/Mo/WS2 superlattice film floating on the water 

surface, generating a semiconductor/water interface. It is delaminated from a substrate 

by simply dipping it into water29 with no polymer support, which provides another 

way of releasing the stacked films onto surfaces with different thermal/chemical 

nature, such as plastic substrates (inset photo).  

2.6. Summary 

Our PVS process offers a powerful platform for systematically generating 

previously unavailable large-scale heterostructures and devices whose properties are 

designed with atomic scale precision. For example, its application to emerging layered 

materials, including monolayer superconductors16 and ferromagnets17, would produce 

novel interfaces and superlattices where superconductivity and magnetic orders 

coexist, with the coupling between them being tuned layer-by-layer. The integration of 

the large-scale tunnel barriers demonstrated in this work with conventional 

superconductors and ferromagnets could also lead to the batch fabrication of novel 

Josephson junction arrays and spintronic devices, which we will explore in Chapter 4. 

Furthermore, it could be used for vertical manufacturing of hybrid materials and 

devices, where non-layered materials, such as organic films and self-assembled 

nanostructures, are stacked vertically, layer by layer, along with the two-dimensional 

materials. These potentials will accelerate the discovery of novel materials and the 

large-scale development of ultrathin multifunctional integrated circuitry.  
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2.7. Appendix 

Figure A2.1 Optical absorption spectra of NL-MoS2 films. a, spectra of 10L-MoS2 

measured at three random locations (local 1- 3) with spot size ~50 m, compared to 

spectrum using ~ 1 cm spot size (labeled as ‘global’). All spectra are similar, 

indicating the film has spatially uniform properties. Inset: schematics of the sample 

and the measurements. (spots not drawn to scale.) b, absorption measured at 532 nm 

as a function of NL using a 1cm spot size. The trend follows the expected layer 

dependent absorption 1-TNL with T = 0.91, close to the value for ML MoS2. Inset: 

Schematics and photos of the measured films, NL=1, 5, 10. 

Figure A2.2 Uniform Raman properties of PVS-stacked MoS2 films. a, Raman 

spectra taken from 1L-, 2L- and 5L-MoS2. Dashed lines track the trajectory of peak 

frequency as a function of NL. b, Raman frequency mapping of E1
2g peak across 1L- 

and 2L-MoS2 films. c, Raman frequency mapping of E1
2g peak at 5L-MoS2. All 

regions show uniform and consistent Raman properties. 
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Figure A2.3 High yield of mechanical peeling. a, Raman spectra taken on SiO2/Si 

substrates with (dark yellow) and without (grey) as-grown 1L-MoS2. The E1
2g peak 

(indicated by a red arrow) is used for Raman mapping below. b, c, SEM images of 1L-

MoS2 and a substrate after the MoS2 is successfully separated. Left-top scratch in b is 

made intentionally to expose SiO2 for contrast. Inset of c: an example of failed peeling 

when low quality MoS2 is used. d, e, Raman peak area mapping around the E1
2g peak 

frequency in correspondence to the SEM in b and c; inset of e for failed peeling. f, 

SEM (left column), Raman E1
2g peak area mapping (middle) and Raman spectra from 

five random locations (right column) taken on a series of substrates after additional 

peeling steps (generating L1, L2, L3, and L4). No MoS2 residues are observed in any 

of the images, indicating a nearly perfect peeling yield regardless of the number of 

repeated peeling and stacking. Scale bars: 20 m. 
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Figure A2.4 Dark-field optical microscope imaging. The 2L-MoS2 are generated by 

conventional dry transfer (c and e) and PVS (d and f) methods. a, a schematic of the 

experimental set-up. b, bright field microscope images. c and d, representative dark-

field images of each sample. e and f, scatterer number maps generated using thirty DF 

images taken over 5 × 5 mm2 sample area. Scale bars: 20 m. 

 

 

 

 

Figure A2.5 Additional 50  50 m2 AFM images. Data is taken from the bottom side 

of 2L-MoS2 films stacked a, in vacuum and b, in air. The height scale is 25 nm. 
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Figure A2.6 Interlayer coupling in PVS-stacked bilayer WS2. a, optical image of the 

sample. We approximate the twist angle using the edge orientation of each layer. b, PL 

spectra of 1L- and 2L-WS2. Inset: zoom-in of the spectrum for 2L-WS2. The peak can 

be fitted by three peaks: indirect transition peak I, direct transition peak of intralayer 

exciton (A) and direct transition of interlayer exciton peak (AI). c, schematics of the 

transitions for intralayer and interlayer A excitons of WS2. d, optical images and PL 

spectra of 2L-WS2 regions with different twist angles. e, angle-dependence of (left) 

PVS-stacked WS2 compared to (right) those reported in ref. 37. 

Figure A2.7 Additional electrical characterization. a, Capacitance per unit area versus 

NL. Each data point is the average of ten devices. The dashed line is calculated for a 

parallel plate capacitor with a dielectric constant ε = 3.0. The error bars are the 

standard deviation. b, J-V curves of 6L-MoS2, 6L-WS2 and WS2(3L)/MoS2(3L) 

devices at large bias regimes. For the MoS2 device, the J-V curve is symmetric for the 

entire V range. For WS2, it is generally symmetric, with only a small bias-dependence 

asymmetry (|I(forward)/I(reverse)| < 2 at V=1.4). In contrast, the WS2/MoS2 device 

displays a much larger asymmetry ratio |I(forward)/I(reverse)| > 10 at V=1.4. 
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CHAPTER THREE 

Quantum Confined Stark Effect in Twisted Bilayer Graphene 

3.1. Introduction 

Two-dimensional (2D) materials, such as graphene and transition metal 

dichalcogenides, generally have electrical and optical properties that are sensitive to 

the environment owing to their atomically-thin nature.1,2 Such high tunability of 2D 

materials allow their properties to be simply controlled through electrostatic gating, 

and therefore makes them promising candidates for many applications where 

electrically tunable properties are critical. Important examples are 2D material-based 

transistors2–6, tunable lasers7, photodetectors8,9, and optical modulators10,11. Among 2D 

materials, twisted bilayer graphene (tBLG) has particularly interesting electrical and 

optical properties. In tBLG, the angle of the crystal orientation between the 

constitutional layers are finite. This twist angle induces the angle-dependent van Hove 

singularities (VHSs) in its band structure at the intersections of the two Dirac cones 

from each layer, where the intra-layer states hybridize into inter-layer states (Figure 

1a, inset). This allows additional strong transitions between VHSs and give rise to the 

extra angle-dependent interlayer optical resonance peaks in the optical absorption 

spectrum of tBLG in comparison to that of Bernal-stacked BLG (shown in Figure 

3.1a).12–15 Previous work has reported many unique properties of this interlayer optical 

resonance. For example, the interlayer optical resonance transitions exhibit excitonic 

nature, where the excitons are first identified as resonant excitons rather than the 



- 41 - 

 

common bound excitons.16 Later theory predicts that additional bound excitons are 

also generated along with the resonant excitons in tBLG, but are not accessible by the 

one-photon measurement previously used.17 This is experimentally confirmed by the 

two-photon excitation measurement on tBLG.18 More recent work shows that the 

interlayer optical resonance transition also shows strong circular dichroism depending 

on the handiness of the rotation between the layers of tBLG.19 However, despite all the 

intensive studies on the interlayer optical response excitons of tBLG, its optical 

properties in response to the electrical gating has not been fully characterized and 

Figure 3.1 Experiment set-up. a, the optical conductivity () spectrum of tBLG 

with twist angle of 13.6 (solid) and Bernal-stacked BLG (dashed). The dashed 

square enclosed the signature interlayer optical resonance (IOR) peak of tBLG. 

Inset: the band structure of tBLG. The dashed line shows the Fermi level EF of 

undoped tBLG, K1, K2 are the Dirac points from each constitutional layer, and the 

green arrow indicates the transition corresponding to the interlayer optical 

resonance peak. b, Schematics of the experiment set-up. Gate voltages are 

separately addressed by top (VT) and bottom gate (VB). A bias voltage is applied to 

tBLG and the resistance is measured as a function of (VT, VB). White light is shined 

from the bottom-gate and the full optical transmission spectrum is collected after 

top gate as a function of VT, VB and photon energy Eph. Inset: falsed color optical 

image of the device. S, D, B, T represents source, drain, bottom and top gate 

electrode, respectively. The red stripe is the tBLG channel, where the channel 

length is 30 m.  
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understood so far. 

The electro-optical properties in 2D materials have been intensively studied 

previously20–23. However, the two components of the electrical gating— i.e., the 

electric field and the doping—are usually convoluted or only theoretically 

distinguished by estimate based on simulations. Moreover, since unwanted exotic 

doping can easily happen during the fabrication or measurement of 2D materials, 

characterizations could potentially have significant inaccuracy if the doping and 

electric field on the sample is not monitored during measurement. Hence, a method 

that allows individual control of the electric field and the doping, as well as a 

measurement of the exact magnitude of these variables, are essential to quantitatively 

understand the optical response of 2D materials as a function of electrical gating. In 

this work, we developed such a characterization method that enables simultaneous 

measurements of the electric field and doping during the optical measurement, and use 

the method to understand the electro-optical properties of tBLG. 

3.2. Method of simultaneous electrical and optical characterizations 

Figure 3.1b schematically summarizes our experiment set-up. The tBLG is 

embedded in a dual gate transistor device as the channel material between source and 

drain electrodes. The gate electrodes are fabricated using thin gold metal to allow 

transmission of the light at the measuring wavelengths. The optical microscope image 

of the device is displayed in the inset. With this device geometry, we simultaneously 

measured tBLG’s resistance (R) and full optical transmission (σ) spectrum around the 

interlayer optical response peak for each top (VT) and bottom (VB) gate voltage. As we 
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will explain later, R as a function of VT and VB can be used to extract the exact electric 

field (D) and doping (Q) experienced by the tBLG under each gating condition. Based 

on this, the simultaneously measured σ-spectrum can be precisely determined as a 

function of D, Q and photon energy Eph. In our experiment, the tBLG’s are produced 

with two monolayer graphene films that are grown on the same Cu (111) grain and 

then cut in half(, hence have the same lattice orientation as described in Ref24). These 

layers are then stacked together with a designed twist angle by rotating one of the 

graphene layers with that angle relative to the other. This method is also previously 

reported19 (see also Figure A3.1 in the appendix for details). Five devices are 

Figure 3.2 Simultaneous electrical and optical measurements. a, color plot of the 

resistance R as a function of VT and VB. Along the D-line (the solid line), there is 

only electric field but no overall doping charges; along the Q-line (the dotted thick 

line), there is doping but no electric field. Along (i)-(iii), both the doping and the 

electric field are in present. Inset: resistance profiles along (i), (ii), Q and (iii). The 

maximum R along Q is the maximum of all the curves, indicating it is the DCNP of 

tBLG. (see main text.) b, color plot of the IOR peak energy shift EA, in relative to 

the maximum peak energy, as a function of VT, VB. The solid and dashed lines are 

drawn based on the D- and Q-lines in a. Inset: The -spectra of IOR at 1 (DCNP), 2 

(high D) and 3 (high Q). It clearly shows that both D and Q significantly changes 

the line-shape of IOR. The y-axis of the inset plot is  of tBLG subtracted by  of 

Bernal BLG. 
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fabricated with tBLG having twist angles ranging from 9.9° to 13.6°, confirmed by the 

peak energy (EA) of the interlayer optical response. The data shown below are 

representative data from two of the devices with =10.7 (for all except Figure. 3a and 

4a) and =12.1 (Figure. 3a and 4a). All five devices show similar results. 

Figure 3.2 shows the result of the simultaneously measured electrical and 

optical properties of the tBLG as a function of the gating. Figure 2a first displays the 

color plot of R(VT, VB), from which we can extract the exact D and Q applied onto the 

tBLG using the graphene parallel plates capacitor model described in ref. 25. Briefly, 

the high resistance line (solid line, marked as D) indicates that the tBLG is in an 

undoped state Q = 0, leaving D as the main variable. Lines perpendicular to the D-line 

thus have fixed D’s and leave Q as the main variable. The inset of Figure 2a shows the 

resistance profile of these lines (i-iii and Q). Based on the model, the maximum of the 

peak resistances of these lines occurs exclusively at the double charge neutrality point 

(DCNP), where both D and Q vanish. This gives us the ability to experimentally 

calibrate the zero of both D and Q applied on tBLG, which are ignored or assumed in 

previous studies. With this, we can also define the line perpendicular to the D-line and 

passing through the DCNP as the Q-line, where we can exclude the effect of D. We 

note here that, as clearly shown in Figure 3.2a, the location of the DCNPs are 

significantly away from the zero gate voltage in most of the devices. Moreover, the 

amount the DCNPs shift varies from device to device depending on the growth and 

fabrication batches. Therefore, this additional step of using the well-understood tBLG 

electrical behavior allows us to measure the real electrical gating applied to the 

sample, regardless of exotic effects. 
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Figure 3.2b further shows the interlayer optical response peak energy shift 

(denoted as EA) in relative to the maximum value, which is simultaneously measured 

with Figure 2a. The peak energies EA’s are extracted by Gaussian fitting each optical 

absorption spectra around the interlayer optical response peak of tBLG at different 

values of VT and VB. The D- and Q- lines, on the other hand, are drawn according to 

the results discussed in Figure 3.2a. Our data clearly shows that the maximum EA (i.e. 

EA=0) overlaps with the DCNP point. Indeed, as we will discuss below, this 

overlapping is consistent with our theoretical calculation using density functional 

theory (DFT). Moreover, Figure A3.2 in the appendix shows that the minimum peak 

width and maximum peak height also occur at the DCNP, which as well matches the 

DFT calculation. Based on these results, our data in Figure 3.2 proves that our 

simultaneous electrical and optical measurements are consistent with each other at 

each gating condition. This offers us the capability to individually and quantitatively 

characterize the optical response of tBLG to the electric field and the doping. For 

instance, the inset of Figure 3.2b shows the σ-spectra of interlayer optical response at 

point 1 (DCNP), 2 (D≠0, Q=0) and 3(D=0, Q≠0) marked in Figure 2b. Clearly, D and 

Q both significantly alters the line-shape of the interlayer optical response peak, but 

the changes of the line-shape are different. In the following, we further utilize our 

method to study the underlying mechanism of these changes in tBLG, starting with the 

case when D is applied to the tBLG while Q = 0. 

3.3. Quantum confined Stack effect in twisted bilayer graphene 

Figure 3.3a first shows the representative σ-spectra of the interlayer optical 
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response peak at different D’s. We observed three major changes in all our devices in 

response to the increasing D: the EA shifts to lower energies, the widths of the IOR 

peak are broadened, and the maximum peak heights decrease. In Figure 3b, we further 

plot the EA as a function of the electric field determined in Figure 3.2. We found that, 

first, ΔEA redshifts monotonically on both sides of the DCNP. Second, the redshift 

varies non-linearly as a function of D near the DCNP. The order of the non-linearity is 

further determined in Figure A3.3 in the appendix to be closed to 2, indicating a 

quadratic dependence of EA upon the applied electric field D. 

Here, we ascribe the quadratic redshift to be the result of the DC quantum-

confined Stark effect (QCSE) of the resonant excitons of tBLG. DC QCSE describes 

the effect when excitons are polarized and elongated under a DC electric field along 

the quantum-confined direction.26–28 This results in redshifts that can be described by a 

simple quadratic function of D, 

ΔEA= p×D + α × D2 …… (1), 

where p, α are the permanent dipole moment and the polarizability of the exciton 

along the direction of D. In Figure 3.3b, the solid line represents the fitting of eq. 1 to 

the experiment result, with the p, α as the fitting parameters. This fitting is in good 

agreement with our experiment up to D=50×105 V/cm, and shows that the α of the 

interlayer optical response exciton is 122 ± 5 Å 3. The DC QCSE is also recently 

observed for the bound excitons in mono- and few- layer MoS2 using a photo-

capacitor device.23 In the same report, the α of MoS2 is estimated using finite-element 

simulations to be roughly 180 Å 3 regardless of the number of layers, which is 

comparable to our result here for tBLG. 



- 47 - 

 

The DC QCSE picture is also supported by our DFT calculation including 

many-body interactions (GW-BSE DFT). The empty squares in Figure 3.3b show the 

calculated ΔEA for a tBLG with θ=21.8°, which qualitatively captures the D2-

dependence of the redshift as we observed in the experiment. In contrast, previous 

report calculating the electric field dependence of tBLG’s interlayer optical response 

peak using a simple single particle picture (, i.e. when excitons are not considered,) 

shows a moderate blueshift on D.15 This confirms that the D2-redshift indeed comes 

Figure 3.3 Quantum confined Stark effect. a, -spectra of IOR at different D’s. 

norm indicates that the spectra was subtracted by that of Bernal BLG. It is shown 

that the IOR peak is redshifted, broadened and decreased in peak height with 

increasing D. b, ΔEA as a function of D. The solid circles and the empty squares are 

the experimental data and the theory values from our GW-BSE DFT calculation, 

respectively. The solid line is the fitting from eq. (1). c, Calculated electron spatial 

distribution of one of the significant states contributed to the IOR at D= 0 (left) and 

100 105V/cm (right). D is applied along z-axis from positive to negative. The 

intensity shows the absolute square of electron’s wavefunction integrated out in the 

y-direction when the hole is fixed at the center (white dots). 
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from the excitonic nature of the interlayer optical response, and is the dominant effect 

for the optical response of tBLG under electric field. In Figure 3.3c, we further plot 

out the electron spatial distribution of one of the significant energy states of interlayer 

optical response when D is applied along the out-of-plane direction from positive to 

negative z-coordinate. The intensity shows the absolute square of electron’s 

wavefunction integrated in the y-direction when the hole is fixed at the middle of the 

tBLG layers (white dots). It clearly shows that the uniformly distributed excitons at 

D=0 are polarized along the electric field at D=100 (105V/cm), which is consistent 

with the picture of DC QCSE. On the other hand, both DC QCSE and single particle 

model predicts peak broadening and suppression as we observed in Figure 3.3a, and 

therefore we attribute the changes of the peak widths and heights to be a result of the 

convolution of both the QCSE and the deformation of the single-particle band 

structure as schematically illustrated in Figure A3.4 in the appendix. 

3.4. Many-body interactions in twisted bilayer graphene 

Now we turn to the response of interlayer optical response peak when there is 

finite doping but no electric field. Figure 3.4a shows the representative spectra of the 

interlayer optical response at different Q’s. As Q increases, we observed redshifts of 

EA, broadening of the peak width, and decrease of the peak maximum. Figure 3.4b 

further plots the ΔEA against Q and shows that the redshifts of the interlayer optical 

response peak energies is now a linear function of Q, in contrast to the quadratic 

dependence on D. This linear dependence of the redshifts upon doping is independent 

of the signs of the doping charges, and the slope is extracted to be (12.6  0.4) ×10-12 
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(meV cm2/e) from Figure 3.4b. 

To understand the effect of doping, we again examine our experimental results 

against the single particle model and the GW-BSE DFT calculations. In the single 

particle picture, it is predicted that the changes of the interlayer optical response peak 

occur when the doping level reaches the VHS energies, causing a suppression of the 

transitions through Pauli-exclusion principle. Nonetheless, the standard gating 

geometry we use in the experiment can only shift the Fermi level up to a few hundreds 

of meV, much less than the VHS energies of ~±1 eV that would result in Pauli-

blocking. Therefore, our observations must be understood as many-body effects. 

Figure 3.4b shows the theoretical results when the many-body effect is considered. 

The DFT calculation now shows significant redshifts as Q increases as we 

experimentally observed, even at a doping level much lower than the VHS energies. 

Figure 3.4 Many-body interactions. a, -spectra of IOR at different Q’s. With 

increasing Q, the IOR peak shows redshift, broadening and decrease in peak height. 

b, ΔEA as a function of |Q|. Empty and solid circles are experimental data of hole-

doping and electron-doping, respectively. Dash line shows the linear fitting. The 

diamond points are the result from GW-BSE DFT. Inset: the overall redshift 

(diamond points) due to Q is the sum of the change in quasi-particle self-energy 

(solid square) and exciton binding energy (circles). In tBLG, the former is slightly 

larger than the latter, resulting in the redshifts we observed. 
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Further analysis of the theory indicates that the effect is caused by the screening from 

the doping charges, and is consisted of two competing components as shown in the 

inset of Figure 4b: the decrease of the electrons (holes) self-energy (, causing 

redshifted EA), and the decrease of exciton binding energy (, causing blueshifts). It is 

shown that the decrease of the quasi-particle self-energy is slightly higher than the 

decrease of excitons binding energy, leading to a moderate redshift that is observed in 

the experiment. In fact, similar many-body effect is responsible for the optical 

responses upon doping in other 2D materials, such as the M-point transition of 

monolayer graphene29 and the A-exciton peak of MoS2
30. Indeed, when we compare 

the slope in Figure. 3.4b of tBLG to that of the monolayer graphene (~13×10-12 meV 

cm2/e), it appears that their response to the doping charges are quantitatively similar, 

indicating that the effect of charge screening might be the same in both types of 

graphene systems. 

3.5. Summary 

The above study of the electro-optical properties of the tBLG has demonstrated 

the capability of our new characterization method to provide quantitative 

measurements without the convolutions of the electric field and the doping that are 

applied to the sample. This is enabled by the simultaneous monitoring of the electric 

and optical properties of the samples. While here we only demonstrated using tBLG, 

we expect the method to be universal for many other 2D materials, as long as both the 

electrical and optical properties of the material respond to the electric field and the 

doping distinctly. The capability of our method to accurately characterize various 2D 
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materials under electrostatic gating would potentially enable one to accurately control 

their properties to generate desired optical functions for future applications such as 

ultra-thin smart glasses. 

3.6. Appendix 

 
Figure A3.1 Process for making twisted bilayer graphene with a controlled twist 

angle. A aligned graphene from a single Cu (111) grain is cut in half (each ~5 mm), 

rotate an angle of  relative to each other, and then stacked together. 

 

 

 

 

 

 
Figure A3.2 Color plots for the interlayer optical resonance peak line shape. a, peak 

width and b, peak height. 
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Figure A3.3 Log-log plot of ΔEA as a function of D. The linear fitting shows that ΔEA 

is proportional to Dx, where x = 1.9 ± 0.1. 

 
Figure A3.4 Single particle band structure of tBLG under electric field. Note that the 

transition become indirect in k-space under the electric field. 
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CHAPTER FOUR 

Two-Dimensional Material Tunnel Barrier for Josephson Junctions and 

Superconducting Qubits 

4.1. Introduction 

Recent developments in the device architecture and operation of state-of-the-

art superconducting qubits has allowed the technology to initiate practical applications 

in quantum computing.1–5 At the center of such qubit is the Josephson junction, which 

is composed of two superconductors (SCs) separated by an ultrathin tunnel barrier 

(Figure 4.1). Currently, the tunnel barrier for Josephson junctions is mostly fabricated 

using AlOx that is natively grown on Al, as the existing fabrication method for such 

structure provides high quality junctions for superconducting qubits to achieve 

excellent coherence time.4 However, AlOx has been reported to have thickness 

inhomogeneity6 and defects that may compromise the qubit performance7–9. Moreover, 

new materials with different properties for fabricating Josephson junctions are 

expected to introduce novel functionalities and circuit elements for superconducting 

Figure 4.1 Schematics of the structure of a Josephson junction, wherein an ultrathin 

tunnel barrier is sandwiched between two superconductors (SCs). The barrier is mostly 

made of amorphous aluminum oxide natively grown on aluminum. In this work, we 

replace the barrier material with N-layer MoS2, where the number of layers N can be 

designed via layer-by-layer stacking. 
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qubits. As such, intensive efforts to implement new materials in Josephson junctions 

have emerged recently. This includes directly replacing the tunnel barrier such as the 

Re/epitaxial sapphire/Al and NbN/AlN/NbN vertical junctions10,11, as well as utilizing 

a lateral Josephson junction geometry to implement nanowires/nanotubes12–14, two-

dimensional (2D) electron gas15, and graphene16 as the weak link for new 

functionalities such as voltage-tunable qubits.  

Two-dimensional materials could provide excellent solid-state systems for 

generating novel tunnel barriers for Josephson junctions with their wide varieties of 

electrical and magnetic properties.17–19 The atomic thinness of monolayer 2D materials 

(~a few Å ) allows them to be used as tunnel barriers. Their van der Waals layered 

structures further enable the precise design of the barrier thickness through layer-by-

layer stacking, whereby each layer can be a different 2D material to generate a 

heterostructure barrier. In addition, they can be released from the substrate as a 

freestanding atomically thin film, making it possible to combine 2D materials with 

different SCs. These unique properties would allow for the design of the tunnel barrier 

band structure using 2D materials with different band gaps and band offsets20, the 

study of Josephson junction in the ultimately short regime21, and the fabrication of 

novel quantum circuit components such as -junctions using 2D magnets22–24. 

Nevertheless, as most of the common SCs are easily oxidized, it is essential to have a 

method that can maintain oxide-free interfaces between the SCs and the 2D material 

barrier while keeping the advantages of the above designability and being scalable to a 

technologically relevant scale. In this Chapter, we demonstrate the Josephson 

junctions with a 2D material barrier using Al/MoS2/Al tunnel junctions as an example 
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(Figure 4.1, right). We first present our process, named as barrier-first method, that 

provides a scalable fabrication solution for integrating 2D materials with oxygen-

sensitive bulk SCs. The Josephson effect in these MoS2-based tunnel junctions are 

then demonstrated, where the critical current can be tuned over orders of magnitudes 

through layer-by-layer stacking of MoS2 monolayers. Finally, we demonstrate the 

engineering and operation of superconducting qubits with a MoS2 tunnel barrier for 

the first time.  

4.2. The Barrier-First Method 

The concept of our barrier-first method is described in Figure 4.2a. We start 

with large-scale monolayers of MoS2 that are grown by metal-organic chemical vapor 

deposition (MOCVD) on SiO2/Si substrates, and stack them layer-by-layer in a 

vacuum chamber (<50 mTorr) until we reach the targeted number of layers N for the 

designed thickness of the tunnel barrier (step i). The details of the large-scale growth 

and vacuum stacking have been reported in Chapter 2 and our previous work20,25 and. 

In step ii, we define the first superconducting electrodes (SC1) by directly evaporating 

Al metal onto the stacked MoS2 using a shadow mask. In step iii, the Al-on-MoS2 thin 

film is released from the substrate, flipped over, and transferred onto the final 

substrate (sapphire). The SC1 now becomes the bottom electrode, where the MoS2 

side is exposed on top. The MoS2 film here provides the needed encapsulation of the 

bottom aluminum from the air and various chemicals in the following process besides 

serving as the tunnel barrier. In step iv, we directly evaporate aluminum onto the 

MoS2 again and define the second electrodes (SC2) using standard photolithography 
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and reactive-ion etching. An airbridge (see Figure A4.1 in the appendix) is fabricated 

to gain access to the junction without using a dielectric as a spacer to separate the top 

electrodes from the bottom electrodes in order to reduce the microwave loss during 

qubit measurement. 

As illustrated, we start with making the tunnel barrier instead of growing it on 

top of the bottom electrodes as commonly done. This reversed process sequence 

provides us with three key advantages. First, it allows us to design the barrier structure 

independently of the electrodes. Second, by directly depositing SC electrodes on either 

side, oxide contamination at the barrier/ electrode interfaces are avoided, as shown in 

Figure 4.2 The barrier-first method. a, Fabrication steps for the barrier-first 

method. See main text for a detailed description. b, An optical image of a batch-

fabricated Al/4L-MoS2/Al Josephson junction array. The circled device is false-

colored, where the purple is the bottom electrode or SC1, and the blue is the top 

electrode or SC2. The scale bar is 0.4 mm. c, Zoom-in image of an Al/4L-MoS2/Al 

Josephson junction. Blue: top electrode pad; green: suspended aluminum airbridge; 

red: the Al/MoS2/Al junction; purple: bottom electrode. Junction size is 5 by 5 

m2. d, Cross-sectional HAADF STEM image of an Al/5L-MoS2/Al junction. The 

five bright lines in the middle are the vacuum-stacked MoS2. e, Elemental mapping 

across the bottom interface of the junction. Green: Al (from EELS), red: O (from 

EELS), blue: MoS2 (from ADF intensity). The scale bar is 2 nm. The arrow marks 

the Al/MoS2 interface. f, Signal intensity versus location corresponding to e. Colors 

for each element are the same as in e. 
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Figure 4.2d-f below. Third, as the MoS2 tunnel barrier is generated by stacking wafer-

scale MoS2 monolayers layer-by-layer, the barrier thickness is precisely controlled on 

the large scale and the devices can be batch fabricated as arrays. An optical 

microscope image of the as-fabricated junction array is presented in Figure 4.2b. The 

detailed structure of the Al/MoS2/Al tunnel device is shown in the false-colored zoom-

in image in Figure 4.2c, which includes the top (blue) and bottom (purple) electrode, 

an airbridge (green) and the tunnel junction (red, 5 by 5 m2).  

Figure 4.2d-f confirm that the barrier-first method maintains oxide free 

interfaces between the MoS2 and Al, as the MoS2 barrier film protects the bottom Al 

throughout the fabrication process until the evaporation of top Al, (i.e. in steps iii and 

iv.) Figure 4.2d first shows a cross-sectional high-angle annular dark-field (HAADF) 

STEM image of an Al/5L-MoS2/Al junction. (See appendix for remarks on sample 

preparation.) The 5L-MoS2 appears in the image as the five bright lines in the middle, 

where the monolayer thickness is roughly 0.64 nm. As shown, all MoS2 layers are 

parallel to each other without defects and show clean interlayer interfaces, 

demonstrating the quality of our vacuum-stacked MoS2 barrier. The chemical 

compositions across the bottom interface between MoS2 and aluminum are further 

characterized using electron energy loss spectroscopy (EELS). Figure 4.2e shows the 

elemental map with colors representing Al (green, from EELS), O (red, from EELS) 

and MoS2 (blue, from ADF intensity), and Figure 4.2f presents the corresponding 

signal intensity from each element along the vertical axis. It is observed that the Al 

(Mo) signal intensity roughly reaches minimum (maximum) around the Al/MoS2 

interface, and the O signal remains close to the noise level everywhere across the 
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interface. This evidence supports that there is no oxide contamination at the interface 

between MoS2 and Al, confirming that we have successfully maintained intrinsic 

interfaces in our Al/MoS2/Al junctions. 

We note that we have only shown that the bottom MoS2/Al interface is oxide-

free from our cross-sectional images in Figure 4.2, because we observe significant 

damages to the top electrode of the junction during cross-section sample preparation. 

(MoS2 and bottom electrodes remain intact with careful optimization.) This damage 

likely comes from the beam drift during cutting/thinning the sample using focused ion 

beam with Ga ion due to the insulating sapphire substrate used. However, we 

emphasize that the interface of concern in our junction fabrication is the bottom 

interface, because only the MoS2/bottom Al has gone through multiple processes after 

the first Al deposition and thus is exposed to an oxidizing environment. In contrast, 

the top electrode is evaporated under 2×10-8 Torr in the last step with a thickness of 

320 nm, which completely encapsulates the interface inside the vacuum. 

4.3. Tunable Josephson Current via Layer-by-Layer Assembly 

We now discuss the electrical properties and DC Josephson effect of the as-

fabricated Al/MoS2/Al junctions. At room temperature, all Al/NL-MoS2/Al junctions 

(N=3, 4, 5) exhibit the characteristic nonlinear J-V curves of normal tunneling as 

shown in Figure 3a. The current decreases exponentially (~ a factor of five) with each 

additional layer in the barrier, which again agrees with the exponential dependence of 

tunnel current on the thickness of the barrier. We further characterize the low 

temperature properties of the junctions in a dilution fridge at 25 mK and observe a 
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dramatic transition of the J-V curve in the zero-bias regime as displayed in Figure 

4.3b, which is measured from a representative 4L-MoS2 device. Four distinct features 

are clearly shown in stark contrast to that at room temperature in this low bias regime: 

Figure 4.3 Electrical characterization and Josephson effect. a, Room temperature 

J-V curves of junctions with different N, where N= 3, 4, 5. The values of the 

current density is multiplied by 1, 2.5 and 5, respectively, for clarity. The dashed 

line is a straight line for reference. b, J-V curves of an Al/4L-MoS2/Al tunnel 

junction at room temperature (empty dots) and 25 mK (solid). The arrows indicate 

the current sweeping directions, starting from zero to positive bias. Inset: 

Schematics of the Josephson effect and normal tunneling at different current biases. 

c, Resistance-area product (RnA) versus junction area (A) of MoS2 junctions with 

N= 4, 5, 6.  is the standard deviation and the color bands denote 2 of each N. 

Note that the 4L-MoS2 data set includes two batches of devices, which are shown 

with different symbols, squares and squares with dots.   for the 4L-MoS2 devices 

includes both batches. d, Josephson curves of Al/NL-MoS2/Al with N=2 and 3,  

where both curves are measured from positive to negative current bias. Al is the 

superconducting gap of Al. 
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(1) there is a finite current up to a critical current density Jc at V=0, (2) an abrupt 

switch from zero voltage to roughly ±350 V after Jc, (3) behavior similar to that at 

room temperature as the current bias is further increased, and (4) the J-V curves show 

hysteresis depending on the current sweeping directions.  

The first three features are characteristic of the Josephson effect across a tunnel 

barrier as illustrated in the inset schematics of Figure 4.3b. Below Jc, the Cooper pair 

can directly tunnel through the barrier without energy dissipation, and thus no finite 

voltage is measured (i.e. the DC Josephson effect). Once the current bias exceeds Jc, 

excess current can only be carried by generating quasiparticles for tunneling. This 

requires a voltage that is twice the size of the superconducting gap (2) which is the 

voltage the device reaches after Jc We can accordingly estimate 2 of our aluminum 

to be 350 V, consistent with the reported value for bulk Al26. At a voltage much 

larger than 2, normal single particle tunneling that happens at room temperature 

dominates current transport again. The hysteresis, on the other hand, results from the 

underdamped nature of our junction circuits27. The results presented above directly 

demonstrate that we have successfully fabricated Josephson junctions with the 

Al/MoS2/Al vertical structure. 

Precise control of the tunnel resistance and Josephson current is essential to 

engineer superconducting qubits with proper quantum states for operation. This can be 

realized with a large tuning range and high fidelity through controlling the layer 

number N of MoS2. Figure 4.3c presents the zero-bias tunnel resistance-area product 

(RnA) of different N and junction area A. For devices with the same N, RnA remains 

approximately constant as expected for tunnel junctions (dashed lines). For devices 
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with the same A, RnA can be tuned by orders of magnitudes by varying N. As shown 

by the Al/5L-MoS2/Al junction array, which is batch-fabricated over a 5 by 5 mm2 

area on a single chip, we can achieve good homogeneity with a standard deviation  

that is 17% of the average tunnel resistance of the array. This spread is significantly 

smaller compared to the factor of five change when adding or reducing one layer of 

MoS2 in the barrier. As the critical current Ic of a Josephson junction is proportional to 

/Rn, the Ic also depends on N exponentially. This is demonstrated in Figure 4.3d, 

where we show that the Jc of 2L-MoS2 tunnel barrier is ~1.2 A/m2, 3L-MoS2 ~0.36 

A/m2 and 4L-MoS2 ~0.04 A/m2 (from Figure 4.3b). Accordingly, one can design 

the Ic of a junction with N and A as the two independent variables, i.e. Ic(N, A) = Jc(N) 

× A, which scales exponentially with N but linearly with A. This layer-by-layer 

tunability for designing the Ic makes the MoS2 barrier a useful material system for 

engineering superconducting qubits as shown in Figure 4.4. 

We briefly note here that we observe a crossover of our Al/NL-MoS2/Al 

junctions from a superconductor-insulator-superconductor (SIS) junction for N ≥ 3 to a 

superconductor-normal metal-superconductor (SNS) junction for N = 2. This can be 

seen by the switching after Ic, as the voltage immediately reaches V = ±2Al for N ≥ 3, 

while it reaches sub-gap values for N = 2. Figure A4.2 further shows multiple Andreev 

reflection peaks for N = 2, which are absent for N ≥ 3. Such crossover depending on N 

may be due to the semiconducting nature of our tunnel barrier. MoS2 has a much 

smaller bandgap (~1.9 eV for monolayer and lower for multilayers) than other 

common barriers such as AlOx (4-9 eV28), which makes the band profile of the 
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junction more sensitive to the geometry29–31. The details of the cross-over, however, 

are beyond the scope of this thesis and thus will be studied in the future. 

4.4. MoS2 Superconducting Qubits 

With Ic being a function of (N, A), we can now design the parameters for the 

Al/MoS2/Al superconducting qubits accordingly. For instance, in a transmon qubit, the 

transition energy from the ground state |g> to the first excited state |e> is E =√8EJEc −

Ec, where EJ = ħIc/2𝑒0 is the Josephson energy, 𝑒0 is the electron charge, and Ec = 

𝑒0
2/2C is the capacitive energy of the overall circuit shown in the circuit diagram of 

Figure 4.4a (inset). Designing E, therefore, can be achieved by choosing (N, A) for EJ, 

and adjusting Ec using the overall circuit capacitance in addition to the Josephson 

junction capacitance. In Figure 4.4, we fabricate a single Al/4L-MoS2/Al Josephson 

junction with a junction area of 2 by 2 m2 on a sapphire substrate, which gives us a 

transition frequency 𝑓𝑞 = E/h = 3.94 GHz between the lowest energy states. As 

indicated by the yellow arrow in Figure 4.4a, the junction is placed at the center of an 

aluminum microwave bulk cavity resonator designed to have a resonance frequency at 

𝑓𝑟 = 7.107 GHz as determined by the dimensions of the cavity. The coupling strength 

g between the MoS2 qubit and the resonator is determined by the geometry of the 

electrodes of the MoS2 qubit, which is designed to be ~ 60 MHz in our experiment 

based on black box quantization32. As g << 𝑓𝑟  - 𝑓𝑞, the qubit and the resonator are 

coupled in the dispersive regime.  

To confirm the coupling between the qubit and the resonator, we first measure 

the response of the system by sweeping the microwave frequency around 𝑓𝑟 while 
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increasing the photon number in the cavity by varying the applied microwave power 

Figure 4.4 A superconducting qubit with a MoS2 tunnel barrier. a, The 

measurement setup. Microwave tones are input using a coaxial cable to the 

aluminum resonator as indicated, while the signal is collected from a second cable 

on the lid (not shown). The yellow arrow indicates the Al/4L-MoS2/Al Josephson 

junction and the capacitor pads. Inset: An effective circuit diagram for the setup. 

C1, C2 are the capacitance of the pads and C12 is the inter-pad capacitance. b, The 

response of the qubit-resonator system as a function of the applied microwave 

power. The lower frequency peak corresponds to the cavity frequency 𝑓𝑟without 

hybridization with the qubit, while the higher frequency peak 𝑓𝑟 corresponds to 

the resonance with hybridization. c, Schematic of the quantum states that contribute 

to the response in b. |i> with i=0, 1, 2 are the photon number states of the resonator, 

while |g>, |e> denote the ground and first excited states of the qubit. The dashed 

(solid) lines denote the bare (dressed) states of the system before (after) 

hybridization. d, Qubit excitation at different excitation powers, where p0 is the 

probe power at the sample and is ~ 8×10-10 mW. Dashed lines are fits to Lorentzian 

peaks. 
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as shown in Figure 4.4b. For small photon number (≪ 100), we see a single peak at 

around 7.108 GHz (denoted as 𝑓𝑟). In the intermediate regime, the response splits into 

two peaks, of which the splitting increases and intensity decreases as the photon 

number further increased. Eventually, at large photon number, the peak jumps to 𝑓𝑟. 

The above power dependence is characteristic of the hybridization arising from the 

Jaynes-Cummings interaction between a resonator and a qubit33. Figure 4.4c illustrates 

the quantum states of the qubit-resonator system, and the dashed (solid) lines denote 

the bare (dressed) states of the system before (after) their hybridization. Near the 

single photon power at the device, 𝑓𝑟 corresponds to the excitation from the ground 

to the lowest excited state of the qubit-resonator hybrid system, i.e. (|g> |1> + 𝑔

𝑓𝑟−𝑓𝑞
 

|e> |0>). As the photon number increases, the system enters a region of semiclassical 

bistability that presumably contributes to the observed power dependence as 

previously reported33. Above the critical photon number, the system frequency is no 

longer dressed by the qubit-resonator interaction and becomes insensitive to the qubit 

state. The experiment above indicates the successful coupling of the MoS2 qubit to the 

bulk microwave resonator, with behavior that is well understood with existing theory. 

This allows us to operate and readout the MoS2 transmon with established techniques 

in superconducting circuit quantum electrodynamics (QED). 

In Figure 4.4d, we further demonstrate the manipulation of the MoS2 qubit by 

using a microwave drive tone at the qubit dressed state frequency 𝑓𝑞, to alter the qubit 

states, while reading the state of the qubit with a readout microwave tone at 𝑓𝑟 in the 

low photon number region. We measure the phase shift of the readout tone as the drive 
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tone is swept around 𝑓𝑞. Indeed, the qubit transition is observed as a large phase shift 

when the microwave sweeps through 𝑓𝑞, showing that we have put the qubit into the 

excited state. As the excitation power is increased, the peak is significantly broadened 

as a result of the stimulated relaxation of the qubit due to the applied 𝑓𝑞 microwave 

tone (p0 ~ 8×10-10 mW). We measure the power dependence of the peak and 

extrapolate for the peak width at zero-power. This gives us an estimate of the 

coherence time 𝑇2
∗, which is ~12 ns for the device measured.  

Here, we propose three sources that may have contributed to the relatively 

short coherence time of our MoS2 qubits as well as potential solutions to address them 

to improve the coherent time. The first source is the device geometry. As an example, 

our large junction size (2 by 2 m2) based on the photolithography process is two 

orders of magnitudes larger than those of typical AlOx transmon qubits ((~hundreds)2 

nm). In previous reports on AlOx phase qubits, the energy relaxation time (T1) in 

larger AlOx junctions (>70 m2) was 10 - 20 ns, mainly limited by the number of two-

level systems in the barrier. It is shown to improve by reducing the junction size until 

other decoherence sources dominate34,35. For our qubits, shrinking the junction area 

may have the same positive effect, while the reduced EJ due to the smaller junction 

area can be compensated by adjusting the N of the barrier or switching to another 2D 

material that forms a lower tunnel barrier height. The second possible source is the 

unoptimized fabrication process. For example, the use of photoresist to define the 

contact between top aluminum and the MoS2 tunnel barrier would leave polymer 

residues that degrade the junction quality36. Such residue may be reduced by, for 
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instance, Ar/H2 annealing of the top interface before evaporation37. Lastly, the 

dielectric loss of the MOCVD-grown MoS2 may contribute to decoherence, such as 

due to the presence of defects. Currently, the defect characteristics and the microwave 

properties of 2D materials are not well-understood in the low temperature (25 mK) 

and low power (near single photon) regimes where qubits operate, in part hindered by 

the underdeveloped fabrication method for suitable devices38. Our work, hence, may 

provide a viable way to study such properties of 2D materials in this previously 

inaccessible regime. 

4.5. Summary 

In conclusion, we have fabricated Josephson junctions and superconducting 

qubits made with MoS2 tunnel barriers using our barrier-first method. The junction 

and qubit properties can be precisely tuned layer-by-layer by exploiting the van der 

Waals layered structure of MoS2 to design the barrier thickness. Our method opens up 

the possibility of making designable Josephson junctions with a MoS2 tunnel barrier, 

and can potentially be applied to other similar 2D materials such as WSe2 and hBN, 

each having a distinct band gap, band offset, and other physical properties. In the 

future, this may be generalized to other combinations of superconductors and 2D 

materials including 2D magnets for fabricating -Josephson junctions. Our method 

here will provide a powerful platform to study the effects of different material 

properties in superconducting qubit circuits under different geometries, and to explore 

new device structures that could lead to novel quantum circuit components for 

quantum computing.  
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4.6. Appendix 

 

Figure A4.1 SEM image of the suspended airbridge. Image is false-colored: green, the 

Al airbridge connected to the rest of the top electrode. Red: the Al/MoS2/Al junction. 

Yellow: bottom electrode. The airbridge is suspended 160 nm above the bottom 

electrode. 

 
Figure A4.2. Normalized dI/dV curves of 2L and 3L-MoS2 barrier as a function of V. 

Each dI/dV curve is normalized to the normal state conductance. k denotes the number 

of the Andreev reflections; Andreev reflection peaks appear at V=2Al/k, k=1, 2, 3. 
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CHAPTER FIVE 

Future Directions and Perspectives 

5.1. Future Directions 

Two-dimensional materials have been under the spotlight for the past decade 

and have led to the discoveries and demonstrations of numerous exciting new physics 

and technologies. However, one of the most important questions about 2D materials 

— i.e., what practical applications would 2D materials offer to science and technology 

in the future? — has only been partially answered. In this Chapter, my perspective on 

this question is presented. 

First, for fundamental science, 2D materials have been and will continue to be 

one of the most powerful platforms to explore low-dimensional physics, a central topic 

in physics since the last century. Recent discovery of 2D monolayer superconductors, 

magnets (e.g. CrI3
1) and topological insulators (e.g. WTe2) would further allow more 

complex heterostructures to be built for studies of more complex physics and material 

structures. From this point of view, 2D materials should play an important role in 

fundamental science for a long time into the future.  

On the contrary, 2D materials have not yet played the same critical role in the 

technological aspect to date. While technological applications of 2D materials were 

intensely researched and demonstrated, improvement in existing technologies using 

2D materials, such as photovoltaic and sensing, has not provided competitive 

alternatives to the modern silicon technology. With the large investment of the 

industry in silicon technology, it is unlikely that 2D materials can replace modern 

technology in the industry, at least at this point. Nonetheless, 2D materials might be 

extremely important in future technologies in two different ways.  

The first scenario is the integration of 2D materials with modern silicon 
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technology for additional functionality or a new process. For instance, one can 

fabricate a 2D material device complementary to a silicon-based device and then 

integrate them at the end of the fabrication process by transferring 2D material devices 

at a relatively low temperature (, usually below 200C). This process is enabled by the 

unique van der Waals nature of 2D materials. For other materials, it would be difficult 

due to the growth constraints such as high growth temperature and/or chemical 

bonding. Another example is using 2D material as a new fabrication tool. As recently 

demonstrated, graphene, when placed as a spacer, can physically isolate the chemical 

bonding between the materials grown on the substrates, and yet is thin enough to allow 

interaction for epitaxial growth2. Therefore, it could allow materials to be epitaxially 

grown on a template substrate, after which they can be easily separated from the 

growth substrate and transferred to other surfaces. These unique properties and 

process compatibility of 2D materials with modern technologies are promising aspects 

where 2D material could lead to technological improvement. 

The second important application of 2D materials is their use for the emergent 

technologies, to which this dissertation is dedicated. Modern technologies are mostly 

fabricated using a squenctial, surface process, where each layer of a device is 

fabricated on top of the last layer. Compatibility between the layers thus constraints 

the possible device structures. In contrast, 2D materials could enable a modular 

fabrication process. Here, each component is fabricated independently and assembled 

into a device at the end, which can reduce the constraints in device structure. Their 

atomic thickness and the layer-by-layer assembly process further enables atomic scale 

designability for these components. Such modular fabrication process with atomic 

scale designability is especially advantageous for fabricating quantum electronics, 

because the device architecture needs to be precisely controlled at a few or even sub-

nanometer scale. One of the examples is the MoS2 superconducting qubit 
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demonstrated in Chapter 4. Here, the device parameters such as the Josephson energy 

can be readily tuned as a function of the number of layers of MoS2 in the tunnel 

barrier, which is much more difficult to achieve with conventional AlOx barrier. 

Exploring the use of 2D materials in emergent technologies are, from my perspective, 

the most important milestone for 2D materials research in technological applications. 

Chapter 4 is one of such explorations. In the rest of this Chapter, some other ongoing 

and future works I was involved to achieve this important application of 2D materials 

will be briefly discussed. 

5.2. Ongoing Works 

Two-dimensional polymer for Layer-by-Layer Assembly (Science, 20193) 

In this work led by Yu Zhong and Baorui Cheng, we report the synthesis of 

two-dimensional porphyrin polymer (2DP) films, which have the ultimate limit of 

monolayer thickness and exhibit wafer-scale homogeneity. These 2DP polymers are 

synthesized at the sharp pentane/water interface, where the porphyrin monomers are 

injected into with Laminar flow and precisely controlled concentrations (Figure 5.1a). 

This Laminar assembly polymerization (LAP) of porphyrin monomers could form 

monolayers of metal-organic frameworks with Cu2+ linkers or covalent organic 

frameworks with terephthalaldehyde linkers. 

The LAP synthesis offers several advantages important for thin-film 

processing and the integration of 2DP monolayers. First, the growth can be easily 

scaled up by injecting monomers for a longer time (for larger length) and by adding an 

array of nozzles in parallel (for larger width). For example, the 2-inch films shown in 

Figure 5.2b were synthesized with three nozzles in a 2” by 5” reactor. Second, lateral 

heterojunctions of monolayer 2DPs can be grown with tunable compositions and 

widths by introducing different monomers from each nozzle and by controlling the 
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relative injection rates. Finally, the 2DP monolayer films were compatible with the 

transfer techniques for 2D materials. Therefore, they can be further integrated with 2D 

materials to form hybrid van der Waals superlattices. One such superlattice was 

produced by repeatedly stacking in vacuum with a repeating unit of 2DP/3L-MoS2, as 

demonstrated in the cross-sectional annular dark field scanning transmission electron 

microscope image in Figure 5.3c. This demonstration here shows that these new 2DP 

polymers offer a new genre of building block for the vdW hybrid heterostructures. 

Since the properties of these 2DPs can be varied by using different linkers/monomers, 

the addition of these 2DPs to the 2D material family will enable more complex 

Figure 5.1 Laminar assembly polymerization and hybrid heterostructures. a, 

schematic of a LAP reactor and in situ optical characterization apparatus. MSP 

stands for micro-syringe pump. b, false color images of monolayer 2DPs covering 

entire 2-inch fused silica wafers. c, (left) cross-sectional ADF STEM image of a 

2DP/(MoS2)3 superlattice film transferred onto a SiO2/Si substrate. Each bright 

band consists of three MoS2 monolayers and each dark layer between the bands is a 

monolayer 2DP. Right: a composite image of carbon (Yellow) and oxygen (Blue) 

EELS mapping and ADF STEM signal (Green) taken from a different area on 

the sample. [Figures from Ref3.] 
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heterostructures, where each layer can be designed to have specific properties for the 

applications. 

Foldable 3D Integrated Atomically-Thin Circuitry 

The stiffness of a material is proportional to the cube of the thickness, and 

Figure 5.2 Foldable 3D integrated atomically-thin circuitry. a, schematics of 

foldable 3D integrated atomically-thin circuitry. b, (top) schematics of patterned-

regrowth for graphene-graphene lateral heterostructures. (bottom) Dark-field TEM 

image of a graphene-graphene lateral heterostructure showing the well-stitched 

boundary. (inset) schematics of the pattern of the heterostructure. Reproduced from 

Ref. 3. c, (top) monolayer MoS2 with different dopants. Samples are grown on a 1” 

fused silica wafer. Nb is the p-dopant and Re is the n-dopant for MoS2. (bottom) 

sheet conductance of MoS2 monolayer with different Nb doping concentration. 

[Figure from Ref4 and Hui Gao.] 
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hence to fold a material into smaller dimensions will require it to be thinner. The 

atomic thickness of 2D materials presents the ultimate minimum that can be obtained. 

Moreover, 2D materials have been demonstrated to form well-connected lateral 

heterostructures by patterned-regrowth method (e.g. graphene-graphene and graphene- 

hBN, Figure 5.2b and Ref4), which would enable the fabrication of functional circuitry 

on a monolayer (Figure 5.2a, middle). The PVS process can further allow these 

functional monolayer circuits to be stacked in the vertical direction, extending the 

complexity of the circuits into the third dimension (Figure 5.2a, right). As each layer is 

atomically thin, even after ten circuit layers are assembled, the thickness can still be 

well below 10 nm. Therefore, the circuits remain extremely foldable. With these 

circuits, one might be able to fold them into nano-robots that contain functioning 

electronics to respond to their surroundings. 

One challenge toward this foldable 3D integrated atomically-thin circuitry is 

the limited number of available materials for building the electronics. Modern 

electronic devices usually includes metal, insulator and various semiconductors. The 

doping level of the semiconductors (e.g., n- or p-type, degenerate doping) can be 

precisely, continuously controlled to meet the need for the target functions. In a recent 

work led by Hui Gao, we developed a substitutional doping method with our metal-

organic chemical vapor deposition growth of TMD monolayers (Figure 5.2.c). This 

method allows us to make MoS2 into n- or p-type as well as vary their conductivity, 

which would offer a new component for building the functional atomically thin 

circuitry to realize the nano-robots.  
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High Coherence MoS2 Quantum Electronics 

While we have demonstrated the first MoS2 superconducting qubits in Chapter 

4, the estimated coherence time of 12 nanoseconds of the qubit is insufficient for 

coherent quantum operations. Improving the fabrication process should significantly 

improve the coherence time similar to the case of AlOx qubit. The first measured 

coherence time of the AlOx qubit is as short as 1 ns, while it is now improved to 

achieve up to ~100 s. The improved TMD qubits could potentially lead to two very 

important applications. First, a MoS2 qubit could theoretically show a better coherence 

time than that of a conventional AlOx qubit. This is because the number of defects in 

the qubit is the major source of decoherence, and polycrystalline MoS2 is expected to 

have fewer defects than the amorphous AlOx. However, other factors of decoherence 

are unclear for MoS2 qubits and could eventually limit the coherence time of MoS2 

qubit. The second application is the studies of microwave properties of 2D materials. 

While the electrical, optical and mechanical properties of 2D materials are intensively 

studied, the microwave properties of 2D materials are largely unexplored. For 

example, the microwave loss tangent of 2D material monolayers at low temperature, 

single photon power has not been reported. In addition, it has been demonstrated in 

AlOx qubit that coherent microwave measurement can be used to probe and 

characterize the charged defects in the AlOx
5, which would be an exciting way to 

study the defect characteristics in 2D materials. 

5.3. Final Thoughts 

The field of 2D materials has thrived for years and has achieved many exciting 



- 87 - 

 

scientific milestones. In fundamental science, 2D materials provide an indispensable 

platform to study the important topics of low-dimensional physics. In technological 

applications, however, 2D materials have yet to demonstrate the same level of impact 

— partially because the modern silicon technology has performed outstandingly, such 

as the striking 5 nm-node transistors by Taiwan Semiconductor Manufacturing 

Company that is coming in the next year. As such, I believe technological 

demonstrations of 2D materials beyond what silicon technology can achieve is the 

most critical milestone in the future. The work presented in this dissertation ultimately 

served two purposes for this: for one, we offered methods that would enable scaling up 

of exciting future demonstrations; for the other, we offer a method to use 2D materials 

to explore their applications in the superconducting quantum computers, which is an 

example of technologies beyond modern silicon technology. I sincerely hope the 

results discussed here — six and a half years of hard work —would one day pave the 

way for future 2D material-based technologies that could eventually improve human 

life. 

5.4. Reference  

1. Huang, B., Clark, G., Navarro-Moratalla, E., Klein, D. R., Cheng, R., Seyler, K. L., 

Zhong, D., Schmidgall, E., McGuire, M. A., Cobden, D. H., Yao, W., Xiao, D., 

Jarillo-Herrero, P. & Xu, X. Layer-dependent ferromagnetism in a van der Waals 

crystal down to the monolayer limit. Nature 546, 270–273 (2017). 

2. Kim, Y., Cruz, S. S., Lee, K., Alawode, B. O., Choi, C., Song, Y., Johnson, J. M., 

Heidelberger, C., Kong, W., Choi, S., Qiao, K., Almansouri, I., Fitzgerald, E. A., 



- 88 - 

 

Kong, J., Kolpak, A. M., Hwang, J. & Kim, J. Remote epitaxy through graphene 

enables two-dimensional material-based layer transfer. Nature 544, 340–343 

(2017). 

3. Zhong, Y., Cheng, B., Park, C., Ray, A., Brown, S., Mujid, F., Lee, J.-U., Zhou, H., 

Suh, J., Lee, K.-H., Mannix, A. J., Kang, K., Sibener, S. J., Muller, D. A. & Park, J. 

Wafer-scale synthesis of monolayer two-dimensional porphyrin polymers for 

hybrid superlattices. Science eaax9385 (2019). doi:10.1126/science.aax9385 

4. Levendorf, M. P., Kim, C.-J., Brown, L., Huang, P. Y., Havener, R. W., Muller, D. 

A. & Park, J. Graphene and boron nitride lateral heterostructures for atomically thin 

circuitry. Nature 488, 627–632 (2012). 

5. Klimov, P. V., Kelly, J., Chen, Z., Neeley, M., Megrant, A., Burkett, B., Barends, 

R., Arya, K., Chiaro, B., Chen, Y., Dunsworth, A., Fowler, A., Foxen, B., Gidney, 

C., Giustina, M., Graff, R., Huang, T., Jeffrey, E., Lucero, E., Mutus, J. Y., 

Naaman, O., Neill, C., Quintana, C., Roushan, P., Sank, D., Vainsencher, A., 

Wenner, J., White, T. C., Boixo, S., Babbush, R., Smelyanskiy, V. N., Neven, H. & 

Martinis, J. M. Fluctuations of Energy-Relaxation Times in Superconducting 

Qubits. Phys. Rev. Lett. 121, 090502 (2018). 

 


