
 

i 

 

Optics and Optoelectronics of Two-dimensional Semiconducting Monolayers and 

Heterostructures 

 

 

Jason Solomon Ross 

 

 

 

 

A dissertation 

 

submitted in partial fulfillment of the 

 

requirements for the degree of 

 

 

 

Doctor of Philosophy 

 

 

 

 

University of Washington 

 

2016 

 

 

 

Reading Committee: 

 

Xiaodong Xu, Chair 

 

Arka Majumdar 

 

Lih-Yuan Lin 

 

 

 

Program Authorized to Offer Degree: 

 

Materials Science & Engineering & Nanotechnology 

  



 

ii 

 

© Copyright 2016 

Jason Solomon Ross 

  



 

iii 

 

University of Washington 

 

 

 

Abstract 

 

 

 

 

Optics and Optoelectronics of Two-dimensional Semiconducting Monolayers and 

Heterostructures 

 

 

 

Jason Solomon Ross 

 

 

 

Chair of the Supervisory Committee: 

Associate Professor Xiaodong Xu 

Physics and Materials Science & Engineering 

 

 

Until recently, the physics of truly two-dimensional (2D) excitons could only be explored 

theoretically. Following the discovery of graphene, many 2D materials were quickly identified and 

isolated, one system being the semiconducting Group VI-B transition metal dichalcogenides 

(TMDs). These semiconductors are the first air-stable materials that are atomically thin (three 

atomics thick), and yet can be produced in arbitrarily large lateral sheets. They have a direct band 

gap in which confinement leads to large spatial overlap of electrons and holes resulting in strongly 

coupled excitonic transitions that dominate light-matter interactions. The direct band-gap of 

monolayer TMDs occurs at the corners of the hexagonal Brillouin zone, referred to as the K 

valleys. Entirely unique to these materials, excitons in adjacent K valleys selectively couple to 

light of opposite circular polarization, i.e. the K (K’) valley is selective to right (left) circularly 



 

iv 

 

polarized photons. This property offers the possible realization of novel devices that will  

manipulate the valley index, known as valleytronics. Further, creating a stacked heterostructure 

(HS) of two TMD monolayers of different molecular species can exhibit type-II band alignment 

leading to the first atomically sharp built-in p-n junction and a bright interlayer exciton with long 

lifetimes. Being flat 2D sheets, it is easy to couple these materials to nearby systems such as 

microfabricated electrodes and photonic crystal cavities allowing for unique modulation and 

device schemes.  

 Here, I employ both optical and electronic techniques to study the unique physics of 2D 

excitons in TMDs as well as demonstrate some of their first optoelectronic and valleytronic 

devices. The most notable achievement is perhaps the first demonstrations of both atomically thin 

and 2D heterostructure light emitting diodes and photovoltaic devices. Other breakthroughs 

include the first demonstration of exciton charging tunability in a 2D system, the first valleytronic 

demonstration via electrical control of the degree of valley polarization, and resonant excitation 

investigations of the interlayer exciton’s role in absorption and emission in heterostructures. This 

work paves the way for future studies of 2D semiconducting systems and utilizing them in 

important new devices ranging from LEDs to photovoltaics to photonically coupled nanosystems 

such as a 2D nanolaser. 
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Chapter 1. INTRODUCTION 

The two-dimensional (2D) material gold-rush began in 2004 with the discovery and 

characterization of graphene[1], a semi-metallic monolayer of carbon atoms that form a hexagonal 

structure. Graphene exhibits massless Dirac fermions[2], ultrahigh electron mobility of 200,000 

cm2V-1s-1[3], 2-3% broadband absorption of visible light [4, 5], and extraordinary mechanical 

properties. Since then, many stable 2D crystals have been recognized, isolated, or predicted[6]. Of 

these, there are two of important note for this work.  

 First, there is the insulating hexagonal boron nitride (BN), an atomically flat hexagonal 

layer like graphene but with a boron and nitrogen atom making up the crystalline base. It has a 

band gap of 5.97 eV [7], a relative dielectric constant of 3-4, and a breakdown voltage of roughly 

0.7 V nm-1 [8]. With these properties and its atomically smooth surface, BN has proven to be the 

ideal substrate and gate dielectric for bringing out the intrinsic properties of other 2D materials[9]. 

Second, and the main focus of this work, there is the semiconducting group-VIB transition 

metal dichalcogenides (TMDs)[10]. This is a family of 2D materials in itself, all of which represent 

the first group of air-stable, semiconducting monolayers discovered. Single molecular layers of 

TMDs have a direct bandgap[11] leading to optical properties that are dominated by tightly bound 

excitons[12–17] with emissions in the visible to NIR regime. Further, the optical properties are 

electrically tunable[12, 14] and exhibit unique selectivity to polarized light[13, 18–21]. Integration 

with graphene and BN has brought forth an all-2D devices paradigm with working FETs, 

photodetectors, p-n junctions, and LEDs[6, 22–24].  

Exciton physics confined to a plane has mainly been studied in quasi-2D quantum well 

heterostructures such as GaAs. Here, the carrier wavefunction occupies at least tens of atomic 
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layers. Investigating and applying the physics of truly 2D excitons has thus been a long pursued 

goal, motivated centrally by the expectation that binding energies will be largely enhanced in the 

2D limit[12, 25], providing stable states even at room temperature. In addition, being flat atomic 

sheets, 2D materials are highly responsive to external stimuli such as electrostatic gates[26], ions 

gels[27], self-assembled molecules[28], doped substrates[29], and, as will be described in detail 

in this work, light-matter interactions. It’s also obvious that building the next generation of 

electronic and optoelectronic devices out of atomically thin materials offers the ultimate 

miniaturization of solid state systems while maintaining the ability for large-area mass production 

akin to silicon. This means more efficient use of materials, lower power requirements, and the 

possibility of realizing completely novel devices and applications. 

The aim of this work is to elucidate some of the first breakthroughs made in realizing the 

above advantages and prospects in the context of 2D semiconducting TMDs. In Chapter 2, I 

present an overview of the crystallographic, electronic, and optical properties of 2D TMDs. I will 

also introduce TMD heterostructures and describe the novel methods of constructing 2D material 

stacks which were developed in the course of this research. 

In Chapter 3, I explore how the physics of excitons is modified due to confinement in two 

dimensions leading to large binding energies and charged excitons. Demonstrations of electrostatic 

control of the exciton charging effect are described in detail. 

Chapter 4 demonstrates how 2D material stacking techniques led to the creation of the first 

light emitting diode and p-n junction photovoltaic from all-2D materials. Tuning of the excitonic 

emission of this device is discussed.  

This work concludes with Chapter 5 where the properties of TMD heterostructures are 

discussed in detail and the first demonstration of electroluminescence from the interlayer exciton 
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is described. Resonant excitation photocurrent measurements are also presented which explore the 

role of the interlayer exciton in heterostructure TMD optoelectronics.  
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Chapter 2. 2D TRANSITION METAL DICHALCOGENIDES 

In this chapter I introduce the structural, electronic, and optical properties of monolayer TMDs 

including their unique, polarization-selective light-matter interactions. I also briefly describe 

heterostructures made from two TMDs and the monolayer stacking techniques involved in making 

them.  

2.1 TMD STRUCTURE 

Group VIB TMDs have the molecular formula MX2 where M is the group-VIB transition metals 

Mo or W and X is the chalcogens S or Se. Monolayer TMDs show only two polymorphs, trigonal 

prismatic and octahedral. This thesis focuses on the former, which form 2D hexagonal crystals 

with trigonal prismatic coordination around the metal atom belonging to the D3h point group [30] 

(Figure 2.1a). Extending this out in two dimensions, the monolayers form in what is called the 2H 

phase and lack an inversion center, as made apparent when looking at a monolayer lattice from the 

side (Figure 2.1b). This lack of symmetry is a vital ingredient in making the properties and 

applications of 2D TMDs exciting, as well be discussed in length throughout this thesis. With 

strong in-plane covalent bonds, these 2D crystals (Figure 2.1c) can extend indefinitely in the lateral 

direction but only weakly bond to other layers via Van der Waals forces in the vertical direction. 

Owing to this property, 2D materials are also commonly referred to as Van der Waals materials[6] 

and can all be isolated via mechanical exfoliation using adhesive tape, first popularized with 

graphene [2]. And with a lack of dangling bonds on the surface of these materials, they are stable 

in air up to hundreds of degrees centigrade[30]. 
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Figure 2.1. Monolayer TMD Crystal Structure.  a, Coordination structure and top view 

of monolayer TMD. b, front and side view of monolayer. c. 3D schematic of monolayer 

crystal piece. 

 

2.2 2D SEMICONDUCTING PROPERTIES AND DEVICES 

Without a way to chemically dope monolayer TMDs, initial studies focused on field effect 

transistors (FETs) to characterize their semiconducting properties via electrostatic doping. These 

early works used standard electron beam lithography (EBL) and metal evaporation to define 
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electrodes which showed room temperature mobility on the order of 10 to 100 cm2V−1s−1 [26, 

31]. With ion gel gating, ambipolar conduction behavior was observed, giving promise to future 

p-n junction studies[22], which is the focus of Chapter 4 of this paper.  

Device performance of these initial studies and most still today is largely inhibited by the 

poorly understood Schottky barriers that form between the 2D semiconductor and the 3D metal 

contact. This manifests as contact resistances on the order of giga-ohms and poor carrier 

concentrations on the order of 1012 cm-2 at large gate voltages[12]. Three recent advances 

circumvent this barrier. One study made metallic contact to the edge of few-layer WSe2 following 

a recent breakthrough where a one-dimensional contact to the edge of a graphene sheet showed 

mobilities approaching the theoretical limit[32]. In the WSe2 few-layer case, field effect mobility 

as high as 6000 cm2V−1s−1 is observed at low temperature[33]. Another workaround implements 

a thin, < 1 nm, layer of BN between the metal contacts and the monolayer TMD. Being so thin, 

electrons easily tunnel through the BN layer under a bias voltage [34, 35] but a large Schottky 

barrier buildup is avoided. This has the added bonus of being able to electronically access TMDs 

that are encapsulated in BN layers while serving as a protecting layer and providing an ideal 

dielectric environment for 2D excitons. Such TMD devices have shown resistances as low as 1 KΩ 

and offer the ability to measure 2D materials that are otherwise unstable in ambient conditions[36, 

37]. Finally, lithium ion intercalation into 2D semiconductors has demonstrated the ability to 

convert the crystal structure and thus properties of the material. Specifically, it forces a phase 

transition from the regular 2H phase (semiconducting) to 1T phase (metallic) greatly reducing 

contact resistances from the MΩ regime to just hundreds of Ω[38]. In this thesis I will mostly take 

advantage of the tunneling BN contact as demonstrated in Chapter 4 on heterostructure LEDs. This 

method is chosen as it is the easiest to implement and simultaneously provides device passivation.  
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Figure 2.2. Monolayer direct band-gap and 2D excitons.  a, MoS2 band structure as a 

function of number of layers. From left to right: bulk, 4-layer, 2-layer, single layer. From 

reference [39]. b, Reflectance and photoluminescence spectra of monolayer MoS2 at 14 

K. Taken from reference [20]. 

 

2.3 2D EXCITON OPTICS  

Monolayer TMDs are endowed with exceptional optical. When thinning bulk TMDs from several 

layers down to a single monolayer, the electronic bandgap transitions from indirect to direct 

(Figure 2.2a), fulfilling the most basic requirement for efficient light emission [11, 39].  

Additionally, large carrier effective masses and reduced screening in 2D yield electron-hole 

interactions that are much stronger than in conventional semiconductors, resulting in exciton 

binding energies on the order of hundreds of meV[15–17]. This leads to neutral and charged 

a. b.
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excitons with large binding energies dominating the optical properties of TMDs. In fact, the 

binding energies are so significant that room temperature photoluminescence (PL) is attributed 

entirely to excitons and shows no electronic band-edge emission.  

 At low temperatures, reflectance and PL features clearly show A and B exciton states with 

energy splitting corresponding to the spin-splitting of the valence band (Figure 2.2b) [20]. PL 

emission also exhibits spectrally sharp (FWHM < 5 meV), well separated (~30 meV) charged 

exciton states that are amenable to electrical manipulation [12–14]. Details of 2D exciton physics 

are the focus of Chapter 3 of this thesis. With optical properties that rival quasi-2D systems, it is 

natural that a lot of attention is being given to making optoelectronic devices to take advantage of 

this new realm.  Groundbreaking 2D versions of photodetectors[40–43], solar cells[44–46], and 

light-emitting diodes[37, 47–52] have already been made. Details of the first 2D LED is the focus 

of Chapter 4 of this paper. And with the ability to integrate 2D TMDs with planer photonic crystal 

cavities that lead to emission enhancement[53] and even optically pumped lasing[54], exciting 2D 

nanophotonic devices such as a 2D nanolaser seem right around the corner. 

 

2.4 UNIQUE OPTICS: SPIN AND VALLEY PHYSICS 

Monolayer TMDs have a direct bandgap ranging from 1 to 2 eV [30] where the direct transition is 

located at the corners of the hexagonal Brillion zone, known as the K valleys  (Figure 2.3, a and 

c). Due to strong spin-orbit coupling, the valence and conduction bands are spin-split at the K 

points[55]. The effects are most pronounced in the valence band with splitting ranging between 

150-450 meV depending on the TMD (Figure 2.3b). Additionally, due to time reversal symmetry 

and the lack of inversion symmetry, equivalent bands in opposite valleys must have opposite spin, 

therefor distinguishing the –K and +K valleys as unique (Figure 2.3c). 
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Figure 2.3. Spin and Valley Properties. a, Density function theory calculated band 

structure. b, band structure at K point shows hundreds of meV valence band splitting due 

to spin-orbit coupling. Black arrows represent spin. c, Circularly polarized optical 

selection rules at K points in the hexagonal Brillouin zone (BZ). Right-circularly 

polarized light couples to the K valley with spin up holes while left-circularly polarized 

light couples to the –K valley with spin down holes.  
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 This leads to perhaps the most interesting fact about these materials. That there is a difference 

in optical properties of excitons between the K and -K valley. Unique to monolayer TMDs, The 

combination of large spin-orbit coupling[55] and a lack of inversion symmetry provides a 

connection between spin and valley degrees of freedom[18], light polarization[13, 20, 21, 56], and 

magnetic and electric fields[57] that can be exploited for novel device platforms and operations. 

Specifically, along with the opposite spin splitting in the two K valleys, each valley selectively 

absorbs and emits opposite circularly polarized photons (curved arrows in K valleys in Figure 

2.3c). As of yet, they are the only known materials to intrinsically possess this property without 

outside stimuli or non-equilibrium crystal modification. 

 With WSe2 as the prime material example, the above properties have shown to result in 

two significant consequences in terms of optical excitation measurements of TMDs. 1) When 

circularly polarized light is incident on TMDs, the PL of all exciton states will show an overall 

circular polarization that matches the excitation (Figure 2.4a) [20, 21, 56]. 2) When linearly 

polarized light is incident, the PL of the neutral exciton alone follows the polarization axis of the 

excitation (Figure 2.4b). To understand this, first consider that linear polarized light can be written 

as a superposition of right and left circularly polarized light, 𝐻 ∝ 𝜎+ + 𝜎−. So in WSe2, a coherent 

superposition of K and –K valley states persists through absorption of the excitation laser and then 

through emission as measured by PL. Thus linearly polarization of the neutral exciton is evidence 

of valley coherence[13] which suggest that this system might offer a new scheme for quantum 

mechanical computation.  
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Figure 2.4. Valley Dependent Photoluminescence. a, The photoluminescence of WSe2 

under a right circularly polarized excitation (𝜎+) will show stronger right circularly 

polarized emission (black) as opposed to left (red) for all exciton states (Xo and X- here). 

b. Under linearly polarized excitation such as horizontal here (H), the PL of the neutral 

exciton alone follows the excitation polarization. Adopted from reference [13]. 
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Since inversion symmetry is restored in AB stacked bilayers and PL is very week in 

multilayers, valley polarized emission is only significant in monolayer TMDs. However, there is 

a twist in the story of bilayer polarization that was observed early on. It was found that you could 

turn on the valley polarization in bilayers and even tune the degree to which it is polarized. To 

explain, let us first examine the crystal symmetry of this monolayer TMD.   

Figure 2.5a shows side view schematics of MoS2 crystals. In the monolayer case, no inversion 

center can be found. In contrast, AB stacked bilayers open up an inversion center (arrow reticle in   

Figure 2.5a middle). This should turn off valley polarization by making K valleys equivalent. 

However if an FET device is fabricated such that a gate voltage 𝑉𝐺 will apply a vertical, out-of-

plane E-field across the bilayer, the inversion symmetry can be broken (  

Figure 2.5 right). This was found to tune the degree of valley polarization 𝜂 =
𝜎+−𝜎−

𝜎++𝜎−
, where 

𝜎± is the PL signal for a right and left circular polarization, across a range of -15% to 15% [58]. 

This is illustrated in   

Figure 2.5b where I see the valleys switch their preference for left or right circular polarization 

due solely to inversion symmetry breaking as a function of gate voltage. This result can be 

considered the first demonstration of so-called valleytronics. 
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Figure 2.5. Inversion Symmetry Tuning. a, Schematic of mono- and AB stack bi-layer 

MoS2 illustrating how an electric field in the vertical direction can break the inversion 

symmetry of the bilayer. b. As a function of the gate voltage, the degree of valley 

polarization is turned on and off and even reversed in terms of which valley (K and –K) 

prefers which helicity of light (curved arrows). 
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Figure 2.6. Graphene-BN Superlattices. a, Top view of small boron nitride (BN) 2D 

lattice. Boron atoms are blue and nitrogen atoms are gray. b. Top view of graphene lattice 

with black carbon atoms. c. Top of larger sheets graphene on BN with 5-degree twist 

angle. An obvious superlattice pattern forms in this heterostructure which can lead to 

modified electronic and optical properties for the constituent materials.  

 

a. b.

c.
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2.5 2D SUPERLATTICES AND HETEROSTRUCTURES 

Interest in Van der Waal heterostructure (HS) combinations of TMDs, graphene, and BN has 

existed since the discovery of these materials[6], motivated largely by the chance to study 

superlattices and atomically sharp quantum wells. For instance, if one takes a monolayer BN 

crystal (Figure 2.6a) and places it on top of a crystal of graphene (Figure 2.6b) with a small twist 

angle between the lattices, a repeating heterostructure pattern with unit cell size larger than the 

constituent materials forms, known conventionally as a Moiré pattern. Figure 2.6 illustrates this 

for a twist angle of 5 degrees showing a new larger hexagonal pattern forming. This type of HS is 

more technically called a superlattice and the superimposed lattice repetition can have dramatic 

effects on the constituent heterostructure materials. In graphene on BN, the superlattice provides 

ideal length scales allowing access to the Hofstadter butterfly fractal pattern created by the 

recursive interplay of Landau levels and Block bands that would normally be inaccessible at 

practical magnetic fields in isolated graphene[59–61]. 

 More important for this thesis, if one stacks two different TMD materials such as MoSe2 and 

WSe2 (Figure 2.7a), recent work has predicted type II band alignment can occur[62–65]. This is 

when the smallest energy transition in the combined HS band diagram is between the valence band 

of one material and the conduction and of the other (Figure 2.7b). This causes free electrons and 

holes to charge transfer and separate to opposite layers [66, 67]. Evidence for this has been 

observed in WSe2-MoSe2 HSs where a bright, long-lived, indirect exciton state is emerges at a 

lower energy than the regular intralayer excitons [68]. The indirect exciton binding energy is 

widely tunable with an applied vertical electric field because it is essential an interlayer electric 

dipole formed between electrons in one material and holes in the other. In other words, there is 

evidence for an atomically sharp p-n junction where the built-in field is widely tunable and controls 
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a tunable bright exciton. This is exciting both intellectually and technologically. Further details of 

TMD HS physics and a demonstration of the first LED and photodetector based on the interlayer 

exciton is the detailed in Chapter 4 of this thesis. 

 

 

Figure 2.7. TMD Heterostructures. a. Front view of MoSe2 (green metal atoms) crystal 

on top of WSe2 (blue metal atoms) crystal. b. Energy band alignment of the 

heterostructure in (d). Due to differing work functions, the lowest energy conduction band 

is in MoSe2 while the highest energy valence band is in WSe2, together known as type-II 

band alignment. 

 

2.6 EXFOLIATION AND TRANSFER TECHNIQUES 

Mechanically exfoliated samples are still favored for their higher crystalline quality and 

intrinsic properties. This is especially true for TMDs where no direct-to-monolayer growth method 
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has produced crystals with purity or properties like the exfoliated variety. And so in this thesis, I 

focus on 2D materials that have been mechanically exfoliated onto 300 nm silicon oxide (SiO2) on 

highly doped Si substrates. This is simply accomplished by spreading bulk TMD crystals across 

adhesive tape through repeated self-sticking then pressing the tape down onto the silicon chip and 

rubbing out the bubbles before pulling back the tape (Figure 2.8a). From there, they are either 

studied directly, fabricated into simple FETs, or combined with other exfoliated samples to form 

HS devices. The reason for the 300 nm thick SiO2 is that it maximizes the contrast of a single layer 

of material when viewed in an optical microscope. This fact was the first major breakthrough for 

isolating and characterizing graphene and subsequently all 2D layered materials[1, 10]. For TMDs 

studied in this thesis, due to efficient absorption of visible light, optical contrasts of about 10% are 

observed on 300 nm SiO2 (Figure 2.8b). Now if this is how one finds individual layers, how are 

separate 2D material samples combined into a HS? The answer is collectively known as transfer 

techniques, and its rapid evolution over the past few years is described below.  

The first transfer technique was borrowed from graphene CVD growth methods. Graphene 

monolayers grow most effectively on metal substrates such as copper[69] and nickel[70] and so 

they must be transferred to insulating substrates like SiO2 before they can be made into devices 

and studied. The solution is to spin-coat a layer of PMMA, a standard EBL resist, and then etch 

away the metallic substrates leaving monolayers of graphene stuck to a PMMA membrane floating 

on water. These are then scooped up by a clean SiO2 chip and the PMMA is subsequently dissolved 

away in acetone[69].  
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Figure 2.8. Mechanical Exfoliation. a. Rubbing out the bubbles in adhesive tape on a 

silicon oxide chip. After peeling back the tape, monolayer materials can be found 

deposited on the substrate. b. White light illuminated optical micrograph of a WSe2 

sample showing single and bilayer regions. The single layer has about a 10% optical 

contrast due to efficient absorption of visible light. Scale bar: 5 μm. 
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Adopting this “wet transfer” technique for exfoliated samples meant one could no longer 

exfoliate directly onto SiO2. Instead, a silicon chip is spin coated with a water soluble layer of 

polyvinyl alcohol (PVA) and then a layer of PMMA. The thickness of the PMMA is tuned to get 

the favorable optical contrast qualities of the 300 nm SiO2. 2D materials are then exfoliated onto 

the PMMA. With a sample identified, the chip is floated in DI water, dissolving the PVA, causing 

the chip to sink and the PMMA layer with the 2D material on top of it to float on the water’s 

surface. The floating polymer is then scooped up by a glass slide with a hole in it. This so-called 

“stamp” is attached to micromanipulators and lined up underneath an optical microscope objective 

(Figure 2.9a). The stamp is lowered down onto a SiO2 substrate which would have another 2D 

material on it and which is affixed to a heater stage. The two materials, one on the stamp and one 

on the substrate, can be positioned with micrometer accuracy while the stamp is lowered into 

contact. Once contact is made, heating up the bottom substrate causes the PMMA to stick and 

release from the stamp. PMMA is then dissolved in acetone and the heterostructure is ready either 

for another transfer or for device fabrication and measurement[8].  

This wet-transfer technique, due to water floating and PMMA dissolving, leaves polymer 

residues between each 2D layer. The more layers in the heterostructure, the more contamination, 

leading to a roadblock for complex, high performing 2D heterostructure devices. Researchers at 

Manchester University recently modified this technique, figuring out how to disconnect the 2D 

crystals off the PMMA stamp without melting the PMMA, thereby avoiding the solvent clean 

step[36, 37]. However, for utmost cleanliness, it is desirable to create stacks of materials that never 

came in contact with any polymer or solvents. This ensures clean interfaces and minimal distance 

between layers allowing for maximum interlayer coupling effects.  
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Figure 2.9. Monolayer Transfer Techniques. a, Photograph of transparent stamp 

micropositioning transfer setup. b, Illustration of glass slide stamp with PC van der Waals 

polymer draped over flexible PDMS substrate. c, Illustration showing the stamp being 

brought down onto a WSe2 monolayer that it will easily pick up off of SiO2. d, Process 

illustration for creating complex 2D heterostructure using PC stamp method ending with 

depositing the HS onto metallic back-gates. 

 

In response, new Van der Waals or “dry transfer” techniques were developed[32, 71]. These 

techniques rely on polymers which have a stronger Van der Waals interaction to the 2D materials 

than does SiO2. This allows 2D materials exfoliated on regular 300 nm SiO2 to be directly pulled 
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off onto a stamp, with positioning techniques similar to the wet transfer method. The first 

generation dry transfer method used Polypropylene carbonate (PPC) as the Van der Waals layer. 

The preferred stamp in this process was a regular glass slide with a small piece of the gel polymer 

PDMS stuck on it and then thin PPC layer draped over the PDMS (Figure 2.9 a and b) [32]. The 

PDMS is flexible and transparent allowing the stamp to easily be push down and conform to 2D 

layers on SiO2 (Figure 2.9c). Once one sample is picked up, it can either be melted down onto a 

target sample, or a second sample can be immediately picked up. This allows for arbitrarily 

complex heterostructures to be fabricated where the interfaces between the 2D layers are free of 

contaminates. Figure 2.9d illustrates the procedure for creating tunneling-BN/WSe2/MoSe2/BN 

dielectric heterostructures and depositing them on pre-defined metallic back gates. This procedure 

is used to create the HS 2D LED discussed in Chapter 4. Only the top-most layer is exposed to 

solvents when the stack is finally melted off the stamp and the PPC is dissolved in chloroform. 

This layer is usually an encapsulating layer of BN and not the active region of the device. The PPC 

dry transfer technique proved itself when it enabled a BN-graphene-BN sandwich device with one-

dimensional metal contacts to the edge of the graphene showing mobility approaching the phonon-

scattering limit[32].  

But the PPC technique is not perfect. Most importantly, it has a hard time starting with thin 

layers of 2D materials, whether its monolayer graphene or TMD or a thin tunneling BN layer. One 

usually has to start with a BN layer that is several nm thick. This limits the type of devices that 

can be fabricated and means all heterostructures end up encapsulated in an insulating layer, which 

may not be favorable for certain experiments.  

Thankfully a new dry transfer process was developed which simply replaced PPC with 

polycarbonate (PC). PC has a much stronger Van der Waals interaction with 2D materials. It’s 
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able to pick up any 2D material of any thickness at even lower temperatures than PPC. The 

technique is otherwise the same. A glass-slide-PDMS stamp is covered with a layer of PC and 

multiple pickups and transfers are performed in a microscope (Figure 2.9d). When the stack is 

finished, it is melted onto an SiO2 chip at ~1700C[71]. This process seems to be the most versatile 

transfer technique to date, allowing for any vertical arrangement of any combination of 2D 

materials.  

The research present in this thesis was very much dictated by the development of the above 

exfoliation and transfer techniques which sequentially opened up more and more heterostructure 

possibilities. In Chapter 3, freshly exfoliated samples are directly fabricated into devices on SiO2 

via EBL techniques and their optoelectronics studied. In Chapter 4, the PVA wet transfer technique 

was used to make WSe2-BN heterostructures with metallic back-gates enabling later p-n junctions. 

And in Chapter 4, the PC dry transfer technique had become the standard and enabled a complex 

device stack of BN-WSe2-MoSe2-BN, resulting in an LED and photodetector based around the 

interlayer exciton in the WSe2-MoSe2 HS. 

2.7 SUMMARY 

It is clear that TMDs offer a playground for studying exciton physics in truly monolayer and 

atomically sharp heterostructure systems, developing ultra-thin optical devices, and exploring the 

new realm of coupled spin and valley physics. For the remainder of this thesis research, specific 

examples of these will be explore. Chapter 3 focuses on 2D exciton charging effects in monolayer 

MoSe2. Chapter 4 presents the first LEDs made from WSe2. And finally in Chapter 4, I present an 

LED based on the built-in MoSe2-WSe2 heterostructure p-n junction which sheds light on the 

optoelectronic properties of the interlayer exciton.  
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Chapter 3. CHARGED EXCITONS IN TWO DIMENSIONS 

In this chapter the spectral features of excitons as they behave in two dimensions are described 

using monolayers of MoSe2 as a case study. Specifically, photoluminescence (PL) spectroscopy 

of field effect transistor devices is used to identify which spectral features correspond to neutral 

and charged excitons. Temperature dependence is always studied to investigate how these tightly 

bound quasiparticles persist up to room temperature. For more details and similar work, I refer the 

reader to references [12–14]. 

3.1 MOSE2 INTRODUCTION 

Above bandgap photo-excitation creates electrons and holes in the conduction and valence bands 

respectively. If the screening is weak enough the attractive Coulomb interaction between one 

electron and one hole creates a bound quasi-particle known as a neutral exciton (Xo) which has an 

energy structure similar to a neutral hydrogen atom. Excitons can further become charged by 

binding an additional electron (X-) or hole (X+) to form charged 3-body excitons (called trions) 

analogous to H– or H2+ respectively[72–74]. These exciton species are elementary quasi-particles 

describing the electronic response to optical excitation in solids and are integral to many 

optoelectronic applications from solar cells and light emitting diodes (LEDs)[75] to optical 

interconnects[76] and quantum logical devices[77, 78].  
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Figure 3.1. Single Layer MoSe2.  a, Optical micrograph of exfoliated MoSe2 flake on 

300nm SiO2. Scale bar: 5 µm. b, atomic force microscope (AFM) image of area 

highlighted in (a). Scale bar: 1 µm. c, AFM line scan along dashed line in (b).  

 

 Investigating and applying the physics of truly 2D excitons has thus been a long pursued goal, 

motivated centrally by the expectation that binding energies will be largely enhanced in the 2D 

limit[12, 25], providing stable states even at room temperature. This chapter presents the 

experimental observation and control of the truly 2D exciton physics by utilizing high quality 

monolayer molybdenum diselenide (MoSe2). Initial TMD optics studies focused on MoS2, 

including the demonstration of having a direct bandgap[11, 39], high mobility electronics[26], 
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optical generation of valley polarization[20, 21, 56], and electrical control of Berry phase 

properties[58]. However, the crystal quality of MoS2 is poor and therefore the linewidths of PL 

features are broad making it difficult to resolve the multiple underlying excitons states that could 

possibly be making up the spectrum. 

Using a back-gated field effect transistor (FET) device, I demonstrate the reversible 

electrostatic tunability of the exciton charging effects from positive (X+) to neutral (Xo) and to 

negative (X-). A large trion binding energy of 30 meV with a narrow emission linewidth of 5 meV 

is observed. These narrow, well separated features have temperature dependence of typical 2D 

excitons and exist at high temperature suggesting remarkable stability. Interestingly, the binding 

energies of X+ and X- are similar implying that low energy electrons and holes in MoSe2 have the 

same effective mass. This work demonstrates that monolayer MoSe2 is a true 2D semiconductor 

opening the door for the investigation of phenomena such as exciton condensation[79–81] and the 

Fermi-edge singularity[82, 83], as well as for a new generation of optoelectronic devices such as 

LEDs and excitonic circuits[76]. 

 

3.2 SINGLE LAYER MOSE2 AND FET DEVICE TRANSPORT 

Mechanical exfoliation is used to obtain monolayer MoSe2 on 300 nm SiO2 on n+ doped Si  and 

atomic force microscopy (AFM) to identify the layer thickness[10]. Figure 3.1 a and b show the 

optical micrograph and the corresponding AFM image of a representative sample. AFM data 

shows this sample to have a single layer stepwise staircase in which the monolayer thickness of 

~0.7 nm is identified at each step [26] (Figure 3.1c).  
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Figure 3.2. MoSe2 FET Device and Transport.  a, optical micrograph of MoSe2 device. 

Scale bar: 5 µm. b, schematic of back-gated MoSe2 device. c, Gate dependent transport 

characteristics of MoSe2 FET device under various source-drain currents. 

 

 Standard electron beam lithography (EBL) is used to fabricate monolayer FETs with 6/60 nm 

V/Au evaporation deposited contacts (Figure 3.2a). With the contacts simply grounded, the n+ Si 

functions as a back gate (Vg) providing uniform electrostatic doping in the MoSe2. And a source-

drain bias (Vsd) can be applied to measure channel current (Figure 3.2b). All measured devices in 

this study show n-doped transport characteristics (Figure 3.2c). 
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Figure 3.3. Low Temperature Reflectance and PL Spectra.  a, Differential reflectance 

shows A and B excitons. b, Photoluminescence (PL) excited by 2.33 eV laser shows 

neutral exciton (Xo) and the lower energy charged exciton (X-). PL from the B exciton 

has not been observed. Inset: PL of the exciton peaks. The X- shows a binding energy of 

about 30 meV. 

 

3.1 SPECTRAL FEATURES 

The excitonic features of MoSe2 are investigated by differential reflectance and micro-

photoluminescence (µ-PL) measurements. Figure 3.3 shows the results from an unpatterned 
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MoSe2 sample, S1. At 20 K, I observe two main features associated with the A and B excitons in 

the differential reflection spectrum[11, 20, 39, 84–86] (Figure 3.3a). As mentioned previously, the 

presence of A and B excitons is attributed to spin-orbit coupling induced valence band splitting in 

bulk[85]. The observed energy difference of ~200 meV agrees well with the calculated splitting 

of 180 meV in MoSe2 monolayers. 

With the same sample under 2.33 eV laser excitation, the PL spectrum does not show a 

measurable feature which can be attributed to the B exciton, likely since it is not the lowest energy 

transition. Instead, I observe two pronounced peaks at 1.659 and 1.627 eV in the vicinity of the A 

exciton (Figure 3.3b). It’s important to note that the PL spectrum lacks the broad low energy peak 

observed in MoS2 which has been attributed to defect-related, trapped exciton states[11, 20, 39, 

86]. 

The striking spectral features demonstrate the high quality of my MoSe2 samples and 

represents the first evidence for monolayer MoSe2 being a direct bandgap semiconductor where 

the two distinct transitions are excitons. The higher energy emission at 1.659 eV is the neutral 

exciton, Xo, and as is proven below the lower energy peak is a trion[74]. All measured unpatterned 

samples show a charging energy, which is the energy difference between trion and Xo, of ~30 meV 

(Figure 3.3b inset). This is more than twice typical values reported in GaAs quantum wells[74, 87, 

88] and similar to a recent observation in MoS2[20]. In unpatterned samples, the trion is assumed 

to be X- based off the n-doped transport and gate dependence behavior of all devices as described 

below in sections 3.4:More Gate Dependence. 
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Figure 3.4. Mass Action Model Plots.  Calculated densities of a, exciton, b, trion and c, 

electron 2D MoSe2 as a function of background electron density and temperature with a 

fixed amount of absorbed photons of 3.2 × 1010 cm-2 during exciton life time. The white 

and blue lines correspond to the experimental data in the main text for gate and 

temperature dependence respectively. 

3.2 MASS ACTION MODEL 
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we consider the electron-trion, X-, and assume that the free hole in the system is negligible. We 

denote 𝑛X, 𝑛X− , and 𝑛e for the concentration of Xo, X-, and free electrons. 𝑛P ≡ 𝑛X + 𝑛X−  denotes 

the number of photoexcited electrons, and 𝑛B ≡ 𝑛e + 𝑛X− denotes the background electrons 

(doping level) before light excitation. 𝑛B and 𝑛P are the initial conditions controlled by gate voltage 

and laser intensity, while 𝑛X, 𝑛X− , and 𝑛e are steady state variables. 

To establish the relationship between these quantities we first write the reaction rate equation 

for trion formation, Xo + e- → X-. From the law of mass action with trions we have[89–91]: 

𝑛X𝑛e

𝑛X−
= 𝐴 𝑘B𝑇 exp   

 T

𝑘B𝑇
  

Here 𝑇 is the temperature, kB is Boltzmann constant,  T is the trion binding energy and 𝐴 =

4𝑀Xo𝑚e 

πℏ2𝑀X−
= 6.18 × 1 11 1

cm2 meV
 in MoSe2 in which 𝑀Xo = 𝑚e + 𝑚h and 𝑀X− =  𝑚e + 𝑚h are 

the exciton and trion effective masses respectively. Next, from charge conservation we obtain: 

𝑛e + 𝑛X +  𝑛X− = 𝑛P + 𝑛B. 

Solving the above equations gives 

𝑛X− =
𝑛P + 𝑛B + 𝑛A  √ 𝑛P + 𝑛B + 𝑛A 

2  4𝑛P𝑛B

 
 

Here, 𝑛A = 𝐴 𝑘B𝑇 exp   
𝐸T

𝑘B𝑇
 . By plotting these quantities as a function of T and 𝑛B, we are 

able to model the full range of our experimental gate-dependence data (Figure 3.4). We note that 

the entire picture and the values we have here for electron-trion can be applied directly to the hole-

trion thanks to the same effective mass of electron and hole in our massive Dirac Fermion system. 

Therefore this has also addressed the gate dependent PL data in the hole-domain, which is covered 

by the negative values of 𝑛B in Figure 3.4. 
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3.3 GATE DEPENDENCE 

With a mass action model, we are now in the position to confirm the previously assumed exciton 

species identification and charging effects by performing gate dependent PL measurements. Here, 

the excitation laser is at 1.73 eV for better resonance with the luminescent states. Figure 3.5a shows 

a color map of the PL spectrum of device D1 at 30 K as a function of Vg in which I clearly observe 

four spectral features whose intensities strongly depend on Vg. Near zero Vg the spectrum shows 

a broad low energy feature around 1.57 eV and a narrow high energy peak at 1.647 eV. With large 

Vg of either sign, these peaks disappear and a single emission peak dominates the spectrum. Both 

peaks (at negative or positive Vg) have similar energies and intensities with the latter increasing 

with the magnitude of Vg. 

This observed gate dependence confirms the assignment of states as labeled in Figure 7a. 

Since the broad low energy peak does not show up in unpatterned samples before FET fabrication, 

I attribute it to exciton states trapped to impurities (XI)[11, 20, 39, 86] which in comparison to the 

unpatterned sample S1, seem to be introduced during EBL processing. The sharp peak at 1.647 eV 

is the Xo, slightly red-shifted compared to unpatterned samples. From the gate dependence, I 

identify the peaks near 1.627 eV as the X- and X+ trions when Vg is largely positive and negative 

respectively. Remarkably, these two distinct quasi-particles (X+ and X-) exhibit a nearly identical 

binding energy. The difference is within 1.5 meV over the whole applied Vg range.  Since the 

binding energy of a trion is dependent on its effective mass, this observation implies that the 

electron and hole have approximately the same effective mass. 
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Figure 3.5. Electrostatic control of Exciton Charge.  a, MoSe2 photoluminescence 

(color scale in counts) is plotted as a function of back-gate voltage. Near zero doping, I 

observe mostly neutral and impurity-trapped excitons. With large electron (hole) doping, 

negatively (positively) charged excitons dominate the spectrum. b, Illustration of the gate 

dependent trion and exciton quasi-particles and transitions. c, trion and exciton peak 

intensity vs. gate voltage at dashed arrows in (a). Solid lines are fits based on the mass 

action model. 
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The gate dependent measurements unambiguously demonstrate the electrical control of 

exciton species in a truly 2D semiconductor, as illustrated in Figure 3.5b. The conversion from Xo 

to trion can be represented as e(h) + Xo → X- (X+), where e and h represent an electron or a hole 

respectively. By setting Vg to be negative, the sample is p-doped, favoring excitons to form lower 

energy bound complexes with free holes. As Vg decreases, more holes are injected into the sample 

and all Xo turn into X+ to form a positively charged hole-trion gas. With positive Vg a similar 

situation occurs with free electrons to form an electron-trion gas. In the following, I show that a 

standard mass action model can be used to describe the conversion dynamics. 

Figure 3.5c shows the extracted Xo (black) and trion (red) peak intensity as a function of Vg 

where I have adjusted the negative Vg data due to background signal. The plot shows that the 

maximum Xo intensity is about equal to the saturated trion PL when Xo vanishes. This observation 

indicates conservation of the total number of Xo and trion in the applied voltage range and similar 

radiative decay rates for both quasi-particles. Thus the PL intensity represents the amount of the 

corresponding exciton species. Since the dynamic equilibrium of free electrons, holes, and excitons 

are governed by the rate equation and law of mass action[88], I calculate the gate dependent Xo 

and trion abundance, shown by the solid lines in Figure 7c, which agrees with the data. 

In the simulation, I first fit the Xo curve to obtain my two free parameters: the maximum 

background electron concentration 𝑛B
max = 3.6 × 1 1 cm−2 when the trion intensity saturates and 

the photo-excited electron concentration 𝑛P = 1.5 × 1 1 cm−2. I then fit the trion gate 

dependence with these parameters held fixed. The deviation in the trion experimental data from 

the calculated curve near zero Vg is artificial due to the mutual background from Xo and XI. I note 

that this inferred electron concentration is much smaller than the product of the gate capacitance 

and Vg.  
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Figure 3.6. Low Temperature transport.  a, Source-drain bias vs. current for various 

gate voltages. b. Gate voltage vs. current for various source-drain biases.  

 

This discrepancy can be attributed to the large contact resistance of this type of FET design, 

which prevents the carrier concentration from reaching equilibrium on the experimental time scale 

at 30 K.  The gate dependent presented above was measured at zero source-drain bias. Figure 3.6a 

illustrates that at any gate voltage, there is miniscule conductance for this experimental condition. 

Specifically, we find the resistance near zero bias to be on the order of 100 GΩ for all gate voltages. 

Only with appreciable biases above 100 mV do devices show significant conduction. With this in 
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mind, it will be interesting to investigate the gate dependent PL with Ohmic metal contacts. With 

the recent advancements in recent low resistance contacts described in section 2.2: 2D 

Semiconducting Properties and Devices, it would be prudent to recheck this phenomenon today.  

 

 

Figure 3.7. More Gate Dependence.  a, Device D2 under 1.96 eV laser excitation. b, 

Device D3 under 1.73 eV laser excitation. Both show nonzero electron doping at back 

gate value of Vg = 0. 

3.4 MORE GATE DEPENDENCE 

Previously, we’ve assume that trions observed in unpatterned samples (no device fabrication after 

mechanical exfoliation) are negatively charged electron-trions, or X-. Here we provide supporting 
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evidence of this by presenting gate dependence of other additional MoSe2 FET devices. In Figure 

3.7a and b we see, as with all MoSe2 devices investigated during this study, a negative gate voltage 

is required in order to maximize the Xo. Since a maximized Xo corresponds to a minimized free  

carrier density (see section 3.2:Mass Action Model), this gate dependence supports the fact that all 

freshly exfoliated samples are originally n-doped. This is also consistent with observations[20, 26] 

in MoS2, suggesting a similar defect mechanism is present in both cases. 

 

3.5 TEMPERATURE DEPENDENCE OF MOSE2 PHOTOLUMINESCENCE 

The observed exciton states also show fine features consistent with 2D excitons, such as 

temperature dependent line shape, peak energy, and relative weight of Xo and trion, which further 

supports the excitonic nature of this monolayer system.  

Figure 3.8a shows the evolution of X- and Xo (normalized PL) as a function of temperature in 

an unpatterned sample, S2, under 1.96 eV laser excitation. At low temperatures, I again observe a 

binding energy of 30 meV. As the temperature rises I see the X- signal drop significantly at about 

55 K which I attribute to electrons escaping their bound trion state due to thermal fluctuations.  

Figure 3.8b is the zoom-in plot at 15K where I observe slightly different line shapes for X- 

and Xo. The Xo peak is symmetric showing homogenous thermal broadening effects and is well fit 

by a hyperbolic secant function which yields a full width half maximum of 5 meV[88, 91]. 

However, the X- peak shows a slightly asymmetric profile with a long low-energy tail consistent 

with electron recoil effects[88]: The recombination of a X- with momentum k will emit a photon 

and leave a free electron with the same momentum k due to momentum conservation. From energy 

conservation, the emitted photon has an energy ℏ𝜔 = ℏ𝜔o  
ℏ𝑘2

2𝑚e
∗2

𝑀Xo

𝑀X−
, where ℏ𝜔o is the energy 
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of trions with 𝑘 =  , and 𝑀Xo  and 𝑀X−  are the Xo and X- effective masses, respectively. The 

lineshape of trion PL will thus be the convolution of a symmetric peak function (hyperbolic secant) 

and an exponential low-energy tail function (See Section 3.6: Trion Recoil Effects for me details 

on recoil effects). When the temperature is above 70K, I find homogenous broadening dominates 

over electron recoil and the PL spectrum is fit well by two hyperbolic secant functions (Figure 

3.8c) 

 

 

 

Figure 3.8. Temperature Dependence of PL Spectrum. a, Normalized 

photoluminescence of monolayer MoSe2 vs. temperature. b, Line shape fitting at 15 K. 

Black is data. Red and blue curves are fits with and without considering the electron-

recoil effect. c, Data and fit at 70 K using two symmetric peaks. d, Neutral exciton (black) 
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and trion (red) peak position vs. temperature with fits (solid lines). e, Integrated area ratio 

of trion:exciton vs. temperature with mass action model fitting (red). 

 

From the fits I extract the X- and Xo peak position (Figure 3.8d) and the ratio of the integrated 

intensity of the X- to the Xo ( 

Figure 3.8e) where I do not present trion data above 150 K because it becomes negligible. I 

find that the peak positions are fit well (solid line in Figure 7d) using a standard semiconductor 

bandgap dependence[92] of  g 𝑇 =  g    𝑆⟨ℏ𝜔⟩ [coth (
⟨ℏ𝜔⟩

2𝑘𝑇
 1)] where  g    is the ground 

state transition energy at 0 K,  𝑆 is a dimensionless coupling constant, and ⟨ℏ𝜔⟩ is an average 

phonon energy. From the fits I extract for Xo (X-) the  g = 1.657 (1.625) eV,  𝑆 = 1.96 (2.24) and 

⟨ℏ𝜔⟩ = 15 meV for both. Applying my mass action model with a trion binding energy of 30 meV 

results in a good fit to the X-:Xo intensity ratio (solid line in  

Figure 3.8e). 

3.6 TRION RECOIL EFFECTS 

Because of energy and momentum conservation, the radiative recombination of an electron- trion 

with center of mass wave vector k results in a conduction electron with wave vector k and a photon 

with energy ℏ𝜔 = ℏ𝜔𝑜 +
ℏ2𝑘2

2𝑀𝑇
 

ℏ2𝑘2

2𝑚𝑒
∗ = ℏ𝜔𝑜  

ℏ𝑘2

2𝑚𝑒
∗2

𝑀𝑋

𝑀𝑇
, where 𝑀𝑇 =  𝑚𝑒

∗ + 𝑚ℎ
∗  is the trion 

mass, 𝑀𝑋 = 𝑚𝑒
∗ + 𝑚ℎ

∗  is the exciton mass, and ℏ𝜔  is the energy of trion with k = 0. The photon 

emission rate is given by the optical matrix element 𝑀 𝐤  and trion distribution 𝑓 𝐤 , which is  

𝑅 𝜔 = ∫𝑑𝐤|𝑀 𝐤 |2𝑓 𝐤 𝛿 ℏ𝜔  ℏ𝜔 +   𝑘   
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where   𝑘 ≡
ℏ𝑘2

2𝑚𝑒
∗2

𝑀𝑋

𝑀𝑇
. In the low density limit, the distribution function 𝑓 𝐤  can be 

approximated by the Boltzmann distribution 𝑓 𝐤 ∝ exp ( 
ℏ2𝑘2

2𝑀𝑇𝑘𝐵𝑇
). The optical matrix element 

|𝑀 𝐤 |2 has already been numerically evaluated by Stébé et al.[93]. Although for the 2D case they 

only give results for 𝜎 ≡
𝑚𝑒

∗

𝑚ℎ
∗ = 0, 0.1, 0.2, and 0.3, we find those curves can all be well 

approximated by an exponentially decaying function |𝑀 𝐤 |2 = |𝑀 𝟎 |2𝑒−27.3𝐸 𝑘 /𝐸0. With   ≡

  1 + 𝜎 | 𝑋
3𝐷|, and  𝑋

3𝐷 is the 3D exciton binding energy. We expect this equation applies for any 

𝜎 ∈ [ ,1].  

 

Figure 3.9. Trion Recoil PL Line shape.  Electron recoil effects result in a temperature 

dependent exponential line shape on one side of the photoluminescence peaks of trions. 
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𝑅 𝜔 = ∫𝑑𝐤|𝑀 𝐤 |2𝑓 𝐤 𝛿(ℏ𝜔  ℏ𝜔 +   𝑘 )

= 𝑅 𝜔  exp [ (
 7.3

  

+
𝑚𝑒

∗

𝑀𝑋

1

𝑘𝐵𝑇
)  ℏ𝜔  ℏ𝜔 ] Θ 𝜔  𝜔 

 

Here Θ is the Heaviside step function. In the MoSe2 system, 𝜎 = 1 and the 3D exciton binding 

energy is  𝑋
3𝐷 = 𝑅𝑦

∗ = 50 meV. We have plotted the line shape 𝑅 𝜔 for several temperatures in 

Figure 3.9. Thus the trion line shape can be fit through convolution of the above contribution with 

a symmetric broadening effect. 

3.7 FINAL REMARKS 

I have shown that monolayer MoSe2 is a true 2D excitonic system which exhibits strong 

electrostatic tuning of exciton charging via a standard back-gated FET. The observed narrow, well 

separated spectral features are well within standard tunable Ti-Sapphire laser systems’ range 

(Figure 3.10) and thus provide remarkable opportunities to selectively probe and control specific 

excitons using current continuous wave and ultrafast laser technologies. My results further 

demonstrate that high quality monolayer dichalcogenides can serve as a platform for investigating 

excitonic physics and photonic applications in the truly 2D limit with the potential to outperform 

quasi-2D systems. The results represent unique prospects for this burgeoning class of 2D materials 

in addition to the attention received for their valley physics. 

This work was published in Nature Communications[12] and it is important to note that an 

independent observation of negatively charged excitons was made in monolayer MoS2[14] as well 

as an investigation of the PL intensity of thin film MoSe2 as a function of temperature[94]. 
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Figure 3.10. Ti-Sapphire Laser Range and TMDs. This figure shows the range of 

standard tunable Ti-Sapphire laser systems and how MoSe2 excitons are well within the 

range while MoS2 is on the edge. 

  

1.2 1.4 1.6 1.8 2.0

 

 

 

Ti-Sapphire

MoSe2 MoS2

P
L

Energy (eV)



42 

 

Chapter 4. TWO-DIMENSIONAL LIGHT EMITTING DIODE 

The development of novel light-emitting diodes (LEDs) with improved efficiency, spectral 

properties, compactness and integrability is important for lighting, displays, optical interconnects, 

logic and sensors applications [95–102]. In this chapter we present the first every LED to be 

created and demonstrated from all-2D materials. Beyond the technological breakthrough, we 

discuss the merit that these devices might offer in terms of being a valley optoelectronic 

component. For more discussion of 2D LEDs and valley devices we refer the reader to references 

[37, 48–50, 52]. 

4.1 WSE2: THE QUINTESSENTIAL VALLEY POLARIZED TMD? 

The exciton and trion states of MoSe2 have not been found to show significant circular polarization, 

hinting at a valley scattering mechanism in the system. Therefore, despite its well-defined excitons 

states, it does not stand as a favorable 2D valleytronic material. However, WSe2 has been found to 

have the same exciton charging effects along with significant and interesting valley effects as 

discussed in Section 2.4: Unique Optics: Spin and Valley Physics. First, all the excitons present in 

the PL show substantial circular polarization. Second, and more interesting, the neutral exciton 

shows significant linear polarization no matter the axis of the incident linearly polarized excitation. 

Because linearly polarized light can be made up of a combination of left and right circularly 

polarized light, this result is attributed a valley coherence: The two valleys, K and –K, work 

together to maintain the initial polarization state of the incident light long enough for emission. 

This work is published in Nature Physics[13]. 

Valley coherence has exciting implications for new schemes of quantum computation. And 

with the already significant circular polarization of all the excitons, WSe2 stands as the 



43 

 

quintessential valley material. This is why WSe2 was chosen as the active emitter for the first 2D 

LED in hopes of realizing circularly polarized electroluminescent devices. 

4.2 2D ELECTROLUMINESCENCE BACKGROUND 

TMD Electroluminescence (EL) was first reported from monolayer MoS2 FETs, occurring near 

the Schottky contact with a metal[47] or with highly doped silicon[29]. However, the efficiency 

and spectral quality was much lower than has been demonstrated for other nanoscale light emitters 

such as carbon nanotubes[101], for two reasons. First, efficient EL requires effective injection of 

both electrons and holes into the active region, which should therefore be within a p-n junction. 

Second, MoS2 is known to have poorer optical quality than other group VIB TMDs, possibly due 

to impurities. It has been previously shown that, in contrast, monolayer WSe2 has excellent optical 

properties[13, 103]. In this chapter, we demonstrate that using electrostatic doping to establish a 

p-n junction in a WSe2 monolayer produces efficient and electrically tunable excitonic light-

emitting diodes. These LEDs emit light with 1000 times smaller injection current and 10 times 

smaller spectral linewidth than in the MoS2 studies. Further, the EL is clearly seen to be made up 

of neutral and charged excitons where the dominant luminescing species can be tuned by the 

source-drain bias applied across the diode. With this and the polarization properties of WSe2, all 

the ingredients are present for realizing valley polarized light emission which could lead to novel 

applications such as valley-based photonics and computing. 
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Figure 4.1. WSe2 p-n Junction Design.  a, Cartoon and b, optical micrograph of multiple 

monolayer WSe2 p-n junction devices with palladium back gates (Vg1 and Vg2) and source 

(S) and drain (D) contacts. The source-drain voltage (Vsd) is applied to one contact and 

the current (A) is read out of the other. During electroluminescence in the WSe2, electrons 

(blue) and holes (yellow) move towards each other (arrows) and recombine. The back 

gates are separated from the WSe2 by hexagonal boron nitride. The device sits on a layer 

of silicon dioxide on a silicon substrate.  
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4.3 WSE2 LED DEVICE DESIGN 

An optical image and a schematic of a device, made by a combination of electron-beam 

lithography and transfer of exfoliated sheets, are shown in  

Figure 4.1 a and b. A monolayer WSe2 sheet sits on a sheet of hexagonal boron nitride (BN), 

typically 10 nm thick, which acts both as a smooth, disorder-free substrate to minimize non-

radiative energy relaxation pathways and as a high quality gate dielectric[20]. Applying voltages 

to the two 7 nm palladium gate electrodes beneath the BN can create two separate electrostatically 

doped regions in the WSe2 separated by a 300 nm wide undoped strip. Gold/vanadium (60/6 nm) 

source and drain contacts are evaporated on top. Importantly, they overlap the gates in order to 

reduce the Schottky barriers for efficient current injection. For electrical transport measurements 

a dc bias 𝑉𝑠𝑑 is applied to one contact (the source) and the current 𝐼 from the other (the drain) is 

measured by a virtual-earth current preamplifier (Figure 9b). The silicon substrate is grounded. 

4.4 DEVICE TRANSPORT 

I start by showing that a p-n junction diode can be created electrostatically. First I set the gate 

voltages Vg1 and Vg2 to the same value. Figure 4.2a shows the current produced by a bias V = 0.5 

V as the gate voltage Vg1 = Vg2 is swept at 60 K. The current increases rapidly for gate voltages > 

+6.5 V (electron doping) and < -6.5 V (hole doping), demonstrating ambipolar operation. In the 

inset the red I-V curve, taken at Vg1 = Vg2 = +8.0 V, is almost symmetric as expected for both gated 

regions being equally electron-doped. The nonlinearity near zero bias can be associated with the 

undoped gap between the gates and residual Schottky barriers at the contacts. In contrast, the blue 

I-V curve, taken with Vg1 = +8.0 V and Vg2 = -8.0 V, shows the strong rectification behavior 

expected for a p-n junction diode. 
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Figure 4.2. Device Transport.  a, Main panel: variation of current with both bottom gate 

voltages set equal (Vg1=Vg2=Vg) for one junction at bias Vsd = 500 mV, showing ambipolar 

behavior. Inset: I-Vsd characteristics when the two gate voltages are set to equal 

(Vg1=Vg2=8 V, red) and opposite (Vg1=-8 V, Vg2=8 V, blue) values above the injection 

threshold. b, Room temperature electron doped conduction (black) and p-n junction 

forward bias (red).  

 

 At room temperature we see the nonlinearity in the electron doped bias sweep disappear 

(Figure 4.2b, red curve) and forward bias conduction with about an order of magnitude increase in 

current (Figure 4.2b, blue curve). 

4.5 DEVICE PHOTORESPONSE 

The p-n junction can be investigated in detail by scanning optical measurements[40, 43]. 

Figure 4.3a is a microscope image of a device and Figure 4.3b is a corresponding scanning 
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photocurrent image, measured with zero bias at 100 K using a 10 µW diffraction-limited 660 nm 

laser spot scanned over the sample. I see a large photocurrent signal localized between the gates, 

with a peak magnitude of 5 nA. Taking into account the 1% absorption of WSe2 monolayers at 

660 nm[104], the internal quantum efficiency reaches a maximum of about 5%. Such a 

photocurrent is the natural result of the junction functioning as a photodiode, with photogenerated 

carriers separated by a strong depletion field concentrated in the undoped gap. The sensitivity of 

the photodiode can be tuned over a wide range by varying the gate voltages and bias (not shown).  

Figure 4.3c is a corresponding map of the integrated PL intensity, which illustrates the 

uniform optical quality of the WSe2 sheet and shows that the luminescence is not substantially 

quenched by the underlying gates. More revealingly, Figure 4.3d shows a color map of the peak 

PL photon energy, exhibiting two distinct regions clearly correlated with the expected n-doped 

(blue) and p-doped (red) parts of the WSe2 above the gates. The reason for this is made clear in 

Figure 4.3e, which shows PL spectra taken at three key positions. These spectral features are due 

to exciton charging effects as in MoSe2, with the detailed origins having been subsequently 

described in WSe2[13]. On the gate held at Vg1 = +8.0 V (blue trace) the negatively charged X- 

trion (two electrons and one hole) dominates, implying an excess of electrons. And on the other 

gate, held at Vg2 = -8.0 V (red trace), the higher-energy positively charged X+ trion (two holes and 

one electron) dominates, implying an excess of holes. In the gap between the gates (black trace) 

the neutral exciton Xo peak can also be seen, consistent with no doping in that region. Here the 

superimposed X+ and X- peaks likely come from the gated regions, since the laser spot is larger 

than the undoped gap. 
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Figure 4.3. Photoresponse of p-n Junction at 100 K.  a, Microscope image of a 

monolayer p-n junction device. The source and drain contacts are white, the two bottom 

gates are red, and the boron nitride is blue. b, Corresponding scanning photocurrent image 

showing pronounced photocurrent generation localized to the junction. The thicker 

dashed lines outline the source and drain contacts while the thinner dashed lines outline 

the back gates. c, Integrated photoluminescence map. d, Peak photoluminescence energy 

map showing p and n regions as a result of the different energies of oppositely charged 

excitons. X- (X+) represents the negatively (positively) charged exciton found in the n (p) 

region e, Top to bottom: selected spectra from n-doped region (blue), junction (black), 

and p-doped region (red) with negative, neutral (Xo), and positive exciton features 

indicated. All maps taken with Vg1 = +8 V, Vg2 = -8 V. Scale bars: 4 µm. 
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The sensitivity of the photodetector can be tuned over a wide range by changing the gate 

voltages and bias. Figure 4.4a shows scanning-laser (10 mW at 532 nm) reflection (top row) and 

corresponding photocurrent (PC, bottom row) images at different p-n junction fields as controlled 

by the opposite split-gate voltages. PC is generated at gate voltages as low as ±1 V. The location 

and shape of the PC spot, especially at high gate voltages, demonstrates that the p-n junction in 

the gap between the split gates governs the photoresponse, as opposed to Schottky barriers at the 

contacts. Sweeping the bias voltage can increase the sensitivity enabling a highly effective 

photodetector with miniscule voltages as small as ± 1 V on back gates and -500 mV bias while 

collection currents approaching 10 nA (red curve in Figure 4.4b).  Such a sensitive photodetector 

is quite surprising considering we are working with a single molecular layer of material and has 

great promise for development of low-power, ambient energy optoelectronic devices. 

 

 

Figure 4.4. Photocurrent Sensitivity.  a, Scanning-laser (10 mW at 532 nm) reflection 

(top row) and corresponding photocurrent (PC, bottom row) images at different p-n 

junction fields as controlled by the opposite split-gate voltages. b, Photocurrent as a 

function of bias showing high sensitivity with miniscule (≤ 1) voltages. 
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Figure 4.5. Photoluminescence and Electroluminescence.  a, At 300 K, the EL 

spectrum (blue) generated by a current of 5 nA closely resembles the PL spectrum (red). 

b, EL image (red) superimposed on device image (grayscale). The orange dashed lines 

outline the WSe2 monolayer. Scale bar: 2 µm. 

 

4.6 EXCITONIC ELECTROLUMINESCENCE 

When the device is configured as a p-n junction (Vg1 = -Vg2 = 8 V), but not otherwise, I observe 

bright electroluminescence. Good spectra can be obtained even at room temperature with a current 

of 5 nA, as illustrated (blue) in Figure 4.5a. To understand the nature of the EL, I superimpose a 

normalized PL spectrum of undoped monolayer WSe2 (red). It is known that the PL of WSe2 is 

from the recombination of direct-gap excitons; thus the similarity between the EL and PL spectra 

implies that the injected electrons and holes form excitons before recombining radiatively. This is 

a natural consequence of the large exciton binding energy due to the strong Coulomb interaction 

in monolayer TMDs. Figure 4.5b shows an image of the total EL intensity (colored) superimposed 

on a simple white-light reflection image (grayscale). It is clear that the EL emanates from the entire 

length of the monolayer junction between the two gates. 
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Figure 4.6. Minimum Room Temperature EL Detection.  Background subtracted 

spectra of the electroluminescence (EL) at various injection currents.  

 

 The above current value for producing EL is three orders of magnitude smaller than in MoS2 

FETs[47, 105]. In fact, in our best device I can observe EL at an injection current at even lower 
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temperate. An excitonic EL peak is clearly visible at currents as low as 200 pA. 
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origins can be deduced from a comparison with the PL, whose intensity is plotted in Figure 4.7b 

as a function of photon energy and common gate voltage Vg=Vg1=Vg2. Here I see the tuning of the 

dominant exciton species as the carrier density is changed by gating[13]. The PL feature which is 

strongest at Vg = 0 is due to X0 recombination. It has a similar width to, and is at the same position 

(1.69 eV) as, the narrow EL peak, which I therefore identify as the X0 emission. The dominant PL 

feature at Vg > 0, which shifts from 1.663 eV to 1.625 eV as Vg increases from 0 to +8 V, is due to 

X- (of which there are multiple species[13]). The broad EL feature occurs in the same range of 

energies, implying that it is dominated by X-. The dominant feature in the PL at Vg < 0 is due to 

X+. This aligns with the high-energy shoulder (grey arrow) on the broad EL feature at about 1.670 

eV. There is also a band of emission from impurity-bound excitons (XI) in the PL which matches 

the lower-energy EL feature centered at 1.59 eV. 

The finding that X- dominates the EL in Figure 12a is consistent with the observation that X- 

has much stronger PL than the other exciton species (Figure 4.7b). The shifts of the trion peaks in 

the PL with Vg imply that the trion binding energy depends on perpendicular electric field. Hence 

the fact that the width of the broad peak in the EL matches the full range of X- energies in the PL 

is explained by the variation of the perpendicular electric field across the junction. On the other 

hand the X0 peak shifts very little with Vg in the PL and hence is insensitive to field; thus the X0 

EL peak is also sharp. The X0 EL linewidth is found to be as narrow as 5 meV, which is an order 

of magnitude smaller than for EL from MoS2[95, 101]. 
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Figure 4.7. Tuning Exciton Electroluminescence at 60 K.  a, Electroluminescence (EL) 

intensity plot as function of bias current and photon energy. From left to right, the arrows 

indicate the impurity-bound exciton (XI), the charged excitons (X- then X+), and the 

neutral exciton (Xo). b, Plot of Photoluminescence (PL) intensity as a function of photon 

energy and gate voltage Vg=Vg1=Vg2. c, Selected EL spectra at different bias currents. As 

the current increases, I observe EL tuning from XI through X- and X+ and finally Xo. The 

bottom spectrum is fit by four Gaussian lineshapes, one for each exciton species. 

 

In Figure 4.7c I show the EL spectra at selected current values, illustrating sequential 

population of the excitonic states, which could be due to current pumping or to changes in the 

electric field at the junction under different source-drain biases. At the lower current (24 nA) only 
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the excitons with lowest energy (XI and X-) are seen. At a higher current (27 nA) the X+ shoulder 

appears, and at 31 nA an X0 peak is also present. At the highest current (33 nA) I illustrate how 

the spectrum can be decomposed into four Gaussian peaks. It is also apparent that the relative 

strength of the XI peak decreases as the current increases. 

The above observations reflect complex exciton dynamics which are not yet fully understood. 

Time-resolved PL measurements have shown that the lifetimes (for radiative and nonradiative 

processes combined) of the free excitons and the impurity-bound excitons are about 5 ps and 100 

ps respectively[86, 105–107] in monolayer MoS2, which I expect to be similar to WSe2. The 

electron-hole pair injection rate is 
𝐼

𝑒
 (e is electron charge), which is one pair per 5 ps at 32 nA, 

comparable to the lifetime of a free exciton but much shorter than that of XI. Therefore, there could 

be only of order one free exciton but many impurity-bound excitons present in the junction. I 

speculate that the presence of multiple XI combined with the strong Coulomb interactions enhances 

non-radiative recombination, which limits the XI emission at higher currents. Alternatively, the 

saturation of the XI peak could also be due to the filling of impurity states as observed in standard 

PL and photocurrent experiments. 

4.8 LED EFFICIENCY 

Before calculating the device efficiency, it is prudent to explain how the experimental setup was 

calibrated. For EL, the signal is collected by a 40X, NA 0.6 objective, passed through the 685 nm 

dichroic beam splitter and sent into the spectrometer setup. The efficiency of the system is 𝛼 =

𝛼𝑜𝑏𝑗𝛼𝑁𝐴𝛼𝑠𝑝𝑒𝑐𝛽𝑠𝑝𝑒𝑐, where 𝛼𝑜𝑏𝑗 is the transmission efficiency of the object leg, 𝛼𝑁𝐴 is the 

collection efficiency of the objective itself limited by numerical aperture, 𝛼𝑠𝑝𝑒𝑐 is the collection 

efficiency of the spectrometer leg, and 𝛽𝑠𝑝𝑒𝑐 is the ratio of efficiencies of the spectrometer 
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components (grating and CCD) at 660 nm (our calibration laser, see below) to those in the EL 

spectral range. The CCD and grating specification sheets were used to estimate 𝛽𝑠𝑝𝑒𝑐. A Thorlabs 

S120VC power meter and a 660 nm diode laser were used to calibrate 𝛼𝑜𝑏𝑗 and 𝛼𝑠𝑝𝑒𝑐. Finally, the 

objective collection efficiency is given by the integral over the solid angle defined by the numerical 

aperture[101, 108]: 

𝛼𝑁𝐴 =
3

4𝜋
∫ 𝑑𝜙

2𝜋

 

∫ 𝑑𝜃 si 𝜃
arc in 𝑁𝐴/𝑛 

 

=
3

 
(1  √1  (

𝑁𝐴

𝑛
)
2

) . 

In our case, 𝑛 = 1 since the WSe2 is not covered with any material. The total photon emission 

rate from the junction is then 𝐺 = 𝐺measured/𝛼. The rate of electron and hole injection is I/e, and 

hence the efficiency (number of photons produced per injected electron) is 
𝑒

𝐼
𝐺. 

With the above information, the total photon emission rate at the largest applied current of 35 

nA is estimated to be about 16 million sec-1. This is 10 times larger, for 1000 times smaller current, 

than reported for MoS2 devices[29, 47]. It corresponds to 1 photon per 104 injected electron-hole 

pairs. We expect that the overall device efficiency could be improved by increasing the injection 

current for a given voltage by reducing contact resistance, improving the WSe2 crystal quality, and 

by employing improved membrane transfer techniques. 

4.9 FINAL REMARKS 

I demonstrated that EL from WSe2 is undoubtedly from excitons which has significant 

implications. It has been conclusively demonstrated using polarization-resolved PL that the 

excitons in monolayer WSe2 are formed in the ±K valleys[13]. The excellent match of the EL with 

the PL thus proves that the EL also comes from such valley excitons. However, no circular 

polarization of EL greater than the experimental error has been observed (Figure 4.8a). To 
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understand this, consider that in the experiments described here the injected electrons and holes 

populate both valleys equally as sketched in Figure 4.8b, forming excitons in both valleys and thus 

producing light that is an incoherent, equal mix of right and left circular polarization. Looking 

forward, schemes for overcoming this EL valley degeneracy are discussed in Section 4.10: Future 

1: Valley Polarized LED, below. 

 

Figure 4.8. Lateral Valley LED.  a, Electroluminescence (EL) under left (𝜎-) and right 

(𝜎+) polarization detection showing no appreciable polarization. The difference in left 

and right circularly polarized EL shows inconsistent fluctuations and never exceeds 5%, 

the systematic error of this measurement due to optics. Currently, we attribute any 

perceived polarization to the time-dependent fluctuations in the EL. b, Band diagram and 

device schematic showing EL generation from valley excitons. Wavy red arrows indicate 

electroluminescence. Dashed red (blue) arrow indicates the direction of hole (electron) 

flow. Filled and empty circles indicate carriers in the +K and -K valleys. Both valleys are 

shown to be populated leading to EL that has both right (𝜎+) and left (𝜎-) circular 

polarization. 
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The above work is published in Nature Nanotechnology[49] and it is important to note that 

two very similar studies were conducted and published alongside it[50, 51].  

4.10 FUTURE 1: VALLEY POLARIZED LED 

As a result of the spin-valley locking in monolayer TMDs, where the +K and -K band edges have 

opposite spin[18], It might be possible that using ferromagnetic contacts to obtain spin-polarized 

injection will allow spin- and valley-LEDs with controllably polarized emission[109]. Similarly, 

a high performing device in a vertical magnetic field might also produce an observable effect.  

However, a different approach that exploits only the intrinsic properties of the materials has 

emerged as the most promising. Valley polarization in WSe2 electroluminescence was recently 

observed and attributed to trigonal warping of the electronic bands[52]. This is the fact that the 

shape of the bands at the valleys is not perfectly parabolic[110, 111], and that at large doping levels 

and with an applied in-plane E-field, each valley contributes different amounts of carriers to the 

conduction (Figure 4.9a). This causes the EL to have an overall circular polarization, which is 

switchable if the E-field is reversed. Using ion gel gating to obtain high doping and thus strong 

trigonal warping, circularly polarized EL was observed in various MX2 samples including WSe2 

and MoSe2[52]. 

Conversely, this simplified picture has been modified and challenged by recent theory. When 

electron spin is accounted for, trigonal warping, or, more descriptively, anisotropy of the valley 

Fermi pockets, produces different effects depending on how the applied E-field is aligned to the 

crystal axis. Along the armchair direction, there should be an overall circular polarization in the 

EL, dependent on the direction of the E-field like the previous case (Figure 4.9b). However, along 

the zig-zag direction, the carriers from each valley drift to opposite directions perpendicular to the 
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E-field producing a spatial variant polarization in the EL. And further, the spatial invariance does 

not reverse when the E-field is reversed (Figure 4.9c).  

 

Figure 4.9. Valley Polarized Electroluminescence Schemes.  a, Carrier contribution 

from each valley under electric field due to trigonal warping. Orange (green) color 

represent free carrier density in K (K’) valley. From reference [52]. b, Circularly 

polarized electroluminescence from p-n junction that is perpendicular to the armchair 

direction. c, same as b but with p-n junction perpendicular to the zig-zag direction. Green 

(yellow) color denotes hole (electron) doped region. Red (teal) squiggly arrows represent 

right (left) circularly polarized light. Red (green) pins with arrows denote carriers and 

their spin (and thus valley) current. The junction direction and E-field is reverse between 

top and bottom image. From reference [112]. 

 

This prediction stands as untested and, if observed, could cast doubt on the trigonal warp 

results mentioned about from reference [52]. With this in mind, it is important to test the spatial 

dependence of the polarization of EL from a new generation of lateral LED devices. For these 

devices, second harmonic generation (SHG) measurements on the WSe2 crystals can be used to 

a. b. c.

armchair zig-zag
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determine the armchair axis[113], allowing for the intentional fabrication of devices whose current 

will run either along the zig-zag or armchair direction. Such a study could finally pinpoint the 

interplay between trigonal warping and spin-valley currents in lateral TMD devices. 

 

 

Figure 4.10. New WSe2 LED.  a, Microscope image of device. Here, fabrication resulted 

in two adjacent devices. The tunneling BN (t-BN) is not visible, only the BN gate 

dielectric in blue. Scale bar: 1 μm. b, Schematic of device showing tunneling BN layer 

between metallic contacts sand monolayer WSe2. 
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4.11 FUTURE 2: IMPROVED DEVICE DESIGN AND MOSE2 LED 

In order to improve the success of future studies, improvements on the lateral LED device design 

are needed. The first step to take is to implement cleaner monolayer transfer and stacking 

techniques such as the PC dry transfer and possibly performing the transfer in a glove box or 

vacuum chamber. The second major improvement can be to the contacts, specifically using a thin 

(1 to 2 layers) of BN between the metallic contacts and the active semiconducting monolayer. Thin 

layers of BN like this have been shown to allow carrier tunneling with high efficiency[34, 35]. 

Tunneling contacts have the added bonus that if the layer is large enough, it can seal and passivate 

the entire device, protecting it from environmental degradation[36].   

 Combining these two improvements, next generation WSe2 LEDs were studied. Figure 4.10a 

shows the microscope image of the sample showing two devices. The tunneling BN layer (t-BN) 

is not easily visible here, but after PC transfer fabrication it was the top layer and so now is present 

between the monolayer WSe2 and the EBL fabricated Cr/Au contacts (Figure 4.10b). 

 This device showed markedly improved EL performance. Figure 4.11a shows a spatial image 

of the EL (red) from running both devices simultaneously overlaid onto the device area (black and 

white). To drive both devices, the middle gate is set positive (V+ in the figure) establishing an n-

doped region in the middle, while the outer gates are set negative (V- in the figure) to establish 

two outer p-doped regions in the WSe2. Applying a positive bias to the outer contacts source 

contacts (S in figure) drives current into the grounded drain contact (D in figure).  
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Figure 4.11. Improved Exciton EL.  a, Electroluminescence (red, arbitrary units) 

overlaid onto spectrometer image of devices (black and white). The middle gate was set 

positive (V+) establishing an n-doped WSe2 middle region while the outer gates were set 

negative (V-) to establish two p regions. Carriers were injected into the outer source (S) 

contacts and collected at the middle drain contact (D). b, EL vs. Bias voltage shows 

improved separation of exciton states and obvious state filling trend. Inset: Current vs 

Bias Voltage curve taking during EL sweep. 

 

 Looking at the bias voltage dependence of the EL spectrum reveals improved excitonic 

emission. In Figure 4.11b, we see obvious evidence of state filling where the exciton states at 

lowest energy (the impurity exciton XI here, at ~1.64 eV) are first to emit light but as the bias is 

increased the higher energy states (charged and neutral excitons) become brighter. Most strikingly, 

we see a significant reduction in the overlap of the individual exciton peaks hinting that the sample 

is cleaner than the previous device design results. Finally, it’s important to note that the current 

needed to observe EL (inset in Figure 4.11b) in these new devices is about an order of magnitude 
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less than before which is testament for the efficiency t-BN contacts. This design process has 

become the standard for lateral LED fabrication as well be shown below for monolayer MoSe2 

LED and TMD HS LEDs studies. 

 

Figure 4.12. MoSe2 Lateral LED.  a, Microscope image of t-BN lateral MoSe2 LEDs. 

Here we have 3 adjacent devices thanks to large BN and MoSe2 (green outline) flakes. b, 

Camera image of the device mounted to cryostat chip carrier with wire bonds attached to 

contact pads. 

 

 In Chapter 5 we present the study of an LED with the active layer being a HS of WSe2 and 

MoSe2. Thus, here we present monolayer MoSe2 LED data to illustrate that this lateral LED device 

design works universally with all TMDs. Figure 4.12a shows a microscope image of the sample 

which resulted in three adjacent MoSe2 p-n junctions. This device was fabricated with the PC dry 

transfer technique and has monolayer t-BN contacts along with a 10 nm thick BN dielectric layer. 

For some insight into how these devices are measured inside our optical cryostat, we show in 
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BN
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Figure 4.12b a camera photograph of the silicon chip mounted to the chip-carrier with wire bonds 

connected it to the outside circuitry. 

 Focusing on one device, with back gate voltages VGP =   .5 V and VGN = 5 V and a bias 

voltage of VSD = 3.5 V giving a current of 1.3 nA, we observe a strip of EL emitted from almost 

the entire junction between two gates (red color Figure 4.13a). Looking at the spectrum of the EL 

we observe the two characteristic MoSe2 exciton and trion peaks (Xo, X- and X+ in Figure 4.13b) 

which due to this spectrum being strikingly similar to the PL shown in Figure 3.3b in Section 3.1: 

Spectral Features. In contrast to the PL, where the trion peak is either X+ or X- depending on the 

doping, it is assumed the EL trion peak at ~ 770 nm is made up of both charge species as they each 

are injected from their respective p and n sides of the lateral junction. A weak and lower energy 

peak at around 925 nm is also observed in the EL (X? in Figure 4.13b inset). The origin of this 

peak requires further studies to identify but it is important to note because the interlayer exciton 

emission in a WSe2-MoSe2 HS is in the same spectral range albeit much brighter and narrower. 

 The bias dependent of the EL in this device shows standard state filling as described for WSe2 

LEDs above (Figure 4.13c). Interestingly, there are very sharp peaks observable within the exciton 

peaks (XD in Figure 4.13c) which due to their linewidths can be attributed to defect bound excitons 

that are actually thought to be single quantum emitters[114]. Thus the result here is that we can 

electrically pump single quantum emitters using this LED device design.  
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Figure 4.13. MoSe2 Excitonic Electroluminescence.  a, Electroluminescence (EL) (red, 

arbitrary units) overlaid onto spectrometer image of devices (black and white). b, EL 

spectrum of device shown in (a). The lower wavelength peak (higher energy) is the 

neutral exciton (Xo) while the higher wavelength (lower energy peak) is the charged 

exciton (a mixture of X- and X+ from the trions from both the n an p sides of the device). 

Inset shows a weak and broad emission is present at around 925 nm which has yet to be 

identified (X?). c, EL vs. bias voltage shows standard state filling (lower energy excitons 

emit first) as well as sharp, likely defect bound excitons (XD) within both exciton peaks.  
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Chapter 5. ATOMICALLY SHARP HETEROSTRUCTURES 

So far in this Thesis we have presented the study of semiconductor physics at the ultimate 2D limit 

by investigating single layer atomically thin materials. The next logical leap to take is to sandwich 

two 2D semiconductors together and study the first atomically sharp semiconductor 

heterostructure juctions akin to the quasi-2D GaAs-AlGaAs or GaN-AlGaN junctions. In this 

chapter we present breakthroughs made in studying 2D heterojunctions between monolayers of 

MoSe2 and WSe2. In addition to establishing a built-in p-n junction between the materials due to 

type-II band alignment, this HS also exibits a unique interlayer exciton that shows promise for 

photonic devices. We refer the reader to references [68, 115] for more details.  

5.1 HETEROSTRUCTURE AND INTERLAYER EXCITON INTRODUCTION 

The diverse family of van der Waals materials offers a unique platform for building pristine 

heterojunctions with designed functionalities at the atomically thin limit[6]. Two-dimensional 

(2D) materials with metallic (graphene), semiconducting (group VIB transition metal 

chalcogenides), and insulating (boron nitride) properties are now readily available and can be 

cleanly stacked[32] into complex heterostructures (HSs). This has led to exciting progress both in 

science, such as the artificial superlattice in Hofstadter’s butterfly[59–61], and band-gap 

engineered devices, mainly efficient light emitting diodes and photodetectors[37, 116].  

In individual layers of transition metal chalcogenides (TMDs), the direct band-gaps[11, 39] 

and valley dichroism[13, 19, 21, 56, 109] have suggested a new valleytronics paradigm is 

imminent and have already inspired diverse applications in photovoltaics and light emitting 

devices (LEDs)[29, 37, 47–50, 52]. Vertically stacking two TMDs together forms a new type of 

optically active heterojunction with type-II band alignment[62–64, 117]. This results in an built-
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in vertical p-n junction at the atomic scale and causes optically excited electrons and holes to be 

subsequently separated into opposite layers[66, 67].   

Due to the reduced screening effects in 2D, the spatially separated electron and hole still 

experience strong Coulomb interaction and thus form tightly bound interlayer excitons (XI). XI has 

a few hundred meV binding energy[118], inherits valley dependent physical properties from 

monolayers[119], and exhibits electrically tunable population and valley polarization lifetimes on 

the order of tens of ns[115].  However, the role of XI in optoelectronic devices remains elusive due 

to the following facts. As a result of the reduced overlap of the spatially separated electron and 

hole wave functions, XI oscillator strength is expected to be dramatically reduced compared to 

intralayer excitons in individual monolayers. In addition, the inevitable twist between the 

monolayers during the fabrication also gives rise to the misalignment of band edges, i.e. X I is 

momentum indirect[115, 119]. It is unclear how this momentum indirect exciton with weak 

oscillator strength will behave in optoelectronic devices, such as light emitting diodes (LEDs) and 

photodetectors. Further, XI has only been observed in photoluminescence measurements. The 

weak oscillator strength and momentum indirect nature make it challenging to directly observe the 

interlayer exciton by resonant optical excitation. An approach to resonantly probe XI and 

determine its oscillator strength is necessary for the realization of exotic physical phenomena (e.g. 

interlayer exciton valley currents[119] and efficient optoelectronic devices based on XI.  
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Figure 5.1. Device description.  a, Wide view microscope image of device area. Scale 

bar 2 𝜇m. b. Zoom view of active area of showing three distinct devices. Dotted lines 

outline MoSe2 (green) and WSe2 (blue) monolayers. HS2 is the device made up of two 

Pd gates and two Au contacts below the HS1 label. Scale bare 2 𝜇m. c. Cartoon of HS2 

showing all material layers and electrical contacts.  
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5.2 HS LED DEVICE DESIGN 

In this paper, we report electrostatically defined p-n junction devices made of MoSe2-WSe2 HSs 

which enables us to resonantly probe and investigate the optoelectronic response of X I. The p-n 

junction design used here is adopted from Ref. [49]. Palladium back gates separated by 300 nm 

gaps are used to dope adjacent p and n regions in the 2D heterostructure above them (Figure 5.1a-

c). To construct the HS device, the following layers are stacked using a modified version of the 

polycarbonate (PC) based dry transfer technique[71]. First a roughly 10 nm thick BN layer serves 

as the gate dielectric. Then a single layer each of MoSe2 and WSe2 are stacked with care taken to 

align their armchair crystal axes, which are identified by polarization resolved second harmonic 

generation (SHG) measurements[113]. Minimizing the twist angle between the layers aligns the 

combined Brillouin zone for both layers allowing for light cones to exist at small momenta and 

thus bright interlayer exciton emission[115, 119] (see next section). 

On top of the TMDs, a single layer of BN is used both as a passivation layer to protect the 

active device as well as an efficient tunneling contact (t-BN in Figure 5.1c)[36]. Au source and 

drain contacts are defined directly on top of the tunneling BN layer. 

Figure 5.1b is a microscope image of the active area of the fabricated device, with the blue 

and green dashed lines indicating the boundaries of monolayer WSe2 and MoSe2, respectively. 

There are three distinct p-n junctions in this particular device, a monolayer WSe2 labeled W1, and 

two heterostructures, labelled as HS1 and HS2. For HS2, our transfer technique enables precise 

placement on the order of 1 µm allowing the edge of MoSe2 layer to be positioned directly along 

the gap between two gates. This is essentially a half-HS device, in which only one side of the 

device is a HS while the other side is a single layer of WSe2 (Figure 5.1c), allowing direct electrical 

contact to each constituent monolayer of the heterostructure. This device was the goal during 
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fabrication with the idea to directly inject the charge carrier that is favored by the constituent 

material due to band alignment and charge transfer discussed below. The main focus of this chapter 

will be the results from HS2, while the data from HS1 and W1 can be found in Appendix A.  

 

Figure 5.2. Twist angles and light cones.  a, Two hexagonal Brillion zones when stacked 

with a small twist angle 𝜃𝑡 will result in the K valleys between materials having a 

momentum offset of 𝑄𝑜. b, Light cone at 𝑄𝑜 from the WSe2 valence band. c, The six light 

cones in the complete 2D interlayer exciton energy-momentum dispersion. Figures 

recreated based on reference [2]. 

 

5.3 TWIST ANGLES AND LIGHT CONES 

A small twist angle (𝜃𝑡) results in the K valleys of constituent materials in the TMD HS to become 

momentum mismatched in the first Brillion zone (Figure 5.2a). The displacement vector 𝑄𝑜 (green 

arrow in the figure) is the combined momentum of an electron and hole necessary to recombine 

for an optically bright interlayer transition[119]. This means there’s a light cone at 𝑄𝑜 away from 

the K point (the band edge) of a given material, e.g. the valence band edge of WSe2 (Figure 5.2b). 

Only interlayer excitons with enough kinetic momentum will emit light. Further, due to six-fold 

rotation symmetry, there are six light cones in the complete 2D exciton energy-momentum 
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dispersion with the interlayer exciton optically dark at 𝑸 =   (Figure 5.2c). Minimizing the twist 

angle minimizes the 𝑸 required for bright excitons and thus SHG is always used to line up the 

TMD armchair axes during HS fabrication. 

 

5.4 BAND ALIGNMENT AND TRANSPORT 

Having a contact to each constituent layer of the HS2 allows for layer specific carrier injection 

of the type preferred according to the HS band alignment and interlayer charge transfer[66, 68, 

115, 120]. This is made clear in Figure 5.3a which illustrates the ungated band edge diagram along 

HS2. On the right side of the figure (the HS side), type-II band alignment results in MoSe2 having 

the lowest energy conduction band and thus favoring electron injection, while WSe2 has the highest 

energy valence band and thus favors holes. With this and having one contact directly to each layer, 

efficient ambipolar carrier injection should be possible via global back-gate doping (𝑉𝑔 in Figure 

5.3b). The black curve in Figure 5.3b shows that hole conduction turns on at    V while electron 

conduction turns on at +4 V with a bias voltage of 𝑉𝑆𝐷 = 5   mV. An example source-drain bias 

curve (red) under p-doped conditions (𝑉𝑔 =   .5 V) shows mostly Ohmic conduction despite a 

small barrier region near zero bias voltage similar to previous lateral TMD LEDs[49].  

With ambipolar injection, setting the back gates to opposite voltages establishes a lateral p-n 

junction. Figure 5.3c illustrates gating configuration where a negative voltage on 𝑉𝐵𝐺1 injects holes 

into the WSe2 while a positive voltage on 𝑉𝐵𝐺2 injects electrons into MoSe2 resulting in the band 

diagram shown in the figure. Practically speaking, with 𝑉𝐵𝐺1 =  1 V and 𝑉𝐵𝐺2 = 5 V, sweeping 

the source-drain voltage 𝑉𝑆𝐷 from  3.5 to 3.5 V shows only forward bias conduction (blue line in 

Figure 5.3g), confirming a lateral p-n junction.  
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Figure 5.3. Band alignment and transport.  a, Band diagram along HS2 with zero gate 

doping showing conduction band (CB) and valence band (VB) for WSe2 (blue) and 

MoSe2 (green). Dotted line is fermi level (Ef). The electrical setup for global back-gate 

doping where both gates are swept together is illustrated via the back gates connected 

together and bias by Vg. b. Ambipolar (black curve with VSD = 500 mV) and p-doped 

bias (red curve with VG = -2 V) conduction of device in the global back-gate setup. c, 

Band diagram along HS2 under p-n junction gating where – and + refer to the voltage 

applied to the individual back gates being negative and positive.  d, p-n junction diode 

conduction curve under gating setup illustrated in (f). 
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The reason for the smaller voltage on VBG1 is because of the interplay with 𝑉𝑆𝐷which is applied 

to the source contact electrode on WSe2 whereas the drain electrode on MoSe2 is grounded. As 

𝑉𝑆𝐷 is ramped up and drives source-drain current, the voltage drop across the boron nitride (BN) 

dielectric increases and thus the WSe2 hole doping increases such that at 𝑉𝑆𝐷 = 3.5 V, the gating 

in WSe2 is comparable to the gating in MoSe2 when 𝑉𝐵𝐺2 = 5 V. If the gate voltages were equal 

and opposite, say -5 and +5 V, as 𝑉𝑆𝐷 is increased the BN dielectric would break down before 

forward bias conduction occurs. This is a limitation of these electrostatically defined lateral p-n 

junctions. In the negative 𝑉𝑆𝐷 regime, we have swept 𝑉𝐵𝐺1 to – 8 V in order to ensure comparable 

p and n doping on respective sides of the device and no reverse bias conduction is observed 

confirming we have a diode. 

 

5.5 INTERLAYER ELECTROLUMINESCENCE 

The formation of p-n junction allows us to investigate electroluminescence by applying 

forward bias. Figure 5.4a shows a microscope image (top) of the device along with a corresponding 

spectrometer image (bottom) of the EL (red) at 𝑉𝑆𝐷 = 3.5 V bias overlaid onto the device (black 

and white). Clearly, the EL originates from the HS region along the gap between the gates (red 

arrow) with a lack of EL coming from the WSe2-only region (black arrow). This suggests that 

either most of the current is flowing through the HS region (possibly due to better ambipolar 

doping) or that the emission in the HS region is brighter because only the lower energy interlayer 

emission is accessed in these conditions. This is resolved by comparing the spectra of EL to un-

gated photoluminescence (PL) of HS1 under 532 nm excitation, both at 5 K (Figure 5.4b). In PL 

(black curve), we observe emission from the intralayer excitons of both MoSe2 and WSe2 (1.56 to 

1.74 eV[12, 13]) as well as emission below 1.4 eV characteristic of the MoSe2-WSe2 interlayer  
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Figure 5.4. Interlayer Exciton Electroluminescence.  a, Top: microscope image of 

device area with arrows pointing to WSe2-only region (black) and HS region (red) of HS2 

device. Bottom: electroluminescence (EL) image (red) overlaid on top of white light 

illuminated spectrometer image of device area (black and white). Both scale bars 2 𝜇m. 

b. Spectra of EL (red) compared to photoluminescence (black) for HS2. Inset cartoon 

illustrates which layer each source and drain contact (black lines) is connected to and how 

carriers are thus injected into the device and then the p-n junction recombination area 

(orange arrows). In the center, the carriers bind into an interlayer exciton (red-blue cloud 

illustrates the interlayer diode) before emitting light at the interlayer binding 

energy, ℏ𝜔𝑋𝐼. 

 

exciton[68, 115]. However the EL (red curve) is clearly dominated by interlayer emission with a 

small amount of intralayer emission observed at about 1.62 eV, likely from the MoSe2 trion[12]. 

This result demonstrates that despite the weak electron-hole wavefunction overlap, the lower 

energy of XI makes it the dominant recombination pathway at the junction (cartoon inset in Figure 
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5.4b) compared to intralayer excitons. Sequentially speaking, the injected electrons in the MoSe2 

conduction band and holes in the WSe2 valence band meet in the p-n junction, bind into XI due to 

strong Coulomb interactions, and then recombine to emit light.  

 

 

Figure 5.5. EL Bias Dependence.  Source-drain bias dependence of interlayer exciton 

EL in HS2 with corresponding diode transport curve (red) overlaid. 

 

The EL from HS2 also shows possible state filling effects similar to previous lateral 

monolayer TMD LEDs[49],  where emission favors lower energy states and higher energy states 

can be accessed with larger source-drain bias voltages[49]. Mapping the low energy EL versus 

VSD at 30 K, we see this behavior even within the interlayer emission itself (Figure 5.5). As 𝑉𝑆𝐷 is 

swept from 2.3 V to 3.5 V, the dominant emission moves from 1.355 eV to 1.38 eV. In contrast, 
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vertical electric field modulation of the interlayer dipole has previously shown continuously 

tunable XI PL energy over a roughly 200 meV range[68]. This can also explain the EL vs bias 

behavior here since the bias voltage sweep modulates the vertical fields due to changing the voltage 

drop to each back-gate. Future work is needed to determine the roles of state filling and dipole 

tuning in this HS system. 

5.6 INTERLAYER PHOTOCURRENT AND LIGHT CONE 

The maximum EL efficiency observed here (~0.1 %) is comparable to that of single layer 

WSe2 LEDs of similar design[49–51] which becomes interesting once the oscillator strength of 

interlayer and intralayer states are compared. To do this, photocurrent (PC) measurements were 

performed with 𝑉𝐵𝐺1 =  3, 𝑉𝐵𝐺2 = +3, and 𝑉𝑆𝐷 =  , the photovoltaic condition. Figure 5.6a 

illustrates the band diagram and charge extraction for this scheme where photoexcited electron-

hole pairs are separated by the p-n junction field and current is collected by the contacts. In Figure 

5.6b inset, we show a PC scanning map (red in arbitrary units) under 2 μW, 632 nm excitation 

overlaid on a laser reflection map (black and white), which shows PC response is localized at the 

p-n junction region. Focusing the laser on this bright PC spot, wavelength dependent PC 

measurements were then performed. Figure 5.6b shows PC amplitude on a log scale showing 

intralayer exciton resonances clearly observable between 1.6 and 1.7 eV. PC amplitude drops 

drastically once the photo-excitation is below the lowest energy bright intralayer exciton, which is 

the MoSe2 trion around 1.63 eV.  Remarkably, a PC peak appears at about 1.41 eV, which 

corresponds to XI. This is the first observation of resonant optical excitation of interlayer exciton.  
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Figure 5.6. Direct light coupling of interlayer exciton.  a, Cartoon illustration of 

photocurrent (PC) where incident laser light with energy ℏ𝜔𝐿  creates electron-hole pairs 

that are separated by the p-n junction field and move out (orange arrows) to be collected 

by the contacts as current (ISD). b, Wide range energy dependence of HS1 photocurrent 

(PC) under photovoltaic gating setup (see text). Inset: close up of scanning PC map (red, 

arbitrary units) overlaid onto corresponding scanning reflection map (black and white) of 

HS2. Scale bar is 2 μm. c. Interlayer exciton energy-momentum dispersion diagram. Light 

cones (yellow) exist at finite kinetic momentum (𝑄𝑂) for interlayer excitons. Excitons 

with the lowest energy (EX) must be phonon-scattered into the light cone to emit light 

under photoluminescence or electroluminescence (red transition). PC must occur at the 

light cone and thus requires excitons with significant kinetic energy (orange transition).  
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The peak energy of the XI in PC spectrum is about 20~30 meV higher than any interlayer EL 

and PL peaks. This can be understood by considering that the light cones for interlayer transitions 

in samples with small twist angles are located at finite exciton momentum[119]. This unique aspect 

of the interlayer exciton dispersion is shown in Figure 5.6c, where the momentum conserving 

optical transitions appear at finite exciton momenta. Resonant excitation (orange squiggly line in 

Figure 5.6c) generates interlayer excitons only at the light cones with total energy  𝑋   +
ℏ2 0

2

2𝑀
, 

where  𝑋    is the binding energy of the exciton at rest and the second term is the kinetic energy 

for exciton center-of-mass momentum 𝑄  and effective mass M. In contrast, EL and PL emissions 

(red squiggly line in Figure 5.6c) are primarily from cold excitons which are phonon-scattered into 

the light cones and emit with energy  𝑋   ± ℏ𝜔 0, honon. In device HS2, polarization-resolved 

second harmonic generation measurements confirms the twist angle to be about 3 degrees (Figure 

5.7), which corresponds to an exciton kinetic energy of tens of meV at the light cones. Therefore, 

the PC resonance is expected to be at higher energy than the interlayer exciton PL and EL, which 

is consistent with our measurement results.  
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Figure 5.7. Second Harmonic Generation (SHG) vs. Linear polarization angle of 

incident light.  Data taken from monolayer areas of constituent materials as indicated by 

the blue arrows. For WSe2 (MoSe2), incident light set to 1480 (1560) nm and SHG signal 

collected at 740 (780) nm. The maximum SHG signal corresponds to the armchair axes 

of each crystal[113]. Looking at the difference in the armchair of each we estimate a 3-

degree twist angle for the heterostructure region 
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using a knife edge and photodiode respectively. This allowed the PC to be normalized to the laser 

irradiance giving photoresponse units of mA/(µW/um2). In the intralayer region (Figure 5.8a) we 

see strongly coupled (large photoresponse) features as described above. In contrast, the interlayer 

photoresponse (Figure 5.8b) is about 200 times weaker. If we assume the photocurrent is 

proportional to number of optically generated excitons, which has a linear dependence on exciton 

oscillator strengths for a given photo excitation density, we infer that the XI oscillator strength is 

two orders of magnitude smaller than intralayer excitons. This is consistent with theoretical 

prediction where, the strength of the exciton light coupling, determined by the oscillator strength, 

is proportional to the electron-hole spatial overlap. In the intralayer configuration (see illustration 

in Figure 5.8c), the electron and hole are confined to the same 2D layer and so have large overlap 

leading to strong light coupling. But in the interlayer (Figure 5.8d), they are separated to different 

layers resulting in minimal overlap and suppression of light coupling. Since this suppression is 

expected to be dependent on layer separation, which is sample dependent, the observed interlayer 

to intralayer coupling ratio here provides an order of magnitude estimation.  
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Figure 5.8. Photoresponse comparison of interlayer to intralayer Excitons.  a, and b, 

show photoresponse as a function of laser excitation energy for intralayer and interlayer 

energy ranges respectively. c and d, illustrate qualitative wave function overlap between 

electrons and holes for intralayer and interlayer excitons respectively emphasizing on the 

interlayer exciton has small overlap. 
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Figure 5.9. Interlayer PL Gate Dependence and Stacking order.  a (c), MoSe2-WSe2 

(WSe2-MeSe2) HS junction has the interlayer electric field pointing up (down). b (d), 

Gate dependence PL of device in a (c). Interlayer exciton features (XI) blue-shift along 

the black arrow direction with positive (negative) gate due to interlayer dipole energy 

tuning. Red arrow indicates reduction in dipole shifting due to possible charge screening. 

X? is an unidentified exciton feature that shows minimal gate dependence and is possibly 

related to MoSe2 alone.  
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5.8 FINAL REMARKS 

The interlayer exciton studied in this chapter has shown lifetimes that extend into the μs 

range[115]. Further, TMDs have recently been shown to be easily coupled to microfabricated 

photonic crystal cavities showing enhanced emission[53] and even low threshold optically pumped 

lasing[54]. If we can better understand the interlayer dynamics and couple this long lived emitter 

state to a resonant cavity, we predict the possibility of creating the first 2D nanolaser. Such a device 

could have profound implications for photonic circuits and components in general.  

 Finally, there has been a lot of observed spectral features of the interlayer exciton and more 

work is needed to identify the excitonic source of them all. We have performed preliminary gate 

dependent PL studies of HS of both stacking order (interlayer dipole due to charge transfer is 

reversed) to begin to shed light on this issue.  

 For MoSe2 on top of WSe2 (Figure 5.9a) the photoexcited electrons transfer to the top layer 

and the holes to the bottom creating an electric field pointing up corresponding to the coulomb 

interaction of the interlayer excitons. If a positive voltage is applied to the back gate the electric 

field is increased leading to an increase in the emission energy of the interlayer exciton (blue 

shifting of XI in Figure 5.9b along the black arrow). Conversely with WSe2 on top of MoSe2 

(Figure 5.9c) a negative voltage is required to blue-shift XI (Figure 5.9d) since the interlayer dipole 

is now reverse with respect to the z-direction.  

 The above two behaviors are the only well understand interlayer exciton features as they 

correspond to dipole tuning by the gate which confirms the nature of the charge separated 

interlayer exciton[68]. However in figures Figure 5.9b and d we observe 3 other mysterious 

features: 1) In both figures, there is a peak that experiences less spectral shifting with gate that is 

around 930 nm (X? in both figures). Possibly this is the low energy feature observed in monolayer 
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MoSe2 LEDs presented in Section 4.11. 2) In both figures, the interlayer exciton seems to be split 

into two peaks, such as at 950 nm and 925 nm at VG = 5 V in Figure 5.9b. And in Figure 5.9b, 

both of these peaks having a higher energy copy seen as faint peaks at around 850 nm at VG = 5 

V. 3). The slope of the gate dependent emission energy drops off for Figure 5.9b in negative 

voltages and Figure 5.9d in positive voltages. This can be understood as possible charge screen of 

the gate by the bottom layer of the heterostructure. For instance, with MoSe2 on the bottom, under 

a positive gate voltage photoexcited electrons charge transfer to the bottom layer and screen the 

positively charged gate. The dipole energy between the top and bottom layers is thus no longer 

modulated by the gate and the spectral shifting is reduced (red line in Figure 5.9d). For future HS 

studies of any kind it will be important to confirm all of these features through further PL, EL, and 

PC studies.   
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APPENDIX A 

 

 

The above data taken is under similar voltages as discussed in Section 5.4: Band alignment and 

transport. Here the EL of HS1 and W1 are compared above to the photoluminescence (PL) of 

undoped HS1 (black). In red is the full-HS device HS1 which shows good spectral alignment with 

the PL. This hints that the half-HS device HS2 (blue) described in Chapter 5, which is blue-shifted 

from PL, is possibly experiencing edge effects which have been known to blue-shift PL. Finally, 

in green we have the emission from the single layer WSe2 device W1 which shows EL only from 

intralayer exciton states between 1.6 and 1.74 eV[49]. 
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