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Abstract

Semiconducting transition metal dichalcogenides (TMDs), when reduced to the two-dimensional

(2D) limit, exhibit extraordinary excitonic effects that serve as a versatile platform for optoelectronic

studies. High-quality, atomically-thin van derWaals (vdW) heterostructures can be constructed to ex-

plore rich 2D excitonic physics with these systems. Interlayer excitons, where the electron and hole are

in separate layers, form dipolar composite bosons across the atomically-thin type-II heterostructures

and are a promising candidate for creating a high-temperature exciton condensate. This dissertation

reports on themethods and experimental results of studies on interlayer excitons inhigh-qualityTMD

heterostructure devices. We discuss the unique excitonic and material properties of TMDs, and the

fabrication techniques required to create highly-tunable optoelectronic devices. We then explore the

electrical control of interlayer exciton dynamics, controlling their radiative emission energy, lifetimes,

and diffusion characteristics. We observe the three-body charged interlayer excitons, which can be

controlled with in-plane fields. We usemagnetic fields to explore the interlayer exciton spin-orbit split

valley characteristics and electrically generate exclusive spin-singlet or spin-triplet interlayer exciton

states. Finally, we electrically generate interlayer excitons that exhibit critical fluctuations, strongly

pointing towards evidence of an interlayer exciton condensate. The results presented in this thesis

pave the way for future studies on interlayer excitons and their powerful light-matter interactions that

can couple to exotic electronic correlated states in vdW heterostructures.
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No one any longer pays attention to - if I may call it - the

spirit of physics, the idea of discovery, the idea of under-

standing. I think it’s difficult to make clear to the non-

physicist the beauty of how it fits together, of how you can

build a world picture, and the beauty that the laws of

physics are immutable.

Hans Bethe

1
Overview

Thisdissertationdiscussesoptoelectronicstudiesof interlayerexcitons. The con-

cepts of coupled two-dimensional electron gases and indirect excitons existed before the discovery of

two-dimensional (2D) materials. In the era of the high quality gallium arsenide (GaAs) 2D quantum

wells, many exciting theoretical proposals for dipolar excitons in 2D systemwere discussed, including

the famed optically-generated exciton condensate. The introduction of monolayer semiconducting

1



transition metal dichalcogenides (TMDs) led to a naturally 2D material system for attempting simi-

lar experiments, while also adding unique spin-valley properties and extremely large binding energies.

The work and results in this thesis lay the foundations for using van der Waals (vdW) heterostruc-

tures to study novel physics of optically and electrically generated interlayer excitons, which can be

electrically tuned.

Chapter 2 discusses the fundamental concepts needed to understand the results in this thesis. We

delve into the material properties of TMDs and discuss the basic properties of excitons, trions, and

interlayer excitons. We provide an overview of some of the interesting physics that can be explored

with the interlayer excitons inTMDheterostructures. We finally describe themain optical techniques

used to prepare the reader for the subsequent chapters.

Chapter 3 discusses the fabrications steps required to create a vdW heterostructure device compat-

ible with optoelectronic studies. Fabricating our novel devices required solving the unique challenge

of creating both optically accessible and electrically transparent devices. We also briefly describe the

second harmonic generation technique, which is vital for aligning the crystallographic edges of the

separate layers.

Chapter 4 presents the results from studies on the electrostatic control of the interlayer exciton

dynamics. We discuss interlayer excitons and the electrostatic control of their long lifetimes and emis-

sion energies. We discuss long-range charge neutral interlayer exciton diffusion and also the control

of charged interlayer exciton diffusion. Finally, we present the dynamics of the electrically generated

interlayer excitons.

Chapter 5 adds to the foundations in the previous chapter to further control the interlayer exciton

movement. We design patterned gates to create spatially varying electric fields to increase the interlayer

exciton density. The increased density allows us to cross the Mott transition, giving an upper bound

interlayer excitons in our search for a condensate phase.

Chapter 6discusses the spin andvalley characteristics for the interlayer excitons. While theprevious

2



chapters establish the interlayer nature of the excitons, the separation of the layers requires special

consideration for the alignment of theK valleys. We discuss themodified selection rules and show the

brightening of both singlet and triplet-type interlayer exciton transitions. This allows us to electrically

generate different spin-aligned interlayer excitons, paving the way for valleytronic interlayer exciton

devices.

Chapter 7builds on thediscussions in theprevious chapter and explores themagnetic field response

of the interlayer excitons. We are able to extract details of the band structure and interlayer exciton

energetics with the magnetic field, but observations leave open questions about the effect of the free

carriers.

Chapter 8 further explores the interesting transport behavior found in Chapter 6. When perform-

ing similar measurements with an increased spacing between the layers, we are able to clearly show

enhancements in the electrically generated interlayer excitons. The electrically generated interlayer

excitons show preliminary evidence for coherent interlayer exciton emission.

Finally, the conclusionwill provide outlook on the interlayer excitons in TMDs. This final chapter

of this thesis shows that we are tantalizingly close to an interlayer exciton condensate. The demon-

stration of the interlayer exciton combined with the new understanding of the moiré effects in the

TMD heterobilayers should open up many exciting directions to explore Bose-Einstein condensates

in a condensed-matter system.

The appendices comprise of additional details on the experiments and theory. They include fabri-

cation details, the optical setups, specifics on themain devices, details on the electrostatic calculations,

and further theoretical discussions. Lastly, they include the supplemental data figures.
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The beginning seems to be more than half of the whole.

Aristotle

2
Excitons in TransitionMetal

Dichalcogenides

An entirely new field of two-dimensional (2D) materials emerged when a single layer

of graphite, or graphene, was first isolated and experimentally confirmed in 20041,2,3. Bulk van der

Waals (vdW) materials have their electronic properties mostly governed in a 2D plane with weaker

4



out-of-plane vdW forces between them. By using a scotch tape mechanical exfoliation method, sin-

gle layers (monolayers) could be cleaved from bulk crystals with properties ranging from semi-metals,

semiconductors, superconductors, and topological insulators. The monolayers themselves are stable

structures on their own and are atomically flat, not having any dangling bonds. Lack of either of

these properties is a large reason that many other bulk materials cannot be thinned down to a few

atomic layers. In addition, since single layers of the material can be isolated, they can be stacked into

exotic heterostructures, limited only by the imagination. The field of 2D materials rapidly opened

up accessibility to low-dimensional, condensed matter physics with just bulk crystals and scotch tape.

Specifically, high-quality, thin-film heterostructures could be constructed without the complications

of growth seen in single-crystal or molecular beam epitaxial (MBE) techniques.

While studies on bulk semiconducting transition metal dichalcogenides (TMDs) date back to at

least themid 1900s4,5,6, it was not until 2010 whenmonolayer TMDs and their direct band gap prop-

erties were experimentally measured7,8. Since then, the field expanded to explore the many exciting

excitonic properties in monolayers. Results such as observing the dark, spin-forbidden excitons in

tungsten diselenide (WSe2)9,10 or utilizing the spin-valley degrees of freedom to make an excitonic

switch11 were all realized within a decade. Two different monolayer TMDs could be stacked to form

semiconducting heterostructures, forming p-n junctions12. Since they can form a type-II heterojunc-

tion, excitons with the electron and hole in separate layers could also form13,14. These excitons, also

known as interlayer excitons, form the basis for the majority of the studies in this thesis.

This chapter will delve into the basic concepts for understanding the remainder of this thesis. We

will introduce TMD materials and their general properties. Then we will discuss excitons in TMDs

and why the choice of material is particularly useful and exciting for these studies. We will then dis-

cuss the unique optical selection rules for excitons in the TMDs. We will briefly discuss the charged

excitons (most often referred to as trions or exciton-polarons), which are three-body complexes that

emerge with increasing free-carrier density. We will then discuss the interlayer exciton in TMDs and

5
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Figure 2.1: TMD structures. (a) Side view of the 2H bulk crystal structure with the green and silver atoms being metal
(M) and chalcogen (X) atoms, respectively. Each layer has a thickness of 0.6 nm. (b) Top‐down view of a monolayer TMD.
a⃗1 and a⃗2 are lattice vectors with the dashed line outlining the primitive unit cell.

motivate why they are useful for the search of the exciton condensate. Finally, we will end the chapter

with an introduction to the optical techniques used in the remainder of the thesis.

2.1 Monolayer transition metal dichalcogenides

TMDs are a class of vdWmaterials, similar to graphene or hexagonal boronnitride (h-BN),whichhave

most of their electronic properties in-plane. Since the layers are held by weak vdW forces, they can be

cleaved from the bulk via mechanical exfoliation. The lack of covalent bonds between the layers also

means the resulting thin layers do not have dangling bonds on their interface. The surface is atomically

flat!

We will focus on the group VI semiconducting TMDs which have the form MX2, where M (=

Mo, W) is the metal atom and X (= S, Se, Te) is the chalcogen atom. Figure 2.1(a) shows the bulk

structure of the TMD. In the natural bulk system, the semiconducting TMDs generally form 2H

stacking structures, where the layer orientation flips every other layer. The layer thickness is ∼ 0.6

nm with a repeating structure every two layers in the vertical direction. A top down view of a single
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∆SOC ~ -21 meV

MoSe2
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∆SOC ~ 185 meV 

∆SOC ~ 37 meV

∆SOC ~ 427 meV

(b)(a)
+K −K
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−K+K

−K
Γ Q

M

Figure 2.2: (a) The Brillouin zone in TMD monolayers where the +K and ‐K points are related via time‐reversal*. (b) The
band structure of monolayer TMDs and theoretically calculated values from Kormányos, A. et al.15. The molybdenum‐
based TMDs are known to have smaller spin orbit coupled splittings (ΔSOC) than tungsten‐based TMDs. The splitting
also has opposite signs resulting in opposite ordering of the spins in the conduction band.

layer reveals a hexagonal lattice, much like graphene and h-BN, but with alternatingM and X atoms

at the hexagonal points (Fig. 2.1(b)). The dashed lines map out the primitive unit cell with lattice

vectors a⃗1 and a⃗2. The lattice constant, a0 = |a⃗1| = |a⃗2| ≈ 3 Å , varies for the different materials,

depending mostly on the chalcogen atom.

When reduced to a monolayer, the indirect gap bulk TMDs become direct band gap materials7,8.

This direct band gap emerges at the +K and −K (also referred to as K and K′) points (Fig. 2.2(a)),

which are related to each other via time-reversal symmetry. Density functional theory (DFT) calcu-

lations show that the band gap at the K valleys do not shift much with layer thickness. Instead, the

Q* point in the conduction band and the Γ point in the valence band move significantly with layer

thickness8. This is a strong indication that the electronic bands that govern the monolayer do not

have a significant layer dependence.

The K-valleys in TMDs have spin-split conduction and valence bands due to strong spin-orbit

coupling. The orbital characteristics of the conduction band and valence band are predominantly

characterized by the d-orbitals in the metal atom: for the the conduction band, dm=0 ≡ dz2 for the

*TheQ point is not a high symmetry point, but it is relevant in discussions about the conduction band in
multi-layer structures.
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conduction band anddm=±2 ≡ dx2−y2±dxy/
√
2 for the valence band15,16. Thus, to the lowest order,

we see that a spin-orbit term, L⃗ · S⃗, will result in negligible spin-orbit splitting in the conduction band

and a larger splitting in the valence band. More detailed theoretical studies, however, show that the

conduction band also has a small splitting, with opposite signs in the molybdenum or tungsten based

materials15,16. Optical studies on the two materials confirmed this assignment, which showed the

ordering of the spin-flip transition inWSe2 9,10 andMoSe2 17. Figure 2.2(b) summarizes the spin-orbit

coupling splittings (ΔSOC) forMoSe2 andWSe2 at the+K valley, using theoretically calculated values.

The spin-orbit splitting is particularly exciting when discussing the optical selection rules in Section

2.3, because the bright transition in each valley is coupled to a spin. This phenomena is referred to as

spin-valley locking. Thus, by using circularly polarized light to address a specific valley, one can also

extract information about the spin in the system. Furthermore, one can use this to create devices that

transport spin via its valley curvature18, or study spin and orbital splitting g-factors by usingmagnetic

fields19. The latter is the basis for the studies in Chapters 6 and 7.

Another important property of the TMD monolayer bands is their effective mass, which is large

comparedwith III-V semiconductors such asGaAs. The effectivemass, which describes the curvature

of the electronic bands, will have a strong effect on the energy scales in the system. Depending on the

material and on the theoretical or experimental study, the effectivemass values range from 0.3m0
15 to

as large as 0.8m0
20, wherem0 is the bare electron mass. This is in comparison to the GaAs light hole

mass of∼ 0.06m0 and heavy hole mass of∼ 0.45m0.

We summarize the important values discussed in this section along with the dielectric constants in

Table 2.1. This table is not comprehensive in terms of citations, but can rather be used as a reference

for quickly estimating energy and length scales in other parts of this thesis.

8



MoSe2 WSe2

a0 (Å) 3.31915 3.31615

Δc
SOC (meV) −2115 3715

Δv
SOC (meV) 18515 42715

me (m0) 0.5615, 0.8 20 0.315

mh (m0) 0.615 0.3515, 0.35[unpublished], 0.4521,22

ε⊥ (ε0) 7.223 7.423

ε∥ (ε0) 17.423 15.623

Table 2.1: Theoretically calculated and experimentally measured values for MoSe2 and WSe2.

2.2 Excitons in TMDs

Excitons are electron-hole pairs in a crystal that bind due to their attractive Coulomb interaction24.

They can be viewed similarly to positronium, an electron and positron bound state. Since they com-

prise of two fermions, they form a composite boson. Excitons can move around the crystal and trans-

port their properties (energy, heat, spin, etc.). However, since they are charge neutral, they do not

transport charge. Excitons will form at critical points in k-space, or when the conduction band (c)

and valence band (v) are parallel. At this condition, singularities in the joint density of states will

appear. Trivially, this also occurs at the bottom (top) of the conduction (valence) bands.

There are two limiting approximations for describing an exciton. The Frenkel exciton describes a

tightly bound exciton state where its size is on the order of the lattice constant and is strongly localized

near an atom. The Mott-Wannier exciton describes the opposite extreme: a weakly bound exciton

where the exciton size is much larger than the lattice constant that canmove freely through the crystal.

For excitons in semiconducting TMDs, the estimated size of the Bohr radius is about 1 to a few nm,

which spans over a few lattice periods as shown in Figure 2.3. Although the semiconducting TMDs
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Figure 2.3: An exciton, an electron‐hole bound pair, in a hexagonal lattice. Size is approximately to scale with the lattice
size.

have strongly bound excitons, since the Bohr radius of excitons are several times the lattice constant,

the Mott-Wannier picture appropriately describes the excitonic behavior in TMDs25.

For Mott-Wannier excitons, the exciton binding energy can be treated as the hydrogen atom prob-

lem with the lattice acting as a dielectric background. We begin with the Hamiltonian,

H =
−ℏ2∇2

r
2 μ

+ V(r), (2.1)

where the 1/μ = 1/me+ 1/mh is the reducedmass of the exciton,me (mh) is the electron (hole) mass,

r is the radial distance in the 2D plane, and V(r) is the attractive electron-hole interaction. In the

simplest picture, we can solve for the binding energy using the locally screened Coulomb potential

VCoulomb(r) = − 1
4πε0

e2

εeff r
, (2.2)
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where e is an electron charge, εeff is the effective dielectric constant of the lattice, and ε0 is the vac-

uum permittivity. Solving for the energy eigenvalues in 2D, the binding energy of the exciton and its

corresponding Rydberg series with quantum number n are

E(n)b =

(
1

4πε0

)2 μ e4

2 ℏ2 ε2eff (n− 1/2)2
. (2.3)

Note that this formula is different from the usual Rydberg series in 3-dimensional excitons as n is re-

placed by n− 1/2, reflecting the 2Dnature. The binding energy can be understood as the energy scale

of the excited state with respect to free electrons and holes. This is the energy required for exciton

disassociation, or the return of the electron and hole to the free particle conduction band and valence

band, respectively. The emission energy is the energy of the emitted photon during the radiative re-

combination process and is dictated by the difference between the band gap (Egap) and the binding

energy. Thus, the emission energy of an excitons is given by

E (n)
exciton = Egap − E (n)

b . (2.4)

Most discussions on the excitons consider the 1s exciton state (n = 1), and thus, is used to describe

the overall binding energy (Ebinding) of the exciton. In Figure 2.4(a) we illustrate this picture, showing

the binding energy and exciton energy with respect to the conduction and valence bands. The addi-

tional exciton resonances for n > 1 (2s, 3s, etc.) are shown approaching the band gap. Figure 2.4(b)

shows a schematic of the expected exciton absorption resonances, which eventually give way to the

absorption of free electron and holes.

We use the above discussion to estimate the binding energy (Eq. (2.3)) and corresponding Bohr

radius

aB =
4π εeff ε0ℏ2

μ e2
(2.5)
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Figure 2.4: The exciton binding energy (a) The exciton emission lines (orange) with respect to the binding energy and
band gap. Lines above the binding energy represent the additional excitonic states. (b) A schematic of the optical ab‐
sorption of the different excitonic states and their relative energies approaching the free particle band gap. The image is
adapted from Wang, G. et al. 25.

for theTMDexcitons. We can see now that the large effectivemass of the electrons andholes inTMDs

help create strongly-bound excitons in these materials. If we use equal electron and hole masses of

∼ 0.5m0 and εeff ∼ 10, we can approximate a binding energy of Ebinding ≈ 270meV, and a Bohr

radius of aB ≈ 1.5 nm. The large binding energy means temperatures exceeding thousands of Kelvin

are required to thermally dissociate the exciton. Similarly, the small Bohr radius indicates a tightly

bound excitonwhich can reach higher densities before quantumdissociation at theMott density26,27.

We discuss this later in the chapter during our discussion about the interlayer excitons.

While the Coulomb potential makes sense in a 3D bulk crystal where the dielectric environment

is close to uniform and isotropic, it does not sufficiently describe the non-uniform dielectric environ-

ment for a 2DTMD layer. One can see this in Figure 2.5 where the electric field lines for the 1s and 2s

excitons experience a combination of large dielectric screening in the TMDmaterial and lower dielec-

tric screening outside. To correct for this, we can replace the Coulomb potential with a non-locally

screened Keldysh potential with substrate screening effects28,29,30

VKeldysh(r) = −π e2

2 r0

[
H0

(
(1+ εs)r
2 r0

)
− Y0

(
(1+ εs) r

2 r0

)]
, (2.6)
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Figure 2.5: TMD screening in 1s and 2s excitons. The arrows show the electric field lines in the exciton. Short‐range
interactions are heavily screened by the high TMD dielectric constant (εTMD) and scales as log (r) whereas long range
attraction is less screened in the h‐BN substrate layer (εh−BN < εTMD) and scales as 1/r. The image is adapted from
Chernikov, A. et al. 30.

where H0 and Y0 are the Struve and Bessel functions and εs is the dielectric constant for the sub-

strate. The screening length r0 indicates the crossover from the 1/r potential (stronger attraction)

at long length scales to log(r) scaling (weaker attraction) for shorter length scales30. This modified

Keldysh potential also approximately accounts for the substrate dielectric (rather than assuming vac-

uum), which returns to a r/r0 scaling when the substrate dielectric is vacuum (εs = 1). The Keldysh

potential correction is especially important for the 1s and 2s states, where the electric field between the

electron and hole can experience large variations in the effective dielectric screening and the electron-

hole separation is much smaller (Fig. 2.5).

Another consequence of the large binding energies is the very short radiative lifetime of the exciton.

In a simple approach, the radiative lifetime can be written as31,32

τrad =
1

2Γ0
=

ε0 εeff
2 ℏ k0

(
Eexciton
e v

)2
(aB)2 (2.7)

where Γ0 is the radiative decay rate, k0 = Eexciton
√εeff/ℏc is the lightwave-vector, and v =

√
Egap/2me
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is the approximated Kane velocity in a two-band model. In this model, using Egap = 2 eV, Eexciton =

1.7 eV (Ebinding ≈ 0.3 eV), and similar estimated values from our calculation for the binding energy

above, we can estimate the exciton radiative lifetime to be τrad ≈ 0.3 ps. This value turns out to be

a good estimate of the radiative lifetime in comparison to experimental and theoretical reports33,34,35.

Since only a small number of the excitons can be within the light cone (k < k0) though, the effective

lifetime is closer toτeff ≈ 3ps for low temperaturemeasurements33. These lifetimes are still incredibly

fast and result in bright exciton emission in an atomically thin material.

Finally, we note that excitons are traditionally seen as existing in insulating materials where the ex-

cited electron in the conduction band will bind with the free hole in the valence band as discussed

above. In this description, the excitons themselves are not a stable ground state and their lifetime will

be dictated by the electron-hole recombination rate. Especially in direct band gapmaterials, the recom-

bination or absorption can be very efficient allowing optical detection of the excitonic states. There-

fore, the excitonsneed tobe constantly generated via photons or by electrical injection. There are other

methods for creating and detecting excitons. Semi-metals such as 1T-TiSe2 can have an equilibrium

density of both electrons and holes that form excitons36. Furthermore, in double-layer graphene or

GaAs double quantumwells, magnetic fields can create excitons in half-filled Landau levels in separate

layers, given a sufficient thickness of insulating spacer layers suppress the tunneling current37,38,39. In

this thesis, we will discuss the optically active excitons as they can give a clean signature of the local

behavior and a reliable way to both generate and detect the excitons. Future work could utilize equi-

librium exciton densities in the semiconducting TMDmaterials to create a more stable ground state

exciton.
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2.3 Optical selection rules

The symmetries of the material and knowledge of the conduction and valence band orbital charac-

teristics are sufficient for calculating the optically allowed transitions in the monolayer TMDs. We

closely follow the arguments in Yu, H. et al.40 to present this symmetry-based proof for the optical

selection rules. Their work showsmore detailed theoretical arguments and numerical calculations for

the selection rules and their transition strengths.

We start by defining a Bloch function at the K points, ψn,K, Sz , where n = c, v is the relevant con-

duction (c) or valence (v) band,±K is the relevantKpoint, and Sz = ± 1
2 is the spin quantumnumber.

For our derivation, we consider only a singleK point so that we can define the Bloch function as ψn, Sz
and the−K valley can be obtained by time reversal. TheBloch functionmust be eigenfunctions of the

symmetries of our lattice. The monolayer TMD is symmetric under Ĉ3 and σ̂h as seen in Figure 2.6,

where Ĉ3 denotes a rotation by 120◦ and σ̂h is a mirror reflection. The Bloch functions then satisfy

Ĉ3ψn, Sz = e−i 2π3 (C3(n)+Sz)ψn, Sz (2.8)

σ̂hψn, Sz = σh (n) e−iπSzψn, Sz (2.9)

where C3 (n) = 0, ±1 and σh (n) = ±1 are the quantum numbers for Ĉ3 and σ̂h, respectively, and

n is the electron band. As is evident from Eq. (2.8), the quantum number C3 (n) is only defined

up to the addition of multiples of 3. The conduction bands (CB1 and CB2) and valence band (VB)

have primarily metal atom d-orbital characteristics, dm=0 ≡ dz2 and dm=±2 ≡ dx2−y2 ± dxy/
√
2,

respectively. Since the Bloch states are extensions of the orbital characteristics, when rotating about

themetal atoms (M), we know the Ĉ3 quantumnumbers for the twobandswill beC3 (c,M) = 0 and

C3 (v,M) = +2 (−1). We can also see that themonolayerTMDis symmetricwith amirror reflection
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Figure 2.6: Symmetries for a monolayer MoSe2 layer showing (a) the Ĉ3 rotational symmetry and (b) the σ̂h mirror sym‐
metry.

and thus σz(n) = +1. Finally, the spin quantum numbers can be extracted from the established band

structure for the monolayer TMDs in Fig. 2.2(b). For our discussion here, we will consider the band

structure ofMoSe2, but a similar calculation canbe done for othermonolayer semiconductingTMDs.

We summarize the quantum numbers for the case above in Table 2.2.

n = v c1 c2

C3(n,M) −1 0 0

σz(n) +1 +1 +1

Sz(n) + 1
2 + 1

2 − 1
2

Table 2.2: The quantum numbers associated with the first valence band, and first two conduction bands of a monolayer
TMD. Note that CB1 (c1) and CB2 (c2) here are the spin‐split conduction band due to spin‐orbit coupling so they only
differ in their spins.

Tocalculate interband transitions at theKpoint, wedefine themomentumoperator as p̂ = p̂+e++

p̂−e−+ p̂zez, where e± ≡
(
ex ± iey

)√
2 and ex, ey, and, ez are the three Cartesian unit vectors. We can

interpret p̂± and p̂z as the components that couple to σ± circularly polarized light and out-of-plane, z

polarized light, respectively. We can write out equations for the momentum operator with respect to
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the Ĉ3 symmetry as

Ĉ3p̂±Ĉ−1
3 = e∓i 2π3 p̂±,

Ĉ3p̂zĈ−1
3 = p̂z,

(2.10)

and the σ̂h symmetry:

σ̂hp̂±σ̂−1
h = p̂±

σ̂hp̂zσ̂−1
h = −p̂z.

(2.11)

Using the momentum operator and Eqs. 2.8 - 2.11, we evaluate the optical matrix elements with

respect to the two symmetries:

〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉 =
〈
ψn′,S ′

z

∣∣∣Ĉ−1
3 Ĉ3p̂±Ĉ−1

3 Ĉ3

∣∣∣ψn, Sz〉
= ei

2π
3 (C3(n′)+S ′

z )e−i 2π3 (C3(n)+Sz)e∓i 2π3
〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉
= ei

2π
3 (C3(n′) − C3(n) + S ′

z − Sz ∓ 1)
〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉 ,
(2.12)

〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉 =
〈
ψn′,S ′

z

∣∣∣σ̂−1
h σ̂hp̂±σ̂−1

h σ̂h
∣∣∣ψn, Sz〉

= σh (n′) eiπS
′
z σh (n) e−iπSz

〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉
= σh (n′) σh (n) eiπ(S

′
z−Sz)

〈
ψn′,S ′

z

∣∣∣p̂±∣∣∣ψn, Sz〉
(2.13)

and 〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉 =
〈
ψn′,S ′

z

∣∣∣Ĉ−1
3 Ĉ3p̂zĈ−1

3 Ĉ3

∣∣∣ψn, Sz〉
= ei

2π
3 (C3(n′)+S ′

z )e−i 2π3 (C3(n)+Sz)
〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉
= ei

2π
3 (C3(n′) − C3(n) + S ′

z − Sz)
〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉 ,
(2.14)

〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉 =
〈
ψn′,S ′

z

∣∣∣σ̂−1
h σ̂hp̂zσ̂−1

h σ̂h
∣∣∣ψn, Sz〉

= σh (n′) eiπS
′
z σh (n) e−iπSz(−1)

〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉
= −σh (n′) σh (n) eiπ(S

′
z−Sz)

〈
ψn′,S ′

z

∣∣∣p̂z∣∣∣ψn, Sz〉
(2.15)
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Figure 2.7: Selection rules for MoSe2 and WSe2 for both valleys. The colored arrows denote the spin of each band.

This results in the following selection rules:

σ± transition =


C3 (n′)− C3 (n) + S ′

z − Sz = 3N± 1

and

σh (n′) σh (n) eiπ(S
′
z−Sz) = +1

(2.16)

z transition =


C3 (n′)− C3 (n) + S ′

z − Sz = 3N

and

σh (n′) σh (n) eiπ(S
′
z−Sz) = −1

(2.17)

where N is an integer. We find that the allowed transitions depend on the Ĉ3 quantum numbers as

well as the spin. We can take two important conclusions from this calculation. In theK valley, only σ+

transitions that are spin conserving will be coupled to far-field emission. With time-reversal symmetry

(C3 → −C3 and Sz → −Sz), it can then be shown that the −K valley couples to σ− circularly

polarized light. We also see that transitions to the c2 are allowed but with z-polarized light. A similar

calculation can be done forWSe2, but with the flipped spin ordering in the conduction band. Figure

2.7 shows the selection rules forMoSe2 andWSe2, which forms the basis for optically addressing each
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Figure 2.8: (a) Schematic of a three‐particle trion state using an additional negative charge as an example. (b) Schematic
of trion binding energy and emission. (c) Example of a trion state where the exciton is in the +K valley. The green arrows
indicate the electron spins of the bands. The free carrier must obey Pauli exclusion principle.

valley for the two different layers. These selection rules have led to a multitude of exciting results that

make use of the unique coupling of circularly polarized light to the degenerate valleys9,10,17,41, which

are locked to specific spins due to their large spin orbit coupling.

In the initial studies of interlayer excitons, these same selection ruleswere assumed to be true, which

led to confusing results in the exciton community. Wewill later see inChapter 6 that the selection rules

are modified for the interlayer excitons due to the interlayer atomic registry that contributes a quasi-

angularmomentum in the interlayer transitions. This is essential when considering how the interlayer

excitons form and emit in our studies of MoSe2/WSe2 heterostructures.

2.4 Charged excitons

When excitons are in the presence of free carriers, an exciton and free charge can form a three-particle

bound state called the trion (Fig. 2.8(a)). The formation of a trion lowers the energy of the exciton

state and thus can be described to have a binding energy with respect to the exciton energy,

Etrion = Eexciton − E trion
binding, (2.18)
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whereEtrion is the trion emission energy (Fig. 2.8(b)). The trion binding energy is reported to be 20−

30 meV42,43, which makes trions in TMDs relevant up to room temperatures. Since the free carrier

density in atomically thin layers can easily be tuned using a gate, trion formation can be electrically

modulated. Due to thePauli exclusionprinciple, the extra free carrier cannot come from the same state

(spin or valley) as the charges in the exciton. Thus, given an exciton state in the+K valley, the bound

free carrier must come from the spin-split band or the−K valley (Figure 2.8(c)). Trions are observed

in the presence of both positive and negative charges, with interesting exchange and interaction effects

that can arise44,45.

While the exciton is a composite boson, the three-particle trion is treated as a fermion with

net charge. This allows charge transport driven by an optically active particle via in-plane electric

fields46,14. It also has important physics consequences for exploring how fermionic statistics will com-

pete with the bosonic statistics of an exciton gas. In Chapter 4, we will discuss the first discoveries

of the charged interlayer excitons and their electrically controllable movement. In Chapter 7, we will

learn more about the charged interlayer excitons and discuss open questions about their behavior in

magnetic fields.

We also note here that the features observed in the opticalmeasurements can also be explainedusing

apolaronpicture47,48. In thepolaron theory, the exciton interactswithor is dressedby the entire Fermi

sea of electrons, rather than a single electron. When charges are introduced into the layer, an attractive

polaron and a repulsive polaron branch emerge, which correspond to increases or decreases in the

exciton energy. The attractive polaron is analagous to the trionpicture above, but current experiments

cannot distinguish between the two theories. Acknowledging this issue, we discuss the charge dressing

of excitons as a “charged exciton” in most discussions in this thesis.
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Figure 2.9: Schematic of the intralayer and interlayer excitons. The red and green layers represent MoSe2 and WSe2
layers while the blue capping layers represent h‐BN.

2.5 Interlayer excitons

Excitons in monolayer TMDs exist entirely in the plane of a single atomic layer. When two of these

layers are stacked on top of one another, we can now have bound states that exist vertically across two

layers. We distinguish these two types of excitons as intralayer excitons, where the electron and hole

are localized in a single layer, or interlayer excitons (IEs), where the electron and hole are localized

on separate layers† (Fig. 2.9). Since the orientation of its electric dipole is always out-of-plane, the

interlayer exciton’s most distinguishing feature is its interaction with an out-of-plane electric field

(E⃗ = Eêz). For a permanent dipole moment, the interlayer exciton energy will shift according to

the linear Stark effect,

ΔEIE = p⃗ · E⃗, (2.19)

†Note that this picture is only valid for excitons that form near the K points, where the orbitals at the
conduction and valence bands are strongly localized on themetal atoms. Other points in the Brillouin zone can
have the electron or hole wavefunctions can be spatially delocalized.
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Figure 2.10: Monolayer band alignments of various semiconducting TMDs. Adapted from Liu, Y. et al.49.

where ΔEIE is the energy shift of the interlayer exciton, p⃗ = e d⃗ is the electric dipole moment of

the interlayer exciton, e is an electron charge, and d⃗ is the vector connecting the electron and hole

that is dictated by the interlayer separation. This is in contrast to intralayer excitons that do not have a

preferred electric dipole orientation and therefore canonly be tunedby the significantlyweaker second

order (quadratic) Stark effect. This interaction allows tuning of the interlayer exciton properties, such

as emission energy and the radiative lifetime, as we will show in Chapters 4 and 5.

Since there are several semiconducting TMDs to choose from, we can pick the layers that we

stack on top of each other. Figure 2.10 shows the various semiconducting TMDs. Depending on

the selected layers, the newly formed structure will have different relative band alignments to each

other. To encourage the formation of interlayer excitons, we want to choose a pair of materials

with a staggered band alignment, which creates a built-in electric field to layer polarize the electrons
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and holes. This will form a type-II heterostructure so that one layer has the lowest energy conduc-

tion band and the other layer has the highest energy valence band. The resulting heterostructure

will then have a new effective band gap (EHS
gap) (Fig. 2.11). Thus, another way to recognize the in-

terlayer exciton states is to find emission at lower energy than the expected direct band gap transi-

tions in the individual monolayers. Depending on the choice of materials, this band gap can range

from near infrared (NIR) into infrared (IR) wavelengths. There are several pairs that form this stag-

gered band alignment, including MoS2/WS2 50,51,52, WS2/WSe2 53, MoS2/WSe2 54,55, or our mate-

rial choice MoSe2/WSe2 14,13,56,57,58,59,60,61,62,63,64,65,66,67, which all have experimental reports of in-

terlayer excitons. The layer separation of the electron and hole happens on a rapid time scale, ∼ 50

fs68,69, which is faster than the exciton radiative lifetime.

It should be noted that other structures could be formed as well. If we choose to stack two of the

same layers (homobilayer), the conduction and valence bands for the two layerswould be aligned. The

formation of intralayer and interlayer excitons would then be sensitive to the interactions between the

layers which would determine the built-in electric field. By using external electric fields, the relative

band alignment can be tuned to exceed the difference in the binding energy of the intralayer and in-

terlayer excitons to make interlayer exciton formation favorable70,71.

Since the electrons and holes are spatially separated, the recombination process becomes more dif-

ficult, significantly increasing the lifetime of the interlayer exciton. In Chapters 4 and 5, we show

that the measured lifetimes can range from 1 to 500 ns, or almost 3 to 5 orders of magnitude longer

than the intralayer excitons. Studies have predicted the lifetime can be determined by the relative twist

angle between the layers72. Also, depending on the alignment of the K valleys in the two layers, the

spin-valley properties can be modified, which will be shown in Chapter 6. Finally, the binding energy

is still very large. The interlayer exciton will experience larger dielectric screening because the electric

field lines are almost entirely within the TMD layers (Fig. 2.9), but still have estimated binding ener-

gies of∼ 150meV73,74. Thus, by using interlayer excitons, we have a longer-lived, electrically tunable
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Figure 2.11: Schematic of the band alignment for a MoSe2/WSe2 heterostructure. Electrons and holes are created in
each layer and quickly move into the opposite layers to form interlayer excitons (blue). EHS

gap is the new effective band
gap of the heterostructure.

quasi-particles that preserve the large binding energies and unique spin-valley properties of intralayer

excitons. This gives the potential formany exciting applications such as exciton routers75,76 or tunable

light emitting diodes (LEDs)66,77,78.

2.6 Exciton BEC

The largemotivation for studying interlayer excitons is the search for a high temperatureBose-Einstein

condensate (BEC). The BEC is a state of matter where an unlimited number of bosons, governed by

Bose-Einstein statistics, occupy a single ground state, resulting inmacroscopicquantumbehavior such

as superfluidity. In a 3D non-interacting gas, this occurs at a critical temperature of

kBTC =
1

ζ(3/2)
ℏ2n2/3

m
, (2.20)
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where kB is the Boltzmann constant, ζ is the Riemann zeta function, n is the particle density, andm is

the particle mass. The first experimental evidence of a BEC was realized in cold Rubidium atoms at

100 nK in 199579. However, the large mass of atoms equates to a low TC. A similar thermodynamic

calculation for a non-interacting 2D gas will reveal that long-range condensation cannot exist above

T = 0 K.However, for a fixed particle density and finite sample size, a similar transition should occur

even for reduced dimensionality80.

Realization of a 2D condensate at higher temperatures was later shown with indirect excitons in

GaAs double quantum wells. In these systems, coherent exciton emission was observed at T ≈ 2

K81,82. In TMDs, predictions of an exciton condensate are at even higher temperatures73,83. Phase

diagrams have been mapped out for interlayer excitons showing critical temperatures as high as 100

K73. In these calculations, the degeneracy temperature can bewritten as a function of the total exciton

density (nIE)

kBTD =
2πℏ2

νmIE
nIE, (2.21)

where ν is the exciton degeneracy considering the spin and valley symmetry in TMDs, and mIE =

me+mh is the excitonmass. Thus,TD is only limited by the largest sustainable exciton density before

dissociation. Exciton dissociation is determined by the Mott criterion26 and will occur at at a critical

density

nMott a2B ≈ 0.04, (2.22)

where aB is the exciton Bohr radius. So although themass of the exciton is larger (0.6m0−1.2m0 com-

pared to only 0.22m0, where m0 is the bare electron mass), the significantly larger binding energies

in the TMD excitons equate to a significantly larger sustainable exciton density and a higher achiev-

able degeneracy temperature. Also discussed is the Berezinskii–Kosterlitz–Thouless (BKT) transition

temperature

kBTBKT =
1.3 ℏ2

νmIE
nIE, (2.23)
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Figure 2.12: Interlayer exciton phase diagram using equations from Fogler, M. et al.73. The blue solid and dashed lines
corresponds to the degeneracy and BKT temperatures, respectively. The black dashed line correspond to the Mott
density, switching to a degenerate electron‐hole plasma. The yellow line corresponds to thermal dissociation, which
occurs above the Saha temperature.

corresponding to the temperature below which macroscopic superfluidity can exist.

Finally, out of completeness, we also mention the thermal disassociation of the exciton, which oc-

curs above the Saha temperature

kBTSaha =
π ℏ2

νmIE
nIE e Ebinding/kBTSaha , (2.24)

where Ebinding is the interlayer exciton binding energy. Due to the large interlayer exciton binding

energy, thermal disassociation requires very high densities and is mostly irrelevant for the work in this

thesis. The high temperature disassociation of excitons in TMDs have been studied in the intralayer

excitons73,84,85,86.

In Figure 2.12, we map out the phase diagram for the MoSe2/WSe2 interlayer excitons based on

the discussions above. Using theoretically calculated values, we approximate a maximum TD ≈ 50
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K for nMott ≈ 2.2× 1012 cm−2. While the exact values are strongly dependent on the effective mass

and Bohr radius, we use this phase diagram as both a guide and motivation for Chapters 5 and 8.

While both intralayer and interlayer excitons in TMDs are composite bosons and can form a con-

densate, there are a few considerations we should make. First, in order to form a condensate, a large

steady-state density of excitons must exist - for a given generation rate, the interlayer excitons with

their longer lifetimes can more easily reach these higher exciton densities. Second is the avoidance

of the excitation position. While the laser generates the excitons, it can also induce coherence in the

light emission and be a source for heating. To avoid these issues, probing the exciton gas away from

the excitation position is an important step to searching for a condensate. For both problems, the

interlayer exciton is a better candidate than the intralayer exciton. The long lifetime should allow for

a large density of excitons to be generated. Also, the longer lifetime and permanent dipole moment

gives them time tomove away from the excitation spot via dipole-dipole repulsion and thermally cool.

In the analogous indirect excitons in GaAs double quantum wells, spontaneous coherence from an

exciton condensates was observed by probing away from the excitation spot, either by diffusion or by

trapping81,82.

Analternativemethod for generating thehighdensities is via electrical generation. This removes the

concerns about laser induced coherence completely. Unlike lasers or other cavity induced coherence,

free electrons and holes that are electrically injected into the systemwill only emit coherent light if the

recombination mechanism is itself coherent, e.g. an exciton condensate forms. The difficulty lies in

injecting an equal density of electrons and holes. In Chapter 8, we will expand on the efforts towards

electrically generating an exciton condensate.
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Figure 2.13: Schematic of the cryostat and sample mount. The objective focuses light onto the wire‐bonded sample,
which sits on top of three piezo stages. The sample is cooled by mechanically damped cold rod. Light is coupled into and
out of the cryostat via the rest of the optical setup outlined in Appendix B.

2.7 The optics techniques

In the final section of the introduction, we briefly discuss the experimental concepts and details used

in this thesis. We use a 4f confocal microscope in a closed-loop 4K optical cryostat to perform low-

temperature photoluminescence (PL) and absorption measurements. The sample sits on three piezo

stages, which allow the area of interest to be centered under themicroscope objective (Fig. 2.13). The

collection position can then be scanned usingmirrors thatmove our diffraction limited spot (red cone

in Fig. 2.13). This allows us to select positions on our sample andmeasure the optical response of the

device. The basic concept can then be expanded to measure time-resolved PL, scanning diffusion,

electroluminescence, and polarization dependent PL. Here, we will discuss the basic absorption and

PL measurements and leave the optical setups and further measurement details in Appendix B.

The majority of the optical data presented in this thesis will be from PL or absorption measure-

ments. Both techniques involve using a light source in order to excite free carriers from the valence

band to the conduction band. Since excitons have well-defined transitions, we can extract informa-

tion from either the wavelength of light at which there is resonant absorption in the material, or the
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Figure 2.14: (a) Schematic of absorption measurements where broadband light spanning all energies is incident on
the sample. Only available transitions will show absorption features. (b) Absorption spectra in the MoSe2/WSe2 het‐
erostructure area showing strong absorption of the monolayer intralayer excitons (red and green), but no absorption in
the interlayer exciton energy range (blue). Inset: band diagram of the heterostructure.

wavelength of light that emits from the material.

The absorption measurement is an optical technique which provides information on the optical

transition energies and their relative strengths in a given material. When a photon is incident on the

samplewith a given energy, ℏω, or wavelength, λ = 2πc/ω, the photonwill be absorbed given the exis-

tence of a transition with the corresponding energy. Figure 2.4(b) showed a schematic of the expected

exciton resonances and simple expectation for the free-particle density of states in 2D.

Experimentally the measurement can be performed in two ways. A broadband light source (white

light or supercontinuum laser) can be used to get a continuous and broad range of excitation wave-

lengths which are incident on the sample. When the photon wavelength is resonant with an allowed

transition, the photon will be absorbed (Fig. 2.14(a)). With a transparent substrate, the light will con-

tinue through the sample and can be spectrally resolved in a spectrometer. By comparing the incident

light intensity (I0(λ)) and the transmitted light intensity (It(λ)), the absorption at a given wavelength
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can be calculated as

A(λ) =
I0(λ)− It(λ)

I0(λ)
. (2.25)

This measurement can be done with different light polarization to resolve the polarization dependent

absorption as well.

Unfortunately, as shown in Figure 2.13, the geometry of the optical setup and the non-transparent

Si/SiO2 substrate that our devices are fabricated on do not allow for a transmission measurement

and require slightly different considerations. Since the substrate is reflective, we instead measure the

reflected light (Ir(λ)). To first order, the measurements are comparable as the reflected light should

be the incident light intensity minus the absorbed photons,

Ir(λ) = I0(λ)(1− A(λ)). (2.26)

Thus to extract the absorption, we measure the normalized differential reflectance ΔR/R,

A(λ) =
I0(λ)− Ir(λ)

I0(λ)
=

ΔR
R

. (2.27)

In Figure 2.14(b), we show the normalized differential reflectance spectrum from aMoSe2/WSe2 het-

erostructure andobserve features at 1.64 and 1.71 eV, corresponding to theMoSe2 andWSe2 intralayer

exciton resonances. We also observe an additional dip in reflectance, unexpected from just the exciton

absorption spectrum (Fig. 2.4(b)). This is attributed to interference between the exciton reflection

and the substrate reflection. A π-phase shift across the exciton resonance gives rise to destructive in-

terference from the light reflected from the substrate35. We also notice a lack of absorption features

at lower energy where we expect the interlayer exciton resonance. The weak optical dipole strength

of the interlayer excitons, approximately 3 orders of magnitude smaller than the intralayer excitons,

makes absorption measurements very difficult to observe78,87. So to detect the interlayer excitons,
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Figure 2.15: (a) Schematic of photoluminescence (PL) measurements where broadband light spanning all energies are
incident on the sample. Only available transitions will show absorption features. (b) PL spectra of intra‐ and interlayer
excitons (IE) in the individual monolayer regions (red and green) and the MoSe2/WSe2 heterostructure region (blue).
Inset: band diagram of the heterostructure.

we perform PL measurements, where we take advantage of the efficient absorption at the intralayer

exciton transitions to observe interlayer exciton emission.

PL is a useful technique because it generally probes the lowest emitting energy transitions. For the

PLmeasurements, we co-align our diffraction limited excitation and collection spots (red cone in Fig.

2.13), which allows us to excite and probe the exciton emission at any position. Figure 2.15(a) shows

a schematic of the PL technique. We excite above the exciton resonance of interest and collect the

emitted light while spectrally filtering the laser wavelength. The optically excited electron-hole pairs

will relax into the lowest energy states before emitting, allowing weaker optical transitions (such as

the interlayer exciton) to be probed. Figure 2.15(b) shows representative PL spectra from the MoSe2

monolayer (green), WSe2 monolayer (red), and the MoSe2/WSe2 (blue) heterostructure regions of a

sample. In our experiments, we use a 660 nm (1.88 eV) laser to excite the TMD, which can excite all

of the relevant excitonic states. In each monolayer region, we observe PL from the exciton (X0) and

trion (X−) states, which are the twohighest emission energy peaks. InWSe2, there are additional peaks

belowwhich are related to defect peaks. In theMoSe2/WSe2 heterostructure region, we only observe
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the interlayer exciton emission at around 1.34 eVwith the intralayer excitons strongly suppressed. For

the case of the MoSe2/WSe2 heterostructures, since the time scale for electrons and holes to tunnel

across the layers (50 fs) is faster than the exciton lifetime, we are able to observe predominantly inter-

layer exciton emission68,69. PL emission spectra cannot be as easily understood as optical absorption

because the microscopic details of the electron relaxation in the bands can be difficult to model. The

eventual PL emission is usually dominated by the lowest energy states, although the emission will al-

ways be a competition of the relaxation and radiative rates. For example, the lowest energy states in

WSe2 are difficult to detect in far-field measurements such as PL due to the selection rules10,9, and

thus, a higher energy exciton state will dominate PL emission. In Chapter 6, we will discuss how we

can brighten some dark states in PL by quenching the relaxation via band filling. With PL, we can

extract information about the interlayer exciton emission energy, valley characteristics, spin, and even

charge information. In this thesis, we will demonstrate our ability to modulate the interlayer exciton

properties and extract this information via optical spectroscopy.
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The best investment is in the tools of one’s own trade.

Benjamin Franklin

3
Creating an Optoelectronic Device

Our devices are designed to be more electrically controllable than any previ-

ously measured TMDheterostructures. We owe this to many of the established fabrication

methods for high-quality graphene devices88,37. Figure 3.1 provides a schematic for our typical multi-

terminal and multi-gate device structure. We create a MoSe2/WSe2 heterostructure (red and green

atomic layers) encapsulated by thicker h-BN insulating layers (light-blue layers). Each layer has elec-
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Figure 3.1: A device schematic of the highly electrically tunable TMD heterostructure device. The red (green) top
gates correspond to the contact gates for WSe2 (MoSe2). The blue gate is the heterostructure gate which controls the
MoSe2/WSe2 overlap region. The gold colored leads on the bottom h‐BN layer are the pre‐patterned Pt contacts. The
TMD layers are depicted as atomic layers. The light blue slabs are the encapsulating h‐BN layers. The large rectangle
beneath the lower h‐BN layer is the PdAu bottom gate. These are stacked together to create our device.

trical contacts, shown as yellow electrodes, which are pre-patterned 20 nm thick platinum (Pt). Each

contact region is covered by a matching contact gate (red and green top gates respectively), which

activate the contacts to gives us electrical access to the active layers. The heterostructure region has

matching top (blue) and bottom (gold-colored below the bottom h-BN layer) gates for applying out-

of-plane electric fields and to tune the free carrier densities. In this chapter, we outline the steps re-

quired to fabricate such a device, going through only the essential details. Specific lithography recipes

and additional details can be found in Appendix A.
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Figure 3.2: Optical images of the top stack at 100x magnification on a PC / PDMS stack. (a) Top h‐BN layer. (b) After
picking up the MoSe2 layer, outlined with a green line. (c) After picking up the WSe2 layer, outlined with a red line.

3.1 Stacking the active layers

We begin by preparing the top half of the device so that the bottom substrate and contacts can be de-

signed based on the active TMD layers. The top stack will consist of everything above the Pt contacts,

which is usually the top h-BN layer and the active TMD layers (either the MoSe2/WSe2 heterostruc-

ture or just a single TMD). All heterostructures are stacked with the polycarbonate (PC) stacking

method (details in Appendix A.1). In Figure 3.2, we show the steps for picking up each layer. We

begin by picking up the top h-BN layer using our (PC) / polydimethylsiloxane (PDMS) stamp (Fig.

3.2(a)). We then pick up the two active TMD layers (Fig. 3.2(b)-(c)) with the top h-BN layer. Since

the layers will interact via the van der Waals force, the electrically and optically active layers will not

need to be exposed to the polymer. For theMoSe2/WSe2 heterostructures, this gives a clean interface

between the two layers. It should be noted that although the heterostructure interface is clean with

this method, in single layer WSe2 devices, it only guarantees a clean top surface.

When stacking the TMDheterostructures, the layers are aligned so that the angle between the crys-

tallographic edges of theMoSe2 andWSe2 is at an angle modulo 60◦ degrees, whichmatches the rota-

tional symmetry of theK valleys inmomentum space. This can be done in twoways. The firstmethod

is to align the layers based on the naturally defined edges of the exfoliated crystals. While crude, this

method is faster if the exfoliated layers have well-defined edges. In Fig. 3.3(a), we can see that all of the
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Figure 3.3: Zoomed in optical images of TMD flakes. (a) An exfoliated WSe2 layer with well‐defined edges that are at 60
degree angles. The difference in angle between the red lines (α) and green lines ( α + 2 ) is the source of some of the
error in determining the stacking angle. (b) An exfoliated WSe2 layer without well‐defined edges. The red lines ( β ) are
at angles not divisible by 60 degrees from the other defined edges (yellow, blue, and green lines) making it difficult to
determine the true crystallographic edge.

edges are relatively well defined and do not differ greatly in angle. However, some crystals will have

conflicting edges (clean edges that are at an angle that is not divisible by 60 degrees) or no clear edges.

Fig. 3.3(b) shows an example where there could be multiple edges that define the crystallographic

edge. In this case, we use second harmonic generation (SHG) as a tool for detecting the angle of the

crystallographic edges of the monolayer. We will expand on the SHGmethod in the next section.

Once the layer alignment can be determined the top stack can be created by picking them up in

the orientations determined in the above step. Since at this point, 0-degree and 60-degree alignment

cannot be distinguished, we can choose to rotate the layers with 60 degree intervals to eithermaximize

the overlap or create an optimal overlap regionwhile leaving space to align themonolayers to electrical

contacts. The TMD layers can be picked up at temperatures below the glass transition temperature

of PC, because the stickiness of the PC layer is less important when picking up via the van der Waals

forces between the layers (details in Appendix A.1). Once the top stack is prepared, we move on to

the bottom stack.
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Figure 3.4: The armchair axis of the monolayer crystal. The angle θ is defined as the angle between the laser polarization
and the armchair axis of the crystal.

3.2 Second harmonic generation

Second harmonic generation (SHG) is a nonlinear optical process where the frequency of the out-

put is double that of the input. For the case of monolayer TMDs, the intensity of the SHG signal

is dependent on the angle difference between the linearly polarized femtosecond pump laser and the

monolayer material’s crystallographic edges (further details can be found in Li, Y. et al.89). The ex-

pected polarized intensity of the sample is:

I∥ = I0 cos2(3θ)

I⊥ = I0 sin2(3θ)
(3.1)

where I∥ and I⊥ aremeasuring the linearly co- and cross-polarized SHG signal from the sample and θ is

the angle between the excitation linear polarization and the armchair axis of the monolayer (Fig. 3.4).

Thus, we can use the SHG signal to determine a crystallographic edge of different samples, which we

then use for alignment during stacking. Figure 3.5 shows SHG images of a TMD monolayer where

we observe a minimum and maximum in the SHG signal as the sample is rotated by an angle Δθ. We

observe a 6-fold symmetry in the signal (minimum at both Δθ = 0◦ and Δθ = 60◦). While this

method can find the 6-fold degenerate armchair crystallographic axis, it cannot distinguish between
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Figure 3.5: SHG intensity for a monolayer MoSe2 flake at various rotation angles where Δθ is with respect to the start‐
ing rotation position. All images are normalized to the same scale. Δθ = (a) 0◦, (b) 5◦, (c) 15◦, (d) 25◦, (e) 35◦, (f) 45◦, (g)
55◦, and (h) 60◦.

aligning the two layers’ K valleys at 0- or 60-degrees (or equivalently 180◦). Thus, every device must

be initially characterized once the device is complete to determine whether the heterostructure is a 0-

or 60-degree stacked device.

There has been work showing that SHG can be used to determine the stacking angle of the TMD

heterostructure once it is stacked90. Hsu,W. et al. observed enhancement or suppression of the SHG

signal at the hetero-interface depending on the stacking orientation. Figure 3.6 shows SHG images of

a stacked heterostructure at different rotations where we found the SHG signal in the heterostructure

was neither enhanced nor suppressed. However, the intensities of individual monolayers do not seem

to have a maximum at different rotation angles, implying good alignment of the layers. In the end,

we were unable to use this technique to reliably distinguish the 0- and 60-degree alignment in the

heterostructures. Later in Chapter 6, we expand on how the selection rules can be a clearer indication

of the stacking orientation.
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Figure 3.6: SHG intensity from a MoSe2/WSe2 heterostructure for a few rotation angles where Δθ is with respect to
the starting rotation position. All images are normalized to the same scale. (a) Δθ = 0◦, (b) 10◦, and (c) 20◦.

3.3 Preparing the bottom stack

The bottom stack is designed based on the top stack with the active TMD layers. We design the bot-

tom gate and Pt contact locations to match the location of the TMD layers. We then deposit the

Cr (1 nm)/PdAu (9 nm) bottom gate defined by electron beam (e-beam) lithography onto a Si sub-

strate coated with 285 nm SiO2 (exact recipe in Appendix A.2.3). These metal gates are annealed in a

vacuum annealer at a pressure below 5 × 10−7 Torr and a temperature of 350◦ C for at least 15 min-

utes before proceeding. We use thin (< 10 nm) PdAu alloy gates because our experience has showed

that they create the most uniform and flat surfaces (in comparison to gold or palladium), which is

important for maintaining as close to an atomically-flat surface for the active TMD heterostructure.

Graphite gates are known tohave even lower disorder and are atomically flat, butweuse themetal gates

due to the convenience of creating very fine, e-beam lithography defined features (details in Appendix

A.2.3). In Figure 3.7(a)-(b), we show an optical image and an atomic force microscope (AFM) image

of a typical bottom gate structure made with the PdAu alloy. We are typically able to get surfaces with

roughness less than 1.5Å, or 1/2 the thickness of an h-BN layer.

The bottomh-BN layer is then transferred by the PCdry transfermethod (AppendixA.1) onto the

bottom gate electrode (Fig. 3.7(a)). We anneal the transferred stack with the vacuum annealer again.
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Figure 3.7: The backgate with bottom h‐BN transferred on top. (a) Optical image at 100x magnification. (b) Atomic force
microscope (AFM) image of the bottom gate structure. The white dots could be PC or PMMA residue but are relatively
sparse.

We then evaporate Cr (1 nm)/Pt (19 nm) for the TMD contacts (exact recipe in Appendix A.2.4).

We again aim for flat surfaces but typically get surface roughnesses rougher than the gates. In Figure

3.8(a), we show an AFM image of the contacts evaporated on top of h-BN. Figure 3.8(b) shows a

higher contrast version of the same image to distinguish smaller roughness variations. The roughness

quality of the Pt contacts can vary from lead to leadwith some leads having large edges or “bunny ears”,

while others being flat across the entire surface. The recipe in Appendix A.2.4 aims to maximize the

chances for producing the flat contacts, but variations are often seen. These contacts are optimized for

theWSe2 layer as Pt has a highwork function49, butwork sufficiently for bothWSe2 andMoSe2when

driving a diode, where low-voltage excitations are not as critical. Some devices were made with Cr (1

nm)/Pt (9 nm) for theMoSe2 contact as we found the work function with the thinner Pt contact was

slightly lower, but ultimately the improvement was minimal in comparison to the added fabrication

steps. Whether separate thickness Pt contacts were made or a single thickness was chosen, the stack is

annealed between each lithography step to clean the surface of contaminants.
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Figure 3.8: (a) Optical image of the bottom stack with the bottom gate, bottom h‐BN, and Pt contacts prepared. (b‐c)
AFM image of sets of Pt contact leads on the bottom h‐BN layer with lower contrast (b) and higher contrast (c) scale
bars. Some leads are flatter than others with “bunny ear” heights ranging from 30 nm to not present at all.

3.4 Finishing the device

Once the bottomhalf of the device is prepared (bottom gate, bottomh-BN, and Pt contacts), we stack

the top half of the device (Fig. 3.9(a)). The final step involves aligning the top stack to the bottom

stack and releasing the stack from the PC polymer layer (Appendix A.1). After the stack is completed,

the PC is removed with chloroform.

Importantly, we do not anneal the final stack as we find that annealing the TMD heterostructure

has mixed results. Traditionally, h-BN encapsulated, graphene devices will be annealed to remove

bubbles and other defects that may be trapped in between the layers. Sometimes these bubbles will

combine into certain areas of the sample, but since these devices are typically etched into small regions,

the device area can be defined away from these defect sites. In the TMD heterostructures, we do not

have a reliable recipe for etching the device as the heterostructure is often damaged in the process. In

addition, we note that in TMDheterostructures, bubbles and defects can become larger in lateral area

and in height after annealing, which canmake any clean areas even smaller. This issue in TMDs could

be attributed to the differing sign in the thermal expansion coefficients of TMDs91 (positive) versus

h-BN92,93 or graphene91,94 (negative). Despite these concerns, we found that the process of spinning

PMMA(typically at 4000RPM) and baking the resist at 180◦Caids in flattening bubbles. This seems
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to happen quite reliably and can be repeated multiple times before proceeding. When comparing the

images after finishing the stack (Fig. 3.9(a)) and evaporating the top gate (Fig. 3.9(b)), we see greater

uniformity in the sample with only one of the large bubbles remaining.

We now discuss the final lithography steps. We deposit top gates that match the monolayer only

regions and the heterostructure region separately (Fig. 3.9(b)). The gates above themonolayer TMDs

(and their contacts) are designated as contact gates, which canbe set to large positive (negative) voltages

to electron (hole) dope the region. This doping scheme allows us to have efficient electrical contacts

and to inject current into the heterostructure. The heterostructure gate is designed to only be above

the overlapbetween theMoSe2/WSe2 region,which gives us independent control of the region. These

top gates are either Cr (1 nm)/Pd (9 nm) or Cr (1 nm)/PdAu (9 nm), depending on the device. They

are thick enough to be continuous films, but thin enough for optical access, with an approximate

transmittance of 10%. Once again, graphite gates could be used to improve the optical access and uni-

formity, butwith less resolution in feature sizes. Improvements on graphite gate feature sizes are being

developed in the Kim lab and future devices will likely make use of these techniques95. Specifically,

the gates can be etched by designing fine lines in PMMA. The etched lines are confirmed via a probe

station as the two leads on the gate will no longer conduct once a physical gap has been opened.

Finally, any extraneous areas of h-BN or thick parts of TMD can be removed with an etching step

before proceeding to evaporating Cr (5 nm) / Au (> stack height) leads and bonding pads (Fig. 3.9(c)-

(d)). The bonding pads allow the contacts and gates to be connected to the external electronics racks

via wire bonds. Palladium (Pd) layers of around 10 − 30 nm can be evaporated between the Cr and

Au layers for added mechanical sturdiness, which allow for many more wire bonds before requiring

repair. However, Pd is much harder to remove (both Cr and Au have available wet etch recipes) and

thus, can be less forgiving for device designs.
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Figure 3.9: Optical images of the stacks during the final steps. (a) The top stack is placed on the prepared bottom stack
and the PC film is removed. (b) After evaporating the top gate structures. (c) After final etching and bonding pad evapo‐
ration steps. (d) Zoomed out version (2.5x) of the final stack with bond pads.
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All for one and one for all.

Alexandre Dumas, The ThreeMusketeers

4
Electrical Control of Interlayer Exciton

Dynamics

Long-lived excitons can be potentially utilized for the realization of coherent

quantum many-body systems96,73,97 or as quantum information carriers98,99. In con-

ventional semiconductors, the exciton lifetime can be increased by constructing double quantumwell
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(DQW) heterostructures, where spatially separated electrons and holes form interlayer excitons (IEs)

across the quantum wells81,82,100,101,102,103,104. Strongly bound IEs can also be formed by stacking

two single atomic unit cells of TMDs into a van derWaals (vdW) heterostructure. TMD heterostruc-

tures, such asMoSe2/WSe2,MoS2/WS2, andMoS2/WSe2 have shownultrafast charge transfer68, the

formation of IEs with a large binding energy of approximately 150 meV13, and diffusion over long

distances76. Moreover, the tight binding and small exciton Bohr radius potentially allow for quan-

tum degeneracy of these composite bosons, which may lead to exciton condensation at significantly

elevated temperatures compared to, e.g., conventional BECs of cold atoms73.

We fabricate individually electrically contacted optoelectronic devices using hexagonal boron ni-

tride (h-BN) encapsulated vdW heterostructures of MoSe2 and WSe2 37,105. Optically transparent

electrical gates and Ohmic electrical contacts realized for the individual atomic layers allow us to have

complete control of the carrier densities in each TMD of the DQW while maintaining full optical

access. The top and bottom insets of Fig. 4.1(a) show an optical image of a representative device

with false-colored top gates and a schematic cross-section, respectively (details on fabrication and the

device are in Chapter 3 and Appendix C). The green and red false-colored gates depict the contact

gates for doping the MoSe2 and WSe2 regions, respectively. These contact gates together with the

pre-fabricated Pt electrodes provide Ohmic contacts in the WSe2 p-channel21.

Employing these heterostructures, we realize optical and electrical generation of long-lived neutral

and charged interlayer excitons. We demonstrate that neutral interlayer excitons can propagate across

the entire sample and that their propagation can be controlled by excitation power and gate electrodes.

We also realize the drift motion of charged interlayer excitons using Ohmic-contacted devices. The

electrical generation and control of excitons provides a route for realizing quantum manipulation of

bosonic composite particles with complete electrical tunability.
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4.1 Electrical gate modulation of interlayer exciton properties

The presence of the top (optically transparent) and bottom electrical gates, in addition to the sepa-

rately contacted TMD layers, allows us to control the carrier density in the individual TMD layers as

well as the electric field across the TMDheterostructure,Ehs, using the voltageVtg (Vbg) applied to the

top (bottom) gate. For intrinsic TMD layers (i.e., no free carriers and the chemical potential located

within the semiconducting gap), where the heterostructure can be approximated by a thin dielectric

slab, Ehs is controlled by a gate operation scheme where we apply opposite gate polarity Vtg = αVbg,

where α = th−BN
top /th−BN

bottom = 0.614 is the voltage ratio (details in Appendix D). We calculate:

Ehs =
(
εh−BN
εTMD

)
·
Vtg − Vbg

ttotal
(4.1)

where t h−BN
top = 70 nm and t h−BN

bottom = 114 nm are the top and bottom h-BN thicknesses, respec-

tively, ttotal is the total h-BN thickness. We use εh−BN = 3.9 and εTMD = 7.2 for the h-BN and

TMD permittivity, respectively, taken from literature106,23. Figure 4.1(a) shows the photolumines-

cence (PL) spectrum measured at temperature T = 4 K as a function of Ehs, keeping both TMD

layers intrinsic. We observe a linear shift of PL peak energy with Ehs, suggesting a first order Stark

shift caused by the static electric dipole moment across the vdW heterostructure. By fitting the linear

PL peak shift with the linear Stark shift formula −e d Ehs, where e d is the dipole moment, we esti-

mate d ≈ 0.6 nm, in good agreement with the expected vdW separation between WSe2 and MoSe2.

This analysis strongly suggests that the observed PL peak indeed corresponds to the IE emission of

the WSe2/MoSe2 heterostructure with out-of-plane oriented electric dipoles. There is around 10%

of non-linearity in the energy shift dependence vs. Ehs, which, combined with weak variations of the

absorption intensity (as shown in Fig. 4.1(b)), might be attributed to the charging effect caused by

uncompensated gating. Similar to a previous study13, we also note that the PL from the intralayer ex-
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Figure 4.1: Electric field and carrier density control of interlayer excitons. (a) IE PL spectra vs. electric field applied to
the heterostructure (Ehs). Right inset: optical image of a representative device with the top gates false colored. Left
inset: schematic of the heterostructure cross section, showing electrons (holes) accumulate on the MoSe2 (WSe2) layers,
forming IEs. The white arrow represents the positive direction of Ehs. (b) Normalized reflectance vs. Ehs. (c) IE lifetime τ
vs. Ehs. Error bars are obtained by adjusting the fitting range. (d) Calculated Ehs vs. Vtg andVbg. The field Ehs remains
constant once a given layer is doped. The top cartoons represent the heterostructure for different applied gate voltages.
The fields Ehs and EBN (electric field on the top and bottom h‐BN layers) are depicted as blue and black arrows, respec‐
tively. (e) Single gate dependence (Vtg orVbg) of the PL shows formation of charged IEs with varying carrier density
obtained from the gate operation scheme in (d). Left (right) inset: cartoon of hole (electron)‐doped IEs withVbg (Vtg).
(f) Normalized reflectance vs. carrier density. The horizontal dashed lines in (b) and (f) represent the neutral excitons
for WSe2 (X0

WSe2 ) and MoSe2 (X
0
MoSe2 ). (g) Neutral and charged IE lifetimes τ vs. carrier density. The vertical light blue

dashed lines in (d)–(g) mark the intrinsic region. Data in (e)‐(g) were taken in different thermal cycles from (a)‐(c). Thus,
small shifts in the energy spectrum or lifetime occur owing to different disorder configurations and measurement posi‐
tions at low temperatures.
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citons is strongly suppressed compared to that of IEs in theWSe2/MoSe2 heterostructure region (see

Fig. 2.15(b)), suggesting a fast dissociation of intralayer excitons and an efficient conversion to IEs in

this system. We further confirm from the constant normalized reflection ΔR/R at the intralayer exci-

ton resonances35,9,107 that our gate operation scheme only varies Ehs while keeping the layers intrinsic

(Fig. 4.1(b)).

The IEs in the vdW heterostructure can live longer than intralayer excitons thanks to the spatial

separation of electrons and holes in the heterostructure. Figure 4.1(c) shows the IE lifetime τ as a

function of Ehs, measured using time-dependent PL after pulsed laser illumination. We measure the

lifetime at low laser power (20 nW) to ensure a single exponential PL decay. The lifetime τ increases

asEhs increases, reaching≈ 600 ns forEhs > 0.1 V/nm, an order ofmagnitude larger than in previous

studies13,56. The observed dependence of τ onEhs can be explained by changes in the overlap between

the electron and hole wavefunctions. The lifetime of the interlayer excitons has a strong dependence

on the overlap of the electron and hole wavefunctions. Thewavefunctions are expected to stretch due

to an external electric field, which can be expected to change the tails of thewavefunctions. An electric

field anti-parallel to the IE dipole moment is therefore expected to reduce the recombination rate as it

pulls the two carriers apart, consistent with our measurements. We note that even a slight change of

the tails of the electron and holewavefunctions is sufficient to significantly affect the IE lifetime owing

to the strong localization of the carriers to separate layers. This explains why the IE dipole moment

remains constant over the entire range of electric fields, as evidenced by the linear Stark shift, despite

the large change in the IE lifetime. Our argument further suggests that a quantitative description of

this effect requires an accurate solution of the Bethe-Salpeter equation, which may be the topic of

future theoretical studies.

The electrostatic condition in our heterostructures is greatly modified if we change the gate op-

eration scheme such that one of the TMD layers is doped electrostatically, introducing free charge

carriers. Figure 4.1(e) shows the IE PL spectrum following the gating scheme depicted in Fig. 4.1(d).
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In this scheme, as shown in the normalized reflection ΔR/R at the intralayer exciton resonances (Fig.

4.1(f)) the carrier density ofMoSe2 (WSe2), n2D (p2D), changes with positiveVtg (negativeVbg) while

the WSe2 (MoSe2) layer remains intrinsic, keeping Ehs constant (Appendix D). We note the normal-

ized reflection spectrum from the top MoSe2 is brighter than that from the bottomWSe2 due to the

dominant direct reflection of the top layer, which provides a simpler normalization scheme. We ob-

serve several drastic changes in the IE emission spectrumasVtg (Vbg) increases (decreases) andn2D > 0

(p2D > 0). First, the IE PL peaks exhibit a sudden red shift for n- (p-) doping of MoSe2 (WSe2). Sec-

ond, the PL peaks continuously red-shift as doping increases for both n- and p- sides. Note that in this

regime, Ehs is fixed as discussed above, thus these shifts cannot be explained by the Stark effect. Lastly,

the PL intensity diminishes rapidly as doping increases.

Ourmeasurements in the doped regime canbe explainedby the formationof charged IEs (CIEs)108.

As shown in the normalized reflection measured with the same gating scheme, we can identify (i)

intrinsic/p, (ii) intrinsic/intrinsic, and (iii) n/intrinsic regions by the disappearance of the absorption

dips for intralayer excitons in MoSe2 and WSe2 109, which are well aligned with the sudden red shift

observed in IE PL (vertical dashed lines). Thus, this jump in energy can be related to theCIE.We note

that charged excitons can be referred to as trions43,110,111,112, three-body bound states, or alternatively,

attractive polarons, excitonic states dressed by a polarized fermionic sea48,47, similar to those inmono-

layer TMDs. The value of the observed jump ≈ 10 meV (15 meV) for positive (negative) CIEs is

in good agreement with the calculated binding energy of CIEs108. The lifetime of CIEs is≈ 100 ns

near the band edge, decreasingwith increasing doping presumably owing to additional decay channels

enabled by scattering with free carriers (Fig. 4.1(g)).
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Figure 4.2: (a) IPL vs. lifetime, extracted from Figs. 4.1(a) and 4.1(c) for varying electric fields (Ehs). (b) Extracted radia‐
tive lifetime (τrad) and non‐radiative lifetime (τnon−rad) vs. Ehs. Inset: extracted quantum efficiency (η) vs. Ehs.

4.2 Modulating the quantum efficiency

Considering the PL intensity modulation shown in Fig. 4.1(a) together with the measured τ (Fig.

4.1(c)), we demonstrate that the emission efficiency (η) can be tunedwithEhs. Based on the definition

of quantum efficiency (η) and the total decay rate (1/τtotal = γtotal = γrad + γnon−rad):

η =
γrad
γtotal

= 1−
γnon−rad
γtotal

= 1− γnon−rad τtotal, (4.2)

where γnon−rad and γrad are the non-radiative and radiative decay rates, respectively. The quantum

efficiency is proportional to the photoluminescence (PL) intensity (IPL) and so we can replace Eq.

(4.2) with IPL to get

IPL = A(1− γnon−radτtotal), (4.3)

here A is an arbitrary scaling factor and γnon−rad is the non-radiative decay rate. Now when applying

an electric field, we can tune both the IPL and the τtotal. If we plot intensity vs total lifetime (Figure

4.2(a)), we find that the dependence is linear and so the γnon−rad can be extracted using Eq. (4.3)
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by extrapolating the fit to the limit of IPL = 0. We find a non-radiative lifetime of 577 ± 12 ns.

Using the non-radiative decay rate and Eq. (4.2), we extract both the electric field dependent radiative

lifetime (Figure 4.2(b)), ranging from 100 ns to 4 μs, as well as the electric field dependent quantum

efficiency (Figure 4.2(b) inset). We find that for negative electric fields (Ehs is aligned against the IE

dipolemoment), our radiative lifetime is shorter than the non-radiative lifetime, allowing us to achieve

large quantum efficiencies up to ∼ 80%. For large positive electric fields (Ehs is aligned with the IE

dipole moment), our total lifetime plateaus near the non-radiative lifetime (Fig. 4.1(c)) and results in

a much lower quantum efficiency.

4.3 Extracting the exciton density

We create high densities of IEs by increasing laser power. In particular, for neutral IEs, we observe

that the PL emission is shifted to higher energy with increasing power (Fig. 4.3), consistent with

a mean-field shift stemming from the repulsive dipole-dipole interaction between oriented IEs. In

the mean-field approximation, where the average distance between the excitons is much larger than

the separation between the layers, we use the parallel plate capacitor model to estimate this energy

shift113,114. Equal number of electrons in one TMD layer and holes in the other layer will create

potential difference Δφ = n e d
εTMD ε0 , where n is the interlayer exciton density, e is the electric charge, d

is the separation between the layers. Adding one more interlayer exciton will increase the energy by

eΔφ, resulting in a “plate capacitor formula”,

ΔE =
ne2d

εTMD ε0
(4.4)

We can now extract interlayer exciton density:

n =
εTMD ε0
e2d

ΔE (4.5)
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Figure 4.3: Power (P) dependence of the normalized PL spectra collected from the same spot as the excitation. The blue
dashed line corresponds to the PL peak position vs. power.

where d = 0.6 nm, εTMD = 7.2, and ΔE is the energy shift from the lowest emission energy. Follow-

ing the analysis based on a parallel plate capacitance model used for GaAs DQW IEs113, we obtain a

lower bound for the IE density n ≈ 5× 1011 cm−2 for ΔE = 10 meV at P = 1mW.

The parallel plate capacitormodel is known to underestimate the interlayer exciton density because

the model does not account for a reduction in interaction energy due to the rearrangement of the

interlayer excitons. This reduction in interaction energy as the excitons avoid each other means a

higher density of excitons will be required to achieve the same energy shift115. However, it should

be noted that the model also assumes a linear relation of energy shift and interlayer exciton density,
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whichmaybreak downwhen the exciton separation approaches the layer separation. TheMott critical

density of interlayer excitons has been predicted to occur around∼ 4×1012 cm−2 based on the critical

ratio of the exciton size and inter-exciton distance of 0.3, taking into account valley degeneracy73.

These considerations allow us to provide a lower and upper bound for the interlayer exciton densities.

4.4 Long-range interlayer exciton diffusion

Thehighdensity of long-lived IEs and the large τobserved inourheterostructures can enable transport

of IEs across the samples. Figures 4.4(a)-(c) show the spatialmapof the IEPL intensity at different laser

powers. The PL signal can be detected far away from the diffraction-limited focused laser spot (< 1μm

in diameter). At the highest power, PL can be observed many microns away from the excitation spot,

strongly suggesting transport of IEs across the sample. From these maps, we obtain the normalized,

radially-averaged PL intensity, I normPL (r), where r is measured from the center of the diffraction-limited

steady state laser spot. Here, the PL intensity is normalized by the value obtained at r = 0. As

shown in Fig. 4.4(d), away from the laser spot, I normPL (r) decreases rapidly as r increases. We note,

however, that at a given r, I normPL (r) increases with P even at a position far away from the laser spot.

The characteristic length LD for the decaying behavior of I normPL (r) can be obtained from fitting

I normPL (r) ∼ 1√
r/LD

e−r/LD (4.6)

away from the laser excitation spot (dashed lines in Fig. 4.4(d)), following the 2D diffusion model

with a point source (Appendix E.1). As shown on the left axis of Fig. 4.4(f), we find that LD increases

as P increases, suggesting increased diffusion at high IE density possibly due to exciton-exciton inter-

actions.

We alsomeasured the temporal decay of the PL intensity using a diffraction-limited focused pulsed

laser. Figure 4.4(e) shows an estimate of the time-dependent exciton population (integrated PL signal
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Figure 4.4: Power dependent diffusion of neutral interlayer excitons. (a)‐(c) Spatial dependence of the intensity of the
normalized PL for P = 10, 100, and 1000 μW, respectively. The white lines depict the heterostructure area. The con‐
tinuous wave laser excitation (λ = 660 nm) is fixed at the top left of the sample. The scale bar corresponds to 5 μm. All
the measurements were performed at 4 K. The red curve and the dashed lines represent the radial averaging. (d) Power
dependence of normalized radially averaged IPL (normalized IPL) vs. r with the excitation fixed at the center of the sam‐
ple. The red and black dashed lines represent e−r/LD/

√
r/LD for LD = 1.1 and 3.2 μm, respectively, where LD is the

diffusion length. (e) Time‐dependent PL normalized at t = 0 for different ON powers P. For this measurement we use
a pulsed 660 nm diode laser with a 100 kHz repetition rate and 1μs ON time. The power we quoted is the ON power
or peak power. Dashed gray lines correspond to double exponential fits. (f) LD vs. P extracted from the data in (d).
Right axis: lifetime (τ) vs. P with two values of τ extracted from the double exponential decay fit. (g) Diffusion constant
(D = L2

D/(τ)) vs. P extracted from (h) using the two different values of τ. Dashed line corresponds toD ∼ P1/2,
expected from the non‐linear diffusion model (Appendix E.1).
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along the heterostructure weighted by r2) after a laser pulse with peak power P. The time-dependent

PL exhibits a faster decay process with characteristic time scale τ1 ∼ 10 ns initially, followed by a

slower decay process occurring on the time scale τ2 ∼ 100 ns, suggesting that there are two different

mechanisms for the PL intensity decay. The value of LD estimated above can be converted to a diffu-

sion constant according toD = L2
D/τ. Two valuesD1 andD2 are obtained using the short (τ1) and

long (τ2) decay times, respectively (Fig. 4.4(g)). Because our lifetime measurement uses a pulsed laser

where the interaction driven IE diffusion occurs just after the pulse is off when the IE density remains

high, τ1 could be more relevant for the IE diffusion than τ2. The value of LD, however, measured

in steady state, would be dominated by τ2. Figure 4.4(g) shows thatD2 is in the range of 0.01 − 0.1

cm2/s, whereas D1 changes from 0.1 to 1 cm2/s. Both D1 and D2 are increasing with increasing P,

providing upper and lower bounds for non-linear IE diffusion caused by dipolar repulsive interaction

(Appendix E.1), respectively.

Similar maps can be taken while changing Ehs. Figures 4.5(a)-(b) shows spatial maps of the IE

PL intensity for P = 1mW for the two extremes in Ehs where we observe a stark change in the PL

intensity distributions. We take the same radial averaging as Fig. 4.4(d) and show IPL(r) at various Ehs

(Fig. 4.5(c)), where r is the radial distance from the excitation spot. We observe that IPL(r > 2 μm) is

larger with increased Ehs (increased τ), while at the excitation spot IPL(r = 0) reduces with increasing

Ehs (as extracted in Fig. 4.2(a)). The increase of IPL(r) away from the excitation spot confirms that we

are increasing the density of IE at the excitation spot and therefore IE move away from larger density

areas. In contrast, if we would be observing the tail of a non-Gaussian shaped laser excitation, the

IPL(r) across the sample should be modulated proportionally with the IPL(r = 0) at the excitation

spot. The latter observation is consistent with exciton transport, as longer-lived IEs may travel farther.

Additional measurements of IE diffusion at higher temperatures show a smaller spatial extension of

PL around the excitation (Fig. F.1). While the single particle diffusion constant is expected to rise as a

function of temperature, a sharp decrease in lifetime has been shown at temperatures above 50 K116,
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Figure 4.5: Electric field dependent diffusion of neutral interlayer excitons. (a)‐(b) Spatial dependence of the intensity
of the normalized PL for Ehs = ‐0.11 and 0.11 V/nm. The white lines depict the heterostructure area. The continuous
wave laser excitation (λ = 660 nm) is fixed at the top left of the sample. The scale bar corresponds to 5 μm. (c) Ehs
dependence of radially averaged IPL vs. r with the excitation fixed at the center of the sample.

which can explain the change in diffusion behavior. These measurements provide additional support

for an exciton transport mechanism.

We obtain further evidence for IE transport from time-dependent spatial PL maps with a pulsed

laser illuminating the center of the sample. We measure the IE PL intensity IPL(r, t) as a function of

distance r (referenced to the laser illumination spot) and time t (referenced to the falling edge of the

laser pulse). Figures 4.6(a) and (b) show the normalized time-dependent PL, InormPL (r, t) = IPL(r,t)
IPL(r=0,t)

at different laser peak powers. The time-dependent root-mean-square radius, rrms(t) =
√

⟨r2⟩, com-

puted from InormPL (r, t) (white lines) increases rapidlywhen the laser is on, reaching a steady statewithin

∼ 200 ns. Interestingly, rrms(t) increases again rapidly within 100 ns after the laser is turned off. Al-

though the observed two decaying time scales and the dynamics of IEs can be explained by the diffu-

sion of IEs driven by interaction and their recombination, we also note that an alternative scenario

involving the diffusion of photoexcited free carriers117 is also possible14. Future experimental stud-
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Figure 4.6: Time‐dependent spatial photoluminescence (PL). (a)‐(b) Normalized IPL vs. time and distance from the laser
spot. IPL (r, t) was estimated by averaging over a line cut through the laser spot. We normalize IPL at each time by
IPL (r, t) /IPL (r = 0, t). Overlaid white lines represent

√
⟨r2⟩ obtained from the experimental PL map assuming

rotational symmetry of the sample. Top right inset: The pulsed laser diode is turned ON at t = 0 μs with powers of 130
μW (a) and 1000 μW (b) and turned OFF at t = 1 μs (also marked with dashed black lines).

ies using spatially resolved resonant excitation of IEs can be potentially utilized to distinguish these

scenarios.

4.5 Electrically driven charged interlayer exciton diffusion

Unlike the neutral IEs discussed above, CIEs can be manipulated by an in-plane electric field (Vds).

We aim to keep the carrier density the same as we change the in-plane electric field, but observe the un-

doped regime shifts in the PL spectra with appliedVds vs eitherVtg orVbg (Figures 4.7). Wemaintain

the same carrier density for the differentVds by compensating with either theVbg orVtg for the p-type

or n-type CIE, respectively. We, thus, apply Vbg = 2.13Vds − 5V and Vtg = 1.6Vds for the p-type

and n-type CIE, respectively.

Figure 4.8(a) shows the spatial map of IPL overlaid with the device image when CIEs are optically

excited at the center of the sample (Vds = 0 V, Vbg = −5 V). Similar to neutral IEs, CIEs generated
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Figure 4.7: (a) PL spectra taken near the center of the sample with P = 500 μW as a function ofVds (applied in the left
to right sample direction) andVbg. Note that the interlayer exciton regime shifts withVds, requiring an adjustedVbg to
maintain the same doping in the sample for the p‐type CIEs. (b) Same as (a) but forVds andVtg to calibrate the n‐type
CIEs.

at the laser illuminated spot can diffuse across the entire sample. We note that both the WSe2 and

MoSe2 layers in our device havemultiple electrical contacts away from the heterostructure edge (∼ 10

μm away) that are used to control the lateral electric field while avoiding any local Schottky barrier

effects. Figure 4.8(b) shows the spatial map of the PL intensity normalized as IPL(Vds)/IPL(Vds = 0)

when applying a bias voltage ofVds = 3 V across the WSe2 layer. We observe that the grounded edge

of the sample becomes brighter with increasing Vds (also see Fig. 4.8(c) for the normalized average

emission intensity along the heterostructure channel). This increase in PL at the boundary between

the heterostructure and highly-doped monolayer region can be explained by drift of CIEs under the

applied bias voltage in the channel. The applied biasVds creates an electric field to tilt the band struc-

ture in the direction of theWSe2 channel, driving positive (+)CIEs along the same direction as shown

in the schematic diagram in Fig. 4.8(d). At the boundary of the heterostructure, however, the +CIE

cannot be transported to theWSe2 p-channel because current across the boundarymust be preserved.

Therefore, the transported +CIEs recombine to turn into a hole in the WSe2 p-channel. In Figs. F.2
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Figure 4.8: Spatial control of charged interlayer excitons. (a) Spatial dependence of IPL with the laser excitation
fixed at the center of the heterostructure (arrow). An optical image of the device with false colored top gates that
cover the WSe2 and MoSe2 contacts is overlaid. An in‐plane electric field is applied by a voltage in one of the WSe2
contacts (Vds) while keeping the other contact grounded. (b) Spatial dependence of IPL normalized according to
IPL(Vds)/IPL(Vds = 0) forVds = 3 V. We observe a larger population of charged IEs near the right WSe2 electrode
by increasingVds. The yellow arrow in (d) represents the current direction. (c) Normalized IPL averaged over the y‐axis
vs. x (depicted in (b)) for differentVds. (d) Schematic of the heterostructure bands with appliedVds. The red (green)
bands correspond to WSe2 (MoSe2). A positiveVds is applied, while the chemical potential (indicated by a blue dotted
line) is kept inside the WSe2 valence band to form positively charged IEs. Under positiveVds, the CIEs drift towards the
grounded contact. The emission mainly occurs near the grounded contact, because the charged exciton cannot move
beyond the heterostructure.
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and F.3, we further confirm this picture of CIE transport by changing the doping polarity and Vds

direction.

We note that the observed experimental evidence can be due to a few alternative mechanisms such

as free carriers aiding the transport of theCIEs or theCIEs upconverting to IEswhile traveling towards

the edge of the heterostructure. Additionally, thermal gradients and coupling to phonons may also

play an important role for CIE diffusion in TMDs as described in reference29. Further experiments

such as pump-probe measurements and systematic photocurrent measurements might be required

for clarification in a future study.

4.6 Electrically generated interlayer excitons

Finally, we demonstrate the electrical generation of IEs by free carrier injection using Ohmic contacts

in individual TMD layers. Because our heterostructure forms type-II aligned p- and n- layers, the

charge transport across the WSe2 to MoSe2 is expected to show diode-like rectifying behaviors78,12.

Figure 4.9(a) shows interlayer current (Ids) versus interlayer bias (Vds) curves, whose characteristic can

bemodulatedbyVtg andVbg. Changing (Vtg,Vbg) adjusts thebandoffset in the type-II heterojunction

and their filling. The inset to Fig. 4.9(a) shows amap of the forward bias current at a fixed bias voltage.

One can identify the region in which both WSe2 and MoSe2 layers remain intrinsic, consistent with

the absorption spectrum discussed in Fig. 4.1. Interestingly, we find that this p-n device generates

detectable electroluminescence (EL) at sufficiently high bias. A particularly interesting EL condition

occurs when both TMD layers are intrinsic, thus, allowing electrons and holes to recombine through

the formation of IEs. Figures 4.9(b) and (c) show the EL maps of the heterostructure region. The

local EL intensity in the heterostructure depends on the local recombination current density, which

can be controlled by (Vtg,Vbg) (Fig. F.4).

We find that the EL spectrum resembles the PL spectrum in the same (Vtg, Vbg) configuration78.
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Figure 4.9: Electrical generation of interlayer excitons. (a) I‐V curves at various top (Vtg) and bottom (Vbg) gate con‐
figurations with corresponding indicators in the inset. Inset: Ids vs. Vtg andVbg (withVds = −3 V on MoSe2 and
grounded WSe2). The white dashed line represents the compensated electric field whereVbg = 10.37 V ‐ αVtg.
The markers represent the gate voltages used in (a)‐(c) and (e). (b)‐(c) are spatially dependent electroluminescence (EL)
maps forVtg = −1 V (1 V) andVbg = 12 V (8.75 V) atVds = 7 V, respectively. The white dashed lines indicate
the heterostructure area. (d) Electric field (Ehs) dependence of the interlayer exciton EL. The electron‐hole separation
(d ≈ 0.55 nm) obtained from the slope agrees reasonably with the electron‐hole separation extracted from PL. (e)
Time‐dependent EL intensity for two different gate configurations: blue (orange) curve usesVtg = 10 V (−10 V) and
Vbg = 16.28 V. The yellow line represents the pulsed sawtooth voltage applied toVds. The measured EL lifetime is
gate‐tunable, as in the PL case, and of comparable magnitude to the PL lifetime.
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Figure 4.9(d) shows EL vs. Ehs. Similar to the PL shown in Fig. 4.1(a), the EL spectrum shifts linearly

with Ehs, which can be attributed to the IE Stark effect. More direct evidence that the EL process

in our heterostructure is mediated through the IE formation by carrier injection is provided by the

EL lifetime. Figure 4.9(e) shows the EL intensity as a function of time when we pulse Vds at a fixed

(Vtg, Vbg). We measured the EL at the falling edge of the pulse. Long and short lifetimes of ≈ 150

ns and ≈ 25 ns were obtained for the gate voltages of Vtg = 10 V and −10 V with Vbg = 16.3 V,

corresponding to the neutral IE and charged IE formation regime, respectively (see Fig. 4.9(a) inset).

We note that the measured EL lifetime is much longer than the RC time (τRC < 10 ns) of the biasing

pulse.

Our initial EL experiments showed tunable emission and demonstrations of the interlayer exciton

nature in a p-n diode, but further EL experiments are performed in the later chapters of this thesis.

In Chapter 6, we will show tunability between singlet and triplet excitons. In Chapter 8, a more

fundamental understanding of the forward-bias current and EL emission will be revealed, where Vds

and the gate voltages are carefully tuned to match electron and hole densities.

4.7 Conclusion

The electrical generation of long-lived interlayer excitons provides an electrically driven near-infrared

light source with an energy tunability that ranges over several hundreds of meV and spatial control of

the emission. Achieving high density IEs without optical excitation could pave a way to realize quan-

tum condensates in solid-state devices. Large valley polarization56,118 strongly coupled to the spin

may also lead to optoelectronic devices based on electrically driven CIEs. The spin degree of freedom

in such devices could be potentially utilized for both classical and quantum information processing.
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Quantum theory thus reveals a basic oneness of the universe.

Fritjof Capra

5
Gate-defined Interlayer Exciton Traps

Optically generated excitons, bound pairs of excited electrons and holes, in

monolayer transition metal dichalcogenides (TMDs) are an exciting system for

exploring two-dimensional (2D) bosonic gases because of their large binding energies30 and

spin-valley locking properties119,18. In type-II TMD van der Waals (vdW) heterostructures, the ener-

getically favorable interlayer exciton (IE), where the electron and hole are localized on separate lay-
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Figure 5.1: Concept for the interlayer exciton traps (a) Device schematic showing the wire gate and large outer gates
on either side. Vtg andVbg are applied to create electric fields in the outer gate (Eog) regions while the wire gates kept
grounded. (b) Interlayer exciton (IE) energy schematic as a function of x position perpendicular to the wire gate. The red
(black dashed) curves represent the electric field profile felt by the IEs with (without) Eog.

ers, forms with a permanent out-of-plane dipole moment14,77,13,120, extended lifetime14,57,63, and

long diffusion lengths14,76,120, while maintaining large excitonic binding energies74,121,73. Their long

lifetimes allow for the generation of high densities of IEs, which have been shown in GaAs double

quantum wells (DQW) to condense into a degenerate exciton gas81,82,122 or undergo a Mott transi-

tion123,124,125. In TMD heterostructures, the large binding energies also allow for much larger den-

sities before dissociating upon reaching the Mott density73,63,126. The large exciton mass combined

with larger sustainable densities could be used to realize high-temperature condensates that are elec-

trically tunable73,66,67. In order to sweep over the substantial range of exciton densities though, large

laser excitation powers are required, leading to heating or non-linear Auger recombination that com-

pete unfavorably with the exotic IE phases127,128. Electrostatic traps can be a useful tool for “collect-
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ing” the diffusive excitons away from the laser excitation spot, allowing the generation of cold high

density IE systems and removing local laser-induced coherence effects that can hinder the unambigu-

ous identification of a condensate82.

In this chapter, we design a multi-gated structure to create electrostatic traps that allow us to gen-

erate high densities of IEs. Figure 5.1(a) shows a schematic of the device design. A high-quality, h-BN

encapsulated MoSe2/WSe2 heterostructure is fabricated with matching top and bottom metal gates

(detailed images in the Section 5.1). The IE energy in the trap area can be controlled by amatching set

of wire gates (width of∼ 250 nm) that are kept grounded. On either side of the wire trap, there are

two sets of top and bottom gates (separation width of ∼ 500 nm) that control the IE energy in the

outside region. By applying voltages on the outer gates, we create an electric field in the neighboring

area,

Eog =
εhBN
εTMD

·
Vtg − Vbg

ttotal
, (5.1)

where εhBN and εTMD are the h-BNandTMDdielectric constants,Vtg andVbg are the top and bottom

gate voltages, and ttotal is the total h-BN thickness. Applying positive Eog raises the IE energy in the

outer gate region due to the linear Stark effect in IEs14,77,13,120. This creates a trapping potential so

that a high density of IEs can accumulate in the trap without escaping (Fig. 5.1(b)).

5.1 One-dimensional exciton traps

Figure 5.2(a) shows our h-BN encapsulated MoSe2/WSe2 heterostructure with electrical contacts to

each layer. In order to create the trapping potentials in our device, we need to fabricate matching top

andbottomgates. Wewrite and evaporate the bottomgates following thePdAugate recipe (Appendix

A.2.3) and use scanning electron microscopy (SEM) to characterize the gate separations. Although

designed for 300 nmwire gate width, the most reliably flat bottom gates had 250 nm gate width. Any

wider wire gate width or narrower separation between the wire gates and outer gates usually resulted
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Figure 5.2: (a) Optical image of the device. Red and green dashed lines outline the WSe2 and MoSe2 regions, respec‐
tively. Blue line outlines the heterostructure region. Gold arrows identify the relevant top gate and bottom gate struc‐
tures. (b) SEM image of the Cr/PdAu bottom gates with the wire gate width and outer gate widths identified. The red
dashed square indicates the approximate location for the PL diffusion measurements.

in a failed liftoff. The matching top gate is fabricated after the heterostructure is placed down. Since

both use the same alignmentmarks and use electron beam lithography, themargin for alignment error

is quite small. However, since the image is aligned optically, there can be small offsets, which cause

some effects that we discuss later in our diffusion measurements and in Appendix E.2.

5.2 Spatial energy modulation

We demonstrate our gate modulated trapping potential by performing scanning photoluminescence

(PL) spectroscopy at various Eog across the wire gate region (details in Appendix B). All PL measure-

ments are performed at T = 4 K, unless otherwise stated, and with an excitation wavelength of 660

nm (1.87 eV)with a diffraction limited spot. In Figure 5.3(a), wemeasure the PL spectra with a power

(P) of 50μWat the edge of the wire gate as a function of Eog. As Eog increases, two peaks emerge, with

only the higher energy peak shifting linearly with the applied external field. We extract a dipole separa-

tion of d ≈ 0.6nm from the slope of the shift (ΔE = e⃗d ·ΔE⃗og, where ΔE is the energy shift and e is an

elementary charge), matching the expected interlayer separation between the electron and hole wave-

functions in the TMD layers. In Figures 5.3(b)-(c), we excite the heterostructure with P = 500μWat
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Figure 5.3: Modulating the interlayer exciton energy with electric fields (a) IE emission as a function of Eog. The linearly
shifting peak at higher energy is from the outer gate region while the lower energy peak is from within the wire gate
region. (b)‐(d) Scanning PL spectroscopy, where the laser excites at x = 0μm and the spectra is collected across the
wire gate at Eog =0, 0.114, and ‐0.114 V/nm, respectively, showing spatially modulated IE energy.

the wire gate location (x = 0) and measure the PL spectra across wire gate (x as shown in Fig. 5.5(a))

for two representative electric fields, Eog = 0 V/nm and 0.114 V/nm. When Eog = 0 V/nm, the

PL emission energy is constant at∼ 1.38 eV across the spatial linecut, matching the expected electric

field profile. When Eog = 0.114 V/nm, the PL energy in the outer gate region is elevated to ∼ 1.44

eV, matching the gate dependent spectra, while the wire gate region still displays emission at a lower

energy. Thus, we conclude the higher energy peak originates from IEs outside of the trap, and we can

identify the lower energy peak as the trapped IEs (IEtrap). Independent of the trapping potential, we

notice that the high-energy free IE emission extends out almost 3 μm from the wire. This is due to
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Figure 5.4: (a) Reflection image of the device over larger scanning range. The outer gate and the wire gate areas are
outlined (white dashed line) and labeledVog andVwg, respectively. Black arrows indicate positive x and y direction for
line cuts. Red circle indicates the excitation spot for diffusion measurements. The blue dashed square shows the region
of interest in Fig. 5.5(a)‐(c). (b) Co‐aligned PL measurements without filtering for interlayer exciton emission. Bright
regions on the top and bottom areas are from the monolayer MoSe2 regions. (c) Diffusion map at Eog = Ewg = 0 V/nm
on a larger scale.

dipole-dipole interactions and the resulting long diffusion lengths exhibited by IEs in TMDs14. How-

ever, we note that the high-energy emission is darker when the trapping potential is active, hindering

the IE diffusion perpendicular to the trap, while favoring localization in the wire. We also demon-

strate anti-trapping potential shapes where the emission is significantly darker because the IEs quickly

diffuse away from the excitation spot (Fig. 5.3(d)).

5.3 Shaping the exciton diffusion

We show representative scanning maps over a larger range of the sample. Figure 5.4(a) shows a reflec-

tion scanning map, where the entire sample is flooded with a broadband white light lamp. We can

see the strong reflection from the outer gate regions and the contacts. The wire gate is harder to see

given the size (250 μm) is smaller than the diffraction limit. In this image, we also indicate the x and

y directions used for defining the x and y line cuts (discussed later in this section). The blue dashed

square indicates the area of this larger image that is used in Figures 5.5(a)-(c). Figure 5.4(b) is a co-
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aligned scanning photoluminescence (PL) map over the same area. We can see there are brighter and

darker regions on the sample, creating a natural landscape. The PL counts in this measurement do

not filter the intralayer excitons which are brighter in comparison to the interlayer exciton emission,

hence the bright, saturated regions in the upper right and and lower left of the sample. Figure 5.4(c)

shows the diffusion map at Eog = Ewg = 0 V/nm over the same larger region. The diffusion of IEs is

mostly localized to the trap area, near the excitation spot. We also note that bright emission appears

in the monolayer region. This behavior is similar to the IE diffusion behavior observed in a room

temperature exciton switch76.

To further understand the diffusive behavior when forming a trapping potential, we take PL inten-

sity maps at the IE energy. Figure 5.4(a) shows a reflection image of the sample, where the outer gate

regions (Vog) and the wire gate region (Vwg) are labeled. Figures 5.5(a)-(c) show diffused IE PL emis-

sion for anti-trap, flat, and trapping potential when the heterostructure is excited at the wire gate with

P = 550 μW (red circle). For Eog = −0.023 and 0 V/nm, we observe emission around the laser spot

size, but also at naturally occurring bright spots on the sample. In the absence of the externally applied

trapping potential, the IEs diffuse and localize in these naturally-occurring trap sites (Figs. 5.4(b)-(c)).

However, when we apply Eog = 0.114 V/nm, we observe uniform and elongated emission along the

wire gate, implying that the IE diffusion is constrained along the wire gate. In Figure 5.5(d), we take

take line cuts along x of the normalized PL emission, averaged across the uniform area between the

natural bright spots, as a function of Eog. We observe a narrowing of the spatial IE cloud width when

the trapping potential is active, and broadening when the an anti-trap is created. We show character-

istic line cuts along the red, black, and yellow dashed lines in Figure 5.5(e), which clearly show the

spatially narrowed (broadened) distribution for Eog = 0.114 V/nm (−0.023 V/nm) when compared

to 0 V/nm.

We perform similar linecuts along the wire gate (y as shown in Fig. 5.4(a)) to quantify when the IE

PL intensity becomes uniform in the trap. Figure 5.6(a) shows linecuts, averaged perpendicular to the
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Figure 5.5: Controlling the diffusion behavior (a)‐(c) Spatial mapping of the diffused interlayer exciton (IE) photolumines‐
cence (PL) emission at Eog = −0.023, 0, and 0.114 V/nm. The outer gate and the wire gate areas are labeledVog and
Vwg, respectively. White dashed arrow indicates positive x direction. Red circle is the excitation position. Bright spots
that naturally occur on the sample are reduced with the trapping potential. (d) Normalized PL along the x direction, aver‐
aged over the uniform trap region, as a function of Eog. The dotted lines correspond to the Eog line cuts in (e). The white
dashed lines indicate the expected trap width of∼ 500 nm. (e) Line cuts at Eog = ‐0.023, 0, and 0.114 V/nm showing
narrowing (broadening) of the diffusion width when forming a trap (anti‐trap). (f) Extracted diffusion width and relative
peak intensity (PLpeak(Eog)/PLpeak(Eog = 0)) as a function of Eog. We observe the trap saturates near Eog ≈ 0.04
V/nm.
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Figure 5.6: Linecuts along the trap (a) Averaged linecuts along the trap length offset by 10 kcts/s for each Eog. The black
dotted lines indicate the range used for calculating the standard deviation of the points in (b). (b) The standard deviation
of the PL intensity along the y‐linecutas a function of Eog.

trap region, as a function of Eog, where y = 0 is approximately where the x-linecuts were performed.

We see the two larger intensity regions corresponding to natural traps. Aswe increaseEog, the emission

becomes more uniform. We quantify this by taking the standard deviation of the PL intensity in the

trap region (indicated by the black dotted lines) as shown in Figure 5.6(b). The standard deviation of

the emission in the trap saturates around Eog ≈ 0.09V/nm, reaching the noise floor (1 kct/s) for these

measurements. Eog ≈ 0.09 V/nm corresponds to a trap depth of∼ 55 meV, which is consistent with

the energy scale in reports of defect or strain trapped IEs in these heterostructures129,130. The increase

in the standard deviation again at Eog > 0.114 V/nm corresponds to a brightening in the trap region

due to the trapping potential.

In Figure 5.5(f), we fit the averaged non-normalized PL x line cuts to a Gaussian distribution and

extract the peak PL intensity height and diffusion full-width half-maximum (FWHM) as a function

71



of Eog. We observe the trap diffusion width saturates near Eog ≈ 0.04 V/nm at around 0.95μm. The

FWHM is broader than the expected trap size, which could be explained by an imperfect alignment

of the top and bottom gates convoluted with the diffraction limited beam shape (Appendix E.2). We

also note that the FWHM increases slightly for Eog > 0.12 V/nm, which could be due to a short-

ened lifetime at larger electric fields and therefore, greater emission outside the trap14. The relative

peak PL (normalized to emission at Eog = 0 V/nm) also increases rapidly until Eog ≈ 0.04 V/nm,

before increasing at a slower rate. We also observe the longest IE lifetime in the trap area when the

trapping potential is applied, increasing by up to 20% at the largest Eog (Fig. 5.7). These signatures

point towards the strong confinement of higher IE densities in the trap region.

5.4 Lifetime modulationwith the trap

Weperformtime-dependentPL (TDPL)measurements across the trap at different trappingpotentials.

We fix the excitation (λ = 660 nm with Pavg = 5μW and 80 Mhz repetition rate) at one spot near

the edge of the wire gate andmove our separate collection spot. Figure 5.7(a) shows the TDPL counts

in the trap without the trapping potential and obtain an exciton lifetime τIE = 1.22 ± 0.03 ns. We

take lifetimemeasurements across different spatial locations for three representative outer gate electric

fields Eog = 0, 0.068, and 0.138 V/nm (Fig. 5.7(b)-(d)) to see the effects of the trapping potential. We

note that even at Eog = 0 V/nm, τIE is not spatially uniform, which could be due to the natural traps

or variations across our sample. However, as we increase the trapping potential, we begin to observe

τIE be peaked near x = 0. In Figure 5.7(e), we choose two representative positions, x = 0 and 0.432

nm, and plot the IE lifetime as a function of Eog. We find that the lifetime inside (outside) the trap

increases (decreases) with higher Eog. We also observe the lifetime decreases in the trap for Eog < 0

V/nm.

When we increase the IE density in the trap there could be multiple competing effects. At higher
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Figure 5.7: (a) Time‐dependent PL measurements in the trap at Eog = 0 V/nm. The lifetime is extracted with a single
exponential fit. (b)‐(d) Lifetime (τIE) as a function of x for Eog = 0, 0.068, and 0.138 V/nm. (e) Lifetime at two represen‐
tative spots as a function of Eog.

trappingpotentials, the trap confines the IEs fromdiffusing away, increasing thePL lifetime. However,

the higher IE density could result in more scattering mechanisms and non-radiative decay channels

which could decrease the lifetime. When creating an anti-trap (Eog < 0 V/nm), we expect the lifetime

to decrease as the IEs are pushed out of the trap area, as we observe. Overall, the order of magnitude

of the lifetime, τIE ∼ 1 ns, is shorter than some previous reported interlayer exciton lifetimes, which

could be due to the twist angle72 or other non-radiative processes such as Auger or defect mediated

recombination.
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5.5 Extracting the interlayer exciton density

Since the trapping potential funnels the IEs into a smaller area, we expect a higher steady-state IE

density to exist in the wire trap. Figure 5.8(a) shows the normalized power dependence of the IE

emission at Eog = 0 V/nm. We observe a blue shift in the PL energy with excitation power due to

dipole-dipole interactions as the IE density increases14,58,77,63,131,124,125. We can model this blue shift

with a simple parallel-plate capacitor model where the energy shift,

ΔE =
(nIE − n0) e2 d

εTMD ε0
, (5.2)

where nIE is the IE density, n0 is the starting density, and ΔE as the PL energy difference. The same

relation can be found by considering a classical dipolar exciton using a mean field approach, although

both methods underestimate the IE density113. Thus, we treat the ΔE as an indication of increasing

density. Interestingly, when we apply the trapping potential of Eog = 0.114 V/nm (Fig. 5.8(b)), we

observe a greater blue-shift for the same P range. In fact, the IE energy at the highest powers is limited

by the trap depth, where IEtrap and the peak corresponding to IEs outside of the trap (∼ 1.44 eV)

merge. We extract the IE density (right axis) at each P by using the blue-shift ΔE at each P as shown

in Fig. 5.8(c).

For the lowest excitation power, since we do not have an energy to compare with, we get an IE

density (nIE) of 0 when there is clearly PL emission. To account for this, we calculate an upper bound

starting densityn0 based on the excitation power, similar toWang, et al.63. We can calculate the steady-

state nIE if we know the lifetime (τ) and generation rate (G). As pointed out in Wang, et al.63, both

quantities will depend on nIE, giving us:

nIE = G(nIE)τ(nIE). (5.3)
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Figure 5.8: Tuning the interlayer exciton density (a) Normalized power dependent PL emission from the wire gate region
at Eog = 0 V/nm, when the excitation laser is slightly outside the region. The dotted white line shows a contour of
half the intensity of the IEtrap. (b) Same as (a) for Eog = 0.114 V/nm. (c) The blue‐shift energy, ΔE, for Eog = 0 and
0.114 V/nm as a function of power. Right axis (blue) shows the corresponding calculated IE density, nIE. (d) Fitted IEtrap
linewidth for Eog = 0 and 0.114 V/nm as a function of power. The error bars in (c) and (d) are from the fitting of the
spectral peaks.

However, since we are only concerned about a single density to normalize our curve, we consider G

and τ for this specific case. The generation rate at the lowest power used in our experiments will be

G =
P · σ
A · hν

, (5.4)

where σ is the absorbance of the sample, A is the area of the beam spot, and hν is the excitation pho-

ton energy. First, we calculate the absorbance from σ ≈ 0.11 at our excitation energy of 1.87 eV

(wavelength, λ = 660 nm)63, scaled by the approximate losses due to the metallic top gates (∼ 5%
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transmission). We assume a diffraction limited spot size with a Airy ring radius, r = 0.61 λ
NA = 536

nm, to get A = πr2 ≈ 0.9μm2. We take τ ≈ 1 ns in this device (Section 5.4). Using these values we

can obtain

nIE(P) = P× (2.04× 109) cm−2/μW, (5.5)

assuming that there is minimal non-radiative decay processes. Thus, for (P = 1μW), we can add

n0 = 2.04 × 109 cm−2 to the starting density. Since our calculated n0 and the energy shift at low

powers is small, this assumption only contributes a small error at higher densities.

At lower excitation powers, the densities are comparable, presumably because the trap area is large

compared to the exciton density. At higher powers, we can see that a sharp increase in the IE density

occurs earlier for Eog = 0.114 V/nm, indicating the trapping potential increases the IE density for

the same generation rate. Without any trapping potential applied, we can achieve a maximum nIE =

1.3 × 1012 cm−2, in agreement with previous measurements14. With the trapping potential we can

reach almost twice this density, nIE = 2.3 × 1012 cm−2. We note that the enhanced blue-shift only

occurs for trapped IEs and does not occur for IEs outside of the trap even at Eog = 0.114 V/nm. The

measured blue shifts outside of the trap at the largest excitation power (P) are ΔE ≈ 12.7 and 10.6

meV for Eog = 0 and 0.114 V/nm, respectively, corresponding to IE densities of 8.4× 1011 cm−2 and

7.0× 1011 cm−2 (Fig. 5.9). Neither measurement in the outer gate region show dramatic changes in

the blue-shifting energy. This confirms that the blue-shift enhancement is a consequence of enhanced

dipolar interactions due to the generation of higher IE densities. In addition to shifts in the peak

energy, we also observe linewidth broadening as shown in the contour lines of half maximum IEtrap

normalized intensity (Figs. 5.8(a)-(b)). Figure 5.8(d) shows the fitted linewidth as a function of power

for Eog = 0 and 0.114 V/nm. At lower excitation powers, we have a linewidth of∼ 10 meV in both

cases. At higher P, we observe an earlier increase in the linewidth with the trapping potential, similar

to the deviations innIE. We rule out heating as themainmechanismbecause the linewidth broadening
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linewidth broadening to Eog = 0 V/nm.

would occur at the same power, independent of Eog.

5.6 The interlayer excitonMott transition

The interlayer exciton linewidth should broaden as it approaches theMott transition, regardless of the

trap depth. We plot all linewidth versus density curves for various Eog on a scatter plot, which appears

to scale linearly on a semi-log scale for the y-axis (Fig. 5.10). Phenomenologically, we fit the nIE versus

linewidth curve with an exponential,

w(nIE) = w0 enIE/n
∗
IE (5.6)

to extract the critical density n∗IE. Figure 5.11(a) shows the linewidth as a function of IE density for

variousEog in a scatter plotwith the density on a semi-log scale. Amazingly, wefind that the data points

fall onto a universal curve, which suggests a transition occurs at critical density n∗IE, independent of

the local electrostatic environment. We extract a characteristic n∗IE(T = 4K) = 1.20(±0.05)× 1012

cm−2 (Fig. 5.10). Similar measurements were performed at two other temperatures, T = 30 and

50 K (Fig. 5.11(b)-(c)), showing a trend towards higher critical density for higher temperatures (Fig.
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5.11(d)).

Broadening in IE linewidth as a function of nIE was previously observed in indirect excitons in

GaAs double quantum wells131,124 as well as in IEs in MoSe2/WSe2 heterostructures63. Similar to

previous studies, we attribute this broadening to a Mott transition, or the quantum dissociation

of excitons at a critical density. The Mott transition occurs when the ratio of nIE approaches the

size of the exciton, or nIE a2IE ∼ 0.0426,73,132. For intralayer excitons, the Bohr radius, aBohr =

4πε0εTMDℏ2/μe2 ≈ 1 nm (where μ is the exciton reduced mass), can be used as the exciton size,

yielding a Mott density of nintraMott ≈ 4 × 1012 cm−2 84. For the IEs, we estimate the Bohr radius to

be aIE ≈ 1.6 to 2.7 nm73,74. This gives a range for nIEMott ≈ 0.5 − 1.6 × 1012 cm−2. Here we take

nIEMott ≈ 1.6 × 1012 cm−2 similar to Wang, et al.63,126 (black line in Fig. 5.11(d)). The extracted n∗IE

are in reasonable agreement with the Mott density as shown in the IE phase diagram (Fig. 5.11(d)).

To understand the temperature dependence, there are a few considerations. A quasi-2D Saha’s

equation relates the degree of ionization with the interlayer exciton density and temperature133,134,

but more aptly describes purely thermal disassociation, which occurs at much higher temperatures.

Alternatively, one can consider the Mott transition as the plasma-gain-onset density in 2D, which

reduces to a linear dependencebetween theMott density and temperature135. Bothpredict an increase

in nMott with increasing temperature, consistent with a Debye-screening model. However, in the case
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of an IE condensate, strong correlations could change these pictures and further studies are required

to have an accurate understanding of the expected Mott transition density behavior. We note that

although the observed transitions occur below the degeneracy temperature TD, there is no evidence

of an exciton condensate in this sample. The natural defects and the fragility of the condensate state

could hinder formation of coherent condensate state.

5.7 Conclusion

Our capability to create IE traps via finely patterned electrostatic gates allows us to increase the max-

imum achievable IE densities and control their diffusion profile. We can modulate the IE density

with the trap depth, demonstrating electrical tunability across the IE phase diagram. We show evi-

dence for the IEMott transition, which occurs universally at the same density across various trapping

potentials. Our gate tunable IE traps can be designed for novel optoelectronic devices such as exci-

ton transistors136,76,75. Finally, depth-tunable traps are an important step towards reliably creating a

controlled density of cold dipolar excitons away from the excitation spot, removing any laser-induced

heating or coherence effects that could prevent unambiguous identification of a condensate. The re-

alization of the coveted high-temperature IE condensate would open the way for practical on-chip

coherent electronics.
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To see the world for a moment as something rich and

strange is the private reward of many a discovery.

EdwardM. Purcell

6
Spin-Singlet and Triplet Interlayer Excitons

Noteverything iswellunderstood inaburgeoningfield. With the ability to stackTMD

layers due to their van der Waals nature, heterostructures were constructed and studied without a

thorough understanding of the interlayer band structure that would arise. In early studies, the op-

tical selection rules for the interlayer excitons were assumed to directly follow that of the monolayer

TMDs. However, we would find that high symmetry twist angles and the resulting preferential stack-
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ing registries would play an important role in the most often observed optical selection rules in these

systems.

Specifically, wewould find that both the singlet and triplet transitions inMoSe2/WSe2 heterostruc-

tures are allowed. The singlet and triplet interlayer exciton states, with opposite spin characteristics,

couldbeused as the basis for polarization switches58 in excitonic quantumdevices. However, since the

optical selection rules differ for different atomic registries of the TMD heterostructure, the IE emis-

sion spectra, even qualitatively, vary between studies without consistent observation of both singlet

and triplet states or specifications of the heterostructure stacking configuration64,65,137. Theoretical

studies have predicted selection rules for TMD heterostructures based on the stacking orientation,

either 0-degree aligned or 60-degree aligned, and atomic registry, which provide a quasi-angular mo-

mentum to brighten singlet and triplet optical transitions138,40,87. While singlet and triplet interlayer

excitons have been observed in 60-degree aligned heterostructures64,65,137, the observation of these

states in 0-degree aligned heterostructures has not been reported so far. The 0-degree aligned het-

erostructures are predicted to have flipped polarization coupling to the lower and upper transitions,

giving an additional degree of freedom for valleytronic devices.

Wewill first delve into the initial experimental observations. Then we will discuss the symmetry ar-

guments for the selection rules which will explain the initially mysterious behavior of spin-singlet and

triplet interlayer excitons. We will finally present experiments where we electrically control the emis-

sion between the singlet and triplet states in both 0- and 60-degree MoSe2/WSe2 heterostructures.

6.1 Singlet and triplet interlayer excitons

Our experiments employ h-BN encapsulated WSe2/MoSe2 devices with top and bottom gates, and

electrically transparent contacts (Fig. 3.1), as described in Chapter 3. We use a dual-gating scheme

where the top-gate voltage (Vtg) and the back-gate voltage (Vbg) have the same polarity, achieving
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higher carrier densities than in previous IE studies58,14,13 (details in Appendix D). Furthermore, sepa-

rate electrical contacts made for MoSe2 andWSe2 layers allows operating the device as an atomically-

thin PN diode where the current can flow across the heterostructure interface. Below we focus on

two representative devices with 0-degree (called device A) and 60-degree (called device B) stacking

orientations.

Figs. 6.1(a)-(b) show a comparison of the photoluminescence (PL) spectrum for device A and B at

neutral dopingwith circularly co- and cross-polarized exciton emission (Ico and Icross, respectively). We

discuss the details for taking these measurements in Appendix B. In device A, we observe only a single

peak at∼ 1.34 eV. For device B, there are two peaks, one at∼ 1.39 eV and the other at∼ 1.41 eV, with

a separation of∼ 25 meV. As shown in Figs. 6.1(c)-(d), the degree of circular polarization (DOCP),

computed from Ico−Icross
Ico+Icross , of the lower energy peak at 1.39 eV in device B is positive, suggesting the

chirality of the light emitted remains unchanged, unlike the higher energy peak in device B and the

peak in device A. The observation of two peaks with opposite DOCP in device B is consistent with

previous experimental results for 60-degree aligned heterostructures64,65 and their selection rules40,87.

Thus, we tentatively identify the lower and higher energy peaks as triplet (XT) and singlet excitons

(XS), respectively, while the emission energy and DOCP for device A are consistent with a 0-degree

heterostructure59.

The PL spectrum can further be modified by applying gate voltages on the devices. Figures 6.1(e)-

(f) show the PL spectrum from devices A and B as a function of Vtg = αVbg, where α = 0.617

or 1.4 for the two devices (based on each device’s h-BN thicknesses), respectively. In this gate voltage

configuration, we canmaximize our achievable two-dimensional (2D) carrier densityn2D. We identify

four distinct gate regions, marked by I-IV, from the electrostatic doping of the heterostructure (Fig.

6.1(g)). We verify the doping of the layers by measuring the intralayer exciton absorption spectra as a

function of the gate voltage (Fig. 6.2).

The gate dependent PL shows strong atomic stacking registry dependence. For device A (Fig.
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Figure 6.1: Photoluminescence (PL) of interlayer excitons in MoSe2/WSe2 heterostructures. (a)‐(b) Polarization resolved
PL from devices A and B, respectively. Excitation power, P = 0.5 μW and 100 μW, respectively, are used to compare
all existing exciton species. Inset: Lowest energy stacking configuration for 0‐ and 60‐degree heterostructures. (c)‐(d)
Degree of circular polarization (DOCP) extracted from (a)‐(b). (e)‐(f) PL vs. Vtg = αVbg, where α is based on the h‐BN
thicknesses, for devices A and B, respectively. Left inset: device schematic and direction of applied gate voltages. Right
inset: band schematic of an interlayer exciton between the conduction band of MoSe2 and valence band of WSe2. (g)
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6.1(e)), only neutral interlayer excitons labeled as X0 appear in region I. In region II (III), the Fermi

energy crosses the valence band of WSe2 (lower conduction band (CB1) of MoSe2) and we begin to

p-dope (n-dope) the heterostructure forming charged interlayer excitons (CIEs), X+ (X−
1 ). The dis-

continuities in the PL energy between regions I/II and I/III are attributed to CIE binding energies of

∼ 15 meV and∼ 10 meV, respectively, as discussed in Chapter 414. In region IV, when the electron

density is further increased, an additional PL peak,X−
2 , appears∼ 25meV above theX−

1 peak, which

overtakes in intensity with increasing n2D. This additional exciton feature is likely related to reaching

the upper conduction band of MoSe2 (CB2). For device B (Fig. 6.1(f)), we observe a similar discon-

tinuity in emission energy when entering regions II and III due to CIE formation but find the higher

energy peak to always be present as we tune the carrier density.

To understand the angular momentum characteristics of the interlayer excitons, we measure PL

under magnetic fields to determine the effective Zeeman splitting of the exciton species. We perform

polarization-resolved PLmeasurements as a function ofmagnetic field (B) using a cross-polarizedmea-

surement scheme (Appendix B.4.2). Figs. 6.3(a)-(c) show the normalized σ+ (blue) and σ− (red) PL

spectrameasured in deviceA atn2D = 0, 1.02×1013 cm−2, and 1.57×1013 cm−2, respectively. From
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−
2 . Error bars are calculated from the fitting of the peak position. The

dashed lines are linear fits to the energy splitting giving g0 = 6.99±0.35, g1 = 6.06±0.58, and g2 = −10.6± 1.0.

these polarization-resolved spectra, we obtain the PL energy splitting between the circularly polarized

light (ΔE = Eσ+ −Eσ−) as a function of B. Fig. 6.3(d) shows the measured energy difference follows

a linear relation ΔE = gμBB, where g is the effective g-factor and μB is the Bohr magneton. From the

slope of themeasured relation betweenΔE andB, we obtain the effective g-factors forX0,X−
1 , andX

−
2 :

g0 = 6.99±0.35, g1 = 6.06±0.58, and g2 = −10.6±1.0, respectively. Interestingly, the g-factor for

X−
2 is greater than and has the opposite sign of g0 and g1, implyingX−

2 has an additional Zeeman split-

ting contribution and that the chiral light coupling to the K valleys is flipped compared to X0 or X−
1 .

The observation of a higher energy emission in region IV also suggests that transitions between the

highestWSe2K-valley valence band andboth spin-splitMoSe2K-valley conduction bands are allowed.

Thiswould indicate that the higher energy peak is an emissive triplet transitionwith an in-plane dipole

moment, evidenced by far-field emission, unlike dark triplet excitons in monolayers9,10,139.
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6.2 Interlayer exciton selection rules

We established the selection rules for monolayer TMDs in Chapter 2, where we used symmetry argu-

ments to determined the allowed same layer, interband transitions. In interlayer excitons, the optical

transition is from a valence band in one layer (WSe2) to the conduction band of another layer (MoSe2).

The relative shifts between the layers then play an important role in the newly allowed selection rules.

Modified selection rules arise from the space group symmetry of the atomic configuration of

WSe2/MoSe2 heterostructures – as opposed to being purely determined by the symmetry of any in-

dividual, constituent layer, as discussed in Section 2.3. Theoretical calculations40,138 have shown

there are 6 high symmetry atomic registries for the two layer system: 3 for 0-degree aligned (Fig.

6.4(a)) and 3 for 60-degree aligned (Fig. 6.4(b)). We use the same naming convention as in previ-

ous works40,140, whereRμ
h (H

μ
h) represents anR-type (H-type) or 0-degree (60-degree) stacked sample

with the μ = h,X,M sites on the top layer overlapping with the h site on the bottom layer. We will

work through the optical selection rules for the 0-degree aligned heterostructures here and a similar

calculation can be done for the 60-degree aligned heterostructures.

When discussing the selection rules, we must select a single point of reference. In the monolayer

case, this can be arbitrary and we selected the metal (M) point for convenience. In the heterostruc-

tures, the interlayer, interband transition can occur across two different points in the lattice (M, h,X)

and so the quantumnumbersmust be calculated for each symmetry point. Thus, the optical selection

rules for interlayer recombination involve the phase difference from the translation of the Bloch wave

function between the two rotation sites in addition to the orbital angular momentumquantumnum-

ber of each individual layer. This induced phase from the atomic registry translation can be regarded

as an additional quasi-angular momentum in the optical transition, altering the resulting selection

rules.

To get the quantumnumbers at different rotation centers, we can consider the same rotation about
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Figure 6.4: (a) The top and side views of the three 0‐degree stacking conventions,Rμ
h , where μ = h, X, M is the top

layer’s center of rotation when rotating about the bottom layer’s h site are shown. The top layer is the MoSe2 (green)
layer and the bottom layer is the WSe2 (yellow) layer. (b) The top and side views of the three 60‐degree stacking con‐
ventions,Hμ

h , where μ = h, X, M is the top layer’s center of rotation when rotating about the bottom layer’s h site
are shown.

M followed by a translation vector. In Figure 6.5(b), we show that the Ĉ3 rotations can all be written

in terms of the Ĉ3(M) rotation followed by a translation, T(d1) or T (d2). The translations T(d1)

and T (d2) can be written as a linear combination of the lattice vectors. Translating a Bloch wave-

function by a lattice vector will only add a phase but not change the wavefunction itself. Since the

high-symmetry points (M, h,X) can be written as displacement from theM site by a lattice vector,

the translation will only result in an additional phase of ±2π
3 . Taking the axis convention from Yu,

H., et al.40 whereK = 4π
3a (1, 0), one can show that the Ĉ3 quantum numbers, when rotating around

the h and X sites, will be C3 (n,M) + 1 and C3 (n,M) − 1, respectively. In Table 6.1, we show the

C3 (n) quantum numbers for the three different centers of rotations for the first conduction band’s

two spin states (c1 and c2) and the topmost valence band (v), as well as the Sz (n) and σh (n) quantum
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Figure 6.5: (a)The Ĉ3 rotation operator and T(d1) and T (d2) translation operators demonstrated on a TMD lattice.
Lattice locations μ = h,X,M are also shown. (b) Visual representation of writing the rotation operator at different
centers of rotation with respect to Ĉ3(M), T(d1), and T (d2).

numbers.

n = v c1 c2

C3(n,M) −1 0 0

C3(n, h) 0 +1 +1

C3(n,X) +1 −1 −1

σz(n) +1 +1 +1

Sz(n) + 1
2 + 1

2 − 1
2

Table 6.1: The quantum numbers associated with the first valence band, and first two conduction bands of a monolayer
TMD at different rotation centers at theK point. Note that CB1 and CB2 here are the spin‐split conduction band due to
spin‐orbit coupling, so they only differ in their spins.

From here, we can follow the same procedures in Chapter 2 to calculate the allowed transitions for

the various interlayer shiftswith one caveat. In the heterobilayer case, the σ̂h symmetry no longer holds,
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removing Eq. (2.9) as a constraint. We still have the same Ĉ3 rotational symmetry at high-symmetry

interlayer offsets shown in Figure 6.4(a). This results in the following selection rules:

C3
(
n′
)
− C3 (n) + S′z − Sz =


3N± 1 σ± transition

3N z transition
(6.1)

where N is an integer. We find that the allowed transitions depend on the Ĉ3 quantum numbers as

well as the spin. However, when the two layers are displaced relative to each other within the plane,

the rotation axis for the two layers will no longer be the same, resulting in different allowed transitions

depending on the offsets of the layers (Fig. 6.4(a)). In addition, if one of the two layers are rotated 60◦

from the axis convention in Figure 6.5(a) (resulting in 60 degree aligned stacking), then the rotated

quantum numbers, Ĉ′
3, will be related by to Ĉ3 by a factor of −1, as discussed in previous theory

work40.

It was theoretically and experimentally shown that for WSe2/MoSe2 heterostructures, the lowest

energy atomic stacking registry in 0-degree aligned heterostructures is RX
h , representing an R-type

stacking (0-degree aligned) with theX site of the topMoSe2 layer above the h site of the bottomWSe2

layer40,138,59. We check the allowed transitions from the first valence band (v) to the first two conduc-

tion bands (c1 and c2) using these Ĉ3 quantum numbers and find:

C3 (c1,X)− C3 (v, h) + S′z (c1)− Sz (v) = (−1)− 0+ 1
2 −

1
2 = −1 = 3N− 1,

C3 (c2,X)− C3 (v, h) + S′z (c2)− Sz (v) = (−1)− 0+
(
− 1

2
)
− 1

2 = −2 = 3N+ 1.
(6.2)

Thus, from symmetry arguments we see that the first transition (CB1) has σ− circular polarization

and the second transition (CB2) has σ+ circular polarization. These selection rules show that a tran-

sition from c2 is optically allowed and consistent with our experimental observations. Moreover, they

predict spin-singlet and spin-triplet IEs that have opposite circular light polarization coupling to the
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Figure 6.6: Interlayer exciton selection rules for (a)RX
h and (b)Hh

h. Note that they have opposite polarization coupling to
each conduction band, but the circular polarization is the same for singlets or triplets in a given valley.

K valleys (Fig. 6.6(a)). These rules flip in the−K valley due to time-reversal symmetry (C3 → −C3

and Sz → −Sz). A similar calculation can be done for the 60-degree aligned heterostructure and its

lowest energy stacking configuration, Hh
h, as shown in Figure 6.6(b). We summarize all of the transi-

tions for any stacking angle and atomic registry in Table 6.2. A more comprehensive derivation and

quantitative analysis can be found in previous theoretical studies40,138.

Rh
h RX

h RM
h Hh

h HX
h HM

h

v → c1 σ+ σ− z σ+ z σ−

v → c2 z σ+ σ− σ− σ+ z

Table 6.2: The selection rules for R‐type and H‐type heterostructures with different atomic registries.

6.3 Expected g-factor for 0-degree heterostructures

The theoretical selection rules agree well with our observations. To quantify the magnetic field re-

sponse, we look at the expected g-factors for the 0-degree band alignment. Upon applying a magnetic

field, the bands involved in the two transitions will shift (Fig. 6.7) with three main contributions: the

spin, the atomic orbital, and the valley moment. The atomic orbital contribution is only significant
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Figure 6.7: Cartoons of the singlet and triplet interlayer exciton transitions with B > 0T for 0‐degree alignment. The
solid green/yellow lines show the bands at B = 0T and the dotted green/red lines show the bands under magnetic field
with the spin (grey), atomic orbital (yellow), and valley moment (white/black) directions indicated for each band. Band
splittings are exaggerated to clarify the magnetic field response.

for the WSe2 with a value of μl = ±2 depending on the valley. The spin contribution is from the

spin 1/2 of the electrons, 2sz = ±1, which cancel in the X0 and X−
1 case, but provide an additional

contribution of 4 for the X−
2 . Finally, the valley magnetic moment, μ±K = ±m0

m∗ , comes from the

self-rotation of the Blochwavepackets57 and has contributions fromboth the conduction and valence

bands. Each of these contributions will shift each band with an effective g-factor:

gσ+ = gCBσ+ − gVBσ+,

gσ− = gCBσ− − gVBσ−.
(6.3)

We then combine each of the shift for each circular polarization to determine estimated g-factors

for the spin-singlet and spin-triple transitions:

g0−theory
singlet = gσ+ − gσ− =

(
4+ 2

(
m0

mh
− m0

m(1)
e

))
≈ 7.05, (6.4)
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g0−theory
triplet = gσ+ − gσ− = −

(
4+ 2

(
m0

mh
− m0

m(2)
e

)
+ 4

)
≈ −11.05 (6.5)

where we use effective mass values m(1)
e = m(2)

e = 0.8 m0
20 and mh = 0.36m0

15. The expected

g-factor is based on the Zeeman shift of each electron band (Fig. 6.7) without considering any addi-

tional excitonic effects under magnetic field. This model assumes the single-particle bands will fully

determine the Zeeman splitting of the exciton energies. Although studies suggest there are correc-

tions to this picture, the good agreement between the detailed theoretical studies and our simplified

model shows that it uses reasonable assumptions87,141,142. Since we do not account for any effects

associated with doping, such as free carrier screening and band renormalization, our model expects

gtheoryX0 = gtheory
X−
1

. The main difference between the g-factors for the two transitions are the sign of the

g-factor and the spin configuration. The sign differs because of the opposite selection rule described

above. The spin of the upper conduction band is the opposite of the valence band, giving an enhance-

ment of the g-factor by 4 for the upper interlayer exciton transition.

We use the experimentally measured lower conduction band effective mass20 for all calculations.

The measured value differs significantly from the theoretically calculated values of m(1)
e = 0.5 m0

and m(2)
e = 0.58m0

15. We use this value for both conduction bands because of the inconsistency

with the condition thatm(2)
e > m(1)

e when combining the experimental and theoretical values. DFT

calculations predict a 15% larger effectivemass form(2)
e , which can be considered a small change to the

already simplified g-factor calculation.

6.4 Revealing the triplet state in 0-degree heterostructures

The experimental observations of ∼ 25meV splitting between X−
2 and X−

1 as well as the opposite

polarization characteristics are consistent with spin-singlet and -triplet transition selection rules in the

0-degree aligned heterostructure. Quantitative evidence for the singlet and triplet states and opposite
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Figure 6.8: Zeeman splitting for the singlet and triplet excitons in the exciton particle picture and the circular polariza‐
tion light coupling.

circular polarization coupling is revealed by comparing the expected exciton g-factors (calculated in

the previous section) with our measured values. From this model, we calculate the singlet and triplet

g-factors to be g0−theory
singlet ≈ 7.1 and g0−theory

triplet ≈ −11.1, respectively. These calculated g-factors are in

excellent agreement with experimentally observed values both in terms of sign and magnitude. Thus,

we confirmX−
1 andX−

2 as singlet and triplet excitonic transitions, respectively. Wenote that unlike the

traditional picture of singlet and triplet states, the degeneracy of interlayer exciton singlet and triplet

states is already broken due to spin-orbit coupling. These states split differently under magnetic field

as shown in Fig. 6.8 in the exciton particle picture. Thus, we confirm the emission of triplet excitons

in 0-degree heterostructures occur, but only at high n2D.

From this analysis, we can now assign the peaks in the PL spectra (Fig. 6.1(e)) as either singlet or

triplet states. In regions I-III, X0, X+, and X−
1 all have transitions from CB1, allowing us to assign

them as singlet neutral or singlet charged excitons. In region IV, the X−
2 peak is a transition from

CB2 in the presence of free carriers and is therefore a triplet charged exciton. Energetically, the triplet

charged exciton can formwith an electron in CB1 of eitherK valley inMoSe2, but further studies are
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Figure 6.9: PL spectra for device A atVtg = 25V with the X−
1 and X

−
2 regions shaded in purple and orange, respec‐

tively. Inset: Time‐dependent PL measurements to determine the lifetime of X−
1 (τ1 ∼ 6.12 ns) and X−

2 (τ2 ∼ 6.08
ns) by spectrally filtering the energy range indicated. Dashed black lines are exponential fits.

required for a more detailed understanding. The emergence of X−
2 only after sufficient band filling

can be explained by the relative dipole strengths of the singlet and triplet excitons.

The appearance of spectrally resolved exciton branches in region IV enables us to measure the life-

times of these excitons. We spectrally isolate the two peaks obtained at n2D = 1.42× 1013cm−2 (Fig.

6.9) and perform time-dependent PL (TDPL) measurements to find the lifetimes corresponding to

X−
1 and X−

2 are τ1 = 6.08 ± 0.01 ns and τ2 = 6.12 ± 0.02 ns (Fig. 6.9 inset), respectively. The

measured lifetimes are similar for the two species, but still 3 to 4 orders of magnitude longer than

the typical lifetime of neutral or charged excitons in monolayer TMDs (∼ 1 ps32,33). The similar life-

timeswhen the bands are filledwith free carriers suggests the optical dipole strength of the two exciton
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Figure 6.10: (a) Schematic diagram of the lower interlayer exciton transitions with B > 0 T for 60‐degree alignment. The
dotted green/yellow lines show the bands at B = 0 T and the solid green/yellow lines show the bands under magnetic
field with the spin (grey), atomic orbital (yellow), and valley moment (white/black) directions indicated for each band.
The +K (‐K) valley of the valence band aligns with the ‐K (+K) valley of the conduction band. (b) Normalized polarization‐
resolved PL spectra in a 60‐degree device at three different magnetic fields. (c) The extracted PL energy splitting as a
function of magnetic field.

species are similar40,87, consistent with theoretical calculations.

Despite being optically allowed, the spin-triplet exciton recombination must compete with the re-

laxation lifetime (τrelax) of the electron from the upper to the lower MoSe2 conduction band (CB2

and CB1, respectively). From studies on bright and dark excitons in WSe2 10, the τrelax, attributed to

spin-conserving intervalley scattering processes, has a time scale of∼ 60 ps. Even at large doping, our

X−
1 and X−

2 lifetimes are longer than τrelax (Fig. 6.9), meaning observation of the X−
2 PL emission re-

quires a quenching of τrelax via Pauli blocking (Fig. 6.1(e)). This is in contrast with monolayer WSe2,

where the lifetime of the bright exciton ∼ 1 ps is shorter than τrelax, allowing significant emission

from the higher energy exciton. In 60-degree devices, theory calculates the upper transition to have

a dipole strength ∼ 3 times stronger than the lower transition40,87. This could allow for the higher

energy singlet transition to emit without quenching the relaxation process via Pauli blocking.
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6.5 Confirming g-factors in 60-degree heterostructures

The 60-degree alignment case is also expected to have two bright transitions with the lowest energy

transition having the+K (−K) valley coupling to σ+ (σ−) polarized light. When applying magnetic

field, the expected g-factor for the triplet exciton (lowest energy transition) is larger than even in the

0-degree stacked upper interlayer exciton transition, due to opposite signs in the valley moment con-

tributions as well as the spin (Fig. 6.10(a)). When combining these two contributions, we expect a

triplet g-factor of

g60−theory
triplet = −

(
4+ 2

(
m0

mh
+

m0

m(1)
e

)
+ 4

)
≈ −16.05, (6.6)

form(1)
e = 0.8m0

20 andmh = 0.36m0
15.

We performed similar magneto-PL measurement in a separate 60-degree aligned sample and con-

firmed the selection rules and associated large triplet transition g-factor. In Figure 6.10(b), we show

normalized polarization-resolved PL in a second sample (60-degree stacked) and see symmetric energy

shifts with both magnetic field directions. We extract the energy splitting as a function of magnetic

field (Fig. 6.10(c)) and measure a g-factor, g60−stack
triplet = −15.1 ± 0.4, in good agreement with the

theoretical prediction and previous studies65,57,62,87.

6.6 Control between singlet and triplet photoluminescence

With confirmation of the singlet and triplet states in devices A and B, we move to controlling the

emission of the singlet and triplet. We find that the relative intensity of singlet and triplet exciton

photoluminescence can be tuned by electrostatic doping and power of the laser excitation. Figures

6.11(a)-(b) show the power dependence of the normalized PL emission in devices A and B. The dou-

ble peaked features near 1.34 eV and 1.37 eV in devices A and B, respectively, are attributed to CIEs
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Figure 6.11: Tunable interlayer exciton species via excitation power and carrier density. (a)‐(b) Power (P) dependence
of the normalized photoluminescence (PL) spectra atVtg = αVbg = 0 V for devices A and B, respectively. (c) Peak
intensity ratio between the higher energy peak and the lower energy peak for device A (orange) and device B (blue) as a
function of excitation power atVtg = αVbg = 0 V. The higher energy peak does not appear at this carrier density in
device A. (d) The same peak intensity ratio as a function of carrier density at P = 6 μW for device A (orange) and P = 100
μW for device B (blue).
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due to changes in residual doping by the excitation power. We find that device A at neutral doping

is always dominated by lower energy singlet emission without triplet emission even at high excitation

powers. Device B even at neutrality, on the other hand, has a higher energy singlet peak (∼ 1.42 eV)

which becomesmore prominent at higher powers. In the strongly non-equilibrium state at the largest

excitation, the singlet and triplet emission are about similar intensity (Fig. 6.11(c)). While the excita-

tion power can show limited range of singlet/triplet emission ratio, the electrostatic doping tuned by

the gate can vary the triplet/singlet emission ratio in a wide range. Figure 6.11(d) shows that initially

dominant singlet emission in device A turned to more than 70% triplet emission in the high doping

range (n2D > 1.4 × 1013 cm−2), providing a singlet and triplet device where the emission of one

state can be completely turned off. In device B, the inverse ratio can be tuned, with the singlet/triplet

emission ratio varying between 0.5− 2.5 over a similar carrier density range. Thus, theMoSe2/WSe2

heterostructure provides a platform for fully tunable singlet-triplet exciton emission via electrical gates,

excitation power, and the stacking registry.

6.7 Electrical generation of singlet and triplet

In Chapter 4, we showed electroluminescence (EL) of interlayer excitons and controlled the EL dy-

namics in device A. In our search for singlet and triplet excitons, we have realized better control of the

forward-bias current with bias voltage (Vds) and gate voltage (Vtg = αVbg). This resulted in a better

understanding of the EL emission and then full control of the singlet or triplet EL emission in device

B.

Utilizing the electrical contacts in WSe2 andMoSe2 layers, we can operate the device as a gate tun-

able atomically thin p-n diode14, where the interlayer tunneling current across the heterostructure

interface can generate singlet and triplet exciton emission. Fig. 6.12(a) shows the current (Ids) vs.

drain-source voltage (Vds) curve at Vtg = αVbg = 10 V, where α = 1.4, for device B, demonstrat-
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Figure 6.12: Electrical generation of singlet and triplet exciton species in device B. (a) I‐V characteristics of the device
B atVtg = αVbg = 10 V, where α = 1.4 is based on the h‐BN thicknesses. Inset: Optical image of the sample
with yellow (green) lines indicating WSe2 (MoSe2) area, gray solid (dashed) lines indicatingVtg (Vbg), black dashed lines
outlining the contacts, and the red dashed rectangle indicating the sample area of interest in (b)‐(d). (b)‐(d) Spatial maps
of normalized electroluminescence (EL) generated from the sample when in forward bias (Vds = 10, 12 and 14 V). The
black dashed circle indicates the collection spot for the spectra in Figs. 6.14 and 6.15.

ing rectifying diode behavior as expected for a type-II aligned heterostructure. Figs. 6.12(b)-(d) show

the spatial distribution of the electroluminescence (EL) emission from the red outlined area of the

heterostructure (Fig. 6.12(a) inset) under the same gate conditions at different Vds in the high bias

regime. We find that the spatial distribution of the emission is inhomogeneous, presumably due to

disorders in the channel and the lateral gaps between the gate structures. The emission position shifts

sensitively withVds andVtg (see Fig. F.5), which tune the current distribution in the channel.

Fig. 6.13(a) shows all the electrodes that are controlled via the measurement circuit. Device B has

multiple overlapping top and bottom gates, separated by about 300 nm, that span the width of the

sample. These gates allow for electric field and high-density doping control of the heterostructure

region. Both WSe2 and MoSe2 have pre-patterned contacts (yellow and green dashed lines, respec-

tively) and have a corresponding contact gate (dashed grey line). The contact gates create a highly
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Figure 6.13: (a) Optical image of Device B with all active gates and contacts outlined. (b) Drain‐source current (Ids) as
a function of drain‐source voltage (Vds) curve and gate voltages (Vtg = αVbg). (c) Same map as (b) but normalized to
background current (Ids atVtg = αVbg = 10 V).

doped region of the monolayer to reduce contact resistances, allowing efficient doping and p-n diode

transport.

We drive the device with (Vds) and separately tune the density using (Vtg = αVbg) to observe cur-

rent across the MoSe2/WSe2 heterojunction (Fig. 6.13(b)). However, the device also has areas of

the p-n heterostructure sample that have disconnected (electrically floating) gates. As seen in Figure

6.13(b), there is current that is independent of the gate voltage, which we attribute to background

current through the sample outside of our region of interest. We remove this effect by normalizing

the Ids map to the Ids vs. Vds curve taken at Vtg = αVbg = 10 V, which except for the highest Vds,

shows no apparent gate-dependent features. From the normalized map in Fig. 6.13(c), we find the

Vds range where we observe EL (Figs. 6.12(b)-(d)) corresponds to the onset of the current through

the gated sample region. The EL is observed in the heterostructure at lower combinations ofVds and

Vtg as well, which is demonstrated in Figures 6.14(a)-(c) in the following section.

6.8 Full switching between singlet and triplet electroluminescence

Figures 6.14(a)-(b) show the EL spectra collected at a fixed location of the sample (marked by dashed

black circle in Figs. 6.12(b)-(d)) for various gate and bias configurations (along the dotted and dashed
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Figure 6.14: (a) EL spectra as a function ofVds at fixedVtg = αVbg = 2.5 V. (b) EL spectra as a function ofVtg =
αVbg at fixedVds = 7 V. (c) The log of the ratio between the integrated EL emission from singlet and triplet interlayer
excitons as a function ofVds andVtg = αVbg showing voltage regions with singlet and triplet dominant emission.
The colored dotted lines show contours of the total integrated EL. The black dotted and dashed lines correspond to the
linecuts for spectra in (a) and (b), respectively.

line in Fig. 6.14(c), respectively). We demonstrate complete tunability between singlet and triplet ex-

citon EL emission as a function ofVds andVtg. Fig. 6.14(c) maps out the log of the ratio between the

integrated singlet and triplet emission as a function ofVds andVtg, showing voltage conditions where

either the singlet or triplet emission is dominant. The ratio of the EL emission between singlet and

triplet, or triplet and singlet, approaches as large as 10:1. The observed switching is accompanied by en-

hancements in the total EL emission, which we discuss below, but further studies are required to fully

understand the gate-dependence. We have demonstrated electrical generation that can be gate-tuned

to be dominated by either singlet or triplet exciton emission, demonstrating an LED with selectable

emission between opposite spin and polarizability characteristics.

In Figure 6.13(c), we showed that when the background current due to uncontrolled areas of the
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sample are removed, the Ids through the gated regions of the sample is dependent on both Vds and

Vtg = αVbg. Similarly, the largest total integrated electroluminescence (EL) counts (Fig. 6.15(a))

from this area of the sample (black circles in Figs. 6.12(b)-(d)) occur at the sameVds andVtg = αVbg

conditions. Figures 6.15(b)-(c) show the integrated EL contribution from the singlet interlayer ex-

citon (1.396 − 1.474 eV) and the triplet interlayer exciton (1.323 − 1.393 eV), respectively. In Fig.

6.15(d), we plot the difference in the integrated EL singlet and triplet emission, showing regionswhere

singlet (red regions) or triplet (blue regions) emission are dominant. We also observe strong enhance-

ment in the total EL along the blue-dashed line in Fig. 6.15(a), corresponding mostly to emission

from the higher energy singlet interlayer excitons (Fig. 6.15(b)).

The origin behind the enhancement and voltage dependence remains a mystery. The observations

are consistent with resonant band tunneling between theMoSe2 andWSe2 conduction bands, where

the upper conduction band ofMoSe2 would be in resonance with theWSe2 conduction band before

the lower conduction band of MoSe2. In previous studies on MoSe2/h-BN/WSe2 heterostructures,
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current and EL enhancements have been attributed to interlayer exciton coherence66. Further studies

are needed to fully understand the origin of the enhancement and the switching of the EL emission.

These enhancements in EL and thework fromWang, Z. et al.66 gave a strongmotivation to pursue the

possibility of a condensate in electrically generated interlayer excitons, which we discuss in Chapter 8.

6.9 Conclusion

Our capability of gate tuning to access the higher conduction band with opposite spin allows us to

create charged excitons with singlet and triplet spin configurations and opposite chiral light coupling.

The observation of the elusive triplet interlayer exciton state allows for the stacking configuration to be

used in choosing the lowest energy spin state of the interlayer exciton. We demonstrate control of sin-

glet and triplet interlayer exciton emission via electrostatic doping, optical pump power, and injection

current. The observation of these states under the presence of chargesmeans circularly polarized light

coupling in singlet and triplet excitons can switch between fermionic and bosonic character, which

couldbeutilized innovel quantumdevices. Electrical generationof tunable singlet and triplet excitons

inTMDheterostructures, combining long EL lifetime14with local gate engineering143, paves theway

towards independently controlling chiral, valley, and spin quantum states in valleytronic devices.
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Question everything. Learn something. Answer nothing.

Euripides

7
Charged interlayer excitons under magnetic

fields

External magnetic fields can be a powerful tool for studying the spin and valley

characteristics in condensed matter systems. In semiconducting TMD heterostructures,

magnetic fields can be used to break the valley degeneracy and understand the valley Zeeman effect of
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interlayer excitons. Based on our studies of the singlet and triplet interlayer excitons, we proceeded to

study themagnetic field behavior of the interlayer excitons as a function of free carrier doping. In both

intralayer and interlayer exciton studies, charged exciton species have been shown to form in the pres-

ence of free carriers42,43,14,144. However, the nature of the formed charged interlayer excitons and their

g-factors are notwell understood. While previous studies use the single particle band shifts to attribute

singlet or triplet charged interlayer excitons77,87,144, they did not touch on the potential interactions

due to the charges under magnetic field, which are present in the monolayer cases145,45,22,20,146.

In this chapter, we study the g-factors of neutral and charged interlayer excitons in MoSe2/WSe2

heterostructure devices and reveal details in the g-factor and valley populations under magnetic fields.

We use electrostatic gates to study how these properties are tuned by free carrier density. Finally, we

usemagnetic fields at high electron doping to confirm that the interlayer excitons are formed from the

second conduction band electrons of the MoSe2 K-valley with a spin-orbit splitting of∼ 20 meV.

7.1 Circularly polarized interlayer exciton species

In these studies, we use an h-BN encapsulated, 0-degree aligned WSe2/MoSe2 device with top and

bottom gates and electrically transparent contacts (Fig. 3.1), as described in Chapter 3. To reduce the

electric field effects from carrier density effects, we use a single-gate doping scheme, which we describe

in detail in Appendix D. Since this device has MoSe2 as the top layer and WSe2 as the bottom layer,

we apply Vbg for Vg < 0 V and Vtg for Vg > 0 V such that the doped layer screens the electric field

between the layers14, as discussed in Chapter 4.

We perform circular polarization dependent photoluminescence (PL) measurements under differ-

ent out-of-plane magnetic fields (B) using a cross-polarization measurement scheme (Appendix B.4).

This setup minimizes the polarization dependent response of the system and allows the extraction of

the valley information of the PL due to the negative circular polarizability of the singlet interlayer exci-
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tons77,62,87,40. All measurements are performed with an excitation wavelength of 660 nm and power

of 15μWat 5K. In Figure 7.1(a)-(b), we show the circular polarization dependent PL spectra atB = 0

T. We observe discontinuities in the PL energy position at Vg ≈ −1.4 and 5 V, which are attributed

to the p− and n−doped charged interlayer excitons (grey dashed lines). The right- and left-handed

circularly polarized PL emission, σ+ and σ−, respectively, do not show any significant differences

in spectral energy or PL intensity, which is expected due to time reversal symmetry at zero magnetic

field*. In Figure 7.1(c)-(d), we present the same measurement under a magnetic field of B = −15

*If the circular polarizability were measured instead, we would observe a difference in the polarizability
response, which gives information on the ability tomaintain valley polarization. In the cross-polarization setup,
the σ+ and σ−measurements are symmetric as it gives information on the valleys rather than the polarizability.
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T. Figure 7.1(e) shows representative spectra of the circularly polarized PL in 2V steps where we find

significant differences between the σ+ and σ− PL emission. First, we observe an energy shift between

the σ+ and σ− emission. While the magnitude of energy shifts seem to vary, the sign of the shifts

remains constant throughout the Vg range and are consistent with the expected Zeeman splitting of

the singlet interlayer exciton77 as described in Chapter 6. Second, we find the relative PL intensities

of the σ+ and σ− emission are strongly modulated withVg, switching between σ+ or σ− dominated

emission in the p− and n−doped regimes.

7.2 Valley polarization

To understand the polarization dependent intensity changes, we perform similar measurements at

various B and compare the σ+ and σ− PL intensity. The PL intensity will be proportional to the

density of excitons that couple to a given circular polarization. Based on the singlet interlayer exciton

selection rules40,138,87, σ− (σ+) polarized emission couples to the+K (−K) valley andwe can calculate

the valley polarization145,147 as

P(+K, σ−) =
Iσ− − Iσ+
Iσ− + Iσ+

. (7.1)

In Figure 7.2(a), we show the calculated valley polarization as a function ofVg at B = −15, 0, and 15

T (additional data in Appendix Fig. F.6). For B = 15 T, we observe a strong−K valley polarization

(P(+K, σ−) < 0) when in the p−doped regime and strong +K valley polarization (P(+K, σ−) > 0)

in the n−doped regime. The neutral interlayer exciton in the undoped regime switches between+K

and−K valley polarization. We measure the opposite behavior for B = −15 T, consistent with time-

reversal symmetry of theK valleys. Importantly, this behavior isminimally present (|P+K, σ−| < 0.05)

in the absence of magnetic field (B = 0 T). Valley polarization at B = 0 T is attributed to drifts in the

system’s response to the two circular polarizations, which is only removed via a normalization factor

at a single gate value. The valley polarization measurements gives insight into the formation of the
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neutral and charged interlayer excitons in the two valleys.

In the undoped region without free charges, PL emission is dominated by neutral interlayer ex-

citons. The Zeeman splitting will break the valley degenerate singlet interlayer exciton state and as

shown in Figure 7.2(b). For B > 0 T, σ− emission (+K valley) will be the lowest energy state and

so we expect a larger+K valley polarization. While we observe a stronger+K valley polarization near

the band edges for B > 0 T (Fig. 7.2(a)), the behavior switches in the center of the band gap. Con-

sistent with time-reversal symmetry of theK valleys, we observe the inverse behavior for B < 0 T.We

rule out the electric field playing a major role as the valley polarization does not seem to be affected
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by measurements where only the electric field is modulated (Section 7.4). One explanation of this

behavior could be unoccupied in-gap states148, which could affect the radiative and non-radiative de-

cay processes differently in the separate valleys once the valley degeneracy is broken. Ultimately, the

variations in neutral regime are not well understood and should be subject for future studies.

In the presence of free carriers, the valley polarizations differ for the p− and n−doped regimes,

but both change monotonically with increasing doping. This implies the charged interlayer exciton

populations are modulated by the charges rather than the energy of the excitonic states. The valley

polarization of the free carriers can be characterized by the effective g-factor, gn, of the band (n =

CB, VB)

gn =
ΔEZ
2 μB B

= gspin + gK + gl, (7.2)

where gspin = 1 is the spin contribution, gK = m0/m∗ is the valley Berry curvature contribution (m∗

is the effectivemass of the band), and gl = 0 or 2 is the orbital contribution. This results in an effective

g-factor of gCB = 2.25 for the MoSe2 conduction band (me = 0.8m0
20) and gVB = 5.85 the WSe2

valence band (mh = 0.35m0
15). In Figures 7.2(c)-(d), we show schematics of the Zeeman splitting of

the conduction and valence bands with p− and n−doping. From the band structure schematic, we

see that the electrons and holes will be polarized in opposite valleys for a given magnetic field. In the

valence band (Fig. 7.2(c)), for B > 0 T we expect to find a greater density of holes in the+K valley.

Due to Pauli exclusion, charged interlayer exciton species are predicted to bind with the free carriers

in the opposite valley42,145,149,144. Thus, a large valley polarized hole density in the+K valley would

form a charged interlayer exciton that emits σ+ polarized light via the excitonic transition in the−K

valley. Indeed, we observe increasing σ+ polarized emission (−K valley polarization) in the p−doped

regime. Similarly, in the n−doped regime for B > 0, electrons are polarized in the−K valley, which

forms charged interlayer excitons that have brighter σ− (+K valley) emission. The behavior is flipped

for B < 0, consistent with time-reversal symmetry. Thus, we find the observed valley polarization of
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the charged interlayer exciton is determined by the valley polarization of the associated bound charge.

We note the n−doped regime has larger valley polarization, which persists up to n2D ≈ 3 × 1012

cm−2 before decaying (Fig. 7.2(a)). Assuming the decay begins once the valley polarized bands reach

an equilibrium, we can estimate the single particle g-factor,

gexpCB =
1

2 μB B
π ℏ2

νme
n2D · fv, (7.3)

where ν = 1 is the degeneracy, me = 0.8m0 is the effective electron mass20, and the valley fraction

fv = Iσ−/(Iσ− + Iσ+) = 1
2(P(+K, σ−) + 1), which estimates the fraction of charges that fill the

lower Zeeman split conduction band. From this approximation, we extract a gexpCB ≈ 3.9, which is

in reasonable agreement with the calculated gCB = 2.25. The larger gexpCB is expected considering

previous measurements show 2-3 times larger effective g-factors than the calculated values both in

WSe2 holes22,146 andMoSe2 electrons20.

7.3 Charged interlayer exciton g-factors

We now discuss the interlayer exciton g-factor in the presence of free charges. From the circularly

polarized PLmeasurements, we canmeasure the PL energy of σ+ and σ− emission, corresponding to

Zeeman shifts in theK valleys. We define the neutral and charged interlayer exciton Zeeman splitting

as the difference between these energies

ΔEZ = Eσ+ − Eσ−. (7.4)

Fig. 7.3 shows ΔEZ for various B. The Zeeman shift is expected to shift linearly proportional to the

magnetic field

ΔEZ = gsinglet μB B, (7.5)
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Figure 7.3: Interlayer exciton Zeeman splitting for different magnetic fields. Grey dashed lines indicate where free carrier
doping begins determined from the onset of the charged interlayer excitons.

which we can fit to determine the neutral and charge interlayer exciton g-factor. Figure 7.4 shows

the extracted the gsinglet(Vg) from linearly fitting the Zeeman shift for the various B. We also show a

second data set with a larger density range where we assume the g-factor is linear for a single B = 15

T measurement (purple). We observe significant modulation in the measured gsinglet(Vg) with free

carrier density. In the p−doped regime, we observe a flat gsinglet(Vg) ≈ 6 until reaching a critical

density of p2D ≈ −1 × 1012 cm−2 where gsinglet(Vg) drops to around 4. In the n−doped regime,

the behavior is more subtle, with an increase of the gsinglet(Vg) to around 8 at around n2D ≈ 1.5 ×

1012 cm−2 before steadily decreasing at larger densities. We focus on the features that occur near ∼

±1× 1012 cm−2 and discuss two possiblemechanisms. In the end, the results are not well understood

yet and require further studies to understand the subtleties in the data.

First, we consider a single particle band model. In the simple picture, gsinglet can be considered as

a combination of single particle band shifts of the MoSe2 conduction band and the WSe2 valence
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bands†:

gsinglet = 2(gVB − gCB). (7.6)

Using the calculated values in the previous section, we expect a g-factor shift gsinglet = 7.2 (dashed

black line in Fig. 7.4). The measured g-factor is consistent with this calculated value in the neutral

regime, but the simple picture cannot describe the density dependence.

Previous measurements of the single particle g-factors have shown enhancements near the band

edge in both the WSe2 valence band22,146 and the MoSe2 conduction band20. These enhancements

are attributed to the scaling of the Coulomb interaction energy, which are strongly enhanced at lower

densities where the screening effects are reduced. If both gVB and gCB are enhanced at the band edge,

the effects could cancel out at low carrier densities. As the electron or hole density is increased though,

the enhanced g-factor could be reduced in one of the bands, leading to a density dependence in the g-

†This is equivalent to the calculation done in Section 6.3
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factor. The enhancements at very low densities could be suppressed by the presence of a finite density

of interlayer excitons or disorders near the bottom of the bands, which could explain the saturation in

the g-factor at finite doping in the p−doped regime. While this could explain gsinglet decreasing in the

p−doped regime and the small increase in then−doped regime, it contradicts with the steady decrease

in gsinglet(Vg) above n2D ≈ 2× 1012 cm−2.

Alternatively, we note that the critical density for the decrease (increase) in the p−(n−) doped g-

factor is constant with respect to the magnetic field (Fig. 7.3). This rules out magnetic field induced

quantum states such as Landau level formation or paramagnetism45, which should shift the critical

density as a function ofB. The puzzling behavior could be related to crystallization of the free carriers.

Generalized Wigner crystal states have been shown to exist by either matching the carrier density in

each layer, such as in h-BNseparatedMoSe2 homobilayers150, or at partial fillings of themoiré unit cell

in WSe2/WS2 heterobilayers151,152,153,154. We can estimate the moiré density (one charge per moiré

unit cell) as

n0 =
2

L2
M
√
3

(7.7)

where LM = a√
((a−a′)/a)2+θ2

is the moiré length scale determined by the twisting angle θ and lattice

mismatch, and a is the larger of the lattice constants. Using the lattice constants for MoSe2 (a =

0.319 nm)15 and WSe2 (a′ = 0.316 nm)15 and an estimated θ ≈ 0.81◦ (Appendix C.1), we get

n0 ≈ 1 × 1012 cm−2, closely matching the density at which we observe dips in the g-factor. Strong

interactions at half-filling of the moiré band (n2D = n0) could result in an increase in the effective

mass of carriers. The suppression of the g-factor in the p−doped region would correspond to a 3-fold

increase in the effective hole mass near this density. The details of how the generalizedWigner crystal

state manifests with respect to the interlayer excitons though is still an open question and would be a

promising avenue for exploring charged exciton crystals.

We briefly discuss the large Zeeman splittings near the band edges. At high magnetic fields, the
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opposite valley polarization for the neutral and charged interlayer exciton makes distinguishing the

charged interlayer exciton onset difficult to identify (Fig. 7.1(c)-(d)). This is further compounded by

the charged interlayer exciton binding energy being smaller than the linewidth of exciton emission.

Thus, for example, the observed “enhancements” at the band edges for B < 0 are from comparing the

neutral interlayer exciton emission from σ− with the charged interlayer exciton emission in σ+. Fur-

ther studies with a narrower linewidth sample could reveal a paramagnetic charged interlayer exciton

state similar to observations in monolayers45.

7.4 Dual-gate mapping of valley polarization and exciton g-factor

In the single-gate measurements, once the layer becomes degenerately doped, we can largely exclude

electric field contributions to the PL emission (Appendix D). To confirm, this we measure the cir-

cularly polarized PL at B = 15 T as a function of both Vtg and Vbg. This allows us to separate the

electric field and carrier density components in the undoped regime and also allows us to measure

over a larger range of carrier densities. In Figure 7.5(a)-(b), we show the extracted exciton g-factor and

valley polarization as a function of both gates. In Figure 7.5(c)-(d), we show the same data as a func-

tion of the electric field and carrier density (calculated based on Appendix D). Immediately, we can

see the carrier density has a greater effect than the electric field. The defining features discussed in the

previous sections such as the drop in the g-factor in the p−doped regime (yellow dashed line) and the

valley polarization (grey dotted lines) are dictated by the onset of the free carrier doping rather than

the electric field modulation. While finer tuning may occur due to the electric field, they are not the

dominant effects observed in these measurements.
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cates the drop in the g‐factor.

7.5 Extracting the spin-orbit conduction band splitting

Wefurther explore the charged interlayer excitonbehavior upon reaching the second conductionband.

The emergence of the spin-triplet interlayer exciton at high density was shown inChapter 6. In Figure

7.6(a), we show the density dependence of the maximum PL intensity and find the triplet interlayer

exciton overtakes the singlet interlayer exciton upon reaching n∗2D ≈ 1.3× 1013 cm−2. Using n∗2D and

taking the effective mass of the first conduction band to bem(1)
e = 0.8m0

20 in units of bare electron

mass (m0), we calculate the energy separation between the spin-orbit split MoSe2 conduction band
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conduction band states.

minima:

ΔECB =
π n∗2D ℏ2

ν m(1)
e

≈ 19.5 meV, (7.8)

where we use ν = 2 for the K-valley degeneracy factor. The estimated ΔECB is consistent with theo-

retically calculations139,15, but smaller than previous experimental values20.

In Figure 7.6(b)-(c), we use a dual-gating scheme (Appendix D) tomeasure the circularly polarized

PL emission near the singlet to triplet transition at B = 15 T. We observe the singlet and triplet in-

terlayer excitons shift in opposite directions for σ+ and σ− polarized PL emission, consistent with

the sign of the expected g-factors. Thus, we can label the PL peaks in the σ+ polarized light as singlet

117



(triplet) excitons from the −K (+K) valley. In Figure 7.6(d), we plot the maximum PL intensity of

the four exciton species and observe a shift in n∗2D for the±K valleys. The shift in density, Δn∗2D =

n∗2D(−K)− n∗2D(+K) = 0.55× 1012 cm−2, corresponds to an energy splitting of ΔE = 0.42 meV,

assuming a degeneracy of 4 at this density as the energy scales should be comparable to the temper-

ature (T = 5 K). This energy splitting should correspond to the single band splitting of the second

conduction band (CB2)

ΔEZ,CB2 = 2(gK − gS) μB B = 0.43 meV (7.9)

where gK and gS are the valley and spin contributions as defined earlier. We note that the flipped

spin in the second conduction band of MoSe2 results in a smaller Zeeman splitting than in the first

conduction band (inset of Fig. 7.6(d)). Indeed, we find the measured value agrees very well with the

single band splitting of the second conduction band.

7.6 Conclusion

In summary, we have measured the neutral and charged interlayer excitons under magnetic fields

and observed carrier density dependent valley polarization and effective exciton g-factors. We also

showed through the onset of the triplet exciton, we can extract theMoSe2 conduction band splitting.

Moreover, we can extract the splitting of the second conduction band under magnetic field, which

is consistent with the expected single particle splitting. While parts of the charged interlayer exciton

behavior can be explained by several different theories, including enhanced single particle g-factors

or generalized Wigner crystallisation, a conclusive explanation cannot be made as of now. Still, we

find these studies to be a strong motivation for further exploring the interlayer excitons under mag-

netic fields. The interplay between the charged interlayer excitons and the quantum hall states or

generalizedWigner crystal states in these materials could provide an interesting platform for optically
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coupling to states that are normally probed purely via transport.
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If you do not believe you can do it then you have no chance

at all.

ArsèneWenger

8
Toward the Interlayer Exciton Condensate

A strong motivation for studying dipolar exciton gases is the theoretical pre-

diction for creating a Bose-Einstein condensate (BEC)113,73,132,83. For interlayer excitons

in transition metal dichalcogenide (TMD), the predicted condensate temperature can be as large as

T = 100 K. Furthermore, the interlayer excitons have since been shown to have a wide range of tun-

ability in their emission energy13,14, spin-polarization64,65,137,77, and diffusion characteristics14,155.

120



Once realized, the interlayer exciton BECwould provide a rich platform for exploring BEC physics in

the solid state.

Previous reports have used coherence measurements, along with other transport and optical signa-

tures, to claim evidence for the interlayer exciton condensate66,67. In this chapter, we will outline our

efforts to realize the interlayer exciton condensate, which combines elements of both of the previous

studies. Specifically, we aim to electrically generate the interlayer excitons by tuning the interlayer bias

(as discussed in Chapter 6) in aMoSe2/h-BN/WSe2 heterostructure. We observe clear evidence of in-

terlayer excitons forming between the further separated layers, with a larger dipole moment120 and

darker emission. Furthermore, we observe a resonance in the interlayer current when tuning the bias

and relative carrier densities corresponding to a strong enhancement in the electroluminescence. Fi-

nally, we present second-order coherence, g(2)(τ), measurements of the interlayer excitons that show

evidence towards an interlayer exciton condensate.

8.1 Interlayer excitons with increased dipole moment

We focus our studies on a dual-gated, h-BNencapsulatedMoSe2/h-BN/WSe2 heterostructure (details

in Appendix C). Figure 8.1(a) shows the schematic of the device and the electrical circuit. Each layer

has Pt contacts withmatching contact gate areas, allowing for transparent injection of the free carriers.

A single layer of h-BN is placed between the active MoSe2 and WSe2 layers, providing a tunneling

barrier thatweakly decouples the layers, but not enough that interlayer excitons cannot form. A corner

of the device does not have the h-BN spacer, allowing us to compare the optical behavior for the two

regions. In Figure 8.1(b), we show an optical microscope image of the device with the MoSe2, WSe2,

and h-BN spacer outlined.

We characterize the device with photoluminescence (PL) spectroscopy using a laser wavelength of

660 nm and excitation power of 20μW at different spatial locations. In Figure 8.1(c), we show the
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Figure 8.1: Photoluminescence from MoSe2/h‐BN/WSe2 heterostructure. (a) Schematic of the device showing the
circuit and outlining the regions where there is 1L or 0L of h‐BN spacer. (b) Optical image of the device with MoSe2
(red), WSe2 (green), and single layer h‐BN layer (teal) outlined. (c) Scanning PL spatial map in the area marked by the
black dashed line in (b). (d) PL spectra from representative positions marked in the PL map in (c).
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spatial PL emission from the black dashed area outlined in Figure 8.1(a). We observe suppressed PL

emission in the 0L h-BN area, but strong emission from the monolayer MoSe2 (dashed red area) and

WSe2 (dashed green area) layers as well as the area with the h-BN spacer (dashed teal line). Figure

8.1(d) shows the spectra from 4 representative positions (circles in Fig. 8.1(c)). In the monolayer

regions, we observe intralayer exciton emission from the MoSe2 (red) and WSe2 (green) separately.

We note that the emission is dominated by the excitons, which indicate less defects in thematerials. In

the heterostructure 0L h-BN region (blue), the layers are directly touching and we observe interlayer

excitons. The fast charge transfer and prominent interlayer exciton emission explains the quenching

of the PL emission in the spatial map. In the heterostructure region with 1L h-BN (teal), the h-BN

layer suppresses charge transfer so that significant intralayer exciton recombination occurs. Still, we

observe a peak at 1.41 eV, a lower energy than the intralayer transitions but higher than the interlayer

exciton emission from the 0L region∼ 1.35 eV.

To confirm the interlayer nature of the lower energy excitonic emission in the 1L region,wemeasure

the PL as a function of the electric field. We apply oppositely polarized voltages scaled by the top and

bottom h-BN thicknesses (Vtg = −αVbg, where α = 0.714 is the ratio between the top and bottom

h-BN layer thicknesses), which applies only an electric field without electrostatically doping the layers

(details in Appendix D). In Figures 8.2(a)-(b), we present the electric field dependent PL spectra in

the 0L h-BN and 1L h-BN regions, respectively. Interestingly, we observe a larger shift in the in the 1L

h-BN region. We calculate the electric field (Ehs) as

Ehs =
εhBN
εeff

·
Vtg − Vbg

ttotal
, (8.1)

where εeff is the effective dielectric felt in the TMD heterostructure and ttotal is the combined top and

bottom h-BN thickness. For the 0L h-BN, we assume εeff = εTMD = 7.2 as the interlayer exciton

will be primarily within the TMD layers. For the 1L h-BN, we use εeff = εh−BN = 3.9 as the h-BN
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Figure 8.2: Electric field dependent PL emission in the (a) 0L and (b) 1L heterostructure regions. The emission energy is
tuned by the linear Stark effect. Insets: interlayer exciton with smaller or larger electron hole separation for the 0L and
1L h‐BN regions, respectively.

spacerwillmake up a large portion of the effective dielectric. Wenote that this is an overestimation and

the actual εeff will have contributions from both the TMD and h-BN layers. We expect the interlayer

exciton energy to shift due to the linear Stark effect:

ΔEIE = −e d Ehs, (8.2)

where ΔEIE is the interlayer exciton energy shift, e is the electron charge and d is the interlayer distance.

From the slope of the shifts, we obtain d0L = 0.55 nm and d1L = 0.76 nm. The difference in

the interlayer distance is close to the expected thickness of a single layer of h-BN ∼ 0.3 nm. The

discrepancy is likely due to the overestimation of the electric field in the 1L h-BN case. Nevertheless,

this confirms that the low energy emission peak in the 1L h-BN are interlayer excitons with a larger

dipole moment. The higher energy of the 1L h-BN interlayer exciton emission at Ehs = 0 V/nm is

124



consistent with a weaker binding energy expected for a greater interlayer distance separation74, which

we can extract to be∼ 60meV.We note that the lifetime of the interlayer excitons in the 1L h-BN area

should also be significantly longer, which is suggested by the significantly darker interlayer PL.

8.2 Electrical transport characteristics

To electrically generate the interlayer excitons, we first characterize the transport properties of the de-

vice. We apply a bias voltage (Vds) on theWSe2 layer while grounding theMoSe2 layer and simultane-

ously compensating any changes in the carrier densitywith a combination of the top andbottomgates,

Vtg = αVbg (details in Appendix D). Figure 8.3(a) shows the interlayer current (Ids) as a function of

Vds and Vtg = αVbg. We can drive current when the Fermi level (EF) is tuned into the conduction

band of the MoSe2 or the valence band of the WSe2 (Fig. 8.3(a) top and bottom insets). However,

we also observe a strong enhancement in Ids along a line matching Vds ≈ 0.56Vtg, which should be

when the Fermi level is in the gap (Fig. 8.3(a) middle inset). In Figures 8.3(b)-(c), we take linecuts

along constant Vtg = αVbg or constant Vds and find unconventional behavior in the Ids curves. For

constantVtg = αVbg, the Ids increases smoothly until reaching a plateau. For a range of∼ 1 V, the Ids

remains constant before increasing again. For constantVds, the Ids shows a sharp cusp at a critical dop-

ing density. The observed behavior is not consistent with the expected transport behavior in a type-II

heterojunction. The Ids vsVds curves are expected to show rectifying p-n diode behavior. For the Ids vs

Vtg = αVbg curves, we expect larger current when the heterostructure is doped and no current when

the Fermi level is within the gap.

There are two possible explanations for the peculiar behavior. If the Fermi level is tuned within

the gap such that the electron density (n) and hole density (p) are matched, the formation of inter-

layer excitons could enhance tunneling between the layers beyond the non-interacting single particle

picture66. This is supported by the gate voltage dependence, which tunes the charge carrier density.
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In this picture, the sharp cusp in Ids as a function of Vtg = αVbg (Fig. 8.3(c)) corresponds to the

n = p condition where we observe the maximum current. At largerVtg = αVbg, the heterostructure

becomes p- or n-doped and we observe single particle current. When changing the Vds (Fig. 8.3(b)),

we are tuning both the charge density and the total carriers injected into the heterostructure. For fixed

Vtg = αVbg, the tunneling current will increase with Vds until the n = p condition is reached, after

which the current plateaus because it is limited by the minority carrier (in this configuration, elec-

trons). While a thicker h-BN layer would completely isolate the two layers except for this interaction

induced tunneling, due to the 0L h-BN region, we find Ids eventually increases again after plateauing

withVds.
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An alternative explanation is due to limitations in the injection current. If the contact resistances

are large and the Fermi levels in theMoSe2, WSe2, and heterostructure regions are not independently

controlled, the total current can be dependent on the rates at which the different regions reach equi-

librium rather than the interlayer tunneling rate between the two layers156. This injection limited

current can describe the cusp-like behavior when the bands are inverted by an interlayer bias, which is

incorrectly assumed by the electrostatic model in earlier experimental work66. Our devices have rela-

tively transparent contacts to bothMoSe2 andWSe2with separate gates in the heterostructure and the

monolayer regions, which shouldmitigate this behavior. Furthermore, we donot observe an inversion

of the electron andhole bands in our device aswewill show in our absorption and electroluminescence

data in the following sections. Thus, the intriguing transport behavior cannot be trivially described

by the injection limited current model. Instead, in our measurements, we observe large background

currents when the Fermi level is tuned to match the doping layer in the monolayer regions (either n-

or p- doping), which could be closer to the injection limited current picture. We note that this occurs

away from the n = p condition and appears to be a separate effect. Regardless, while the contact resis-

tances should be greatly reduced compared to other works66 and the electrostatic conditions are not

the same as for the trivial injection current limited theory156, it is still possible our observations are

due to an alternative effect rather than enhanced tunneling mediated by interlayer exciton formation.

8.3 Tuning the carrier density

To understand the bias voltage effect on the carrier density, we use the intralayer exciton absorption

spectra to measure the change in the doping in the sample. In Figure 8.4(a), we show the optical

reflection contrast in the 1L h-BN region as a function of the dual-gate tuned Vtg = αVbg (details in

Appendix D) for Vds = 0 V. The two strong reflection features at 1.67 eV and 1.73 eV correspond

to the intralayer exciton energies in the MoSe2 and WSe2, respectively. For a range of gate voltages
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(between the black dotted lines), we can observe neutral exciton reflection features from both layers

indicating the quasi-Fermi level (EF) is in the gap. The exciton feature give way to trions for p-doping

in WSe2 or n-doping in the MoSe2. When we apply a bias voltage of Vds = 6 V (Fig. 8.4(b)), the

range of gate voltages where the layers are undoped becomes small. Schematics of the band alignment

under both bias conditions are shown in Figures 8.4(c)-(d). For Vds = 0 V, the Fermi level of the

two layers are tuned together by the gate voltages. ForVds > 0 V, the interlayer bias tunes the relative

Fermi level between the layers. Equivalently, with forward bias (Vds > 0),Vds tunes the relative band

alignment between the layers to create a flat band condition allowing current to flow. Since the layers

are coupled across the h-BN layer and we have finite contact resistances, we assume the voltage on the

two layers are not perfectly equilibrated with the contacts and are scaled by a factor of αM and αW for

theMoSe2 andWSe2, respectively. The difference in the quasi-Fermi level in each layer would then be

proportional to (αW − αM)Vds.
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In Figure 8.5(a), we take linecuts of the MoSe2 (dotted lines) and WSe2 (solid lines) exciton re-

flectance resonances for several bias voltages and extract theVtg = αVbg required to begin doping the

layers. We use a cutoff intensity of 0.63, corresponding to approximately 1/e drop in intensity. We

show the extracted values in Figure 8.5(b) where we observe different slopes for the two layers, indi-

cating a bias induced interlayer electric field. We fit the values to our electrostatic model (Appendix

D), obtaining αM = 0.45 and αW = 0.73. From the linear fits, we expect at Vds ≈ 8 V, the actual

interlayer bias will be equivalent to the gap. This is consistent with our observations in the transport

measurements (Fig. 8.3(a)), whereweno longer observe an insulating regimebetween the electron and

hole doped regimes. We use the fitted αM and αW to plot the expected slope for the density matched

condition (n = p) and find reasonable agreement with the n = p condition extracted from the trans-

port measurements (yellow squares).

Wenote that in the ideal casewhere the interlayer resistance is the dominant effect, each layerwould

be equilibrated to their respective leads giving αM = 0 and αW = 1. While this is not the case, we

are also not completely contact resistance limited where we expect αM = αW. Since the layers are

not completely isolated though, we will not be able create an equilibrium density of charge carriers

in each layer, such as in experiments with thicker h-BN spacer layers66,157. This is expected given

the finite interlayer exciton recombination rates indicated by charge transfer across the layers. The

lower resistance between the layers could be due to having only a single layer of h-BN spacer or having

a region of the sample without the h-BN spacer, although the transport measurements imply these

limitations may be in different doping regimes.

8.4 Theory of second-order coherence

The second-order coherence function, g(2)(τ), quantifies the intensity fluctuations as a function of

time delay and is referred to as the degree of second-order coherence. Physically it is measuring the
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Figure 8.6: (a) Second‐order coherence, g(2)(τ), for antibunching case: g(2)(0) < 0. For single‐photon emitters such
as atoms, photons can only be emitted one at a time. (b) g(2)(τ) = 1 for a coherent light source. Photon number
follows a Poisson distribution and photons emit randomly in time. (c) For a thermal or chaotic light source, g(2)(0) > 1.
The photons exhibit bunching due to intensity fluctuations from the source. The coherence time τc indicates the time
scale for the photon in antibunching case and intensity fluctuations in the bunching case.

probability of detecting two photons with a time delay, τ, which describes the correlation between

these photons. In the classical description, the second-order coherence is defined as

g(2)(τ) =
⟨I(t)I(t+ τ)⟩

⟨I(t)⟩
, (8.3)

where I is the light intensity (proportional to the number of photons) and t is time.

The second order coherence at τ = 0 can indicate the type of photon statistics that is present. In

single photon emitters, only a single photon can emit at a given a time, which means the probability

of measuring a photon at τ = 0 will be 0. This is described as photon antibunching and will result in

g(2)(0) = 0 (Fig. 8.6(a)). For a coherent light source, we expect a Poisson distribution of the number

of photons, or photons emitting randomly in time. In this case, we expect a constant g(2)(τ) = 1 for

all time delays (Fig. 8.6(b)).

For an incoherent light source, due to intensity fluctuations at the source, photon bunching occurs,

or g(2)(0) > 1 (Fig. 8.6(c)). In the classical case with Lorentzian broadened chaotic light, we expect

g(2)(τ) = 1+ | g(1)(τ)|2 = 1+ e−2|τ|/τc , (8.4)
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where g(1)(τ) is thefirst order coherence function and τc is the coherence timeof the light. Forpractical

measurements, the linewidth of incoherent light sources are often very broad, and thus, τc can be

shorter than the detection limit. Great effortsmust bemade to detect g(2)(0) > 1 for incoherent light

sources158.

When the light approaches a phase transition from incoherent to coherent light, critical fluctua-

tions in the intensity could result in measurable bunching at g(2)(0)with an enhancement in τc 66,159.

Specifically, g(2)(0) can be enhanced and τc can greatly exceed the expected coherence time for a given

linewidth of the EL emission as well as the detection limit. Thus, observation of g(2)(0) > 1 followed

by a sharp drop to g(2)(0) = 1 as we change the pump power or injection current can be indicative

of a quantum phase transition. This behavior has been shown in lasing transitions in lasers160,161 and

exciton-polariton systems162,163.

8.5 Quantum fluctuations in electrically generated interlayer excitons

With a more comprehensive understanding of the carrier density, we turn to the electrical generation

of the interlayer excitons. In Figure 8.7(a), we apply Vds = 6.2 V at the n = p condition and collect

spectrally filtered electroluminescence (EL) around 1.41 eV, the energy for the 1L h-BN interlayer ex-

citons. We find that the EL emission extends across large parts of the 1L h-BN region but is brightest

at the corner of the heterostructure along the shortest path from theWSe2 to theMoSe2 monolayers.

We observe EL emission even when filtering the 0L h-BN energy (∼ 1.35eV) due to the spectral tails

of the EL. In Figure 8.7(b), we measure the spectrally filtered EL as a function ofVds andVtg = αVbg

froma spot near the center of the heterostructure (white circle in Fig. 8.7(a)), avoiding spectral leakage

from the 0L h-BN interlayer excitons. We only observe EL along a narrow condition near the n = p

condition, consistent with the cusp appearing in Ids(Vtg) in our transport measurements.

In Figure 8.8(a), we show the EL spectra from the 1L h-BN region of the sample for various bias
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Figure 8.7: (a) Electroluminescence (EL) map forVds = 6.2V at the n = p condition. The EL is spectrally filtered for
the 1L h‐BN interlayer excitons. White circle indicates the collection for the following EL measurements. (b) EL counts
as a function ofVds andVtg = αVbg from the white circle in (a) showing a narrow range for EL counts. The EL closely
follows the n = p condition observed in the transport measurements.

voltages along the n = p condition. We observe two peaks (IX1 and IX2) near 1.41 eV, corresponding

to interlayer excitons in the 1L h-BN area, with a separation of∼ 13 meV. The interlayer exciton ener-

gies do not shift significantly supporting the fact that the band alignment remains largely unchanged.

We also observe EL from the intralayer exciton peaks, most prominently from the MoSe2 exciton

(X0
M) and trion (X−

M). In Figure 8.8(b), we use a Hanbury Brown-Twiss interferometer setup (details

in Appendix B) to measure the second order coherence function (g(2)(τ), where τ is the time delay)

of the combined IX1 and IX2 peak as a function of Vds. Interestingly, we observe photon bunch-

ing (g(2)(0) > 1) for a range of Vds indicating bias-voltage induced critical quantum fluctuations66.

Above or below this voltage range, g(2)(0) = 1. The observation of g(2)(0) = 1 can be due to a de-

crease in the coherence time (τc) below the detection limit162 (∼ 300 ps), or, more fascinatingly, due

to a coherent state or condensate where the EL statistics is Poissonian.

In Figure 8.8(c), we show the Gaussian fitted peak intensities of IX1, IX2, X−
M, and X0

M to under-

stand the evolution of the excitonic peaks with the bias voltage. We also show the measured current
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Figure 8.8: (a) Electroluminescence (EL) spectra for variousVds along the n = p condition. Each spectra is offset by
2×103 counts. Two interlayer exciton peaks in 1L h‐BN area (IX1 and IX2) and the MoSe2 trion (X−

M) and exciton (X0
M)

peaks are used in later analysis. (b) EL intensity correlation function, g(2)(τ), from the IX1 and IX2 peaks at variousVds.
Each curve is offset by 2. Black dashed line shows a representative fit to the g(2)(τ). (c) Fitted peak intensity for IX1,
IX2, X−

M and X0
M as a function ofVds. Right axis: corresponding current (Ids). (d) Fitted g(2)(0) from (b) as a function

ofVds showing EL fluctuations for a range ofVds before rapidly decreasing back to 1. Right axis: The fitted time scales
τcorr and τosc.

(Ids) over the same range. We find that the IX1 peak and Ids scale similarly with theVds. However, the

onset of IX2 occurs at a larger Vds and eventually overtakes IX1 in intensity at Vds ≈ 5 V. For the

intralayer peaks, X−
M overtakes X0

M when the X0
M peak intensity abruptly saturates at Vds ≈ 6.3 V.

We note that the current does not have any defining features at these critical voltages. In Figure 8.8(d),

we show the fitted g(2)(0) as a function of the bias voltage. We find critical EL intensity fluctuations

(g(2)(0) > 1) are only present between the two critical voltages discussed above. This suggests the

onset of IX2 is important for observing the g(2)(0) > 1, while the saturation of the X0
M coincides

with the sharp decrease in g(2)(0).

The observation of g(2)(0) > 1 for a small range ofVds suggest the EL intensity fluctuationsmight

be induced by a phase transition, which disappear upon reaching the condensate phase66,162. Unlike
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in previous EL coherence measurements66, the critical fluctuations in our experiment originate from

the interlayer excitons. Specifically, IX2 appears to be the relevant interlayer exciton species, which

coincides with the fluctuations. We speculate that IX2 and IX1 could be the interlayer exciton and

charged interlayer exciton, respectively, where the energy splitting matches previous reports of the

charged interlayer exciton binding energy14,108. In this case, only the exciton, a composite-boson,

would follow Bose statistics and be able to form a condensate. Alternatively, IX2 could be an entirely

separate emission peak specific to the condensate. We also observeX−
M intensity increasing across both

critical voltages similar to IX2. This could be an electron from the longer-lived condensate phase form-

ing a trion with the shorter-lived intralayer exciton and enhancing recombination, similar to previous

experiments66. The X−
M emission would dominate recombination from theMoSe2 once the conden-

sate forms beyond the second critical Vds when g(2)(0) = 1, consistent with the observed plateau in

the X0
M intensity.

The shape of the non-zero g(2)(τ) can give us further insight on the time-scales involved in the inten-

sity fluctuations. We fit the second-order coherence to a phenomenological equation (representative

fit shown with a black dashed line in Fig. 8.8(b)):

g(2)(τ) = 1+ g(2)(0) e−2|τ |/τcorr cos
(
2π τ
τosc

)
, (8.5)

where τcorr and τosc are the correlation and the oscillation timescales. We extract a τcorr = 80− 200 ns

and τosc = 150 − 300 ns in the Vds region where fluctuations are present. For an ideal thermal light

source, we expect τcorr = τc, which is determined by the radiative linewidth. However, for fluctua-

tions induced by a phase transition, τcorr can far exceed τc. In the fluctuation regime, the linewidth of

IX2 extracted from the EL spectra is approximately 12meV (Fig. 8.9(b)), corresponding to τc ≈ 27 fs,

nearly 7 orders ofmagnitude smaller than themeasured τcorr. Although themeasured linewidth could

have significant inhomogeneous broadening, the large discrepancy in the timescales suggests a phase
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transition induced enhancement in the correlation timeof theEL*.We also comment on τosc, which in-

dicates an exchange timescale in theELfluctuations. The coupling energy scale,Eosc = 2π ℏ/τosc ∼ 10

neV, increases with theVds and ismuch smaller than any energy scale between the EL spectral features.

Oscillations in g(2)(τ), found in nanolasers, have been attributed to coherent oscillations between

photons and carrier populations, which indicate the presence of a coherent field160,161. Since the in-

terlayer excitons and resulting EL do not interact with an optical cavity in our system, any coherence

and the corresponding oscillationsmust be from the interlayer excitons themselves. This is in contrast

to lasing or exciton-polariton systems, which make use of an optical cavity to generate coherent light.

Finally, we discuss two additional supporting measurements that are consistent with a phase tran-

sition to an exciton condensate. Figure 8.9(a) shows the EL peak intensities as a function of the in-

jection current (Ids). We can see that IX1 has a sublinear power law dependence with Ids, while the

other peaks all increase superlinearly. We find the power law scaling for IX2 is ∼ 1.8 while the the

intralayer excitons are as large as 2.3. The superlinear dependence is consistent with enhancements

*Conversely, for τc ∼ 100 ns, the radiative linewidth would need to be 3 neV, or 7 orders of magnitude
smaller than the measured linewidths.
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in the recombination rate across the phase transition162, but could also be explained by other two

photon processes such as Auger recombination. In Figure 8.9(b), we show the extracted linewidths

from the EL spectra. When the excitons condense, we expect them to increasingly occupy the ground

state, reducing their linewidth. Intriguingly, we find the linewidth increases for all of the peaks except

for X−
M. This is another indication that X−

M recombination may be inheriting coherence properties.

Furthermore, for a critical Vds ≈ 7.5, we find a slight decrease in the linewidth for all 4 peaks. In

exciton-polariton systems, the spectral linewidth decreases significantly above the threshold power,

because the linewidth upon is determined by the photon in the cavity162,66. While we do not observe

such a sharp transition, it is not fully expected because the spectral linewidth, even in the pure exciton

condensate, can still be limited by disorder and other broadeningmechanisms in the system. Nonethe-

less, these observationsmay give us information about the phase transition which is clearly marked by

the EL intensity fluctuations.

8.6 Conclusion

The experiments presented in this chapter strongly suggest that a phase transition occurs when tuning

theVds along then = p condition. The intensity fluctuations inEL,measured via the second-order co-

herence function, cannot be explained by trivially incoherent light. Other supporting evidence such

as the injection current dependence and extracted coherence times also suggest a transition may be

occurring in this system. However, conclusively claiming an exciton condensate will require further

experiments. The measurement of first-order spatial coherence, g(1)(x1, x2), where x1 and x2 are the

spatial positions, would be a strong indication of the interlayer exciton condensate. The macroscopic

occupation of the ground-state would enhance of the spatial coherence length far beyond the ther-

mal de Broglie wavelength81,164. Performing first-order and second-order coherencemeasurements at

varying temperatures should show the behavior disappear above the degeneracy temperature, which
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we expect is on the order of 10s of Kelvin. Such experiments were performed in GaAs double quan-

tumwells165,81,82, but used laser excitations, which still draws concerns on the degree of laser-induced

coherence. The realization of coherent EL emission mediated by only the excitonic states would be

unrefutable evidence for the interlayer exciton condensate. While such an achievementwould bemon-

umental in its own right, the realization of the interlayer exciton BECwould openmany new avenues

for applications and novel studies of the exciton BECs.
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The search for truth is more precious than its possession.

Albert Einstein

9
Conclusion: The future for interlayer

excitons

Interlayer excitons are composite bosons with a permanent out-of-plane dipole

moment. In this thesis, we have outlined many of the unique properties of the interlayer excitons

and explored their phase diagram. We have used novel optoelectronic devices to control the interlayer
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exciton properties, including their emission energies, lifetimes, and polarization properties. In Chap-

ter 5, we have shown that the Mott transition is reached at large exciton densities, setting the upper

bound for working in the exciton limit. In Chapter 8, we have shown promising results towards real-

izing an purely electrically generated interlayer exciton condensate. Once realized, interlayer excitons

in the TMDheterostructures will be a promising candidate for fundamental physics and applications

research. The interlayer exciton condensates will have many of the unique spin and valley properties

which could be used to study two-fluid condensates. The introduction of charged interlayer excitons

could also explore the interplay between fermionic and bosonic statistics near a condensate phase. In

terms of applications, the realization of a high temperature condensate could lead to excitonic routers

and transistors that maintain phase coherence.

One aspect that has not been discussed in depth in this thesis is the formation of moiré poten-

tials140,166,167,53,168,152,71,169,62,170,171,172,144,173. Small twisting angles in the active layers can give rise

to strong interactions that can modify the band structure and form spatially periodic potentials in

the materials. This can be utilized to create spatially periodic arrays of interlayer excitons for use in

studies of topological excitons or creating model exciton solids. In a sense, we can perform similar ex-

periments as in cold atom BECs with optical traps to model a condensed matter systems with a solid-

state system. One requirement for such experiments would be the realization of the interlayer exciton

condensate. Another important consequence of the moiré potentials is the emergence of strongly

correlated physics. In both twisted TMD and graphene heterostructures, unconventional supercon-

ductivity and correlated insulating states have been observed174,175,176,177,151,153. The interactions of

optically active interlayer excitons and these correlated states could be an exciting direction of research.

Combining the potential for high condensate temperatures, rich correlated physics, and the relative

ease of using 2D materials, the interlayer excitons in TMD heterostructure can be a promising area

of research for many years. The work presented here lays the foundation for these exciting directions,

which will hopefully bear fruit in fundamental understandings in condensed matter systems.
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A
Fabrication details

This appendix will discuss fabrication details mentioned in the main chapters. Rather than a com-

prehensive step-by-step guide, it will different recipes and guides as well as specific tips and tricks for

fabricating devices. In the end, mastering of the fabrication techniques will be dependent on the ma-

terials and stack design, which each person and project will need to develop. In a sense, true mastery

is realizing that certain steps will require some artistic ingenuity.
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Figure A.1: (a) Photo of a prepared transfer slide with a cube of PDMS and scotch tape with PC on a glass slide. Inset:
schematic of the transfer slide. (b) Photo of the transfer stage with the electrically‐controlled micro‐manipulator which
holds the transfer slide. The sample is placed on the temperature controlled rotation stage.

A.1 PC transfer details

The stampweuse for stacking the layers is based onpolycarbonate (PCorPolyBisphenolA carbonate),

which has a glass transition temperature around 150◦. We begin by placing a cube of homemade

polydimethylsiloxane (PDMS), which is a flexible gel that supports the PC film, on a glass slide. We

prepare the PC film by pressing two glass slides together with the liquid PC between them. By sliding

the glass slides apart, we get thin films of PC.We cut a strip of the PC that is on the glass slide, and pick

it up using scotch tape with a hole punched in it. We can then align the PC in the hole of the scotch

tape to the PDMS. Finally, we bake the completed transfer slide at∼ 140◦, or at least the temperature

anticipated during the pick up steps, to help the PC remain on the PDMS. Without this baking step,

the PC could adhere to the SiO2 substrate better than the PDMS and drop off prematurely. In Figure

A.1(a), we show the finished transfer slide where the PC is held down on the PDMS by the tape. An

alternativemethod is to cut a small piece of PCandplace it on top of the PDMSusing a tweezer. While
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the drop off temperature is lower with this method, the PC can accidentally fall off the PDMS during

intermediate steps, which the tape method avoids.

Figure A.1(b) shows the transfer stage in the Kim lab. Once the stamp is prepared, we attach it to

the micro-manipulator to begin stacking. For the pickup steps, we place the glass slide at a small angle

to better define the starting point of the wavefront. We place the substrate with the first flake (usually

a top h-BN layer) on the temperature controlled rotation stage, which is held down via vacuum. For

the first pick-up, we generally increase the temperature to between 90◦ and 120◦ C so that the PC

can conform well to the outline of the h-BN layer. We control the wavefront with either the stage

temperature or the computer-controlled z motor height. We note that the temperature controlled

wavefront can be a slower, but more controlled process because the wavefront will gradually expand

as more of the PC touches the surface. Once the h-BN layer is fully covered, we can begin to pull back

the PCfilm. Generally, the temperature is set to no lower than 70◦ to 80◦C tomaintain the stickiness

of the PC film. If the wavefront will not retract back over the flake as the temperature is lowered,

the z height of the manipulator can be raised to slowly remove the film. This method is effective at

picking up flakes below∼ 70 nm, and higher temperatures will be required for flakes that are thicker

or particularly stubborn to pick up.

For the subsequent layers, we align the top stack with the flake of interest and then lower the PC

film to pick up the subsequent layers. A similar process is used except the stage does not need to

go as high in temperature. Generally, a temperature between 50◦ to 80◦ C will be sufficient for the

PC wavefront to be reliably controllable with the temperature and stage height. To minimize any

chances of oxidation-type defects on the TMDs, we generally use the minimum temperature that is

controllable. At temperatures lower than 40◦ C, the wavefront can jump across the flake of interest

and is not advised to be used.

For the final drop off, we will set the angle of the glass slide to be as flat as possible, which increases

the wavefront speed, but guarantees better alignment, less sliding, and better adhesion of the PC to
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the substrate. We lower the stack on the area of interest, usually in the center of alignment marks

or aligned to pre-patterened contacts and the bottom gate, at an intermediate temperature where the

wavefront can be controlled. Then we raise the temperature until the PC film begins to melt. This

usually occurs between 170◦ and 180◦ C. At this point, we can slowly raise the z height of the micro-

manipulator until the edges of the PCfilmbegin to tear. If the temperature is sufficiently high, the PC

filmwill havemelted onto the SiO2 substrate and the transfer slidewill liftoff. If the temperature is not

high enough, the PC filmwill stretch and the entire film could violently retract back. If it appears the

film is doing this, it is advisable to go to higher temperature to allow the PC to melt. The alternative

method without using the tape method only requires a temperature of around 140◦ C for the PC

film to adhere to the SiO2 and come off of the PDMS. However, in general the tape method is more

reliable for removing the PC film at the final step rather than during intermediate steps.

A.2 Cleanroom recipes

This section will include the electron beam lithography recipes used and general tips for cleanroom

lithography steps.

A.2.1 Electron beam lithography designs

We design our device designs using AutoCAD and optical images of the device. For the bottom gates

and Pt contacts, we usually use pre-patterned alignmentmarks which are written using either electron

beam (e-beam) lithographyor optical lithography. Since the alignmentmarkers canbe larger than 1μm,

minimizing distortion is more important than resolution of the writing. We generally use numbers at

each alignment mark whichmakes finding the area of interest easier in both the lithography steps and

in the optical setup.

One tip for device design is for any features on top of h-BN to have rounded edges rather than
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sharp edges. The sharp edges on the insulating substrate result in build up of charges resulting in

small cracks or whiskers at these edges. These cracks generally are difficult to see and will extend out

to the nearestmetallic surface creating shorts that become apparent aftermetal evaporation. By having

smooth turns in the design, this effect is mitigated. If this is unavoidable, an expensive alternative is

to use AQUASAVE. AQUASAVE is a conductive layer that is spun at 2000 RPM and generally not

baked, which helps with non-conducting surfaces. It should be removed with 60 seconds in water

before the development process.

A.2.2 General electron beam lithography recipe

For most e-beam lithography steps, unless specifically specified, this standard recipe is used. It has the

most versatility in terms of quick liftoff, decent resolution, and allows for up to∼ 250 nm of metal

evaporation without issues. It can also withstand up to at least 10 minutes of h-BN etching if step 2

is repeated.

Generally if this recipe fails, it will be due to small feature sizes (< 300 nm), long etching require-

ments, or large metal evaporation heights. One can try taking tricks from either the PdAu gate recipe

or the Pt contact recipe to improve results. Another possibility is expired PMMA - the expiration date

for PMMA is usually only 1 year after the date of purchase. While the e-beamwill certainly last longer

than this, unsolvable lithography problems have magically disappeared upon using a fresh bottle of

e-beam resist.

1. Spin 495 A6 PMMA for at 4000 RPM for 1 minute. Bake sample at 180◦C for 2 minutes on

hot plate.

2. Spin 950 A6 PMMA for at 4000 RPM for 1 minute. Bake sample at 180◦ C for 2 minutes

on hot plate. (For long etching steps requiring multiple exposures to O2 plasma, a second top

layer can be added by repeating this step again).
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3. Write the design using e-beam lithography tool of choice:

• For Raith:

– Small features: 500 μC/cm2 at 30 μmaperture gives quickwrite times for relatively

small features (> 500 nm).

– Large features: 500 μC/cm2 at 120 μm aperture with resolution of∼ 1 μm.

• For Elionix:

– Small features: Write with 1 nA with 50,000 dots and a dose time 2 (0.06) μs/dot.

– Large features: Write with 10 or 20 nA at 50,000 dots and a dose time 0.2 or 0.1

μs/dot.

4. Develop the PMMA:

• For writes on h-BN or other highly resistive substrates, develop with a 3:1 mixture of

freezer-chilled IPA:H2Ofor 2minutes. This is a slower (less harsh) development process

that aids in preventing cracks in the PMMAmask when writing on resistive substrates.

• For all otherwrites (such as SiO2), developwith a 1:3mixture ofMIBK:IPAfor 1minute.

This process is faster and I believe gives cleaner development of the PMMA.This can be

critical for processes require flat surfaces (such as the back gate).

5. Etch or evaporate metals.

6. Remove the PMMA (or metal lift-off) overnight by leaving the sample in acetone.

• This process can be accelerated by putting the beaker with acetone on a hot plate at 55◦

C for a few hours. This can be as short as 1-2 hours if it is the double layer resist in this

recipe.
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• When removing the PMMA, one can spray with an acetone spray bottle or a plastic

pipette. The acetone spray bottle is harsher but generally safe unless the 2D flakes are

not well attached to the surface.

A.2.3 Palladium gold (PdAu) alloy gate recipe

There are a few tricks for achieving flat and bottom gates with very small feature sizes. The first sug-

gestion is to mainly use the Elionix as the high accelerating voltage (125 kV) is helpful for writing

designs reliably. The second is to use the thinner e-beam resist. The thinner e-beam resist places the

design closer to the surface giving less chances for shadowing in higher resolution designs. Finally, the

final trick is the evaporation. The PdAu gates are evaporated with a thermal evaporator. Aligning the

long axis of the fine features to the thermal evaporator boat minimizes the chances for bunny ears and

uneven gate shapes. The last step is especially important for small features such as quantum dot gates.

This gate recipe was originally created with the idea of creating quantum dot gates. These designs

generally have long aspect ratios with gate width and separation may be less than 100 nm. This is

generally the best design when creating designs with small feature sizes as this allows for the acetone

to flow between the gates and lift off the unwanted PMMA. Gate designs, such as circular holes in a

metal gate, will have harder times lifting off. This was tried but required sonication of the sample to

get the circles to lift off (not recommended with a heterostructure in place and should be treated as a

last resort for lift off). The final suggestion is to write an array of these gates if possible. Since it is a

bottom gate, generally there is room to create many versions of these bottom gates (at least 3x3). This

gives a higher chance of finding a set of bottom gates that will be flat enough to be used for a device.

1. Spin 495 A2 PMMA for at 4000 RPM for 1 minute. Bake sample at 180◦C for 2 minutes on

hot plate.

2. Spin 950 A2 PMMA for at 4000 RPM for 1 minute. Bake sample at 180◦C for 2 minutes on
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hot plate.

3. Write the design using e-beam lithography tool of choice (Elionix is recommended):

• For Raith: 500 μC/cm2 at 30 μm aperture gives quick write times for relatively small

features (> 500 nm).

• For Elionix, small (ultra fine) features: Write with 1 nA (300 pA) with 50,000 (500,000)

dots and a dose time 2 (0.6) μs/dot.

4. Develop the PMMA immediately before placing in the thermal evaporator:

• For writes on h-BN or other highly resistive substrates, develop with a 3:1 mixture of

freezer-chilled IPA:H2Ofor 2minutes. This is a slower (less harsh) development process

that aids in preventing cracks in the PMMAmask when writing on resistive substrates.

• For all other writes (such as on SiO2), develop with a 1:3 mixture of MIBK:IPA for 1

minute.

5. Evaporate Cr (1 nm ) / PdAu (9 nm) in a thermal evaporator with a chamber pressure in the

low 10−7 Torr. Use rates between 0.2 - 0.5 Å/s for the Cr layer and 0.5 - 1 Å/s for the PdAu

layer.

• Align the long axis of the gate design with the axis of the evaporation boat and place the

PdAu boat closest to the center holder (directly underneath the chip). This reduces any

chances of a shadow which can contribute to asymmetric gate shapes or bunny ears.

• Thermal evaporation of PdAu (similar to Pd) can be extremely volatile with the evapora-

tion rate going from 0.1 to 2 Å/s in a flash. Patience in increasing the current across the

boat and increasing it “adiabatically” is important tominimize these jumps. It is possible
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reach a meta-stable condition between 0.5 and 1 Å/s long enough to evaporate the gate

thickness.

• The evaporation rates have trade-offs although I generally aim for the lowest rate in the

suggested ranges. If slower, it can increase the chance of creating a dirty film because the

rate becomes closer to the rate of “junk” evaporation. Faster rates can be worse as the

film may not be as uniform. Since our goal is to create a very flat film, we generally err

on the side of lower evaporation rates.

6. Liftoff in a beaker of acetone overnight. In the morning (or∼ 10 hours later) spray the gates

with acetone and let the sample soak for a additional 1-2 hours. Repeat the acetone spray again

to remove any remainingmetal. This allows for the PMMAthat is between two long, narrowly

separated gates to get removed by acetone flow.

A.2.4 Platinum TMD contact recipe

The Pt contact recipe was developed to solve p-type contacts in the WSe2. The recipe uses weak O2

plasma to try to clean the h-BN surface before evaporating. The PMMA recipe can be replaced with

495A4 and 950A6 if the feature sizes will be larger than 1 μmas it is a little bit safer for theO2 plasma

etch. The A2 recipe can achieve finer resolution and could be preferred. It is also preferred to use the

Raith as the lower accelerating voltage (30 kV) may have more back-scattering which could create a

larger undercut. This undercut is thought to reduce the amount of bunny ears.

1. Spin 495A2 (A4) PMMAfor at 4000RPMfor 1minute. Bake sample at 180◦Cfor 2minutes

on hot plate.

2. Spin 950A2 (A6) PMMAfor at 4000RPMfor 1minute. Bake sample at 180◦Cfor 2minutes

on hot plate.
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3. Write the design using e-beam lithography tool of choice (Raith is preferred):

• For Raith: 500 μC/cm2 at 30 μm aperture gives quick write times for relatively small

features (∼ 500nm).

• For Elionix: Write with 1 nA with 50,000 dots and a dose time 2 μs/dot.

4. Develop the PMMA. Since the Pt contacts are usually on h-BN bottom layers, this is usually

a 3:1 mixture of freezer-chilled IPA:H2O for 2 minutes. If they are directly on SiO2, a 1:3

mixture of MIBK:IPA for 1 minute may be better.

5. Lightly clean the contact areas by doing anO2 plasma cleaning step of 15 seconds at 40%power

at 40 sccm (RIE-9).

6. Evaporate Cr (1 nm ) / Pt (19 nm) in the e-beam evaporator with a chamber pressure in the

low 10−7 Torr (default with lab’s Evap2 evaporator). Use rates of 0.2 Å/s for the Cr layer and

0.1 Å/s for the Pt layer.

• Turn on the Peltier cooling voltage sources (which lower the stage temperature by

around 40◦) or change chilling water temperature to be 5◦ C before the Pt evapora-

tion step. Pt requires very high e-beam currents to evaporate and the chamber will heat

up to high temperatures. Without changing at least the chilling water temperature, the

PMMAwill crack and the evaporation will not lift off.

• For the heating reason mentioned above, we do not evaporate at a rate higher than 0.1

Å/s.

7. Liftoff in a beaker of acetone overnight. In themorning (or∼10hours later) spray the contacts

with acetone and let the sample soak for a additional 1-2 hours. Repeat the acetone spray again

to remove any remaining metal.
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B
The Optical Setups

In this appendix, the optical setups, the logic behind their design, and the relevant equipment will be

discussed. This should allow one to put together the optical setups used for the experiments in this

thesis. Each experiment had issues in their initial setup that will be briefly discussed in each section to

hopefully save a future researcher some time. All of the knowledge gathered in this appendix is owed

to strong collaborations with other optics experts in the Kim, Lukin, and Park groups at Harvard.
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Figure B.1: Photo of the 4f confocal microscope setup in the Kim lab.

B.1 The optical setup: 4f confocal microscope

Optical measurements were performed using a 4f scanning confocal microscopy setup. Figure B.1

shows a picture of the setup, including a Montana instruments, closed-loop 4K optical cryostat, the

optical paths, Princeton instruments spectrometer and camera, andM2 tunable continuouswave laser

(inside long black box).

There are two primary reasons for using a 4f scanning confocal microscope for our measurements,

rather than a simpler 4f confocal system. The first is the ability to measure exciton diffusion in our

samples, which occurs readily given the long lifetimes and dipole repulsion at high exciton densities.

The second is to generate scanningmaps of thephoton counts throughout the samplewithoutmoving

the often hysteretic low-temperature piezo stages.

When performing photoluminescence (PL) or electroluminesence (EL) measurements, we either
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Figure B.2: Scanning 4f confocal microscope setup when operating in photoluminescence or electroluminescence mea‐
surements. The two lenses, with focal lengths f1 and f2, combined with the scanning galvo mirrors allow us to select any
point on the sample. We fiber couple the excitation and collection paths. We excite the sample with a 660 nm diode
laser and direct the collection into either an avalanche photo diode (APD) or a spectrometer to measure the lumines‐
cence.

excite excitons in the sample using a laser or generate them by passing current across our heterostruc-

ture device. The setup is designed such that the beam size coming out of the cryostat objective is

magnified to match the collection or excitation objectives. Since there is a third lens in the path (the

two lenses and the sample objective), the tilted angle of the galvo mirror is mapped to a spatial point

on the sample. This is demonstrated in Fig. B.2. We can then steer the beam using the galvo mirrors

so that we can collect anywhere within our sample, limited by the size of the mirrors and lenses.

We fiber couple the excitation and collection paths, allowing us to change them without major

realignment. We generally excite the sample with a 660 nm diode laser (other excitation sources are

described in the text) and direct the collection into either an avalanche photo diode (APD) or a Prince-
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ton Instruments spectrometer and camera to measure the luminescence. Each collection instrument

has its advantages.

APDs (Appendix B.7.1) arewell known for counting single photons in very low count rate samples,

such as quantum dots. They also have the advantage of very fast readout times, allowing one to per-

form time-resolvedmeasurements. In the experiments in this thesis, we collect light into theAPDs for

creating scanning confocal images, for time-resolved PL or ELmeasurements, and coherencemeasure-

ments. They are generally more efficient in terms of counts per second than the spectrometer so light

can also be filtered by band-pass filters and sent into the APD for quicker, diagnostic measurements.

For time-resolved measurements for extracting lifetime or degrees of coherence, the APD is our only

option.

The optical parts are selected with the consideration of matching the size of the beam to the back

aperture of the objective (mode-matching) near the interlayer exciton wavelength. The beam size (D)

needed to optimally couple light between for these two parts is

D =
4 f λ

MFDπ
(B.1)

where f is the focal length, λ is the light wavelength, andMFD is the mode field diameter of the fiber.

For our system, using a Thorlabs 780 nm single mode fiber and an Olympus 10x objective, we get

D = 3.896 mm. We compare this to the size of the back of the objective

Dobj = 2 fNA = 2
Ltube
M

NA, (B.2)

where Ltube is the obejctive’s tube length,M is the magnification, and NA is the numerical aperture.

For the Zeiss objective, we have a magnification of 100x and a tube length of 165mm. Thus, we get

Dobj = 2 · 1.65 mm · 0.75 = 2.475 mm for the size of the back objective. So to match the two beam
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Figure B.3: Double galvo setup for two separate channels for the confocal microscope. The same setup as the single
galvo confocal except a beamsplitter is placed to allow for two separate galvos.

sizes in our system, we choose lenses of focal length 250mm and 400mm, whichmagnifies the beam.

B.2 Double galvo confocal setup

Our setup includes an additional set of galvos on the second path, labeled path B in (Fig. B.3). Im-

portantly, we use a pellicle beamsplitter to split the beam paths. The thickness of the pellicle is thin

such that different angles of the galvo mirrors do not significantly misalign the beam path. This al-

lows the use of two separate sets of scanning mirrors for two separately controlled paths. The main

motivation for the second path is to control the excitation and collection paths independently in dif-

fusion measurements. We also use the second path for any extraneous measurement setups such as

the polarization setup (Section B.4) or the first order coherence measurements (Section B.6).

B.3 White light reflection imaging

The setup can be modified for spatial imaging by adding beamsplitters into the path between the two

lenses (Fig. B.4). By inserting the beamsplitters here, the two lenses provide a real space image at the

camera. We use this configuration to get a spatial reflection image of the sample using a broadband
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Figure B.4: For the white light imaging setup, we place beamsplitters between the lenses to add a white light lamp and
camera. This allows for white light reflection real‐space imaging.

white light source. This is important for identifying the sample location and roughly focusing the

laser beam spot. The white light source can also be inserted for performing broadband absorption

measurements as it will uniformly illuminate the sample area. A similar measurement could be done

with an additional lens in order to perform k-space imaging.

B.4 Circular polarization

In this section, we discuss circular polarization measurements. One important discussion point is

brought to light here, which is the naming convention of the circular polarization in TMD literature.

Having lost many hours with these considerations, I believe it is important to enlighten the confused

reader here. If one considers circularly polarized light reflecting off of a mirror (the same behavior as

the intralayer excitons), we expect the opposite polarization as the incoming light (Fig. B.5). In this

sense, it would be accurate to describe this as circular cross-polarization. However, in the literature,

the polarization behavior is described as if it were a transmission measurement, perhaps due to tra-
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Figure B.5: A demonstration of the behavior of circular polarization when reflecting through a mirror. The right circular
polarized (RCP) light created by the quarter wave plate (QWP) will reflect and turn into left circular polarized (LCP) light.
Upon returning through the setup the light will be blocked by the initial linear polarizer.

ditional optics experiments. In Figure B.6, we see the emission polarization of the monolayer TMD

in both directions. The selection rules (and the coupling to the K valley), in the crudest description,

actually determine the circular rotation of the light, while the handedness is determined by the light

propagation direction. Thus, a true cross-polarization measurement (which is allowed in the reflec-

tion from a mirror) is described as a co-polarized measurement. This will be true in almost all TMD

literature and in this thesis. This means, for example, σ+ excitation and σ+ collection, the expected

behavior for the bright exciton inmonolayer TMDs defined as co-polarized, ismeasured by having the

excitation and collection linear polarizers perpendicular to each other. The “cross-polarized”measure-

ment scheme (Section B.4.2) is named according to the literature convention and the measurement

setup actually has the linear polarizers parallel in alignment (also as seen in Fig. B.5), which blocks out

the monolayer or trivial reflection signal.

For polarizability measurements, or general polarization measurements, we place the quarter wave
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Figure B.6: A comparison of the circular polarization in transmission or reflection of a mirror or monolayer TMD. The
rotation direction will be the same as the oscillating dipole looks identical from either side. However, the propagation
direction will dictate the label of right circular (RCP) or left circular polarized (LCP) light.

plate (QWP) in the common path as close to the objective as possible. Most optical parts maintain

linear polarization well, but do not maintain circular polarization nearly as well. In this setup, the cir-

cularly polarized light only goes through the objective, which is theminimumnumber of optical parts

to travel through. The linear polarizers are placed after the beamsplitter but before the galvos. The

galvomirrors may introduce some rotation and are usually avoided for this reason. In this way, we can

change both the excitation and collection polarizers separately. We note that the dichroic mirror used

for our co-aligned confocal setup is themain culprit for ruining the polarization so thismethod avoids

changing the polarization afterwards. Because the system may have biases towards s (perpendicular)

and p (parallel) polarizations, in order to accurately get the polarizability of the sample, it is important

to measure all four combinations, i.e. exciting with σ± and collecting with σ±. One can then use this

for removing the biases of the optical setup.

B.4.1 Polarizability setup

The PL intensity signal can be considered as I excitation/collectionPL = I excitation/collectionsample I collectionsystem , where

I excitation/collectionsample and I collectionsystem are the sample and system dependent signal with a given excitation and
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Figure B.7: Optical polarization setup where the quarter wave plate (λ/4 or QWP) is placed as close to the sample at 45
degrees from the fast and slow axes of the system. The linear polarizers (LP) choose an axis to either measure cross‐ or
co‐ circular polarized measurements.

collection polarization. The degree of circular polarization can be defined as

DOCP =
I cosample − I crosssample

I cosample + I crosssample
, (B.3)

which is only dependent on the sample. In order to extract the DOCP, we can define the co- and

cross-polarization in terms of the measured signal:

I cosample = I σ+/σ+
sample = I σ−/σ−

sample

=
I σ+/σ+
PL
I σ+system

=
I σ−/σ−
PL
I σ−system

=

√
I σ+/σ+
PL I σ−/σ−

PL
I σ+system I σ−system

(B.4)
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and
I crosssample = I σ+/σ−

sample = I σ−/σ+
sample

=
I σ+/σ−
PL
I σ−system

=
I σ−/σ+
PL
I σ+system

=

√
I σ+/σ−
PL I σ−/σ+

PL
I σ+system I σ−system

.

(B.5)

By plugging in Eq. B.4 and B.5, we can remove the system contribution from theDOCP.We show

the resultant equation for the DOCP given all four measurements are taken:

DOCP =

√
I σ+/σ+
PL I σ−/σ−

PL −
√
I σ+/σ−
PL I σ−/σ+

PL√
I σ+/σ+
PL I σ−/σ−

PL +

√
I σ+/σ−
PL I σ−/σ+

PL

. (B.6)

B.4.2 Cross-polarized measurement setup

An alternative and quicker measurement for the polarization-resolved PL (but no polarizability) is

to place the quarter-wave plate (λ/4 or QWP) and the linear polarizer in the common path together

and rotating the QWP by 90 degrees for the two measurements. In this case, only cross-polarized

measurements can be taken, which for IEs still provides significant signal given lower polarizability.

However, the advantage of this measurement scheme is that the system response for the intensity of

the excitation and collection will remain constant for all measurements, allowing a quicker and more

reliable measurement of the σ± emission. Without a magnetic field, the K-valleys are degenerate and

the response should be trivial. However, when measuring the response from the separate K-valleys

undermagnetic fields, thismeasurement scheme canbeused toquickly and accurately characterize the

PL emission energy and intensity from each K-valley. This measurement scheme is used in Chapters

6 and 7 to extract the IE g-factors and valley polarization.
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Figure B.8: Optical polarization setup where the quarter wave plate (λ/4 or QWP) and a single linear polarizer (LP) are
placed in the common path closest to the sample. It will always measure the cross‐polarization.

B.5 g(2)(τ)measurement setup

For the g(2)(τ)measurements, we employ a Hanbury-Brown and Twiss (HBT) interferometer setup

(Fig B.9). The emission is fiber-coupled and sent to a 50:50 fiber beamsplitter. The two arms of the

fiber-splitter are sent to two identical fiber-coupled APDs (details in Appendix B.7.1). For PL or EL

measurements of interlayer excitons, the slow APDs (APD A/B) are used for these measurements.

The output pulses of the APDs are connected to the Picoharp (Appendix B.7.2) via BNC cables into

the channel 0 and 1 counters. Using thePicoharp software, we run time-tagged time-resolved (TTTR)

measurements that count every incoming photon from both channels and their time stamp. We post-

process the correlation between all photons to extract the g(2)(τ) second-order coherence. Thesemea-

surements can be employed for observing bunching due to quantum fluctuations in phase transitions

as in Chapter 8 or for anti-bunching in single photon emitters.

While relatively simple in design, we experienced a few major issues during the setup. The first

is that the APDs may have a large radiation footprint, much larger than the encasing of the module.

To solve this issue, we were required to separate the APD spatially by at least the length of the short-
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Figure B.9: Hanbury‐Brown and Twiss setup for g(2)(τ) measurements. The collection is split by a 50:50 beamsplitter
and sent to two separate APDs. The APDs signal is sent to a Picoharp (photon counter) which time marks each photon
count.

axis of our optical table (4 feet). In addition, the radiation appears to be the greatest in the plane of

the detector (perpendicular to the fiber input) so the APDs are placed so their position is in series

(not parallel). The second issue we experienced is re-emitted IR wavelength photons. We observed

bunching of photons at τ = ±50 ns, implying correlations. This photon bunching would move

with the center delay time (by lengthening one arm). We believe the origin of this issue is the improved

photodetecting efficiency for APD A and B in the NIR regime. This could increase the number of

re-emitted photons from the APD. To solve this, we inserted a shortpass filter in the path to cut out

wavelengths longer than the emission wavelength.

Once the extraneous g(2)(τ) signatures were removed, we tested the second order coherence setup

by measuring across the lasing transition of a 660 nmThorlabs diode laser. We observe intensity fluc-

tuations in the g(2)(τ) signal when the diode laser is driven near the lasing transition (Fig. B.10(a)). In

Figure B.10(b), we show the fitted g(2)(0) for the various laser currents and observe clear signatures of

a lasing transition. Below lasing, the coherence time is broader than our detection limit and we mea-

sure g(2)(τ) = 1. When approaching the lasing transition, we observe g(2)(0) > 1 due to quantum

fluctuations. Interestingly, we also observe oscillations, which could be due to population exchange

with the optical cavity160,161. Above the lasing threshold of around 60 mA, the second-order coher-

ence returns to g(2)(τ) = 1 indicating coherent light emission (Section 8.4).
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Figure B.10: Hanbury‐Brown and Twiss g(2)(τ) of a diode laser across the lasing transition. (a) g(2)(τ) for various diode
laser currents showing intensity fluctuations near the lasing transition. Lasing occurs at around 60 mA. (b) The fitted
g(2)(0) for various laser currents. g(2)(0) returns to 1 above the lasing transition.

B.6 g(1)(τ)measurement setup

While we do not present any first-order coherence measurements in this thesis, we have prepared an

interferometer for these measurements in the future. For the g(1)(τ)measurements, we built a Mach-

Zehnder interferometer. Figure B.11 shows the interferometer setup used, which is built on ChB,

allowing the galvos to still select our sample position. There are two arms, which are initiallymeasured

out to be the same length. One arm has a retroreflector (an optical element designed to send the light

back with some small displacement) placed on a motorized stage in the path, which can be used to

control path length. The path length translates to a delay in the two arms, which can be continuously

changedwith themotorized stagewith step sizes as small as∼ 200nmand a full range of 12mm. Even

with its approximate homing accuracy of 1 μm, the stage should have a minimum time resolution of

5 fs. This setup can also be used for g(1)(τ, x) measurements by collecting from a different position
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Figure B.11: Mach‐Zehnder setup for g(1)(τ) measurements. The collection is sent split into two arms by a beamsplitter,
where one arm has a stage which controls the retroreflector position. This translates to a change in the interferometer
arm length and a delay time in the measurement.

with the second arm. Initial measurements had issues due to dispersion caused by the retroreflector.

Themain cause was retroreflector was not hollow and the input signal was broader than themeasured

coherence signal. To remedy this, a hollow reflecting retroreflector was installed instead.

In order to test the quality of our coherencemeasurements, we began withmeasuring the behavior

of the most obtainable coherence light sources in our lab: the lasers. We reflect the laser from the

sample into the interferometer setup where the light is split into the two arms before being sent into

the same photon counter (an APD). We move the retroreflector, while measuring the APD counts,

and observe interference oscillations in the total counts. We are able to achieve a visibility of close

to 0.7, which could be improved by further alignment of the interferometer (Fig. B.12(a)). These

oscillations persist up to the maximum range of our motor stepper (∼ 12 mm). Furthermore, in

Figure B.12(b), we can look at the first-order coherence visibility of an incoherent light source with

a 10 nm bandpass filter. In this case, the coherence length is significantly smaller and we observe the

164



1.0

0.5

0.0

Path delay length (µm)

N
or

m
al

iz
ed

 In
te

ns
ity

0 1 2 3-3 -2 -1

(a)

(b)
1.0

0.5

0.0

Path delay length (µm)

N
or

m
al

iz
ed

 In
te

ns
ity

0 100 200-200 -100

Figure B.12: (a) Normalized laser coherence fringes measured in the g(1)(τ)Mach‐Zehnder interferometer. (b) Normal‐
ized coherence fringes of an incoherent light source with a 10 nm bandpass filter with a finite decay length.

oscillations decay as a function of the delay length. We also observe the signal has nodes along the

path length to the square shape of the bandpass. These measurements serve as a demonstration of the

interferometer setup, which will be used for future temporal and spatial coherence measurements.

B.7 Optics Parts list

Here we list a few key instruments or parts that are in the optical set up which are critical for the

measurements in this thesis. Hopefully, this can serve as a guide for future confocal setups or to refer

to for finding old instruments.
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B.7.1 Avalanche photo diode (APD)

At the time of this thesis, we have three APDs available for use. We have two Excilitas single photon

counting modules (SPCM-900-14-FC), which we call “slow APDs.” The slowAPDs (APDA and B)

are specifically screened at 900 nm to have high photon detection efficiency (sim 45%). They are spec’d

with an output pulse width of 10 ns, output pulse height of 2.2 V, dead time of 22 ns, maximum dark

counts of 100 counts per second. For interlayer excitonmeasurements near the NIR range, we expect

lifetimes of at least 1 ns and emission wavelengths between 850 - 950 nm so these APDs are ideal for

these measurements. We also have a “fast APD” with around 30 ps resolution, which is less efficient

in this NIR range.

B.7.2 Picoharp 300

For all time-resolved photon counting or correlation measurements (except for first order coherence),

we use the Picoharp 300, a picosecond histogram accumulating real–time processor. The Picoharp

has two channels, channel 0 (Ch0) and channel 1 (Ch1), which are independent and each have a time

resolution of 4 ps. In measurements with a trigger, Ch0 is the trigger input and Ch1 is the main

measurement input. In EL lifetime and PL lifetime measurements, the laser pulse output trigger or

voltage modulation trigger output are used for Ch0 and the emission APD counts are used for Ch0.

In the g(2)(τ), the two APD outputs gets sent into each channel and the two channels are treated

identically.

B.7.3 Spectrometer

In early measurements, we use a Princeton Instruments spectrometer with a PIXIS:256BR cam-

era. In more recent measurements, the camera is upgraded to the BLAZE:400HR camera. The

BLAZE:400HR is a particularly powerful camera bought specifically for its improved efficiency in
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the NIR range and larger number of pixels. This allows for efficient collection of the interlayer exci-

ton emission and larger area for imaging. The spectrometer has three gratings installed: a 300, 600,

and 1200 grooves/mmwith either 1 μmor 750 nmBlazewavelength. These allow for coursermeasure-

ments with broadband collection or finer measurements. Themeasurements are generally performed

by fiber coupling into the spectrometer, but has amanual slit that can be opened for performing imag-

ing directly with the camera.

B.7.4 Other parts

A rough list of the important optical components in our setup are listed here.

• Zeiss customvacuumcompatible 100Xobjective, 0.75NA, 4mmworking distance (additional

spec’s onMontana Instruments website)

• Thorlabs 660 nm, pigtailed laser diode with a single-mode fiber (LP660-SF40).

• Thorlabs 705 nm, pigtailed laser diode with a single-mode fiber (LP705-SF15).

• M2 laser with tunable wavelength from 700 to 1050 nmwith output powers up to 5W. Pump

laser of 532 nm, which can be free-space coupled.

• Most mirror mounts are from Radiant Dyes (MDI-HS-2-3025-1/4”-20). The mounts are

smooth in alignment and stable over long periods of time (similar quality for half the price

of Thorlabs or Newport’s high quality mounts).

• All mirrors are broadband dielectric mirrors from Newport (10Q620BB.HR2). They have

broadband reflection from either 350 - 1100 nm or 650 - 1100nm wavelengths and are ideal

for theNIRmeasurements. After switching to thesemirrors, we realized the interlayer excitons

were present in many of our samples.
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C
Device Details

The glory of the science will often overlook the details of the materials. There

are a few important devices that were essential for the making of this thesis. Some are created with the

help of fellow graduate students or very talented undergraduate students. Credit is noted here when

that is the case. We will label them here as they are described in the chapters and provide details of the

device.
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Figure C.1: Optical images of S49 (a) 100x image (b) 2.5x image.

C.1 S49 or Device A

One of the first devices created with bright interlayer excitons, S49 played an important part in the

search for interlayer excitons. It is the primary device in Chapters 4 and 7, and referred to as device A

in Chapter 6. The device image is in Figure C.1 It is a 0-degree heterostructure that has a Cr/PdAu

bottomgatewithCr/Pd top gates. The device encapsulated by top andbottomh-BNwith thicknesses

of 70 nm and 114 nm, respectively. The WSe2 contacts are made with Cr (1 nm)/Pt (19 nm) and the

MoSe2 contacts aremadewithCr (1 nm)/Pt (9 nm). TheTMDlayers areCVTgrown crystals sourced

from HQ Graphene (commercial company). The approximate angle between the stacked layers is <

2◦, based on second harmonic generation (SHG)measurements (Figure 3.6). The optical images have

conflicting clean edges so the relative angle extracted this way ranges from Δθ ≈ 0.81◦ − 2.7◦. The

h-BN thicknesses are also the basis for discussion on device electrostatics in Appendix D. This device

was fabricated with the help of Kateryna Pistunova.
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Figure C.2: Optical images of AJ28 (a) 100x image (b) 10x image.

C.2 AJ28 or Diamond Trap

The “Diamond” trap was the main device for trapping as shown in Chapter 5. The device image is

shown in Figure C.2. The MoSe2, WSe2, and hBN layers are prepared via mechanical exfoliation on

285 nmSiO2 substrates. TheMoSe2 andWSe2 bulk crystals are grown via the fluxmethod. The hBN

thicknesses are 36.2nmand59.1nm for the top andbottomh-BN, respectively. The stack is assembled

by picking up each layer starting with the top hBN. The final stack is placed on ultra-flat Cr/PdAu

alloy (1 nm / 9 nm) bottom gates written on a 285 nm SiO2 substrate. The wire gate width (∼ 250

nm) and outer gate separations (∼ 500 nm) are measured via scanning electron microscopy (SEM)

images (Figure 5.2(b)). The same gates are evaporated on top of the completed heterostructure. Edge

contacts were fabricated by reactive ion etching parts of the monolayer region with O2/CHF3/Ar gas

mixture and then evaporating Cr / Au leads (5 nm / 120nm). It should be noted these contacts are

not sufficient for electronic transport but can be used for electrostatic dopingmeasurements. The top

stack was prepared by Kateryna Pistunova.
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Figure C.3: Optical images of AJ41 (a) 100x image (b) 2.5x image.

C.3 AJ41 or Device B

AJ41 or Device B was originally designed for trapping with 13 spatially aligned top and bottom wire

gates. They are 1 μm-wideCr (1 nm) / PdAu (9 nm) top andbottomgateswith a separation of 200nm.

The device image is shown in Figure C.3. The trapping turned out to be less effective in this device

and instead became a useful for studying the spin-singlet and triplet interlayer excitons (Chapter 6).

The layers in device B are aligned by the natural edges of the sample. With the knowledge of 60-degree

alignment from our experiments, the relative angle of device B extracted from the clean edge for each

layer in the optical images is Δθ ≈ 58.76◦. It is a 60-degree aligned heterostructure. It is encapsulated

with 100 nm top h-BN and 70 nm bottom h-BN. Both the WSe2 contacts and the MoSe2 contacts

are made with Cr (1 nm)/Pt (19 nm). They each have contact gates made of Cr (1 nm) / PdAu (9 nm),

but the gate placements are not ideal for the MoSe2 due to the device geometry. The TMD layers are

flux-grown crystals sourced from JimHone’s group at Columbia University.

171



Figure C.4: Optical images of Achilles (a) 100x image (b) 2.5x image.

C.4 Achilles

Achilles is the device discussed in Chapter 8 and shown again in Figure C.4. The device is a top (52

nm) and bottom (75 nm) h-BN encapsulatedMoSe2/1L-hBN/WSe2 heterostructure with a graphite

bottom gate and Pd top gates. The TMD flakes were mechanically exfoliated from flux-grown bulk

crystals Jim Hone’s group at Columbia University. The spacer h-BN layer is verified to be a a single

layer based second harmonic generation (SHG). The layers are stacked using a dry transfer technique

and placed down on pre-patterned Cr (1 nm)/Pt (19 nm) contacts. The top gates and contact gates

are made of Cr (1 nm) / Pd (9 nm), and are thin enough to be optically transparent. During the

measurements, the contact gates on the MoSe2 (WSe2) layers are kept at +10 (−10) V to dope the

monolayer regions allowing transparent injection of electrons (holes). This device was fabricated by

Andrés M. Mier Valdivia.
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D
Electrostatics in Interlayer Exciton

Heterostructures

In this Appendix, we discuss the details behind the electrostatic calculations for ourMoSe2/WSe2 het-

erostructures. There are two important considerationsweremade that differ from graphene or bilayer

graphene samples: (1) the finite difference in the interlayer dielectric. The transition metal dichalco-

genide (TMD) layers have a different dielectric constant compared to the encapsulating h-BN which
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Figure D.1: (a) Schematics of the device structure and definition of variables for electric field in the TMD. (b) Gaussian
pillbox schematic.

change the electric field that the interlayer exciton will feel. (2) the two layers will become degener-

ately doped at different gate voltages. This can have important consequences when considering the

net electric field that exists between layers. In other words, the top and bottom gate are not symmetric.

D.1 Electric field only configuration

Wefirst discuss creating only an electric field between the layers. The values used in this section are for

the device in Chapter 4 or device A in Chapter 6.

In a parallel plate capacitor with a single slab ofmaterial in between, the electric field can be defined

to be the ratio between the voltage difference and the distance between the parallel plates. When there

is a thin sheet ofmaterialwith a different dielectric constant as in FigureD.1(a), the electric fieldwithin

this sheet will be effectively smaller. Let us define the top and bottom h-BN thicknesses to be ttotal/2

and the thickness of the TMD to be d, where d ≪ ttotal. We can start by drawing a Gaussian pillbox

(Figure D.1(b)), where the displacement field into and out of the box will be equal (there are no free

charges):

εh−BN EBN = Din = Dout = εTMD Ehs (D.1)
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EBN =
εTMD

εh−BN
Ehs (D.2)

whereEBN andEHS are the electric fields in the h-BN andTMD layer respectively. Now ifwe integrate

the electric field along a straight line from the top to the bottom plate:

Vbg − Vtg = −
∫ bot

top
⃗EField · d⃗l = −

(
EBN · (ttop + tbot) + Ehs · d

)
(D.3)

We can use Eq. D.2 and ttotal = ttop + tbot to get an expression for Ehs:

Vbg − Vtg = −
((

εTMD

εh−BN
Ehs
)
· ttotal + Ehs · d

)
(D.4)

Ehs = (Vtg − Vbg)/(
εTMD

εh−BN
· ttotal + d) =

Vtg − Vbg

ttotal
/

(
εTMD

εh−BN
+

d
ttotal

)
(D.5)

Because of our initial assumption, d ≪ ttotal, to first order, we can ignore the second term in the

denominator. Therefore, we can define the electric field felt by the interlayer excitons (Ehs) to be:

Ehs =
Vtg − Vbg

ttotal
·
(
εh−BN
εTMD

)
(D.6)

where Vtg is the top gate voltage, Vbg is the bottom gate voltage, εh−BN = 3.9 and εTMD = 7.2178

are the dielectric constants for h-BN and TMD, and ttotal = 184 nm is the total h-BN thickness. This

allows us to calculate Ehs and extract the electron hole separation (d) from the linear Stark shift:

ΔEnergy = p · Ehs = edEhs (D.7)

where p⃗ is the dipole moment and e is the electron charge.
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Along with the electric field, there will be electrostatic doping due to the gate voltages. We define

the carrier density doping due to the two gates in the intrinsic regime to be:

n =
Ctg Vtg

e
+

Cbg Vbg

e
− n0 (D.8)

where Ctg = εh−BN/ttop and Cbg = εh−BN/tbot are the capacitances per unit area for the top and

bottom gates, e is electron charge, and n0 is the density of in-gap states needed to be filled before

filling the conduction band. In order to avoid electrostatic doping of the TMDs, we use

Vtg = −αVbg (D.9)

with α = ttop/tbottom = 0.614, where ttop = 70nmand tbottom = 114 nmare the top and bottomh-BN

thicknesses respectively. When Eq. D.9 is inserted into Eq. D.8, we get no change in doping due to

the electrostatic gates. This gate configuration is defined to be only changing the electric field without

changing the doping level in the TMD layers and is confirmed from our absorption measurements as

shown in Fig. 4.1(b).

D.2 Dual-gate configuration

Here, we would like to introduce the electrostatics of our dual-gated doping scheme. Here we will

describe the electrostatics for our heterostructure (MoSe2 on top) while controlling both gates. The

same analysis can be considered with the inverted heterostructure (WSe2 on top).

Let’s begin with the following definitions (Figure D.2): CTMD = εTMD
d is the capacitance per unit

area of the TMD layers, Ctg =
εh−BN
ttop and Cbg =

εh−BN
tbot are the electrostatic capacitances per unit area

of the top and bottom gates, Cq, tg and Cq, bg are the quantum capacitances per unit area associated

with the top and bottom gates, μm and μw are the chemical potentials of the MoSe2 andWSe2 layers,
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Figure D.2: Schematic of the device structure and definition of variables for dual‐gating and doping in the TMD.

μ0m and μ0w are the chemical potentials at which theMoSe2 andWSe2 layers begin to be doped, σm and

σw are the carrier densities in the MoSe2 and WSe2 layers, and d is the interlayer distance. From here

we can set up a system of equations to solve for the chemical potentials:

 σm = εTMDEhs − εh−BNEtop

σw = εh−BNEbot − εTMDEhs
(D.10)


ttopEtop = Vtg − μm

tbotEbot = μw − Vbg

dEhs = μm − μw

(D.11)

 σm = −Cq,tg(μm − μ0m)

σw = −Cq,bg(μw − μ0w)
(D.12)

where Eqs. D.10 are Gauss’s law for MoSe2 and WSe2 layers, Eqs. D.11 are the electric field between

each layer, and Eqs. D.12 describe the effects of quantum capacitance. When solving these equations
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for Ehs, we get the following expression:

Ehs =
μm − μw

d

=
1
d

(
Cq,bg + Cbg

) (
Ctg Vtg + Cq, tg μ0m

)
−
(
Cq, tg + Ctg

) (
Cbg Vbg + Cq, bg μ0w

)(
Cq, tg + Ctg + CTMD

) (
Cq,bg + Cbg + CTMD

)
− C2

TMD

(D.13)

We can simplify this equation by making approximations on the values of the capacitances. From

plugging in the relevant numbers for the capacitances,

CTMD =
εTMD

d
∼=

7.2ε0
0.6 nm

∼ 12 ε0 nm−1 (D.14)

Ctg/bg =
εh−BN
ttop/bot

∼=
3.9ε0
100 nm

∼ 4× 10−2 ε0 nm−1 (D.15)

where εh−BN = 3.9 and εTMD = 7.2178 are the dielectric constants for h-BN andTMD,we canmake

the approximation that

CTMD ≫ Ctg/bg (D.16)

The quantum capacitance will depend on whether we are in an intrinsic or doping regime:

Cq ∼= 0 (intrinsic)

Cq =
e2 m∗

π ℏ2 = 4 m∗ ε0
m0 a0 ∼ 102 ε0 nm−1 (doped)

(D.17)

where m∗ is the effective mass of the relevant band, m0 is the bare electron mass, and a0 is the Bohr

radius. The expression for the quantum capacitance includes the valley degeneracy, while assuming

that only a single a single spin component per valley is occupied. This is valid at low doping, as in our

experiments, where the Fermi energy is below (above) the second conduction (valence) band, which

is split by spin-orbit coupling. When either layer is doped, then we can also make the approximation
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that

Cq ≫ Ctg/bg. (D.18)

Then using the approximations in Eq. D.16, we can simplify the electric field expression from Eq.

D.13 to be

Ehs ∼=
1
d

(
Cq,bg + Cbg

) (
Ctg Vtg + Cq, tg μ0m

)
−
(
Cq, tg + Ctg

) (
Cbg Vbg + Cq, bg μ0w

)
CTMD

(
Cq, tg + Cq,bg + Ctg + Cbg

) . (D.19)

In the intrinsic regime, where μM = μW = 0 and Cq,bg ∼= Cq,tg ∼= 0, we recover the electric field

from Eq. D.6. In the doped regime, our expression becomes more complicated. First, we define the

chemical potential to be

μm ∼= μw ∼=
1

Cbg + Ctg
(Cbg Vbg + Ctg Vtg ) (D.20)

when the given layer is in the doped regime. Let us consider the case for n-doping. If we define the gate

voltages required to reach the conduction band edge when combined as Ve
tg and Ve

bg (experimentally

we can begin doping with an arbitrary combination of top and bottom gates), then we define this

chemical potential as

μ0m ∼=
1

Cbg + Ctg
(Cbg Ve

bg + Ctg Ve
tg ). (D.21)

The corresponding electric field at these gate voltages will be

EeField =
Ve
tg − Ve

bg

ttotal
·
(
εh−BN
εTMD

)
. (D.22)

We know from our experimental results that for n-doping, only the MoSe2 layer becomes doped.

Thus, we can assume μ0w ∼= 0 andCq,bg ∼= 0. Using this assumption and Eqs. S22 and S24, with some
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algebra, we obtain the expression

Ehs ∼= EeField +
εh−BN
εTMD

1
tbot (ΔV

e
bg −

Ctg
Cq,tgΔV

e
tg +

Ctg
Cq,tgV

e
tg) (n-doped) (D.23)

where ΔVe
bg = Ve

bg − Vbg and ΔVe
tg = Ve

tg − Vtg are the voltages applied once the layer is doped. A

similar calculation can be done for the p-doping regime to get:

Ehs ∼= EhField −
εh−BN
εTMD

1
ttop (ΔV

h
tg −

Cbg
Cq,bg

ΔVh
bg +

Cbg
Cq,bg

Vh
bg) (p-doped) (D.24)

where e → h corresponds to discussing hole doping in the WSe2 valence band.

Although we see that the last term in both Eqs. D.23 and D.24 is a discontinuity in electric field

from the intrinsic regime to a doped regime, this term can be ignored because Ctg
Cq,tg

Ve
g ∼ 10−4V in

our measurements, which corresponds to an energy shift of∼ 0.3 μeV, significantly smaller than our

interlayer exciton linewidth ∼ 10 meV. Therefore, we can ignore this final term and any observable

jumps in exciton energy cannot be attributed to an abrupt change in electric field.

D.2.1 Special case: Single-gated

When using a single gate for the heterostructure, because of the gate structure and screening from

either theMoSe2 orWSe2 layer, the applied electric field will differ depending on the doping level. We

consider special cases of Eqs. D.6, D.23, and D.24, to obtain expressions for the electric field when

sweeping a single gate. When sweeping the top gate only and fixingVbg = 0:

Ehs =



εh−BN
εTMD

(
Vh
tg

ttotal +
ΔVh

tg
ttop ) Vtg < Vh

tg (p-doped)

εh−BN
εTMD

(
Vtg
ttotal ) Vh

tg < Vtg < Ve
tg (intrinsic)

εh−BN
εTMD

(
Ve
tg

ttotal ) Ve
tg < Vtg (n-doped)

(D.25)
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Figure D.3: Representation of electric field as a function of a single gate as described in Eq. D.25 (a) and Eq. D.26 (b).

When sweeping the bottom gate only and fixingVtg = 0:

Ehs =



εh−BN
εTMD

(
Vh
bg

ttotal ) Vbg < Vh
bg (p-doped)

− εh−BN
εTMD

(
Vbg
ttotal ) Vh

bg < Vbg < Ve
bg (intrinsic)

εh−BN
εTMD

(
Ve
bg

ttotal −
ΔVe

bg
tbot ) Ve

bg < Vbg (n-doped)

(D.26)

The Vtg (Vbg) sweeping configuration allows for n- (p-) doping without changing electric field in

the TMD for one doping direction. This allows us to explore the doping response of the interlayer

exciton peaks without the Stark effect. A visual representation of the electric fields for the two special

cases is shown in Figure D.3. Thus, these electrostatic conditions provide the basis for using separate

single gates for understanding the doping behavior in Chapters 4 and 7.

The carrier density when using a single gate is simply an extension of Eq. D.8 for only a single gate:

n =
Cg Vg

e
− n0 (D.27)

where g = tg, bg is either the top gate or the bottom gate chosen for doping.
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D.2.2 Special case: Dual-gate with same polarity (Vtg = α Vbg)

We can also apply a symmetric gating configuration where Vtg = α Vbg with (α = ttop/tbottom). To

understand the electric field applied in this configuration, we summarize the electric field felt by the

heterostructure (Eqs. D.6, D.23, and D.24) in the intrinsic and doped regimes as derived above:

Ehs =
Vtg−Vbg
ttotal ·

(
εh−BN
εTMD

)
(intrinsic)

Ehs ∼= EeField +
εh−BN
εTMD

ΔVe
bg

tbot (n-doped)

Ehs ∼= EhField −
εh−BN
εTMD

ΔVh
tg

ttop (p-doped)

(D.28)

whereVe
bg is the initial back gate voltage necessary to begin electron doping the sample, ΔVe

bg = Ve
bg−

Vbg is the voltage applied once the layer is doped, ttotal = ttop + tbot, and EeField =
Ve
tg−Ve

bg
ttotal ·

(
εh−BN
εTMD

)
is the electric field before the sample becomes doped (with e → h to describe holes and bg → tg to

describe the top gate). If we plug in our gating condition ofVtg = α Vbg into the above solutions, we

find that once the sample is doped we have a reduced electric field, which is the same for both positive

and negative applied gate voltage:

Ehs =



EhField +
εh−BN
εTMD

ΔVh
tg

ttop Vtg < Vh
tg orVbg < Vh

bg (p-doped)

εh−BN
εTMD

ttop−tbot
ttotal

Vtg
ttop Vh

tg < Vtg < Ve
tg andVh

bg < Vbg < Ve
bg (intrinsic)

EeField −
εh−BN
εTMD

ΔVe
tg

ttop Ve
tg < Vtg orVe

bg < Vbg (n-doped)

(D.29)

Themain advantage of the dual-gated scheme is to achieve higher densities. We calculate the charge

density based on the parallel plate capacitor model when using theVtg = α Vbg gating scheme:

n =
εh−BN
ttop

ΔVe
tg +

εh−BN
tbottom

ΔVe
bg = 2

εh−BN
ttop

ΔVe
tg (D.30)
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with εh−BN being the dielectric constant and n being the electron density. Replacing e → h gives a

similar expression for the hole density (p). Thus, we get twice the density achievable with a single gate

allowing us to reach densities on the order of 1013 cm−2.

Note that in Figure 6.3, we use a different gate scheme where Vbg = α Vtg, due to gate leakage

issues. However, the electrostatics should only differ by geometric factors. For the ease of the reader,

we provide the applied density in this configuration by substituting Vbg = α Vtg into the capacitor

model to get

n =
εh−BN
ttop

ΔVe
tg +

εh−BN
tbottom

ΔVe
bg = (1+ α2)

εh−BN
ttop

ΔVe
tg ≈ 1.38

εh−BN
ttop

ΔVe
tg, (D.31)

which was still large enough to reach the highly doped regime.

D.3 Electrostatics in heterostructures with h-BN spacer

In this section, we discuss the electrostatics in the MoSe2/h-BN/WSe2 heterostructure devices. For

simplicity, we beginwith the case when the h-BN spacer perfectly insulates the two active TMD layers,

which is also briefly discussed in Wang, et al.66. Figure D.4(a) shows a schematic of the device with

a top gate (Vtg), bottom gate (Vbg), and a bias voltage (Vds) on the WSe2 layer. In this case, we can

consider the electrostatically doping electrons in the MoSe2

n =
Ctg

e
Vtg +

Cbg

e
Vbg − n0 (D.32)

or holes in the WSe2

p = −
[Ctg

e
(Vtg − Vds) +

Cbg

e
(Vbg − Vds)

]
− p0, (D.33)
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Figure D.4: Schematic of the device with h‐BN spacer, which perfectly isolates the two layers. The bias voltage (Vds)
and the gate voltages (Vtg andVbg) are used to control the density in the device.

where n0 and p0 are the net density required between Vtg and Vbg to begin doping the layers and

Ctg/bg = εh−BN/ttop/bot is the gate dielectric capacitance. In our experiments we apply Vtg = αVbg

where α = Cbg/Ctg. Rewriting the equations, we find

n = 2
Ctg

e
Vtg − n0, (D.34)

p = −
[
2
Ctg

e
Vtg −

(Ctg + Cbg)

e
Vds

]
− p0. (D.35)

We discuss three special cases. The first is when the total electron density is 0:

n = 2Ctg
e Vtg − n0 = 0

Vtg =
e

2Ctg
n0.

(D.36)

Since theMoSe2 is controlled solely by the gates, we simply tune the gates to reach then = 0 condition.
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Figure D.5: Schematic of the device with h‐BN spacer, used in our experiments. Contact resistances and resistance
between the layers (labeled as resistors) will weakly couple the two layers affecting the electrostatics.

To have the total hole density be 0

p = 2Ctg
e Vtg −

(Ctg+Cbg)

e Vds − p0 = 0

Vtg =
1
2(1+

Cbg
Ctg

)Vds +
e

2Ctg
p0.

(D.37)

For the WSe2 layer, we must match Vds and the Vtg in order to reach the p = 0 condition. The final

condition we discuss is the n = p condition:

n− p = 0

[
2Ctg

e Vtg − n0
]
+
[
2Ctg

e Vtg −
(Ctg+Cbg)

e )Vds − p0
]
= 0

4CtgVtg − (Ctg + Cbg)Vds − e
2Ctg

n0 − e
2Ctg

p0 = 0

(D.38)

Vtg =
1
4
(1+

Cbg

Ctg
)Vds +

e
2Ctg

n0 +
e

2Ctg
p0. (D.39)

We see that the behavior is straight-forward, where the n = p condition scales with half of the slope

of the n = 0 and p = 0 conditions.
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While the above equations work well for a perfectly insulating h-BN layer, we must modify it to

fit the data in our device. The device discussed in Chapter 8 has only a single layer of h-BN spacer

and also an area with no h-BN spacer, which will act as an electrical short between the layer. Since the

two layers may pass current, the voltage on the MoSe2 and WSe2 layers will scale with the resistances

between the contacts and between the two layers. Whilemodeling the entire circuit is difficult, we can

create a phenomenological model where the voltage on the MoSe2 (VM) and WSe2 (VW) are scaled

by a scaling factorVM = αMVds andVW = αWVds, respectively. Figure D.4 shows the schematic for

this model. In this case, our equations above will be modified to be

n =
[
Ctg
e (Vtg − VM) +

Cbg
e (Vbg − VM)

]
− n0,

p = −
[
Ctg
e (Vtg − VW) +

Cbg
e (Vbg − VW)

]
− p0.

(D.40)

We can simplify this to show that

n =
[
2Ctg

e Vtg −
(Ctg+Cbg)

e αMVds

]
− n0,

p = −
[
2Ctg

e Vtg −
(Ctg+Cbg)

e αWVds

]
− p0.

(D.41)

In this case, we see theMoSe2 layer gets tuned byVds due to the weak coupling between the layers. We

can now show the n = 0, p = 0, and n = p conditions for this adjusted model

Vtg =
αM
2 (1+ Cbg

Ctg
)Vds +

e
2Ctg

n0 n = 0 condition

Vtg =
αW
2 (1+ Cbg

Ctg
)Vds +

e
2Ctg

p0 p = 0 condition

Vtg =
(αW+αM)

4 (1+ Cbg
Ctg

)Vds +
e

2Ctg
n0 + e

2Ctg
p0 n = p condition

(D.42)
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which we use to fit the reflection data in Chapter 8. We note some specific cases for this model. If

the two layers are completely isolated, we would expect αW = 1 and αM = 0, recovering the original

equations. If the two layers are shorted to each other, then αW = αM, resulting in the same solution

for all three conditions. In this case, the ratio between the contact resistances would determine the

lateral (rather than vertically across the heterostructure) drop in the voltage in the heterostructure.
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E
Supplementary Theoretical discussions

This appendix includes more detailed theoretical discussions, which are more loosely summarized in

the main chapters of this thesis.

E.1 Theoretical description of interaction driven diffusion

We now derive a simple model for the diffusion of excitons that takes into account electrostatic inter-

actions. Excitons that are generated with a rateR(r, t) per unit area and recombine with rate γ satisfy
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the continuity equation

∂n(r, t)
∂t

+∇ · J(r, t) = R(r, t)− γn(r, t) (E.1)

∂n(r, t)
∂t

+∇ · J(r, t) = R(r, t)− γn(r, t) (E.2)

wheren(r, t) is the exciton density, and J(r, t) the exciton current density. We assume that the excitons

are locally in equilibrium such that

J (r, t) =
τ
m
n (r, t) [−∇μ (r, t) + F (r, t)], (E.3)

where τ is the momentum relaxation time, m the exciton mass, μ (r, t) the local chemical potential,

and F (r, t) a local force. The chemical potential is to be determined self-consistently to match the

local density. For a non-interacting Bose gas in two dimensions, we have

μ = kBT ln
[
1− e−n(r,t)/nc

]
, (E.4)

where nc = mkBT/(πℏ2), having accounted for valley degeneracy.

Interactions between excitons are taken into account via the force term. For a rigid exciton, the net

electric field is given by the difference of the field acting on the hole and the electron, i.e. E = Eh−Ee.

If no in-plane external field is applied, the only contribution to the electric field is generated by the

excitons themselves. By approximating each exciton as a positive and a negative point charge separated

by the layer separation d, we can express the potential energy as

U(r, t) =
e2

2πε

∫
d2r′n(r′, t)

(
1

|r− r′|
− 1√

|r− r′|2 + d2

)
. (E.5)
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Together with F = −∇U, Eqs. E.1 – E.5 form a set of nonlinear integro-differential equations

for the exciton density n(r, t). While these equations may be tractable numerically, it is desirable to

make further simplifications. In particular, we note that the exciton density is expected to vary only

weakly over the length scale d ≈ 0.6 nm, which enables us to approximate the integral in Eq. E.5 by

U(r, t) ≈ e2dn(r, t)/ε. This expression has the simple interpretation of the potential inside a parallel

plate capacitor, where the charge density is allowed to slowly vary in space. In Section 4.3, the same

expression was used to estimate the exciton density from the observed blue shift of the PL resonance.

We substitute this result back into Eq. E.1 to obtain

J(r, t) = −D
[

n(r, t)/nc
en(r,t)/nc − 1

+
n(r, t)
n∗

]
∇n(r, t), (37) (E.6)

where D = kTτ/m and n∗ = εkBT/(e2d). By substituting back into Eq. E.2, we thus arrive at the

nonlinear diffusion equation

∂n(r, t)
∂t

−D∇ ·
[(

n(r, t)/nc
en(r,t)/nc − 1

+
n(r, t)
n∗

)
∇n(r, t)

]
= R(r, t)− γn(r, t). (E.7)

In the limit of vanishing density, the above model reduces to conventional single-particle diffusion

with diffusion constant D. Single particle diffusion is suppressed for densities approaching nc as the

occupation of the zeromomentum state is enhanced by the Bose occupation factor. At the same time,

repulsion between the excitons leads to increasing diffusion with increasing density. At temperature

4 K, using d = 0.6 nm, ε = ε0,m ≈ me, we have n∗ ≈ 3× 109 cm−2 and nc ≈ 5× 1011 cm−2.

We note that the above treatment ignores a number of important effects. We neglect short-range

correlations that arise due to interactions in the exciton fluid, which have been predicted to signifi-

cantly affect the interaction induced blue shift113. We further ignore the role of dielectric screening,

which plays an important role in determining the exciton binding energy113,179. While these effects
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may modify the value of n∗, we expect Eq. E.6 to remain valid to a good approximation. Finally,

we have ignored the possibility of temperature gradients as well as interactions between excitons and

phonons, which have been proposed to play an important role in monolayer TMDs29.

We now consider a Gaussian pump profile given by

R(r) = γn∗Ae−2r2/w2
0 . (E.8)

The dimensionless constantA quantifies the density of excitons in units of n∗ generated at the center

of the beam per exciton lifetime. By defining the diffusion length l2 = D/γ, ñ = n/n∗, and τ = γt,

Eq. E.6 can be concisely written as

∂ñ(r, t)
∂τ

− l2
1
r
∂

∂r

[
r
(

αñ(r, t)
eαñ(r,t) − 1

+ ñ(r, t)
)

∂ñ(r, t)
∂r

]
= Ae−2r2/w2

0 − ñ(r, t), (E.9)

where α = n∗/nc, and we assumed that the boundary and initial conditions are cylindrically sym-

metric such that there is no angular dependence at any time. Based on our estimate above, we set

α = 0.01 for all numerical simulations below. To explore the exciton dynamics quantitatively, we

define the width

w(t) =
√

⟨r2(t)⟩ =
[∫

d2r |r|2n(r, t)∫
d2r n(r, t)

]1/2
. (E.10)

The steady-state width as a function of the amplitude A is shown for three different values of the

diffusion length l in Figure E.1. For A ≪ 1, the diffusion term due to interaction is negligible and

αñ(r, t)/(eαñ(r,t) − 1) ≈ 1, such that the width is given by w ≈
√
w2
0/2+ 4l2. In this regime, the

steady-state density is given by n(r) ∝
∫
d2rR(|r − r′|)K0(r′/l), where K0 is the modified Bessel

function, which asymptotically approaches

n ∼ e−r/l√
r/l

(E.11)
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Figure E.1: Steady‐state width as a function of the pump amplitudeA for three different values of the diffusion length.
The simulation was performed with Gaussian beam waist w0 = 1 μm on a disk of radius 10 μm with hard wall boundary
conditions. The dashed line indicates the scaling w ∝ A1/4, corresponding toDeff ∝ A1/2, which is the behaviour
expected at high power in the absence of finite size effects. The circles indicate the parameters for which time depen‐
dence is plotted in Figure E.2.

when r, l ≫ w0. The effect of interaction driven diffusion becomes apparent when A ∼

max(1,w2
0/l2). For A much greater than this value, the width scales as w ∝ A1/4 until finite

size effects start to matter. We can associate the width with an effective diffusion constant Deff =

(w2/4−w2
0/8) γ, which corresponds to the diffusion constant in a linearmodel that would reproduce

the same steady-state width. At high power, in the absence of finite size effects, we expectDeff ∝ A1/2.

This behavior is in qualitative agreement with the experimental observation of increased diffusion

at high power. Nonlinear diffusion also provides a potential explanation for the fact that only little dif-

fusion is observed after the laser has been switched off: As the exciton population decays, the effective

diffusion constant decreases. This effect is evident in the plots of the exciton density as a function of

time in Figure E.2, where the exciton generation rate is set to zero at γt = 10. For γt < 10, the ampli-

tudeAwas chosen such that the steady state width is 2.2μm for all three values of the diffusion length,

corresponding to the circles in Figure E.1. There is little diffusion at late times when the steady-state
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Figure E.2: Exciton density as a function of time and distance from the beam center for three different values of the dif‐
fusion length. The white line indicates the width as defined by Eq. E.10. The amplitude is chosen such that the steady‐
state width is 2.2 μm. All remaining computational parameters are the same as in Figure E.1.

width is dominated by the interaction term (l = 0.01 μ m and l = 0.1 μ m), whereas conventional

single particle diffusion is significant for l = 1 μm.

E.2 Modeling of diffraction limited spot size and the trap alignment

We attempt to reproduce the 0.95μm diffusion full-width half-max (FWHM) by including two pa-

rameters that can increase spatial broadening. The first is the possibility of slight defocusing from the

ideal diffraction limited spot at the emission wavelength of 900 nm. Wemodel the diffraction limited

spot size as the Airy pattern, or a Fraunhofer diffraction pattern:

I(x, λ) = I0
(
2J1(2π x

λNA)
2π x

λNA

)2

. (E.12)

where J1 is the Bessel function of the first order, NA is the numerical aperture of the objective (0.75),

x is the spatial coordinate, and λ is the collection wavelength. We vary λwith the assumption that our

spot size is not diffraction limited.

The second parameter we adjust is possible misalignment of the top and bottom gates (xoffset). We

roughly model the two gates as adjustable square-wave potentials with a width of 500 nm and falling

edges with a characteristic length scale, xedge = thBN, where thBN is the corresponding hBN thick-
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Figure E.3: (a) The convolution FWHM for various xoffset and the diffraction limited spot size (governed by the wave‐
length λ). There are many solutions that could result in a FWHM in the experiment. Black dotted line is the convolution
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ness. We use this length scale as a rough measure of the fringing fields from the gates. This takes the

functional form:

V(x, xoffset) =
V0

4

[
tanh

(
x+ (0.25+ xoffset)

xedge/4

)
− tanh

(
x− (0.25− xoffset)

xedge/4

)
+ tanh

(
x+ (0.25− xoffset)

xedge/4

)
− tanh

(
x− (0.25+ xoffset)

xedge/4

)]
. (E.13)

We assume nIE ∝ V0−V(x, xoffset). We then convolute the Airy function with nIE for varying values

of λ and xoffset to get a simulated spatial distribution of the IEs. Figure E.3 shows the FWHM of the

convolution for varying parameters. We first note the extremes. If we are truly diffraction limited

(λ = 0.9μm), the top and bottom gates would be offset by 0.46μm (red dotted line). If xoffset = 0,

then our beam spot is equivalent to a diffraction limited spot at λ = 1.31μm (black dashed line).

Realistically, there are likely contributions from both that broaden our measured FWHM. Figures

E.3(b)-(h) show representative curves along the convolution FWHM = 0.95μm line (black dotted

line). We do not see any evidence of Eog majorly affecting the energy of the excitons in the trap (Fig.

E.3(e)-(h)). This strongly suggests a rough upper bound xoffset < 0.20μm, but that our spot size is

broader than the diffraction limit.
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F
Additional Supplementary Data

Included in this Appendix are supplementary data figures organized by chapter. This data, while less

polished, form an important part of the story for explaining the rich physics behind the interlayer exci-

tons in theMoSe2/WSe2 platform. Hopefully, the odddata set heremay shed some light on important

physics in the future.
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Figure F.2: (a)‐(c) Normalized spatial dependence of IPL under differentVds’s applied on the left side for p‐doped
charged interlayer excitons (CIEs). We normalized IPL by IPL(Vds)/IPL(Vds = 0). We observed a larger population
of charged IEs near the right WSe2 electrode by increasingVds. (d)‐(f) Same as (a)‐(c) except for switchedVds direction.
(g)‐(h) vertical average linecut of the normalized IPL for data from (a)‐(c) and (d)‐(f) respectively, vs. X for differentVds.
For (a) and (d)Vbg = ‐3.375V, for (b) and (e)Vbg = ‐1.25V and for (c) and (f)Vbg = 0.875V whileVtg = 0 in all the cases.
The WSe2 contact top gates were kept at ‐13V during this measurement.
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Figure F.3: (a)‐(c) Normalized spatial dependence of IPL under differentVds’s applied on the left side for n‐doped
charged interlayer excitons (CIEs). We normalized IPL by IPL(Vds)/IPL(Vds = 0). (d)‐(f) Same as (a)‐(c) except for
switchedVds direction. (g)‐(h) vertical average linecut of the normalized IPL for data from (a)‐(c) and (d)‐(f) respectively,
vs. X for differentVds. For (a) and (d)Vtg = 1.6 V, for (b) and (e)Vtg = 3.2 V and for (c) and (f)Vtg = 4.8 V whileVbg =
0 in all the cases. The WSe2 contact top gates were kept at ‐13 V and the MoSe2 contact top gates were kept at 13 V
during this measurement.

199



Figure F.4: (a) Ids vs. Vtg andVbg (withVds = ‐3V) on MoSe2 and grounded WSe2. The white dashed line represents
the compensated electric field line whereVbg = 10.37 V ‐ αVtg and α is defined in Appendix D. We label three regimes
which correspond to p‐doped (region I), n‐doped (region II) and intrinsic (region III). (b) Spatial dependent electrolumines‐
cence maps taken in the labeled regimes (I, II, III).
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