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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 der Waals (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 the methods and experimental results of studies on interlayer excitons in high-quality TMD
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 diftusion characteristics. We observe the three-body charged interlayer excitons, which can be
controlled with in-plane fields. We use magnetic 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

Overview

THIS DISSERTATION DISCUSSES OPTOELECTRONIC STUDIES OF INTERLAYER EXCITONS. 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 system were discussed, including

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



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 in TMD heterostructures. We finally describe the main 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 s 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 6 discusses the spin and valley characteristics for the interlayer excitons. While the previous



chapters establish the interlayer nature of the excitons, the separation of the layers requires special
consideration for the alignment of the K valleys. We discuss the modified 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 7 builds on the discussions in the previous chapter and explores the magnetic 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 conclusion will 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 the main devices, details on the electrostatic calculations,

and further theoretical discussions. Lastly, they include the supplemental data figures.



The beginning seems to be more than half of the whole.

Atristotle

Excitons in Transition Metal

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 2004 »*3. Bulk van der

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



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 the mid 1900s*#%, it was not until 2010 when monolayer TMDs and their direct band gap prop-
erties were experimentally measured”>%. 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 (WSe;)*° or utilizing the spin-valley degrees of freedom to make an excitonic
switch'" were all realized within a decade. Two different monolayer TMDs could be stacked to form
semiconducting heterostructures, forming p-n junctions '*. Since they can form a type-II heterojunc-
tion, excitons with the electron and hole in separate layers could also form '>'#. 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



~0.6 nm
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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.
41 and 4, 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 vdW materials, similar to graphene or hexagonal boron nitride (h-BN), which have
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 MX5, 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



(b)

Agoc ~ 185 meV Agoc ~ 427 meV

+K -K

+K

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 Kormanyos, A. et al.*>. The molybdenum-
based TMDs are known to have smaller spin orbit coupled splittings (Asoc) 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 alternating A and X atoms
at the hexagonal points (Fig. 2.1(b)). The dashed lines map out the primitive unit cell with lattice
vectors 4 and 5. The lattice constant, 29 = |ai| = |43| ~ 3 A, 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 materials 78,
This direct band gap emerges at the +K and —K (also referred to as K and X’) 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 I point in the valence band move significantly with layer
thickness®. 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, d,,—y = d,> for the

“The Q point is not a high symmetry point, but it is relevant in discussions about the conduction band in
multi-layer structures.



conduction bandand d,,— 1, = d,» _p :I:dx}, / /2 for the valence band '5*¢. Thus, to the lowest order,
we see that a spin-orbit term, L. S': 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
materials '5'°. Optical studies on the two materials confirmed this assignment, which showed the
ordering of the spin-flip transition in WSe; >'° and MoSe; '7. Figure 2.2(b) summarizes the spin-orbit
coupling splittings (Asoc) for MoSe; and WSe; at the 4K 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 curvature 8 or study spin and orbital splitting g-factors by using magnetic
fields 2. 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
compared with III-V semiconductors such as GaAs. The effective mass, 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 effective mass values range from 0.3 *° to
as large as 0.8 *°, where my is the bare electron mass. This is in comparison to the GaAs light hole
mass of ~ 0.06729 and heavy hole mass of ~ 0.45m,.

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.



MoSe, WSe,
ao (A) 3.319'5 331675
Asoc (meV) =21° 37715

Asoc (meV) 18575 42775

me (mo) 0.5675,0.8> 037
my (mo) 0.6" 0.35'5, 0.35[unpublished], 0.45 *"-**

£1 (e0) 7.2% 7 423

gl (o) 17.4% 15.623

Table 2.1: Theoretically calculated and experimentally measured values for MoSe, and WSe;.

2.2 Excrrons iNn TMDs

Excitons are electron-hole pairs in a crystal that bind due to their attractive Coulomb interaction**.
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 £-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 can move 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 TMDs*S.
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,
272
R %

H= 2w + V(r), (2.1)

where the 1/u = 1/m, +1/my, is the reduced mass of the exciton, mz, (7)) is the electron (hole) mass,
7 is the radial distance in the 2D plane, and V(7) is the attractive electron-hole interaction. In the
simplest picture, we can solve for the binding energy using the locally screened Coulomb potential

1

_47IE() Eéﬁf}", (2“2)

VCoulomb(r) =

I0



where ¢ is an electron charge, Eefy is the effective dielectric constant of the lattice, and & 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 7 are

2 4
() 1 ©e
E = . .

b (47:5()) 212 (n —1/2)2 (2:3)

Note that this formula is different from the usual Rydberg series in 3-dimensional excitons as 7 is re-
placed by 2 —1/2, reflecting the 2D nature. 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 (£,,,) and the binding
energy. Thus, the emission energy of an excitons is given by

EY = Epy— E. (2.4)

exciton

Most discussions on the excitons consider the 1s exciton state (z = 1), and thus, is used to describe
the overall binding energy (Ejn41ng) 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 z > 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
47 gqpr o h?

P (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. %,

for the TMD excitons. We can see now that the large effective mass of the electrons and holes in TMDs
help create strongly-bound excitons in these materials. If we use equal electron and hole masses of
~ 0.5mg and ¢4 ~ 10, we can approximate a binding energy of Ej;n4n, ~ 270meV, and a Bohr
radius of 3 ~ 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 exciton which can reach higher densities before quantum dissociation at the Mott density *>*7.
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 2D TMD 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 TMD material 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 effects **2%:3°

Vicetdysh (7) = e {Ho <W> - Yo (Wﬂ ; (2.6)

27 27 27y
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h-BN TMD

1s 2s

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 (¢74p) and scales as log (r) whereas long range
attraction is less screened in the h-BN substrate layer (¢, gy < €72/p) and scales as l/r‘ The image is adapted from
Chernikov, A. et al.*°.

where Hjy and Y} are the Struve and Bessel functions and ¢; is the dielectric constant for the sub-
strate. The screening length 7y indicates the crossover from the 1/7 potential (stronger attraction)
at long length scales to log(7) scaling (weaker attraction) for shorter length scales?®. This modified
Keldysh potential also approximately accounts for the substrate dielectric (rather than assuming vac-
uum), which returns to a /7y scaling when the substrate dielectric is vacuum (g, = 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 as**3*

. 1 . €0 Ecff Eevciton 2 2
Trad = 2T, - tho < ev (ﬂB) (2“7)

where I'y is the radiative decay rate, kg = Eyiron, /ecﬁr/ ficis the light wave-vector, and v = | / Egsp /2m,
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is the approximated Kane velocity in a two-band model. In this model, using g,y = 2 €V, Eexiron =
1.7 €V (Epinding = 0.3 €V), and similar estimated values from our calculation for the binding energy
above, we can estimate the exciton radiative lifetime to be T,,4 =~ 0.3 ps. This value turns out to be
a good estimate of the radiative lifetime in comparison to experimental and theoretical reports*3%35,
Since only a small number of the excitons can be within the light cone (£ < k) though, the effective
lifetime is closer to T ~ 3 ps for low temperature measurements **. 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 gap materials, the recom-
bination or absorption can be very efficient allowing optical detection of the excitonic states. There-
fore, the excitons need to be constantly generated via photons or by electrical injection. There are other
methods for creating and detecting excitons. Semi-metals such as 1T-TiSe, can have an equilibrium
density of both electrons and holes that form excitons*®. Furthermore, in double-layer graphene or
GaAs double quantum wells, magnetic fields can create excitons in half-filled Landau levels in separate
layers, given a sufficient thickness of insulating spacer layers suppress the tunneling current 373839 Ipn
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 TMD materials 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. *° to present this symmetry-based proof for the optical
selection rules. Their work shows more 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, ;km K.S0 where 7 = ¢, v is the relevant con-
duction (¢) or valence (v) band, =K is the relevant K point, and S, = :I:% is the spin quantum number.
For our derivation, we consider only a single K point so that we can define the Bloch function as %1, s
and the —K valley can be obtained by time reversal. The Bloch function must be eigenfunctions of the
symmetries of our lattice. The monolayer TMD is symmetric under Cs and &), as seen in Figure 2.6,

where C3 denotes a rotation by 120° and ¢, is a mirror reflection. The Bloch functions then satisfy

~ —Z'Zl n
Capy s =€ 3 Gy o (2.8)
&hh,Sz =0y, (n) €_Z‘WSZ¢}1,SZ (2.9)

where C3 (n) = 0, £1 and g}, (z) = =1 are the quantum numbers for C; and 5, respectively, and
n is the electron band. As is evident from Eq. (2.8), the quantum number Cj (%) 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, d,,—0 = d2 and d,,—4> = dxz_},z + dy, / V2,
respectively. Since the Bloch states are extensions of the orbital characteristics, when rotating about
the metal atoms (M), we know the C; quantum numbers for the two bands will be C5 (¢, M) = 0 and

Cs (v, M) = +2 (—1). We can also see that the monolayer TMD is symmetric with a mirror reflection

IS5



Figure 2.6: Symmetries for a monolayer MoSe; layer showing (a) the 6'3 rotational symmetry and (b) the &}, mirror sym-

metry.

and thus ¢ (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 of MoSe,, buta similar calculation can be done for other monolayer semiconducting TMDs.

We summarize the quantum numbers for the case above in Table 2..2.

n= v ¢ 2
Cy(n, M) -1 0 0

oo(n) +1 +1 +1

S.(n) —i—% —|—% —%

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

To calculate interband transitions at the K point, we define the momentum operatorasp = pey +
p—e— +paes, whereey = (ex + z'c’},) V2 ande,, ¢y, and, ¢, are the three Cartesian unit vectors. We can
interpret p+ and p, as the components that couple to o circularly polarized light and out-of-plane, z

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

16



the Cs symmetry as

s a2 2
Cipr Gy =5 py,

- (2.10)
C3ﬁzC§1 :ﬁz’

and the 7, symmetry:
57,]315';1 =p+ (211)

A~ A—] ~
TpPz0;, " = —Pe-
Using the momentum operator and Egs. 2.8 - 2.11, we evaluate the optical matrix elements with

respect to the two symmetries:

<Wn/,5; ZBi %,SZ> = <%/,s; Cgléﬁi@la %,Sz>
_ (G +8)) i (Cn)+5.) Fi <¢W ha %,sz> (2.12)
_ el.%(a(n’) —G(n)+S8] =S F1) <¢n’,5’ ]Aji %n,Sz> ,
<%/,SZ' P+ n,Sz> = <%/,Szf &;l&bj’i&;l&h SZ>
= 03 (n1) ™, (n) € ”SZ<%,,5; P+ %,Sz> (2.13)
= a3 (n1) 04 () "5 (y,, o ey, )
and
<%/,SZ/ - %,Sz> = <Wn/,s; C; ' C3p.C5 ' Cs %,SZ>
— FE (G B (G () +52) <¢n, o |:| v, Sz> (2.14)
_ G0 - < Voo s [Be| ¥ >
<¢n/,SZ/ P ‘Wn,SZ> = <¢n/S’ ) 079]727}; 079 >
=0, () ¢y (1) (1) (Y0 ey s ) 9)
= o, (1) 73 (1) "9 (y,, ol )

17



Figure 2.7: Selection rules for MoSe, and WSe, for both valleys. The colored arrows denote the spin of each band.

This results in the following selection rules:

C3(ﬂ/)—C3(ﬂ)+Sz/—Sz:3N:|:1

o+ transition = and (2.16)
ay, (nt) ap (n) TS5 = 41
C3 (71/) - C3 (ﬂ) +Sz/ _Sz =3N
z transition = and (2.17)

7, (n) 7y (n) €75 =5) = —1

where N is an integer. We find that the allowed transitions depend on the Cs quantum numbers as
well as the spin. We can take two important conclusions from this calculation. In the K valley, only o+
transitions that are spin conserving will be coupled to far-field emission. With time-reversal symmetry
(C3 - —C3and S, — —S5;), it can then be shown that the —K valley couples to o— circularly
polarized light. We also see that transitions to the ¢, are allowed but with z-polarized light. A similar
calculation can be done for WSe;, but with the flipped spin ordering in the conduction band. Figure

2.7 shows the selection rules for MoSe; and WSe,, 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 valleys>'>'7#*, which
are locked to specific spins due to their large spin orbit coupling.

In the initial studies of interlayer excitons, these same selection rules were assumed to be true, which
led to confusing results in the exciton community. We will later see in Chapter 6 that the selection rules
are modified for the interlayer excitons due to the interlayer atomic registry that contributes a quasi-
angular momentum in the interlayer transitions. This is essential when considering how the interlayer

excitons form and emit in our studies of MoSe»/WSe, 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,

_ trion
Etm'on — Lexciton — binding’ (2'18)
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where Ej,,, is the trion emission energy (Fig. 2.8(b)). The trion binding energy is reported to be 20 —
30 meV#*#3, 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 the Pauli exclusion principle, 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 arise #+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
fields **'. 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 optical measurements can also be explained using
apolaron picture 4748 Tn the polaron theory, the exciton interacts with or is dressed by 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 trion picture 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 MoSe, and WSe;
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
(E = E¢;). For a permanent dipole moment, the interlayer exciton energy will shift according to
the linear Stark effect,

AE :ﬁ‘E, (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 the metal 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.*’.

where AEg is the energy shift of the interlayer exciton, p = ed is the electric dipole moment of
the interlayer exciton, e is an electron charge, and d 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 can only be tuned by the significantly weaker 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 s.

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

EHS

will then have a new effective band 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 MoS,/WS, 5*5"5%, WS,/WSe, 53, MoS,/WSe; 5+%5, or our mate-
rial choice MoSe,/WSe, '#13:56:57:58,59,60,61,62,63,64,65,66,67 ' ywhich all have experimental reports of in-
terlayer excitons. The layer separation of the electron and hole happens on a rapid time scale, ~ 50
59809 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 layers would 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 favorable”>7".

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 S00 ns, or almost 3 to S orders of magnitude longer
than the intralayer excitons. Studies have predicted the lifetime can be determined by the relative twist
angle between the layers”*. 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 ~ 150 meV7>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 MoSe,/WSe, heterostructure. Electrons and holes are created in
EHS

‘cap 1S the new effective band

each layer and quickly move into the opposite layers to form interlayer excitons (blue).
gap of the heterostructure.

quasi-particles that preserve the large binding energies and unique spin-valley properties of intralayer
excitons. This gives the potential for many exciting applications such as exciton routers 7576 or tunable

light emitting diodes (LEDs) **7778,

2.6 ExcitoNn BEC

The large motivation for studying interlayer excitons is the search for a high temperature Bose-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 in macroscopic quantum behavior such
as superfluidity. In a 3D non-interacting gas, this occurs at a critical temperature of

1 2n?

/€BT0=M o

(2.20)
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where kg is the Boltzmann constant, {'is the Riemann zeta function, # is the particle density, and 7 is
the particle mass. The first experimental evidence of a BEC was realized in cold Rubidium atoms at
100 nK'in 199577. However, the large mass of atoms equates to a low 7¢. 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 dimensionality *°.

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 7" ~ 2
K®82 In TMDs, predictions of an exciton condensate are at even higher temperatures”>%3. Phase
diagrams have been mapped out for interlayer excitons showing critical temperatures as high as 100
K73. In these calculations, the degeneracy temperature can be written as a function of the total exciton
density (7x)

27h?
kT = =
v

nIE, (2"2’1)
MIE

where » is the exciton degeneracy considering the spin and valley symmetry in TMDs, and mp =
me + my, is the exciton mass. Thus, Tp is only limited by the largest sustainable exciton density before
dissociation. Exciton dissociation is determined by the Mott criterion *® and will occur at at a critical
density

Mot aé ~ 0.04, (2.22)

where a is the exciton Bohr radius. So although the mass of the exciton is larger (0.6729 — 1.2 com-
pared to only 0.227m, where m, 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

1.3 72
kpTprr = .

nJIE, (2'23)
mig
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Figure 2.12: Interlayer exciton phase diagram using equations from Fogler, M. et al.”%. 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

w h? E ks T
ke T sapa = nig ¢ Foiming/ k8T (2.24)
YmMmrg

where Ej;n ;s 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
excitons 73848586,

In Figure 2.12, we map out the phase diagram for the MoSe,/WSe;, interlayer excitons based on

the discussions above. Using theoretically calculated values, we approximate a maximum 7p ~ 50
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K for g, /= 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 to move 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
trapping *"-%2.

An alternative method for generating the high densities 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 system will 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 the microscope objective (Fig. 2.13). The
collection position can then be scanned using mirrors that move our diffraction limited spot (red cone
in Fig. 2.13). This allows us to select positions on our sample and measure 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 MoSe, /WSe, 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
sample with a given energy, hw, or wavelength, A = 27¢/w, the photon will 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 (/o(4)) and the transmitted light intensity (Z;(1)), the absorption at a given wavelength
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can be calculated as
Ih(4) = L(2)

A(A) = AR (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/SiO, 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 (Z,-(1)). To first order, the measurements are comparable as the reflected light should

be the incident light intensity minus the absorbed photons,

1(2) = L(A) (A = 4(2)). (2.26)
Thus to extract the absorption, we measure the normalized differential reflectance AR /R,

A(d) = W = % (2.27)

In Figure 2.14(b), we show the normalized differential reflectance spectrum from a MoSe,/WSe; het-
erostructure and observe features at 1.64 and 1.71 eV, corresponding to the MoSe; and WSe; 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 z-phase shift across the exciton resonance gives rise to destructive in-
terference from the light reflected from the substrate*S. 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 observe”®". 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 MoSe, /WSe, 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
PL measurements, 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 MoSe;
monolayer (green), WSe, monolayer (red), and the MoSe,/WSe; (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 (X°) and
trion (X ™) states, which are the two highest emission energy peaks. In WSe;, there are additional peaks

below which are related to defect peaks. In the MoSe,/WSe; heterostructure region, we only observe
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the interlayer exciton emission at around 1.34 ¢V with the intralayer excitons strongly suppressed. For
the case of the MoSe,/WSe, 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 emission . 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
WSe, are difficult to detect in far-field measurements such as PL due to the selection rules'®?, 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

Creating an Optoelectronic Device

OUR DEVICES ARE DESIGNED TO BE MORE ELECTRICALLY CONTROLLABLE THAN ANY PREVI-
OUSLY MEASURED TMD HETEROSTRUCTURES. We owe this to many of the established fabrication
methods for high-quality graphene devices®*®*”. Figure 3.1 provides a schematic for our typical multi-
terminal and multi-gate device structure. We create a MoSe,/WSe, 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 WSe, (MoSe,). The blue gate is the heterostructure gate which controls the
MoSe, /WSe, 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 MoSe; layer, outlined with a green line. (c) After picking up the WSe, 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 MoSe,/WSe; 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 the MoSe,/WSe, 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 WSe, devices, it only guarantees a clean top surface.

When stacking the TMD heterostructures, the layers are aligned so that the angle between the crys-
tallographic edges of the MoSe; and WSe; is at an angle modulo 60° degrees, which matches the rota-
tional symmetry of the K valleys in momentum space. This can be done in two ways. The first method
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 WSe; layer with well-defined edges that are at 60
degree angles. The difference in angle between the red lines («) and green lines (« + 2 ) is the source of some of the
error in determining the stacking angle. (b) An exfoliated WSe, layer without well-defined edges. The red lines (ﬂ ) 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 SHG method 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 either maximize
the overlap or create an optimal overlap region while leaving space to align the monolayers 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 Jis 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.*°). The ex-

pected polarized intensity of the sample is:

I = I cos*(36)
(3.1)

I, = Iysin®(36)
where /| and /| are measuring the linearly co- and cross-polarized SHG signal from the sample and &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 A6. We
observe a 6-fold symmetry in the signal (minimum at both A¢ = 0° and Af = 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 MoSe, flake at various rotation angles where A@ is with respect to the start-
ing rotation position. All images are normalized to the same scale. A& = (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 stacked *°. 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 MoSe,/WSe, heterostructure for a few rotation angles where Afis with respect to
the starting rotation position. All images are normalized to the same scale. (a) Ad = 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 SiO; (exact recipe in Appendix A.2.3). These metal gates are annealed in a
vacuum annealer at a pressure below 5 x 10~ 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 to have even lower disorder and are atomically flat, but we use the metal 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 1.5A, or 1/2 the thickness of an h-BN layer.

The bottom h-BN layer is then transferred by the PC dry transfer method (Appendix A.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 lead with 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
the WSe; layer as Pt has a high work function*?, but work sufficiently for both WSe, and MoSe, when
driving a diode, where low-voltage excitations are not as critical. Some devices were made with Cr (1
nm)/Pt (9 nm) for the MoSe; 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 bottom half of the device is prepared (bottom gate, bottom h-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 thatin TMD heterostructures, bubbles and defects can become larger in lateral area
and in height after annealing, which can make any clean areas even smaller. This issue in TMDs could
be attributed to the differing sign in the thermal expansion coefficients of TMDs”" (positive) versus
h-BN“*? or graphene”"?* (negative). Despite these concerns, we found that the process of spinning

PMMA (typically at 4000 RPM) and baking the resist at 180° C aids 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 the monolayer TMDs
(and their contacts) are designated as contact gates, which can be 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 overlap between the MoSe,/WSe; 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, but with 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 techniques”S. 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.

43



All for one and one for all.

Alexandre Dumas, The Three Musketeers

Electrical Control of Interlayer Exciton

Dynamics

LONG-LIVED EXCITONS CAN BE POTENTIALLY UTILIZED FOR THE REALIZATION OF COHERENT
QUANTUM MANY-BODY SYSTEMS **7397 OR AS QUANTUM INFORMATION CARRIERS *®?°, In con-

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

across the quantum wells #8210, 101,102,103,

14, Strongly bound IEs can also be formed by stacking
two single atomic unit cells of TMDs into a van der Waals (vdW) heterostructure. TMD heterostruc-
tures, such as MoSe>/WSe;, MoS,/WS,, and MoS,/WSe; have shown ultrafast charge transfer®®, the
formation of IEs with a large binding energy of approximately 150 meV *?, and diffusion over long
distances”®. 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 atoms”>.

We fabricate individually electrically contacted optoelectronic devices using hexagonal boron ni-
tride (h-BN) encapsulated vdW heterostructures of MoSe, and WSe, >7'°5. 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 MoSe; and WSe; regions, respectively. These contact gates together with the
pre-fabricated Pt electrodes provide Ohmic contacts in the WSe, p-channel **.

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 TMD heterostructure, Ej,, using the voltage V;, (V,) applied to the
top (bottom) gate. For intrinsic TMD layers (i.c., no free carriers and the chemical potential located
within the semiconducting gap), where the heterostructure can be approximated by a thin dielectric
slab, E) is controlled by a gate operation scheme where we apply opposite gate polarity V;, = aV,,

where 2 = tfa;BN tﬁ{;ﬁfn\[ = 0.614 is the voltage ratio (details in Appendix D). We calculate:

eraN\ Ve = Vig
)y = < ) : (4'1)
ETMD Ltotal
where t,ﬁ; BN = 70 nm and z‘z] ;fyiv = 114 nm are the top and bottom h-BN thicknesses, respec-

tively, #;,; is the total h-BN thickness. We use ¢,_pn = 3.9 and e7psp = 7.2 for the h-BN and

TMD permittivity, respectively, taken from literature "°**3

. Figure 4.1(a) shows the photolumines-
cence (PL) spectrum measured at temperature 7" = 4 K as a function of Ej,, keeping both TMD
layers intrinsic. We observe a linear shift of PL peak energy with ), 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 Ej,;, where ed is the dipole moment, we esti-
mate d =~ 0.6 nm, in good agreement with the expected vdW separation between WSe, and MoSes.
This analysis strongly suggests that the observed PL peak indeed corresponds to the IE emission of
the WSe,/MoSe; heterostructure with out-of-plane oriented electric dipoles. There is around 10%
of non-linearity in the energy shift dependence vs. Ej,, 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 study '?, 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 (E),). 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 MoSe, (WSe;) layers,
forming IEs. The white arrow represents the positive direction of Ej,. (b) Normalized reflectance vs. Ej,. (c) IE lifetime 7
vs. Ej. Error bars are obtained by adjusting the fitting range. (d) Calculated Ej; vs. Vi and V. The field Ej, remains
constant once a given layer is doped. The top cartoons represent the heterostructure for different applied gate voltages.
The fields £, and Epgp (electric field on the top and bottom h-BN layers) are depicted as blue and black arrows, respec-
tively. (e) Single gate dependence (V,g or ng) 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 with ng (Vtg).

(f) Normalized reflectance vs. carrier density. The horizontal dashed lines in (b) and (f) represent the neutral excitons

for WSe; (XOW&,Z) and MoSe, (XOMOSQ). (g) Neutral and charged IE lifetimes 7 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 the WSe;/MoSe; 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 AR /R at the intralayer exci-
ton resonances >>?'°7 that our gate operation scheme only varies £}, 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 7 as a
function of Ej,, 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 7 increases
as Ej, increases, reaching ~ 600 ns for £),; > 0.1 V/nm, an order of magnitude larger than in previous
studies '35°. The observed dependence of 7 on Ej, 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. The wavefunctions are expected to stretch due
to an external electric field, which can be expected to change the tails of the wavefunctions. 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 hole wavefunctions 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 AR /R at the intralayer exciton resonances (Fig.
4.1(f)) the carrier density of MoSe, (WSez), #2p (p2p), changes with positive 7, (negative V;,) while
the WSe, (MoSe,) layer remains intrinsic, keeping ), constant (Appendix D). We note the normal-
ized reflection spectrum from the top MoSe; is brighter than that from the bottom WSe; 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 spectrum as V;, (V) increases (decreases) and #nop > 0
(p2p > 0). First, the IE PL peaks exhibit a sudden red shift for 7- (p-) doping of MoSe; (WSe,). Sec-
ond, the PL peaks continuously red-shift as doping increases for both 7- and p- sides. Note that in this
regime, £}, is fixed as discussed above, thus these shifts cannot be explained by the Stark effect. Lastly,
the PL intensity diminishes rapidly as doping increases.

Our measurements in the doped regime can be explained by the formation of charged IEs (CIEs) "%,
As shown in the normalized reflection measured with the same gating scheme, we can identify (i)
intrinsic/p, (ii) intrinsic/intrinsic, and (iii) 2/intrinsic regions by the disappearance of the absorption
dips for intralayer excitons in MoSe, and WSe, *°?, 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 the CIE. We note
that charged excitons can be referred to as trions *' ' 1%, three-body bound states, or alternatively,
attractive polarons, excitonic states dressed by a polarized fermionic sea* 8,47 similar to those in mono-
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 CIEs %, The lifetime of CIEs is ~ 100 ns
near the band edge, decreasing with 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) Ipy vs. lifetime, extracted from Figs. 4.1(a) and 4.1(c) for varying electric fields (E),). (b) Extracted radia-
tive lifetime (7,,4) and non-radiative lifetime (7,0, —44) vs. Ep;. Inset: extracted quantum efficiency (%) vs. Ej,.

4.2 MODULATING THE QUANTUM EFFICIENCY

Considering the PL intensity modulation shown in Fig. 4.1(a) together with the measured 7 (Fig.
4.1(c)), we demonstrate that the emission efficiency () can be tuned with Ej,. Based on the definition

of quantum efficiency () and the total decay rate (1/%pri = 7,000 = Vud T 7 nom—rad)

Yrad Y non—rad
= =1- =1 =%, 0n—rad Ttotal> (4.2)
Yiotal Ytotal

where y, . and y, , are the non-radiative and radiative decay rates, respectively. The quantum
efficiency is proportional to the photoluminescence (PL) intensity (/pr) and so we can replace Eq.
(4.2) with Ipy, to get

Ipp =A(1 =y, Tioal)s (4.3)

here 4 is an arbitrary scaling factorand y, . is the non-radiative decay rate. Now when applying
an electric field, we can tune both the 7p; and the 7,,,;. If we plot intensity vs total lifetime (Figure

4.2(a)), we find that the dependence is linear and so the , . can be extracted using Eq. (4.3)
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by extrapolating the fit to the limit of /p; = 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 us, as well as the electric field dependent quantum
efficiency (Figure 4.2(b) inset). We find that for negative electric fields (£, is aligned against the IE
dipole moment), 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 (£}, 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

shift'*>""4. Equal number of electrons in one TMD layer and holes in the other layer will create

ned

potential difference Ap = 2<%

, where 7 is the interlayer exciton density, ¢ is the electric charge, d
is the separation between the layers. Adding one more interlayer exciton will increase the energy by

eA @, resulting in a “plate capacitor formula”,

2
ne-d
AE = (4-4)
ETMD €0
We can now extract interlayer exciton density:
ETMD 0
n= AE .
2, (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, e731p = 7.2, and AE is the energy shift from the lowest emission energy. Follow-
ing the analysis based on a parallel plate capacitance model used for GaAs DQW IEs' '3, we obtain a
lower bound for the IE density z ~ 5 x 10" cm™ for AE = 10 meV at P = ImW.
The parallel plate capacitor model 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
115 However, it should

higher density of excitons will be required to achieve the same energy shift

be noted that the model also assumes a linear relation of energy shift and interlayer exciton density,
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which may break down when the exciton separation approaches the layer separation. The Mott critical
density of interlayer excitons has been predicted to occur around ~ 4 x 10'? cm ™2 based on the critical
ratio of the exciton size and inter-exciton distance of 0.3, taking into account valley degeneracy”’.

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

4.4 LONG-RANGE INTERLAYER EXCITON DIFFUSION

The high density of long-lived IEs and the large 7 observed in our heterostructures can enable transport
of IEsacross the samples. Figures 4.4(a)-(c) show the spatial map of the IE PL intensity at different laser
powers. The PL signal can be detected far away from the diffraction-limited focused laser spot (< 1zm
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, 177" (), where 7 is measured from the center of the diffraction-limited
steady state laser spot. Here, the PL intensity is normalized by the value obtained at » = 0. As
shown in Fig. 4.4(d), away from the laser spot, 17" (r) decreases rapidly as r increases. We note,
however, that at a given 7, 13" (r) increases with P even at a position far away from the laser spot.

The characteristic length Lp for the decaying behavior of 737 (7) can be obtained from fitting
norm 1 —r/Lp
Ipp " (r ¢ (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 Lp increases
as P increases, suggesting increased diffusion at high IE density possibly due to exciton-exciton inter-
actions.

We also measured 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 uW, respectively. The white lines depict the heterostructure area. The con-
tinuous wave laser excitation (1 = 660 nm) is fixed at the top left of the sample. The scale bar corresponds to 5 um. 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 Ip; (normalized Ip;) vs. 7 with the excitation fixed at the center of the sam-
ple. The red and black dashed lines represent efr/LD/\ /r/Lpfor Lp=1.1and 3.2 um, respectively, where Lp, is the
diffusion length. (e) Time-dependent PL normalized at t = O for different ON powers P. For this measurement we use

a pulsed 660 nm diode laser with a 100 kHz repetition rate and 1us ON time. The power we quoted is the ON power
or peak power. Dashed gray lines correspond to double exponential fits. (f) Lp vs. P extracted from the data in (d).
Right axis: lifetime (7) vs. P with two values of 7 extracted from the double exponential decay fit. (g) Diffusion constant
(D = LZD/(T)) vs. P extracted from (h) using the two different values of 7. Dashed line corresponds to D ~ Pl/z,
expected from the non-linear diffusion model (Appendix E.1).
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along the heterostructure weighted by /%) after a laser pulse with peak power P. The time-dependent
PL exhibits a faster decay process with characteristic time scale 77 ~ 10 ns initially, followed by a
slower decay process occurring on the time scale 7, ~ 100 ns, suggesting that there are two different
mechanisms for the PL intensity decay. The value of Lp estimated above can be converted to a diffu-
sion constant according to D = L% /7. Two values D and D, are obtained using the short (71) and
long (72) 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, 71 could be more relevant for the IE diffusion than 7,. The value of Lp, however, measured
in steady state, would be dominated by 7,. Figure 4.4(g) shows that D, is in the range of 0.01 — 0.1
cm?/s, whereas D; changes from 0.1 to 1 cm?/s. Both D; and D, 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 E,. Figures 4.5(a)-(b) shows spatial maps of the IE
PL intensity for P = 1ImW for the two extremes in £, where we observe a stark change in the PL
intensity distributions. We take the same radial averaging as Fig. 4.4(d) and show Ip (7) at various Ej,
(Fig. 4.5(c)), where 7 is the radial distance from the excitation spot. We observe that Ipz (» > 2 um) is
larger with increased E), (increased 7), while at the excitation spot Ipz (» = 0) reduces with increasing
E), (as extracted in Fig. 4.2(a)). The increase of Ip () 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
Ipr(7) across the sample should be modulated proportionally with the Zp;(» = 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 S0 K¢,
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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 Ej,, = -0.11 and 0.11 V/nm. The white lines depict the heterostructure area. The continuous
wave laser excitation (A = 660 nm) is fixed at the top left of the sample. The scale bar corresponds to 5 um. () Eps
dependence of radially averaged Ip; vs. 7 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 Ipz(7, £) as a function of
distance 7 (referenced to the laser illumination spot) and time # (referenced to the falling edge of the
laser pulse). Figures 4.6(a) and (b) show the normalized time-dependent PL, 7)™ (7, t) = %
at different laser peak powers. The time-dependent root-mean-square radius, 7,,,,(¢) = 1/ (r%), com-
puted from I (7, ¢) (white lines) increases rapidly when the laser is on, reaching a steady state within
~ 200 ns. Interestingly, 7,,,,(#) 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 carriers''” is also possible '*. Future experimental stud-
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Figure 4.6: Time-dependent spatial photoluminescence (PL). (a)-(b) Normalized /p;, vs. time and distance from the laser
spot. Ip;. (r, t) was estimated by averaging over a line cut through the laser spot. We normalize Ip;, at each time by

Ipr (r, t) /]pL (r =0, t). Overlaid white lines represent +/ (72> obtained from the experimental PL map assuming
rotational symmetry of the sample. Top right inset: The pulsed laser diode is turned ON at t = O us with powers of 130

4W (a) and 1000 uW (b) and turned OFF at t = 1 s (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 (7).
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 applied V7, vs either V', or 7, (Figures 4.7). We maintain
the same carrier density for the different /7, by compensating with either the 1, or I}, for the p-type
or n-type CIE, respectively. We, thus, apply Vy, = 2.13V;, — 5V and V, = 1.6V for the p-type
and z-type CIE, respectively.

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

excited at the center of the sample (Vg = 0V, V}, = —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 zW as a function of V4 (applied in the left

to right sample direction) and ng‘ Note that the interlayer exciton regime shifts with V,, requiring an adjusted ng to
maintain the same doping in the sample for the p-type CIEs. (b) Same as (a) but for V and th to calibrate the n-type

CIEs.

at the laser illuminated spot can diffuse across the entire sample. We note that both the WSe, and
MoSe; layers in our device have multiple electrical contacts away from the heterostructure edge (~ 10
um 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 Ipr, (V) /Ipr (Vi = 0)
when applying a bias voltage of V;; = 3 V across the WSe; layer. We observe that the grounded edge
of the sample becomes brighter with increasing V4 (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 bias V; creates an electric field to tilt the band struc-
ture in the direction of the WSe; 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 the WSe, p-channel because current across the boundary must be preserved.

Therefore, the transported +CIEs recombine to turn into a hole in the WSe; p-channel. In Figs. F.2
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Figure 4.8: Spatial control of charged interlayer excitons. (a) Spatial dependence of /p; 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 WSe, and MoSe; contacts is overlaid. An in-plane electric field is applied by a voltage in one of the WSe;,
contacts (V) while keeping the other contact grounded. (b) Spatial dependence of /p; normalized according to

Ipr (Vo) /Ipr (V4 = 0) for V4 = 3 V. We observe a larger population of charged IEs near the right WSe; electrode
by increasing V. The yellow arrow in (d) represents the current direction. (c) Normalized /p; averaged over the y-axis
vs. X (depicted in (b)) for different V. (d) Schematic of the heterostructure bands with applied V. The red (green)
bands correspond to WSe; (MoSe,). A positive V' is applied, while the chemical potential (indicated by a blue dotted
line) is kept inside the WSe, valence band to form positively charged IEs. Under positive V4, 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 V;
direction.

We note that the observed experimental evidence can be due to a few alternative mechanisms such
as free carriers aiding the transport of the CIEs or the CIEs upconverting to IEs while 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 reference*. 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 - layers, the
charge transport across the WSe; to MoSe; is expected to show diode-like rectifying behaviors”'2.
Figure 4.9(a) shows interlayer current (/) versus interlayer bias (/) curves, whose characteristic can
be modulated by V;; and Vj,. Changing (Vy, V3,) adjusts the band offsetin the type-IL heterojunction
and their filling. The inset to Fig. 4.9(a) shows a map of the forward bias current at a fixed bias voltage.
One can identify the region in which both WSe; and MoSe; 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 (¥, V3,) (Fig. F.4).

We find that the EL spectrum resembles the PL spectrum in the same (¥, V},) configuration 78,
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Figure 4.9: Electrical generation of interlayer excitons. (a) I-V curves at various top (Vtg) and bottom (ng) gate con-
figurations with corresponding indicators in the inset. Inset: Ids vs. Vtg and ng (with V; = —3V on MoSe; and
grounded WSe,). The white dashed line represents the compensated electric field where V;,g = 10.37V-a V[g.
The markers represent the gate voltages used in (a)-(c) and (e). (b)-(c) are spatially dependent electroluminescence (EL)
maps for Vtg = —1VvV({V)and ng = 12V (8.75V)at I/;; = 7V, respectively. The white dashed lines indicate
the heterostructure area. (d) Electric field (£),) 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 uses Vtg =10V (—-10V)and
V;,g = 16.28 V. The yellow line represents the pulsed sawtooth voltage applied to V4. 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. Ej,. Similar to the PL shown in Fig. 4.1(a), the EL spectrum shifts linearly
with Ej,, 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 V; at a fixed
(Vig> Vig)- 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 7, = 10 V and —10 V with V}, = 16.3V,
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 (7z¢ < 10 ns) of the biasing
pulse.

Our initial EL experiments showed tunable emission and demonstrations of the interlayer exciton
nature in a p-z 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 V;

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 polarization’®'*® 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

Gate-defined Interlayer Exciton Traps

OPTICALLY GENERATED EXCITONS, BOUND PAIRS OF EXCITED ELECTRONS AND HOLES, IN
MONOLAYER TRANSITION METAL DICHALCOGENIDES (IMDS) ARE AN EXCITING SYSTEM FOR
EXPLORING TWO-DIMENSIONAL (2D) BOSONIC GASES because of their large binding energies > and
spin-valley locking properties''*®. In type-Il 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 and ng 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) E,,g.

ers, forms with a permanent out-of-plane dipole moment'#77:"32° | extended lifetime 573, and
long diffusion lengths 1476120 while maintaining large excitonic binding energies7#**"73. Their long
lifetimes allow for the generation of high densities of IEs, which have been shown in GaAs double

8182122 or undergo a Mott transi-

quantum wells (DQW) to condense into a degenerate exciton gas
tion '****+125 In TMD heterostructures, the large binding energies also allow for much larger den-
sities before dissociating upon reaching the Mott density7>>'**. The large exciton mass combined
with larger sustainable densities could be used to realize high-temperature condensates that are elec-
trically tunable”*°7 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 phases">”>">®. 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 condensate ®*.

In this chapter, we design a multi-gated structure to create electrostatic traps that allow us to gen-
erate high densities of IEs. Figure s.1(a) shows a schematic of the device design. A high-quality, h-BN
encapsulated MoSe,/WSe; heterostructure is fabricated with matching top and bottom metal gates
(detailed images in the Section s5.1). The IE energy in the trap area can be controlled by a matching 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,

epn Vg = Vig

Eog == : =, (S'I)
ETMD Liotal

where ¢,y and e7psp are the h-BN and TMD dielectric constants, V;, and V), are the top and bottom
gate voltages, and #,,,; is the total h-BN thickness. Applying positive E,, raises the IE energy in the
outer gate region due to the linear Stark effect in IEs'+77'3*>°_ 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 MoSe,/WSe, heterostructure with electrical contacts to
each layer. In order to create the trapping potentials in our device, we need to fabricate matching top
and bottom gates. We write and evaporate the bottom gates following the PdAu gate recipe (Appendix
A.2.3) and use scanning electron microscopy (SEM) to characterize the gate separations. Although
designed for 300 nm wire 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 WSe, and MoSe; 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 alignment marks and use electron beam lithography, the margin 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..

5.2 SPATIAL ENERGY MODULATION

We demonstrate our gate modulated trapping potential by performing scanning photoluminescence
(PL) spectroscopy at various E,, across the wire gate region (details in Appendix B). All PL measure-
ments are performed at 7" = 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), we measure the PL spectra with a power
(P) of 504 W at the edge of the wire gate as a function of E,. As E,, 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 (AE = ed- AE:g, where AEis the energy shiftand eis 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 2 = 500£W at
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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 = O‘um and the spectra is collected across the
wire gate at Egg =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, £,, = 0 V/nm and 0.114 V/nm. When E,, = 0 V/nm, the
PL emission energy is constant at ~ 1.38 eV across the spatial linecut, matching the expected electric
field profile. When E,, = 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 (IErp). Independent of the trapping potential, we

notice that the high-energy free IE emission extends out almost 3 zm 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 labeled Vyg and V,,, 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 MoSe, regions. (c) Diffusion map at E,,g = Ewg =0V/nm
on a larger scale.

dipole-dipole interactions and the resulting long diffusion lengths exhibited by IEs in TMDs 4. 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 ym) 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 s.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 £,, = E,,;, = 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 switch 76,

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 (V) and the wire gate region (V) are labeled. Figures s.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 pW (red circle). For E,, = —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 E,; = 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 £,,,. 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 s5.5(e), which clearly show the
spatially narrowed (broadened) distribution for £,, = 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 E,,g = —0.023, 0, and 0.114 V/nm. The outer gate and the wire gate areas are labeled Vog and
ng, 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 Eng line cuts in (e). The white
dashed lines indicate the expected trap width of ~ 500 nm. (e) Line cuts at Eag =-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 (PLyeak (Eag)/PLpeak (E,,g = 0)) as a function of E,,. We observe the trap saturates near F,, ~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 E,,g.

trap region, as a function of E,,, where y = 0 is approximately where the x-linecuts were performed.
We see the two larger intensity regions corresponding to natural traps. As we increase E,,, 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 £,, & 0.09 V/nm, reaching the noise floor (1 kct/s) for these
measurements. £,, ~ 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 heterostructures **>'3°. The increase
in the standard deviation again at £,, > 0.114 V/nm corresponds to a brightening in the trap region
due to the trapping potential.

In Figure s5.5(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
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of E,,. We observe the trap diffusion width saturates near £,, ~ 0.04 V/nm at around 0.95um. 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 E,e > 0.12 V/nm, which could be due to a short-
ened lifetime at larger electric fields and therefore, greater emission outside the trap'#. The relative
peak PL (normalized to emission at £,, = 0 V/nm) also increases rapidly until £,, ~ 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 E,, (Fig. 5.7). These signatures

point towards the strong confinement of higher IE densities in the trap region.

S-4 LIFETIME MODULATION WITH THE TRAP

We perform time-dependent PL (TDPL) measurements across the trap at different trapping potentials.
We fix the excitation (1 = 660 nm with P,,, = S¢W and 80 Mhz repetition rate) at one spot near
the edge of the wire gate and move our separate collection spot. Figure 5.7(a) shows the TDPL counts
in the trap without the trapping potential and obtain an exciton lifetime Tz = 1.22 £ 0.03 ns. We
take lifetime measurements across different spatial locations for three representative outer gate electric
fields £,, = 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 £,, = 0 V/nm, T/ 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
T/ 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 £,,. We find that the lifetime inside (outside) the trap
increases (decreases) with higher £,,. We also observe the lifetime decreases in the trap for £,, < 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 (T;z) as a function of x for Egg =0, 0.068, and 0.138 V/nm. (e) Lifetime at two represen-
tative spots as a function of Egg.

trapping potentials, the trap confines the IEs from diffusing away, increasing the PL 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 (£,, < 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, T7z ~ 1 ns, is shorter than some previous reported interlayer exciton lifetimes, which
could be due to the twist angle”* or other non-radiative processes such as Auger or defect mediated

recombination.
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) 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 £,, = 0 V/nm. We observe a blue shift in the PL energy with excitation power due to
dipole-dipole interactions as the IE density increases *+5%77:63:13 1124125 ' We can model this blue shift

with a simple parallel-plate capacitor model where the energy shift,

AE: (}’l[E—n())ezd’

ETMD €0

(5-2)

where 7 is the IE density, 7 is the starting density, and AE 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 density '*>. Thus, we treat the AE as an indication of increasing
density. Interestingly, when we apply the trapping potential of £,, = 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 IE,, 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 AE 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 (7;£) of 0 when there is clearly PL emission. To account for this, we calculate an upper bound
starting density 7 based on the excitation power, similar to Wang, etal. ©3, We can calculate the steady-
state 7z if we know the lifetime (T) and generation rate (G). As pointed out in Wang, et al.®*, both

quantities will depend on 7z, giving us:

nig = G(ng)t(ni). (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 Egg = 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 IE;;. (b) Same as (a) for ,, = 0.114 V/nm. (c) The blue-shift energy, AE, for F,, = 0and
0.114 V/nm as a function of power. Right axis (blue) shows the corresponding calculated IE density, 7. (d) Fitted IEy,,

linewidth for E,,g = 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 T for this specific case. The generation rate at the lowest power used in our experiments will be

G=—""0 (5-4)

where ¢ is the absorbance of the sample, 4 is the area of the beam spot, and /v is the excitation pho-
ton energy. First, we calculate the absorbance from ¢ ~ 0.11 at our excitation energy of 1.87 ¢V

(wavelength, 2 = 660 nm)®, scaled by the approximate losses due to the metallic top gates (~ 5%

75



transmission). We assume a diffraction limited spot size with a Airy ring radius, » = 0.61% = 536
nm, to get 4 = 77* &~ 0.9um?. We take T & 1 ns in this device (Section 5.4). Using these values we
can obtain

nip(P) = P x (2.04 x 10°) em ™2 /uW, (s-5)

assuming that there is minimal non-radiative decay processes. Thus, for (P = 1¢W), we can add
ny = 2.04 x 10° cm ™2 to the starting density. Since our calculated 7 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 £,, = 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 nz =
1.3 x 10" cm™2, in agreement with previous measurements 4. With the trapping potential we can
reach almost twice this density, n;z = 2.3 x 10'2 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 £,, = 0.114 V/nm. The
measured blue shifts outside of the trap at the largest excitation power (P) are AE ~ 12.7 and 10.6
meV for E,, = 0and 0.114 V/nm, respectively, corresponding to IE densities of 8.4 x 10" cm~2 and
7.0 x 10" 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 IE,,
normalized intensity (Figs. 5.8(a)-(b)). Figure 5.8(d) shows the fitted linewidth as a function of power
for £, = 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 in 77z. We rule out heating as the main mechanism because the linewidth broadening
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Figure 5.9: Power dependence outside the wire gate (a) Power dependent PL spectra of the interlayer excitons outside
of the trap area with Eag = 0 V/nm. (b) Same measurement with Egg = 0.114 V/nm shows similar blue shifts and
linewidth broadening to Eag =0V/nm.

would occur at the same power, independent of £,,.

5.6 THE INTERLAYER EXCITON MOTT TRANSITION

The interlayer exciton linewidth should broaden as it approaches the Mott transition, regardless of the
trap depth. We plot all linewidth versus density curves for various £,, 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 7z versus

linewidth curve with an exponential,

w(nE) = wo &/ i (5.6)

to extract the critical density 7. Figure s.11(a) shows the linewidth as a function of IE density for
various £, in a scatter plot with the density on a semi-log scale. Amazingly, we find that the data points
fall onto a universal curve, which suggests a transition occurs at critical density 77z, independent of
the local electrostatic environment. We extract a characteristic 77z(7 = 4K) = 1.20(+0.05) x 10'?
cm™? (Fig. 5.10). Similar measurements were performed at two other temperatures, 7 = 30 and

50 K (Fig. 5.11(b)-(c)), showing a trend towards higher critical density for higher temperatures (Fig.
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Figure 5.10: Exponential fits of the linewidth as a function of density on a semi-log plot which correspond to a linear
function at T = (a) 4 K, (b) 30 K, and (c) 50 K.

s.11(d)).

Broadening in IE linewidth as a function of 7z was previously observed in indirect excitons in
GaAs double quantum wells"3""*# as well as in IEs in MoSe,/WSe, heterostructures®?. 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 #/r approaches the
size of the exciton, or n;g d%E ~ 0.04>%7%13> For intralayer excitons, the Bohr radius, 4p,,, =
4regermph? / Iuez ~ 1 nm (where g is the exciton reduced mass), can be used as the exciton size,
yielding a Mott density of nﬁg; ~ 4 x 10 cm™2%. For the IEs, we estimate the Bohr radius to
be a;r ~ 1.6 to 2.7 nm7>7#. This gives a range for nﬁm ~ 0.5 — 1.6 x 10> cm~2. Here we take
nlf =~ 1.6 x 10'* cm™? similar to Wang, et al. '>¢ (black line in Fig. 5.11(d)). The extracted 7}
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 temperature '3*'34,
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 alinear dependence between the Mott density and temperature **°. Both predictanincrease

in 71,; with increasing temperature, consistent with a Debye-screening model. However, in the case
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Figure 5.11: Interlayer exciton Mott transition (a) Scatter plot of linewidth vs IE density for various trap depths. A univer-
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black dashed line is the Mott density, nflm.
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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 7p, 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 IE Mortt 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 transistors 3%7675. 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.

Edward M. Purcell

Spin-Singlet and Triplet Interlayer Excitons

NOT EVERYTHING IS WELL UNDERSTOOD IN A BURGEONING FIELD. With the ability to stack TMD
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, we would find that both the singlet and triplet transitions in MoSe,/WSe; heterostruc-
tures are allowed. The singlet and triplet interlayer exciton states, with opposite spin characteristics,
could be used as the basis for polarization switches 58 in excitonic quantum devices. However, since the
optical selection rules difter 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 configuration ®+®5*37. 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-

138

mentum to brighten singlet and triplet optical transitions 40,87 While singlet and triplet interlayer

64:05,137 the observation of these

excitons have been observed in 60-degree aligned heterostructures
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.

We will 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 MoSe,/WSe; heterostructures.

6.1 SINGLET AND TRIPLET INTERLAYER EXCITONS

Our experiments employ h-BN encapsulated WSe;/MoSe, 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 (V) and the back-gate voltage (7,) have the same polarity, achieving
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higher carrier densities than in previous IE studies $*'#? (details in Appendix D). Furthermore, sepa-
rate electrical contacts made for MoSe; and WSe; 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 doping with circularly co- and cross-polarized exciton emission (£, and Z,,;, 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 ¢V 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 %, of the lower energy peak at 1.39 €V 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 heterostructures ®+% and their selection rules %7,
Thus, we tentatively identify the lower and higher energy peaks as triplet (X7) and singlet excitons
(X5), respectively, while the emission energy and DOCP for device A are consistent with a 0-degree
heterostructure 5.

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 V;, = aV,, wherea = 0.617
or 1.4 for the two devices (based on each device’s h-BN thicknesses), respectively. In this gate voltage
configuration, we can maximize our achievable two-dimensional (2D) carrier density 7, p. 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 MoSe,/WSe; heterostructures. (a)-(b) Polarization resolved
PL from devices A and B, respectively. Excitation power, P = 0.5 #W and 100 uW, respectively, are used to compare
all existing exciton species. Inset: Lowest energy stacking configuration for O- and 60-degree heterostructures. (c)-(d)
Degree of circular polarization (DOCP) extracted from (a)-(b). (e)-(f) PL vs. V,g = ng, where « 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 MoSe; and valence band of WSe;. (g)
Reduced band diagrams of the MoSe,/WSe, heterostructure showing the upper (CB2) and lower (CB1) conduction
bands of MoSe, and the valence band of WSe, (VB). The exciton and Fermi energy (black dashed line) are drawn for
each regime marked in (e)-(f). The green (MoSe;) and yellow (WSe;) shaded areas indicate filled electron bands.
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Figure 6.2: Dual gate-dependent reflection spectrum in the same doping regime as Fig. 6.1(e).

6.1(e)), only neutral interlayer excitons labeled as X appear in region L In region II (III), the Fermi
energy crosses the valence band of WSe, (lower conduction band (CB1) of MoSe,) and we begin to
p-dope (n-dope) the heterostructure forming charged interlayer excitons (CIEs), X (X; ). The dis-
continuities in the PL energy between regions I/1I and I/11I are attributed to CIE binding energies of
~ 15 meV and ~ 10 meV, respectively, as discussed in Chapter 4 '#. In region IV, when the electron
density is further increased, an additional PL peak, X, , appears ~ 25 meV above the X|” peak, which
overtakes in intensity with increasing 7,p. This additional exciton feature is likely related to reaching
the upper conduction band of MoSe; (CB2). For device B (Fig. 6.1(f)), we observe a similar discon-
tinuity in emission energy when entering regions IT 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 PL measurements as a function of magnetic field (5) using a cross-polarized mea-
surement scheme (Appendix B.4.2). Figs. 6.3(a)-(c) show the normalized ¢+ (blue) and o— (red) PL

spectra measured in device A at zop = 0,1.02 x 108 cm™2,and 1.57 x 1013 em 2, respectively. From
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Figure 6.3: Experimental evidence of spin-singlet and spin-triplet excitons via magnetic field in device A. (a)-(c)
Polarization-resolved photoluminescence (PL) spectra at z,p = 0,1.02 X 10" em™2,and 1.57 x 103 ecm™2, respec-
tively, for characteristic magnetic fields (B) using a cross-polarized measurement scheme (Appendix B.4.2). Blue (red)
curves are o+ (o—) collection. The dashed lines serve as a guide to the eye. (d) PL energy splitting (AE = E,, — E,_)
as a function of magnetic field forXO,XT, and X; Error bars are calculated from the fitting of the peak position. The
dashed lines are linear fits to the energy splitting giving gy = 6.9940.35, g1 = 6.0640.58,and g, = —10.6 =1.0.

these polarization-resolved spectra, we obtain the PL energy splitting between the circularly polarized
light (AE = E, — E,_)asafunction of B. Fig. 6.3(d) shows the measured energy difference follows
alinear relation AE = gu B, where g is the effective g-factor and p; is the Bohr magneton. From the
slope of the measured relation between AE and B, we obtain the effective g-factors for X0, X, ,and X, :
20 = 6.99£0.35,¢1 = 6.06£0.58,and g» = —10.6+£1.0, respectively. Interestingly, the g-factor for
X, is greater than and has the opposite sign of gy and g1, implying X, has an additional Zeeman split-
ting contribution and that the chiral light coupling to the K valleys is flipped compared to X° or X .
The observation of a higher energy emission in region IV also suggests that transitions between the
highest WSe, K-valley valence band and both spin-split MoSe, K-valley conduction bands are allowed.
This would indicate that the higher energy peak is an emissive triplet transition with an in-plane dipole

moment, evidenced by far-field emission, unlike dark triplet excitons in monolayers®'>"3?,
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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 (WSe; ) to the conduction band of another layer (MoSe;).
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
WSe,/MoSe; heterostructures — as opposed to being purely determined by the symmetry of any in-
dividual, constituent layer, as discussed in Section 2.3. Theoretical calculations*>"3® 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 works 44° where R{; (H‘Z) represents an R-type (H-type) or 0-degree (60-degree) stacked sample
with the u = b, X, M sites on the top layer overlapping with the /4 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 (A4) point for convenience. In the heterostruc-
tures, the interlayer, interband transition can occur across two different points in the lattice (M, b, X)
and so the quantum numbers must 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 momentum quantum num-
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 quantum numbers 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 O-degree stacking conventions, R{;, where y = b, X, Mis the top
layer's center of rotation when rotating about the bottom layer’s / site are shown. The top layer is the MoSe; (green)
layer and the bottom layer is the WSe; (yellow) layer. (b) The top and side views of the three 60-degree stacking con-
ventions, H{; where = b, X, M s the top layer's center of rotation when rotating about the bottom layer’s / site
are shown.

M tollowed by a translation vector. In Figure 6.5(b), we show that the C; rotations can all be written
in terms of the C3(M) rotation followed by a translation, 7(d;) or T'(d;). The translations 7(d; )
and 7'(d,) 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, b, X) can be written as displacement from the A1 site by a lattice vector,
the translation will only result in an additional phase of :I:Z—f. Taking the axis convention from Yu,
H., et al.*° where K = % (1,0), one can show that the 6'3 quantum numbers, when rotating around
the b and X sites, will be C3 (2, M) + 1 and C5 (n, M) — 1, respectively. In Table 6.1, we show the
C5 (n) quantum numbers for the three different centers of rotations for the first conduction band’s

two spin states (¢ and ¢;) and the top most valence band (v), as well as the S, (7) and ¢}, (z) quantum
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Figure 6.5: (aJThe Cj rotation operator and 1(d;) and T'(d,) translation operators demonstrated on a TMD lattice.
Lattice locations ¢ = b, X, M are also shown. (b) Visual representation of writing the rotation operator at different
centers of rotation with respect to C3 (M), T(d; ), and T (d>).

numbers.
n= v a ¢
Cy(n, M) ~1 0 0
Cs(n, b) 0 +1 +1
Cs(n,X) +1 -1 —1
7.(n) +1 +1 +1
S.(n) +1 +3 -3

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 the K 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 shifts with one caveat. In the heterobilayer case, the 7j, symmetry no longer holds,
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removing Eq. (2.9) as a constraint. We still have the same C; rotational symmetry at high-symmetry

interlayer offsets shown in Figure 6.4(a). This results in the following selection rules:

3N +1 o+ transition
Cs(n) = Cs(n)+ S, — S, = (6.1)

3N  ztransition

where N is an integer. We find that the allowed transitions depend on the C3 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, 6"3, will be related by to @3 by a factor of —1, as discussed in previous theory
work#°,

It was theoretically and experimentally shown that for WSe;/MoSe; heterostructures, the lowest
energy atomic stacking registry in 0-degree aligned heterostructures is Ri(, representing an R-type
stacking (0-degree aligned) with the X site of the top MoSe; layer above the /4 site of the bottom WSe;
layer #3559 We check the allowed transitions from the first valence band (v) to the first two conduc-

tion bands (¢; and ¢;) using these Cs quantum numbers and find:

Thus, from symmetry arguments we see that the first transition (CB1) has o— circular polarization
and the second transition (CB2) has o+ circular polarization. These selection rules show that a tran-
sition from ¢, 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) Ri( and (b) HZ 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 (C; — —C;
and §; — —S;). A similar calculation can be done for the 60-degree aligned heterostructure and its
lowest energy stacking configuration, 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 studies > 3*.
b X M X M
Rh Rb Rlo Hi H h H b
v— o+ o— 2 o+ 4 o—
v— 0 z o+ o— o— o+ 2

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 > OT for O-degree alignment. The
solid green/yellow lines show the bands at B = OT 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 WSe, with a value of ¢, = 42 depending on the valley. The spin contribution is from the
spin 1/2 of the electrons, 25, = +1, which cancel in the X0 and X case, but provide an additional
contribution of 4 for the X, . Finally, the valley magnetic moment, &, .- = £, comes from the
self-rotation of the Bloch wavepackets’” and has contributions from both the conduction and valence
bands. Each of these contributions will shift each band with an effective g-factor:
_ ,CB VB
+ — - )
e (©)
o— = 84o— — Lo—-
We then combine each of the shift for each circular polarization to determine estimated g-factors

for the spin-singlet and spin-triple transitions:

0—theory o mo o ~
Esingler ~ = 8ot T &o— = 4+2 WT;; - E ~7.05, (6.4)
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O0—theory . m o o
Sipler . = 8o+ —Zo— = — |4+ 2 oy m +4 | =~ —11.05 (6.5)

O] ()

where we use effective mass values m " = m,” = 0.8 mo*° and m), = 0.36m("5. 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 assumptions®”’#"*4*. Since we do not account for any effects
associated with doping, such as free carrier screening and band renormalization, our model expects
g;];fwy = g;?yy. 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 mass*° for all calculations.

O]

The measured value differs significantly from the theoretically calculated values of ;" = 0.5 my
and mﬁ"‘) = 0.58 mp'5. We use this value for both conduction bands because of the inconsistency

() 1

with the condition that ;™ > m.’ when combining the experimental and theoretical values. DFT
2

calculations predict a 15% larger effective mass for 72, , which can be considered a small change to the

already simplified g-factor calculation.

6.4 REVEALING THE TRIPLET STATE IN O-DEGREE HETEROSTRUCTURES

The experimental observations of ~ 25mel splitting between X, and X 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

0—theory

0—1theory __
Esin glet

g-factors to be ~ 7landg ~ —I11.1, respectively. These calculated g-factors are in

triplet
excellent agreement with experimentally observed values both in terms of sign and magnitude. Thus,
we confirm X, and X, assinglet and triplet excitonic transitions, respectively. We note 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 7,p.

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| all have transitions from CBI, allowing us to assign
them as singlet neutral or singlet charged excitons. In region IV, the X, 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 form with an electron in CBI of either K valley in MoSe,, but further studies are
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Figure 6.9: PL spectra for device A at V,g = 25V withthe X;” and X, regions shaded in purple and orange, respec-
tively. Inset: Time-dependent PL measurements to determine the lifetime of X; (7 ~ 6.12ns)and X, (7 ~ 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, 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 7z,p = 1.42 X 10B3em—2 (Fig.
6.9) and perform time-dependent PL (TDPL) measurements to find the lifetimes corresponding to
X, and X, are; = 6.08 £ 0.01 nsand 7, = 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 ps?*3?). The similar life-

times when the bands are filled with 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 > O T for 60-degree alighment. 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 similar#>%7, consistent with theoretical calculations.

Despite being optically allowed, the spin-triplet exciton recombination must compete with the re-
laxation lifetime (7;.,,) of the electron from the upper to the lower MoSe, conduction band (CB2
and CB1, respectively). From studies on bright and dark excitons in WSe; ', the 7,,,,, attributed to
spin-conserving intervalley scattering processes, has a time scale of ~ 60 ps. Even at large doping, our
X, and X lifetimes are longer than 7,,,, (Fig. 6.9), meaning observation of the X;” PL emission re-
quires a quenching of 7, via Pauli blocking (Fig. 6.1(e)). This is in contrast with monolayer WSe;,
where the lifetime of the bright exciton ~ 1 ps is shorter than 7,,,, 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 transition *>*7. 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 6G0-DEGREE HETEROSTRUCTURES

The 60-degree alignment case is also expected to have two bright transitions with the lowest energy
transition having the 4K (—K) valley coupling to o+ (¢—) 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

60—theory @ mo ~
Gt = (4 +2 (m + m§1)> + 4) 16.05, (6.6)
for mgl) = 0.8 my*° and m;, = 0.36m "5.

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

60—stack

Soigler = —15.1 £ 0.4, in good agreement with the

field (Fig. 6.10(c)) and measure a g-factor,

theoretical prediction and previous studies ©5:57:0287

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 ¢V 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 at Vtg =a ng = 0V 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 at Vtg =a V;,g = 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 UW for device A (orange) and P = 100
4W 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 V)
which becomes more 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 (nop > 1.4 X 103 cm™2), providing a singlet and triplet device where the emission of one
state can be completely turned oft. 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, the MoSe,/WSe;
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 (V4;) and gate voltage (V,, = aV,). 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 WSe; and MoSe; layers, we can operate the device as a gate tun-
able atomically thin p-» diode'#, where the interlayer tunneling current across the heterostructure
interface can generate singlet and triplet exciton emission. Fig. 6.12(a) shows the current (/) vs.

drain-source voltage (V) curve at Vig = aVy, =10V, where &« = 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) -V characteristics of the device
BatV,, = aVj, = 10V,wherea = 1.4is based on the h-BN thicknesses. Inset: Optical image of the sample
with yellow (green) lines indicating WSe, (MoSe;) area, gray solid (dashed) lines indicating Vtg (ng), 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 (4, = 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 7 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 with V4, and V7, (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 WSe; and MoSe; 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 ({;) as
a function of drain-source voltage (/) curve and gate voltages (Vtg =« ng). (c) Same map as (b) but normalized to
background current (I, at Vi, = aVy, = 10 V).

doped region of the monolayer to reduce contact resistances, allowing efficient doping and p-z diode
transport.

We drive the device with (74;) and separately tune the density using (V;; = aV7,) to observe cur-
rent across the MoSe,/WSe; heterojunction (Fig. 6.13(b)). However, the device also has areas of
the p-» 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 Z;; map to the I, vs. Vy, curve taken at V;, = a7, = 10 V, which except for the highest V4,
shows no apparent gate-dependent features. From the normalized map in Fig. 6.13(c), we find the
V45 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 of V7, and

Vg 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 of Vy; at fixed V;, = al,, = 2.5 V. (b) EL spectra as a function of V;, =
a ng at fixed V5, = 7 V. (c) The log of the ratio between the integrated EL emission from singlet and triplet interlayer
excitons as a function of V', and Vtg =« ng 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 of V; and V. Fig. 6.14(c) maps out the log of the ratio between the
integrated singlet and triplet emission as a function of V7, and V},, 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

I02



(@) (b) (© | @
log, ,(EL,

ol

|0910(ELsmglet

) Iog‘o(EL

triplet

) EL

singlet

EL (cts)

triplet
x10°

Figure 6.15: (a) Total integrated electroluminescence (EL) counts as a function of 7/ and Vtg = th. (b) EL counts
vs. Vs and Vtg =a ng when integrated over the higher energy singlet interlayer exciton energy range. (c) Same EL
map but for the lower energy triplet interlayer exciton. (d) The difference in the integrated EL emission from singlet (b)
and triplet (c) interlayer excitons as a function of }/, and Vzg =a ng, showing regions with dominant exciton emission.
The colored dotted lines show contours of the total integrated EL.

sample are removed, the 7, through the gated regions of the sample is dependent on both V4, and
Vig = aVig. 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 same Vy, and V;, = aV,
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 regions where
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 the MoSe; and WSe; conduction bands, where
the upper conduction band of MoSe; would be in resonance with the WSe; conduction band before

the lower conduction band of MoSe;. In previous studies on MoSe;/h-BN/WSe; heterostructures,
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©6 Further studies

current and EL enhancements have been attributed to interlayer exciton coherence
are needed to fully understand the origin of the enhancement and the switching of the EL emission.

These enhancements in EL and the work from Wang, Z. etal. 66 gave a strong motivation 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 charges means circularly polarized light
coupling in singlet and triplet excitons can switch between fermionic and bosonic character, which
could be utilized in novel quantum devices. Electrical generation of tunable singlet and triplet excitons
in TMD heterostructures, combining long EL lifetime *# with local gate engineering 43, paves the way

towards independently controlling chiral, valley, and spin quantum states in valleytronic devices.
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Question everything. Learn something. Answer nothing.

Euripides

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 the magnetic 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 carriers #»#3'%'44 However, the nature of the formed charged interlayer excitons and their
g-factors are not well understood. While previous studies use the single particle band shifts to attribute
singlet or triplet charged interlayer excitons 7787:144 they did not touch on the potential interactions
due to the charges under magnetic field, which are present in the monolayer cases 45452220146,

In this chapter, we study the g-factors of neutral and charged interlayer excitons in MoSe,/WSe;
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
use magnetic fields at high electron doping to confirm that the interlayer excitons are formed from the

second conduction band electrons of the MoSe; 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 WSe;/MoSe; 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 MoSe; as the top layer and WSe; as the bottom layer,
we apply Vy, for V, < 0 Vand V,, for V; > 0V such that the doped layer screens the electric field
between the layers 4, 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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Figure 7.1: Polarization resolved PL as a function of carrier density. (a)-(b) Cross-polarized PL measurements at B=0T
for o+ and o— collection as a function of V,. V, is either the V;, or I/}, depending on the sign of the applied voltage
as described in the text. The corresponding carrier density is calculated via a parallel-plate capacitor model. (c)-(d) Same
measurements but at B = —15 T. (e) Representative spectra taken in 2 V steps from (c)-(d). The spectra are offset by
700 counts. The grey dashed lines in (a)-(e) separate the different doping regimes as schematically drawn in the band
structure diagrams. The dashed black line in the diagrams is the Fermi level.

tons”7¢»87:4° All measurements are performed with an excitation wavelength of 660 nm and power
of 15¢W at 5 K. In Figure 7.1(a)-(b), we show the circular polarization dependent PL spectraat B = 0
T. We observe discontinuities in the PL energy position at Ve~ —1.4 and S 'V, which are attributed
to the p— and z—doped charged interlayer excitons (grey dashed lines). The right- and left-handed
circularly polarized PL emission, o+ and o—, 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 to maintain valley polarization. In the cross-polarization setup,
the o+ and o— 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 o4 and o— PL emission. First, we observe an energy shift between
the o+ and o— emission. While the magnitude of energy shifts seem to vary, the sign of the shifts
remains constant throughout the V, range and are consistent with the expected Zeeman splitting of
the singlet interlayer exciton”” as described in Chapter 6. Second, we find the relative PL intensities
of the o+ and s— emission are strongly modulated with V7, switching between o+ or o— dominated

emission in the p— and z—doped regimes.

7.2 VALLEY POLARIZATION

To understand the polarization dependent intensity changes, we perform similar measurements at
various B and compare the o4 and ¢— 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 rules *>"3%%7 g— (o) polarized emission couples to the + K (—K) valley and we can calculate

the valley polarization "+5'47 as

]zr— - Lot
P e —— .
(+K7‘7 ) [g— + [0'+ (7 I)
In Figure 7.2(a), we show the calculated valley polarization as a function of V, 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(4+K,0—) < 0) when in the p—doped regime and strong +X valley polarization (P4 x,,—) > 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 the K valleys. Importantly, this behavior is minimally present (| P4 ¢, ,—| < 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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Figure 7.2: (a) Valley polarization = j’: ;5’1 as a function of V, for different magnetic fields (B). Positive (negative)

valley polarization corresponds to +K(-K) valley polarization. Data set 2 (purple) shows similar behavior but over a larger

n-doping range. (b) Singlet interlayer exciton splittings under magnetic fields show the lowest energy state. (c) Band
diagram of the conduction band and valence band splittings for B > 0 when p-doping, leading to valley polarization of
the free holes in the +K valley. (d) Similar band diagram for n-doping, leading to valley polarization of free electrons in
the -K valley.

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, o— emission (+X 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 the K 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 states 148 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 z—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 eftective g-factor, g,, of the band (» =

CB, VB)

— LEZ — o+ + ( )
In — Z#BB = Zspin T LK T LI 7%

where Gopin = 1is the spin contribution, gx = m/m* is the valley Berry curvature contribution (72*
is the effective mass of the band), and g; = 0 or 2 is the orbital contribution. This results in an effective
g-factor of gcp = 2.25 for the MoSe; conduction band (72, = 0.8m>°) and gy = 5.85 the WSe,
valence band (72, = 0.35m '*). In Figures 7.2(c)-(d), we show schematics of the Zeeman splitting of
the conduction and valence bands with p— and »—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 4K valley.
Due to Pauli exclusion, charged interlayer exciton species are predicted to bind with the free carriers
in the opposite valley+*'45-149144_Thus, a large valley polarized hole density in the +-K valley would
form a charged interlayer exciton that emits o+ polarized light via the excitonic transition in the —K
valley. Indeed, we observe increasing o+ polarized emission (—K valley polarization) in the p—doped
regime. Similarly, in the z—doped regime for B > 0, electrons are polarized in the —K valley, which
forms charged interlayer excitons that have brighter o— (4K valley) emission. The behavior is flipped

for B < 0, consistent with time-reversal symmetry. Thus, we find the observed valley polarization of



the charged interlayer exciton is determined by the valley polarization of the associated bound charge.

We note the z—doped regime has larger valley polarization, which persists up to 7,p & 3 x 10'?
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,

1 #h?
exp .
Lcp =

2‘(43,8 ‘VmenZD Jus (73)

where » = 1is the degeneracy, m, = 0.8my is the effective electron mass*°, and the valley fraction
fo = I /(- + I+) = 3(P(ik,,—) + 1), which estimates the fraction of charges that fill the
lower Zeeman split conduction band. From this approximation, we extract a gfgﬁ ~ 3.9, which is
in reasonable agreement with the calculated gcg = 2.25. The larger i is expected considering
previous measurements show 2-3 times larger effective g-factors than the calculated values both in

WSe, holes>>'4° and MoSe, electrons >°.

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 PL measurements, we can measure the PL energy of o+ and — emission, corresponding to
Zeeman shifts in the K valleys. We define the neutral and charged interlayer exciton Zeeman splitting

as the difference between these energies

AEz = E; — E,—. (7.4)

Fig. 7.3 shows AEy for various B. The Zeeman shift is expected to shift linearly proportional to the

magnetic field

AE; = Lsinglet Hp Ba (75)
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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 gﬂ-nggﬁ( V,) 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 gjinggﬁ( V) with free
carrier density. In the p—doped regime, we observe a flat gﬂ-nglet( V,) = 6 until reaching a critical
density of pop ~ —1 x 10 cm ™2 where Ziingler(Vy) drops to around 4. In the »—doped regime,
the behavior is more subtle, with an increase of the g;mggﬁ( V,) to around 8 at around 7op ~ 1.5 X
10" cm~2 before steadily decreasing at larger densities. We focus on the features that occur near ~
+1 x 10'? cm~2 and discuss two possible mechanisms. 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, gy can be considered as

a combination of single particle band shifts of the MoSe; conduction band and the WSe; valence
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Figure 7.4: Interlayer exciton g-factor vs free carrier density extracted from linear fits to the Zeeman shift at various B
fields. Grey dotted lines indicate where free carrier doping begins determined from the onset of the charged interlayer
excitons. The black dashed line indicates the single particle calculated Lsingler-

bands':

Lsingler = Z(gVB _gCB)- (76)

Using the calculated values in the previous section, we expect a g-factor shift gi,pr = 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 WSe; valence band?**>'4® and the MoSe; conduction band*°. These enhancements
are attributed to the scaling of the Coulomb interaction energy, which are strongly enhanced at lower
densities where the screening eftects are reduced. If both gy3 and gcp 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

113



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 gy, decreasing in the
p—doped regime and the small increase in the z—doped regime, it contradicts with the steady decrease
in Giingler (V) above npp & 2 X 102 cm 2.

Alternatively, we note that the critical density for the decrease (increase) in the p—(z—) 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 paramagnetism *5, which should shift the critical
density as a function of B. 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 asin h-BN separated MoSe; homobilayers '5°, or at partial fillings of the moiré unit cell

in WSe,/WS, heterobilayers '>©15%153154 We can estimate the moiré density (one charge per moiré

unit cell) as
2

nyg = m (7.7)

a

where Ly = \/m is the moiré length scale determined by the twisting angle ¢ and lattice
mismatch, and « is the larger of the lattice constants. Using the lattice constants for MoSe; (4 =
0.319 nm) 'S and WSe; (4 = 0.316 nm)*S and an estimated § ~ 0.81° (Appendix C.1), we get
ny ~ 1 x 102 cm~2, closely matching the density at which we observe dips in the g-factor. Strong
interactions at half-filling of the moiré band (#z,p = 7¢) 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 generalized Wigner 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 o— with the charged interlayer exciton emission in . Fur-
ther studies with a narrower linewidth sample could reveal a paramagnetic charged interlayer exciton

state similar to observations in monolayers*.

74 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 V;, and V},. 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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Figure 7.5: 2D gate scans of the g-factor and valley polarization at B = 15 T. (a) Interlayer exciton g-factor as a func-
tion of Vtg and V;,g. (b) Interlayer exciton valley polarization as a function of Vtg and ng. (c)-(d) Same as (a)-(b) except
shown as electric field and carrier density dependence. Note the electric field values change once a layer begins to be
doped. Grey dotted lines correspond to the onset of the charged interlayer exciton emission. Yellow dashed line indi-
cates the drop in the g-factor.

7.5 EXTRACTING THE SPIN-ORBIT CONDUCTION BAND SPLITTING

We further explore the charged interlayer exciton behavior upon reaching the second conduction band.

The emergence of the spin-triplet interlayer exciton at high density was shown in Chapter 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 7%, &~ 1.3 x 10'* cm™2. Using #}, and
1

taking the effective mass of the first conduction band to be 7, " = 0.8 7 *° in units of bare electron

mass (720), we calculate the energy separation between the spin-orbit split MoSe, conduction band
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Figure 7.6: (a) PL peak intensity as a function of 7z, at B = 0 T (extracted from Fig.6.1(e)). Dotted black line indicates
the cross over density n;‘D. Left (right) inset: band filling before (after) the triplet state is brightened. (b) Photolumines-
cence (PL) spectra with o+ collection using a cross-polarization measurement scheme at B= 15T vs V;,g = thg~ The
corresponding carrier density is on the top x-axis. (c) Same as (b) for — collection. (d) PL peak intensity as a function
of n,p for B =15 T. The black dotted lines correspond to the singlet-triplet crossovers. Inset: Zeeman splitting of the
conduction band states.
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AEcp = ~ 19.5 meV, (7.8)

where we use » = 2 for the K-valley degeneracy factor. The estimated AE¢p is consistent with theo-
retically calculations "**5, but smaller than previous experimental values*°.

In Figure 7.6(b)-(c), we use a dual-gating scheme (Appendix D) to measure 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 o4 and o— polarized PL emission, consistent with

the sign of the expected g-factors. Thus, we can label the PL peaks in the o+ polarized light as singlet
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(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 7, for the &K valleys. The shift in density, An},, =
nip(—K) — n5p(+K) = 0.55 x 10'* cm™2, corresponds to an energy splitting of AE = 0.42 meV,
assuming a degeneracy of 4 at this density as the energy scales should be comparable to the temper-
ature (7" = 5 K). This energy splitting should correspond to the single band splitting of the second

conduction band (CB2)

AEz cp = Z(gK —gs) Uz B =0.43 meV (7.9)

where gg and g are the valley and spin contributions as defined earlier. We note that the flipped
spin in the second conduction band of MoSe; 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 the MoSe; 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

generalized Wigner 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.

Arséne Wenger

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)''37313283 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 energy'*'#, spin-polarization ®#®5'3777  and diffusion characteristics’+'55.
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Once realized, the interlayer exciton BEC would 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-

6667 In this chapter, we will outline our

tures, to claim evidence for the interlayer exciton condensate
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 a MoSe;/h-BN/WSe; heterostructure. We observe clear evidence of in-

0 and

terlayer excitons forming between the further separated layers, with a larger dipole moment
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(z) (7), 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-BN encapsulated MoSe,/h-BN/WSe, heterostructure (details
in Appendix C). Figure 8.1(a) shows the schematic of the device and the electrical circuit. Each layer
has Pt contacts with matching contact gate areas, allowing for transparent injection of the free carriers.
A single layer of h-BN is placed between the active MoSe, and WSe; layers, providing a tunneling
barrier that weakly 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 MoSe;, WSe;,
and h-BN spacer outlined.

We characterize the device with photoluminescence (PL) spectroscopy using a laser wavelength of

660 nm and excitation power of 20¢W at different spatial locations. In Figure 8.1(c), we show the
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Figure 8.1: Photoluminescence from MoSe,/h-BN/WSe; heterostructure. (a) Schematic of the device showing the

circuit and outlining the regions where there is 1L or OL of h-BN spacer. (b) Optical image of the device with MoSe,

(red), WSe; (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 OL h-BN area, but strong emission from the monolayer MoSe; (dashed red area) and
WSe, (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 MoSe, (red) and WSe, (green) separately.
We note that the emission is dominated by the excitons, which indicate less defects in the materials. In
the heterostructure OL 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 OL region ~ 1.35 eV.

To confirm the interlayer nature of the lower energy excitonic emission in the 1L region, we measure
the PL as a function of the electric field. We apply oppositely polarized voltages scaled by the top and
bottom h-BN thicknesses (V;, = —« Vigs where 2 = 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 OL 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 (£,) as

_ EbBN ' Vtg - ng

E bs
Eeff Ltotal

(8.1)

where ¢,4-is the effective dielectric felt in the TMD heterostructure and #,,,, is the combined top and
bottom h-BN thickness. For the OL h-BN, we assume ff = €Tmp = 7.2a3 the interlayer exciton

will be primarily within the TMD layers. For the 1L h-BN, we use ¢, = ¢j,—pn = 3.9 as the h-BN
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Figure 8.2: Electric field dependent PL emission in the (a) OL 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 OL and
1L h-BN regions, respectively.

spacer will make up alarge portion of the eftective dielectric. We note that this is an overestimation and
the actual e,fﬁrwill have contributions from both the TMD and h-BN layers. We expect the interlayer

exciton energy to shift due to the linear Stark effect:

AE;p = —edE),, (8.2)

where AE [ is the interlayer exciton energy shift, ¢ is the electron charge and 4 is the interlayer distance.
From the slope of the shifts, we obtain do; = 0.55 nm and di; = 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 £, = 0 V/nm is
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consistent with a weaker binding energy expected for a greater interlayer distance separation”#, which
we can extract to be ~ 60 meV. 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 () on the WSe; layer while grounding the MoSe; layer and simultane-
ously compensating any changes in the carrier density with a combination of the top and bottom gates,
Vig = 2V, (details in Appendix D). Figure 8.3(a) shows the interlayer current (1) as a function of
Vasand Viy = aVy,. We can drive current when the Fermi level (EF) is tuned into the conduction
band of the MoSe; or the valence band of the WSe, (Fig. 8.3(a) top and bottom insets). However,
we also observe a strong enhancement in I, along a line matching ¥, & 0.56 V4, 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 V;, = al, or constant V7, and find unconventional behavior in the Z;, curves. For
constant V;, = aV},, the I, increases smoothly until reaching a plateau. For a range of ~ 1V, the Z;
remains constant before increasing again. For constant Vg, the 7, 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 7, vs V4, curves are expected to show rectifying p-n diode behavior. For the 7, vs
Vig = aV, 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 () and hole density (p) are matched, the formation of inter-
layer excitons could enhance tunneling between the layers beyond the non-interacting single particle

picture®®. This is supported by the gate voltage dependence, which tunes the charge carrier density.
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Figure 8.3: Interlayer current as a function of bias and gate. (a) Current (/) as a function of the bias voltage (/) and
gate voltage (V,g = ng). Inset: Band diagram of the heterostructure at various Fermi levels at roughly the corre-
sponding Vi, = aVy,. (b) 1 vs Vy linecuts along constant V,, = a1}, lines showing plateaus in the current. (c)
vs Vg = aV, linecuts at constant V;; showing a cusp in the total current.

In this picture, the sharp cusp in ; as a function of V;, = a1}, (Fig. 8.3(c)) corresponds to the
n = p condition where we observe the maximum current. At larger V;; = aV,, the heterostructure
becomes p- or #-doped and we observe single particle current. When changing the 7 (Fig. 8.3(b)),
we are tuning both the charge density and the total carriers injected into the heterostructure. For fixed
Vig = @V, the tunneling current will increase with V4, until the » = 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 OL h-BN region, we find 7, eventually increases again after plateauing

with 7, ds-
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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 the MoSe,, WSe,, 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 layers's°. 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 work ®°. Our devices have rela-
tively transparent contacts to both MoSe; and WSe, with separate gates in the heterostructure and the
monolayer regions, which should mitigate this behavior. Furthermore, we do not observe an inversion
of the electron and hole bands in our device as we will 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 7-
or p- doping), which could be closer to the injection limited current picture. We note that this occurs
away from the » = p condition and appears to be a separate effect. Regardless, while the contact resis-

66 and the electrostatic conditions are not

tances should be greatly reduced compared to other works
the same as for the trivial injection current limited theoryISG, 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 V;, = aV, (details in
Appendix D) for V;; = 0 V. The two strong reflection features at 1.67 ¢V and 1.73 eV correspond

to the intralayer exciton energies in the MoSe; and WSe;, respectively. For a range of gate voltages
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Figure 8.4: Reflection at finite bias voltage. (a) Reflection spectra as a function of Vtg =a ng at V;, = 0V.Black
dashed lines indicate the intrinsic regime determined by a 60% drop in the reflection intensity. (b) Same measurement
butat /;;, = 6V shows a much narrower intrinsic region. (c) Band diagram in the undoped regime for V', = 0

V, where the electron and hole Fermi levels (E} and E];:, respectively) are tuned together by the gate voltage. (d) Band
diagram for V;;, > 0V, where I, and Vtg = ng tune the Fermi energies of the two layers separately. Due to only
1L h-BN, the interlayer bias is scaled by 3, and 21y in the MoSe; and WSe, layers.
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Figure 8.5: Analysis of the reflection spectra (a) Linecut of the MoSe; (solid) and WSe, (dotted) exciton resonance in
the reflectance vs Vtg spectra at various J/,. Dashed black line = 0.63 is the cutoff for determining the beginning of
the layer doping. (b) Fitted Vtg at the start of the n- (red) and p-doping (green) regimes from (a). Dashed lines are the fits
to the electrostatic model. Blue dashed is the expected n=p condition from the calcuations using the fit values. Yellow
squares show the n=p condition determined from the transport measurements.

(between the black dotted lines), we can observe neutral exciton reflection features from both layers
indicating the quasi-Fermi level (£F) is in the gap. The exciton feature give way to trions for p-doping
in WSe, or zn-doping in the MoSe;. When we apply a bias voltage of V5, = 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 V;; = 0V, the Fermi level of the
two layers are tuned together by the gate voltages. For V5, > 0V, the interlayer bias tunes the relative
Fermi level between the layers. Equivalently, with forward bias (7, > 0), V;, 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 27 and ayp for
the MoSe; and WSe,, respectively. The difference in the quasi-Fermi level in each layer would then be

proportional to (e — aar) V.
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In Figure 8.5(a), we take linecuts of the MoSe; (dotted lines) and WSe; (solid lines) exciton re-
flectance resonances for several bias voltages and extract the V', = 2V, required to begin doping the
layers. We use a cutoff intensity of 0.63, corresponding to approximately 1/¢ 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 231 = 0.45 and 23> = 0.73. From the linear fits, we expect at V;; ~ 8V, the actual
interlayer bias will be equivalent to the gap. This is consistent with our observations in the transport
measurements (Fig. 8.3(a)), where we no longer observe an insulating regime between the electron and
hole doped regimes. We use the fitted 237 and 2y to plot the expected slope for the density matched
condition (% = p) and find reasonable agreement with the » = p condition extracted from the trans-
port measurements (yellow squares).

We note that in the ideal case where the interlayer resistance is the dominant effect, each layer would
be equilibrated to their respective leads giving ps = 0 and @y = 1. While this is not the case, we
are also not completely contact resistance limited where we expect 2ps = apr. 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 layers®>*s7. 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, ¢'?) (7), 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(z) (1’) for antibunching case: g(z) (O) < 0. For single-photon emitters such
as atoms, photons can only be emitted one at a time. (b)g(z) (T) = 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(z) (0) > 1.
The photons exhibit bunching due to intensity fluctuations from the source. The coherence time 7, 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, 7, which describes the correlation between

these photons. In the classical description, the second-order coherence is defined as

where 7 is the light intensity (proportional to the number of photons) and # is time.

The second order coherence at 7 = 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 7 = 0 will be 0. This is described as photon antibunching and will result in
g(z) (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 ¢() (z) = 1 for
all time delays (Fig. 8.6(b)).

For an incoherentlight source, due to intensity fluctuations at the source, photon bunching occurs,

or g(z) (0) > 1(Fig. 8.6(c)). In the classical case with Lorentzian broadened chaotic light, we expect
g0 =1+ =147, (8.4)
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where g(l) (7) is the first order coherence function and 7, is the coherence time of the light. For practical
measurements, the linewidth of incoherent light sources are often very broad, and thus, 7, can be
shorter than the detection limit. Great efforts must be made to detect g(z) (0) > 1forincoherent light
sources 5%,

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(z) (0) with an enhancement in 7, %59,
Specifically, ¢ (0) can be enhanced and 7 can greatly exceed the expected coherence time for a given
linewidth of the EL emission as well as the detection limit. Thus, observation of ¢ (0) > 1 followed
by a sharp drop to ¢ (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 lasers **>*** and

exciton-polariton systems'¢>1¢3.

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 ¥, = 6.2 V at the » = 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 the WSe; to the MoSe, monolayers.
We observe EL emission even when filtering the OL h-BN energy (~ 1.35¢V) due to the spectral tails
of the EL. In Figure 8.7(b), we measure the spectrally filtered EL as a function of Vy, and Vi, = aV,
from a spot near the center of the heterostructure (white circle in Fig. 8.7(a)), avoiding spectral leakage
from the OL h-BN interlayer excitons. We only observe EL along a narrow condition near the z = p
condition, consistent with the cusp appearing in (V) 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 for VV;; = 6.2V atthen = 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 of V4, and Vtg =« ng from the white circle in (a) showing a narrow range for EL counts. The EL closely
follows the #z = p condition observed in the transport measurements.

voltages along the » = p condition. We observe two peaks (ZX; and IX;) 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 MoSe, exciton
(X9,) and trion (X;). In Figure 8.8(b), we use a Hanbury Brown-Twiss interferometer setup (details
in Appendix B) to measure the second order coherence function (¢(?)(7), where 7 is the time delay)
of the combined 7X; and X, peak as a function of V4. Interestingly, we observe photon bunch-
ing (¢'%(0) > 1) for a range of ¥, indicating bias-voltage induced critical quantum fluctuations .
Above or below this voltage range, ¢{*)(0) = 1. The observation of ¢(?)(0) = 1 can be due to a de-
crease in the coherence time (7.) below the detection limit'®* (~ 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 X}, IX;, X, and XOM 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 various V; along the z = p condition. Each spectra is offset by

2 % 103 counts. Two interlayer exciton peaks in 1L h-BN area (ZX; and ZX) and the MoSe, trion (X;,) and exciton (XOM)
peaks are used in later analysis. (b) EL intensity correlation function,g(z) (7), from the IX; and X, peaks at various V;.
Each curve is offset by 2. Black dashed line shows a representative fit to the g(z) (7‘) (c) Fitted peak intensity for X7,
IX,, X, and XOM as a function of V. Right axis: corresponding current (/). (d) Fitted g(z) (0) from (b) as a function

of V; showing EL fluctuations for a range of ;; before rapidly decreasing back to 1. Right axis: The fitted time scales
Teorr AN Tog.

(Z45) over the same range. We find that the ZX; peak and 7, scale similarly with the V7. However, the
onset of /X occurs at a larger V4, and eventually overtakes /X in intensity at V', ~ 5 V. For the
intralayer peaks, X, overtakes XOM when the XOM peak intensity abruptly saturates at V;, ~ 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(z) (0) as a function of the bias voltage. We find critical EL intensity fluctuations
(¢®(0) > 1) are only present between the two critical voltages discussed above. This suggests the
onset of IX; is important for observing the g(z)(O) > 1, while the saturation of the X9, coincides
with the sharp decrease in ¢(*) (0).

The observation of ¢ (0) > 1 for a small range of ¥, suggest the EL intensity fluctuations might

be induced by a phase transition, which disappear upon reaching the condensate phase ®>*¢*. Unlike
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in previous EL coherence measurements *°

, the critical fluctuations in our experiment originate from
the interlayer excitons. Specifically, X, appears to be the relevant interlayer exciton species, which
coincides with the fluctuations. We speculate that 7X, and ZX; could be the interlayer exciton and
charged interlayer exciton, respectively, where the energy splitting matches previous reports of the

charged interlayer exciton binding energy“f’108

. In this case, only the exciton, a composite-boson,
would follow Bose statistics and be able to form a condensate. Alternatively, X, could be an entirely
separate emission peak specific to the condensate. We also observe X, , intensity increasing across both
critical voltages similar to ZX,. 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
experiments 66, The X, emission would dominate recombination from the MoSe; once the conden-
sate forms beyond the second critical V7, when g(z) (0) = 1, consistent with the observed plateau in
the XOM intensity.

The shape of the non-zero g(z) (7) 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)):

¢D(7) =14 g2(0) 27/ cos (M) (5.5)

TDJ 4

where 7,,,,- and 7,,, are the correlation and the oscillation timescales. We extract a 7,,,» = 80 — 200 ns
and 7,;, = 150 — 300 ns in the V7, region where fluctuations are present. For an ideal thermal light
source, we €Xpect 7,y = 7., which is determined by the radiative linewidth. However, for fluctua-
tions induced by a phase transition, 7., can far exceed 7.. In the fluctuation regime, the linewidth of
IX; extracted from the EL spectra is approximately 12 meV (Fig. 8.9(b)), corresponding to 7, ~ 27 fs,
nearly 7 orders of magnitude smaller than the measured 7,,,.. Although the measured linewidth could

have significant inhomogeneous broadening, the large discrepancy in the timescales suggests a phase
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Figure 8.9: (a) Fitted peak EL as a function of the current (/). The black dashed line indicates a linear dependence
(power law of 1). (b) Fitted spectral linewidths as a function of V/;. The grey dashed lines indicate the critical bias volt-
ages discussed in the main text. Right: Zoomed in plot of the region outlined in the black dashed line showing the dip in
linewidth.

transition induced enhancement in the correlation time of the EL*. We also comment on 7,,, which in-
dicates an exchange timescale in the EL fluctuations. The coupling energy scale, £, = 27 h /7,5 ~ 10
neV, increases with the /74, and is much smaller than any energy scale between the EL spectral features.
Oscillations in g(z) (7), found in nanolasers, have been attributed to coherent oscillations between

160,161 " Gince the in-

photons and carrier populations, which indicate the presence of a coherent field
terlayer excitons and resulting EL do not interact with an optical cavity in our system, any coherence
and the corresponding oscillations must 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 (Z;;). We can see that /X has a sublinear power law dependence with 7, while the

other peaks all increase superlinearly. We find the power law scaling for 7X; is ~ 1.8 while the the

intralayer excitons are as large as 2.3. The superlinear dependence is consistent with enhancements

*Conversely, for 7, ~ 100 ns, the radiative linewidth would need to be 3 neV, or 7 orders of magnitude
smaller than the measured linewidths.



in the recombination rate across the phase transition 162

, 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, This is another indication that X, recombination may be inheriting coherence properties.
Furthermore, for a critical V;; ~ 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,

16266 While we do not observe

because the linewidth upon is determined by the photon in the cavity
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 broadening mechanisms in the system. Nonethe-

less, these observations may 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
the V4, along the » = p condition. The intensity fluctuations in EL, 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(l) (x1,22), where x; and x;, 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 wavelength ®*"*¢+. Performing first-order and second-order coherence measurements 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-

1658182 byt used laser excitations, which still draws concerns on the degree of laser-induced

tum wells
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 achievement would be mon-

umental in its own right, the realization of the interlayer exciton BEC would open many new avenues

for applications and novel studies of the exciton BECs.



The search for truth is more precious than its possession.

Albert Einstein

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 TMD heterostructures 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-
tials 1402100167553, 168,152,71,169,02,170,171,172,144,173 - S]] 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 observed '7+175:176:177:155:153  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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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 stamp we use for stacking the layers is based on polycarbonate (PC or PolyBisphenol A 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 SiO; 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

alternative method is to cut a small piece of PC and place it on top of the PDMS using a tweezer. While
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the drop oft temperature is lower with this method, the PC can accidentally fall oft 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 PC film. Generally, the temperature is set to no lower than 70° to 80° C to maintain 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 oft, 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 2z height of the micro-
manipulator until the edges of the PC film begin to tear. If the temperature is sufficiently high, the PC
film will have melted onto the SiO; substrate and the transfer slide will liftoft. If the temperature is not
high enough, the PC film will 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 SiO; 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, 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 alignment marks which are written using either electron
beam (e-beam) lithography or optical lithography. Since the alignment markers can be larger than 1zm,
minimizing distortion is more important than resolution of the writing. We generally use numbers at
each alignment mark which makes 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

144



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 nearest metallic surface creating shorts that become apparent after metal 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 6o 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 liftoft, 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-beam will 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 1800 C for 2 minutes on

hot plate.

2. Spin 950 A6 PMMA for at 4000 RPM for 1 minute. Bake sample at 1800 C for 2 minutes
on hot plate. (For long etching steps requiring multiple exposures to O 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 #C/cm? at 30 gm aperture gives quick write times for relatively

small features (> 500 nm).

— Large features: 500 #C/cm? at 120 gm aperture with resolution of ~ 1 um.
* For Elionix:

— Small features: Write with 1 nA with 50,000 dots and a dose time 2 (0.06) us/dot.

— Large features: Write with 10 or 20 nA at 50,000 dots and a dose time 0.2 or o.1

us/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:H, O for 2 minutes. This is a slower (less harsh) development process

that aids in preventing cracks in the PMMA mask when writing on resistive substrates.

* Forall other writes (such as SiO;), develop with a 1:3 mixture of MIBK:IPA for 1 minute.
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-oft) 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.



* 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 ParLLaDIUM 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 1oo 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 1800 C for 2 minutes on

hot plate.

2. Spin 950 A2 PMMA for at 4000 RPM for 1 minute. Bake sample at 1800 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 #C/cm? at 30 gm aperture gives quick write times for relatively small

features (> soo 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) us/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:H, O for 2 minutes. This is a slower (less harsh) development process

that aids in preventing cracks in the PMMA mask when writing on resistive substrates.

* For all other writes (such as on S§iO,), 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 107 Torr. Use rates between 0.2 - 0.5 A/s for the Cr layer and o.5 - 1 A/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 o.1 to 2 A/s in a flash. Patience in increasing the current across the

boatand increasing it “adiabatically” is important to minimize these jumps. Itis possible



reach a meta-stable condition between o.5 and 1 A/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 remaining metal. This allows for the PMMA that is between two long, narrowly

separated gates to get removed by acetone flow.

A.2.4 Pratinum TMD CONTACT RECIPE

The Pt contact recipe was developed to solve p-type contacts in the WSe,. The recipe uses weak O,
plasma to try to clean the h-BN surface before evaporating. The PMMA recipe can be replaced with
495 A4 and 950 A6 if the feature sizes will be larger than 1 ¢m as it is a little bit safer for the O 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 495 A2 (A4) PMMA for at 4000 RPM for 1 minute. Bake sample at 1800 C for 2 minutes

on hot plate.

2. Spin9so A2 (A6) PMMA for at 4000 RPM for 1 minute. Bake sample at 1800 C for 2 minutes

on hot plate.
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3. Write the design using e-beam lithography tool of choice (Raith is preferred):

¢ For Raith: 500 zC/cm? at 30 gm aperture gives quick write times for relatively small

features (~ soonm).

* For Elionix: Write with 1 nA with 50,000 dots and a dose time 2 us/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:H,O for 2 minutes. If they are directly on SiO5, a 1:3

mixture of MIBK:IPA for 1 minute may be better.

5. Lightly clean the contact areas by doing an O, 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 1077 Torr (default with lab’s Evap2 evaporator). Use rates of 0.2 A/s for the Cr layer and

o.1 A/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

PMMA will crack and the evaporation will not lift off.

* For the heating reason mentioned above, we do not evaporate at a rate higher than o.1

As.

7. Liftoffin a beaker of acetone overnight. In the morning (or ~ ro hourslater) 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.



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
hopetully 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, and M2 tunable continuous wave 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 scanning maps of the photon counts throughout the sample without moving
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 Iengthsfl andfz, 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) are well 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-resolved measurements. In the experiments in this thesis, we collect light into the APDs for
creating scanning confocal images, for time-resolved PL or EL measurements, and coherence measure-
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

4
D= S (B.1)
MFDz
where fis the focal length, 4 is the light wavelength, and MFD is the mode field diameter of the fiber.
For our system, using a Thorlabs 780 nm single mode fiber and an Olympus rox objective, we get

D = 3.896 mm. We compare this to the size of the back of the objective

L
D, =2fNA =2 ;leb NA, (B.2)

where Ly, is the obejctive’s tube length, A1 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

Dy =2 -1.65mm - 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 250 mm and 400 mm, which magnifies 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.s). 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
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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, o+ excitation and o+ collection, the expected
behavior for the bright exciton in monolayer TMDs defined as co-polarized, is measured 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.s), 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 the minimum number of optical parts
to travel through. The linear polarizers are placed after the beamsplitter but before the galvos. The
galvo mirrors 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 the main culprit for ruining the polarization so this method 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 o4 and collecting with o£. One can then use this

for removing the biases of the optical setup.

B.4.1 POLARIZABILITY SETUP

excitation [collection ~_ yexcitation [ collection Jcollection

The PL intensity signal can be considered as 7, cample stem > Where

excitation [ collection lect,
/ and [collatzon

cample stem . 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 (2/4 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

co — cro:xl
_ Tsample sample

DOCP = 7= (B.3)
sample sample

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:

0 . [o'+/zr+ . 107/77

sample  — “sample ~sample

o+ /o+ o—[o—
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By plugging in Eq. B.4 and B.s, we can remove the system contribution from the DOCP. We show

the resultant equation for the DOCP given all four measurements are taken:

\/147+/<7+ o—/o— \/ o+ /o— (7—/:7—}—
DOCP = — — . (B.6)
o+ /o+ a T— o+ /o— yo— /ot
\/ Iy " A\ p pp

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 (1/4 or QWP) and the linear polarizer in the common path together
and rotating the QWP by 9o 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 o+ 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
under magnetic fields, this measurement scheme can be used to quickly 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 ()./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.s ¢ (7) MEASUREMENT SETUP

For the ¢(*) () 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 the Picoharp 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(z) (7) second-order coherence. These mea-
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 forg(z) (7) 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 7 = £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(z) (7) signatures were removed, we tested the second order coherence setup
by measuring across the lasing transition of a 660 nm Thorlabs diode laser. We observe intensity fluc-
tuations in the g(z) (7) signal when the diode laser is driven near the lasing transition (Fig. B.1o(a)). In
Figure B.10(b), we show the fitted ¢() (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 ¢¥) () = 1. When approaching the lasing transition, we observe ¢2)(0) > 1 due to quantum
fluctuations. Interestingly, we also observe oscillations, which could be due to population exchange

160,161

with the optical cavity . Above the lasing threshold of around 60 mA, the second-order coher-

ence returns to ¢?)(7) = 1 indicating coherent light emission (Section 8.4).
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Figure B.10: Hanbury-Brown and Twissg(z) (7) of a diode laser across the lasing transition. (a)g(z) (7) for various diode

laser currents showing intensity fluctuations near the lasing transition. Lasing occurs at around 60 mA. (b) The fitted
g(z) (0) for various laser currents. g(z) (0) returns to 1 above the lasing transition.

B.6 ¢"(7) 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 ¢(!) (7) 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 initially measured
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
changed with the motorized stage with step sizes as small as ~ 200 nm and a full range of 12 mm. Even
with its approximate homing accuracy of 1 zm, the stage should have a minimum time resolution of

S fs. This setup can also be used for g(l) (7, x) measurements by collecting from a different position
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Figure B.11: Mach-Zehnder setup forg(l) (7‘) 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.
The main cause was retroreflector was not hollow and the input signal was broader than the measured
coherence signal. To remedy this, a hollow reflecting retroreflector was installed instead.

In order to test the quality of our coherence measurements, we began with measuring 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

210 nm bandpass filter. In this case, the coherence length is significantly smaller and we observe the
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Figure B.12: (a) Normalized laser coherence fringes measured in theg(l) (7‘) 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 Oprtics 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.



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 slow APDs (APD A and B)
are specifically screened at 9oo nm to have high photon detection efficiency (sz72 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 exciton measurements 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 (Chl), which are independent and each have a time
resolution of 4 ps. In measurements with a trigger, ChO is the trigger input and Chl 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 ChO.
In the ¢{?)(7), 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/mm with either 1 zm or 750 nm Blaze wavelength. These allow for courser measure-
ments with broadband collection or finer measurements. The measurements are generally performed
by fiber coupling into the spectrometer, but has a manual 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 custom vacuum compatible rooX objective, 0.75NA, 4mm working distance (additional

spec’s on Montana 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).

* Mz laser with tunable wavelength from 700 to 1050 nm with output powers up to S W. 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 the NIR measurements. After switching to these mirrors, we realized the interlayer excitons

were present in many of our samples.



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 orDEVICE 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 o-degree heterostructure that has a Cr/PdAu
bottom gate with Cr/Pd top gates. The device encapsulated by top and bottom h-BN with thicknesses
of 70 nm and 114 nm, respectively. The WSe, contacts are made with Cr (1 nm)/Pt (19 nm) and the
MoSe; contacts are made with Cr (1 nm)/Pt (9 nm). The TMD layers are CVT grown 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 A¢ ~ 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.



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 MoSe;, WSe,, and hBN layers are prepared via mechanical exfoliation on
285 nm SiO; substrates. The MoSe; and WSe, bulk crystals are grown via the flux method. The hBN
thicknesses are 36.2 nm and 59.1zm for the top and bottom h-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 SiO, 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 O,/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 doping measurements. 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 DEVICEB

AJ41 or Device B was originally designed for trapping with 13 spatially aligned top and bottom wire
gates. They are 1 um-wide Cr (1 nm)/ PdAu (9 nm) top and bottom gates with a separation of 200 nm.
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 6o-degree
alignment from our experiments, the relative angle of device B extracted from the clean edge for each
layer in the optical images is AG ~ 58.76°. It is a 6o-degree aligned heterostructure. It is encapsulated
with 100 nm top h-BN and 70 nm bottom h-BN. Both the WSe, contacts and the MoSe, 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 MoSe, due to the device geometry. The TMD layers are

flux-grown crystals sourced from Jim Hone’s group at Columbia University.
g Y group %
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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 encapsulated MoSe;/1L-hBN/WSe; 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 MoSe, (WSe;) 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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Electrostatics in Interlayer Exciton

Heterostructures

In this Appendix, we discuss the details behind the electrostatic calculations for our MoSe;/WSe; het-
erostructures. There are two important considerations were made 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

We first 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 of material 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 of material with a different dielectric constant as in Figure D.1(a), the electric field within
this sheet will be effectively smaller. Let us define the top and bottom h-BN thicknesses to be #;,,;/2
and the thickness of the TMD to be d, where d < #;,,;. 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):

ep—eNEsn = Djy = Doy = D Es (D.1)
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Epn = SIMD E); (D.2)

€h—BN

where Epn and Egg are the electric fields in the h-BN and TMD layer respectively. Now if we integrate

the electric field along a straight line from the top to the bottom plate:

bot
ng - K‘g = - /tp Erieiq - dl = — (EBN : (ttap + tbat) + Ep - d) (D3)

We can use Eq. D.2 and #,,1,; = t14p + 240 to get an expression for Ej:

ETMD
ng - Vvtg = - << E/a,r) * Lrotal T Eh.f : d) (D4)
Eh—BN
Ve =V, d
ETMD t, b ETMD
Fp= (V= Vi (S22 g+ d) = 2=l < ; ) (Ds)
€h—BN Ltotal €h—BN Lotal

Because of our initial assumption, d < #,,,, to first order, we can ignore the second term in the

denominator. Therefore, we can define the electric field felt by the interlayer excitons (£);) to be:

Ve — V),
Ep, — 44 bg <5198N> (D.6)
Ltotal ETMD

where V, is the top gate voltage, V}, is the bottom gate voltage, ¢,y = 3.9 and erpyp = 7.2 178

are the dielectric constants for h-BN and TMD, and ¢,,,,; = 184 nm is the total h-BN thickness. This

allows us to calculate £, and extract the electron hole separation (&) from the linear Stark shift:
AEnergy = p - Ejp; = edE), (D.7)

where f is the dipole moment and ¢ 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:C%Vtherngg_

4 (4

no (D.8)

where C;y = ¢ BN/ tp and Cpp = ¢ BN/ tpor are the capacitances per unit area for the top and
bottom gates, ¢ is electron charge, and 7 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

V;‘g - —dng (D9)

with & = t5p / tportom = 0.614, where t1,5 = 70 nm and #j,15,, = 114 nm are the top and bottom h-BN
thicknesses respectively. When Eq. D.9g 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 (MoSe; on top) while controlling both gates. The
same analysis can be considered with the inverted heterostructure (WSe; on top).

Let’s begin with the following definitions (Figure D.2): Crap = nyD is the capacitance per unit

area of the TMD layers, C, = EhgﬁN and Cp, = E’ZBN are the electrostatic capacitances per unit area
0] 0t
of the top and bottom gates, C; ,, and C, , are the quantum capacitances per unit area associated

with the top and bottom gates, ¢, and g, are the chemical potentials of the MoSe; and WSe; 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.

/t?n and ‘ug) are the chemical potentials at which the MoSe; and WSe; layers begin to be doped, ¢, and
oy are the carrier densities in the MoSe, and WSe; layers, and 4 is the interlayer distance. From here

we can set up a system of equations to solve for the chemical potentials:

Tm = eTMDEp; — €p—BNErgp

(D.10)
Tw = h—BNEpor — eTMDE)s
ttopEtop = Vvtg — 4,
tporEpor = Ky — ng (DI I)
dEbf =¥ T
Tm = _Cq,tg(f‘m _lu(r)n) (D 12,)

Tw = _Cq,bg(luw - lu?u)
where Eqs. D.10 are Gauss’s law for MoSe; and WSe; 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 E),, we get the following expression:

_1 (Cpg + Cig) (Coe Vig + Cpie %) — (Cpig + Cog) (Cig Vg + Cy, 102) (D.13)
d (Cqree + C + Crap) (Cpig + Cop + Cran) — Crppp

We can simplify this equation by making approximations on the values of the capacitances. From

plugging in the relevant numbers for the capacitances,

7.2
CTMD = ET% = £ ~ 12 &0 nmfl (D.I4)

- Eh—BN ~ 3.950

= o~ ~ 4 x 1072 0 nm ! (D.15)
Liop/bor 100 nmM

Crg/bg

wheree,_pn = 3.9and eppp = 7.2'78 are the dielectric constants for h-BN and TMD, we can make
the approximation that

Cramp > Cigype (D.16)

The quantum capacitance will depend on whether we are in an intrinsic or doping regime:

C,=20 (intrinsic)
q
L . (D.17)
Cp= T =472 ~ 10% ¢ nm ™! (doped)

mo 4o

where m* is the effective mass of the relevant band, 2 is the bare electron mass, and 4 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

g ol (Cppe + Cog) (Cog Vig + Cpigtth) = (Cpure + Cug) (Cog Vg + Cy g tg)
" Crap (Cpy e + Cppg + Cyp + Cig)

. (D.19)

U

In the intrinsic regime, where z;, = u,;, = 0 and Cyog = Cqug = 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

~ 1

B = Hy = m(cbg ng + Ctg Vvtg) (D.ZO)

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 V7, and Vie (experimentally
we can begin doping with an arbitrary combination of top and bottom gates), then we define this
chemical potential as

1

0 ~
2 _— (G, 1, C. V5,). D.
lum C]yg 4 Ctg( bg bg + g tg) ( 2’1)

The corresponding electric field at these gate voltages will be

v, —

t b E)_

Jo P S S (e L (D.22)

Fiel,
Liotal ETMD

We know from our experimental results that for n-doping, only the MoSe; layer becomes doped.

Thus, we can assume /42) = 0and C, p, = 0. Using this assumption and Egs. S22 and S24, with some
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algebra, we obtain the expression

Cjﬁig Cre V%) (n-doped) (D.23)

~
E, = E5. Ve

ép—BN 1
Field + thor (A Vig -

ETMD  Lhor

AV +

where A Vzg = Vzg — Vigand A Vig = V;’g — V4, are the voltages applied once the layer is doped. A

similar calculation can be done for the p-doping regime to get:

B> Eh sy L aph _ O p Vi + S by (p-doped) (D.24)

Fiel, ETMD trop Z Cpug Cobg g

where ¢ — b corresponds to discussing hole doping in the WSe, 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 % V; ~ 1074V in
our measurements, which corresponds to an energy shift of ~ 0.3 reV, 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 the MoSe; or WSe; layer, the applied electric field will differ depending on the doping level. We
consider special cases of Egs. 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 fixing V;, = 0:

g V,b AVI{”
EbT/Vfl})v(tzazfl Zzopg) Vtg < VZ{ (p-dOpCd)
_ oy Va .
Eps = Zﬁ(;fi) VZ{ < Vi < V;’g (intrinsic) (D.25)
_ Vi
vl Ol Vg <Vg  (n-doped)
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tg Vfg bg bg

bg

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 fixing V;, = 0:

v
ep—N (g
€TMD (l‘m:z) Vg < Vgg (p-doped)
— — B Vi, . ..
Ep = —Zﬁ(,ﬁ;) VZg <V < V‘,;g (intrinsic) (D.26)
N
E—BN (b b
\  fTMD (tto[fl o Ibotz) Vzg < ng (n_doped)

The Vi; (V) 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=—-2_n, (D.27)

where g = g, by 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 ( Kg =a ng)

We can also apply a symmetric gating configuration where V,, = « V), with (& = #,,, thostom)- T
understand the electric field applied in this configuration, we summarize the electric field felt by the

heterostructure (Egs. D.6, D.23, and D.24) in the intrinsic and doped regimes as derived above:

Vi—V, o
Ejp = Sk <M> (intrinsic)

Lrotal ETMD
AVS
~ h—BN — " bg
Ep & Eypyq + 22— (n-doped) (D.28)
~ b €h—BN AVZ’
Ep = Efigg — o = (p-doped)

where I}, is the initial back gate voltage necessary to begin electron doping the sample, AV} =V —

Vi, is the voltage applied once the layer is doped, Z;pas = tp + tpor» and Ey;, ) = % . (%)
is the electric field before the sample becomes doped (with ¢ — 5 to describe holes and bg — #g to
describe the top gate). If we plug in our gating condition of V;, = « I}, 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:

h £h—BN
EHdd + ETMD  trop Vtg < Viliz or ng < VZg (P‘doped)
= =N tp=he Vg o
Eps ETMD  tiotal  tuop V?z < Vfg < Vig and VZg < ng < Vig (intrinsic) (D.29)
g — el Ve < Vigor Vo < T (n-doped)
Field ~ etpp g S Vg O Ve < Vg ope

The main 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 the V;, = a V b gating scheme:

Eph— Eph— Eph—

n= 2NNy BN Ay g ZhoBN A e (D.30)
g by g

Ltop Lbottom Lrop
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with ¢;,_ g being the dielectric constant and 7 being the electron density. Replacinge — 5 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 108 cm 2.

Note that in Figure 6.3, we use a different gate scheme where Vj, = a V,, 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 1, = « V,, into the capacitor

model to get

o & g1 Efh_
n= TNy 4 TN Ay = ()N Ay, 21387 N A, (D)
top bottom tto]) ftop

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 MoSe,/h-BN/WSe, heterostructure devices. For
simplicity, we begin with the case when the h-BN spacer perfectly insulates the two active TMD layers,
which is also briefly discussed in Wang, et al.®®. Figure D.4(a) shows a schematic of the device with
a top gate (V,), bottom gate (7,), and a bias voltage (V) on the WSe; layer. In this case, we can

consider the electrostatically doping electrons in the MoSe,

C C,
n= %V}g—i—Tngg—no (D.32)
or holes in the WSe,
C C,
p=—| W= Va) + =2 (Vig = Va) | = po, (D33)
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Figure D.4: Schematic of the device with h-BN spacer, which perfectly isolates the two layers. The bias voltage (V)
and the gate voltages (Vtg and ng) are used to control the density in the device.

where 7 and py are the net density required between 7, and ¥}, to begin doping the layers and
Cyfog = €h- BN/ tp/bor 18 the gate dielectric capacitance. In our experiments we apply Vi, = aV,

where 2 = C,/ Cy. Rewriting the equations, we find

Cy
n= 27 Vig — no, (D.34)
C (Cie + Cpy)
P: - Z%Vtg_ & B £ Vd: _PO- (D35)

We discuss three special cases. The first is when the total electron density is 0:

C,
n=2"%V,,—ny=0

(D.36)

— 4
Vig = 2C, *0-

Since the MoSe; is controlled solely by the gates, we simply tune the gates to reach the z = 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

=250~ gy =0
(D.37)

C €
Vig= 30+ &)Va+ 55 po-

For the WSe; layer, we must match V7, and the V; in order to reach the p = 0 condition. The final

condition we discuss is the # = p condition:
n—p=20
2% Vg — o] + 2%V = By — o] = 0 (D:38)
4C, Vg — (Cg + Cg) Vi — ﬁno - ﬁpo =0

1 Cg
Vig=7(1+ )W+

4
—o- D.
Ctg 5 Ctg 2 Ctg po (D.39)

We see that the behavior is straight-forward, where the » = p condition scales with half of the slope

of the » = 0 and p = 0 conditions.



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 MoSe; and WSe; layers will scale with the resistances

between the contacts and between the two layers. While modeling the entire circuit is difficult, we can

create a phenomenological model where the voltage on the MoSe; (737) and WSe; (77y) are scaled

by a scaling factor Var = aprVy and Vi = apVy;, respectively. Figure D.4 shows the schematic for

this model. In this case, our equations above will be modified to be

We can simplify this to show that

(Cyt Cbg)
e

n = [2% Vtg - “MVdJ} — 7o,

p=- {2% Vig — MﬂWVd;} — po-

In this case, we see the MoSe; layer gets tuned by V, due to the weak coupling between the layers. We

can now show the z = 0, p = 0, and » = p conditions for this adjusted model

Cb .« .
Vig="1(1+ (Tj)Vd: + ZLC[gnO n = 0 condition

Cb .« .
Vie="2(1+ CTj)Vdf + ﬁpo 2 = 0 condition

C, ..
Vig = %M(l + Ci’:f)VdJ + 360+ 3600 n = pcondition
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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 > = 1 and a3 = 0, recovering the original
equations. If the two layers are shorted to each other, then a5 = a4, 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.



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 rate R(r, #) per unit area and recombine with rate y satisfy

188



the continuity equation

P 19 (1) = Rirvt) = ) (E.)
ang;[) +V .](;/-7 l‘) = R(}”, t) — ;/n(}", ?) (E2)

where 7(r, £) is the exciton density, and J (r, #) the exciton current density. We assume that the excitons

are locally in equilibrium such that

J(e0) = " (e0) [~V () + F(r.0)], (E:3)

where 7 is the momentum relaxation time, 7 the exciton mass, y (r, z) the local chemical potential,
and F(r,¢) alocal 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
u=kpTln [1 — 0/ (E.4)

where n, = mkgT/(7h?*), 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), — E,.
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

2 1 1
Ur,t) = drin(¥ ¢t — )
(1) 27f€/ rin(r )<|r—/| ]r—/|2—|—d2>
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Together with /' = —V U, Eqgs. E.1 — E.5 form a set of nonlinear integro-differential equations
for the exciton density (7, #). 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 4 ~ 0.6 nm, which enables us to approximate the integral in Eq. E.5 by
U(r, t) ~ e*dn(r,t) /. 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,1) = D[ AGLILN ”(ij)] Va(r,t), (37) (E.6)

en(r,t)/n[ -1 n

where D = kTz/m and n* = ckpT/(c*d). By substituting back into Eq. E.2, we thus arrive at the

nonlinear diffusion equation

mire) o [( n(r,t)ne n(r1)

ot e ri)/ne — 1 n*

> Van(r, t)] = R(r,t) — yn(r,1). (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 7, as the
occupation of the zero momentum 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
4K, usingd = 0.6 nm, € = €9, m ~ m,, we have n* ~ 3 X 10°ecm=2?and n, ~ 5 x 10! ecm 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 shift''?. We further ignore the role of dielectric screening,

which plays an important role in determining the exciton binding energy **>*7?. While these effects
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may modify the value of #*, 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 TMDs*?.

We now consider a Gaussian pump profile given by
R(r) = yn*Ae_zrz/w%. (E.8)

The dimensionless constant 4 quantifies the density of excitons in units of #* generated at the center
of the beam per exciton lifetime. By defining the diffusion length P2 = D/y,n = n/n*,and 7 = y1,
Eq. E.6 can be concisely written as

on(r,t)  ,10 an(ryt) ()|, oppp -~
5, —/ 9 [r (gfﬁ(w) 1 + 7(r, 1) P = Ae o —7n(r,t), (E.9)

where « = n*/n,, 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
a = 0.01 for all numerical simulations below. To explore the exciton dynamics quantitatively, we
define the width

L) o

o) = V@) = L

The steady-state width as a function of the amplitude A4 is shown for three different values of the
diffusion length / in Figure E.1. For 4 < 1, the diffusion term due to interaction is negligible and
an(r,1) /(70 — 1) ~ 1, such that the width is given by w ~ \/w?/2 + 4/2. In this regime, the
steady-state density is given by 7(r) o [ d*r R(|r — r/|) Ko(77/[), where K is the modified Bessel

function, which asymptotically approaches

—r/l

r/l

(E.11)

191



w (um)

0.5

10° 10°

Figure E.1: Steady-state width as a function of the pump amplitude A for three different values of the diffusion length.
The simulation was performed with Gaussian beam waist wy, = llum on a disk of radius 10 um with hard wall boundary
conditions. The dashed line indicates the scaling w < A1/4, corresponding to Dfﬁr X Al/z, which is the behaviour
expected at high power in the absence of finite size effects. The circles indicate thé parameters for which time depen-
dence is plotted in Figure E.2.

when 7,/ > w. The effect of interaction driven diffusion becomes apparent when 4 ~
max(1,w}/I?). For A much greater than this value, the width scales as w o< 4"/ until finite
size effects start to matter. We can associate the width with an effective diffusion constant Dy =
(w?*/4—w}/8) y, which corresponds to the diffusion constant in a linear model that would reproduce
the same steady-state width. At high power, in the absence of finite size effects, we expect D ox A 1/2,

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-
tusion 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 y¢ = 10. For yz < 10, the ampli-
tude 4 was chosen such that the steady state width is 2.2¢m 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 um. All remaining computational parameters are the same as in Figure E.1.

width is dominated by the interaction term (/ = 0.01x m and / = 0.1 m), whereas conventional

single particle diffusion is significant for / = 1 m.

E.2 MODELING OF DIFFRACTION LIMITED SPOT SIZE AND THE TRAP ALIGNMENT

We attempt to reproduce the 0.95um 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 9oo nm. We model the diffraction limited

spot size as the Airy pattern, or a Fraunhofer diffraction pattern:

2
2]1(2”,1 )> . (E.12)

[(x’”:[(’( 27ENA
A

where /; is the Bessel function of the first order, NA is the numerical aperture of the objective (0.75),
x is the spatial coordinate, and 4 is the collection wavelength. We vary A with the assumption that our
spot size is not diffraction limited.

The second parameter we adjust is possible misalignment of the top and bottom gates (xofrec). 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, x.qe = #8n, Where 2,y is the corresponding hBN thick-
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Figure E.3: (a) The convolution FWHM for various X and the diffraction limited spot size (governed by the wave-
length ). There are many solutions that could result in a FWHM in the experiment. Black dotted line is the convolution
FWHM of 0.95um. Red dotted line is the trap width if we are diffraction limited at 900 nm and the black dashed line is
the diffraction limited wavelength if we had no gate offset. (b)-(h) Representative convolutions for various Xyget and 4
that result in a FWHM of ~ 0.95/¢m. Based on the voltage profiles, we can make an estimate of the misalignment and
spot size broadening contributions.

194



ness. We use this length scale as a rough measure of the fringing fields from the gates. This takes the

functional form:

V 0.25 + Xoffie —(0.25 — xge
V(x7x0ﬁrset) — ZO |:tanh <X+ ( S+ x 1 t)) _ tanh (X ( 5 Xoff t))

xedgc/4 xedge/4
025 — Xoffse - 025 offse:
+tanh(x+( xﬁt))—tanh (x ( +xﬂrt)>]. (E.13)
xedge/4 xedge/4

We assume 727z < Vo — V(x, Xofiser). We then convolute the Airy function with 7z for varying values
of A and x,fre; 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
(1 = 0.9um), the top and bottom gates would be offset by 0.46um (red dotted line). If Xoger = O,
then our beam spot is equivalent to a diffraction limited spot at 1 = 1.31zm (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 = 0.95zm line (black dotted
line). We do not see any evidence of £,, majorly affecting the energy of the excitons in the trap (Fig.
E.3(e)-(h)). This strongly suggests a rough upper bound xpger < 0.20um, but that our spot size is

broader than the diffraction limit.
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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 the MoSe,/WSe; platform. Hopefully, the odd data set here may shed some light on important

physics in the future.
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Figure F.2: (a)-(c) Normalized spatial dependence of Ip; under different ;s applied on the left side for p-doped
charged interlayer excitons (CIEs). We normalized Ip;. by Ipr. (V) /Ipr (Vs = 0). We observed a larger population
of charged IEs near the right WSe, electrode by increasing V. (d)-(f) Same as (a)-(c) except for switched }7; direction.
(g)-(h) vertical average linecut of the normalized /p;, for data from (a)-(c) and (d)-(f) respectively, vs. X for different V.
For (a) and (d) V3, = -3.375V, for (b) and (e) V,, = -1.25V and for (c) and (f) V', = 0.875V while V;, = Oin all the cases.
The WSe, contact top gates were kept at -13V during this measurement.
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Figure F.3: (a)-(c) Normalized spatial dependence of /p; under different ;s applied on the left side for n-doped
charged interlayer excitons (CIEs). We normalized Zp; by Ip;. (V) /Ipr (Ve = 0). (d)-(f) Same as (a)-(c) except for
switched IV, direction. (g)-(h) vertical average linecut of the normalized Ip;, for data from (a)-(c) and (d)-(f) respectively,
vs. X for different V. For (a) and (d) V:g =1.6V, for (b) and (e) Vtg = 3.2V and for (c) and (f) V,g = 4.8V while V;,g =
0in all the cases. The WSe, contact top gates were kept at -13 V and the MoSe, contact top gates were kept at 13V
during this measurement.
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Figure F.4: (a) [, vs. Vi and Vy, (with V7, = -3V) on MoSe; and grounded WSe;. The white dashed line represents

the compensated electric field line where Vbe =1037V -« Vtg and « is defined in Appendix D. We label three regimes
which correspond to p-doped (region 1), n-doped (region 1) and intrinsic (region Ill). (b) Spatial dependent electrolumines-

cence maps taken in the labeled regimes (I, I, I11).
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