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Two-dimensional semiconductors, particularly transition metal dichalcogenides (TMDs),

have garnered significant attention in recent years due to their strong light–matter

interactions and unique quantum properties, making them promising candidates for

quantum information science. These properties are highly tunable using external elec-

tric and strain fields. In this thesis, we explore both static and dynamic approaches

to tuning TMDs with these fields to develop quantum information devices.

In Chapter 1, we introduce the fundamental properties of TMDs and the mech-

anisms by which electric and strain fields modulate their behavior. We also review

prior work in this area and lay the groundwork for our experiments by introducing

surface acoustic waves (SAWs) as a method for dynamic field control.

Chapter 2 presents our work demonstrating long-range, directional transport of

interlayer excitons in bilayer WSe2 using SAWs. The excitons’ intrinsic out-of-plane

dipole moment allows them to be trapped in the dynamic potential wells created

by the SAW electric field and carried along the propagation direction. We examine

this transport across varying SAW powers and temperatures, and introduce an ITO

capping layer that suppresses in-plane electric fields to prevent exciton dissociation.

In Chapter 3, we investigate quantum emitters in bilayer WSe2 and demonstrate



energy tunability via out-of-plane electric fields applied through graphite gates, ad-

dressing the challenge of inhomogeneous emission energies. We also report the discov-

ery of phonon sidebands arising from coupling between individual excitons and local-

ized interlayer breathing mode phonons. We quantify this exciton–phonon coupling

and explore its tunability with electric field, highlighting opportunities for encoding

our quantum emitters with fundamental information from the 2D phonon modes.

Chapter 4 details our ongoing work using SAW resonators to dynamically manip-

ulate excitonic states in bilayer WSe2. This platform enables spatial modulation of

excitonic properties through standing SAW fields and time-averaged tuning of exci-

ton energies and linewidths. We also investigate the possibility of exciton trapping at

SAW anti-nodes and discuss its potential for enhancing exciton–exciton interactions,

which could open a path toward excitonic quantum simulations.

Finally, in Chapter 5, we synthesize the key results of each project, reflect on their

implications, and outline future research directions that build on the integration of

dynamic and static control in 2D material systems for scalable quantum technologies.
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Chapter 1

INTRODUCTION

1.1 Two-dimensional excitonic materials

Two-dimensional materials are materials that are between a single atom to a few

nanometers thick. The study of atomically thin materials took off after 2004, when

Geim and Novoselov discovered graphene. This material consists of a single layer of

carbon atoms, known as a monolayer, which they obtained by exfoliating a bulk crystal

of graphite using scotch tape. For this work, they were awarded the Nobel Prize in

Physics in 2010 [1]. Rapidly, scientists began studying graphene as well as many other

materials that could be exfoliated down to the monolayer, developing techniques for

stacking different thin layers of materials together with precise control. These 2D

heterostructures are held together via van der Waals forces and allow scientists to

study the unique physics that occurs in these ultra-confined systems [2].

1.1.1 Particles and quasiparticles in two dimensions

The study of graphene and other 2D materials made it clear that many concepts of

solid-state physics needed to be adapted when considering 2D systems rather than tra-

ditional 3D crystals. The reduced dimensionality impacts the properties and behavior

of virtually every particle and quasi-particle in the 2D system, including electrons,

excitons, plasmons, phonons, magnons, skyrmions, and many more. An illustrative

example is considering electron-electron interactions.

Consider two electrons in a vacuum. These two particles will interact via the

Coulomb potential V ∝ e2/r, where e is the charge of an electron and r is the

distance between them. This potential is a 3D field between the two particles that
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repels them. This picture becomes more complicated when we consider many electrons

confined to a 3D crystal lattice. In this confined space, the surrounding electrons move

freely to shield the electric field, thus minimizing the electron-electron interaction by

e−r/l/r where l is the screening length that depends on the density of electrons in

the material [3, 4]. The behavior of this system can be interpreted as a quasiparticle,

where an individual electron is dressed by a cloud of other electrons with overlapping

wavefunctions. Therefore, electron-electron interactions are governed by weaker short-

range forces that allow the electrons to effectively ignore each other [5].

In a 2D material, the electric field from the electrons still exists in three dimensions.

However, the electrons themselves are not able to move along the z axis because they

are strictly confined by the potential from the lattice ions, and therefore are unable

to effectively screen the electric field that arises [3]. This tells us that 2D materials

are inherently much more strongly correlated than their bulk counterparts.

These effects are even more extreme in 2D semiconductors. In bulk semiconductors

critical for modern technology, quasiparticles called excitons are formed when an

electron in the conduction band and a hole in the valence band bind together. When

the excitons recombine, they emit a photon corresponding to the binding energy of

the exciton. Excitons can be observed by detecting these emitted photons, called the

photoluminescence (PL) spectrum.

In bulk semiconductors, these excitons are easily modeled as a hydrogen atom and

considering the states close to the band edges is sufficient to predict exciton behavior

[3]. In 2D, however, the lack of electron screening and resulting strong interactions

yield a much more complex excitonic landscape, requiring the consideration of the

entire band structure. This effect gives rise to many species of excitons, as well as bi-

excitons, which are two excitons bound together, and trions, which are two electrons

bound to a single hole.

Another key difference that arises in 2D materials is that collective states require

much less energy to create compared to their bulk counterparts. For phonon modes, or



3

collective lattice vibrations in a bulk crystal, an atom is confined in three dimensions

by its lattice neighbors. In two dimensions, the atom becomes free to move along

the z axis, creating new phonon modes that are not seen in the bulk. Additionally,

because phonon modes now require only excitation within a single layer of atoms

rather than many layers, existing modes become significantly easier to excite [5].

1.1.2 2D materials for quantum information applications

These unique properties of 2D materials make them an interesting platform for quan-

tum information science. For example, quantum dots in bulk materials require the

creation of a 2D electron gas (2DEG) via gating to tightly confine electrons, whose

spin is used as the degree of quantum information. 2D semiconductors eliminate the

need for gating to confine the electrons to a 2D plane, although they still require gates

to restrict the electron movement to a single point within the 2D material [6].

In bulk materials, atomic defects such as NV centers in diamond are promising for

quantum information because the atomic transitions are very sharply defined, leading

to the emission of nearly identical single photons. These identical single photons are

a key requirement for photonic quantum computing. However, these atomic defects

are often deep within a material, making it difficult to couple the photons in and

out. 2D material-based single photon emitters (SPEs) bypass this difficulty. SPEs

in 2D materials are created from defect-bound excitons or deep in-gap states created

by external forces, and are of particular interest because of the potential to encode

valley or spin information from the material into the single photon [6, 7].

2D materials also have unique topological properties that are very interesting for

quantum information applications. In three dimensions, particles are either bosons

or fermions. In two dimensions, there are also particles called anyons, which enable

topologically protected quantum states that could be used for fault-tolerant quantum

computing. The unique topological features of 2D materials are a quickly growing

area of research, and recent breakthroughs, including the observation of the fractional
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quantum anomalous Hall effect [6, 8].

1.2 Transition metal dichalcogenides

While graphene was the first widely studied 2D material, the lack of an electronic

bandgap led to a search for 2D semiconductors. This led to the discovery of transi-

tion metal dichalcogenides (TMDs), which have an atomic composition of MX2, where

M is a transition metal atom such as molybdenum (Mo) or tungsten (W) and X is a

chalcogen atom such as sulfur (S), selenium (Se), or tellurium (Te) [9]. 2D materials

in this class are semiconductors with a direct bandgap, have strong mechanical flex-

ibility, and are electrically tunable, all of which make them interesting for studies of

fundamental physics as well as device integration.

1.2.1 Structure of transition metal dichalcogenides

TMDs have a hexagonal lattice and are typically either in a trigonal prismatic (2H)

or an octahedral (1T) structural phase corresponding to the stacking order of the

chalcogen-metal-chalcogen layers, as seen in the profile view of Fig. 1.1a [9].

The electronic properties of a crystal are determined by the electronic band struc-

ture, where local minima in the conduction band or local maxima in the valence band

are known as valleys. Electrons in a crystal then have charge, spin, and valley as

degrees of information. In hexagonal lattices, like those found in transition metal

dichalcogenides (TMDs), the two valleys are found at the two inequivalent K and

-K points corresponding to the corners of the hexagonal Brillouin zone, shown in

Fig. 1.1a [9]. These valleys can be assigned a pseduospin that can take on the value

of valley-pseudospin up, corresponding to electrons originating from the +K valley,

or valley-pseudospin down, corresponding to electrons originating from the -K valley.

We can also see from Fig. 1.1a that monolayer TMDs lack inversion symmetry.

In this case, time reversal symmetry dictates that the spin degeneracy at the valence

band and conduction band is lifted, leading to opposite spin splitting driven by the
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Figure 1.1: Valley dependent carrier transport. a) The 2D hexagonal crystal structure

of a monolayer transition metal dichalcogenide (TMD) composed of transition metal

atoms (blue) and chalcogen atoms (orange) resembles that of graphene but with

broken inversion symmetry. A side view shows the 3D structure. The hexagonal

Brillouin zone is shown labeling the Γ point and the two inequivalent +K and -

K points. b) Valley dependent optical selection rules for interband transitions in

monolayer TMDs. σ+ polarized light couples to the +K (red) valley, and σ− polarized

light couples to the -K (blue) valley. Figure and caption reprinted from [10].

spin-orbit interaction [9]. This effect is termed spin-valley coupling, and results in the

valley polarization of the charge carriers strongly coupling to their spin polarization

[10]. This results in a valley-dependent optical selection rule shown in Fig. 1.1b,

meaning that σ+ (σ−) light couples strongly to the +K (-K) valley, critically allowing

us to optically excite and detect the charge carriers spin and valley information.

The broken inversion symmetry also means that the inequivalent +K and -K val-

leys have opposite Berry curvatures. This enables the observation of the valley Hall

effect, in which the Berry curvature serves as an effective magnetic field that deflects

carriers differently depending on their valley polarization, resulting in spatially sepa-

rated valley-polarized currents. This effect has given birth to the field of valleytronics,

in which the valley degree of information is used to store and carry information, and
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is yet another unique property of TMDs that make them interesting for quantum

information applications [10].

1.2.2 Phonons in transition metal dichalcogenides

Figure 1.2: Examples of phonon modes in (a) monolayer and (b) bilayer TMDs.

Phonon modes, which are the quantized vibrational modes of a crystal lattice, play

a huge role in the optical and electronic properties of TMDs. Monolayer TMDs have

a symmetry group of D3h, meaning that they are symmetric under rotations of 120°

around the out-of-plane axis and the crystal lacks inversion symmetry. This reduced

symmetry point group gives rise to distinct Raman-active modes, with some examples

shown in Fig. 1.2a, such as the in-plane E and E ′ modes and the out-of-plane A and

A′ modes.

These phonon modes become more complex in bilayer TMDs, where the symmetry

group changes to D3d, meaning that the lattice still has threefold rotational symmetry

as in the monolayer case, but now also has an inversion center. The additional layer

introduces interlayer coupling, leading to variations on the monolayer phonon modes,

and introduces new possible modes. Some examples are shown in Fig. 1.2b, with

the E2g and A1g modes corresponding to the E ′ and A′ modes in the monolayer.
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Additional phonon modes such as the B1g mode (breathing mode) appear at lower

frequencies, and are highly sensitive to strain, doping, and stacking order.

1.2.3 Excitons in transition metal dichalcogenides

Monolayer TMDs host intralayer excitons, which are excitons in which the electron

and hole are localized to the same atomic layer. The spatial separation of the electron

and hole results in an in-plane dipole moment. A doping contact to the TMD can

inject charges, resulting in more complex excitonic complexes such as biexcitons and

trions.

Figure 1.3: Intralayer excitons in monolayer TMDs. a) The spin-valley configurations

of optically bright excitons in monolayer WX2. b) The spin-valley configurations of

optically dark excitons in monolayer WX2, adapted from [11].

The PL spectrum of these monolayers is dominated by optically bright excitons,

which are excitons that originate from the direct bandgaps at the +K and -K points of

the Brillouin zone, shown in Fig. 1.3a. Because these excitons result from a set valley,

they are governed by the valley-dependent optical selection rule. Also visible in the
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PL spectrum are much weaker peaks, corresponding to dark excitons. One of these

peaks corresponds to spin-forbidden intravalley excitons, in which the electron and

hole are localized to opposite +K and -K valleys, as shown in Fig. 1.3b, circled in black

[11]. The other type of dark exciton that can be seen is the momentum-forbidden

intervalley dark exciton, shown in grey in Fig. 1.3b [11, 12]. These dark excitons

have longer lifetimes than bright excitons due to strict recombination requirements,

making them interesting for information storage and manipulation, but the drawback

is that they lack clearly defined valley information like bright excitons.

In bilayer TMDs, either naturally occurring (homobilayers) or artificially stacked

(heterobilayers), while intralayer excitons still exist, the excitonic population is dom-

inated by interlayer excitons, in which the electron and hole are spatially separated

into two separate atomic layers of the material. Bilayer TMDs are an indirect bandgap

semiconductor, and while the degeneracy between the +K and -K valleys is no longer

naturally broken, an applied voltage or magnetic field can still enable these IXs to

carry valley information [13]. IXs in TMDs have many interesting properties, and

there are many varieties depending on the stacking orientation of the layers. How-

ever, there are two key features that make these excitons of great interest for device

integration. The indirect nature of the IX necessitates a phonon assist for recombina-

tion, resulting in significantly longer lifetimes compared to intralayer excitons. The

other key property of IXs is that the vertical spatial separation creates an out-of-plane

electric dipole moment, allowing for control of the exciton energy with an external

electric field.

1.2.4 Electrical control of transition metal dichalcogenides

Interlayer excitons, as shown in Fig. 1.4a, will have an out-of-plane electric dipole

moment equal to p = −ed, where e is the charge of an electron and d is the distance

between the electron and hole. This dipole will be modulated with an out-of-plane

electric field E via the linear Stark shift given by ∆U = p · E.



9

Figure 1.4: Electrical control of interlayer excitons. a) A diagram of an interlayer

exciton in a TMD. b) Energy tuning of IX in a MoSe2/WSe2 heterostructure with an

out-of-plane electric field, reprinted from [14]. c) Exciton diffusion in bilayer WSe2

with different out-of-plane electric field, reprinted from [15].

An example of this is shown in Fig. 1.4b, where Ciarrocchi and collaborators

shifted the energy of the IXs in a MoSe2/WSe2 heterobilayer [14]. The dipole moment

of an exciton will be species-dependent based on the origin of the electron and hole

within the band structure. This electric tunability is critical for integrating these IXs

into application-based devices.

The electric control of IXs can be leveraged in many interesting ways. For example,

in typical heterostructures, excitons diffuse over several microns, driven apart due to

exciton-exciton repulsion. With an applied electric field, Tagarelli and collaborators

are able to demonstrate strong control of the IX dipole moments, leading to enhanced
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exciton-exciton repulsion and stronger exciton diffusion, as shown in Fig. 1.4c [15].

1.2.5 Strain control of transition metal dichalcogenides

Like with electric field, TMDs are highly tunable with mechanical strain. Because the

band structure is so dependent on the hexagonal lattice, small amounts of strain can

greatly impact the bandgap, impacting which species of excitons are favored. This

will also impact phonon behavior and charge carrier behavior. For example, Fig. 1.5a

demonstrates a redshift in the intralayer exciton energy of monolayer WSe2. In addi-

tion to the energy shifting, there is also a substantial decrease in the exciton linewidth,

which is attributed to the suppression of phonon-mediated exciton scattering [16].

Additionally, tensile strain has been shown to enhance electron and hole mobility

in monolayer MoS2, as shown in Fig. 1.5 [17]. A final example is that as the hexagonal

lattice is disrupted, the phonon modes will be affected. As shown in Fig. 1.5c, in-plane

strain leads to the shifting of various phonon modes in monolayer WSe2 [18].

1.3 Applying strain to two-dimensional materials

There are many methods to apply strain to 2D materials. Some of these methods are

static, where the strain is fixed over the course of the exciton lifetime. Other methods

are dynamic, meaning that the strain at a specified point changes on the time scale of

the exciton lifetime. Different methods of strain applications have different advantages

and disadvantages, which we will discuss in further detail. Here, we will only focus

on methods that are able to deterministically create strain, meaning they are able to

reliably induce a strain at a specific location on demand.

1.3.1 Methods of static strain application

TMDs have some of the highest mechanical flexibility observed, with conservative

estimates that they can withstand up to 10% tensile strain [9]. Transferring these



11

Figure 1.5: Strain modulation of TMDs. a) Strain-dependent PL spectra of monolayer

WSe2, reprinted from [16]. b) Electron (top panel) and hole (bottom panel) mobility

in MoS2 with in-plane strain at different temperatures, reprinted from [17]. c) Unpo-

larized (black, parallel-polarized (blue), and cross-polarized (red) Raman spectra of

monolayer WSe2 under various strains, reprinted from [18].
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Figure 1.6: Examples of static strain methods. a) 2D material strained over a nanopil-

lar array, reprinted from [19]. b) 2D material encapsulated in a polymer and bent,

reprinted from [18]. c) A diagram of a piezo-based strain cell to apply multiple strains

to 2D materials, reprinted from [20].

TMDs directly on top of an array of nanopillars is one of the most effective ways to

induce strain that approaches this limit. The 2D material folds around the nanopillars,

as shown in Fig. 1.6a, where they estimate that they are able to achieve a maximum

2% strain within the material [19]. The strong and highly localized nature of the

strain induced by the nanopillars makes them a popular method to induce single

photon emitters. Local strain creates a funneling effect that sends excitons from the

larger bandgap regions of lesser strain to the smaller point-like bandgap regions where

the strain is maximized [7]. A key issue with this method of strain creation is that

it is not tunable. Upon transfer of the material on top of the nanopillars, the strain

profile is fixed. Additionally, these nanopillars must be pre-fabricated on a substrate,

and the height profile makes integration with photonic structures difficult.

A more tunable method of strain control is shown in Fig. 1.6b, where the authors

encase the 2D flake in a flexible polymer and press down on the edges of the substrate.

This resolves a major problem experienced by the nanopillars, in that the strain can

be tuned by how much pressure is put on the edges of the substrate. However, this
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method does not allow for the 2D material to be on a standard substrate where it

could be integrated with photonic or electronic structures, and the strain profile across

the 2D flake will be non-uniform.

Shown in Fig. 1.6c is a piezo-based strain cell pioneered in [20]. The 2D material

is transferred on top of a small gap and is pinned down on either side, where piezo

stacks control the width of the gap to apply precise and uniform strain profiles across

the flake. While this method is very exact, tunable, and uniform, it still is not on chip,

and, because it requires the flake to be directly on the device, is relatively invasive.

1.3.2 Methods of dynamic strain application

Figure 1.7: Examples of dynamic strain methods. a) A diagram of a graphene-

based nano-drum resonator, reprinted from [21] b) An optical image of an interdigital

transducer for creating surface acoustic waves.

Several methods exist to apply dynamic strain to materials. Unlike static strain,

dynamic strain modulates the forces on a material on the scale of the exciton lifetime,

allowing for direct interaction and modulation of excitons, as well as the direct study

of excitons during the course of a varying applied strain. One common example of

dynamic strain application is shown in Fig. 1.7a. This is a monolayer of graphene
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transferred over an etched hole in the substrate. By gating the graphene, a DC signal

creates a net strain in the material, while an AC signal drives a dynamic ”drum”

like mode, creating a nano-drum resonator [21]. While this method effectively and

controllably creates a dynamic strain within the 2D material, it requires the substrate

to be directly etched and the 2D material to be suspended, which makes the devices

very delicate.

Another example of dynamic strain, and one we will look into more in-depth, is

surface acoustic waves (SAWs). Surface acoustic waves are Rayleigh-waves that have

modes localized to the surface of the substrate. Shown in Fig. 1.7b is an interdigital

transducer (IDT) that launches and detects surface acoustic waves. SAWs are able to

propagate freely through a substrate, enabling on-chip non-invasive interaction with

the 2D heterostructure. Additionally, the wavelength and amplitude of these SAWs

can be controlled by the IDT finger width and the applied power, respectively. One

potential disadvantage of this method is that IDTs require a piezoelectric substrate

to generate the SAWs, which can create stray electric fields detrimental to device

measurement, although we will discuss ways to alleviate this in future sections.

1.4 Surface acoustic waves

Surface acoustic waves provide a non-invasive method for applying strain and electric

field on-chip. This, along with the intrinsic surface nature of these waves, mark SAWs

as an inherently compatible platform to interface with 2D materials.

1.4.1 Background

An acoustic wave is a mechanical wave that propagates through a medium by deform-

ing its structure through the compression and expansion of its particles. Acoustic

waves can be transmitted in a longitudinal or transverse mode. In a longitudinal

acoustic mode, the particles of the medium are displaced parallel to the direction

of the propagating wave. In a transverse acoustic mode, the particles are displaced
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perpendicularly to the direction of the propagating wave. The velocity of the wave

vSAW is determined by the material the wave is passing through, and is related to the

wavelength λ and frequency f with the equation f = vSAW/λ.

Acoustic waves have long been used as a component in electronic devices, includ-

ing SONAR, which uses acoustics to detect underwater objects, and delay lines that

leverage a material’s relatively slow acoustic velocity to give a long delay in space.

Surface acoustic waves were first described by Lord Rayleigh in 1885 with his paper

“On waves propagated along the plane surface of an elastic solid” [22]. These surface

waves, also known as Rayleigh waves, are mechanical waves propagating only on the

surface of a material. Because these surface acoustic waves, or SAWs, are highly con-

fined near the surface of the substrate, they are susceptible to surface perturbations,

making them suitable for sensing things like mass, temperature, pressure, and more

[23].

1.4.2 Interdigital transducers

Figure 1.8: Surface acoustic wave diagram and modes. a) A diagram of an interdigital

transducer. b) The mechanical displacement mode of a SAW. c) The out-of-plane

electric field mode of a SAW.

To integrate these SAWs in electronic devices, we need a method of exciting and
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detecting them. The first experimental demonstration was by White and Voltmer in

1965 with an interdigital transducer (IDT) fabricated on a piezoelectric substrate [24,

23]. The IDT is a series of metal electrodes (fingers) which are alternately connected

to a metal bar and pad on either side of the fingers, one of which is grounded and

the other of which is connected to an RF source as shown in Fig. 1.8a. Each finger

and the spacing between the fingers is λ/4 wide, where λ is the SAW wavelength.

By exploiting the piezoelectricity of the substrate the IDT is fabricated, the electrical

signal applied to the fingers is excited into a mechanical and electrical wave that

propagates through the surface of the substrate. COMSOL simulations showing these

mechanical and electric modes can be seen in Fig. 1.8b and c. Connecting the IDT

to a vector network analyzer (VNA) allows these waves to be launched and measured

via its scattering parameters; S11 or S22 for a single IDT and S21 (S12) when looking

at a SAW launched from IDT 1 (2) and detected by IDT 2 (1).

The efficiency of one of these IDTs will be determined partially by its geometry

and partially by the piezoelectric coupling constant K2 intrinsic to the substrate,

commonly defined by Eq. 1.1

K2 ≡ 2
νf − νm
νf

≡ 2
∆ν

ν
(1.1)

Where νf and νm are the wave velocities for a free surface and a metallized surface,

respectively [25]. Materials with the highest K2 convert applied electric power to

acoustic power most efficiently, and include lithium niobate, quartz, lithium tantalate,

and gallium arsenide. Because piezoelectric materials are anisotropic, the cut of these

substrates changes the K2 and vSAW . In this work, we rely on different cuts of lithium

niobate (LN) to serve as our piezoelectric substrate, as they have some of the highest

K2 values, as well as being optically dark at the energies of the excitons we are

interested in.
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1.4.3 Types of IDTs

Figure 1.9: a) The top panel shows an optical image of a standard plane-wave IDT,

and the bottom panel shows a simulation of the mode shape. b) The top panel shows

an optical image of a focused IDT, and the bottom panel shows a simulation of the

mode shape.

A standard IDT launches a plane wave with the acoustic aperture the width of

the finger overlap W as shown in Fig. 1.9a. This means that the acoustic power is

distributed over the length of that 1D line segment given by Eq. 1.2

PSAW = A|ϕ|2 ϵωk
2K2

(1.2)

where A is the cross-sectional area, ϕ is the wave amplitude, ϵ is the dielectric

constant, ω = 2πf , and k = 2π/λ. Approximating the cross-sectional area of the

surface wave as A ≃ W (1/k), we can write
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Figure 1.10: A double finger IDT design.

PSAW = W |ϕ|2 ϵω
2K2

(1.3)

Where W is the width of the acoustic aperture of the IDT as shown in Fig. 1.9a

[25, 26]. A more thorough derivation can be found in Appendix A. This design

is advantageous when applying a SAW over a large surface area perpendicular or

parallel to the SAW propagation direction.

Plane-wave IDTs can have the standard single-finger design, as shown in Fig. 1.8a,

or a double-finger design, as shown in Fig. 1.10. Although both of these IDTs are

designed to excite SAWs with wavelength λ, the single-finger IDT consists of single

alternating fingers, each with width and spacing of λ/4, while the double-finger IDT

consists of pairs of alternating fingers, each with width and spacing of λ/8. This

double-finger design aims to reduce the effect of the SAW reflection from the elec-

trodes. Each electrode introduces a discontinuity that slightly reflects the propagating

SAW due to a local change in characteristic impedance [26]. While these reflections

are individually weak, they can constructively interfere at the design frequency f0

(2λ) due to the bidirectional excitation of SAWs. In contrast, the double-finger ge-
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ometry introduces a reflection path difference of λ, causing destructive interference at

f0/2 (λ) and thus minimizing net reflections [26, 27]. For this reason, double-finger

IDTs are preferred in larger devices. However, they require patterning features that

are half the size of those in single-finger IDTs, which can be challenging at higher

frequencies for photolithography and electron-beam lithography.

An alternative to a plane-wave IDT is a focused IDT, shown in Fig. 1.9b. This

IDT has fingers that are curved to focus towards a single 0D point, the location of

which is determined by the curvature of the fingers. This design enables much greater

acoustic power per aperture width as seen in Eq. 1.3, and is advantageous if the goal

is to maximize the effect of the SAW at a specified point.

1.4.4 Standing waves

Figure 1.11: A diagram of a SAW resonator

All of the IDTs we discussed launch traveling SAWs. To generate a standing wave

SAW, we can add reflector arrays on either side of the IDT to form a SAW resonator

[28]. These Bragg reflector arrays are essentially shorted IDTs with the same periodic

structure. These reflectors are separated by a distance that allows for the successive

reflections off of each finger to constructively interfere to form a Fabry-Perot type
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cavity.

Like IDT fingers, each finger in the reflector array has a small reflectivity r, and

the reflector array has a total reflection coefficient at f0 given by R ≃ tan(Nr) where

N is the number of reflectors in the array. We see that R will approach 1 as N |r| ≫ 1

[26]. Each reflector causes a small fractional change in the velocity of the wave given

by (v − v0)/v0, resulting in a small impedance mismatch. This impedance mismatch

will result in losses to the SAW signal through conversion to other acoustic modes.

Therefore, a smaller r is desirable while still trying to maximize total reflection R.

Lp/λ = |r|/4 gives the depth into the reflector array that the SAW propagates,

and the total cavity length can then be calculated with Lc = 2Lp + d where d is

the distance between the two reflector arrays, as shown in Fig. 1.11 [26]. The SAW

resonator can be characterized by an unloaded quality factorQu, which is proportional

to the number of times the wave travels back and forth through the cavity before its

energy is dissipated. This quality factor takes into account only the properties of the

cavity itself and is given by Eq. 1.4.

Qu =
2πf0Lc

Rc

=
πLc

λ0(1−R)
(1.4)

For more details on the origin of the equations in this section, see Appendix A.

1.5 Scope of thesis

In this work, we narrow our focus to strain engineering of 2D transition metal dichalco-

genides (TMDs), with particular emphasis on applications for quantum information

storage and processing. In Chapter 2, we present our work published in [29], where we

demonstrate long-range exciton transport using surface acoustic waves (SAWs). This

represents a significant advance in achieving controlled, directional, and non-invasive

transport of excitonic states, laying the groundwork for excitonic circuits that can

shuttle quantum degrees of freedom across TMD heterostructures.
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In Chapter 3, we turn to our work published in [30], in which we realize highly

tunable interlayer excitonic quantum emitters (QEs). These emitters are dynami-

cally controllable in energy via applied electric fields, and intriguingly exhibit unex-

pected coupling to discrete phonon modes intrinsic to the TMD. This novel single

exciton–phonon mode coupling is also highly tunable, opening up the possibility of

encoding quantum information into the robust phonon modes of TMDs and retrieving

it optically via the emitters.

Chapter 4 explores our ongoing work leveraging SAW resonators to dynamically

modulate excitonic properties in TMDs. We show preliminary results demonstrating

modulation of both free excitons and tightly confined quantum emitters. Additionally,

we observe intriguing long-lived changes induced by SAW pulses at cavity resonances,

highlighting the versatility of using high-Q acoustic cavities. This platform creates a

natural intersection between our work on long-range exciton transport and tunable

QEs, offering a promising route toward on-chip quantum information manipulation

that integrates strain, phonons, and excitons in a single architecture.

Finally, in Chapter 5, we summarize the key takeaways from this body of work,

discuss future research directions, and articulate how these studies collectively ad-

vance the pursuit of controllable, strain-engineered quantum platforms based on 2D

materials.
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Chapter 2

TRANSPORTING 2D EXCITONS WITH SURFACE
ACOUSTIC WAVES

This work has been published as Long-range transport of 2D excitons with acoustic

waves in Nature Communications (link).

2.1 Abstract

Excitons are elementary optical excitation in semiconductors. The ability to manip-

ulate and transport these quasiparticles would enable excitonic circuits and devices

for quantum photonic technologies. Recently, interlayer excitons in 2D semiconduc-

tors have emerged as a promising candidate for engineering excitonic devices due to

their long lifetime, large exciton binding energy, and gate tunability. However, the

charge-neutral nature of the excitons leads to weak response to the in-plane electric

field and thus inhibits transport beyond the diffusion length. Here, we demonstrate

the directional transport of interlayer excitons in bilayer WSe2 driven by the propa-

gating potential traps induced by surface acoustic waves (SAW). We show that at 100

K, the SAW-driven excitonic transport is activated above a threshold acoustic power

and reaches 20 µm, a distance at least ten times longer than the diffusion length

and only limited by the device size. Temperature-dependent measurement reveals

the transition from the diffusion-limited regime at low temperature to the acoustic

field-driven regime at elevated temperature. Our work shows that acoustic waves are

an effective, contact-free means to control exciton dynamics and transport, promising

for realizing 2D material-based excitonic devices such as exciton transistors, switches,

and transducers up to room temperature.

https://www.nature.com/articles/s41467-022-29042-9
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2.2 Background and motivation

Excitons in semiconductor systems can be optically excited and read out, thereby

encoding and storing optical signals into the excitons’ spin, valley, and orbital degrees

of freedom [31, 32, 10, 33]. Analogous to electronic circuits, circuits with excitons as

the active information carriers have been envisioned, which transport and manipulate

excitonic states with applied electrical and magnetic fields [34, 35]. Transducing

between photons and solid-state media, such excitonic circuits can directly process

optical signals and regenerate light without additional optical-electrical conversions

so that they can be very efficient [35].

2.2.1 Previous methods of exciton transport in TMDs

Many previous methods of exciton transport in TMDs have focused on methods to

increase exciton diffusion, as shown in Fig. 1.4c from [15], where electrical control of

the IXs was used to increase the diffusion length.

Another example is shown in Fig. 2.1, in which the authors demonstrate that in-

creasing the optical power of the pump laser can greatly increase the spatial diffusion

length of neutral IX in a TMD-based van der Waals heterostructure [36]. This is at-

tributed to the increase in IX density, leading to increased exciton-exciton interactions

that drive them further away from the excitation site.

Although focusing on enhancing exciton diffusion does indeed enable further ex-

citon transport, this method has fundamental limitations. First, these techniques

used for enhancing IX diffusion as in [15, 36] both rely on exciton-exciton repulsion

to drive exciton transport. This means that the transport is exciton density specific,

and would not work in quantum situations requiring a low exciton density. Second,

exciton diffusion is not directional, meaning that although the excitons do travel fur-

ther than they otherwise would, they are not being steered, which is preferable for

creating an excitonic circuit.
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Figure 2.1: Spatial control of neutral interlayer excitons. a) 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 versus power. b,c,d) Spatial

dependence of the intensity of the normalized PL for P = 10, 100, and 1000 µW,

respectively. The white outlines depict the heterostructure area. The continuous

wave laser excitation (λ = 660 nm) is fixed at the top left of the sample. Scale bar,

5 µm. All measurements were performed at 4 K. Experiments performed at higher

temperatures provide smaller spatial extension of PL around the excitation. Figure

and caption reprinted from [36].
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Figure 2.2: Excitonic transistor operation at room temperature. a) The application

of gate voltages (Vg1, Vg2, Vg3) to transparent graphene electrodes (gates 1-3) can

engineer a potential landscape for the diffusion of excitons, controlling their flux

through the device. b, c) Calculated energy variation δE for the excitons in the ON

(free diffusion; b) and OFF (potential barrier; c) states. Red arrows represent laser

excitation; the bound charges and black dashed arrows denote the excitons and their

diffusion, respectively. d, e) Corresponding images of exciton emission. Dashed lines

indicate the positions of the different layers that form the heterostructure and the top

graphene gate (gate 1). The laser spot is represented by the red circle. Colour scale

indicates the normalized photoluminescence intensity. Scale bars, 5 µm. Figure and

caption reprinted from [37].

The other primary method for IX transport is using a series of gates to bias the

excitons towards a specific direction of motion. An example of this is shown in Fig. 2.2

from [37], where the authors demonstrated an electrically controlled excitonic switch.

In this switch, gate biases enable or disable directional IX diffusion across a defined

region, allowing for the creation of an excitonic transistor. This method improves on
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previous work by demonstrating directional and switchable exciton transport. How-

ever, there are still two major issues. The first is that the application of the electric

fields requires a series of gates to be patterned directly on top of the TMD heterostruc-

ture, which is invasive and could result in unwanted effects within the heterostructure.

The second is that despite being guided by an external electric field, the exciton veloc-

ity is still dominated by diffusion, which will be material dependent and a function of

temperature and exciton density. This fundamentally limits the distance the IX can

travel before recombining. To demonstrate exciton transport not limited by exciton

velocity, we can take a look at previous work on exciton transport in GaAs.

2.2.2 Exciton transport in GaAs

Unlike electrons or holes, charge-neutral excitons experience no net force under uni-

form electric fields. They can also be dissociated by a moderately strong in-plane

electric field if the binding energy is small, for example, in GaAs quantum well sys-

tems [38, 39]. Therefore, diffusion has been one of the main mechanisms utilized for

exciton motion in GaAs [40, 41] and 2D materials [42, 43, 44]. Particularly, in GaAs

systems, the high mobility of excitons has enabled 10s of microns diffusion length at

low temperature [35]. To actively transport excitons with controlled directionality,

surface acoustic waves (SAWs) have been employed to effectively transport excitons

in GaAs quantum wells [45, 46, 47, 48, 49]. Hundreds of microns transport distance

is achieved at a temperature below 4K [46, 47]. However, the low exciton binding

energy of only a few meVs in GaAs prohibits operation at higher temperatures [50].

2.2.3 Applications of GaAs transport to TMDs

Compared to GaAs quantum wells, excitons in 2D transition metal dichalcogenides

(e.g., MoS2, MoSe2, WS2, WSe2) have binding energies on the order of hundreds of

meVs [10, 33] with strong resonances even at room temperature (RT) [51, 52, 53, 54],
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making them promising for a plethora of optoelectronic and quantum applications

[55, 56, 57, 58, 59].

Particularly, the indirect excitons (IXs) in bilayers and heterobilayers of TMDs

have additional desirable properties [58, 60, 61, 62, 63]. Because these IXs consist

of electrons and holes separated in different layers and valleys, their population life-

times at low temperature are up to 100s of nanoseconds [33], facilitating long-range

transport before relaxation. Importantly, IXs have a permanent perpendicular dipole

moment so that their energy can be tuned with an out-of-plane electric field [64, 65],

thus they can be driven by a lateral gradient of electric-field [37]. Indeed, prototypical

TMD excitonic transistors have been demonstrated based on field-controlled IX dif-

fusion in MoSe2/WSe2 heterobilayers [37, 66, 67]. The application of an out-of-plane

static electric field creates an energy barrier or trap for IXs, so switching on and off

the electric field can suppress or enable exciton diffusion [67]. However, due to lim-

ited exciton mobility [68], diffusive and repulsive transport of IXs can only achieve a

transport distance of a few µm using milliwatts of optical excitation power at a low

temperature [69]. More importantly, such diffusive transport is non-directional, thus

challenging to realize functional excitonic circuits, which entail transporting excitons

in a controlled direction over a long distance.

Here, we demonstrate the long-range and directional transport of IXs in a bilayer

WSe2 using SAW at temperatures up to RT. The IXs in a bilayer WSe2 are momentum

indirect with a long lifetime of up to 10 ns at 10 K and ∼1 ns even at RT [60, 67].

2.3 Device design

2.3.1 Device principle

Consider a bilayer WSe2 flake placed directly on a piezoelectric substrate (Fig. 2.3a).

SAWs are excited and propagate through the area where a bilayer WSe2 flake is

transferred. On a piezoelectric substrate such as LiNbO3, the propagating SAW will
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Figure 2.3: Device design of WSe2 integrated with SAWs. a) Schematic illustration

of the h-BN encapsulated bilayer WSe2 stacked on SAW devices. The IDTs generate

SAWs to transport the excitons in different directions. b) The propagating SAW

modulates the energy of the excitons and transports them from the pump spot to the

flake edge, where they recombine to generate photoluminescence. For simplicity, we

only plot +z interlayer exciton in bilayer WSe2. c)Optical microscope image of the

device, with the white line outlining the bilayer WSe2. Scale bar, 20 µm.

generate a near-field piezoelectric field with a large out-of-plane field (Ez) amplitude

on the order of 107 V/m at 1 mW/µm of acoustic power density. As such, the Ez

component will periodically modulate the IX energy in space and time, creating a

dynamic trapping potential for the IXs in the extrema of Ez. As the SAW propa-

gates, the IXs will drift along the time-varying gradient of Ez and thus be carried by

the SAW—like surfing on a wave—to travel a long distance before they recombine

(Fig. 2.3b). With a SAW velocity of 3.0×103 m/s and an exciton population lifetime

>10 ns, the IXs can travel > 30 µm, an order of magnitude longer than the exciton
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diffusion length.

Fig. 2.3b depicts the scenario when the bilayer WSe2 is under both optical pump-

ing and SAW modulation. Since the bilayer WSe2 is inversion symmetric, there are

two energy degenerate IXs with dipole moment p pointing along the +z and -z direc-

tions, respectively. For simplicity, we use +z IX to explain the transport process. The

electric field E(r, t) induced by the SAWmodulates the IX energy by ∆U = −p·E and

thus creates a dynamic potential well moving at the acoustic velocity. At low tem-

peratures, the optically excited IXs will quickly relax to the energy minimum created

by the SAW in real space and travel with the propagating SAW. An optical image

of an actual device is shown in Fig. 2.3c. To reduce the inhomogeneous broadening

and exciton trapping from spatial variation of surface potential, we encapsulated the

bilayer WSe2 with 10nm hexagonal boron nitride (hBN) flakes using the standard

dry pick-up method and transferred the heterostructure onto the LiNbO3 substrate

with pre-patterned IDTs [70]. Additionally, a thin layer of indium-tin-oxide (ITO)

was deposited on the heterostructure region as a top transparent electrode. This top

electrode plays an important role by efficiently suppressing the in-plane piezoelec-

tric field component (Ex), which may cause exciton dissociation [45, 71, 72, 73], as

depicted in Fig. 2.4a.

2.3.2 ITO prevention of exciton dissociation

An example of this can be seen in a control device with no ITO top cladding. In

Fig. 2.4b and c, the WSe2 flake (white outline) is pumped with a HeNe laser. The

spectrometer detects the intensity of the PL spatially, without SAW (Fig. 2.4b) and

with SAW (Fig. 2.4c). No transport of IXs beyond the diffusion distance can be

observed. Rather, the SAW piezoelectric field dissociates the IXs into free carriers,

suppressing emission everywhere and resulting in a dramatic decrease in the PL in-

tensity.

The effect of the ITO layer on this exciton dissociation is dramatic. The finite-
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Figure 2.4: Exciton dissociation as a result of in-plane electric fields. a) Diagram

depiction of interlayer exciton dissociation via in-plane electric field. The PL of a

device without an ITO layer without SAW (b) and with SAW (c).

element method (FEM) simulation (Fig. 2.5a) compares the piezoelectric fields in

the situations of without (top panel) and with (bottom panel) the top ITO layer,

showing that the ITO layer suppresses Ex by about two orders of magnitude. For

the simulation domain shown in Fig. 2.5b, we can also look at the Ex modes without

(Fig. 2.5c) and with (Fig. 2.5d) the ITO layer. This allows the effect of the out-of-

plane electric field to dominate the interactions with the interlayer excitons.

2.3.3 SAW generation

To successfully apply this electric field, we designed a focusing IDT structure that

focuses the acoustic wave into the WSe2 region (Fig. 2.6a) to concentrate the acoustic

power density and enhance the piezoelectric field E. The IDT excites a strong SAW

mode at 1.237 GHz with an acoustic wavelength of 2.832µm, assuming an acoustic

velocity of 3.5 × 103 m/s for the z-propagating Rayleigh mode in a y-cut LiNbO3

substrate. Fig. 2.6a shows the simulated electric field profile of the focused beam of

the acoustic wave, which at the focal point has a waist of 3.0 µm. When designing

the IDT, we tested a number of periods (N), with S11 shown in Fig. 2.6b. The device

with N=42 exhibited the best impedance match, as seen in the polar S11 data in
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Figure 2.5: Effect of ITO layer on exciton dissociation. a) The piezoelectric field

distribution with (top panel) and without (bottom panel) the top ITO electrode.

The field amplitude is calculated assuming an acoustic power density of 1 mW/µm.

The ITO electrode can efficiently suppress the in-plane piezoelectric field component

Ex, which causes undesirable exciton dissociation. b) The magnified displacement of

the SAW. c,d) the in-plane component of the piezoelectric field without (c) and with

(d) ITO cladding. The ITO layer can strongly screen the in-plane field.
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Figure 2.6: SAW mode characterization. a) The piezoelectric field profile of the SAW

generated by the focusing IDT. The acoustic focal point has a waist of 3 µm and

is at the edge of the bilayer WSe2. The dotted line outlines the WSe2 flake. Scale

bar, 5 µm. b) RF reflection coefficient S11 measurement of the IDT devices with a

varied number of periods N. c) the IDT resonance on a polar chart showing a strong

acoustic resonance at 1.237 GHz for N=42. d) The RF power ratio for different circuit

components for N=42. e) Equivalent circuit model of the IDT acoustic transducer

for N=42.

Fig. 2.6c, where the on-resonance impedance is calculated to be 53.66 Ω + 3.77iΩ,

closely matching the 50Ω impedance of the RF source. The RF power ratio for

different circuit components (including serial resistance Rs, shunt resistance Rl, and

admittance Ya) for N=42 is shown in Fig. 2.6d. This shows that the on-resonance

conversion efficiency is 91%, indicating a strong RF to acoustic wave conversion.

These values were extracted using the equivalent circuit model of the IDT, shown in

Fig. 2.6e.
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2.4 Device fabrication and characterization

2.4.1 Device fabrication

The WSe2 device was fabricated by the standard polymer-assisted (PC) pick-up

method. The 2D flakes of hBN and WSe2 (HQ graphene) were exfoliated to a 90

nm SiO2/ Si substrate and then picked up using PC/PDMS (Sylgard 184) stamps.

The bilayer WSe2 flakes were identified by their optical contrast and then confirmed

with PL measurements. The IDTs were patterned on a y-cut LiNbO3 wafer (MTI)

using electron-beam lithography (EBL). The IDT is aligned to generate SAW propa-

gating along the z-axis of the LiNbO3 wafer. Layers of 12 nm chromium and 120 nm

gold were deposited using an electron-beam evaporator under high vacuum. Aligned

transfer was then done by a home-built transfer stage with high accuracy so that the

WSe2/hBN heterostructure was precisely aligned at the focus region of the curved

IDTs. PC residue was then removed using chloroform for 1 h and followed by a 5 min

rinse in IPA. Finally, aligned EBL was performed and 50 nm indium-tin-oxide (ITO)

was deposited by a sputtering system (Evatec LLS EVO) under O2 conditioning. Af-

ter deposition, the device was annealed in atmosphere at 300°C for 5 min to improve

the conductivity of the ITO film, which can ensure a better screening of the in-plane

field.

2.4.2 Measurement scheme

A continuous-wave HeNe laser (633 nm) was used to excite the excitons in bilayer

WSe2. With an objective lens (NA=0.42), the laser beam was focused with a diffraction-

limited spot size of about 1 µm. The sample was mounted in a cryostat (Montana

Instruments) with a window for optical access. Meanwhile, the RF signal was gen-

erated by a vector network analyzer (VNA) (Agilent E8362B) and then coupled to

the wire-bonded device inside the cryostat. A calibration kits (Keysight 8052D) were

used to de-embed the system so that the IDT resonance could be resolved. The in-
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Figure 2.7: Measurement scheme for exciton transport.

terlayer exciton emission was acquired with a spectrometer (Princeton Instrument)

after the laser line was removed with a 633-notch filter (Thorlabs). To image the

spatial transport of the exciton, the center wavelength of the spectrometer was set

to be 0 so it functioned like a mirror. The filtered signal was then collected by a

cooled camera (Pixis 400) operating at -70°C to improve the signal-to-noise ratio. To

collect the spectrum results, we set the center wavelength to 790 nm, which covered

the emission spectrum of the interlayer exciton. To perform the spectral-PL imaging

measurement of the exciton transport, the transport direction was aligned with the

slit of the spectrometer and the x-axis of the CCD camera displayed the spectrum

information. The y-axis signal gave the spatial emission of the bilayer devices.
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Figure 2.8: Observation of exciton transport. Real-space PL mapping (a), when SAW

is off, and (b) when SAW is on with 6 mW power. Two bright emission spots appear

at the edge of the flake and the focal point of the acoustic wave (see Fig. 2.6a) due

to the SAW-driven transport of IXs. Insets: Illustration of free diffusion and SAW-

driven drift of IXs. c, d) The spectral PL image at the same experimental conditions

as a, b. The non-local exciton emission at the flake edge is clearly attributed to the

IXs in WSe2, which have an emission peak at 1.56 eV. e) The emission spectrum

at the pump position slightly decreases when SAW is turned on. f) The emission

spectrum at the flake edge position drastically increases when SAW is turned on.
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2.5 Transport of excitons at 100 K

2.5.1 Observation of exciton transport

We first demonstrate efficient SAW transport of IXs by performing spatially resolved

photoluminescence (PL) measurements. Without SAW and at a low pump power,

the diffusive IX flux density can be described by the diffusion equation: j = −D∇N ,

where D is the temperature-dependent diffusion coefficient and N is the exciton den-

sity (inset, Fig. 2.8a). Due to the low D in TMDs, the IX diffusion is relatively weak.

In comparison, when the SAW is turned on, the IX population is strongly modu-

lated by the piezoelectric field and drifts along the SAW propagation direction (inset,

Fig. 2.8b). As the velocity of the SAW ( 3,500 m/s) is much lower than the thermal

velocity of excitons (104 - 105 m/s in our experimental condition, see Section 2.7),

the IXs can be treated as an exciton gas in quasi-equilibrium. With sufficiently high

SAW amplitude, the IX gas will be trapped in the energy minimum of SAW and drift

with a center-of-mass velocity identical to the SAW velocity.

Fig. 2.8a,b compare the PL images measured at 100 K with SAW off and on,

respectively. The IXs were excited with a HeNe laser at 633 nm, having a power of

Pp = 20 µW, and focused to a diffraction-limited spot size of 1 µm. The excitation

spot is placed near the edge of the WSe2 flake close to the IDT and in the middle

of the acoustic wave beam (Fig. 2.6a). Without SAW (Fig. 2.8a), the IXs diffuse by

only 1–2 µm, consistent with previous measurement results. When SAW is turned on

with power Ps = 6 mW, as shown in Fig. 2.8b, we observe strong exciton emission

at two spots on the far edge of the WSe2 flake, along the SAW propagation direction

and 20 µm away from the pump spot. The two separate emission spots are at the

corners (one convex and one concave) of the flake edge, where the acoustic wave is

most focused (Fig. 2.6a). The IXs are transported at the acoustic velocity of 3500

m/s, so the traveling time is less than 6 ns, shorter than their lifetime [60]. The

results reveal SAW-driven transport of IXs over a device-size limited distance, setting
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the lower bound of the propagation length to 20 µm.

To confirm that the transport is indeed from IXs, we performed spatial and energy-

resolved measurements. We aligned the slit of the spectrometer with the SAW prop-

agation direction (y-axis) and acquired spectral PL images with SAW off and on

(Fig. 2.8c, d). The emission of the transported IXs are predominantly at the energy

around 1.5 6eV, which agrees with the IX energy of bilayer WSe2 [60, 74, 75]. The

result is consistent with our expectation that only IXs with perpendicular dipole mo-

ments are efficiently transported by SAWs. At the pump spot (Fig. 2.8e), the IX

emission slightly decreases when SAW is turned on, presumably due to the transport

of IXs by the SAW. In contrast, at the far edge of the flake (Fig. 2.8f), the application

of SAWs increased the IX emission intensity by more than two orders of magnitude.

In control devices without the top ITO layer, no IX emission can be observed beyond

the IX diffusion distance (see Fig. 2.4). It agrees with the expectation that the in-

plane piezoelectric field, if not screened by the ITO (Fig. 2.5a), will dissociate the IXs

to free carriers [76]. These free carriers will have a very low recombination rate in the

SAW because they are spatially separated by half the acoustic wavelength ( 1.4 µm

in our device). Therefore, we can confirm that the emission at the edge of the flake

is from SAW-transported IXs.

2.5.2 SAW power-dependent exciton transport at 100 K

We next characterize the IX transport at different SAW powers Ps. We find that

the transported exciton density increases monotonically with the SAW power, but

the trend is highly nonlinear with an activation behavior. For Ps < 3.0 mW, the IX

transport is negligible, and the IX emission is localized near the laser excitation spot

(Fig. 2.9a). When Ps increases to 4.5 mW, two emission spots appear at the flake

edge (Fig. 2.9b), suggesting activation of the transport process. When Ps is further in-

creased to 6 mW, the exciton transport becomes so efficient that the emission intensity

at the flake edge is already comparable to that at the pump spot (Fig. 2.9c). Fig. 2.9d
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Figure 2.9: Exciton transport dependence on acoustic power. PL images at different

SAW power Ps of (a) 0 mW, (b) 4.5 mW, (c) 6 mW. The solid white line outlines the

WSe2 flake. The two bright emission spots at the edge of the WSe2 flake highlight the

SAW-driven transport of IXs. Scale bar, 10 µm. d) The integrated emission intensity

at the flake edge (in the area indicated by the yellow box) in (a) as a function of

SAW power Ps. The experimental data is fit with the theoretical model that the

transport exciton density exponentially depends on the square root of Ps. At low

Ps, the exciton transport is diffusion-limited (blue shaded). A high Ps, SAW-driven

transport is activated (red shaded).

plots the integrated emission intensity at the flake edge, which is proportional to the

transported exciton density nT , as a function of Ps. The experimental result agrees

with our theoretical model of SAW-activated transport in which the transported ex-

citon density nT is proportional to e
√

Ps/Pt at a given temperature (see Section 2.7).

Fitting the result at 100 K gives a relatively small threshold power of Pt ∼ 0.1 mW,

beyond which exciton transport is activated by the SAW. Similar exponential behav-

ior and power law have also been observed in coupled GaAs quantum wells [45], where

exciton transport is impeded by disorder and defect-induced potential variations at

the low SAW power limit. In TMDs such as bilayer WSe2, the intrinsic defect density

can be > 7.0×1010 cm−2, along with the strain-induced potential variation caused by
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the transfer process [70]. For efficient IX transport to happen, the SAW modulation

of IX energy ∆U needs to overcome the defect and strain-induced potential variation

(see Section 2.7), and the efficiency of exciton transport is sensitive to the material

quality.

2.5.3 Optical power dependence of exciton transport

Figure 2.10: Optical power-dependence of exciton transport with 6 mW SAW power

and (a) 10 µW, (b) 40 µW, (c) 80 µW, and (d) 160 µW optical power.

We can also look at the optical power dependence of exciton transport at 100 K,

as seen in Fig. 2.10. The percentage of excitons transported decreases monotonically

with higher optical pump power. This can be attributed to the high density of excitons

screening the piezoelectric field of the SAW, which reduces the acoustic modulation

of the exciton energy.

2.6 Temperature-dependent exciton transport

The activation behavior motivates us to further measure SAW-driven IX transport

at different temperatures. Fig. 2.11 shows the spectral PL mapping at temperatures

from 6 K to 200 K with fixed pump power Pp = 20 µW and SAW power Ps = 6 mW.
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Figure 2.11: The spectral PL image of exciton transport at 6-200 K with SAW off (a,

c, e, g) and on (b, d, f, h). For clarity, the data at each temperature is normalized

separately. a, b) At low temperature (6 K), IXs show narrow peaks as they are

highly localized to recombination centers such as defects or couple strongly to local

vibrational modes. SAWs can delocalize the IXs, thereby suppressing the emission.

However, the transported IXs remain dark because of the reduced phonon-assisted

recombination at low temperatures. c, d) At elevated temperatures (30 K), the IXs

are thermalized with broad emission. SAW transport turns on with visible emission

at the flake edge. e, f) At 100 K, SAW transport of IXs is most prominent as IXs

have a sufficiently long lifetime and are less susceptible to defect trapping. g, h)

At even higher temperatures, SAW transport, although still visible, is inefficient as

exciton-phonon scattering dominates and the IX population lifetime is short.

In this wide temperature range, we observe rich features showing the roles of exciton

localization, SAW-driven transport, recombination, and phonon scattering. Note that

the measurement at each temperature is normalized to its respective maxima for
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clarity. At 6 K and with SAW off, the emission spectrum shows a series of sharp

resonances (Fig. 2.11a), which are attributed to defect emission and phonon-assisted

recombination of the IXs. When SAW is on, the sharp resonances disappear and the

emission intensity decreases significantly (Fig. 2.11b). Meanwhile, IX transport at

this low temperature is very weak. The suppression of IX emission can be explained

by the SAW reducing the coupling between excitons and recombination centers such

as defects.

When the temperature increases to 30 K, the sharp exciton resonances disappear

(Fig. 2.11c). At this elevated temperature range, the excitons are thermalized into

exciton gas, leading to weaker couplings with the local defects. As a result, the SAW-

driven transport starts to make the PL at the flake’s edge observable (Fig. 2.11d).

When the temperature reaches 100 K, the IX emission becomes more than two times

brighter at the pump spot (Fig. 2.11e) than at 30 K. This is because indirect IX

recombination becomes more efficient when the thermal phonon density is high. The

SAW-driven transport is also the most prominent at this temperature (Fig. 2.11f)

because the defects and disorders have a smaller trapping effect on the thermalized

excitons and the exciton population lifetime is still sufficiently long.

At 200 K (above the Debye temperature), the thermal phonon population is high.

As a result, IX emission has a broad spectrum and high intensity without SAW

(Fig. 2.11g). However, the IX transport is impeded due to strong exciton-phonon

scattering and decreased exciton population lifetime (Fig. 2.11h). Overall, our sys-

tematic measurements have revealed three regimes of IX behaviors and the transition

between them. At the lowest temperatures, the IXs are highly localized and their

transport is diffusion-limited. At intermediate temperatures, the IXs are bright with

phonon-assisted recombination. At the same time, they still have a long lifetime,

allowing for efficient SAW-driven transport over a long distance. At higher tempera-

tures, significant phonon scattering reduces exciton mobility and lifetime, hindering

efficient transport.
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Figure 2.12: Evaluation of the exciton transport at different temperatures. The

exciton emission at the edge is normalized to the emission intensity at the pump

center.

Fig. 2.12 shows the ration of the intensity of the edge position relative to the

intensity of the pump position at different temperatures. As we observed in Fig. 2.11,

the transport is fairly low at both low temperatures (∼4K) and high temperatures

(∼200K), and reaches a maximum at 100K.

Nevertheless, thanks to the strong SAW modulation, even at room temperature,

we still observe a SAW-driven transport distance of ∼2.0 µm, as seen in Fig. 2.13.

Here, despite the short exciton lifetime and significant phonon scattering, the exciton

transport is still nearly double that from exciton diffusion.
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Figure 2.13: Exciton transport at 290 K. The lower panels are a zoomed in view of

the dashed box. The exciton transport over ∼ 2 µm can still be observed at room

temperature due to the strong SAW modulation.

2.7 Theory of exciton transport

In the IXs of bilayer WSe2, the bound electrons and holes live, respectively, in the Q

(also called Λ in literature) and the K valleys of the Brillouin zone [77, 78, 79]. Due to

the spin-valley locking of bilayer WSe2, the dipole moment of an IX can point along

the +z or -z directions, depending on the layer localization of the electron and the hole

in the IX. Under the periodic out-of-plane electric field induced by the SAW, the two

types of IXs with opposite dipoles are driven to two nearby field extrema separated
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by half the acoustic wavelength and propagate together in the same direction.

Figure 2.14: Exciton transport by surface acoustic wave under disorder potential. a)

Schematic of an exciton gas in a trap with a characteristic depth in energy of ∆ and

length L. The exciton gas in quasi-equilibrium is shown in orange. b) Schematic of an

exciton gas when maximum electric potential gradient from SAW is applied, creating

a shallower potential barrier on one side of the trap. The exciton population above

the dotted line can travel with SAW. (c) Fitting the power-dependent PL intensity

to the SAW power.

In the temperature range of 6 K - 300 K, excitons have an average kinetic energy of

0.6 meV - 26 meV. Taking the effective mass of an exciton to be ∼ me (bare electron

mass), the thermal velocity νIX of the exciton is in the range of 1.5× 104 − 9.6× 104

m/s. This value is an order of magnitude larger than the traveling velocity of SAW

(∼ 3.5 × 103 m/s). As a result, the IX ensemble can be approximated as an exciton

gas under quasi-equilibrium, when it is trapped at the minima of the slowly varying
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potential energy landscape. Here, the trap can arise either from disorder or from the

electric field gradient induced by SAW.

We next model the transport of excitons in a realistic bilayer WSe2 device, assum-

ing that the excitons do not recombine during the transport. The surface potential

disorder caused by strain and other imperfections is described by potential wells that

can trap excitons (Fig. 2.14a) with a characteristic barrier height of ∆ and length

L. If L is much smaller than the wavelength of the SAW, the electric field gra-

dient of the SAW can help the excitons to overcome these potential barriers. An

exciton that is not localized by the disorder should have kinetic energy larger than

Emin = ∆ − (∇Ez−max·p)L (Fig. 2.14b) to overcome the barrier, where ∇Ez−max

refers to the maximum gradient of the electric field induced by the SAW. Under

quasi-equilibrium, the population n of these excitons is given by

n(∇Ez−max, T ) =

∫ ∞

Emin

e
−E−µ

kBT · e
Lp
kbT

∇Ez−maxdE (2.1)

where the density of states factor is taken as a step function for 2D excitons.

At 100 K, the PL intensity at the edge of the bilayer WSe2 flake should be propor-

tional to n. As the maximum electric field gradient induced by SAW is proportional

to the square root of SAW power ∇Ez−max ∼
√
Ps, we fit the PL intensity with

n(Ps) = n0e

√
Ps
Pt , where Pt is a temperature and sample-quality dependent factor,

above which the exciton can respond efficiently to the electric field generated by

SAW. Fig. 2.14c shows that this exponential dependence is consistent with experi-

mental observations.

2.8 Conclusion

2.8.1 Discussion

In conclusion, we have demonstrated that SAW is an efficient, contact-free approach

to transport IXs in bilayer WSe2 over a distance far beyond the diffusion length. The
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SAW-driven transport occurs when the SAW modulation of the IX energy can over-

come local potential variations and defect traps. Since the transport distance depends

on the exciton lifetime of the optically active material and the acoustic velocity of

the substrate, using TMDs with longer lifetimes and a piezoelectric substrate with

higher acoustic velocity can lead to a much longer transport distance. The contact-

free transport, driven by an acoustic wave launched remotely, also preserves the high

quality of the materials and prevents undesired effects induced by local gates [37, 66,

67, 69]. Although the maximal transport distance is reached at the temperature of

100 K in the current device, further improvement of the material quality and inter-

face cleanness will make efficient room-temperature operation possible. We note that

SAWs are a universal approach to control excitons with both its piezoelectric field and

strain field, and can be utilized to manipulate and transport excitons in many other

2D material systems. SAWs can also be guided and circulated in phononic circuits

and resonators [80, 81], which will afford rich functionality and flexibility.

2.8.2 Future Directions

The ability to transport excitons over long distances in 2D materials via surface

acoustic waves (SAWs) opens exciting avenues for developing excitonic circuits and

hybrid quantum systems. Unlike approaches relying on patterned gates or high carrier

densities, the acoustic method demonstrated here offers a dynamic, non-invasive, and

scalable platform to manipulate neutral quasiparticles with high spatial precision.

Transport distances are currently limited by exciton lifetimes and SAW velocity, but

leveraging materials with longer-lived excitonic states or designing heterostructures

supporting indirect or interlayer excitons with suppressed non-radiative recombination

could enable even more extended transport regimes, potentially at room temperature.

Building on this foundation, future work can explore the co-integration of SAWs

with quantum emitters in 2D heterostructures to examine how localized excitonic

states respond to traveling or standing acoustic waves. Such integration could enable
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SAW-controlled modulation of single-photon emission properties, facilitating on-chip

excitonic transistors, switches, or entangled photon sources controlled via mechanical

waves.

Optimizing the interplay between temperature, disorder, and acoustic confinement

remains a key challenge. While 100 K emerged as an optimal temperature for long-

range transport in current devices, reducing defect densities and improving interface

quality may push efficient transport to higher temperatures, which is crucial for prac-

tical optoelectronic applications. Furthermore, designing phononic circuits or SAW

resonators could allow guiding, storing, or even coherently manipulating excitonic

populations on-chip, paving the way toward acousto-excitonic quantum networks.

Lastly, time-resolved experiments probing exciton drift velocities and transient dy-

namics under pulsed SAWs would provide deeper insight into transport mechanisms,

enabling refined control and new functionalities in excitonic devices.
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Chapter 3

HIGHLY TUNABLE 2D BASED QUANTUM EMITTERS

This work has been published as Tunable phononic coupling in excitonic quantum

emitters in Nature Nanotechnology (link) [30].

3.1 2D materials as a single photon emitter platform

3.1.1 Summary of SPEs in 2D materials

The reduced dimensionality of 2D materials affords them many quantum properties

not found in bulk materials, as discussed in Section 1.1.2. These quantum properties

as well as long lived exciton lifetimes at high temperatures has made quantum con-

finement in these 2D materials particularly interesting in recent years, as researchers

search for an ideal single photon emitter (SPE) platform.

The key criteria for a single photon emitter are purity, brightness, and indistin-

guishability [82]. Purity is defined by second order autocorrelation measurements

(g(2)(τ)), which characterizes the multi-photon emission probability. These measure-

ments are performed using the Hanbury-Brown-Twiss (HBT) setup, where the signal

from the SPE is sent through a beam splitter, and then each arm of the beam splitter

is sent to a single photon detector. For a SPE, at zero time delay (τ = 0), there

will be a characteristic dip, with g(2)(0) < 0.5 indicating single photon emission,

and g(2)(0) = 0 indicating an ideal single photon emitter. Similarly, photon indis-

tinguishability characterizes the two-photon destructive interference by performing

Hong-Ou-Mandel (HOM) measurements. The brightness of a source characterizes

the maximum rate that single photons can be emitted.

Recent studies have shown that TMDs as well as hexagonal boron nitride (hBN)

https://www.nature.com/articles/s41565-023-01410-6
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are able to host SPEs. These 2D SPEs are exciting because of the long exciton life-

times, quantum properties, and because the 2D nature of the material itself allows for

easy photonic integration [83], opening up the possibility of on-chip single-photon gen-

eration, manipulation, and read-out. Both TMD and hBN emitters have advantages

and disadvantages; TMD based quantum emitters are electrically and magnetically

addressable, allowing their emission to be tuned, but only operate at cryogenic tem-

peratures [82, 84]. hBN has a larger band gap, allowing hBN based emitters at room

temperature, however these emitters are less tunable and have a larger spectral range

[82, 6], making indistinguishability an issue. For the scope of this thesis, because we

are specifically interested in devices based on tunability, we will focus on TMD and

specifically WSe2 based SPEs.

The origin and mechanism by which these SPEs operate is still an area of active

research. Recent experimental studies have shown that the SPEs in WSe2 appear

frequently in strained regions, and the magnitude of the strain has an affect on spectral

properties [86], and researchers were able to demonstrate near-unity yield of WSe2

SPEs by transferring the TMD on top of predefined nanopillars that induce local

strain [7]. However, strain alone is not enough to create a SPE in WSe2. A theoretical

study suggested that both defects and strain are required for the creation of an SPE

[87], and experimental studies confirmed this [85]. This mechanism is illustrated in

Fig. 3.1 [85], in which defect engineered WSe2 is strained over a nanopillar. Neutral

excitons created by the laser pump funnel to low-potential strained region, where they

then hybridize with a defect state, allowing these (momentum forbidden) intervalley

exciton emission.

3.1.2 Motivation for our work

The quantized vibrational motion in solid-state quantum systems, that is, phonons,

has been exploited as an important modality that interfaces with electrons and pho-

tons for quantum information science and applications [88]. In bulk diamond, optical
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Figure 3.1: Illustration of a strain and defect engineered WSe2 single-photon emitter.

a) Denotes the spatial bandgap variations due to strain (solid blue lines represent

excitonic bright band and valence band, respectively, dashed gray line represents the

dark excitonic band). b) Demonstrates an illustration of 1L-WSe2 strained over a SiO2

nanopillar (W atoms in blue and Se in yellow). Neutral excitons, represented as e–h

pairs, created within the excitation laser spot (red dashed line) funnel to low-potential

strained regions. Note that WSe2 also has a dark-exciton band at energies below the

bright exciton, which is optically forbidden due to the transition selection of WSe2.

However, at strained regions and in the presence of a defect (top of the irradiated

nanopillar, denoted with a blue dash), the dark-exciton can become strain-tuned to a

defect-level forming intervalley defect excitons. Given that the defect-level breaks the

spin-momentum locking of WSe2, the dark-exciton state can then efficiently recombine

through the defect level, giving rise to an exponentially bright single-photon emission

line (outgoing blue arrow). Figure and caption reprinted from [85]
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phonons with a frequency of 40 THz have been mapped to Raman scattered photons

to realize non-local entanglement at room temperature [89, 90, 91]. In microscopic

cavity optomechanical systems, phonons of megahertz to gigahertz frequencies have

been used to store and transfer quantum states between microwave and optical pho-

tons [92, 93]. In molecular quantum emitters (QEs), coupling with the phonons of

the host medium is generally considered detrimental to the quantum properties [94],

although the molecule’s internal optomechanical degree of freedom has been exploited

[95]. These archetypical demonstrations utilize either bulk phonon modes involving

collective vibration of many atoms or a phonon band including a large number of

unresolved modes, resulting in a relatively low phonon–photon scattering probability

or coupling rate. To further explore the phonon degree of freedom in the quantum

regime, it is highly desirable to engineer new quantum light sources that afford strong

phonon–photon coupling involving a well-defined single-phonon mode, preferably with

an intermediate high frequency and tunable coupling strength.

QEs in two-dimensional materials [84], including TMDs, hexagonal boron ni-

tride (hBN), and their heterostructures, provide new opportunities for engineering

quantum-regime phonon–photon coupling. These atomically thin materials have

bright exciton emissions and are very rich in optically (Raman) active phonon modes

[96, 97]. Their multilayers further afford intralayer and interlayer phonons with a vast

span of frequencies from optical to acoustic ranges. Moreover, QEs in 2D materials

can be deterministically created with several approaches, such as strain engineering

and ion implantation [98, 7, 85]. These techniques have enabled the site-controlled

creation of QEs with a high yield and high single-photon purities. Because they are

hosted in atomically thin materials, 2D QEs are amenable to photonic integration

to facilitate photon extraction [83] and Purcell effect enhancement of emission [99],

providing a versatile quantum system to explore phonon–photon interactions.

Here we report strong and tunable phonon–photon coupling in strain-engineered

2D QEs that are deterministically created in bilayer WSe2. These 2D QEs emit single
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photons with high purity and have a high electrical tunability in emission energy. Re-

markably, in the single-photon emission spectra, multiple well-resolved phonon replica

lines are observed, each of which heralds the creation of a phonon Fock state. The

large phonon–photon coupling in this QE system stems from the colocalization and

quantum confinement of the interlayer excitons (IXs) and the breathing-mode (BM)

phonons, which directly modulates the exciton energy. The very high phonon–photon

coupling strength is characterized by a large and electrically tunable Huang–Rhys fac-

tor that is, to the best of our knowledge, the highest achieved in solid-state QE systems

[100, 101, 102, 103]. The demonstrated strong and tunable single phonon–photon cou-

pling provides an invaluable resource for engineering quantum light emission systems

with an internal mechanical degree of freedom for quantum information processing.

3.2 Device design

The bilayer WSe2 is an ideal system to explore the phonon–photon interaction because

it affords many Raman-active phonon modes covering a broad frequency range [104,

105]. Particularly, as shown in Fig. 3.2a, the interlayer BM phonon strongly couples

with the IXs because the vertical dipole moment of an IX is modulated directly by

the interlayer vibration. To explore this coupling at the single-photon level, we use a

strain-engineering approach to create QEs in bilayer WSe2 by transferring them onto

patterned nanopillars [98, 7, 85], as illustrated in Fig. 3.2a. The nanopillars induce

local strain that modulates the bandgap and thus creates spatial confinement of IXs

in the bilayer WSe2 [106], resulting in quantum dots that host QEs [87]. Fig. 3.2c

illustrates the potential traps formed by the localized strain in the bilayer WSe2.

The optically excited IXs are funnelled into the traps where they are bound with

natural defects and recombine to emit single photons. In comparison with excitons

in monolayer TMDs, IXs in bilayer WSe2 have a large out-of-plane electric dipole

moment [105, 60, 107, 108]. Therefore, they couple efficiently to both a perpendicular

electric field that generates a Stark shift and interlayer vibration. Stark shifts of the
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Figure 3.2: Strain-engineered 2D QEs. a) Schematic of the interlayer BM phonon

which couples strongly with IXs in bilayer (2L) WSe2 because the IX with vertical

dipole moments is directly modulated by the vibrational mode. b) Illustration of bi-

layer WSe2 transferred onto SiO2 nanopillars, forming quantum dots with local strain

modulation, which host the QEs. c) Strain-induced potential traps with natural de-

fects (green dips), where excitons are funnelled into and localized. The QE energy can

be efficiently tuned by electric fields through the Stark effect. d) Optical microscopy

image of a representative device. The bilayer WSe2, encapsulated by hBN and gated

with top and bottom graphite layers (TG, BG), is transferred onto an array of SiO2

nanopillars. Metal electrodes are subsequently deposited to contact the graphite lay-

ers. Scale bar, 10 µm. e) The DFT-calculated band structure of the bilayer WSe2 in

pristine (blue) and under 1% tensile strain (red) conditions.

IX energy by more than 50 meV have been achieved in bilayer WSe2 and other

TMDs [109, 110]. Multiple QEs can be created at each site in the nanopillar array
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(Fig. 3.2b). Although the QEs at different sites have different emission energies due

to the variation of the local parameters such as the amount of strain and the energy

level of the defects, applying a local electric field to each of them using separate gate

electrodes can tune their emission energies to be the same.

Fig. 3.2d shows an optical image of a fabricated device. A stack of bilayer WSe2

encapsulated by two hBN layers (∼30 nm), with top and bottom graphite electrodes,

is transferred onto a substrate with an array of nanopillars made of SiO2. The top

and bottom graphite electrodes enable electrical tuning of the QEs’ energy. Fig. 3.2e

shows the density functional theory (DFT) calculated band structure of bilayer WSe2

in its pristine state and strained state with 1% tensile strain. In pristine bilayer WSe2,

indirect bandgap transition Q–K can occur, assisted by various single-phonon or two-

phonon processes [105]. When under a sufficient amount of strain, the conduction

band minimum is shifted from the Q point to the K point, and the valence band Γ

point is shifted up such that direct K-K and indirect K-Γ transitions can become fa-

vorable in energy, enabling strong exciton coupling to zero-momentum phonons [105,

111, 112, 12, 113]. Therefore, depending on the level of local strain, IX species corre-

sponding to either Q-K, K-Γ or K-K transitions can dominate the photon emission.

These IX species have different dipole moments [108], but because their energy is

susceptible to the interlayer separation, they all couple to the BM phonon strongly.

3.3 Tuning the energy of quantum emitters

3.3.1 Interlayer excitonic quantum emitters

We fabricated multiple samples. In each sample, we can find multiple QEs at different

nanopillars in the array. All the measurements were performed in a cryostat at a

temperature of 10 K. Fig. 3.3 shows the photoluminescence (PL) spectrum of three

QEs (QE1, QE3, and QE4) as a function of top-gate voltage (with the bottom-gate

grounded). The excitation laser is 632.8 nm with a fixed power of 15 µW. All three
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Figure 3.3: Tunable interlayer excitonic emitters. a, b, c) Three different quantum

emitters. The top panel shows how the PL changes with applied out-of-plane voltage.

The bottom panel shows the FWHM of the QE peak at each voltage point as a

function of energy.

QEs remain dark until the gate voltage reaches a negative value of ∼-3.5 V, after

which a bright, sharp PL peak is observed at 1,555 meV with a full-width at half-

maximum (FWHM) linewidth of 1.1 meV. This turn-on behavior may be attributed

to the IXs being bound to a donor (or acceptor)-type defect, meaning that electron

(or hole) doping is needed for IX to bind to the defect and form a QE. Both donor-

and acceptor-type defects in WSe2 have been reported previously [114]. Among the

19 IX QEs in five devices (see Supplementary Fig. D.1, D.2, D.3) we have measured,

16 of them turn on at negative gate voltage, and three of them turn on at positive

gate voltage. The gate voltage induces doping because of the top/bottom structure

asymmetry of the devices, including the nanopillars at the bottom, and the thicker

bottom hBN layer that prevents piercing by the nanopillars. There is also possible
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non-negligible current leakage through the layers.

After QE1 is turned on, its emission can be redshifted by more than 6.4 meV

(∼3.3 nm in wavelength) with the application of gate voltage up to -7 V. From the

dipole model of field tunability, ∆U = p× E, we calculate the IX dipole moment of

QE1 to be 0.341 e·nm, consistent with previous experimental results for K-Γ IX [105,

60, 107]. Among the 19 IX QEs we have measured (see Supplementary Table D.1),

we observed three ranges of dipole moments around 0.32, 0.46 and 0.63 e·nm. Re-

spectively, they correspond to the theoretical values of K-Γ, Q-K, and K-K IXs. As

shown by the DFT-calculated band structure under strain (Fig. 3.2d) and previously

reported experimental results, which type of IX dominates the QE depends on the

local strain level [105, 108, 111, 74, 115, 75, 79]. Because the local strain level can

vary considerably at each nanopillar, and QE formation results from the accidental

occurrence of a suitable defect, the strain levels at different QEs can be very different,

thereby leading to different types of IX. Even higher tunability can be achieved with

QEs in heterobilayers, such as moiré excitons [116], which have an even larger dipole

moment.

3.3.2 Intralayer excitonic quantum emitters

Fig. 3.4 shows the PL spectra of several QEs (QE2, QE21, and QE22), which behaves

differently from IX QEs. These QEs are bright at zero gate voltage with an emission

energy of 1,550 meV, which remains unchanged with varying gate voltage until ∼3.0

V when the emission is turned off. This type of QE can be attributed to defect-bound

intralayer excitons, which do not couple to the out-of-plane electric field and are more

rare (only three out of 22 QEs we measured). However, a sufficiently high electric field

can cause electron or hole tunnelling to another layer of WSe2, consequently turning

off the intralayer exciton emission. These emitters are characterized more thoroughly

in Table D.2.
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Figure 3.4: Tunable intralayer excitonic emitters. a, b, c) Three different quantum

emitters. The top panel shows how the PL changes with applied out-of-plane voltage.

The bottom panel shows the FWHM of the QE peak at each voltage point as a

function of energy.

3.3.3 Tuning two emitters to the same energy

The different responses of the two types of QEs to electrical modulation allow us

to tune them to the same energy, as summarized in Fig. 3.5e. In Fig. 3.5b,d, when

gate voltages of -5.0 V and 2.0 V are applied to QE1 and QE2, respectively, both

QEs emit photons at 1,550 meV with similar linewidths. Fig. 3.5f shows the second-

order photon correlation g(2)(τ) measured from a device (QE13 in Supplementary

Fig. D.2) behaving similarly to QE1. A filter with ∼5.0 nm (9.7 meV) bandwidth

was used to select the measurement range. The result shows clear antibunching with

g(2)(0) = 0.169 ± 0.005, indicating a single-photon purity of 83%. From fitting the

autocorrelation data, we estimate the QE lifetime to be 2.0 ± 0.25 ns. More details

about the g(2)(0) measurements can be found in Section 3.6.3.
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Figure 3.5: Tunable 2D QEs. a) PL spectra of QE1 as a function of the gate voltage.

The emitter turns on at around -4 V and is accompanied by sidebands that are

turned on at the same voltage. b) Line-cut of the PL in (a) at Vg = −5 V, showing

an FWHM linewidth of 1.2 meV. c) PL spectra of QE2 as a function of the gate

voltage. The emitter is on at zero gate bias, suggesting it has a different origin to

that of QE1. At around 3.5 V, the emitter is turned off. d) Line-cut of the PL

in (c) at Vg = 2 V, showing an FWHM linewidth of 1.1 meV. e) Modulation of

emitter energy of QE1 and QE2 with gate voltage. The two QEs can be tuned to

have nearly identical energy and linewidth. The center energy of the QE is extracted

through a least-squares fit to a Lorentzian function of the PL spectra. The error bars

represent the standard error in this fit for n = 190 PL points. f) Second-order photon

correlation g(2)(τ) measured from a representative QE, showing antibunching with

g(2)(0) = 0.169± 0.005, indicating a single-photon purity of 83%. The data is shown

in grey, and the fit to the data is shown in red.
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The demonstrated wide electrical tuning range makes these 2D QEs promising for

achieving scalable arrays of indistinguishable single-photon sources. In areas without

nanopillars, we measure IX emission with a much broader linewidth > 5 meV and

without antibunching, which is consistent with previous reports [105, 60, 108, 67].

Figure 3.6: Emission over a wide energy range. PL spectrum was collected over the

full range of the spectrometer to confirm that the emission only appears within the

expected region corresponding to the interband transition of bilayer WSe2. There is

no emission related to below-bandgap defect states.

In addition, we observed no pronounced emission in a wide energy range below

the bandgap as seen in Fig. 3.6, and therefore emission due to in-gap defect states

can be ruled out. Therefore, we conclude that the combination of defect and strain

engineering is necessary to create the QEs [7]. There are several possible types of

defects in WSe2, including selenium vacancies, tungsten antisites, oxygen-passivated

selenium vacancies, and oxygen interstitials [87, 117, 70, 118, 119]. Although it is

unclear which type of defect is responsible for forming the QE–microscopy studies are

needed to reveal this–the selenium vacancy has a higher density than other types and
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hence is more likely to occur at the nanopillars.

3.4 Observation and characterization of a quantum phonon sideband

3.4.1 Quantum phonon sideband

A very notable feature in the PL spectra of QE1 (Fig. 3.5a) is multiple emission

lines on both sides of the main peak. These emission lines are turned on/off by the

gate voltage along with the main peak and modulated at the same rate, suggesting

their correlation. We observed similar features in many devices. Fig. 3.7a,b shows

the PL spectra of QE1 and another QE (QE3), measured with gate voltages of -6.4

and -5.0 V, respectively. Five emission lines can be observed with spacings in the

range of 3.0-3.7 meV for QE1 (Fig. 3.7a) and 3.7-5.1 meV for QE3 (Fig. 3.7b). We

then measured the polarization of the photons from each emission line. As shown in

Fig. 3.7c,d, photons from each QE’s emission line are linearly polarized with the same

orientation. Fig. 3.7e,f shows that the energies of these lines are tuned by the gate

voltage synchronously at the same rate, with their spacings unchanged. All these

features allow us to conclude that these emission lines originate from the same QE,

rather than from other emitters nearby.

3.4.2 Polarization measurements

The polarization measurements of the QEs (Fig. 3.7c,d) were conducted with a linear

polarizer mounted on a rotation stage in the signal path. The results were processed

by fitting Lorentzian functions to the PL peaks to extract the central energy and

peak intensity of each emission line measured with the polarizer at different angles.

The amplitude of each peak at different polarization angles θ was plotted to show the

angular dependence. The cos2(θ) dependence of a linearly polarized emitter is also

plotted as a guide to the eyes. Because emitters from strained 2D materials have a

randomly oriented linear polarization, these results strongly support our claims that
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Figure 3.7: Single-phonon emission lines. a) PL spectrum of QE1 at -6.4 V. Five

emission lines can be observed and are fitted with Lorentzian functions (shaded area).

b) PL spectrum of QE3 at -5.0 V. Four emission lines can be observed and are fitted

with Lorentzian functions (shaded area). c, d) The photons from the sidebands of

QE1 (c) and QE3 (d) are polarized with the same orientation. The thin black lines

are guides for linear polarization. e,f) The sideband energy of QE1 (e) and QE3 (f) is

tuned by the gate voltage synchronously at the same rate with an unchanged spacing

in energy. The center energy of each QE sideband is extracted through a least-squares

fit to a Lorentzian function of the PL spectra. The error bars represent the standard

error in this fit for n = 400 PL points.
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these lines originate from the same emitter [7, 87, 120, 121, 122].

3.4.3 Power dependence

Figure 3.8: The measured data is shown as black symbols. The data is fit with linear

functions (dashed lines) in two regions. The colors of the lines correspond to the

coloring of the peaks in Fig. 3.7.

We further characterized the power-dependent PL of QE3 by changing the pump

laser power while fixing the gate voltage. The PL was then fit with Lorentzian func-

tions to find the central energy for each PL peak. The peak amplitude at that energy

was then extracted for different pump powers. From the results, we observe a trend

that the higher-order phonon lines (lower energy states) saturate at a lower pump

power than the lower-order phonon lines (higher energy states). This trend is con-

sistent for all emission lines in QE3, as shown in Fig. 3.8. The saturation behaviors

can be attributed to the lifetime-limited excited state, considering the nature of the

localized quantum emitters [123, 124].
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Figure 3.9: A diagram of the Franck-Condon model of exciton-phonon coupling in a

2D QE. The lower parabolic potential represents the ground-state PES of the QE.

Multiple phonon states with an energy spacing of 3.4 meV are shown, with their

wavefunctions illustrated. The upper potential represents the excited-state PES of

the QE with optically pumped IX. The phonon mode that strongly couples with the

IX is the BM, in which the layers of WSe2 move in opposite directions, modulating

the interlayer spacing and IX energy. Based on the Huang–Rhys theory, the phonon

line intensity should have a Poisson distribution with an average phonon number at S,

which is the Huang–Rhys factor. The anharmonic effect can result in unequal energy

spacing for the adjacent phonon lines.
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3.5 Tunable phononic coupling

3.5.1 Franck-Condon model

The observation of multiple well-resolved emission lines can be explained as phonon

replicas due to the coupling between a single IX and a single-phonon mode that are

colocalized in the QE. Their coupling can be understood with the Franck-Condon

principle, as illustrated in Fig. 3.9 [102, 103, 122, 125]. The ground state of the QE

and its excited state when an IX is generated can be modeled with two potential

energy surfaces (PESs). Each PES is populated with phonon states that are not

evenly spaced because of the anharmonicity of the PES. Under the linear coupling

approximation, the phonon-exciton coupling is represented by a shifted equilibrium

position of the excited-state PES relative to the ground state. At low temperatures,

the QE at the ground-state PES has nearly zero phonon occupancy. When an exciton

is created by the pump laser, the QE is excited into a higher-energy PES and quickly

relaxes to its zero phonon level. Upon exciton recombination, the QE emits a single

photon and relaxes to its ground-state PES but at an elevated phonon state, as

illustrated in Fig. 3.9. As a result, the energy of the emitted photon is Stokes-shifted

from the zero-phonon line, forming phonon replicas spaced by the phonon energy. In

Fig. 3.9, the emission lines are labeled with the corresponding phonon number state

|n⟩ in the ground-state PES. According to the Huang-Rhys theory for discrete phonon

lines, the intensity of the nth phonon line is proportional to the overlap integral

between the initial and final phonon states, that is, |⟨0|n⟩|2 = e−SSn/n!, where S is

the dimensionless Huang-Rhys factor measuring the strength of the exciton-phonon

coupling. Therefore, the phonon line intensities have a Poisson distribution with an

expectation value of S, as illustrated in Fig. 3.9. In many other solid-state QEs,

such as the color centers in diamond, the coupling of defect emitters to bulk phonons

produces phonon sidebands that are not well resolved due to the continuous phonon

density of states in energy. In contrast, in Fig. 3.7a,b, we observe clearly resolved
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phonon lines generated by a single localized phonon mode that couples with a single

IX in the QE.

3.5.2 Breathing mode phonon

Figure 3.10: Phonon properties in bilayer WSe2. a) Phonon dispersion of intrinsic

bilayer WSe2. b) BM phonon energy dependence on in-plane strain. c) BM phonon

energy dependence on the W-W interlayer distance. The equilibrium distance is 6.417

Å.

The phonon dispersion for intrinsic bilayer WSe2 is shown in Fig. 3.10a. In addi-

tion to the phonon modes typically found in monolayer WSe2 such as the longitudinal

acoustic mode at the M-point in the Brillouin zone (LA(M) mode) in which the atoms

collectively move in the same direction longitudinally, there are also phonon modes

that appear only in 2D heterostructures with at least two layers. Specifically, the

breathing mode (BM) phonons in bilayer WSe2 arise from the atoms in the individ-

ual layers moving in opposite directions in the out-of-plane axis, in a breathing-like

motion, as in the inset of Fig. 3.9.

The energy spacing of the phonon lines in the range of 3.0-5.0 meV matches the

energy of the BM phonons in bilayer WSe2. Time-resolved transmission measurements



66

in pristine bilayer WSe2 give the frequency and the coherence time of the BM phonon

as 0.8 THz (or 3.4 meV) and 3.5 ps, respectively [104]. However, the interaction

between the WSe2 and the encapsulating hBN can cause mode hybridization that

modulates the frequency of the BM phonon [126]. Additionally, the strong local

strain gradient and the quantum confinement also affect the BM phonon frequency.

The local strain induced by nanopillars not only creates local potential wells to

trap IXs, but also strongly modulates the interlayer phonon modes, causing an energy

shift of the breathing mode (BM) phonon. Without knowing the detailed local strain,

however, it is not possible to directly compute the strain caused by nanopillars and the

corresponding phonon energies. Instead, we choose different interlayer distances and

lattice constants for the unit cell of bilayer WSe2 and then calculate the BM phonon

energies using the first-principles density-functional perturbation theory. Fig. 3.10b

shows the BM phonon energy variations under different in-plane strains. Fig. 3.10c

shows the BM phonon energies at different interlayer distances around the equilibrium

interlayer distance. It can be seen that the BM phonon energy weakly depends on

the in-plane strain but strongly depends on the interlayer distance. It indicates that

the out-of-plane strain due to nanopillars can significantly modulate the BM phonon

energy. The BM phonon couples strongly with the IXs by directly modulating the

interlayer distance, generating the pronounced phonon lines. The calculated energy

variation range of the BM phonon is consistent with the energy spacing range as in

Supplementary Table D.3 and Supplementary Fig. D.5.

3.5.3 Huang-Rhys parameter fitting

The Huang-Rhys parameter S is determined by fitting the series of phonon peaks with

Lorentz functions and extracting the amplitude of each peak. Those peak amplitudes

follow the Poisson function according to the Huang-Rhys theory:

f(n, S) = e−SSn/n! (3.1)
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where n is the number of phonons [127]. The highest observable energy peak was

assigned with the lowest phonon number n0, the second-highest energy peak was

assigned n0 +1, and so on. The peak intensities were then fit with the above Poisson

function with n0 and S as free parameters with an upper limit of n0=3. Once n0

was determined for a given QE, it was fixed, and the peak amplitudes were fit with a

Poisson distribution to determine S.

In Fig. 3.11, with additional data points shown in Supplementary Fig. D.5, the

fitting results of several QEs are shown with the black stars. To be identified as one of

these phonon states, the peaks must behave the same with voltage modulation (i.e.,

tuning at the same rate, appearing at the same voltage), and have the same linear

polarization. As listed in Supplementary Table D.3, the calculated S ranges between

1.0 − 6.0. However, the Poisson fitting is not ideal, with a large error. The reason

is that the phonon lines are not evenly spaced, and the amplitudes deviate from the

ideal Poisson distribution. This discrepancy is caused by the approximate treatment

of exciton-phonon coupling in the Huang-Rhys theory, including approximating the

exciton states as harmonic oscillators and assuming linear coupling between the ex-

citon and phonon states. The interplay of the excitonic band structures of WSe2 and

local strain due to the nanopillar and breathing phonon modes further complicates

the problem. Nevertheless, the analysis qualitatively determines the S value, showing

a clear trend when it is tuned by the gate voltage, as seen in Fig. 3.12b.

The phonon line spacings of the emitters in Fig. 3.11 and Supplementary Fig. D.5

are in the range of 3.0 to 8.0 meV. This variation of phonon energy can be attributed

to several reasons. First, as discussed, there are three interlayer breathing modes

for TMDs encapsulated with hBN due to the interface phonon mode hybridization

[104, 126]. Second, as shown by the phonon band calculations in Fig. 3.10a, the

strain induced by the nanopillar will modulate interlayer separation of the bilayer

WSe2, resulting in a shift of the breathing mode energy, as shown in Fig. 3.10c.

The calculation results support that these energy spacings are well within the range
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Figure 3.11: The phonon lines in IX QEs coupled to interlayer breathing mode

phonons. Each peak is fit with a Lorentzian function shown as shaded areas. The

amplitude of each peak was fit with a Poisson function to extract the Huang-Rhys

parameter, shown as black stars.

expected from theory.

To extract the Huang-Rhys S parameters, the PL spectrum was first normalized

and then fit with between 3 to 6 Lorentzian functions, depending on how many
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pronounced peaks were present. From these Lorentzian fittings, the central energy of

each phonon line was extracted, and this value was used to retrieve the intensity of

each peak. The error in the Lorentzian fittings was very small, so it did not contribute

to the overall error to the value of S. Using the peak intensities, the least-squares fit

(SciPy) was used on a Poisson distribution to find the optimal S, given these peak

intensities. Because of the approximations we made, there was a substantial error

from this fitting, determined from the diagonal elements of the covariance matrix

corresponding to S. The other source of error in S would come from the signal-to-

noise ratio of the PL spectrum itself, which varies from sample to sample, and even

voltage step to voltage step, depending on how strong a given peak is. To account

for this, the root-mean-square error (RMSE) resulting from the noise in the PL was

determined for each emitter at each voltage step. To determine the upper bound

of the error this would cause, the Poisson fitting was done with the peak intensities

± RMSE, and the difference in S was taken. Because the RMSE was so small in

comparison to the error in the fitting, even for the data with the highest RMSE, this

resulted only in very small errors in S (∼ 0.01). The dominant error in S, therefore,

stemmed from the fitting itself.

3.5.4 Tunability of exciton-phonon coupling

Fig. 3.12a shows the PL spectra of QE1 with increasingly negative gate voltage and a

fixed pump power of 15 µW. In addition to a consistent redshift of the phonon lines,

their intensity distributions change substantially, indicating the modulation of the

phonon coupling strength S. We extract the S factors by fitting the peak intensities

with the Poisson distribution [103]. Because the PES of the QEs is more complicated

than the simple harmonic oscillator model assumed in the Huang-Rhys theory, the

fitting has a large error, which outweighs the signal’s noise, so it can only estimate

the S factors. Despite the relatively large fitting errors, the result of S versus gate

voltage in Fig. 3.12b clearly shows that S initially increases with the gate voltage,
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Figure 3.12: S tuning with voltage. a) PL spectra of QE1 at different gate voltages.

The intensity distribution of the phonon lines is strongly modulated by the gate volt-

age. We extract the value of S by fitting the intensity with the Poisson distribution.

b) S as a function of the gate voltage. S initially increases with the voltage, in agree-

ment with theory, and levels off after -5.0 V. c) S as a function of pump power. The

error bars in (b) and (c) represent the standard error in the least-squares fit to the

Poisson distribution for n = 450.

reaching a maximal value of 6.3 at ∼-5 V, and saturates thereafter. Although the

coupling strength g0 is proportional to the effective field across the materials, the

dependence of S on the field is indirect and cannot be ascribed to a simple linear

dependence. In particular, when the phonon coupling is large, the dependence of S
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on the coupling strength and electric field will involve the detailed change of the PES

in response to the electric field. The saturation is possibly due to gate leakage and

charge screening, which prevent further increase of the electric field, as also observable

in the emission energy tuning in Fig. 3.7e and f. For comparison, we also measured

S with increasing pump power and a fixed gate voltage of -6.4 V. S for the most part

is unaffected by the pump power. Our results show that the coupling between the

colocalized quantum phonon mode and a single exciton can be precisely tuned by an

electric field to a large value.

3.5.5 Estimation of coupling strength

The colocalization of the IX and the BM phonon in the strain-engineered QE results

in a very large coupling between them. The single exciton–phonon coupling can be

described with the spin–boson interaction Hamiltonian:

Hint,ν = g0σz(b
† + b) (3.2)

where b(b†) is the phonon annihilation (creation) operator on phonon number states

|n⟩, σz is the Pauli matrix on the basis of the ground |g⟩ and excited |e⟩ states of the

exciton, and g0 is the single exciton-phonon coupling rate [88, 128]. The BM phonon

directly modulates the dipole moment of the IX by adjusting the interlayer distance.

Under an electric field E, the single-phonon-IX coupling rate can be calculated from

the zero-point amplitude xzpf of the Γ-point BM:

g0 = g0 + 2eExzpf . (3.3)

where xzpf is calculated from first-principles theory to be ∼ 0.026 Å.

g0 is the zero-field coupling rate, which is calculated to be < 0.08 meV, as shown

in Fig. 3.13, which is one order of magnitude smaller than the second term when the

field is strong. Thus, assuming that the applied field can reach a reasonably high

value of 0.24 V/nm in our device ([66]), g0 can be increased to 1.3 meV. The system
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Figure 3.13: DFT calculation of bandgap at different interlayer spacing. The dashed

line indicates the equilibrium position of interlayer spacing for bilayer WSe2. The

change of the bandgap energy in response to the change of the interlayer distance

of bilayer WSe2 is insignificant. The corresponding zero-field coupling rate is < 0.08

meV.

thus can reach the strong-coupling regime, satisfying 2g0 > (γe, γp), where γe ≈ 1.17

meV is the exciton linewidth (Fig. 3.5b) and γp < 1.18 meV is the BM phonon

decoherence rate given its coherence time of 3.5 ps measured at room temperature

[104]. At cryogenic temperatures and with better sample quality, we expect γe and

γp can be further reduced.

3.5.6 IX QEs coupling to other phonon modes

Fig. 3.14 shows PL spectra from QE7, which is an interlayer QE that has phonon

lines with energy spacing in the range of 10.0-16.0 meV, much larger than the BM
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Figure 3.14: The phonon lines observed in interlayer QE7 with larger energy spacing

than the BM phonon mode. Each peak is fit with a Lorentzian function shown as

shaded areas. The amplitude of each peak was fit with a Poisson function to extract

the Huang-Rhys parameter, shown as black stars.

phonon energy. We attribute these phonon lines to other lattice phonon modes, such

as the LA(M) phonon (Fig. 3.10), which has an energy of 15.3 meV in pristine bilayer

WSe2 [104]. Typically, LA(M) phonons are only observed in Raman measurements

of monolayer WSe2 because they require inelastic scattering processes at structural

defects or along the edges of the flake. However, our emitters are created by a combi-

nation of localized strain and defects under a large tensile strain. The modified band

structure increases the strength of the LA(M) phonon, and in certain cases, allows

it to couple to IXs. Nevertheless, the LA(M) phonon lines are much less frequently

observed than the BM phonon lines.

Because of the much higher energy of the LA(M) than the BM phonons, it would

follow that the anharmonic effects are more apparent when excitons are coupled to
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them, which could explain the large variation of phonon line spacings as listed in

Supplementary Table D.4. Another possible explanation is that the IXs couple to the

hybridized modes of different phonon modes with varying energies.

3.5.7 Intralayer QEs coupling to phonon modes

Figure 3.15: The phonon lines of intralayer exciton in QEs. Each peak is fit with a

Lorentz function shown in dashed colored lines, and the intensity of each peak was fit

with a Poisson function to extract the Huang-Rhys parameter, shown in black stars.

In rare cases, we also observed phonon lines in QEs with only intralayer exciton

emission, which is shown in Fig. 3.15. The coupling between the lattice phonon and

the intralayer exciton is not expected to happen in pristine bilayer WSe2. But the local

strain effect, materials defects, and the local charging effect may enable the coupling

between intralayer exciton and lattice phonon modes, such as the shear mode and

LA(M) modes. The details of these modes can be seen in Supplementary Table D.5.
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3.6 Device fabrication and characterization

3.6.1 Device fabrication

A 17 × 17 array of nanopillars, each with a diameter of 140 nm, a height of 200 nm

and spaced with a 2.5 µm pitch, were patterned on 300 nm SiO2 deposited by electron-

beam evaporation using electron-beam lithography. The 2D material heterostructure

consists of bilayer WSe2 encapsulated by hBN around 30 nm thick with few-layer

graphite as top- and bottom-gate electrodes. In some devices, an additional graphite

layer is transferred in contact with the WSe2 to control the doping of the material. The

heterostructure is stacked and transferred onto the nanopillar array by a conventional

dry transfer method using polycarbonate/polydimethylsiloxane (Sylgard 184) stamps.

After the device has been transferred, contact electrodes of Ti/Au to the graphite

were patterned with photolithography using a direct laser writer and deposition using

electron-beam evaporation. An optical image of a device is shown in Fig. 3.5d, where

the strain induced by the nanopillars is visible.

3.6.2 Photoluminescence measurements

The sample was wire bonded to a sample holder and loaded into a cryostat (Montana

Cryostation S-100) to be cooled to 10 K for measurement. A leakage test was done

to ensure that the electrodes are not shorted together, and then the PL spectra of

strained heterostructure can be measured at different bias voltages. A continuous-

wave helium–neon laser (632.8 nm) was used to excite the excitons. The laser beam

was focused on the sample through an optical window in the cryostat with a 50×

objective lens (numerical aperture, 0.55) to achieve a diffraction-limited spot size of

about 1 µm in diameter. The IX emission was passed through a 633 nm notch filter

to remove the reflected signal of the laser before being acquired with a spectrometer

(Princeton Instruments, IsoPlane 320). A diagram of these measurements can be seen

in Fig. 3.16.
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Figure 3.16: The PL measurement scheme for the quantum emitters.

3.6.3 g2(0) measurements

To confirm that the QEs emit single photons, we performed measurements of the

second-order correlation function g(2)(0) using a pair of single-photon Si avalanche

photodetectors (SPADs) and a Time-Correlated Single-Photon Counting (TCSPC)

module. A tunable bandpass filter was used to select the signal within the frequency

range highlighted in red on the left of Fig. 3.18. The filtered signal was then split

with a beam splitter and coupled to the two SPAPDs, which were connected to the

TCSPC, as shown in Fig. 3.17. The g(2)(0) was plotted as a function of the time lag

between triggering events of the two SPADs [7, 83, 116]. We have measured similar

antibunching results from many QEs with linewidths in the range of 1-3 meV across

different devices (Supplementary Fig. D.4).

The results in Fig. 3.18 and Supplementary Fig. D.4 clearly show the characteristic

dip of g(2)(0) at zero delay, with g(2)(0) < 0.5 signaling the non-classical anti-bunching

behavior. The data in black was fit (red line) with the function g(2)(τ) = 1−α ·e−τ/T ,
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Figure 3.17: The measurement scheme for g(2)(0), intercepting the PL from the spec-

trometer and redirecting it towards two SPADs which are connected to a TCSPC.

where τ is the time delay between photon detection events, and T is the lifetime of

the exciton. α = SBR2/(1 + SBR)2 is the normalization factor, where SBR is the

signal-to-background ratio [7, 87]. With this fit, we can extract the values of g(2)(0),

as well as the exciton lifetime T .

From all the 2D QEs we have measured, we found that the linewidth of PL peaks

correlates well with whether an emitter is a single-photon emitter and whether the

emitter is intralayer or interlayer. In Fig. 3.18 and Supplementary Fig. D.4, we

found single photon emitting QEs all have a linewidth less than 2.0 meV (e.g., 0.96

meV for QE13), which is significantly narrower than that of free excitons in bilayer

WSe2, which is > 10 meV [79, 75]. Therefore, we can consider a linewidth of 3.0

meV as the upper bound for single-photon emitters in our samples. Furthermore,

in Fig. 3.18 and Supplementary Fig. D.4, we note that the filter passband includes
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Figure 3.18: PL and corresponding g(2)(0) measurements of a) QE13 and b) QE14.

The left panels show the PL of the emitter, with the peaks fit with Lorentz functions.

The region highlighted in red corresponds to the PL that passes through the notch

filter to the SPADs. On the right panel, the g(2)(0) measurements (black) and the fit

(red) are shown.

multiple overlapping phonon lines, yet still has g(2)(0) < 0.5 in the interlayer QE

emitters (QE13 to 16). This further supports our conclusion that the set of multiple

emission lines originates from phonon coupling to a single QE, and that these series
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of peaks each act as one single photon source.

Figure 3.19: Broadband emission from IX in bilayer WSe2 with no strain. a) The

tunability of broadband IX with out-of-plane voltage. b) PL of the broadband IX

at -10 V. The IX emission is fit with Lorentz functions, shown with dotted lines.

The spectra region that passes through the notch filter and is sent to the SPADs

is highlighted in red. c) The corresponding g(2)(0) measurement for the highlighted

region in (b).

An unstrained WSe2 flake was also characterized as a control device, using the

same procedure as the quantum emitters. In Fig. 3.19a, we see that the IX emission

energy is tunable with gate voltage, but do not display key properties that the quan-

tum emitters have. Namely, the excitons are bright at 0V, have a broad linewidth as

shown in Fig. 3.19b, and do not have g(2)(0) < 0.5 to be classified as a single photon

emitter, as shown in Fig. 3.19c.

3.7 Conclusion

3.7.1 Discussion

We have created highly tunable QEs in WSe2 bilayers by strain-engineering meth-

ods. An immediate next step is to integrate these emitters with integrated photonic
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platforms such as waveguides and photonic crystal cavities to achieve super-radiant

emission, Purcell enhancement, and cavity quantum electrodynamics. With twisted

bilayer WSe2, rather than a natural bilayer, the IX energy can be tuned electri-

cally while still maintaining the characteristic valley states similar to those reported

in moiré systems [109, 110, 129]. Furthermore, the demonstrated tunable phonon-

photon coupling strength in these 2D QEs provides a new way to explore the quantum

optomechanical effects. In many ways, the 2D QEs are analogous to cavity optome-

chanical systems, but at the atomic interface and with a phonon frequency of 0.8-1.0

THz, which is already at the ground state at the measurement temperature of 10 K. It

will be possible to use a terahertz source to resonantly excite the phonon and prepare

phonon Fock states in such a solid-state system at temperatures that are among the

highest reported. The archetypical excitonic-optomechanical system demonstrated

here thus has the potential to be a new quantum light resource that is entangled

with single phonons [89, 91] for use in quantum information processing, storage, and

communication [88, 130, 131, 132].

3.7.2 Future work

Building on these results, several avenues of future work can be pursued. First, inte-

grating these strain-engineered WSe2 quantum emitters with on-chip photonic struc-

tures, such as waveguides or photonic crystal cavities, could enable Purcell-enhanced

emission, directional coupling, and the realization of cavity quantum electrodynam-

ics with tunable phonon sidebands. Additionally, by replacing natural bilayers with

twisted bilayer WSe2, it may be possible to exploit moiré-induced exciton superlattices

for even larger electrical tunability and access to valley-specific quantum states.

The demonstrated tunable exciton–phonon coupling also opens the door to ex-

ploring quantum optomechanical phenomena at the atomic scale. For example, using

ultrafast terahertz excitation to drive the breathing mode phonon could enable the

preparation and manipulation of phonon Fock states. Arrays of such emitters, coupled
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through shared phononic or photonic modes, could serve as a platform for studying

phonon-mediated entanglement and quantum transduction. Finally, improving mate-

rial quality through controlled defect engineering and optimizing the heterostructure

interfaces will be crucial steps toward achieving indistinguishable, room-temperature-

operable single-photon sources with engineered phonon interactions, advancing their

application in scalable quantum information processing and communication technolo-

gies.
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Chapter 4

EXCITONIC CONTROL VIA SURFACE ACOUSTIC
WAVE RESONATORS

4.1 Background

4.1.1 Motivation for our work

In Chapter 2, we demonstrated methods for transporting excitons via SAWs, and in

Chapter 3, we demonstrated the deterministic creation of localized and highly tun-

able quantum emitters. Both of these afford us tunability and control over excitons;

however, we still desire a method for encoding and reading out information either

localized to an emitter or within the free excitons across a 2D heterostructure.

Various degrees of information within 2D heterostructures have been proposed as

a promising platform for information storage, including the electronic valley in some

excitons [10], spin waves in magnons [133, 20], carrier density [17], Raman modes [18],

and more. Because 2D materials have such strong light-matter interaction, exciton

lifetimes are long at low temperatures, and can even survive at room temperature.

Furthermore, the reduced dimensionality of the system enables precise control and

programming of these information degrees, making them appealing not only for in-

formation processing but also for encoding and storage.

To achieve this, we aim to use a SAW resonator to dynamically modulate a 2D

heterostructure. As discussed in previous chapters, 2D heterostructures are excep-

tionally sensitive to external perturbations such as electric fields, magnetic fields, and

strain, making them highly tunable platforms. SAW resonators are particularly well

suited for this purpose. They provide a non-invasive means of applying both strain

and electric fields without requiring patterned electrodes directly on the heterostruc-
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ture, thereby minimizing disorder and preserving material quality. Moreover, their

operation in the MHz–GHz regime enables high-speed modulation, allowing us to

interact with carriers and excitons on time scales comparable to their intrinsic life-

times. This allows for real-time, dynamic control over the band structure and related

electronic or optical properties.

The goal of this work is to demonstrate SAW resonators as a promising plat-

form for enabling coherent interactions with various quasiparticles intrinsic to 2D

heterostructures, including excitons, magnons, phonons, and more. As a first step,

we focus on a proof-of-concept design aimed at achieving dynamic and deterministic

tuning of excitonic behavior. Specifically, we investigate whether a SAW resonator can

be used to dynamically program excitonic properties such as energy and linewidth.

Since it is well established that exciton energies shift under static in-plane strain [18],

we expect that by time-averaging over the SAW period at an anti-node, the exciton

energy will oscillate back and forth, resulting in an effective linewidth broadening,

while remaining unchanged at the nodes.

We are also interested in exploring whether the SAW resonator can influence the

spatial distribution of exciton density. In particular, we aim to see if exciton intensity

is enhanced at the anti-nodes, possibly due to the SAW driving excitons from the

nodes toward the anti-nodes on the relevant timescales. Given that we have previously

demonstrated SAW-driven exciton transport when excitons become trapped at the

low potential point of the SAW [29], it is plausible that bidirectional transport could

lead to increased exciton accumulation at the anti-nodes and suppression at the nodes.

Additionally, we seek to determine whether these effects can be controlled spatially

by selectively pumping different cavity nodes, providing a route to programmable

exciton landscapes.
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4.1.2 Previous work

Many previous studies have explored methods for patterning 2D materials, with much

of the work focused on techniques that permanently modify the heterostructure to

spatially tailor its fundamental properties. For example, [134, 135] demonstrated

laser thinning of graphite, producing localized Raman shifts in the thinned regions.

Similarly, [136, 135] achieved spatial doping of monolayer MoS2 with phosphorus

and created sulfur vacancies, leading to blue shifts in the photoluminescence spectra

and increased exciton densities in the patterned areas. While these methods are

highly effective for creating well-defined spatial patterns, they are also invasive and

irreversible, permanently altering the material.

In contrast, surface acoustic wave (SAW) resonators provide a tunable, switch-

able, and dynamic alternative, offering non-invasive, on-demand control over low-

dimensional systems. For instance, [137] used standing SAWs to generate periodic

electric fields that organized nanowires into controllable patterns, with the spacing

tunable by varying the SAW frequency. Likewise, [138] demonstrated that standing

acoustic waves could induce alternating stripes of opposite magnetization in a galfenol

thin film, enabling a reversible and contactless approach to modulate magnetic do-

mains. These studies underscore the versatility of SAW resonators in structuring and

manipulating nanoscale systems through dynamic strain and electric fields.

Beyond these demonstrations of SAWs as dynamic, non-invasive tools for pat-

terning nanowires and controlling magnetic domains, recent studies have further ex-

panded the scope of SAW resonators to interface with a broad range of excitations

in low-dimensional systems. In [139], researchers showed that standing SAWs on

GaAs substrates can periodically lift WS2 monolayers from the surface, enhancing

and spatially modulating photoluminescence through nanoscale strain-driven detach-

ment. In [140], researchers extended this to the quantum regime by integrating mono-

layer WSe2 and multilayer hBN single-photon emitters with high-Q SAW resonators,
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achieving dynamic modulation of emission energies and fine-structure splitting via

deformation potential coupling. Together, these works highlight the versatility of

SAW resonators for dynamically controlling excitons, magnons, phonons, and single-

photon states through high-speed, non-invasive, and spatially tunable interactions.

Building on this foundation, my work seeks to harness SAW resonators to actively

and coherently modulate excitonic properties in 2D heterostructures, paving the way

for programmable quantum and optoelectronic functionalities.

4.2 Surface acoustic wave resonators

4.2.1 SAW resonator principles

Figure 4.1: Cavity modes of a surface acoustic wave resonator. a) Cavity modes for

n = 1, 2, 3, 4, 5. b) Simulated S11 for the cavity modes in (a).

Surface acoustic wave resonators are the easiest way to create a standing wave,

as outlined in Section 1.4.4 and shown in Fig. 1.11. The resonator can host cavity

frequencies when Lc = nλ/2, where Lc is the effective cavity length and n is an integer.

The factor of 2 comes from the wave needing to travel the length of the cavity in each
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direction before a standing wave will form. This gives the cavity the ability to host

resonances at

f0 = nvf/2Lc (4.1)

with spacings between the resonances given by

∆fn
f0

=
fn+1 − fn

f0
=

λ0
2Lc

. (4.2)

where λ0 is the fundamental wavelength of the cavity.

These modes will create different SAW amplitude profiles spatially throughout

the cavity, as shown in Fig. 4.1a. These modes will create a series of dips in the

S11 corresponding to the resonances, as shown in Fig. 4.1. The spacing between the

resonances is given by Eqn. 4.2.

Figure 4.2: COMSOL simulation of cavity modes in a SAW resonator. Percentage of

simulated strain (a) and out-of-plane electric field (b) over the SAW wavelength as a

function of cavity position, assuming a cavity length of 8 µm.

By doing FTD (finite time domain) COMSOL simulations, we can look at the

amplitudes of the strain and electric field waves for these different resonances, as
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shown in Fig. 4.2. While the net strain and electric field at any given spot within the

cavity will be net zero when time averaged over the SAW period, excitons located at

the antinodes of the standing wave will experience strain and electric field over their

lifetimes.

Figure 4.3: Simulated excitonic behavior of monolayer WSe2 inside a SAW resonator.

a) The difference between the exciton PL linewidth with SAW on - SAW off is shown,

with broadening expected at the anti-nodes, and no modulation at the nodes. b) The

exciton density profile is shown, with intensity enhancement at the antinodes and

intensity suppression at the nodes.

For example, take an acoustic wave with a frequency of 500 MHz, corresponding

to a period of ∼ 2 ns. The lifetime of excitons is highly variable as it is dependent

on the exciton species, the temperature of the material, the stacking order of the

heterostructure, local strain or defects, external electric fields, and more, but typically

ranges from a few nanoseconds to a few tens of nanoseconds. The effects of the SAW

period will result in the excitons experiencing net electric and strain fields at the

anti-nodes. At these points we expect to see the exciton signal broadening as we time

average over several SAW periods and exciton lifetimes, with the exciton energy red
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and blue shifting in each direction over the course of the SAW period, as shown in

Fig. 4.3a. Comparatively, at the cavity nodes, the strain and electric field will always

be zero, so we would expect no change in the exciton PL. This gives us the ability

to program the net strain and electric field of specific locations within a cavity by

choosing which SAW resonance to drive and with what acoustic power.

Similarly, as we showed in Chapter 2, exciton transport was enabled over long

distances when the excitons became trapped in the dynamic potential well created by

the traveling surface acoustic wave. The standing wave created by the SAW resonator

will similarly have a dynamic potential well at the anti-nodes, and it is possible that

this will funnel excitons at the nodes towards the anti-nodes on either side via the

same mechanism. This would result in intensity enhancement at the anti-nodes while

the intensity would be suppressed at the nodes, creating a controllable pattern of

exciton density as shown in Fig. 4.3b.

4.2.2 Design parameters and optimization

We are interested in examining the spatial and frequency effects of a 2D material

within a SAW resonator cavity. To achieve this, several design parameters must be

considered. The first is that we would like multiple standing wave periods to fit within

a single 2D heterostructure, for a typical WSe2 size of about 10 µm wide by 20 µm

long. The standing wave period will be half that of the IDT when the forward- and

backward-propagating waves constructively interfere. Our spatial resolution will be

diffraction limited, with our laser spot size about 1 µm (NA = .55). Choosing a

SAW wavelength of about 8 µm for a standing wave period of about 4 µm strikes a

good balance between these two factors, allowing us to theoretically spatially resolve

several periods worth of the effects of the SAW standing wave.

We also wish to maximize the quality factor of our cavity to achieve maximum

interaction between our standing SAW and 2D heterostructure. The quality factor of

the cavity itself is known as the unloaded quality factor and is given by Eq. 1.4, and
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is reprinted below:

Qu =
2πf0Lc

Rc

=
πLc

λ0(1−R)
(4.3)

where f0 and λ0 are the fundamental cavity frequency and wavelength, Lc is the cavity

length, Rc is the total resistance of the effective circuit, and R is the total reflectivity

of the Bragg reflectors (see Appendix A). From this, we can see that maximizing the

fundamental frequency and the cavity length while minimizing the total resistance in

the circuit will result in the best quality factor. The phase of the SAW resonator must

also match the phase of the IDT, which can be determined experimentally by sweeping

the length of the cavity and the location of the IDT within the cavity. Additionally,

we want the total reflectivity R → 1, which we can experimentally sweep with the

number of fingers in the array and the thickness of the fingers.

We can also account for losses due to the IDT with the loaded quality factor given

by:

QL =
2πf0Lc

Z
(4.4)

where the total resistance Rc in the unloaded quality factor is replaced with the

characteristic impedance of the effective circuit Z. This requires impedance matching

to our VNA with 50 Ω impedance, which can be achieved experimentally by sweeping

the number of fingers in the IDT.

4.3 Device fabrication and characterization

4.3.1 SAW resonator fabrication

The SAW resonators are fabricated on 128°C Y-cut LiNbO3. After sweeping the design

parameters described in the previous section in an effort to optimize the loaded and

unloaded quality factor, the winning design was a double finger IDT in the center

of a cavity, with a set of Bragg reflectors on either side. The IDT has a designed

wavelength of λ0 = 8 µm, corresponding to a standing wavelength of 4 µm, and 4.5

SAW periods worth of fingers, with the additional half pair of IDT fingers accounting
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Figure 4.4: An optical image of a fabricated SAW resonator.

for the additional phase the SAW will pick up when it changes direction upon hitting

the reflectors. The distance between the two reflector arrays d (measured from center-

to-center of the first fingers of the reflector arrays, as shown in Fig. 1.11) is 1090 µm,

corresponding to (136 + 1
4
)λ0. Each reflector array has N = 200 fingers, with width

λ0/8 = 1 µm. This design is patterned on the LiNbO3 with electron-beam lithography,

and then 7 nm/70 nm of Cr/Au is deposited using an electron-beam evaporator. An

optical image of one of these devices is shown in Fig. 4.4.

4.3.2 SAW resonator characterization

The SAW resonators can be characterized by measuring the S11 (Fig. 4.5a). From

this, we can see several strong resonances, corresponding to different cavity modes

of the resonator. In particular, there are three very strong resonances that emerge

clustered around 480 MHz. The quality factors can be extracted by fitting the S11

to Eq. A.51 and co-optimizing the fit to the real and imaginary components. From
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Figure 4.5: Characterization of a SAW resonator. a) S11 of the SAW resonator at

room temperature, with three strong resonance peaks appearing. b) The fit of the

real (left) and imaginary (right) components of the S11 to extract the loaded and

unloaded quality factors.

this, we extract an unloaded (internal) quality factor of Qu ≈ 13, 000 and loaded

(external) quality factor of QL ≈ 18, 000, as shown in Fig. 4.5. The theoretical limit
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for the quality factor of a SAW resonator at ∼500 MHz is Q = 105 without accounting

for various losses such as material propagation and fabrication imperfections, so our

measured Qu is approaching this limit.

Furthermore, from the measured S11, we can extract information about our cavity.

Specifically, because the spacing between the S11 peaks is ∼ 3.2 MHz, this gives a

cavity length of Lc = 1250 µm, and a penetration depth Lp = 80 µm into the

reflector array, or about 10λ0. With the velocity for SAWs in 128°C Y-cut LiNbO3

vSAW = 3996 m/s, this gives us a round trip time of τRT = .31 µs. With the expression

that Q = 2πτdf0 where τd is the exponential decay time of the stored energy, we can

extract τd ≈ 5.7 µs. Then, for a given time t, we can calculate the amplitude of the

SAW wave in the cavity relative to the initial amplitude with the function:

A(t) = e−t/τd . (4.5)

4.3.3 2D device fabrication

The 2D material heterostructure consists of bilayer WSe2 encapsulated by hBN around

30 nm thick. The heterostructure is stacked and transferred onto the nanopillar ar-

ray by a conventional dry transfer method using polycarbonate/polydimethylsiloxane

(Sylgard 184) stamps. PC residue was removed using chloroform for 1 h and followed

by a 5 min rinse in IPA. After the device has been transferred, an aligned EBL write

was done and 80 nm of indium-tin-oxide (ITO) was deposited using a sputtering sys-

tem (Evactec LLS EVO) with O2 conditioning. The ITO was then lifted off overnight

in acetone.

The purpose of the ITO layer is twofold: the first is that it screens the in-plane

electric field. As in the case of our work with long-range exciton transport via SAWs,

suppressing this in-plane field is critical to prevent interlayer exciton dissociation,

enabling us to study the effects of the SAWs on these exciton species. The second

purpose of the ITO is to closely pin the 2D heterostructure to the substrate, thereby
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Figure 4.6: An optical image of 2D heterostructure inside a SAW resonator. The 2D

heterostructure is transferred inside the resonator, shown in more detail in the inset.

The hBN is outlined in blue, and the WSe2 bilayer is outlined in pink.

maximizing the strain effects. One reason these 2D heterostructures exhibit such high

deformability is that the atomic layers can slide against each other, thereby alleviating

stress. This interlayer slipping is due to the 2D material’s ultra-low sliding friction,

which is known as ”super-lubricity” [141]. While this property is advantageous for

preventing the 2D materials from tearing, it poses a problem when trying to efficiently

couple the SAW-induced strain in the substrate to the 2D heterostructure. The layer

of ITO is meant to pin down the 2D heterostructure to the substrate to maximize

the strain transferred directly to the excitons, and to minimize interlayer slipping

between the 2D layers as well as slipping between the 2D layers and the substrate.
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Figure 4.7: PL measurement scheme for observing effects of SAW resonator on 2D

heterostructures.

4.3.4 Optical measurements

The devices are characterized optically with the measurement scheme shown in Fig. 4.7.

As in Fig. 2.7 and Fig. 3.16, the photoluminescence is measured using a CW HeNe

laser (632.8 nm). The laser spot is expanded and then directed down to the sample

inside the Montana cryostat. The signal from the sample is then reflected back up

out of the cryostat and directed towards the spectrometer (Princeton Instruments)

and camera (Pixis 400). Along this path, the laser light is filtered out with a notch

filter. The SAW resonator in the cryostat is wirebonded and connected via RF cables

to the VNA (CMT C1209). Because we are interested in seeing how the PL changes

as we fine-tune the frequency at which the SAW resonator operates, we introduced

code to automate and sync the spectrometer and VNA triggers.

Because these measurements can take several hours, we monitored the PL over a
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Figure 4.8: PL stability over several hours.

prolonged period to ensure that our system remained stable. Although there was a

small amount of random drift in the system, as well as typical time jitter appearing

in the PL, the system stayed relatively stable over the course of several hours.

4.4 Free exciton modulation

4.4.1 Exciton modulation with SAW frequency

We can first examine the PL) at 20 K, where excitons are more delocalized and not

tightly bound to local defects. The PL was measured as the SAW drive frequency was

swept, first with the SAW off and then with the SAW on. Each spectrum was fit with

a Lorentzian profile, and the differences in integrated intensity, linewidth, and peak

position between the SAW-on and SAW-off conditions are plotted in Fig.4.9. It is

worth noting that these measurements were performed on an earlier SAW resonator

design, which operates at somewhat different frequencies and has a lower quality
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Figure 4.9: PL modulation with SAW power at 20K. A Lorentz function is fit to the

QE PL peak at each frequency with and without SAW. The difference in the Lorentz

fit is shown for intensity (a), width (b), and center (c).

factor (Q ∼ 2000) than the devices characterized in Fig.4.5 and Fig. 4.12. Despite

this reduced Q, there is still clear evidence of modulation in both the integrated

exciton intensity and linewidth at the SAW resonances, indicating that even modest

acoustic confinement can influence the optical response of the heterostructure.

While these initial observations represent a small step, they illustrate the potential

of SAW resonators to dynamically tailor excitonic properties in 2D systems. With

improved cavity designs—featuring higher quality factors or operation deeper into the

GHz regime—it should be possible to achieve more pronounced modulation, poten-

tially accessing regimes of coherent exciton–phonon interactions. Such control could

be extended toward dynamically tuning emission linewidths for indistinguishable pho-

ton sources, or creating moving exciton potentials to facilitate acoustic transport and

programmable spatial exciton distributions. In this way, these early results lay the

groundwork for using SAW resonators as versatile, non-invasive tools to actively en-

gineer the optical landscape of 2D heterostructures.
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4.4.2 SAW power dependence

Figure 4.10: PL modulation with SAW power at (a) f = 502 MHz, (b) f = 511

MHz, and (c) f = 520 MHz. The top panels show the modulation of the PL intensity

as a function of the square root of the SAW power. The center panels show the

modulation of the PL width as a function of the square root of the SAW power. The

bottom panels show the modulation of the PL center as a function of the square root

of the SAW power.

We can look at the dependence of the PL modulation as a function of the SAW

power in Fig. 4.10. There are a few interesting things we can see. First, in each of

the plots, we can see that there appear to be two regimes. At low SAW power, there

is very minimal modulation, and then at a critical SAW power, the SAW begins to

modulate the PL. Second, the different SAW resonances modulate the PL differently;

f = 502 MHz modulates the PL quite strongly, while f = 511 MHz has a much

weaker effect on the PL modulation. We attribute this to the QE’s position within
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the cavity. Depending on the resonance being pumped, the QE might sit closer or

further away from an anti-node, meaning the SAW will have a larger or smaller effect

on PL modulation. Finally, we can also see that when we enter the regime in which

the SAW power is modulating the PL, the modulation of the Lorentz peaks behaves

linearly with the square root of the SAW power. This tells us that the modulation is

coming primarily from the strain field of the SAW, which behaves linearly with the

square root of the SAW power, as opposed to the electric field of the SAW, which

behaves linearly with SAW power.

4.5 Quantum emitter modulation

4.5.1 Modulation of QEs with SAW frequency

Figure 4.11: QE modulation with frequency in a SAW resonator. A Lorentz function

is fit to the QE PL peak at each frequency with and without SAW. The difference in

the Lorentz fit is shown for intensity (a), width (b), and center (c).

We can then look at a quantum emitter inside of a SAW resonator at different SAW

frequencies, as shown in Fig. 4.11. For each frequency, the PL was measured with

and without SAW. Each PL spectrum was then fit with a Lorentz peak, and then the

difference between the Lorentz parameters SAW on - SAW off is plotted. In Fig. 4.11a,
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we look at the difference in the integrated intensity of a QE peak with SAW on - SAW

off. The integrated intensity is calculated based on the area under the Lorentz curve

within the FWHM. It is important to consider the integrated intensity rather than

just the peak intensity because the standing wave produces an oscillating effect within

the local strain and electric field, which can lead to peak broadening. To understand

how the SAW resonator modulation affects the overall exciton population, examining

the integrated peak intensity allows us to separate this effect from the influence of

SAW modulation on the peak width. We can see a clear decrease in the integrated

intensity with SAW on at the SAW resonances, with minimal effect off resonance.

This decrease in intensity could be due to the SAW pushing the excitons away from

the local defect, or due to exciton dissociation. Either of these indicate that this QE

is not located at an anti-node or that the SAW cavity confinement is not optimal. As

expected, we also observe peak broadening with SAW on at the cavity resonances, as

shown in Fig. 4.11b. We also observed some minimal peak broadening in Fig. 4.11c,

likely due to the peak broadening enhancing existing asymmetries in the QE.

For a closer look at what is happening in Fig. 4.11, we can plot the PL with

SAW on and SAW off for a frequency off resonance (Fig. 4.12a) and a frequency on

resonance (Fig. 4.12b). For frequencies off the SAW resonance, like f = 487 MHz

in Fig. 4.12a, there is almost no difference in the PL when the SAW is on compared

to when the SAW is off. However, for frequencies on resonance, like f = 485 MHz

in Fig. 4.12b, when the SAW is off, we see a sharp, defined peak. When we turn on

the SAW, the peak broadens and significantly decreases in intensity. This essentially

allows us to turn the QE off based on the SAW frequency we pump and based on the

location of the QE in the cavity.

4.5.2 Long-lasting effects of SAW pump

We can also look at the longer-lasting effects of applying a SAW pulse. In Fig. 4.13, as

in Fig. 4.11, we can look at the modulation of a QE in a cavity. For the first (second)
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Figure 4.12: An example of the PL of the QE shown in Fig. 4.11. The PL is shown

with the SAW on (red) and SAW off (blue) for (a) f = 487 MHz off a SAW resonance

and for (b) f = 485 MHz on a SAW resonance.

peak, the modulation of the Lorentz integrated peak intensity, width, and center

wavelength are shown in Fig. 4.13a, b, and c (Fig. 4.13d, e, and f). The first peak at

around 1584 meV (782 nm) is narrow (¡ 1 meV) and stable enough to be considered a

quantum emitter, based on our observations of the correlation of g(2)(0) measurements

and peak width, while the second peak is more broad. For the first peak, we observe

very distinct broadening of the QE linewidth and corresponding shift in peak center,

with the modulation proportional to the strength of the resonance (Fig. 4.13b, c).

Unlike in Fig. 4.11a, in Fig. 4.13a, the integrated intensity exhibits enhancement

at the SAW resonances, indicating that this emitter is more favorably positioned in

the cavity, preventing the SAW from pushing excitons away from the emitter and

potentially even funneling excitons to the emitter via its dynamic potential well.

Additionally, for the second peak, we observe no modulation in the PL at the SAW
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Figure 4.13: Two peaks modulated with frequency in a SAW resonator. A Lorentz

function is fit to the QE PL peak at each frequency with SAW. For the first peak,

the Lorentz fit is shown for intensity (a), width (b), and center (c). For the second

peak, the Lorentz fit is shown for intensity (d), width (e), and center (f).

resonances (Fig. 4.13d, e, and f), indicating either that the second peak corresponds

to a less favorable position inside the cavity, or that QEs like the first peak are

more easily modulated by the SAW resonances due to the very tight confinement and

extreme sensitivity to strain.

In Fig. 4.14, we can look at the colormaps of the PL acquired and fit in Fig. 4.13.

The sweep was collected by parking the laser spot at a specific location on the sample,

turning the SAW on, acquiring the PL with SAW for 1 s, turning the SAW off and

waiting 1 s, acquiring the PL without SAW for 1 s, then repeating for each frequency.
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Figure 4.14: Colormaps of the PL as the SAW frequency is swept. The top panels

are the PL colormap, with the PL intensity as the color, the energy on the y-axis and

the SAW frequency on the x-axis. The lower panels are the SAW resonator S11, so

that the SAW resonances can be matched up with the PL. a) The PL acquired with

SAW on. b) The PL acquired with SAW off.

The goal with doing the sweep via this method was that acquiring the data with and

without SAW at each frequency point would allow us to account for small sample

drift and jitter when looking at the differences in the Lorentz fit as in Fig. 4.11.

However, when we look at the colormaps for this data in Fig. 4.14, we see something

interesting. In Fig. 4.14a, we plot the colormap just for the data in which the SAW

was turned on, and this behaves as we expect. Around the SAW resonances, we see

a clear broadening of the first peak in particular, corresponding with what we saw in

Fig. 4.13. However, in Fig. 4.14b, we plot only the PL acquired with the SAW off,

and this looks very similar to Fig. 4.14a, in which the SAW is on, with just some

minor fluctuations in intensity, particularly around the two peaks, but these changes

are very minor. For Fig. 4.14b, we would expect the PL to remain unchanged across
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all SAW frequencies, and resemble just a stability test, as in Fig. 4.8. However, the

fact that Fig. 4.14b so closely follows Fig. 4.14a tells us that there are potential long

lasting effects at play when we turn on the SAW at the cavity’s resonance.

Figure 4.15: PL before and after applying a SAW pulse at different frequencies. The

PL is collected before the SAW turns on, then a single SAW pulse is sent at the time

indicated by the red dashed line, and the PL is monitored after. The inset shows the

frequency of the SAW pulse with respect to the SAW resonances. The SAW pulse

sent is at a) f = 480.7 MHz, b) f = 482.9 MHz, c) f = 483.8 MHz, d) f = 484.7

MHz, e) f = 485.96 MHz, and f) f = 487 MHz.

We investigate this effect in Fig. 4.15. We parked our laser spot and then began

collecting the PL for a period of time to monitor the stability. We then sent a 1

s SAW pulse at 15 dB (red dashed line in Fig. 4.15), then observed the PL for a

period of time afterwards. We repeated this for frequencies on and off the SAW

resonances sequentially. What we observed is very interesting– we began with a pulse

off resonance at f = 480.7 MHz in Fig. 4.15a, and observe very minimal changes.
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When we move on resonance to f = 482.9 MHz Fig. 4.15b, we send a pulse and

immediately observe very strong suppression of the excitons that lasts over an hour.

As we move back off resonance to f = 483.8 MHz in Fig. 4.15c, the exciton signal is

still very suppressed for the first part of the measurement, but after sending in an off-

resonance pulse, the PL once again becomes bright, but we note that the energy of the

peaks that appear are in fact different than those that were bright in Fig. 4.15b. We

then shift frequency a bit more but stay off resonance at f = 484.7 MHz in Fig. 4.15d,

and just like in Fig. 4.15a, we observe very minimal change, although there is a slight

enhancement of the exciton signal at 1587 meV. In Fig. 4.15e, we then move back

on resonance to f = 485.96 MHz, and once again this strong on-resonance pulse

strongly suppresses the exciton signal. In Fig. 4.15f, as in Fig. 4.15c, we start with

the excitonic signal still very suppressed, and as we send in the pulse off-resonance

at f = 487.0 MHz, this once again allows us to recover the bright exciton signal.

Another example of this type of pulse sequencing is shown in Fig. E.1.

This effect we observe is really novel; because the effects are so long-lasting, it

appears as if the on-resonance SAW pulse is nudging the heterostructure slightly,

changing the PL, and the off-resonance SAW pulse is able to dislodge the shift and

allow the heterostructure to return back to its original configuration. While we de-

posited the ITO layer on top of the heterostructure in an effort to pin it in place

(Section 4.3.3), the layers of the 2D heterostructure are free to slide against each

other, and this is what we suspect is happening. If the layers of the bilayer WSe2 are

shifting with respect to each other, or if the bilayer WSe2 is shifting in-between the

hBN encapsulation, then this could easily result in the pulse causing an enhancement

or suppression of the exciton intensity, or even the appearance of a new peak. These

results are still very preliminary, and require careful and extensive further study to

more carefully understand the dynamics at play. Seeing if the effects of the pulse ever

reverse on their own with a much longer measurement will give us a better sense of

the timescales at play. Sending the pulses in different sequences (i.e. several pulses
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on resonance, several pulses off resonance, etc.) will allow us to better understand the

individual effects of the on-resonance pulses and the off-resonance pulses. Studying

the PL dependence on the pulse power and length will also allow us insight into the

mechanisms at play. By using Raman spectroscopy, we could also look at localized

phonon modes to see if there is long-lasting lattice distortion, which would confirm

our current theory of the interlayer sliding.

Despite all of these unknowns, this apparent long-lived and frequency-dependent

response to SAW pulses suggests a new avenue of exciton and material control in

2D heterostructures. The apparent ability of on- and off-resonance acoustic pulses to

”lock” and ”unlock” the excitonic configuration points to a mechanical rearrangement

at the atomic scale, possibly involving interlayer sliding or local strain redistribution,

that persist well beyond the duration of the SAW itself. This opens up intriguing

possibilities for nonvolatile, acoustically controlled excitonic states and new modes of

information storage or logic based on mechanical reconfiguration of the 2D ordering.

With further study, this effect could lead to a deeper understanding of the mechanical

dynamics of van der Waals heterostructures and introduce new ways to pattern or

switch optical properties in reconfigurable optoelectronic platforms.

4.6 Future and ongoing work

4.6.1 Exciton modulation

Building on the initial observations of exciton linewidth and intensity modulation, a

key direction for ongoing work is to achieve more pronounced and controlled exciton

modulation. This will involve pushing the SAW cavity designs toward even higher

quality factors and operation at higher frequencies in the GHz regime. With improved

acoustic confinement and shorter periods relative to exciton lifetimes, we can aim to

reach a regime where exciton–phonon interactions are not just dynamically tunable,

but potentially coherent [142]. This could enable time-resolved control of exciton pop-
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ulations, such as modulating emission linewidths for indistinguishable photon sources,

or precisely tuning recombination rates in the quantum regime, as well as storing in-

formation in stable room temperature excitons. Additionally, by carefully varying

the SAW power, we can explore the crossover from small perturbative modulation

to large-amplitude regimes where the exciton band structure is periodically driven,

opening possibilities for dynamic Floquet engineering in 2D materials [143].

4.6.2 Spatial effects

Another exciting direction is to directly probe the spatial modulation of exciton den-

sity within the SAW cavity, particularly the possibility of exciton trapping at the

anti-nodes of the standing wave. As suggested by our simulations and preliminary ob-

servations of power-dependent intensity changes, the periodic strain landscape could

create effective dynamic traps that accumulate excitons at the anti-nodes. Future

experiments will include spatially resolved PL mapping under SAW excitation to di-

rectly visualize this redistribution. By adjusting the SAW wavelength and cavity

mode, we could engineer programmable exciton patterns across the heterostructure,

effectively creating a reconfigurable exciton lattice. Adding a second SAW resonator

perpendicular to the first would provide even more spatial control, allowing us to

create a grid with independent x and y spacings. Such a platform could be invaluable

for studying exciton transport, interactions, and potentially exciton condensation in

a precisely tunable potential landscape.

4.6.3 Long-lasting effects and persistent modulation

The unexpectedly long-lived effects we observe after applying SAW pulses which we

observed as persistent changes in PL intensity, linewidth, or even the appearance of

new peaks, suggest intriguing avenues for further study. While we suspect these phe-

nomena may arise from slight nanoscale rearrangements within the heterostructure,

such as interlayer sliding of the WSe2 bilayer relative to itself or to the hBN encap-
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sulation similar to [139], systematic investigations are needed to uncover the exact

mechanisms. Future experiments could involve temperature-dependent measurements

to probe the energy barriers for such layer shifts, as well as atomic force microscopy

(AFM) or nano-Raman mapping before and after SAW pulsing to detect any subtle

structural changes.

Understanding these effects is not only of fundamental interest, revealing how

dynamic strain can permanently or quasi-permanently reshape 2D heterostructures,

but could also lead to new applications. For example, SAW pulses could potentially

serve as a local “strain writing” tool, reconfiguring excitonic landscapes on demand

without the need for static patterning or external gates. Additionally, if such layer

rearrangements can be controlled reproducibly, they may enable new types of non-

volatile excitonic or optical memory, where information is encoded into the structural

configuration of the heterostructure itself. Overall, systematically exploring these per-

sistent modulation effects will shed light on the interplay between dynamic mechanical

driving and the intrinsic flexibility of van der Waals materials, opening up possibilities

for both novel device functionalities and deeper insights into the mechanics of layered

quantum systems.

4.6.4 Remote pumping

Finally, we are highly interested in using this platform to integrate the work we

demonstrated in Chapter 2 and Chapter 3 by using SAWs to remotely pump quan-

tum emitters. This enables us to turn our QEs on and off without directly shining

our laser spot on them, greatly reducing the thermal energy at the QE point. We hy-

pothesize that this will improve the quality of our single photon emitters and give us

a much cleaner signal with less background noise. While we were able to demonstrate

long-range exciton transport in [29] and highly tunable quantum emitters in [30],

these two platforms have fundamentally different requirements. For exciton trans-

port, it is essential samples be as clean and defect-free as possible, while QEs require
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Figure 4.16: Simulated array of quantum emitters being spatially turned on and

excited by a remote pump inside of a SAW resonator.

both defects and local strain. Additionally, exciton transport is optimal at elevated

temperatures (100 K) to prevent excitons from becoming trapped at local defects and

keep them mobile, while QEs require very low temperatures (< 10 K) for optimal

quantum confinement. Surface acoustic wave resonators with very high quality fac-

tors enable enhanced light-matter interactions, making it feasible to overcome these

fundamental challenges. Because SAWs can propagate or create standing patterns

over hundreds of microns, they provide a means to transport or modulate excitons far

from where they are generated, as shown in Fig. 4.16. This could enable optical read-

out at one location while dynamically tuning exciton properties at another, laying the

groundwork for integrated on-chip excitonic circuits or networks of coupled quantum

emitters. Combining remote pumping with cavity-enhanced SAW designs could un-

lock new schemes for spatially multiplexed quantum or optoelectronic functionalities

in 2D heterostructures.
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Chapter 5

CONCLUSIONS AND OUTLOOKS

5.1 Summary of thesis

2D materials are an active area of research because their reduced dimensionality

leads to new physical properties that could enable different kinds of devices and

applications. Recently, advances in AI and the growing demand for computing power

have highlighted some of the fundamental limits of scaling silicon transistors. In this

context, 2D semiconductors have come up as a possible way to keep pushing device

sizes smaller and address these challenges [144]. Beyond classical computing, these

2D materials also have rich quantum properties and degrees of freedom, such as valley

and spin, and can host single-photon emitters, making them promising platforms for

quantum information science. They are particularly attractive for these applications

because they can be easily integrated onto chips, often support long-lived excitonic

states even at room temperature, and offer a high degree of tunability through external

fields or stacking. Recent advances, such as the observation of the fractional quantum

anomalous Hall effect [8], have made 2D materials even more compelling as potential

platforms for topological quantum computing.

In Chapter 1, we present the motivation and background that set the context for

this work. Chapter 2 then describes our experiments on transporting 2D excitons

using surface acoustic waves (SAWs). By launching SAWs on a piezoelectric sub-

strate, we created dynamic electric and strain fields that trapped interlayer excitons

in bilayer WSe2 at the lowest points of the electric potential and carried them toward

a recombination site at the edge of the heterostructure. Unlike much of the previous

work that focused on enhancing exciton diffusion, our approach enables long-range,
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directional exciton transport. This method is also non-invasive and fully on-chip,

avoiding direct patterning of the 2D heterostructure while maintaining a compact,

integrable design. Together, these results mark a significant step toward realizing

excitonic transistors and circuits, and could ultimately enable all-optical readout of

quantum information from on-chip sources.

In Chapter 3, we focus on our work with highly tunable quantum emitters in bi-

layer WSe2. We create these emitters by strain-engineering the material with SiO2

nanopillars, onto which we transfer our 2D heterostructure. By incorporating graphite

gates, we apply an out-of-plane electric field that allows us to tune the energy of these

quantum emitters. Beyond demonstrating this tunability, we also observe signatures

of single exciton-phonon mode coupling, where the emitters interact with local breath-

ing mode phonons in the WSe2. This coupling is itself tunable with the electric field,

opening up the possibility of using a THz source to generate phonon Fock states or to

store and read out information directly from the phonon modes of the 2D material.

Finally, in Chapter 4, we explore our ongoing work with bilayer WSe2 inside a SAW

resonator cavity. By placing the 2D heterostructure within a high-quality acoustic

cavity, we aim to achieve standing surface acoustic waves that periodically modulate

the exciton energy landscape. This approach could enable enhanced light-matter

interactions by synchronizing exciton recombination with the SAW field, potentially

allowing for stimulated emission or phonon-assisted control of quantum states. Such

SAW resonators also provide a route to coupling distant quantum emitters via shared

mechanical modes, paving the way for scalable phononic quantum networks based on

2D materials.

5.2 Future directions

Looking ahead, each of these projects offers clear paths for further exploration. For

the work on SAW-driven exciton transport, a natural next step is to engineer more

complex SAW circuits, such as transistors or multi-path acoustic waveguides, to realize
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exciton-based logic elements. Further investigation of the temperature dependence,

combined with improved material quality, could push this long-range transport toward

higher temperatures and even room temperature operation.

For the quantum emitters, future studies could involve coupling these highly

tunable 2D QEs to photonic crystal cavities or waveguides to achieve Purcell en-

hancement, superradiance, or deterministic on-chip single-photon routing. Leverag-

ing twisted bilayer or heterobilayer TMDs may also enable moiré-confined emitters

with even larger electric dipole moments, providing greater tunability and the possi-

bility of realizing dipole-coupled emitter arrays. Additionally, further exploration of

the exciton–phonon coupling could open the door to manipulating or coherently driv-

ing single phonon modes, laying the groundwork for hybrid exciton–phonon quantum

systems or for generating phonon Fock states directly in a solid-state platform.

In the SAW resonator work, future directions could include achieving stronger

acoustic confinement to potentially enter the regime of coherent exciton–phonon cou-

pling, where phonons could store or mediate quantum information. The standing

SAW field could be harnessed to pattern exciton populations across the device or to

create long-lived spatial modulations that persist beyond the pulse duration. More-

over, by mediating interactions between multiple, spatially separated quantum emit-

ters, the standing wave could act as a first step toward realizing a phonon-based

quantum bus that connects distinct quantum nodes on a chip, paving the way for

scalable quantum networks in solid-state platforms.

More broadly, combining these approaches offers exciting opportunities. For ex-

ample, integrating strain-engineered quantum emitters within a SAW cavity could

enable dynamic control of phonon-coupled emission, while propagating SAWs might

be used to coherently shuttle excitons between quantum emitters at different sites on

a chip. Remote pumping of these emitters via SAWs provides a spatially selective,

switchable means to turn them on and off, and could also enhance emitter quality by

eliminating local heating and background noise from direct optical excitation. Such
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hybrid systems bring us closer to fully on-chip quantum networks that harness exci-

tons, photons, and phonons together to process and transmit quantum information

in a single, versatile platform.

Taken together, these directions point toward a broader vision where strain en-

gineering 2D transition metal dichalcogenides, with their exceptional tunability and

ease of integration, forms the building blocks of versatile quantum and optoelectronic

circuits. By advancing our ability to control their excitonic, photonic, and phononic

degrees of freedom, we move closer to realizing fully integrated quantum systems for

computing, communication, and sensing.
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Appendix A

SURFACE ACOUSTIC WAVES FROM FUNDAMENTAL
PRINCIPLES

A.1 Solid mechanics

First, let us understand the dynamics of stress and strain in a solid. The elasticity

of a material is dependent on internal forces and the displacement of a point from its

equilibrium. Stress T refers to the force applied to a material per unit area, while

strain S is the resulting displacement of particles in the material. We follow the

definition of ”particle” from [25]. A particle refers to a region of a material that

is much smaller than the wavelength of any deformation but much larger than the

interatomic distance, allowing atomic impurities to be neglected. A particle is at

equilibrium in a material at point x = (x1, x2, x3). With a stress applied to the

material, the particle is displaced u = (u1, u2, u3) to be at position x + u. We can

then define the strain at each point with

Sij(x1, x2, x3) =
1

2

(∂ui
∂xj

+
∂uj
∂xi

)
, i, j = 1, 2, 3. (A.1)

This definition tells us that there will be no internal forces if u is independent

of x, since this would correspond to a displacement of the bulk material. Rotations

also do not result in a strain. The strain is a second-rank tensor and symmetrical, so

Sij = Sji [25].

Likewise, we can describe the internal forces with stress tensor Tij = Fi

Aj
where

Fi is the i component of force F and Aj is the j component of area A. A positive

force corresponds to the material stretching, while a negative force corresponds to

the material compressing. The area A is a vector as well, with a positive value
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corresponding to the normal vector moving outward from the material, and a negative

value corresponding to the normal vector moving inward from the material [26].

Assuming the materials are linear, which is a safe assumption for the relatively

small forces from acoustic waves, we can relate stress and strain using Hooke’s law of

elasticity with

Tij =
∑
k

∑
l

cijklSkl, i, j, k, l = 1, 2, 3 (A.2)

where the coefficient cijkl is the stiffness tensor and a property intrinsic to the

material. This is a fourth-rank tensor, but can be reduced by noting that the sym-

metry of Sij = Sji requires that the stiffness is the same if i and j or if k and l are

interchanged.

When both stress and strain are dependent on time, we can obtain an equation of

motion from Eqs. A.1 & A.2.

We can define the velocity and acceleration of the particle with

vi =
∂ui
∂t
, ai =

∂2ui
∂t2

. (A.3)

For a fractional cube of material with each side length δ and total volume δ3, the

force from a displacement in the i direction is given by

Fi = δ3
[∑

j

∂Tij
∂xj

]
. (A.4)

From Newton’s second law, we can equate this to the acceleration from Eq. A.3

multiplied by the mass of the cube ρδ3 where ρ is the material density. This finally

gives us our equation of motion,

∑
j

∂Tij
∂xj

= ρ
∂2ui
∂t2

, i, j = 1, 2, 3. (A.5)
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A.2 Piezoelectricity

For piezoelectric materials, Eq. A.5 is still valid, but the stress components depend

on the electric field E or the equivalent electric displacement D, where D = ϵE. The

constitutive relations are given by

D = eS+ ϵE (A.6)

and

T = cS− eTE (A.7)

where ϵij is the permittivity tensor and eijk is the piezoelectric tensor that relates

the elastic and electric fields.

To simplify the notation, we can look specifically at a case in which a force is

applied along the z-axis, resulting in a displacement along the z-axis, giving us Tzz =

Fz

Az
, S = ∂uz

∂z
, and Tzz = czzzzSzz. Eqs. A.6 and A.7 become

D3 = e33S3 + ϵE3 (A.8)

and

T3 = c33S3 + e33E3. (A.9)

Like in Eq. A.5, we can use Newton’s second law to get

∂T

∂z
= ρ

∂v

∂t
. (A.10)

Using the relation ∂S/∂t = ∂v/∂z obtained from taking the partial time derivative

of Eq. A.1, we can take the partial time derivative of Eq. A.9 to give us

∂v

∂z
=

1

c

∂T

∂t
+
e

c

∂E

∂t
=

1

c′
∂T

∂t
+

e

ϵc′
∂D

∂t
(A.11)
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where

c′ = c+
e2

ϵ
= c(1 +K2). (A.12)

Here, K2 = e2

ϵc
is the piezoelectric efficiency. From Gauss’s law,

∂D3

∂z
= ρ′ (D1, D2 = 0) (A.13)

where ρ′ is the charge density and is a constant. Therefore, when we take the

second partial derivative of Eq. A.11, we get our final relation

∂2v

∂z2
=

1

c′
∂

∂z

(∂T
∂t

)
+

e

ϵc′
∂2D

∂t∂z
=⇒ ∂2v

∂z2
=
ρ

c′
∂2v

∂t2
. (A.14)

which is the wave equation.

A.3 Interdigital transducer

Waves on a transmission line are characterized by their characteristic inductance L

and capacitance C. These LC circuits are described by two differential equations from

fundamental circuit theory shown in Eqs. A.15 and A.16, where V is voltage and I

is current.

∂V

∂z
= −L∂I

∂t
(A.15)

∂I

∂z
= −C∂V

∂t
(A.16)

By taking the second derivative of Eq. A.15 with respect to z, we can obtain

∂2V

∂z2
= LC

∂2V

∂t2
(A.17)

which is equivalent to the wave equation. Assuming that the wave takes the form

of e[i(ωt−kz)], then the wave equation gives us the relation
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k2 = ω2LC (A.18)

where k = 2π/λ is the wavenumber and ω = 2πf is the radian frequency. The

phase velocity v0 can be given by

v0 = fλ =
ω

k
=

1√
LC

. (A.19)

The characteristic impedance can be given by

Z0 =
V

I
=

√
L

C
. (A.20)

Finally, we can obtain expressions for the power flow with

P =
1

2
V I∗ =

|V |2

2Z0

(A.21)

and the time-averaged potential energy with

U =
1

2
C|V 2| = 1

2
L|I|2. (A.22)

We can see that Eqs. A.15 and A.16 are in the same form as Eqs. A.10 and A.11,

and Eq. A.17 is equivalent to Eq. A.14. From these parallels, we can equate some

of our IDT parameters to their circuit equivalents. Now, we can try to equate some

values. The surface potential ϕ is equivalent to the voltage V . The current I does

not have a physical direct equivalent for SAWs, so instead we can define it so that we

obtain the correct power relation using Eq. A.21.

P =
1

2
V I∗ =

1

2
ϕI∗ =

|ϕ|2

2Z0

(A.23)

This gives us I∗ = 1/2Z0 and Z0 = |ϕ|2/2P , allowing us to obtain some equivalence

equations using the surface wave velocity v0.
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C =
1

Z0v0
(A.24a)

L =
Z0

v0
(A.24b)

U =
1

2
C|ϕ|2 (A.24c)

By defining Z0 using the total power P , we can include the power from both the

acoustic and electric field components of the SAW. The power will be determined by

the acoustic aperture W . For a given ϕ, a larger W will result in a larger power and

a smaller impedance. We can define a quantity z0 that is independent of the acoustic

aperture and the wavelength with

Z0 =
z0
W/λ

. (A.25)

Likewise, we can define the characteristic admittance Y0 as well as a quantity

independent of the acoustic aperture and wavelength y0.

Y0 =
1

Z0

= y0
W

λ
(A.26)

We recall our definition of the piezoelectric coupling coefficient K2 from Eq. 1.1

and v0 from Eq. A.19, letting us write for small changes in velocity

K2 = 2
∆v0
v0

≈ ∆C

C
(A.27)

where ∆C is the capacitance per unit length. We can define this capacitance as

∆C = −ρsW
ϕ

(A.28)

where ρs is the charge per unit area.

We now want to write ρs in terms of ϕ. We can assume the fields from charge

ρs are described by a potential ψ = ψse
−αye−ikz where α is a constant and ψs is the

peak value. Let’s assume the substrate is isotropic with permittivity ϵp. Then,
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Dy = −ϵp
∂ψ

∂y
= ϵpαψ (A.29a)

Dz = −ϵp
∂ψ

∂z
= ikϵpψ (A.29b)

Maxwell’s first law gives us

∂Dy

∂y
+
∂Dz

∂z
= 0 =⇒ (α2 − k2)ϵpψ = 0 =⇒ α = |k|. (A.30)

Then, we can substitue this in Eq. A.29a and get

Dy = ϵp|k|ψ (A.31)

for the field in the substrate. We can see that Dy will be discontinuous, and above

the surface, we can do the same manipulations but substitute in ϵ0 and get

Dy = −ϵ0|k|ψ (A.32)

where the negative sign comes from the field decaying in the −y direction rather

than the +y direction. From Maxwell’s first law, we also know that the field discon-

tinuity is equal to the surface charge density, giving us

ρs = (ϵp + ϵ0)|k|ψs =
2π

λ
(ϵp + ϵ0)ψs. (A.33)

Substituting this in to Eq. A.28, we get

∆C = 2π(ϵp + ϵ0)
W

λ

(
− ψs

ϕ

)
(A.34)

where ψs is the potential produced by the charge at the surface and ϕ is the

potential created by the SAW at the surface. But because there is no longitudinal

electric field, and we have
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Ez = ik(ϕ+ ψ) = 0, (A.35)

meaning that ψs = −ϕ. This allows us to reduce Eq. A.34 to

∆C = 2π(ϵp + ϵ0)
W

λ
. (A.36)

Then, substituting Eq. A.27 and A.24a into A.36, we can get

K2y0 = 2πϵv0 (A.37)

where ϵ = ϵ0 + ϵp. Rearranging, we can get

Z0 =
Wϵω

K2
. (A.38)

Plugging this into Eq. A.23, we get

PSAW = W |ϕ|2 ϵω
2K2

, (A.39)

which is Eq. 1.3 in the main text [25].

A.4 Equivalent circuit

To evaluate the efficiency of our IDT, we are interested in how the power is distributed

across its components. Understanding these power ratios as a function of frequency

enables us to characterize the efficiency of the IDT and fit the scattering matrix

(S-matrix) data measured using a vector network analyzer (VNA). For a two-port

network, the S-matrix is 2x2, where S11 (S22) represents the first (second) port

reflection coefficient, and S21 (S12) represents the transmission from port one (two)

to port two (one).

Based on the relations we proved in the previous section, the IDT can be modeled

using the equivalent circuit shown in Fig. A.1, generalized from the Butterworth
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Figure A.1: The equivalent circuit of an IDT.

Van Dyke (BVD) model [145]. The electromechanical response of the transducer is

given by the acoustic admittance Ya, which has real and complex components and

is frequency dependent. The capacitance between electrodes is given by Ce, and the

effective leakage resistance between the electrodes is given by Rl. Finally, we account

for the resistance between the total series resistance of the IDT and the RF probe

with Rs.

We can simplify this circuit further to Rs and Zl connected in series, where ZL is

the complex impedance of the effective IDT circuit (Rl, Ce, Ya), as shown in Eq. A.44.

ZL(ω) =
1

R−1
l + iωCe + Ya(ω)

(A.40)

The power of these respective lumped components can be given by

PRs = Pin
Rs

Rs + R(ZL(ω))
(A.41a)

PZL
= Pin

R(ZL(ω))

Rs + R(ZL(ω))
, (A.41b)
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where Pin is the input power. Looking more closely at the power consumption of

the different IDT components, we see

PRl
= PZL

R−1
l

R−1
l + R(Ya(ω))

(A.42a)

PYa = PZL

R(Ya(ω))
R−1

l + R(Ya(ω))
(A.42b)

PCe = 0. (A.42c)

Substituting Eq. A.41 in to Eq. A.42, we get

PRl
= Pin

R(ZL(ω))

Rs + R(ZL(ω))

R−1
l

R−1
l + R(Ya(ω))

(A.43a)

PYa = Pin
R(ZL(ω))

Rs + R(ZL(ω))

R(Ya(ω))
R−1

l + R(Ya(ω))
. (A.43b)

A.5 IDT fitting

Once we obtain the complex S11 data from the VNA, we can fit it using the lumped

element equivalent circuit. We first want to start near the resonance dip ω0, where

we approximate Ya = 0 because the power reflected near this dip is almost solely due

to the acoustic effects from Ya, which is a function of ω. We can then look at the load

impedance Z ′
0 that excludes Ya:

Z ′
0 = Rs +

1

R−1
l + iωCe

. (A.44)

We can fit this to the S11 with the relation

Z ′
0 = Rchar

1 + C(S11(ω))
1− C(S11(ω))

(A.45)
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where Rchar = 50Ω is determined by the VNA [146]. Then, we can extract Rs, Rl,

and Ce from the S11 data. Once we have obtained these fixed values, we can then

look at a wider frequency range to find Ya(ω) by looking at the total impedance:

Z0 = Rs +
1

R−1
l + iωCe + Ya(ω)

= Rchar
1 + C(S11(ω))
1− C(S11(ω))

. (A.46)

Because the only unknown is Ya(ω), we can fit this to our data. Using our power

relations, we could determine the power distribution on each lumped circuit compo-

nent using Eq. A.21 by plugging in the appropriate Z0 and fitting the expression with

the S11 data. The power ratio of Ya(ω0), where ω0 is the IDT resonance, gives the

on-resonance conversion efficiency.

A.6 SAW resonators

Figure A.2: The equivalent circuit of a one-port SAW resonator.

In this work, we focus on one-port SAW resonators. These are a single IDT with

a set of reflectors on either side, as seen in Fig. 1.11. Most of the equations derived in

the first few sections regarding SAWs remain applicable. The new equivalent circuit

for these SAW resonators is the modified BVD circuit, shown in Fig. A.2 [25].
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Ce is the transducer capacitance, to which the resonator RLC circuit is connected

in parallel. The inductance Lm and capacitance Cm account for the ’motional’ com-

ponents of the SAW resonance, and are present for most forms of electromechanical

resonators that are designed for a single resonance. The resistance R accounts for the

resistance between the various circuit elements. Ce is fixed and due to the input from

the IDT, so we can consider just the admittance from the RLC branch when look-

ing at the cavity properties. The admittance will be large at the resonant frequency

ωr = 1/
√
LmCm.

The cavity will form standing waves when constructive interference forms be-

tween the forward propagating SAW from the IDT and the reflected signal from the

reflectors, and must satisfy Lc = nλ/2, where the factor of 2 comes from the wave

traveling the cavity in both directions before a standing wave can form. Therefore,

we can specify that the distance between the two gratings must be

d =
(
2n± 1

2

)λ0
2
. (A.47)

We can write the fundamental cavity frequency as fn = nvf/2Lc, allowing us to

see that the spacing between our resonances is given by

∆fn
f0

=
fn+1 − fn

f0
=

λ0
2Lc

. (A.48)

A.7 Quality factor fitting

The unloaded quality factor of the resonator is given by Qu = ω0Lc/Rc where Rc

is the total resistance of the circuit. This considers the quality factor just of the

cavity. Just looking at the two reflector arrays, this gives us a total reflectivity of

R ≃ tan(Nr) as defined in Chapter 1.4.4.

The quality factor of the resonator including the IDT is known as the loaded

quality factor and is given by QL = ω0Lc/Z, where the resistance Rc in the internal

quality factor is replaced with the characteristic impedance Z of the whole effective
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circuit. For a one-port resonator connected to a feed line, the S11 is given by

S11 =
Z − Zf

Z + Zf

(A.49)

where Zf is the impedance of the feed line of the VNA, which is 50 [147]. Our one-port

SAW resonator has a characteristic impedance of

Z(ω) = R + iωL
(
1− 1

ω2LC

)
≈ R + i

2RQi∆ω

ω0

(A.50)

from the equivalent circuit. With the approximations and substituting in ω0 =

1/
√
LC, this gives us

S11(f) =
(Qe −Qi)/Qe + i2Qiδf

(Qe +Qi)/Qe + i2Qiδf
(A.51)

where δf = (f − f0)/f [148]. This allows us to fit our measured S11 resonances to

extract the internal and external quality factors.
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Appendix B

FABRICATION

B.1 Electron beam lithography

Figure B.1: Diagram of the steps for performing an EBL write.

The steps for performing an electron-beam lithography (EBL) write are shown in

Fig. B.1. The example is on a LiNbO3 substrate, but the steps will be, for the most

part, the same on any substrate. Before beginning an EBL write, the substrate must

be thoroughly cleaned. Typically, a 10 min sonication in acetone followed by a 1 min

rinse in IPA is sufficient, but if the chip is still dirty after this, longer sonication or

even a Piranha etch may be required to completely clean the chip. After cleaning the

chip and before spinning on the resist, it is advisable to do a pre-bake to evaporate
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any trapped moisture in the chip, which can impact how well the resist will adhere

to the chip.

The next step will be spinning on the resist. The choice of resist as well as resist

thickness will be dependent on several factors, including the resolution required by

the pattern, the substrate, and the post-development plan (i.e., if a metal will be

evaporated on top, if so how thick, etc.). For the devices we made in Chapter 2

and Chapter 4, we first used ZEP520A to pattern the SAW resonators, and then after

transferring the 2D heterostructures, we used PMMA to pattern the ITO layer on top.

For the devices in Chapter 3, we first used ZEP520A to pattern the nanopillars, and

then did an aligned photolithography step to pattern the electrodes connecting to the

graphene gates. Additionally, for insulating substrates such as LiNbO3, an additional

layer of a charge dispersion polymer needs to be spun on top of the resist after it has

been baked. This charge dispersion layer (Dischem DisCharge +) prevents charge

buildup on the insulator and allows for much higher resolution patterning. Both

ZEP and PMMA are positive resists, meaning that the area of the desired pattern is

directly exposed.

The next step is the actual EBL exposure. The electron current of the write

will be determined by pattern size and resolution, while the dose of the write will

be dependent on the substrate and resist. This often will need to be determined

experimentally by doing a dose test, where a pattern is written in a repeated array,

with each element at a different dose. All EBL writes in Chapters 2, 3, and 4

were done at the Washington Nanofabrication Facility (WNF) on the University of

Washington’s campus with the JEOL JBX-6300FS electron beam lithography system.

Smaller features ( < 1 µm) were written with a 1 nA current, while larger features

( > 1 µm) were written with an 8 nA current. The patterns written via EBL were

generated via Python (GDS Factory) or, for aligned writes, were drawn via KLayout.

After the EBL exposure, the resist can be developed. For insulating substrates

that have the charge dispersion polymer spun on them, the first step is a 1 min
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rinse in DI water. The development recipe will depend on the resist and substrate–

ZEP is developed with amyl acetate, and PMMA is developed with acetone. This is

then followed by a rinse in IPA and a gentle O2 plasma cleaning step to remove any

remaining resist residue on the pattern area. After developing the resist, the desired

material can be evaporated on top of the substrate, and the remaining material and

resist can be removed via liftoff– for ZEP, liftoff is done overnight in N-Methyl-2-

pyrrolidone (NMP) at 80°C, and for PMMA, liftoff is done for 4+ hours in acetone.

B.2 Polymer recipes

B.2.1 Polycarbonate

In a glass bottle, 10% polycarbonate (PC) is mixed with 90% chloroform by weight.

This is then stirred and baked at 60°C for 2+ days or until uniform. The elasticity

of the PC is determined by the ratio of PC to chloroform, and can be adjusted to

desired consistency. Because chloroform evaporates rapidly and the properties of the

PC are determined by the ratio of the PC to chloroform, it is important to keep the

bottle tightly air-sealed to prevent it from degrading over time.

To make thin layers of PC on microscope slides as required for transfers, we take

two pre-cleaned glass microscope slides (it is very important these slides are very

clean) and put them face up in a wet bench. We use a glass pipette to deposit PC

onto one slide, then use the face-up side of the second slide to sandwich on top of

the slide with the PC. Firmly and smoothly, we wiggle the top slide around to evenly

coat the first slide and release any bubbles that may be in the PC, then quickly and

smoothly slide the top slide off the bottom slide and PC. If the PC looks streaky or

uneven, adjust the time at which the second slide is removed. The bottom slide with

the PC on top of it can then air dry in a covered petri dish for at least 20 minutes

and at most 24 hours. The longer the PC slide dries, the more brittle and less sticky

it becomes, which can make picking up the 2D materials more difficult.
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B.2.2 Polydimethylsiloxane

We mix polydimethylsiloxane (PDMS) from Sylgard 184 in a petri dish, and let set

for several days in a vacuum chamber to release the bubbles. To create the domed

pillars we use for transfers, after the PDMS has set, we punch out small cylinders ( 5

mm). We mix fresh PDMS so that it is still viscous, and then using a glass stirrer or

something similar, use surface tension to deposit a drop of the viscous PDMS onto

the cured PDMS cylinder. We then bake these at 80°C for 2+ days to help them set.

B.3 2D device fabrication

B.3.1 Exfoliations

Figure B.2: Diagram of the steps for exfoliating a bulk crystal.

When making 2D heterostructures, the first step is to exfoliate the bulk crystal to

the 2D limit. These bulk crystals can be bought commercially or grown by academic
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collaborators. Fig. B.2 shows the steps for the exfoliation process. The first step

is to get a small piece of the bulk crystal onto a piece of scotch tape. This can be

done either by place the tape directly onto the crystal and carefully lifting it off, or

by peeling off a small piece of the bulk crystal with tweezers and placing that on

the tape (recommended). Using a second piece of tape, place them together sticky

sides together, and lift up, avoiding overlap with the crystal on both pieces of tape.

Using this method, we can continue to thin the crystal. The optimal number of times

to do this will depend on the desired thickness, the material, and the initial crystal

thickness. By the end, the tape should ideally be full of an array of the initial crystal

piece, as shown at the bottom of the panel for Step 2 in Fig. B.2.

Once the tapes are made, they are ready to be used to transfer the crystal onto a

substrate. We use 90 nm SiO2, as this gives optimal contrast for thin and monolayer

2D flakes. We dice these into long rectangles about the same size as the length of

tape we are using in Step 2 and plasma clean these in O2 thoroughly to increase

the adhesion of the 2D flakes to the substrate. Once the chips have been plasma

cleaned, we can place the tape onto the chips, pressing firmly to make sure they are

in good contact. The length of time the tapes stay on the chips as well as if a bake

is necessary will depend on the crystal as well as environmental factors. For hBN,

we found leaving the tapes on for at least an hour without a bake gives us optimal

results, while for WSe2, we bake the chips tape side down for 2 min at 120°C and let

cool for about 10 minutes before removing the tapes. When removing the tapes, it is

key to do this gently and smoothly, with the angle between the tape and the chip as

small as possible.

After the tapes have been removed, the 2D flakes can be identified in a microscope

via optical contrast. As an example, in the inset of Step 4 in Fig. B.2 an optical image

of a WSe2 is shown, with the dimensions of the monolayer portion shown in red. The

thickness and atomic smoothness of these exfoliated flakes can be confirmed via atomic

force microscopy (AFM).
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B.3.2 Making a stamp

Figure B.3: Diagram of the stamp used for 2D transfers. a) A diagram of the stamp

from the top view (left) and a side view (right). b) An optical image of a stamp.

A key part of a 2D transfer is the stamp that picks up and deposits the 2D flakes

onto a substrate, as shown in Fig. B.3. The stamp is a PDMS domed pillar that is

flexible, with a thin layer of sticky PC on top. The PDMS allows for gently rolling over

the 2D flakes, with the domed nature making alignment between layers significantly

easier. The PC on top of the PDMS serves as the layer that will actually come into

contact with the 2D materials, and can pick up 2D flakes from their original substrate,

and then melt the final heterostructure on to the final substrate.

To create the stamp, place a pre-cleaned glass microscope slide on a clean, flat

surface. Punch a hole a bit bigger than the PDMS pillar in the center of a piece of

double-sided tape, and place one side on the top end of the microscope slide. Place

the PDMS pillar in the punched hole. Take a piece of scotch tape and punch a hole

in the center. Place this piece of tape over a slide of thin PC, with the punched hole

aligned in center of the PC slide. Using a razor or sharp edge, detach the PC that
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is not under the scotch tape. Gently place the tape with the PC on it onto the slide

with the PDMS stamp, carefully aligning the hole punch in the scotch tape with the

PDMS pillar. With this method, at the center of the stamp, the only layers will be

the PDMS stamp with the thin layer of PC gently folded over it.

B.3.3 Transfer stage

Figure B.4: Images of the transfer stage. a) Entire transfer stage set-up. The main

transfer stage set-up is outlined with the magenta box. The orange box outlines the

camera that allows us to view the transfer stage through the computer on the right

of the picture. The green box outlines the temperature controller for the transfer

stage. b) A closer side view of the transfer stage. An objective lens focuses to the

stage, which is outlined in the yellow box. The stage has x, y, and rotational stage

translators, along with temperature control and a vacuum line. The stamp mount is

shown in the teal box, which is attached to a z-axis motorized positioner. c) A closer

look at the stamp and the stage. The stage is again shown with the yellow box, with

a chip on it in the blue box fastened to the stage with a vacuum line. The stamp is

shown in the red box.

The transfer stage is shown in Fig. B.4. A zoomed-out view is shown in Fig. B.4a,

with the main components being outlined with a pink box. This consists of a stage,

which has temperature control (controller outlined in green) and a vacuum line to
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fix the chip in place. The stage also has x, y, and rotational stage translators. An

objective lens focuses on the stage, and this can be viewed either through the eyepieces

or through the camera shown in the orange box, which is connected to the monitor

shown in the right of the picture. Also in the magenta box is the stamp mount, which

is shown in more detail with a side view in Fig. B.4b.

The stamp is mounted to the components outlined in teal with the polymer face

down. The stamp mount has a z-axis motorized positioner that allows for precise

control of the stamp’s velocity as it touches down on a chip to pick up or place down

a flake on a chip. The stage component is shown outlined in the yellow box, shown

more clearly in Fig. B.4c. The stage has a chip on it which is fixed in place with a

vacuum line (blue). The chip is positioned via the stage positioners, and then the

stamp (red) can be lowered slowly to gently roll over a flake.

B.3.4 Performing transfers

Figure B.5: Diagram showing the principle behind a dry 2D heterostructure transfer.
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A diagram showing the principle of a dry transfer is shown in Fig. B.5. The first

step is to lower the stamp onto a clean substrate with clear features, to make a note

of the height at which the stamp touches the substrate. With this height calibrated,

we can then proceed with the transfer, lowering the stamp to the substrate to pick

up each 2D layer. When picking up multiple 2D flakes, each can be aligned to the

location of the previously picked-up flake on the stamp. Once all of the layers of the

2D heterostructure have been picked up, the stamp can then be lowered onto the final

substrate, and the temperature of the stage is increased slowly to the melting point of

the PC. Once the PC is fully melted onto the substrate, the stamp can be raised. The

melted PC and the heterostructure underneath it will remain on the final substrate.

The melted PC can be removed with chloroform, leaving just the heterostructure.

Figure B.6: Images taken at each step of a transfer, outlining the procedure.

Images taken during a real transfer are shown in Fig. B.6. For our transfer stage,

the steps are as follows:

a) After making a new stamp, the first step is finding the touch point on a clean

chip with some clear features to focus on. Slowly lower the stamp down until ripples

appear and make a note of the height at which the stamp touches the chip. Use an

annotator tool to make a mark on the computer screen of the touch point (blue dot
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in the middle of the ripples), which is the peak of the domed PDMS pillar. Raise the

stamp and place the chip that contains the first flake that will be picked up on the

vacuum stage.

b) Increase the stage temperature to between 55-60°C. Lower the stamp until it

is slightly higher than the touch point, and align the first flake relative to the touch

point. It should be slightly away from the touch point so that it can be smoothly

rolled over the entirety of the flake.

c) After completing the alignment, lower the stamp down until it fully touches

down on the chip.

d) As slowly and smoothly as possible, continue lowering the stamp until you are

fully covering the desired flake. Let the stamp sit covering the flake at the raised

temperature for at least 10 minutes.

e) (Zoomed in mode) As slowly and smoothly as possible, begin raising the stamp.

If the contrast of the flake changes as the stamp is lifted up, this is a good sign that

the flake has been picked up. When the flake is fully picked up, raise the stamp fully.

f) Place the chip with the next flake on the vacuum line and repeat step b),

aligning the next desired flake with the flakes that have already been picked up by

your stamp.

g) Check the alignment by adjusting the focus between the chip (as in (f)) and

the stamp pillar (as in (g)). Once the alignment is good, repeat steps (c)-(e). Repeat

this process until all desired flakes have been picked up and the heterostructure is

ready to be transferred to its final substrate.

IF SAMPLE IS NOT SENSITIVE TO BUBBLES:

h) Align the substrate with the position of the heterostructure on the stamp. Push

the stamp through the heterostructure fully, as in (c) and (d).

i) Begin increasing the temperature of the stage in 10°C intervals. Wait for the

stage to reach the set temperature, then increase the temperature by another 10°C.

Continue this until the stage reaches 160°C, let the stage sit at that temperature for
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5 minutes, increase to 170°C, let sit for another 5 minutes, then increase to 180°C.

IF SAMPLE IS SENSITIVE TO BUBBLES:

h) Align the substrate with the heterostructure’s position on the stamp. Push the

stamp down until it reaches just the touch point, as seen in (c), being careful to not

allow the stamp to move through the heterostructure.

i) Begin increasing the temperature of the stage in 10°C intervals. Wait for the

stage to reach the set temperature, then increase the temperature by another 10°C.

Continue this until the stage reaches 110°C, then slowly push the stamp down so

that the heterostructure is smoothly pressed down onto the substrate, as in (d).

Pushing through the heterostructure at this higher temperature enables bubbles to

be pushed out from the heterostructure, so make sure this goes as slowly and smoothly

as possible.

Continue increasing the temperature until the stage reaches 160°C, let the stage

sit at that temperature for 5 minutes, increase to 170°C, let sit for another 5 minutes,

then increase to 180°C.

FOR BOTH CASES:

j) Once the stage reaches 180°C, very slightly wiggle the X movement. If the

edges of the PC on the substrate move but the heterostructure remains unmoved,

this means the PC has fully melted. Lift up the stamp rapidly, and when it is fully

raised, turn off the temperature control. Let the stage come to room temperature

before removing the flake. The melted PC can be removed by placing the chip in

chloroform for 20 minutes to an hour at least 12 hours after the melting process.
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Appendix C

ADDITIONAL DATA: EXCITON TRANSPORT

Table C.1: The simulated piezoelectric field at 10 nm above the LiNbO3 substrate

with the top ITO electrode with SAW power of 1 mW/µm. The ITO layer can provide

an efficient screening of the in-plane field component for the SAW with different

wavelengths.

λ (µm) 0.6 1.2 1.8 2.4 3 3.6

f (GHz) 5.8568 2.9242 1.9497 1.4626 1.1703 0.97539

Ez (V/nm) 0.082 0.076 0.059 0.048 0.040 0.035

Er (V/nm) 8.6× 10−3 4× 10−3 2.1× 10−3 1.3× 10−3 8.5× 10−4 6.1× 10−4
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Figure C.1: Emission spectrum at the pump position when T = 6 K. When the SAW

is on, all the sharp emission resonances disappear due to delocalization of the excitons

and reduced coupling with localized phonon modes.

Figure C.2: The emission spectrum at the pump (a) and edge (b) position when T=30

K.
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Figure C.3: The emission spectrum at the pump (a) and edge (b) position when

T=200 K.
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Figure C.4: Exciton transport at 50 K with (a) SAW off and (b) SAW on. The left

panels show the spatial PL, while the right panels show the spectral PL.
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Figure C.5: Exciton transport at 80 K with (a) SAW off and (b) SAW on. The left

panels show the spatial PL, while the right panels show the spectral PL.
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Figure C.6: Exciton transport at 120 K with (a) SAW off and (b) SAW on. The left

panels show the spatial PL, while the right panels show the spectral PL.
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Appendix D

ADDITIONAL DATA: QUANTUM EMITTERS

Table D.1: Quantum Emitter Characteristics

Emitter Device Energy tuning (meV) Min Energy (meV) Max Energy (meV) Dipole moment (e·nm) Transition Phonon Lines

QE1 A 6.35 1547.0 1553.4 0.341 KΓ yes

QE3 A 11.5 1520.0 1531.5 0.649 KK yes

QE4 A 6.26 1549.9 1556.2 0.377 KΓ yes

QE5 A 9.75 1490.6 1500.4 0.668 KK no

QE6 A 6.96 1522.2 1529.2 0.622 KK yes

QE7 B 11.6 1543.8 1555.4 0.599 KK yes

QE8 B 12.8 1494.2 1507.0 0.321 KΓ no

QE9 B 11.6 1555.1 1566.7 0.331 KΓ yes

QE10 B 6.20 1538.3 1544.5 0.586 KK no

QE11 B 8.94 1595.8 1604.8 0.357 KΓ no

QE12 B 5.20 1540.2 1545.4 0.315 KΓ yes

QE13 E 7.90 1544.6 1552.5 0.459 QK yes

QE14 E 8.67 1535.8 1544.5 0.480 QK no

QE15 E 5.46 1525.4 1530.8 0.493 QK yes

QE16 E 8.26 1545.8 1554.1 0.455 QK yes

QE17 E 8.65 1520.6 1529.2 0.609 KK yes

QE18 C 8.61 1494.1 1502.7 0.370 KΓ no

QE19 C 20.2 1534.2 1554.5 0.657 KK yes

QE20 D 8.43 1502.8 1511.3 0.471 QK no

Table D.2: Linewidth tuning of select intralayer quantum emitters.

Emitter Device Type Linewidth Tuning Range (meV) Min Linewidth (meV) Max Linewidth (meV)

QE2 C intralayer 0.53 0.94 1.45

QE21 D intralayer 0.73 1.62 2.37

QE22 D intralayer 0.39 1.95 2.34
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Figure D.1: PL spectra, voltage tuning, and linewidth (FMCW) of nineteen IX QEs

that have been measured, (1/3)
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Figure D.2: PL spectra, voltage tuning, and linewidth (FMCW) of nineteen IX QEs

that have been measured, (2/3)
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Figure D.3: PL spectra, voltage tuning, and linewidth (FMCW) of nineteen IX QEs

that have been measured, (3/3)
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Figure D.4: Photoluminescence spectra and second-order correlation g(2) measure-

ments of six 2D emitters. QE13 to 16 are IX emitters, while QE21 and 22 are

intralayer exciton emitters. They all show anti-bunching with g(2)(0) < 0.5 and a

linewidth less than 2.0 meV. Left: PL spectra (black) of emitters. The dashed lines

are Lorentzian fittings. The passband of the tunable filter used in the g(2) measure-

ments is indicated with the red shaded area. Right: g(2) measurements of the emitters.

The low g(2)(0) values show their single-photon characteristics with high purity.
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Table D.3: The Huang-Rhys parameter and phonon line spacings extracted from the

PL spectra of eleven IX QEs.

Emitter Huang-Rhys Parameter Phonon line spacing in energy

QE1 S = 6.15± 0.47 n = 1 → 2: 3.00meV

n = 2 → 3: 3.32meV

n = 3 → 4: 3.71meV

n = 4 → 5: 3.70meV

QE3 S = 1.32± 0.39 n = 0 → 1: 4.19meV

n = 1 → 2: 5.10meV

n = 2 → 3: 3.70meV

n = 3 → 4: 3.76meV

QE4 S = 1.64± 0.54 n = 1 → 2: 3.10meV

n = 2 → 3: 2.63meV

n = 3 → 4: 4.43meV

QE6 S = 2.64± 0.15 n = 0 → 1: 4.14meV

n = 1 → 2: 5.15meV

n = 2 → 3: 4.07meV

QE9 S = 3.55± 0.61 n = 2 → 3: 8.31meV

n = 3 → 4: 6.24meV

n = 4 → 5: 7.25meV

QE12 S = 5.93± 0.37 n = 1 → 2: 3.04meV

n = 2 → 3: 2.81meV

QE13 S = 5.22± 0.64 n = 1 → 2: 3.89meV

n = 2 → 3: 2.90meV

n = 3 → 4: 2.30meV

QE15 S = 1.83± 0.09 n = 1 → 2: 5.31meV

n = 2 → 3: 6.33meV

QE16 S = 9.91± 0.76 n = 4 → 5: 4.16meV

n = 5 → 6: 6.14meV

n = 6 → 7: 3.15meV

QE17 S = 4.81± 0.38 n = 0 → 1: 5.46meV

n = 1 → 2: 8.31meV

QE19 S = 5.77± 0.39 n = 0 → 1: 8.59meV

n = 1 → 2: 7.50meV

n = 2 → 3: 8.48meV
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Figure D.5: Additional data of phonon lines in IX QEs coupled to interlayer breathing

mode phonons. Each peak is fit with a Lorentzian function shown as shaded areas.

The amplitude of each peak was fit with a Poisson function to extract the Huang-Rhys

parameter, shown as black stars.

Table D.4: The phonon lines in IX QEs coupled to the higher-energy phonon mode.

Emitter Huang-Rhys Parameter Phonon line spacing in energy

QE7 S = 5.92± 0.34 n = 1 → 2: 15.58meV

n = 2 → 3: 14.73meV

n = 3 → 4: 10.77meV

n = 4 → 5: 16.14meV
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Table D.5: The energy spacing between phonon lines of intralayer exciton in QEs.

Emitter Huang-Rhys Parameter Peak-to-peak energy spacing

QE2 S = 5.24± 0.60 n = 1 → 2: 5.53meV

n = 2 → 3: 5.15meV

n = 3 → 4: 6.61meV

QE21 S = 1.59± 0.26 n = 1 → 2: 16.36meV

n = 2 → 3: 13.31meV

n = 3 → 4: 11.87meV

n = 4 → 5: 7.53meV
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Appendix E

ADDITIONAL DATA: EXCITON CONTROL WITH SAW
RESONATORS

Figure E.1: PL before and after applying a SAW pulse at different frequencies. The

PL is collected before the SAW turns on, then a single SAW pulse is sent (red dashed

line), and the PL is monitored after. The SAW pulse sent is at a) f = 470 MHz, b)

f = 481.7 MHz, c) f = 482.9 MHz, d) f = 484.7 MHz, e) f = 485.96 MHz, and f)

f = 489.15 MHz.
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