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Figures and Tables
Figure 1-1. Atomic structure of graphene. hBN has a similar atomic structure with alternating B/N

2 10] 10 S F O OO UPPTOPPRTRTPI 19
Figure 1-2. a) Full band structure of graphene, showing crossings at E = 0, known as the K points.
b) Zoom-in of one of the K points, showing an approximately linear band structure...... 20
Figure 1-3. Atomic structure of a MoSe: lattice from a) the top-down and b) from the side. Like
graphene, it has a hexagonal 2D lattice, however the transition metal bonds with four
chalcogens and one chalcogen bonds with two transition metals apiece, creating a “double
layer” at the SElENIUM SIEES. .....ecviiiiiiieiiii e 21
Figure 1-4. Exciton formation using a simple band structure model. a) Photoluminescence from
an electron-hole pair, showing excitation and emission. b) Exciton and trion formation in
the band structure, showing one electron/one hole for the exciton an two electrons/one hole
for the trion. c) Valley optical selection rule in the +K valley. MoSe; has a valley pseudo-
spin in the valence band, where each valley is coupled to a light of a particular helicity. In
the upper +K (-K) valley, radiation is coupled to light of o + (¢—) helicity. [Zoom-in of
band structure adapted from reference 33] ... 22
Figure 1-5. Schematic of the valley properties of a TMD semiconductor monolayer. The K and -
K points both have helicity-dependent excitation as well as a ~180 meV spin-orbit splitting.
[Figure adapted from referenCe 35] ..o s 23
Figure 1-6. Example single-gated device with a graphene backgate, with a negative gate voltage.
The voltage is applied to a gate which is electrically isolated from a graphene contact
attached to the MoSe>. The contact is connected to ground, which allows charges to tunnel
through the hBN barrier. Because the gate voltage is negative, the MoSe, monolayer is

[g10] 1R o o] 1= o TSP R PP TP PP PRSP 24
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Figure 2-1. Three Level cascade diagram. Diagram of the model we use to construct our three-
level system. In this model, charge carriers can be excited from State 1 to State 2, or State
2 to State 3, but not State 1 to State 3. In this model, we will refer to the Biexciton (XX)
state as having energy w2, the Exciton (X©) state as a zero-energy state, and the ground
state as NaVING NEIGY — 1. ..cccvciiiieieeii et re e 35
Figure 2-2. Diagram of the model we use to construct our four-level system. The only difference
between this model and the model in Figure 2-1 is that this model accounts for the
degenerate energy states that exist within TMDs; by doing this we factor in both the K and
K’ valleys within a TMD system. This also forbids any transition between state 3 and state
2. Like in Figure 2-1, the transition between State 1 and State 4 is also forbidden.......... 36
Figure 2-3. Sample formation of a DT/T lineshape. a) Calculated sample transmission spectrum.
The blue line shows the probe transmission without the pump beam on. The red shows a

red-shifted signal caused by the pump laser. b) The difference between the curves in a)

divided by the blue curve. The signal shows a “minus-plus” lineshape. ..........c...ccccoee. 37
Figure 3-1. Bulk Crystals of WSe, used for exfoliation. ... 43
Figure 3-2. Exfoliation pattern on scotch tape, with many large crystal Spots. ...........c.ccccevenene. 44

Figure 3-3. WSe; exfoliated onto 285 nm thick SiO2 on Si. The areas with more visible crystals
are more likely to contain monolayers since that is where the bulk crystals have made
(610] 0] 1= 10! FR OO PP P PPPRPPPI 45

Figure 3-4. 100x optical image of WSe> monolayer on 285 nm SiO2. The monolayer portion
appears as a translucent purple color, with extra layers of WSe> being a darker shade of

purple as shown by piece directly to the left of the monolayer. The yellow pieces are bulk
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WSe; which are on the order of hundreds of nm thick. Note that MoSe> follows a similar
COIOT CONVENTION. ...ttt 46
Figure 3-5. Background corrected PL Spectrum of monolayer WSe>. showing a strong PL signal
at A = 754 nm. This bound exciton signal does not exist for other TMD semiconductor
TNICKINESSES. ..t 47
Figure 3-6. a) Orientation of TMD monolayer and b) corresponding SHG signal with fit
parameters to identify the crystal orientation of this sample. ..........c.ccccovveieiiiiiiieien, 48
Figure 3-7. A standard AFM procedure on a piece of hBN. a) The optical image of a piece of
hBN, b) its corresponding AFM image, and c) the line profile average over the red box on
b. This shows that the piece of hBN is around 4 nm thick. ........cccccccooviiiiiiiieiiccece, 49
Figure 3-8. A PDMS stamp a) before the PC film is placed on top of the PDMS and b) after... 50
Figure 3-9. A stamp lightly touched down near the target piece, in this case a piece of hBN. The
dark yellow part is where the stamp contacts the chip, and as the temperature rises the
contacted portion expands slowly over the top of the sample. ............cccoovveiiiiiiicieee, 52
Figure 3-10. A MoSe>-WSe> (purple and black respectively) lattice-aligned heterostructure
encapsulated between two thick pieces of hBN (light gray and black). There are some
remnants such as dirt in the middle of the contact area in the heterostructure, however both
TMDs are accurately lattice MatChed. .............coeiiiiiiieic e 52
Figure 3-11. Corresponding AFM scan of transfer from Figure 3.9. There is dirt between the layers
but also there is much noise caused by small amounts of dirt from the transfer process. The
bright white areas are spots that are significantly taller than the focused heterostructure

L= NPT 53
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Figure 3-12. Device spincoated with two layers of PMMA.. The two boxes connected at the corners
are alignment markers and approximately 25 pum apart, whereas the larger clusters of
patterns are coordinate markers which appear every 100 pum in the x and y directions. .. 55

Figure 3-13. Sample CAD software showing precise alignment of alignment boxes and coordinate
boxes within the software. a) Shows the high precision pattern (Layers 4 & 5). There are
four specific alignment markers chosen to be the central alignment markers which are noted
by a box. The central coordinate marker for this device is chosen to be the top right due to
its distance from the precise patterns. b) Shows the low precision / high area pattern (Layer
6), showing the schematic of the larger electrical pads in the software. .........c...c.ccoc....... 56

Figure 3-14. Optical image of a pattern with PMMA after development at a) 100x magnification,
showing the development of the finer features and b) 5x magnification, showing the
development of the larger fEatUreS. .........ccoveivee e 57

Figure 3-15. Side-view of a sample after the EBL and evaporation process. There are small gaps
between the Cr/Au alloy and the PMMA, as well as Cr/Au on top of PMMA. The small
gaps allow us to wash the PMMA away and anything about the PMMA (including excess
(O3 U ) SRS PSPR 58

Figure 3-16. Optical image of sample after evaporation and removal of PMMA at a) 100x
magnification and b) 5X magnifiCation.............cccccoiveiiiiiii e 59

Figure 4-1. Diagram of an optical microscope in our optical setups. The black and green lines
represent the path of the collimated white light source and the excitation source,
respectively. The gold line represents the reflection of both the excitation source and the

collimated white light source from our sample...........ccccooviiiiiiicii 63
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Figure 4-2. Diagram of a PL setup. The dark green represents the incident excitation source on
the sample, the lime green represents the reflected excitation source from the sample, and
the gold line represents the PL from the sample. ... 64
Figure 4-3. Truncated CW Nonlinear spectroscopy diagram. The pump is shown to be filtered out
at the polarization analyzer. The photodetector measures the pump-induced change to the
probe signal as a result. We can remove the quarter-wave plates to use linearly polarized
EXCITALION TASEIS. ...ttt bbbttt et et st benrenneas 65
Figure 4-4. Schematic of an AOM crystal across a transducer, showing the formation of the +1
order modulated signal. Note that the angles are exaggerated to make the effect clearer.67
Figure 5-1. a) Diagram of hBN-MoSe>-hBN heterostructure and two-color transmission
apparatus. b) Optical image of heterostructure on Sapphire substrate. The Pump beam
excites the ML MoSe; and the probe beam measures the change in transmission caused by
the pump beam. The Pump and Probe beams are modulated at 500 kHz and 553 kHz

respectively, and cross-polarized so the pump beam is filtered out before measurements.

Figure 5-2. Normalized PL and linear transmission spectra measurement at 7 K, showing the
neutral exciton and trion. The neutral exciton is located at 1.652 eV and the trion is located
AL 1626 V. ettt b et e e n e nnn e 74
Figure 5-3. @) Cross-linear and b) cross-circularly polarized DT/T results (z) as a function of the
Pump and Probe energy. c) Linecut of a) and b) at Epump = 1.652 eV. d) Zoom-in of X/T in
(0 TP 75
Figure 5-4. a) DT/T signal as a function of pump power (pump energy = 1.652 eV). b) Linecuts

at certain pump powers from figure 5-30. ... 76
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Figure 5-5. DT/T signal produced by the 3-level model according to Equation 5.01b. There are
resonances observed at the exciton and biexciton resoNanCes..........c.ccuvvvvererenesesennean. 77
Figure 5-6. DT/T signal produced by the 4-level model in accordance to Equation 5.2b........... 78
Figure 5-7. Theoretical calculation of DT/T spectra from Figure 5-3 with a) cross-linearly
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Figure 5-12. Comparison of our theoretical model (solid blue) to a model which does not include:
trions (including no exciton-trion and trion-interaction) or e-h exchange. In other words, a
model with only a strong exciton-exciton interaction (dashed red) in the cross-circular
configuration. This shows a small biexciton peak at 1.632 eV, meaning that the data does

not support the formation of a bound bIeXCItoN. ..o, 85

Table 5-1. Parameters used with the T-matrixX fFOrmaliSM............uueeueeeeeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeenens 86
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hBN

TMD

ML

TDSE

RWA

PL

SHG

AFM

PC

PDMS

EBL

SEM

PMMA

NPGS

Cw

AOM

LIA

DT/T

Hexagonal Boron Nitride

Transition Metal Dichalcogenide

Monolayer

Time-dependent Schrodinger Equation

Rotating Wave Approximation

Photoluminescence

Second Harmonic Generation

Atomic Force Microscope/Microscopy

Polycarbonate

Polydimethylsiloxane

Electron Beam Lithography

Scanning Electron Microscope/Microscopy

Polymethyl Methacrylate

Nano-Parameter Generation System

Continuous Wave

Acousto-Optic Modulator

Lock-in Amplifier

Differential Transmission divided by Transmission
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Abstract
Transition metal dichalcogenides (TMDs), such as MoSe,, can be thinned to a single layer

molecular monolayer and combined with numerous atomically flat van der Waals materials to
form novel heterostructures as a potential basis for quantum materials'3 and photoelectrodes for
solar cells*°. Monolayer TMDs exhibit tightly bounded excitons in both neutral and charged
species, spin-valley physics, and strong non-linear properties when probed at the neutral and
charged exciton (trion) resonances. Previous non-linear optical measurements have consisted of
transient response from ultrafast pump lasers, however a systematic study of the steady state non-

linear response is lacking.

In this thesis, I will discuss the fundamentals of two-dimensional van der Waals materials
in Chapter 1. In Chapter 2, I discuss the fundamentals of non-linear optics as applied to 2-, 3-, and
4-level systems, as a method to model the non-linear optical response of MoSe». In Chapter 3, |
discuss fabrication methods. In Chapter 4, 1 discuss our optical setups used to measure both linear

and non-linear response of a TMD heterostructure.

In Chapter 5, | discuss the steady-state non-linear spectroscopy using a modulated two-
color pump-probe system described in Chapter 4. We measure the non-linear response of hBN-
encapsulated MoSe> We observe differential transmission (DT) signals associated with both the
neutral exciton and the intrinsically doped trion response, showing a strong dependence on the
intensity and polarization of the pump and probe beam. A non-linear signal was observed at the
trion resonance that has not appeared in previous work. The results are first compared to a
theoretical model based on a multi-level system, where the signal was compared to a biexciton
resonance. We further explore these results by analyzing the results of a T-matrix formulation

based on the exciton-exciton, exciton-trion, and trion-trion correlations. The parameters in the T-

17



matrix formalism can be tuned to reproduce the experimental DT results. The theory remains
consistent with the assumption of exciton-trion correlations, the absence of a bound biexciton, and

strong spin-mixing through incoherent spin-valley relaxation.
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Chapter 1 - Properties of 2D Materials

Two dimensional (2D) materials are materials which consist of strong in-plane covalent/ionic

bonds and a weak out-of-plane attractive van der Waals force, which allow bulk to be cleaved into

thin layers easily®’. The out-of-plane van der Waals force also allows for the formation of more

complex heterostructures with many other thin materials®®. In this chapter, | discuss the

classifications of 2D materials as well as their various applications, notably graphene, hexagonal

boron nitride (hBN), and MoSe;.

1.1: Graphene and hBN

Graphene is a semimetal'®!! consisting of carbon atoms arranged in a hexagonal lattice (Figure 1-

1). Graphene lattices have inversion symmetry, and strong non-linear properties in the presence of

electric fields!?2*, Graphene has a 2.3% absorption rate per layer>, and at monolayer possesses

Figure 1-1. Atomic structure of
graphene. hBN has a similar atomic
structure with alternating B/N atoms.

an approximately linear band structure!’® as
shown in Figure 1-2b, which shows a zoom-in of
the dispersion relation at the K point of the Brillouin
zone. The zero-overlap at the of the valence and
conduction band leads to high conductivity of
graphene!®, allowing for electrons to exhibit
photon-like linear dispersion in graphene?®?, and
allows for wuse as metal contacts in

heterostructures??23.
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hBN is a 2D material which is commonly used as an atomically flat substrate?* allowing for easy
pick-up of 2D materials and formation of high quality heterostructures®®. It is an large gap
semiconductor with a band gap of ~6 eV2%2” which allows it to act as a dielectric tunneling barrier?®

in heterostructures. Its atomic structure is like graphene, however with alternating boron and

nitrogen atoms instead of carbon atoms.

Conduction

E 4

Valence

kX

Figure 1-2. a) Full band structure of graphene, showing crossings at E = 0, known as the K
points. b) Zoom-in of one of the K points, showing an approximately linear band structure.

1.2: Transition Metal Dichalcogenides

Another class of 2D materials is transition metal dichalcogenides (TMDs). The chemical formula
of a TMD is MX2 where M is a transition metal (such as Mo, W) and X is a chalcogen (such as S
or Se). The focus of this thesis is on the very strong non-linear properties in heterostructures based
around TMD semiconductors?®3°, notably MoSe.. TMD semiconductors transition from an
indirect band gap at bulk to a direct band gap when thinned to monolayer®3, which opens the door
for optical applications utilizing monolayer TMD semiconductors. Figure 1-3 shows the atomic

structure of a TMD, showing broken inversion symmetry.
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1.3: Exciton Formation in MoSe2

Figure 1-3. Atomic structure of a MoSe lattice
from a) the top-down and b) from the side. Like
graphene, it has a hexagonal 2D lattice, however the
transition metal bonds with four chalcogens and one
chalcogen bonds with two transition metals apiece,
creating a “double layer” at the selenium sites.

Figure 1-4 shows the formation of an
electron-hole pair in a band diagram,
where incident photons  excite
electrons from the valence band and
into the conduction band. In doing so,
the electron creates an excess positive
charge (electron vacancy) in the
valence band known as a hole. The
excited charge carriers in the
conduction band can recombine with
the hole in the valence band and emit
a photon with energy equal to the

optical band gap. In MoSe;, the

exciton resonance has been experimentally shown to be ~1.65 eV. This recombination pair of an

electron and hole is a quasiparticle known as an exciton. The optical response of MoSe; is

dominated by the low energy “A” exciton with a binding energy of ~500 meV>233, We should note

that the energy of the exciton is below the electronic band gap due to the binding energy of the

coulomb interaction from the electron-hole pair. The valence band of MoSe; contains a spin-orbit

splitting of ~180 meV3,
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Excitons exist as both neutral (X% and charged (X*) species which are referred to as trions. A
neutral exciton is a simple electron/hole pair, whereas a trion is a bound three particle state
composed of one electron and two holes (positive trion) or two electrons and one hole (negative
trion). It is worth noting that trions have a lower emission energy than excitons due to their
increased binding energy (~30 meV®2®) resulting from the extra carrier. It is also worth noting

that many TMD semiconductors are intrinsically doped, leading to the natural formation of trions.

Conduction Band Conduction Band Conduction Band
a b - c \
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Figure 1-4. Exciton formation using a simple band structure model. a) Photoluminescence
from an electron-hole pair, showing excitation and emission. b) Exciton and trion formation in
the band structure, showing one electron/one hole for the exciton an two electrons/one hole for
the trion. c) Valley optical selection rule in the +K valley. MoSe; has a valley pseudo-spin in
the valence band, where each valley is coupled to a light of a particular helicity. In the upper
+K (-K) valley, radiation is coupled to light of a* (67) helicity. [Zoom-in of band structure
adapted from reference 33]
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1.4: Valley Pseudo-Spin

The broken inversion symmetry of MoSe> allows for the contrasting physical properties of the K
and -K valleys in the Brillouin zone. Figure 1-5 shows the valley properties of MoSe». The K and
-K valleys of the Brillouin zone of MoSe> have equal energies and a resulting helicity-dependent
optical selection rules?353¢_ In other words, the K and -K valleys are paired to light of * and ¢
polarization. This results in the creation of a valley pseudo-spin, which can potentially be used in

various quantum information applications as a basis for a qubit state>"8,

Figure 1-5. Schematic of the valley properties of a TMD semiconductor monolayer. The K
and -K points both have helicity-dependent excitation as well as a ~180 meV spin-orbit
splitting. [Figure adapted from reference 35]

1.5: TMD Heterostructures and Charging

The creation of TMD heterostructures using atomically flat hBN has led to the formation of high
quality heterostructures and novel physics. For example, hBN can serve as a substrate for the
MoSe», significantly reducing the effects of surface roughness and roughness from intermediate
layers®®4%. The encapsulation of MoSe; in hBN leads to longer exciton lifetimes, reduced exciton
linewidth***2 and increased oxidation resistance***4, hBN expands the scope of MoSez by allowing
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the creation of novel heterostructures which charge graphene contacts to finely control the doping

level of MoSe; and control the formation of charged exciton species?4°,

hBN

ML Graphene
hBN
Graphene Backgate

Figure 1-6. Example single-gated device with a graphene backgate, with a negative gate
voltage. The voltage is applied to a gate which is electrically isolated from a graphene
contact attached to the MoSe». The contact is connected to ground, which allows charges
to tunnel through the hBN barrier. Because the gate voltage is negative, the MoSe>
monolayer is hole-doped.

Figure 1-6 shows an example of a heterostructure composed of an hBN-encapsulated MoSe>
monolayer, with a graphene gate on one side of the hBN-MoSe2-hBN “sandwich” and a graphene
contact directly attached to the MoSe>. This device can be modeled as a capacitor with an hBN
dielectric of constant x = 2.89~3.03 (ML~Bulk)*® on both sides of the TMD monolayer. The
graphene gates are assigned a voltage to either electron-dope or hole-dope the MoSe> monolayer,

depending on the polarity of the gate. The graphene contact to the device creates a ground.

Using a standard parallel place capacitor model, we know that
Q
Vy = 7 (101)

and
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kAceg,
C = 7 (1.02)

where V, Q, and C are respectively the voltage, capacitance, and charge on our “plates” (in this
case, the TMD semiconductor and graphene gate). A is the surface area of the mutual area between
the graphene gate and the TMD semiconductor, d is the thickness of the hBN separating them, and

€, IS the free space permittivity. Combining equations 1.01 and 1.02, we obtain:

_ Qd
9 kAe

(1.03)

We can re-arrange equation 1.03 and divide by the electron charge e to obtain the free carrier

density of electrons n;

_Q _V;;keo
"Tde de

(1.04)

In doing this we can finely tune the doping level of the TMD in terms of the charge density (i.e.,

the number of charges per unit area).

Conclusion

2D Materials are a vast subcategory of material consisting of many varying types of materials with
unique properties. These materials use a weak out-of-place van-der-Waals force to form
heterostructures, which conventionally use materials such as graphene as a metal contact and hBN
as insulating layers. TMD semiconductors are a category of materials which exhibit unique
properties when thinned to monolayer. Combining graphene, hBN, and TMD semiconductors
leads to novel devices utilizing electric fields to create novel heterostructures for optoelectronic

applications.
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Chapter 2 - Nonlinear Optics and Density Matrix Formalism

The linear and nonlinear optical response of excitons in monolayer transition metal dichalcogenide
(TMD) semiconductors has been the subject of intense research over the past decade for their
potential in various optoelectronic applications such as the creation of optical switches, buffers,
and modulators which mediate interactions between two beams*~*°. Previous two-color optical
pump-probe measurements, to measure the third-order optical response of MoSe2, have shown a
redshift in the exciton signal, which have been attributed to band gap renormalization (BGR)
effects®. A pump beam of varying energy E excites charge carriers from the valence band to the
conduction band, which causes changes in the magnitude of an incident probe beam onto the
sample. Carriers excited by the probe beam are then red-shifted due to various many-body
interactions, e.g. increased binding energy resulting from Coulomb interaction from excess charge

carriers resulting in a red-shift of the exciton energy.

Other nonlinear optical studies on MoSe, and similar TMD semiconductors have used ultrafast
pump probe spectroscopy to probe the MoSe; exciton linewidth®?, trion formation dynamics®>°3,
biexciton formation®*** and an Autler-Townes type exciton splitting®. The studies reveal that a
strong resonant nonlinear response occurs when either pump or probe are resonant with neutral or
charged exciton species. In this chapter we use the density matrix formalism of a multi-level
system in the field-interaction representation to understand the nonlinear optical properties of an
MoSe; exciton system, as well as a brief introduction into the T-matrix formalism we used to form

a complete theory to describe the exciton dynamics in the system.
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2.1: Fundamentals of Non-linear Optics

Light interaction leads to a macroscopic polarization density P in the medium, which can be

described using the following equation:
Bt) = ¢ X(E(t))ﬁ(t) (2.01)
Where €, is the permittivity of free space, X(E) is the susceptibility, and E(t) is the electric field.
We can expand )((E) using a power series and rewrite the susceptibility:
x(E) = x® + yPE®) + yPE?(t) + -+ (2.02)
And plugging 2.02 back into 2.01...

P®) = eo (YWE®) + xPE2() + x®E3(t) + )

= E(t) (PDO(t) + PO(t) + PO(t) + ) (2.03)

Where y™ is the nth order susceptibility coefficient. Note that we will exclusively focus on the

third order susceptibility in this thesis.

Nonlinear spectroscopy allows us to probe the fine structure of materials by probing the
susceptibility of the material using two or more sources of excitation. Standard nonlinear optical
techniques measure optical response as a function of varying parameters, such as optical frequency
and delay time between pulses. Before we can calculate the non-linear optical effects, we must

first develop our multi-level model.
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2.2: Single-Atom Two-Level System in Field Interaction Representation

The field-interaction representation proves advantageous for us as it allows us to model the field-
interaction between the MoSe; and any external light sources as a multi-level system with a
perturbation effect resulting from the light source. The model is ultimately used to express the
transitions and the optical response of a multi-level system as a function of elements of the density

matrix p.

Suppose we write the Hamiltonian for a time-dependent Schrodinger equation (TDSE) of any

single-atom-field interaction as the following;
H(r,t) = Hy(r) + V(r, t) (2.04)

Where H, (1) represents the time-independent Hamiltonian term and V(r,t) refers to the
interaction of a classical, time-dependent field with the atom. The energy levels of any quantum

system can be represented using equation 2.05;

ﬁo(r)wn(r) = E (1) (2.05)

Where 1, (1) refers to the nth eigenstate of the quantum system. By using equation 2.05 in the

TDSE, we can express the atom-field interaction using equation 2.06;

L oY t) - N
ih FY [Ho(r) +V(r,O)]yY(r,t) (2.06)

The state vector 1 and equation 2.07 can be written as a sum of eigenstates;

P = Y ay(® Yu(r) (207a)

n
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ih ) dn(®) Yn(@) = Fo®) )" an() Ya@) +7@,0) ) an(t) Yo () (2.07D)

| Yu(r,t) > = Z a,(t) | n > (2.07¢)

n

Where 2.07b is the amplitude representation and 2.07c is the Dirac notation representation of this
state, and a,, (t) refers to the time-dependent solution to the TDSE. By using the orthogonality of
eigenstates, we can multiply equation 2.07b by i, (r) and integrate over r to find the time

evolution of state amplitude a,, (t);

ih dn(t) = Enn(0) + ) Vam(£) a(£) (2.080)

ih a(t) = Ea(t) + V(t)a(t) (2.08b)

Where 2.08a is the amplitude representation of the interaction and 2.08b is a matrix equation. We
can re-express the solutions to this equation using the interaction representation, which requires
state amplitudes be constant without interaction. We start by expressing our eigenstate using
equation 2.09;

Y=Y c®e P, (r) (209)

n

W) >= Y caldde™F |, > (2090)

n

Plugging 2.09a into 2.08b;

i (6) = Z V. (£) ¢ (£)e~i@nmt (2.10a)

m
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E,—E
Wpm = % (2.10b)

Where we use wy,,, to refer to a transition frequency between two states n and m. Combining

equation 2.09a and 2.07b, allows us to express a, (t) as a function of ¢, (t);

a,(t) = cn(t)e_i% (2.11)

2.3: Application of Amplitude Representation to a Two-Level System

We can apply these equations to a two-level system interacting with an external electric field. We
start by using an example external field defined by equation 2.12 and its corresponding interaction

potential (2.13) obtained from the dipole approximation;
E(t) = Z|Ey(t)| cos[wt — @(t)] (2.12)
V(r,t) ~ —fi- E(R,t) = ef- E(R,t) (2.13)

Where i refers to the atomic dipole moment operator. First we can define the ground state energy
of a two level system as —hw,/2 and the excited state energy as +haw,/2, we can write our state

amplitude a using a vector 2.14;

a= (az) (2.14)
And our corresponding interaction matrix V;

_ ( 0 e 212 |Eo ()| cos[wt — ()]

e Zp1|Eo ()| cos[wt — ¢(D)] 0 ) (2.15)
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where we define our exciton dipole momentas e z,; = e z;, = (4;)21. This allows us to rewrite

our Hamiltonian as;

H(t) =Hy, +V(t)

_1 —hay 201,21 |Eo(8)] coslwt — p(8)]
2 <2(uz)21 |Eq ()] cos[wt — ()] g ) (2.16)

We can rewrite 2.16 in terms of the Rabi frequency Q, to represent the strength of the interaction
between the atom and the external radiation, then use equation 2.16 to calculate the values of the

interaction terms in amplitude representation (2.17b);

Qo (t) = Z(ﬂz)z1h|Eo(t)| (2.17a)
o _h - Q0 (t) cos[wt — @(t)]
th dn(t) = 2 (Qo(t) cos[a)(; — ()] ’ Wy ) a(6) (2.17b)

We can simplify this equation to adhere to our experimental conditions by assuming that the

amplitude and phase of the field are slowly varying in comparison to the pump energy (w). If w is

0—w)

close to w, ((“’— <« 1) then we can rewrite equation 2.17b as;
(wo+w)
h —wy Qo (et + QF (t)eit
iha,(t) == . . a(t) (2.18
n(8) 2 (Qo(t)e‘“"t + Q5 (t)e'@t wg (©) (2.18)

In the interaction representation, using equation 2.08, we can rewrite this as;

fl< 0 Qo(t)e—i(a)+w0)t + Qz(t)e_i&
2

ihen(® =3 o ot 4 g oyet@ron . )c(t) (2.19)
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Where § = w, — w. For a sufficiently small value of §, the off-diagonal terms can be separated

into a slow and fast oscillating term. For

« 1, we can use the rotating wave approximation
(wotw)

— also known as the resonance approximation — to rewrite the field amplitudes as;

. _h —wyq Q5 (H)etet

iha,(t) = 5 <Qo(t)e‘i“’t o, >a(t) (2.20a)
h * —iét

ih éa(0) = 3 (Qo(t;_i . Qo(tz)e ) c(t) (2.20b)

Where 2.20a is the amplitude representation and 2.20b is the interaction representation. We can
then numerically solve for the atom-field interaction amplitudes for a two level system using either

representation of equation 2.20.

2.4: Density Matrix Formalism

For a two level system, we can define our density matrix p;

=(on, ) @20

We can then express the time evolution of the density matrix using equation 2.22;

., 0p
ih===[H,p] (222)

By plugging equations 2.20a and 2.21 into equation 2.22, we can form series of equations to

represent the two-level atom interacting with an external electric field;
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o (P11 P12 _ h —Wy Q5(t)e'*t (P11 P12
ih|'. ) == it ( )
P21 P22 2 [\Qo(t)e™® W P21 P22

(P11 P12 —wy QB(t)e"“’t

0

We can also add terms to add spontaneous emission and collision terms and expand the matrix in

equation 2.23 to create the following equations in the amplitude representation;
P11(8) = —i X ()™ pa1 (1) + i x(O)e ™ p15(8) + y2p52(t) (2.240)
Pa2() = i X (D)€ pyy () — i x()e P12 () — ¥2p22(t) (2.24D)
P12(t) = iwop12(t) — X ()e™ [P (t) — p11()] — ¥p12(8) (2.24¢)
P21 () = —iwopa1 () + i X" (©)e ™ [p22(t) — p11 (D] = ¥p21 () (2.24d)
P11+ P22 = 1 (2.24e)

Where x(t) = 2Q,(t) and 2.24e is a statement of conservation of population. y and y, refer to
decay constants which are proportional to the linewidth of the respective exciton and trion states.
We can re-express these terms in the field-interaction representation to represent the two-level

system and the interaction using the following equations in the RWA,;

P11 = P11

P21 = eiwtpm (2.25)

Therefore we can rewrite our series of equations for a two-level atom interacting with a nearly-

resonant field as;
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P11(8) = =i X" (€)P21(8) + i x(£)P12(2) + ¥2p22(t) (2.26a)
P22(6) = I X (©)P21(8) — i x()P12(t) — v2p22(¢) (2.26b)
Pr2(6) = i8p12(t) — i X" (O)[p22(t) = p11(O)] = ¥P12(t) (2.26¢)
P21(t) = =i8P21(t) + i X" (O[22 (t) — p11 ()] — Y521 (2) (2.26d)
P11+ paz = 1(2.268)

Which we then use to solve for each individual element of p. The diagonal elements correspond
to the evolution of each individual state whereas the off-diagonal elements refer to the transitions

between the states in the near-resonant field.

2.5: Three- and Four-Level Cascade System in Field Interaction Representation

A three-level system can be modeled in three different ways; a cascade, V, and lambda system.
The standard system consists of a three-level atom interacting with two external electric field
sources, thereby factoring in nonlinear effects into three level calculations. Our calculations will
be performed in the field-interaction representation to model a three level system near resonance.

Note that our considerations are solely to the cascade system shown in Fig. 2.1.

In a cascade system, we can write a state vector using the following;
[w(t) > = &()el@t|1 >+ &)|2 > +& (e3> (2.27)

Where w and w' refer to the frequency of both external electric fields in contact with the system.

We can use these energies to refer to the energies of a pump and a probe beam respectively in 2D
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non-linear  spectroscopy. Using similar
arguments to Chapter 2.2, we can form a

Hamiltonian similar to 2.19 in the field-

interaction representation; E— E2 =

-5 x* 0
H=| x 0 x"] (@28
0 XI 6/

—— = -0,

By using a 3x3 density matrix combined with _ :
y 9 Y Figure 2-1. Three Level cascade diagram.

Diagram of the model we use to construct
our three-level system. In this model,
charge carriers can be excited from State 1
to State 2, or State 2 to State 3, but not
State 1 to State 3. In this model, we will
refer to the Biexciton (XX) state as having
energy w,, the Exciton (X©) state as a
zero-energy state, and the ground state as
having energy —w;.

the Hamiltonian in equation 2.26, the time
evolution from equation 2.22, and relaxation
terms, we can construct a series of equations

like equation 2.26. We can solve this series of

equation in steady state, we can set all time-

derivative terms to zero to solve for all values of p. We can use similar arguments and
considerations to obtain the solution for the density matrix elements of a degenerate four level

system (Figure 2-2), with the following corresponding Hamiltonian.

—wW1 X21 X31 0

~ X1z —w 0 X42

H = , 2.29
X13 0 w X43 ( )

!
0 X24 X34 TW2TW—W®
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Note that x,; = xi, (and likewise for the other 3 pairs of rabi frequencies). The optical response
of a particular transition is directly proportional to the corresponding density matrix element,

allowing us to utilize our model to compare results from non-linear response techniques in chapter

4,
—— E4_(U2
E3:O I I E2=0
] Elz_wl

Figure 2-2. Diagram of the model we use to construct our four-level system. The only
difference between this model and the model in Figure 2-1 is that this model accounts
for the degenerate energy states that exist within TMDs; by doing this we factor in both
the K and K’ valleys within a TMD system. This also forbids any transition between
state 3 and state 2. Like in Figure 2-1, the transition between State 1 and State 4 is also
forbidden.

2.6: Lineshapes

Analyzing the steady-state non-linear DT/T lineshapes allows us to observe the processes which
govern the interactions between different states. A standard Lorentzian lineshape uses the

following equation:

L(E) = E (2.30)

(E — EOI)Z +(5T

Where I is the exciton linewidth and E, is the center of the emission.
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A quick example of a redshift occurring because of a two-laser experiment is shown in Figure 2-
3, where a small redshift in the transmission curve of Figure 2-3a results in the DT/T lineshape of
Figure 2-3b. We can also extend this concept to view lineshapes which vary in the other parameters
in equation 2.30. We can produce lineshapes using our density matrix formalism and replicate a

differential signal, which we show in Chapter 5.

a ‘ : : - b 0.3
1.0f
0.2
c 0.8}
g 0.1
L -
2 0.6 0.0
2 0.4 e
s -0.1
" 0.2 -0.2
0.0k -0.3
1.648 1650 1.652 1.654 1.656 1648 1650  1.652  1.654  1.656

Probe Energy (eV) Probe Energy (eV)

Figure 2-3. Sample formation of a DT/T lineshape. a) Calculated sample transmission
spectrum. The blue line shows the probe transmission without the pump beam on. The red
shows a red-shifted signal caused by the pump laser. b) The difference between the curves
in a) divided by the blue curve. The signal shows a “minus-plus” lineshape.

2.7: T-Matrix Formalism

Although the Density Matrix formalism is a powerful tool, it is only as strong as the level model
used to produce it. The level model will not generally be able to account for some of the specific
interactions that result from the features, such as the coulomb interaction between a bound exciton
and bound trion. The T-Matrix formalism is a scattering formalism used for computations of non-
spherical particle scattering.® In this case, we can use this formalism to describe our system in
terms of scattering of the three major particle interactions which govern the non-linear response —

exciton-exciton, exciton-trion, and trion-trion®’. Previous studies have shown a T-matrix
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application to a GaAs semiconductor quantum well®®%° to good accuracy, however the key

difference in application of this theory is that there exists a trion state in TMD semiconductors.

The Lippman-Schwinger Equation can be defined in the following way:

E—Hy+1i

Where |¥ > is the center of mass two-body wavefunction for the two-particle state, |@ > are the
eigenstates of the free-space non-interacting Hamiltonian H, with eigenvalues E, and V is the
interaction potential between two particles, and G, is the Green operator. y is a decay constant

which ends up related to the linewidth of the interaction signal.

If we define the T-matrix as a transition matrix between the one-body and two-body state, we can

say that
V|¥, >= Tlo, > (2.32)
We can now multiply both sides of equation 2.31 by V, then rewrite in terms of equation 2.32,
T @i >=V |@r >+ VG, T|@r > (2.33)
Therefore, we can rewrite the Lippman-Schwinger equation solely in terms of operators:
T=V+VG,T (2.34)

We can now rewrite this equation in momentum space. In the notation of Kwong et al:
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T K, ) = V(k k') + z V(k,q)Go(q, 0)T(q, k', ) (2.35)
q

Where k and k' are the final and initial relative momenta (respectively) of the scattered particles,
E = hw refers to the total energy of the particles, and the Green’s function serves as an interaction-
free two-particle propagator. We can generalize the interaction potential using a generic square-

integrable function u(k);
V(k, k') = Au(k)u(k’) (2.36)

Where A represents the sign of the interaction; it is positive for a repulsive interaction and negative

for an attractive interaction. We can combine 2.35 and 2.36 and factor:

T(kk',w)=Aulk)| u(k') + Z u(q) Go(q, w)T(q, k', )
q

= Au(k) (k) + F(K,w)) (2.37)

Where we redefine the terms in the summation as a function F(k', w). If we multiply both sides

of equation 2.37 by u(k)G,(k, ),
u(k)Gy(k,w) T(k, k', w) = 2 u?(k) Go(k, w)(u(k’) + F(k',w)) (2.38)

If we sum both sides up over k, we can easily see the LHS becomes F (k', w) from equation 2.37,

but the RHS becomes:

F(k',w) = A(u(k") + F(k',w)) Z u?(k) Go(k,w) = A I(w)(u(k') + F(K/, a))) (2.39)
k

We can re-arrange this in terms of F(k', w),
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A I(w) u(k’)

FK,0) = e (240)

We can plug equation 2.40 into equation 2.37 to find a compact equation for T (k, k', w);

Al K’
T(k k', ) = A u(k) <u(k’) + %) (2.41a)

Which simplifies to...

A u(k)u(k’)

T(k, k’, (1)) = TI(O)) (241b)

We can use the zeroes of the denominator of this equation to find the energy of each bound state.
We can write the transmission ratio in terms of the incident electric fields as follows:

Ei(w)?

7 (242)

HLon ) =g, w2

Where the subscript pr refers to the probe beam (and subsequently, the subscript p will refer to
the pump beam), and ¢t refers to the transmitted laser. We can rewrite the numerator similarly to

equation 2.03 in terms of the linear and non-linear polarization:

anw 1m [ (PD (@) + PP ()] _T+DT

tHw)=1- nc Epr(w)? T

(2.43)

Where the imaginary portion of the component of the electric field is the absorption, therefore we
can define transmission as the difference between the absorption and unity. We can rewrite % in

terms of the non-linear susceptibility:

DT 4nw Im[E o (x®(w)E2 ()]
—=—— By (@) (2.44)
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We can evaluate our nonlinear susceptibility y® (w) as a sum of the signal contributions of the

contribution of each particle:

() z2 /., @ 2
2@ () = z (’“ (_‘"PT)> <Xf (_“)p)> T(0,0,w) (2.45q)

u 1

i,j=ex,tr
Hex = W (2.45D)

e = fA/1' (2.45¢)

2

™ (@) = s 2.4
Xex (@) Hw — €y + Yox (2.45d)
Fon
Xor P (@) = (2.45e)

h(U - EtT + inr

Where the subscripts refer to the response from the exciton and trion, u refers to the exciton dipole
moment, y refer to the linewidth of the signal, €; refers to the energy of the particle in the subscript,

and f refers to the amplitude of the trion exciton, n' refers to the doping density of the sample.

To describe the interactions in our system, the T-matrix is a 4 x 4 matrix to account for two
parameters: the species (exciton and trion) and the valley polarization (+, —), meaning the possible
states in this configuration are ++,+—, —4, — — for the exciton-trion spin states. Many of our
squared terms, as a result, involve spin-mixing processes due to each diagonal element referring
to such. Note that this chapter covered only the cross-circular excitations, however using the full
matrix model, we can evaluate a linear excitation in terms of a sum of the two co-circular channels

(++,— -).
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Conclusion

In this chapter we have established some of the effects we can observe from non-linear optical
processes, defined non-linear optical processes as a function of susceptibility, then formed a 2-
level model whose arguments can be extended to a 4-level model, so that we can model the non-

linear processes occurring within the nonlinear optical system.
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Chapter 3 - Sample Fabrication

High quality 2D heterostructures can be formed using a process involving mechanical exfoliation®°
characterization, and dry transfer to stack the layers on top of one another with high-accuracy
lattice alignment to create moiré heterostructures®. In this chapter, | detail: 1) the mechanical
exfoliation technique commonly used to create single and thin layers of materials, 2)
characterization methods used to examine the quality of exfoliated materials, 3) the dry transfer

method to create 2D heterostructures.

3.1: Mechanical Exfoliation and Searching

The simplest method to finding isolated, thin, and high-quality 2D materials is the mechanical
exfoliation technique using Scotch tape. We can isolate layers by using the property of SiO, where
the van der Waals force between SiO> and a thin layer of material is greater than the force between

two layers of material.

The process of exfoliation involves taking a small piece
of a larger bulk crystal and placing that crystal on tape.

The bulk crystals are several microns thick and grown in

at Oak Ridge National Laboratory/University of

Figure 3-1. Bulk Crystals of WSe>
used for exfoliation. Tennessee.

We then place a small 0.5 mm x 0.5 mm piece of bulk crystal onto a piece of Scotch tape, and
repeatedly fold and unfold the scotch tape in such a way to both avoid crystal overlap and to form
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large crystal spots as shown in Figure 3-2. Doing this limits the excess tape residue due to a second
tape touch. This allows the sample to remain high quality, which we later characterize in Section

3-2.

The tape in Figure 3-2 is delicately placed on a chip with

a thin film of SiO2 on a piece of Silicon. The thin film

of SiO> is either 90 or 285 nm in thickness; this does not Figure 3-2. Exfoliation pattern on

scotch tape, with many large

affect the van der Waals interaction between the bulk on
crystal spots.

the tape and the SiO2, however it changes the
appearance of the sample when viewed under an optical microscope. The placement of the tape
and its interaction with the SiO> most directly affects the quality of the crystals on the chip, and

they are placed in contact with the weight of a light pair of tweezers.

Then, we place the chip onto a hot plate set to 100°C for two minutes; this expands the tape and
the chip and places them into light contact with one another. Afterwards, when it is taken off the
hot plate and given time to cool, the tape naturally peels off slightly due to a cooling effect, and
then we slowly pull the tape off the chip, by pushing the chip down and pulling up on the tape
simultaneously until the tape is removed. Afterwards, we can observe the transfer of bulk directly

onto the chips, as seen in Figure 3-3.
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Afterward, the samples can be found by systematically searching through the chip with a Nikon

optical microscope at varying magnifications. Each material has a different optical profile in terms

of color at different thicknesses; the TMD materials we
discuss in this thesis show up as a translucent purple as
shown in Figure 3-3. Graphene shows up as a lighter
shade of purple, and hBN shows up at various degrees
of blues and greens at various low thicknesses. This is

due to thin-film interference effects between the SiO»

and the thin layer of material. For hBN, we can more

Figure 3-3. WSe; exfoliated onto
285 nm thick SiO2 on Si. The areas
with more visible crystals are more
likely to contain monolayers since
that is where the bulk crystals have
made contact.

easily observe pieces less than 2 nm thick using 90 nm

SiO2, however we use 285 nm SiO, for TMDs and

Graphene.

Due to the properties of each material, the various steps require small differences depending on
the material. For instance, Graphene does not have as strong a propensity to stick to SiO> chips as
TMDs and hBN, meaning that we often use significant amounts of bulk to create a tape and we
use significant force to transfer between the tape and the chips. TMDs are relatively brittle in

comparison and requires significantly less bulk that is more spread out and isolated.
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3.2: Characterization Methods

The thickness, angular orientation, and topological
cleanliness of a sample can be characterized using
Photoluminescence (PL), Second Harmonic
Generation (SHG), and Atomic Force Microscopy
(AFM). These are used in conjunction to create
high quality heterostructures by identifying
samples and ensuring surface purity when creating
heterostructures. In this section, | briefly discuss
optical characterization results used to identify the
thickness of the sample as well as the angular

orientation of a TMD and how we use the AFM to

check the topology of the sample.

3.2.1: Optical Characterization

As show in Chapter 1, as TMD semiconductors become thinned from bulk to monolayer, the band
gap goes from indirect to direct. This can be measured this at room temperature with a PL setup
which | will describe in more detail in Chapter 4. We can identify a monolayer of material by
whether it produces a strong exciton signature. The signal in Figure 3-5 is an exciton resulting
from a WSe> monolayer excited by a 20 uW green (1 = 532.8) or red Helium-Neon (1 = 633 nm)
laser. The back radiation from the TMD is then collected into a .8 NA objective, filter and sent
into a spectrometer with a center wavelength at 750 nm, and a 1 second exposure time. If a clear

PL signal is detected, then this sample is a monolayer.
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Figure 3-4. 100x optical image of
WSe; monolayer on 285 nm SiO. The
monolayer portion appears as a
translucent purple color, with extra
layers of WSe; being a darker shade
of purple as shown by piece directly to
the left of the monolayer. The yellow
pieces are bulk WSe, which are on the
order of hundreds of nm thick. Note
that MoSe> follows a similar color
convention.




We follow this with SHG to determine the

1200 1 crystal axis orientation of the TMD. SHG
122 involves a process using a polarized, 1 mW,
LZZ pulsed laser with 2 = 800 nm. The sample
g:: emits a signal at A = 400 whose strength

400 o

200 ] depends on the light polarization axis

Counts {[a.u.)

relative to the TMD crystal axis®. This is a
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second order nonlinear effect observed in
Figure 3-5. Background corrected PL _ _ _
Spectrum of monolayer WSe,. showing a semiconductors which results in frequency
strong PL signal at A = 754 nm. This bound _
exciton signal does not exist for other TMD | doubling, often used to measure the
semiconductor thicknesses.

orientation of a molecule®3-%5,

Figure 3-6a shows the optical image of the sample in the SHG optical setup, which is hit by the
incoming pulsed laser. Figure 3-6b shows the resulting sinusoidal response as a function of

polarization, which is then fit to Equation 3.01:
TX—X
y =y, + Asin? <¥> (3.01)

where x. refers to the relative phase angle in degrees, w = 60° is the rotational period of the
lattice, and x refers to the relative polarization angle of the incoming pulsed laser. By measuring
x. between two separate monolayers using the same relative orientation of the incoming laser, we

can align these monolayers later with high accuracy lattice-matching.
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Additionally, we can perform Raman spectroscopy on Graphene to determine the thickness of a
piece of Graphene; this can identify a monolayer with great accuracy®®. This process involves the
comparison between the relative magnitude of two vibrational modes of Graphene®” when the

vibrational modes are excited by a relatively high-power (approximately 500 pW) beam.
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Figure 3-6. a) Orientation of TMD monolayer and b) corresponding SHG signal with fit
parameters to identify the crystal orientation of this sample.

3.2.2: Atomic Force Microscopy

AFM is a characterization technique which is used to probe the topological cleanliness of the
sample and its subsequent heterostructure. We use a Park AFM system to image the samples by
directing an atomically thin tip to interact with the sample and measure the height of the sample
as a function of space®®. This provides high-resolution imaging of a sample and assess its

cleanliness to prevent noise from localized charge effects and interactions with unknown residues.
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Figure 3-7 shows an optical image of hBN (a) and its corresponding AFM image (b). The AFM
image can be analyzed in many ways, either to provide line profiles or to average heights over a

certain region as shown in (c). AFM is important for imaging the thickness of hBN.

0 1 2 3 < 5

Figure 3-7. A standard AFM procedure on a piece of hBN. a) The optical image of a
piece of hBN, b) its corresponding AFM image, and c) the line profile average over the
red box on b. This shows that the piece of hBN is around 4 nm thick.

Figure 3-7 shows the ideal cleanliness of an exfoliated material. There are often small features
which appear on the AFM which are absent from the optical image; these often fail to show up

due to the significantly higher imaging resolution of AFM compared to optical images. However,
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in the case of the piece in Figure 3-7, there is very little untracked residue between the optical

image and the AFM.

3.3: Dry Transfer Method

After characterization, we can stack these materials using a dry transfer method. Materials are
stacked and orientated to lattice-match and insulate a portion of TMD materials from the
environment. This dry transfer method utilizes the van der Waals force between materials to create
heterostructures by using a thin film to peel the samples from the substrate, using a microscope
and a stamp connected to a micrometer. These two in conjunction allow us to precisely align

samples to great precision.

A

Figure 3-8. A PDMS stamp a) before the PC film is placed on top of the PDMS and b)
after.

The first step to creating heterostructures is to create a stamp to facilitate the transfer between
materials. The stamp consists of a block of polydimethylsiloxane (PDMS) (Figure 3-8a) on a glass
slide with a polycarbonate film draped over top of it. This simultaneously puts pressure on the film

and stretches the film out tightly so the film does not move during the transfer process. A sample

50



stamp is shown in Figure 3.8b. We anneal the PC onto the PDMS by baking it on a hot plate at
175°C for two minutes; this is to remove as many air pockets and impurities as possible to ensure

the cleanest transfer and the flattest film.

The stamp is then mounted upside-down onto a magnetically mounted arm with micrometers to
move the stamp. Then, middle of the stamp is placed underneath the microscope and positioned
over the top of the sample. Typically, the first material picked up is hBN due to its strong van der

Waals attraction to the PC film and various other 2D materials.

Upon locating the hBN, sample is pre-heated to 50°C then touch down gently and lightly onto the
vicinity of the sample as shown in Figure 3-9, using a clean part of the stamp. From there, the
sample-stamp system is heated up slowly to 90-100°C (at a rate of 2°C/s) until the film is draped

over the sample and 20-25 um beyond the sample.

The temperature is then decreased slowly to 50°C again. This causes the PC film to “peel” off the
sample slowly, to prevent various cracks and defects from pressure. When the sample reaches
reach 50°C, the stamp is lifted off the substrate to prevent any excess strains and resulting cracks

on the picked-up sample. This process is used to pick up any piece onto a substrate.
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Figure 3-9. A stamp lightly
touched down near the target
piece, in this case a piece of hBN.
The dark yellow part is where the
stamp contacts the chip, and as the
temperature rises the contacted
portion expands slowly over the
top of the sample.

To align a sample on the PC film with a sample on a
substrate, the stamp is moved slowly downwards
towards the substrate and switch the focus of the
microscope between the stamp and the substrate. We
continue to adjust the alignment between the two
samples until the stamp and sample are close enough in
contact where both the PC surface and the sample are
both focused on the same image, but the stamp is not yet
in contact. Once this happens, it is safe to touch the

stamp down so long as the two samples are not in

contact. The slow thermal expansion allows the two samples to touch without displacement so

long as there are no external shocks to the system.

To make moiré heterostructures, we use phase results
from SHG measurements in Figure 3-6 to adjust the
angular orientation of the sample. Then the
heterostructures are aligned at an angle such that their
orientation relative to one another is at O degrees or a
multiple of 60. This precision is achieved by using image
crop and rotation software to rotate TMDs to a certain
angle and stack their images over one another. We use
Microsoft Powerpoint to facilitate the crop, rotation, and

stacking the aligned sample images on top of each other.
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Figure 3-10. A MoSez-WSe>
(purple and black respectively)
lattice-aligned heterostructure
encapsulated between two thick
pieces of hBN (light gray and
black). There are some remnants
such as dirt in the middle of the
contact area in the heterostructure,
however both TMDs are accurately
lattice matched.




Various desktop computer tools (such as EpicPen) are also used to trace the image of the stack and

align the optical image underneath the stamp to the stack image.

Then, the final heterostructure-on-PC system is melted onto stamp onto the target substrate —
examples of such substrates include patterned SiO> chip, a regular SiO chip, another sample, or a
Sapphire substrate. The melting process places the stamp with the full sample into contact with the
target substrate, and then the system is heated to 200°C, which is above the melting point of PC.
After reaching the melting point, we slowly raise the arm up and the heterostructure is now on the
final substrate. Figure 3-10 shows the optical image of an hBN-MoSe>-WSe2-hBN heterostructure

on Sapphire after removing the PC film.

The film is removed by placing the sample in a
chloroform bath for 20 minutes followed by an
IPA bath for 10 minutes. We also perform AFM
after the transfer to check any trace amounts of

PC film and any air gaps that may result from a

transfer (Figure 3-11). There are various methods

Figure 3-11. Corresponding AFM scan to remove these small air gaps and dirt fillings;
of transfer from Figure 3.9. There is dirt

between the layers but also there is much among these are a “nano-squeegee” method®®
noise caused by small amounts of dirt

from the transfer process. The bright which physically pushes dirt and air gaps out
white areas are spots that are significantly _ o

taller than the focused heterostructure using an AFM tip in contact mode, as well as
area.

annealing at 320°C in an inert gas chamber™.
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After applying on these processes and performing the final characterization through the AFM, we

can utilize EBL to create macroscopic gold contacts to perform optoelectronic measurements.

3.4: Electron Beam Lithography

Electron Beam Lithography (EBL) is a method used to create electrical contacts onto our sample
to contact to metals’®, create plasmonic substrates to observe plasmons in TMD semiconductors’?
74 and creating vacancies for finely etching graphene’ 8. The basis behind EBL is to selectively
alter a resist film onto our sample by using a Scanning Electron Microscope (SEM) to “carve” out
a pattern in the resist determined by a CAD software. We can then deposit a thin conductive film
onto our sample through thermal evaporation and remove the excess conductive film on resist.
Afterwards we can wire-bond our sample to an optical cryostation mount which can then be

connected to a power supply or a multi-meter to perform opto-electronic measurements.

3.4.1: PMMA & Nanopattern Generation on Conductive Substrates
We start our EBL process by spin-coating 495 A4 PMMA onto our sample for 60 seconds at 2000

rpm, then placing our sample on a hot plate set to 160°C for two minutes. This ensures that the
PMMA layer is spread evenly through the sample creating an even 200 nm thick layer on the
sample. The hot plate anneals the PMMA onto the sample. After the sample cools, 950 A4 PMMA
is spin-coated onto the sample for 60 seconds at 2000 rpm (300 nm thick layer), then placed onto

the hot plate again at 160°C for two minutes. We then take a 50x optical image of the sample for
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both alignment and to show features. A sample device with both layers of PMMA coating is shown

in Figure 3-12.

Another key feature of Figure 3-12 are the alignment markers (two gold squares overlapped at the

corner) and coordinate markers (larger grids of gold patterns). The alignment markers are spaced

25 pm apart with coordinate markers placed 100 um apart. Each row of a coordinate number

Figure 3-12. Device spincoated with
two layers of PMMA. The two boxes
connected at the corners are alignment
markers and approximately 25 pm
apart, whereas the larger clusters of
patterns are coordinate markers which
appear every 100 um in the x and y
directions.

corresponds to a two-digit number, with each
character representing a single number (Figure 3-
12). In Figure 3-13, we show the CAD software with
various boxes, markers, and patterns on an optical
image of graphene-gated/contacted sample (using
three contacts). In our standard EBL procedure, we
place four unobtrusive alignment boxes around the
sample and assign a central coordinate marker
(typically the nearest unobtrusive coordinate marker

to the sample). We note that we set one edge of our

sample to be perfectly straight to ensure consistency between our intended pattern, the CAD file,

and the optical image.

The pattern uses three separate layers with varying degrees of precision. Figure 3-13b shows that

there is a pattern connected directly to the sample (Layer 4), which is then connected to an

intermediate pattern (Layer 5) that is connected to a larger square (approximately 1 pum x 1 pm)
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(Layer 6). Using the run file, we can customize the spot size, magnification, and electron beam
density in accordance to the precision necessary for a particular layer. Layer 4 has the lowest spot
size, highest magnification, and lowest electron area dosage density from the electron beam for
high precision, whereas Layer 6 has the highest spot size, lowest magnification, and highest

electron area dosage density.

—
200 pm

Figure 3-13. Sample CAD software showing precise alignment of alignment boxes and
coordinate boxes within the software. a) Shows the high precision pattern (Layers 4 & 5).
There are four specific alignment markers chosen to be the central alignment markers which
are noted by a box. The central coordinate marker for this device is chosen to be the top right
due to its distance from the precise patterns. b) Shows the low precision / high area pattern
(Layer 6), showing the schematic of the larger electrical pads in the software.

When the pattern is created, re-centered, and simulated on the Nano-Pattern Generation System
(NPGS) software, we can perform the EBL in the SEM. The sample and a faraday cage are both
loaded into the SEM at the W.M. Keck Center for Nano-Scale Imaging. Current is measured by
centering the SEM image onto the faraday cage, and measuring the corresponding current for each

spot size, which is then recorded onto the CAD run file. Afterward, we move the SEM image to
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the physical position of our sample, with standard spot size and large magnification to prevent
potentially intrusive patterns from being written into the resist. We start by straightening the edge

to stay consistent with our pattern, then process the run file.

The run file starts by asking for points to calculate the equation of the plane of the substrate. This
is done by recording two to four different focused points on the substrate; the software records the
X, Y, and Z values and attempts to model the substrate using the entered coordinates. Then we can
search for our central coordinate, first by finding any numerical coordinate and then using the
distance between numerical coordinates to precisely navigate to the center coordinate without
unnecessary writing into the PMMA. Afterwards, we execute our run file after processing it and
the pattern is written after a short alignment step. Afterward, the sample is placed in MIBK to

develop the pattern created by the SEM.

Figure 3-14. Optical image of a pattern with PMMA after development at a) 100x
magnification, showing the development of the finer features and b) 5x magnification,
showing the development of the larger features.
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3.4.2: Thin Film Deposition

Figure 3-14 shows an optical image of a pattern with PMMA after development, where there are
clear vacancies in the film consistent with the pattern in Figure 3-13. Figure 3-15 shows a side-
view of the film after development and evaporation, where the lower layer of PMMA is more
developed than the upper layer of PMMA. This is because the lower layer is more susceptible to
writing due to being an overall thinner film. We then place the sample in a thermal evaporator,
which also allows us to measure the precise thickness of deposited film, starting by evaporating 5

nm of chrome (as a sticking layer) as followed by 30 nm gold.

Figure 3-15. Side-view of a sample after the EBL and evaporation process. There are small
gaps between the Cr/Au alloy and the PMMA, as well as Cr/Au on top of PMMA.. The
small gaps allow us to wash the PMMA away and anything about the PMMA (including
excess Cr/Au).
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The small gap shown between the two layers of PMMA allows for the removal of excess PMMA
and deposited thin conductive film. The PMMA is removed from the substrate using physically
pulsed acetone, which is then washed in IPA. Figure 3-16 shows the sample after the deposition
and lift-off process is completed. Then, the sample can be physically wire-bonded onto a substrate

and later placed into a cryostation for various optoelectronic measurements.

Figure 3-16. Optical image of sample after evaporation and removal of PMMA at a) 100x
magnification and b) 5x magnification.

3.4.3: EBL on Insulating Substrates

One issue with the previous method is that it only applies in the case where the substrate has a
conduction layer. In the previous case, the Si underneath the SiO» substrate allows for a path for
the electrons to disperse and ground. If similar processes are performed on a substrate with no

conductive layer, the fidelity of the pattern is immensely reduced due to charges trapped in the
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PMMA. The charges trapped in the PMMA create a repulsive force, significantly reducing pattern

fidelity.

However, we have developed a method to perform EBL on strongly insulating substrates such as,
in our case, c-axis sapphire. The process is fundamentally the same, however we must create our
conductive layer on top of the PMMA. We do this by applying a layer of the DisCharge H2,0X2
conductive resist on top of the already existing 495 and 950 layers, at 2000 rpm for 60 seconds
(100 nm layer). The film is then given time to solidify in air instead of baked onto the substrate.
When performing the EBL process at the SEM, the sample is mounted using copper clips which
are placed on the “short” side of the sample pattern, to ensure the shortest distance to ground any
excess electrons. The electron area dosage density must be adjusted in accordance to equation

3.01:
n .
Nsapphire = % (21-15) (3.01)

Where ngqppnire 1S the electron area dosage density inputted into the run file for the sapphire
substrate, ng; is the corresponding dosage density for the run file for spot size S on a SiO2/Si
substrate. This is because finer features require many more electrons in order to penetrate the extra

layer of resist.

Conclusion
In this chapter, | have shown many methods in which we can fabricate various types of van der

Waals heterostructures, and that many of these methods can be generalized to create
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heterostructures out of any van der Waals heterostructure. | have also shown how we can form
electrical contacts on substrates in both conductive and insulating substrates, for various opto-

electronic applications and measurements on complex heterostructures.
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Chapter 4 - Optical Techniques

In this chapter, we outline the optical techniques we use to conduct the measurements described
in Chapter 5. This chapter details: 1) sample imaging and alignment, 2) photoluminescence

spectroscopy, 3) continuous wave (CW) nonlinear spectroscopy.

4.1: Optical Microscope

Figure 4.1 shows a diagram of the imaging portion of a microscope optical setup. The white light
source is sent through a 0.65 NA objective lens where it is focused onto the sample and reflected
through the original path. A 50/50 beam splitter reflects the image onto the camera with a 10-
20mm lens, resulting in a magnification of ~50 times. We can mechanically adjust the position of
the substrate to find our sample, either with a standard three-axis mechanical stage or using piezo-

electronic controllers.

In our experiments, the laser source (used to excite or probe the sample) is often a green (532 nm)
diode laser, a red (633 nm) Helium-Neon gas laser, or a (700-1000 nm) Ti-Sapphire laser. The
dichroic mirror reflects within a specific wavelength and transmits outside of those wavelengths;
this mirror is selected on its optimal reflection and transmission frequency and may be replaced
by a 50/50 beam splitter if necessary. Both the laser and the white light source are focused onto
the sample and reflected through the white light source’s original path, which is then focused onto
the camera and allows us to view an image of the substrate. The sample is placed on either a room
temperature stage or is housed inside of an optical cryostat with piezo electronic positioners. The

pellicle beam splitter is on a flip mount so that this setup can easily switch between imaging and
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spectroscopy modes (changing between Figures 4-1 and 4-2/4-3) after aligning the beam with the

sample.

Dichroic Mirror

50/50 Beamsplitter Camera

1§

Lens

Pellicle Beamsplitter

Objective Lens

Sample on 3-D Collimated White Light Source
Platform

Figure 4-1. Diagram of an optical microscope in our optical setups. The black and green
lines represent the path of the collimated white light source and the excitation source,
respectively. The gold line represents the reflection of both the excitation source and the
collimated white light source from our sample.

4.2: Photoluminescence

Photoluminescence (PL) is the resulting light emitted by a sample following excitation by an
external source of light. PL measurements are often used to study direct band-gap semiconductors,

which efficiently emit light (see Chapter 1). Figure 4-2 shows a diagram of our PL setup.
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We use a laser with higher excitation energy than the sample’s band gap to create electron-hole
pairs which relax to form excitons. The path of the laser includes a variable neutral density (ND)
filter to adjust beam power, as well as the appropriate choice between a beam splitter and a dichroic
mirror. A dichroic mirror is preferred for PL setups because they have a narrow reflection band
and a broad pass band. For instance, the dichroic mirror we use with our green laser has a narrow
reflection band around 532 nm (2.33 eV), but a broad pass band above 700 nm (1.77 eV). This is
optimal with TMDs such as WSe> and MoSe> because both materials have a band gap above 700
nm (below 1.77 eV), which allows us to reflect the radiation along the same path as the laser, while

minimizing any residual laser reflections.

10 cm Lens

Long Pass Filter Spectrometer

A

Variable ND Filter ==

\ Dichroic Mirror

] Objective Lens
Laser Line Filter

Sample on 3-D
Platform

Figure 4-2. Diagram of a PL setup. The dark green represents the incident excitation source
on the sample, the lime green represents the reflected excitation source from the sample,
and the gold line represents the PL from the sample.
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The sample spontaneously emits a photon after the electron and hole recombines. The PL is
collected by the objective lens and sent back through the original path of the laser. The transmitted
portion of the beam splitter is then sent through a long pass filter and focused onto the entrance
slit of a spectrometer. For our experiments, this long pass filter prevents anything below 700 nm
from passing thereby blocking any remaining incident radiation from the excitation source. The

light is dispersed by a single grating spectrometer and detected with a cooled CCD camera (Andor).

”Pl_jmp"
1 m H

A/2 Waveplate 45° == .
/ P Polarizers (H) Tunable Ti-Sapphire Lasers

50/50 Beamsplitter “Probe”

A/4 Waveplate (45°)
Objective Lens

Sample on Sapphire
Collection Lens
A4 Waveplate (-45°)

Lens

Polarizer (H)

Photodetector Connected to
Voltmeter & LIA Set to |f; — f]

Figure 4-3. Truncated CW Nonlinear spectroscopy diagram. The pump is shown to be
filtered out at the polarization analyzer. The photodetector measures the pump-induced
change to the probe signal as a result. We can remove the quarter-wave plates to use
linearly polarized excitation lasers.
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4.3: Continuous Wave Nonlinear Spectroscopy

TMDs have very strong nonlinear optical effects which we can probe through continuous wave
(CW) pump-probe nonlinear resonance spectroscopy’ %, In Chapter 3, we discussed the nonlinear
properties of TMDs. Figure 4-3 shows the setup used for the nonlinear spectroscopy

measurements.

The sample imaging system is the same as shown in Figure 4-1, However, in nonlinear
spectroscopy, the incident radiation is variable in wavelength and power. Both beams are CW

beams which are focused into two acousto-optic modulators (AOMSs) using a 50 mm lens.

4.3.1: Acousto-Optic Modulators

A diagram of an AOM is shown in Figure 4-4. Our AOMs utilize a TeO- crystal which is supplied
with a 200 MHz radiofrequency (rf) signal from an external driver. This signal’s intensity is
adjusted with an external function generator and drives vibrations in the crystal. When light is
incident at the Bragg angle 6, of the material, the output light is then diffracted at an angle 6

according to equation 4.0182:

0 =

Afrf
v,

a

=26, (4.01)

Where A is the wavelength of the incident laser, f,f is the frequency of the radio signal from the

driver (200 MHz), and v, is the acoustical velocity of our crystal (~4.2 %). For our laser

wavelength ranges (roughly 740-780 nm) incident into the crystal, we require a 6, of
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approximately 35 — 37 milliradians resulting in a diffraction angle of approximately 17.5 — 19.5
milliradians. The intensity of the diffracted light is described by equation 4.02:
Pq

T
7 =53 (

i

2L M, P,

1) | @o2)

Where % is the diffracted power efficiency, L (2.5 mm) and H (.32 mm) are the cross-sectional

4

dimensions of the active portion of the crystal relative to the electrodes, M, refers to the figure of
—-15.3
merit of TeO, (~793 mk—gs)83 and P, refers to the power output of the rf signal (~.1 W). This

results in a diffraction efficiency of ~50%-61% for our wavelength range. Diffraction also occurs
to multiple orders, with the diffraction angles being integer multiples of 4.01, however the
strongest output is the +1 order diffracted beam, and our laser input is optimized around the most

coherent +1 order output.

Acoustic
Absorber

TeO, Crystal

O order

0,

/ rf Signa| +1 order
generator

Figure 4-4. Schematic of an AOM crystal across a transducer, showing the formation
of the +1 order modulated signal. Note that the angles are exaggerated to make the
effect clearer.
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The AOM driver is connected to a square wave generator, which determines whether the driver is
in the on or off configuration. When the driver is on, there is refraction through the TeO. crystal,
whereas when the driver is off there is no refraction through the crystal. Our setup uses two phase-

locked square wave generators driving two TeO2 AOMs in an “on/off” configuration.

4.3.2: Continuous Wave Pump-Probe Spectroscopy

In our research, we define two cross-polarized beams as the “pump” and the “probe” and measure
our non-linear effects as a change to a probe beam caused by pumping the sample at a certain
wavelength. The probe beam is measured by the photodetector at the end of Figure 4.4, whereas
the pump beam is filtered out. The pump is modulated with frequency f; = 500 MHz and the probe
is modulated with frequency f, = 553 MHz. These are the “on/off”” modulation frequencies of each
laser. We use the +1 order diffracted beam from the AOM for the pump and the -1 order diffracted
beam for the probe. This reduces the homodyning noise if both lasers are of the same

wavelength®+&,

The signal is then sent through polarizing optics to set the polarization of each beam and focused
into a polarization-maintaining fiber. The outgoing polarization is then set so that both outgoing
beams are cross-polarized (ie, one is H-polarized and the other is V-polarized). They meet at a
beamsplitter and co-propagate to a 0.75 mm objective which focuses both beams onto the sample.
In transmission geometry, both lasers move through the sample and are then collected by 12 mm
collection lens behind the sample. The transmitted signal is then collimated through a series of

wave-plates and polarization analyzers to optimize pump extinction and probe output and focused
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onto a photodiode with a 50 mm lens. The photodiode is connected to a lock-in amplifier (LIA)
which is set to a frequency equal to the difference in modulation between both AOMs (53 MHz)

to measure the difference frequency.

4.3.3: Lock-In Amplifier

The LIA allows us to measure a non-linear signal by amplifying very small signals that occur at a
certain frequency. When an electric field is incident on our dielectric sample, it induces a
polarization. We can write the photovoltage on the detector as a function of the polarization density

as equation 4.03:
Photovoltage ~ [P + P(3)|2 (4.03)
Where P® is the change in the pump beam due to the probe beam:
P® = OB, |°E,, (4.04a)
And P is the linear polarization term:
PW = yW|E,,| (4.04b)
Plugging in 4.04 into 4.03 and expanding:
Photovoltage ~ |)((1)Epr|2 + 2)((1))((3)|Ep|2|Epr|2 + )((3)2|Ep|2|Epr|4(4.05)

Because the nonlinear response is small, we use the highest order y®) term and rewrite 4.06 in

terms of beam intensity...

2
Photovoltage ~ | x| I, + 2x® L, 1, (4.06)
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Each beam is modulated at a frequency of wy meq and wy,moq and phase-matched, so we can

rewrite in terms of a cosine function:
Photovoltage ~|x™ |21pr,0 cos(wprmoat)
+2YWx®1, 01,0 c0s(@prmoat) €0S(@pumpmoat) (4.07)

Which we can rewrite using trigonometric identities. ..

Photovoltage ~|y™® |21pr,0 cos(wprmoat)
+ X(l))((3)1p,01pr,0 (COS ((wpr,mod + wpump,mod)t)

+ cos ((wpr_mod — wpump,mod)t)) (4.08)

The LIA allows us to see signals which appear at a chosen frequency. To observe the DT response,
we can either have the LIA pick out a signal appearing at the difference modulation frequency
(Wprmod — Wpump,moa) OF the sum frequency (wpr moa + Wpump,moa)- IN OUr Measurements, the
probe and pump frequencies are 553 kHz and 500 kHz respectively, meaning that probing at 53
kHz or 1053 kHz gives us the pump induced change to the probe signal. In our experiments we

use 53 kHz due to limitations of our LIA. The pump induced change to our probe is therefore:
DT~V x®L, 41,0 (4.09)

By dividing by the intensity of our probe beam, we can obtain the ¥ response resulting from the

pump beam:

DT

=~ AP Dy ) (4.10)
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Note that while we do expect higher order terms, they are low in magnitude and oscillate in time.
For this reason, we take time averages over ~5-10 seconds to obtain this signal to prevent noise

from higher order terms.

We note that we do not expect to see @ effects due to ¥ effects in TMDs being associated with
the symmetry of the system, and as a result is dominated by the SHG®*8; instead, the response we

expect is ® to the lowest order!23087.88,

Conclusion

In this chapter we discussed our setup for both linear and non-linear spectroscopy. We can image
the sample with white light to precisely aim our laser(s). With one laser, we can perform
photoluminescence spectroscopy using a dichroic mirror/beam splitter and a spectrometer, used to
characterize the sample according to Chapter 3. With two lasers, we can isolate non-linear optical
signals by measuring the change to a probe laser caused by a pump laser. We can isolate this signal
by setting the frequency of the LIA to the difference in modulation frequency between the pump

and the probe lasers.
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Chapter 5 - Steady State Non-Linear Spectroscopy on Monolayer MoSe;

In this chapter, | describe nonlinear pump-probe spectroscopy measurements performed on MoSe2
identifying steady state phenomena, and analyze multiple models to explain the signal. We begin
by theorizing that we have found a bound exciton-trion biexciton, however we later use a robust
T-matrix model to analyze the various interactions contributing to our lineshapes. We use our
pump-probe modulation technique from Chapter 4 on a hBN-MoSe2-hBN heterostructure and

measure the differential transmission (DT/T) signal from the monolayer.

Photodiode hBN-MoSe,-hBN

ML MoSe,

x xR R XK

Figure 5-1. a) Diagram of hBN-MoSe>-hBN heterostructure and two-color transmission
apparatus. b) Optical image of heterostructure on Sapphire substrate. The Pump beam
excites the ML MoSe> and the probe beam measures the change in transmission caused by
the pump beam. The Pump and Probe beams are modulated at 500 kHz and 553 kHz
respectively, and cross-polarized so the pump beam is filtered out before measurements.

5.1: Experimental Setup

The MoSe; heterostructure was mounted inside of a Montana X-Plane Cryostation cooled to 7 K.

We use a 0.65 NA objective mounted inside of the Cryostation to image and measure the sample;
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the beam is then transmitted through the sample and sapphire and collected into a lens that is
focused into a photodiode as shown in Figure 5-1a. Figure 5-1b shows the heterostructure on a
Sapphire substrate encapsulated by two ~10-15 nm thick hBN layers. The hBN thickness is chosen

to mitigate surface roughness effects and screening environmental doping and fields.

The pump and probe beam are modulated at different frequencies (500 kHz and 553 kHz) and both
are cross-polarized; in doing so, we treat the polarization of the beams as a parameter to filter,
which then filters out the pump-designated beam. Only the probe is measured on the Photodiode
as a result, which is then connected to a Lock-In Amplifier set at the difference frequency between
the beam modulation frequencies (53 kHz). The result of this is a ® effect, discussed in detail in

Chapter 4.4.

5.2: Results of Steady-Steady Pump-Probe Spectroscopy

Figure 5-2 shows the normalized PL spectrum of the sample, taken at 7 K and excited by a 20 pW
green (532.8) diode laser, showing both the neutral and the charged exciton. This corresponds to
a number density of ~108 cm?, indicating a relatively small amount of doping within this
heterostructure®?. Figure 5-2 also shows the normalized linear transmission signal showing a dip
at the exciton resonance. The transmission signal was measured using a 20 uW continuous-wave
(cw) laser scanned from 740 nm to 780 nm. Figure 5-3a shows a spectra obtained from the
nonlinear spectroscopy measurement, using two cross-linearly polarized pump and probe beams
set to a power of 100 uW and 20uW respectively. Using the pump and probe beams, we measure

DT/T as a function of the pump and probe beam energy.
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The spectrum shows unique features observed at 4 different combinations of pump and probe

energies, which we call X/X (pumped at exciton energy and probed at exciton energy), X/T

(pumped at exciton energy, probed at trion energy), T/X, and T/T referring to the energies of the
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Figure 5-2. Normalized PL and linear
transmission spectra measurement at 7 K,
showing the neutral exciton and trion. The neutral
exciton is located at 1.652 eV and the trion is
located at 1.626 eV.
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pump and probe beams, respectively. In
the cross-linearly polarized regime, we
observe pump-induced redshifts at all
three energies, with the strongest peak-
to-peak signal observed at X/X.
However, because the pump and probe
are both cross-linearly polarized, this
data results from mixed valley pseudo-
spins, contrast to  cross-circular
polarization which excites one valley
with the pump and the other with the

probe.
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Figure 5-3. a) Cross-linear and b) cross-circularly polarized DT/T results (z) as a function
of the Pump and Probe energy. c) Linecut of a) and b) at Epump = 1.652 eV. d) Zoom-in of
X/Tinc).

Figure 5-3b shows the corresponding results using cross-circularly polarized pump and probe
beams. While we observe a redshift at X/X and T/X as we did in the cross-linear regime, we also
observe a “hole” feature which does not exist in the cross-linearly polarized regime. In pump
energy we observe neighboring troughs to the “hole” feature. Figure 5-3d is a localized line cut at
XIT, which indicates that the feature resembles the neighboring troughs but with an isolated peak

at only X/T.
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In Figure 5-4, we observe the power dependence of this signal held at Epump = 1.652 and scanned
over the probe energy. We observe that the peak effect only shows up at high power; at low power
it resembles the pump-neighboring features at X/T. Previous measurements have shown that there

are biexciton signals in TMDs which exist in the nonlinear regime®.
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Figure 5-4. a) DT/T signal as a function of pump power (pump energy = 1.652 eV). b)
Linecuts at certain pump powers from Figure 5-3b.

5.3: Applications of 3- and 4-Level Models to Experimental Result

In Chapter 3, | described the density matrix formalism as applied to 3- and 4-level models. Here,
we investigate the possibility that our experimental results can be explained using a 3- or 4- level
density matrix model. Our model considers three energy levels (Figure 2-1), with the first excited
level referring to a single exciton state, and the second excited level referring to a biexciton state
with a binding energy of 26 meV. The 4-level model (Figure 2-2) uses a degenerate single-exciton
state to represent the K and -K valley, with the biexciton state above them. Therefore, signals

originating from a pump or probe photon energy of 1.626 eV will refer to a biexciton signal (BX).
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Each element of the density matrix refers to the corresponding transition within each state; for
instance, p1» refers to the transition between the ground state and the exciton state. The optical
response of the sample is directly proportional to the imaginary part of each element of the density
matrix; therefore, we can adjust our model to take the difference between a field-off and field-on

configuration.
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Figure 5-5. DT/T signal produced by the 3-level model according to Equation 5.01b.
There are resonances observed at the exciton and biexciton resonances.

We modelled the exciton-biexciton system as a three-level ladder system using Figure 2-1. The
top energy of the ladder is the trion energy, whereas the bottom energy level of the ladder is the
negative of the exciton energy. To replicate the signal shape of the pump-probe experiment, we

use Equation 5.01 to calculate DT/T.
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p = p[Pump Power, Probe Power] (5.01a)

DT
T~ Im[p12[100 uW, 20 uW] — p;2[100 plW, 0] + p,3[100 uW, 20 pW]

— po3[100 uw, 0]] (5.01b)

Figure 5.5 shows the results from the 3-level system as a function of pump and probe energies.
The model shows resonances at the X/BX, BX/X, and X/X resonances as expected, with similar
line-shapes at X/X and BX/X to our measurements. However, the 3-level model does not account
for the valley pseudospin resulting from the cross-circularly polarized excitations. To account for
this, we use the 4-level system from Figure 2-2, where both valleys are degenerate in energy. Using

similar considerations to Equation 5.01b, 4-level signal can be generated with Equation 5.02;
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Figure 5-6. DT/T signal produced by the 4-level model in accordance to Equation 5.2b.
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Signal = Im|p;,[100 pW, 20 pW] — p;,[100 pW, 0] + p;3[100 pW, 20 W]
— p13[100 uW, 0] + p24[100 uW, 20 pW] — p24[100 uWW, 0]

+ p34[100 pW, 20 pW] — p34[100 pW, 0]] (5.02)

Figure 5-6 shows the results from the 4-level model. The model shows similar features to the 3-
level model, but the magnitude of each signal is adjusted. The 4-level biexciton model shows
agreement with the data at the resonance points, however there is missing oblique “line” feature
between the X/BX and BX/X signals in our measurements. Due to the small relative magnitude of
the oblique line feature, it is possible that this is a feature that we lack the sensitivity to detect.
Another explanation is that the oblique line comes from our definition that Epump + Eprobe = (w1 +
®2). While we can replicate the general lineshapes of our experiment, we cannot replicate the
intensity of the signal and resulting mathematical artifacts reduce the accuracy of the multi-level
system as a model when examined away from resonance. We therefore cannot conclude that this
is a biexciton signature resulting from an exciton pump and trion probe, and therefore we require

a more robust theory to explain these effects.

5.4: T-Matrix Formalism Applied to Semiconductor TMDs

We used a theoretical model to analyze the data using a T-matrix approach®’, used for the third
order nonlinear response of semiconductor quantum wells®®. The T-matrix approach describes 2-
particle scattering in terms of linear susceptibilities, in this case the particles are excitons and
trions. We can use a 2-particle scattering framework to work with MoSe;, with the particles in this
model being an exciton and a trion. The T-matrix model depicted in Figure 3. The results of the

T-matrix model are shown in Figure 5-7, which shows great agreement with the data obtained in
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Figure 5-3. We will discuss the parameter tuning of the T-matrix approach in-depth in this section
and compare them to the resonant linecuts of Figure 5-7. Note that pump and probe resonances of

1.626 eV will refer to the trion (T) in this formalism.

Cross-Linear DT/T x 10° b Cross-Circular DT/T x 10°
1.66- \ 5 166 . 5
4 4
— 3 o -« 3
d : & 2
> S 1
o
5 1.64- 13 1641
LICJ 0 LICJ 0
3 1 g -1
g 2 7 -2
1.62- 3 1621 3
-4 -4
T T T S5 T T T T T T T T T T T -5
1.62 1.64 1.66 1.62 1.64 1.66
C Probe Energy (eV) d 0.5 Probe Energy (eV)
| -+ -+ Cross-Linear PPN A Cross-Linear
10 4 — Cross-Circular /,—" | Cross-Circular
o | At @ 0.0 NG
g5 ° =
X _-" X
S -~ S
5 ° v o
-0.51
-5 \\“\
-10 T T T NN\_j:O T
1.62 1.64 1.66 1.620 1.625 1.630
Energy (eV) Photon Energy (eV)
Figure 5-7. Theoretical calculation of DT/T spectra from Figure 5-3 with a) cross-linearly
excitation and b) cross-circular excitation, showing strong agreement in all configurations. c)
DT/T linecuts when pumped at the exciton resonance in cross-linear and cross-circular
configurations. d) Close-up of the trion section of the DT/T spectrum.
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5.4.1: Exciton Lineshapes

We start our discussion by looking at the exciton (~1.652 eV) signal in the cross-circular channel.
In the cross-circular channel, the pump and probe beams create excitons in opposite valleys leading
to intervalley interactions. Figure 5-8 depicts our model without the electron-hole (e-h) interaction
exchange, showing the previously observed signatures of the biexciton®*>* manifesting as a dip

around 10 meV below the neutral exciton. The

10

biexciton signal is positive-negative here,

consistent with previous observations with GaAs®.

6]
!

The experimental data shows that there is a redshift

DT/T x 10

(negative-positive) at the exciton resonance rather

° AN Ve than a blueshift (positive-negative), which is a

1.62 1.64 1.66
Photon Energy (eV)

direct result of the e-h exchange interaction. The e-

) ) ) h exchange interaction destabilizes the biexciton in
Figure 5-8. Theoretical DT/T in the

e-h exchange.

biexciton state in the system. However, in both

81



Figures 5-3 and 5-7, there is a negative DT/T signal when pumped at exciton and probed above

the exciton resonance, which is attributed to being a trace of the biexciton.
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Figure 5-9. Theoretical DT/T spectra of our model vs the model with the repulsive
interaction, which would be appropriate in the coherent nonlinear optical regime) included.
a) Using the repulsive or attractive interaction has negligible effect on the DT/T in the
cross-circular configuration. b) In the cross-linear configuration, the model with the
repulsive interaction included shows a blue-shift signal at the exciton, which is a significant
divergence from the experimental signal, therefore justifying our use of an attractive
interaction in our model.

We now analyze the cross-linear channel. In the cross-linear channel, both pump and probe create
excitons in both valleys, leading to stronger intravalley effects such as spin-mixing and exciton
repulsion. Previously we have observed blueshifts in the co-circular and the cross-linear channels
in the coherent regime, noting that there is a relationship DTco-circular = 2 DTeross-linear’c.  These two
channels have similar mechanisms to create a blue-shift, resulting from the strong exciton-exciton
repulsion effects from either populating one valley strongly (co-circular) or populating both

valleys simultaneously (cross-linear). As a result of this large population, we expect to see a
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blueshift. However, the experimental results indicate a redshift in the signal, which means that the

redshift is a result of spin-mixing which would not occur in the co-circular channel. As a result,

we choose the sign of the interaction in the cross-linearly polarized response to be negative

(representing an attractive interaction).
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Figure 5-10. Theoretical DT for cross-
circular configuration, but in contrast to
our standard parameters, here the

intervalley e-h exchange is not reduced.

We can see in Figure 5-9 that this choice in sign for
the interaction causes negligible impact on the
cross-circular channel, as expected. However,
despite this the signal is still dominated by the
blueshift, resulting directly from the e-h intervalley
exchange. Therefore, to justify our reduction in the
intervalley exchange, Figure 5-10 shows our model
with full intervalley e-h exchange factored in. In
this iteration of the model, the signal lacks a

distinct negative feature at the exciton.
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5.4.2: Trion Lineshapes
We now discuss the lineshapes at the trion resonances (~1.626 eV). The lineshapes when probed

at trion are much closer to the linear trion resonance which dominates the DT signal. This DT
signal appears to match with a simple resonance enhancement, where more trion states can be
filled due the effects of the pump beam. We can therefore conclude that the lineshape is dictated
by the exciton-trion complex. However, the trion signal in the cross-circular channel has a notably

more negative signal than the trion signal in the cross-linear channel. The theory can reproduce

: Cross-Linear

—— Model b ,9;5' —— Model
a =+ + No Pump-Induced Free Carriers Petla - - == No Pump-Induced Free Carriers

10 P o
@ ,"“’ )
S 54 .- =
X .- x
E -7 = 00
o 0 s E

-5 ERR R

-10 ‘ ‘ \ TTlone ‘
162 1.64 1.66 1.620 1.625 1.630

Photon Energy (eV) Photon Energy (eV)

: Cross-Circular

1
c —— Model d ,9'5"' —— Model
1+ - No Pump-Induced Free Carriers ’,/" - - - - No Pump-Induced Free Carriers

10 PPt -
o et
S 51 11
X ,,/’
= -
'_
[a)] 0 —7

-5 -

-10 T T T T T T T T T T T
1.62 1.64 1.66

T
1.620 1.625 1.630

Photon Energy (eV) Photon Energy (eV)

Figure 5-11. Comparison of our model parameters without pump induced free carriers (blue)
and with (red). The signal at the exciton shows good agreement with the experiment in both
cases, whereas the signal at the trion agrees better with the experiment when the effect of the
pump-induced free carriers is taken into account. a) and b) cross-linear configuration, c) and
d) show the cross-circular configuration.
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Figure 5-12. Comparison of our theoretical model (solid blue) to a model which does not
include: trions (including no exciton-trion and trion-interaction) or e-h exchange. In other
words, a model with only a strong exciton-exciton interaction (dashed red) in the cross-
circular configuration. This shows a small biexciton peak at 1.632 eV, meaning that the data
does not support the formation of a bound biexciton.

this feature when accounting for pump-induced free carrier generation. Using the estimate that our
pump-induced free carrier density is on the order of 108 cm2 (from the trion photoluminescence
signal) as shown in Figure 5-11. we believe this is sufficiently low enough density that we can
produce free carriers through our pump beam. In other words, the DT signal produced when probed
at the trion is a result of a linear trion resonance mixed with the exciton-trion complex. In Figure
5-12, we switch off the exciton-trion and trion-trion interactions and increase the exciton-exciton
interaction to uZ = 8eVA?; this results in a weak biexciton peak of 1.632 eV, further emphasizing

a lack of bound biexciton signature in our signal.
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5.4.3: Calculation Parameters

In Figure 5-7 we presented the theoretical DT spectrum obtained from the T-matrix formalism
obtained with the following parameters. Note that throughout this section, we use the notation of

Kwong et. al®’.

Parameter Value

Electron mass (m,) 0.83m,

Exciton mass (m,,) 2m,

Trion mass (m;) 3m,
Exciton-exciton interaction strength (u2) 6 eVA?
Exciton-trion interaction strength 0.6us

Trion-trion interaction strength 0.2u3

Trion oscillator strength (|f;|?n.;) 0.02]y; |

Trion excitation amplitude (|£;]?) 4 1 a?, (trion Bohr radius®?)
Trion binding energy 26 eV
Free-electron density 0.87 x 10'cm™2
Pump-induced free-carrier density 3.3 x 108cm™2
Intravalley e-h exchange (intra) 1

Intervalley e-h exchange (Minter) 0.29intra

Exciton (trion) dephasing 2 meV (1 meV)

Table 5-1. Parameters used with the T-matrix formalism.
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Conclusion

We have applied our method of measuring the steady state non-linear response to an hBN-
encapsulated MoSe> device and examined two theories to explain the observed lineshapes at
resonance. While the density matrix formalism, under the assumption of a bound exciton-trion
biexciton, replicates general features of our data, it fails to explain some of the negative features
above the X/X point as well as the purely negative linear susceptibility signal at trion resonances.
It also fails to explain the power dependent “hole” signal which appears solely at the cross-circular
XIT point. In response we developed a T-matrix formalism, originally adapted to GaAs, with
application to TMD semiconductors to replicate each feature. We see that the theory incorporates
exciton-trion correlations, spin-mixing and relaxation, electron-hole interaction, the absence of a

bound biexciton resulting in strong exciton-exciton interactions which create our lineshapes.
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Chapter 6 - Conclusion and Future Directions

In this thesis, we examined the properties of van der Waals heterostructures based on MoSe», a
TMD heterostructure with tightly bound excitons. We discussed examples of heterostructures we
can construct using materials such as graphene and hBN to finely tune and probe various properties
of the material such as the number density. In Chapter 2 we introduced methods to fabricate layered
van der Waals heterostructures and connect them to an electrical source. The process of fabrication
included exfoliation of bulk crystals, searching through the substrates, characterization, stacking,
and lithography on both conductive and insulating substrates. In Chapter 3 we discuss the
fundamentals of non-linear optics, as well as form a density matrix formalism for a multi-level
system to discuss measured non-linear signals. | also introduced the T-matrix formalism which
combines the interplay of different exciton states to form various transmission based signals. In
Chapter 4 we discussed our non-linear measurement setup, consisting of two continuous wave
lasers modulated at different frequencies to allow us to track the pump-induced change to the probe

signal using a lock-in amplifier.

In Chapter 5 we demonstrated the use of our non-linear optical technique to perform continuous
wave steady-state pump-probe spectroscopy at 7 K on an hBN-encapsulated MoSe,. We observe
redshifts in the transmission signal when the signal is pumped and probed at resonance, and we
observe a linear trion resonance when the signal is probed at resonance. We observe these redshifts
for both cross-circularly and cross-linearly polarized light, both as a result of their electron-hole
interactions. However the cross-circularly polarized light also has spin-mixing and relaxation

effects at play due to filling up both valleys.
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We also observe small positive features at both the cross-circularly and cross-linearly polarized
portion of the X/T regime of our plot, which are a mix of signals between the linear trion resonance

and a pump-induced free carrier density.

6.1: Future Directions

The recent implementation of the T-matrix to describe the non-linear transmission response of
MoSe;> has opened the door to similar steady-state non-linear measurements of various other TMD
semiconductors. We can also stack TMD monolayers together into moiré heterostructures®®-3-°°,
such as MoSe>/WSe> and use steady state non-linear spectroscopy to probe any relaxation effects
arising from the interaction between the interlayer exciton and the exciton resonances of each
individual TMD. Previous measurements have been performed showing the interactions occurring

within interlayer excitons®®, but a systematic study has not yet been performed.

We have also realized a method to create precise EBL patterns on insulating substrates (such as
sapphire), which opens the door to measurements which we can finely tune the carrier density such
that a charged exciton species dominates. This allows us to probe the interactions between a trion

and exciton states as a function of charge density which has yet to be explored.
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