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ABSTRACT 

Coherent multidimensional spectroscopy (CMDS) is a powerful analytical technique for learning 

about the structure and dynamics of quantum states in a variety of sample systems. In this 

dissertation, we apply CMDS to investigate monolayers and heterobilayers of transition metal 

dichalcogenide (TMD) semiconductors, a materials system that shows promise in photovoltaic 

applications. Experiments use multiple 50-femtosecond laser pulses to interrogate the rich 

exciton diversity in TMDs as a function of frequency, time, and space. First, we motivate adding 

a widefield nonlinear microscope to our CMDS setup by describing how spatial heterogeneity 

within monolayer and heterobilayer TMDs affects their optical properties. We discuss the design 

principles for each component in the widefield nonlinear microscope and present proof of 

principle measurements on TMDs to validate the instrument. Next, we demonstrate that two-

color sum frequency generation (SFG) spectroscopy is capable of probing high-energy 

conduction bands in monolayer WS2. We show the technique’s general applicability by 

performing the SFG measurements on TMDs of various sample morphologies. We extract the 

ultrafast dynamics of charge carriers occupying the high-energy conduction bands throughout the 

Brillouin zone by preceding the SFG pulse sequence with a pump pulse.  Finally, we suggest 

software improvements to the microscope that would allow it to speed up the camera frame rate 

and greatly improve the S/N for pump-probe experiments with strong probe fields. For the SFG 

measurements, we propose additional experiments to further confirm the peak assignments made 

for monolayer WS2 and suggest a strategy for directly probing the dynamics of high-energy 

conduction bands localized at the direct-gap momentum point. This work applies foundational 

optical principles to build a novel widefield nonlinear imaging system and provides a framework 
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for developing highly selective, multidimensional probes of non-direct-bandgap states in 

materials systems with large excitonic transition dipoles. 
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1 Introduction and Background Information 

1.1 Coherent multidimensional spectroscopy in the Wright Group 

Coherent multidimensional spectroscopy (CMDS) is a family of analytical methods that can 

selectively interrogate the quantum states in a material system. CMDS uses multiple pulsed laser 

sources to induce a nonlinear polarization, 𝑃̃, in the material.  The nonlinear polarization can be 

expressed as a function of the applied electric field in Equation 1 as 

𝑃̃ = 𝜀0[𝜒
(1)𝐸̃ + 𝜒(2)𝐸̃2 + 𝜒(3)𝐸̃3 + ⋯ ]                                                 (1) 

where ε0 is the permittivity of free space, 𝐸̃ is the applied electric field, and χ(n) is the nth order 

(non)linear susceptibility. 𝑃̃ launches additional electromagnetic fields and one of them is 

collected for the signal in CMDS experiments. For the collected signal field to have considerable 

intensity, the phase matching criteria need to be satisfied. That is, the wavevector of the signal 

field 𝑘⃗ 𝑜𝑢𝑡 needs to equal the sum of the wavevectors of the excitation fields 𝑘⃗ 𝑖. Phase matching 

is represented mathematically in Equation 2 as  

𝑘⃗ 𝑜𝑢𝑡 = ∑±𝑘⃗ 𝑖
𝑖

                                                                       (2) 

where the index i accounts for all excitation field interactions with the sample. The excitation 

fields can act on the bra or ket of the quantum state’s wavefunction which determines the 

wavevector sign. The value of the wavevector depends on the frequency of the field, the index of 

refraction of the material at the field’s frequency, and the angle at which the field impinges on 

the sample. How the excitation fields interact with the sample is ultimately decided by the 

spectroscopist and defines the output phase matching criteria.  
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χ(n) is the complex, material-dependent parameter that dictates the output field intensity in a 

CMDS experiment. It relates the optical properties of a state within a sample (e.g. transition 

dipole strength, center frequency, and linewidth) to the applied electric field based on the number 

of field interactions with the sample. When the frequency of the applied electric field is equal to 

a sample’s optical transition frequency, the signal becomes resonantly enhanced. Scanning 

multiple laser frequencies against one another results in a multidimensional spectrum where 

peaks occur along the frequency axes. Multi-resonant CMDS (MR-CMDS) creates a 

multidimensional fingerprint of the sample and the Wright Group has pioneered its use in the 

frequency domain. MR-CMDS can determine the coupling between different quantum states 

(which present as cross peaks in the multidimensional spectrum) and decongest crowded linear 

spectra. MR-CMDS can also interrogate temporal state evolution by changing the time delays 

between the incident laser beams. The Group has successfully demonstrated MR-CMDS in 

molecular,1–3 biological,4 and solid-state systems.5–9  

The materials side of the Wright Group at the time that I joined used MR-CMDS to study novel 

semiconducting materials, namely monolayer transition metal dichalcogenides (1L TMDs) and 

lead halide perovskites (LHPs). The electronic transitions in these materials are spectrally broad 

at room temperature and therefore have fast dephasing rates (a few 10s of fs). The primary 

optical table I worked on, hereafter called the “fs system” (see Appendix A, Section 6), produces 

spectrally broad pulses with ~50 fs temporal pulse duration making it an ideal ultrafast system to 

study semiconducting materials. As will be detailed in the following sections, the material 

system I specialized in is TMDs. The first paper published by the Wright Group on TMDs was in 

2015. Kyle Czech, a former Group member, performed transient grating experiments on a few-

layer TMD sample to explore, for the first time, the frequency dependence of the ultrafast 
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dynamics in this material system.10 The bulk of my foundational MR-CMDS knowledge of 

TMDs came from the work of my mentor, Dr. Darien Morrow. He performed triple-sum 

frequency (TSF) spectroscopy on a few-layer TMD sample for the first time.5 He also 

quantitatively described how the substrate that supports the TMD sample can obfuscate the TSF 

signal.11 The bulk of Darien’s dissertation developed multi-photon pumps and multi-photon 

probes in pump-probe experiments to mitigate substrate response and decrease noise.6,12 

The samples that Darien investigated were comprised of multiple layers of both substrate and 

sample. The layers were thin enough such that interference effects were prevalent. He also 

looked at samples of varying lateral size so the proportion of his beam excitation area 

interrogating the sample differed between experiments. These sample morphologies often 

required quantitative optical modeling to understand the spectral line shapes. Overall, Darien’s 

work demonstrated to me that clear spectroscopic signals can be hard to come by in the types of 

samples we study. This insight, coupled with the fact that 1L TMDs are χ(2) active (see Chapter 

1.2.1.1), motivated me to pursue χ(2)
 spectroscopies throughout my graduate research. All the 

common substrates that support 1L TMDs such as sapphire, fused silica, or protected silicon are 

either not χ(2) active or have a negligible χ(2) which rids the material response of substrate 

interference. This greatly simplifies signal interpretation. 

Figure 1 outlines the wave mixing energy level diagrams (WMELs) for two χ(2) pathways that 

play important roles in Chapters 2 and 3. Second harmonic generation (SHG) uses two photons 

of frequency ω to generate one photon at frequency ωSHG = 2ω. Sum-frequency generation (SFG) 

uses two photons with different frequencies, ω1 and ω2, to produce one photon at frequency ωSFG 

= ω1 + ω2. SHG is the degenerate analogue of SFG. In the context of this dissertation and Wright 

Group materials spectroscopy in general, SHG is typically used when targeting a single 
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resonance (the resonance frequency is equal to ωSHG) and SFG is typically used when targeting 

two resonances (one of the materials’ resonances is equal to ω1 and another resonance is equal to 

ω2).  

All the measurements on TMDs in the Wright Group up until the time that I joined had been 

ensemble-averaged, meaning the output signal is the spatially averaged response of the excitation 

area. Any nuance brought about by heterogeneities within the sample was completely lost. 

Heterogeneities inherent to the material such as grain boundaries were problematic in gaining a 

spatially resolved understanding of material response. Furthermore, the designed heterogeneity 

from vertical and lateral heterostructures of 1L TMDs were becoming increasingly important to 

the TMD photophysics research enterprise.13,14 For the Wright Group to continue interrogating 

the most relevant aspects of TMDs and LHPs, the Group needed to add a spatial axis to its MR-

CMDS setup. This forms the basis for Chapter 2. 

Figure 1 | WMEL diagrams for the χ(2) processes relevant in this dissertation. SHG is shown on the left 

and SFG is shown on the right. The input field for harmonic generation processes is often called the 

fundamental, which is abbreviated as “fund.” in the SHG WMEL. 
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The other main research aim on the TMDs project was to use TMDs as a model system to 

develop MR-CMDS as an alternative to angle-resolved photoemission spectroscopy for probing 

the Brillouin zone in solid-state systems. The frequency-scanning capabilities of the Wright 

Group’s MR-CMDS setup makes it well-positioned to achieve this aim. This forms the basis for 

Chapter 3. 

The rest of this Chapter describes in detail 1L TMDs and their vertical heterostructures. It 

provides the basis to understand the materials physics that’s presented in the rest of this 

dissertation. A short description of each Chapter follows the section on TMDs. 

1.2 Transition metal dichalcogenide (TMD) semiconductors 

1.2.1 Monolayers 

1.2.1.1 Physical description 

TMDs have a chemical makeup of MX2 with the four most prevalent variations having the 

transition metal M=Mo or W and the chalcogenide X=S or Se. All four, namely MoS2, WS2, 

MoSe2, and WSe2 occur naturally in their bulk form as minerals albeit in varying abundances. 

The bulk structure consists of many layers stacked on top of one another and are held together by 

van der Waals (vdW) forces. Because there is no chemical bond between the layers, individual 

layers can be easily cleaved to form few-layer, bilayer (2L), and 1L structures. The chemical 

arrangement of 1L TMDs is shown in Figure 2.15 The unit cell consists of the transition metal 

sandwiched between 6 chalcogens in a trigonal prismatic arrangement (Figure 2a) that is ~0.7 

nm thick. This results in a hexagonal, honeycomb-like pattern with M and X atoms alternating 

when looking from the top-down (Figure 2b). The so-called armchair direction points along 
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alternating M and X atoms and the zigzag direction points along repeating M or repeating X 

atoms. 

As mentioned previously, the unit cell lacks an inversion center making 1L TMDs χ(2) active. 2L 

TMDs in the 2H polytype, where the two layers are rotated 60° or “anti-aligned”, does contain an 

inversion center and are thus not χ(2) active. The other common polytype, 3R, consists of three 

layers that are aligned with a 0° twist angle but are translated with respect to one another, 

maintaining inversion asymmetry and making the 3R polytype χ(2) active. The twist angle from 

0-60° between successive TMD layers acts as an effective toggle of the structure’s overall χ(2),16 

which plays an important role in the transient SHG microscopy measurements in Chapter 2. 

Two common ways of synthesizing 1L TMDs are through mechanical exfoliation and chemical 

vapor deposition (CVD). The Scotch-tape exfoliation method, popularized for synthesizing 

graphene from graphite,17 is also a valid synthetic method for TMDs. Scotch-tape exfoliation is 

relatively cheap and readily accessible which makes it a more popular synthetic method over 

Figure 2 | Physical structure of 1L TMDs. a) the unit cell in a trigonal prismatic arrangement with six 

chalcogens surrounding the transition metal. b) top-down view with M and X atoms alternating to create a 

hexagonal, honeycomb-like pattern. The armchair and zigzag directions point along directions that follow 

alternating atoms or the same atom, respectively. Figure adapted from Ref 15. 
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chemical vapor deposition (CVD). A downside to the Scotch-tape method is the 1L regions are 

typically small (~10 μm x 10 μm areas) and obtaining a 1L is a stochastic process. Recently, an 

exfoliation method using gold tape rather than Scotch tape was shown to create large area 1L 

TMDs of high quality.18 CVD grows the 1L TMD in well-defined orientations (i.e. epitaxially) 

that are controlled by conditions within a tube furnace.19 While the setup required to perform 

CVD is more involved compared to exfoliation, the resulting structures are typically of higher 

crystalline quality.  

1.2.1.2 Electronic/optical description 

When an electron gets promoted from the valence band maximum (VBM) to the conduction 

band minimum (CBM) in a semiconductor, it leaves behind a positively charged hole that resides 

at the VBM. The electron and the hole are held together by the Coulomb force and the correlated 

pair are known as an exciton. The characteristics of excitons in TMDs are shown in Figure 3. 

Bulk TMDs have an indirect bandgap in the near IR and host loosely bound excitons. Material 

surrounds an exciton in all three dimensions in a bulk TMD which significantly screens the 

Coulomb attraction (Figure 3a, top).20 When thinned down to a single layer, the bandgap 

becomes direct and there’s a significant reduction in the Coulomb screening making the exciton 

tightly bound (Figure 3a, bottom). The optical bandgaps for MoS2, WS2, MoSe2, and WSe2 are 

all in the visible spectral range which plays a role in their popularity. The binding energy (the 

energy required to break apart the electron and hole) for 1L TMDs is ~320 meV whereas the 

binding energy for the bulk structure is ~50 meV. 20 The strong effect the binding energy has on 

the optical properties is demonstrated in the reflectance contrast spectrum of 1L WS2 in Figure 

3b. Given the morphology of the 1L WS2 sample and its substrate, the reflection contrast 

spectrum is proportional to the absorption spectrum. 
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The so-called A exciton, and to a lesser extent the B exciton, are separated from the continuum 

absorption in Figure 3b. The real-space representation of the A and B excitonic wavefunctions 

are shown in Figure 3c (top) over the crystal lattice. The inset shows the reciprocal-space, or 

momentum-space, representation of the A and B excitonic wavefunctions. The wavefunctions are 

highly localized in momentum space and, accordingly, delocalized in the real-space 

representation. The so-called C and D excitons are of a different nature than the A and B excitons 

which is demonstrated in the real- and momentum-space representations of the C exciton 

wavefunction in Figure 3c (bottom).21 

These differences come about from where they originate in the Brillouin zone (BZ) which is 

shown in Figure 4 along with the band structure diagrams of the high symmetry points in 1L 

TMDs’ first BZ. The first BZ is the natural way to think about solid-state systems due to their 

Figure 3 | Excitons in bulk and 1L TMDs. a) Cartoon of the Coulomb force bounding the electron-hole 

pair together, highlighting the reduced charge screening in the 1L case. b) reflection contrast spectrum of 

1L WS2 showing the A and B excitonic resonances separated from the continuum absorption as well as 

the C and D excitons on top of the continuum. The spectrum was taken with the hyperspectral nonlinear 

microscope constructed for this dissertation. c) real-space representation of the excitonic wavefunctions 

for the A/B excitons (top) and the C exciton (bottom). The insets show the momentum-space 

wavefunctions. Panel a) is adapted from Ref 20 and panel c) adapted from Ref 21. 
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periodicity. The first BZ for a hexagon in real space is a hexagon in momentum space and is 

shown in Figure 4a with the irreducible representation (red dashes) and the high symmetry 

points. The relevant high symmetry points are K, Γ, Q and M. The Γ point is the origin of the first 

BZ and has zero momentum. Therefore, in real space, the wavefunction that comprises the Γ 

point is delocalized across the entire unit cell (i.e. there’s no periodicity). 

There is prominent spin-orbit coupling (SOC) in TMDs due to the heavy transition metal atom. A 

band structure diagram describes the allowed energies at momentum points in the first BZ. A 

band structure diagram for a 1L TMD that incorporates SOC is shown in Figure 4b.22 It is 

apparent that the A and B excitons originate from the same momentum point (the K point) at the 

Figure 4 | Brillouin zone and band structure diagrams of 1L TMDs. a) hexagonal BZ labeled with the 

high symmetry points and the irreducible representation outlined in red dashes. b) band structure diagram 

of a representative 1L TMD with SOC considered. The arrows highlight the prominent transitions that are 

seen in linear spectra. c-d) orbital projection band structure diagrams for the d and p orbitals. The d 

orbitals play a dominant role in many of the optical transitions throughout the BZ while there is 

considerable p orbital character at the Γ point. Panel b adapted from Ref 22 and panels c, d) adapted from 

Ref 23. 
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VBM and CBM but are separated in energy due to SOC. The K point houses the direct bandgap 

transition in TMDs and therefore is the most studied. The A and B excitons in Mo-based 1Ls are 

separated by ~200 meV and in W-based 1Ls they are separated by ~400 meV. The A and B 

resonances seen in the reflection contrast spectrum in Figure 3b are prominent due to the strong 

transition dipole from the direct-gap transition at the K point. The C and D excitons are 

prominent due to band nesting. Band nesting occurs when the slopes of two different bands 

match each other so that optical transitions at many momentum points fall within a small 

bandwidth of energy. The C exciton originates from nested transitions between the Γ and Q 

momentum points21 and the D exciton originates from nested transitions at the Γ point.23 The 

contribution from the d and p orbitals are projected onto the band structure in Figures 4c and 4d, 

respectively. The size of the symbol in the diagrams is proportional to the orbital population in 

the corresponding state. The direct bandgap transition at the K point, along with many other 

momentum points along the lowest-energy CB and highest-energy VB, are comprised of d 

orbitals of varying symmetry (Figure 4c).24 The p orbitals play a reduced role in the number of 

transitions available near the band edge compared to the d orbitals, however there are 

considerable contributions at and near the Γ point (Figure 4d). 

Ultrafast transient absorption (TA) spectroscopy is the dominant technique to measure population 

recombination dynamics in TMDs. In TA, an ultrafast pump pulse creates a carrier population in 

the material and an ultrafast probe pulse measures the absorbance at a well-defined time after the 

pump. Typically, the transmission or reflection of the probe is the measured quantity and the 

absorbance is calculated from it. The time delay between the pump and probe is stepped to create 

population decay traces. In 1L TMDs, the wide range of sample quality due to varying synthetic 

methods, sample age, and supporting substrate can make interpretation of the population 
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recombination dynamics ambiguous. However, there are some common trends. The 

recombination dynamics generally consist of a fast and slow component and are fit to a 

biexponential decay. The fit is phenomenological but the extracted time constants get mapped to 

physical processes that help paint an intuitive picture for carrier relaxation. The fast component 

typically has a time constant of a couple picoseconds (ps) or less. In a high carrier-density regime 

(large pump fluence), the fast decay is attributed to exciton-exciton annihilation25
 that has a 

linear dependence on the pump fluence and biexciton formation26,27 that has a quadratic 

dependence on the pump fluence. At long delay times and low carrier concentrations, radiative 

recombination is the dominant relaxation pathway. It has a time constant of a few 10s of ps and 

is independent of charge carrier density, which is corroborated by both theory and 

experiment.28,29 Even at low carrier densities, defects such as atomic vacancies, atomic 

substitution, and grain boundaries can dominate over radiative recombination and speed up the 

relaxation process. Finally, optically dark states can compete with radiative recombination on 

both fast and slow time scales.30,31 The probability of populating optically dark states increases at 

elevated temperature where carriers are more likely to scatter with a phonon to a different 

momentum point. 

1.2.1.3 Applications 

1L TMDs can host excitons at both the K and -K momentum points (-K point is shown in Figure 

4a). They are energetically degenerate. The magnetic quantum numbers of electrons and holes 

that comprise excitons at the K point are the opposite sign to that of excitons at the -K point.32 

This gives rise to distinct optical selection rules and related spin-valley properties of excitons 

populated at these momentum points. Pumping 1L TMDs with one handedness of circularly 

polarized light creates excitons only at the K point, while circularly polarized light of the 
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opposite handedness creates excitons only at the -K point.32,33 This aspect of TMD excitons was 

not discussed earlier in the introduction because the experiments in this dissertation use linearly 

polarized excitation beams which excites an equal proportion of excitons at the K and -K points. 

Personally, however, I think the most intriguing application of 1L TMDs is in devices that use 

spintronics/valleytronics. Spintronics (valleytronics) utilizes the spin state of an electron (the 

valley at which an electron resides) to encode and process information. This gives devices 

multiple degrees of freedom, in addition to the charge of an electron, to perform typical 

electronics operation such as logic and memory. The coherent control of spin- and valley-specific 

charge carriers in 1L TMDs makes them an attractive material for the realization of spintronic 

and valleytronic devices.34–36 
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1.2.2 Heterostructures 

1.2.2.1 Physical description and electronic structure 

TMDs of differing chemical composition can be combined to create a heterostructure (HS) which 

is shown schematically in Figure 5.37,38 The figure shows different transition metals but HSs can 

also be made with different chalcogens or with a different transition metal and a different 

chalcogen.  A 1L TMD stacked on top of another 1L TMD creates a vertical HS which is referred 

to as a heterobilayer (HBL) hereafter (Figure 5a, left). The vertical stacking arrangement creates 

a 2D interface. Like the bulk homostructures, the constituent layers in a HBL are not chemically 

bonded but are held together by vdW forces. This relaxes the synthetic constraint so TMD HBLs 

can be created through mechanical exfoliation of both layers and manually stacking one 1L on 

top of the other. TMD HBLs can also be synthesized using CVD. 

Figure 5 | Stacking arrangements and electronic structure of TMD HSs. a) the two types of HSs which 

comprise two different 1L TMDs. Vertical HSs (left) create a 2D interface and laterals HSs (right) create a 

1D interface. Note the figure shows the transition metal changing, but HSs can also be created by 

changing the chalcogen or both the transition metal and the chalcogen. b) band structure diagram for a 

WS2/MoS2 vertical HS. The color of the bands represents the relative contribution of the WS2 and MoS2 

orbitals that comprise the band at the corresponding momentum point. Note the VBM and CBM at the K 

point reside in different layers. Panel a) adapted from Ref 37 and b) adapted from Ref 38. 
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Lateral HSs are more synthetically involved than their vertical counterparts. Instead of a 2D 

interface, lateral HSs have a 1D interface where the different TMDs are chemically bonded to 

one another (Figure 5a, right). The atomically sharp interface provides a higher degree of 

coupling than the vertical HSs that are held together by weaker vdW forces.39 To properly 

interrogate the 1D junction, near-field spectroscopy and microscopy techniques are needed (I 

note that the Wright and Jin group recently published a paper using routine spectroscopic 

characterization methods to learn about alloying in a lateral HS. Those experiments had few-

micron spatial resolution40). Unsurprisingly, the more involved synthetic and optical 

characterization methods of lateral HSs make them much less studied than vertical HSs. Any 

measurements performed on a TMD HS in this dissertation are on vertical ones. As such, the 

following discussion regarding the band structure, optical characteristics and the applications 

only pertains to vertical HSs. 

The band structure for a WS2/MoS2 HBL is shown in Figure 5b. The color of a band at a given 

momentum point represents the relative WS2 and MoS2 orbitals’ contribution to the orbitals that 

comprise that band. Blue means the band is completely WS2 in character and red means the band 

is completely MoS2 in character. There are three important characteristics to point out in the band 

structure: 1) at the K point, the VBM resides in the WS2 layer and the CBM in the MoS2 layer. 

This band alignment is known as Staggered or a Type II band alignment; 2) the VBM at and near 

the Γ point is higher in energy than the VBM at the K point, making the HBL an indirect gap 

semiconductor; 3) a few of the high symmetry points like the Γ, M/2, and Q points are hybridized 

between the WS2 and MoS2 layers (i.e. the highest-energy VB or lowest-energy CB at these 

momentum points is light blue, green or yellow; see colorbar in Figure 5b). This has implications 
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for charge carriers transferring between the layers which will be discussed in the following 

section and Chapter 3.2. 

1.2.2.2 Optical characteristics 

When an exciton is created at the K point in the layer with the lower-energy bandgap, either the 

electron or hole will funnel to the lowest energy configuration (whether the electron or hole 

transfers is determined by the relative band energies). A cartoon of this situation for Type II band 

alignment in a generic HBL is shown in Figure 6a. Type II band alignment occurs for any HBL 

combination that is composed of the four main TMDs in this dissertation. The pump selectively 

creates an exciton in TMD 1 but not TMD 2 as the pump energy is too low to create carriers in 

TMD 2. Due to the energy offset between the layers’ CBMs, the electron will transfer from TMD 

1 to TMD 2. This process is called charge transfer (CT) and it was first discovered in a 

WS2/MoS2 HBL in 2014.41 Figure 6b shows a spatial representation of CT. When pumping the 

Figure 6 | Charge transfer schematic in TMD HBLs. a) band energy representation showing a 

staggered/Type II band alignment. Excitons are selectively created in the TMD with the lower-energy 

bandgap. The energy offset between the CBMs of the TMDs drives the electron to transfer from TMD 1 

to TMD 2. b) spatial representation of the electron transferring from TMD 1 to TMD 2. 
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lower-energy-bandgap material, a photoinduced bleach at TMD 2’s A exciton energy is indicative 

of CT occurring in the HBL. On the flip side, if TMD 2 hosts an exciton, then the electron 

remains in TMD 2 and the hole transfers to TMD 1 due to the band energy offset. At room 

temperature, CT occurs on an ultrafast timescale that is typically shorter than the temporal 

resolution of fs-pulsed TA spectroscopy experiments (< ~30 fs). This ultrafast time scale is 

independent of stacking angle between the two layers,42 the reason for which is discussed in 

detail in Section 3.2.1. 

After CT occurs, the free electrons in one layer are attracted to the free holes left behind in the 

other layer and create an interlayer exciton (ILX; Figure 6a, pink arrow). ILXs have an energy 

equal to the VBM and CBM of the entire HBL system and are therefore lower in energy than the 

intralayer A excitons of both layers. ILXs create a transient dipole across the 2D interface which 

has been shown to increase the asymmetry of the system by enhancing the HBL’s χ(2).43 Relative 

to intralayer excitons, the wavefunction overlap of excitons and holes comprising ILXs is small, 

which results in a weaker oscillator strength. A PL trace for a WS2/MoS2 HBL is shown in Figure 

7a (middle trace).38 The ILX emits around 1.5 eV and the PL intensity is significantly weaker 

compared to the lone WS2 and MoS2 A exciton PL intensities (Figure 7a, top and bottom traces). 

It’s rare to see ILX photoemission at room temperature; a sample temperature near LN2 or colder 

is often required to see discernible ILX photoemission. 

Another defining characteristic of ILXs is their lifetime. Figure 7b compares TA traces for ILXs 

in two HBL samples with twist angles between the layers of 60° and 0° (green circle and blue 

diamond traces).44 A considerable amount of TA signal remains for both HBLs even at a pump-

probe delay of 1 ns whereas the TA signal drops to 0 at a pump-probe delay of <200 ps for the 

pure 1L (black triangle trace). The long-lived nature of the ILX is seen in most TMD HBL 
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combinations, however that’s not the case for WS2/MoSe2 which has ILX lifetimes similar to 

intralayer exciton lifetimes.45 

Finally, another optical characteristic of TMD HBLs worth mentioning is how the output SHG 

intensity varies as a function of its frequency which is illustrated in Figure 7c.46 In these SHG 

images, the polarization setup is such that any SHG from the MoSe2 layer is rejected and only 

SHG from the WS2 layer is detected. Because the polarization setup only allows SHG photons 

from the WS2 layer to reach the detector, this gives a clear picture on how the MoSe2 layer 

Figure 7 | Unique optical phenomena in TMD HBLs. a) PL comparison between a WS2/MoS2 HBL (~1.5 

eV, purple trace) and the individual 1Ls (pink and blue traces) highlighting the weak oscillator strength of 

the ILX. b) TA transients comparing the ILX in two WS2/WSe2 HBLs of differing twist angles to the 

intralayer exciton in 1L WS2, highlighting the long-lived nature of the ILX. c) SHG enhancement images 

of a WS2/MoSe2 HBL with 3 different output SHG energies, illustrating the effect that excitonic 

resonances in one layer has on the SHG properties of the other layer. Panels a, b, c adapted from Refs 38, 

44, and 46, respectively. 
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affects the SHG originating from the WS2 layer in the HBL region. The HBL region is labeled as 

“Hetero” in Figure 7c (left image). The red colorbar plots the enhancement factor (EF) which is 

calculated by dividing the SHG intensity values within a region by the average SHG intensity in 

the pure WS2 region. Thus, the EF for the pure WS2 region is always 1 and the EF for the pure 

MoSe2 region is always 0, which is reflected in all three images. The only region whose EF 

changes is the HBL region. As the SHG output energy gets closer to the MoSe2 C exciton energy 

(2.67 eV), the EF of the HBL region increases, meaning that the WS2 layer is resonantly 

enhanced by the MoSe2 C exciton. This highlights the role that excitons in one layer have on the 

SHG intensity of the other layer, which will be important to consider in Chapter 2.3.1. 

1.2.2.3 Applications 

Charge readily separates in TMD HBLs due to their Type II band alignment which, along with 

their efficient light absorption, makes them attractive materials to use in solar cells. However, the 

binding energy of the ILX has caused the power conversion efficiency in TMD-based 

photovoltaics devices to remain below their calculated theoretical limit.47 Thus, the applications 

most suitable for TMD HBLs lie in electronic and optoelectronic devices.  

When one layer in a TMD HBL is n-doped and the other is p-doped, an atomically thin p-n 

junction is created which exhibits different charge transport characteristics than the bulk 

version.48 Regarding spin and valleytronics applications, the spin-valley polarization of excitons 

in 1L TMDs only lasts up to a few ps which makes them more suited for coherent manipulation 

of the spin states.49 ILXs have been shown to preserve spin-valley information on much longer 

time scales making TMD HBLs an attractive material system for spin and valleytronics 

applications where longer duration of spin-valley polarization is required.50 
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1.3 Remaining thesis structure 

With the relevant spectroscopy and materials background established, the rest of this dissertation 

includes three chapters: 

• The next chapter discusses the motivation for the Wright Group building a nonlinear 

microscope to investigate the spatially resolved photophysics in 2D materials. It goes 

over the design principles for the key components that comprise the microscope and ends 

with a manuscript intended for publication that includes measurements taken by the 

nonlinear microscope, which is the culmination of the microscope project. 

• The following chapter details the Wright Group’s efforts to characterize TMDs at optical 

transitions that do not arise from the direct bandgap transition. We perform SFG 

spectroscopy on a variety of TMD samples and evidence resonance enhancement from 

high-lying CB states. Simple simulations corroborate the experimental results. We then 

use the SFG output as a probe in pump-SFG probe spectroscopy to investigate the CT 

mechanism in TMD HBLs.  

• The final chapter presents natural extensions of the work discussed in the two preceding 

chapters. We discuss a modification to the nonlinear microscope’s image acquisition 

strategy so the instrument is well-suited to perform more conventional pump-probe 

microscopy measurements that utilize a linear probe, in addition to it already being well-

suited for nonlinear probes like SHG and SFG. Regarding the SFG measurements, we 

discuss experiments that would further confirm the peak assignment for the novel high-

energy CB state we see in 1L WS2. Finally, we propose using a well-known variation of 

pump-probe spectroscopy to more directly interrogate the dynamics of the high-energy 

CB state. 
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2 Widefield Nonlinear Microscopy 

Integrating a widefield nonlinear microscope into the Wright Group’s CMDS setup on the fs 

system was the primary project I worked on in graduate school. It was the most challenging yet 

most rewarding project I worked on due to its complexity in both the technical and logistical 

aspects. Section 2.1 uses examples from the literature to motivate the Wright Group’s desire to 

build such an instrument. Section 2.2 details my thought process for designing the key 

microscope components. Finally, Section 2.3 is a manuscript for proof of principle measurements 

taken with the widefield microscope on exfoliated TMD HBL samples, accompanied with the 

Supporting Information for the manuscript. I plan to publish the manuscript in the near future.  

2.1 Motivation for spatially resolved measurements on 2D materials 

2.1.1 Heterogeneities 

The primary motivation for doing spatially resolved CMDS experiments is due to the 

heterogeneities in the 2D materials that the Wright Group studies. There are different classes of 

heterogeneities, some that are unavoidable and some that are designed. The former class comes 

from undesired sources like imperfections that result from the synthesis of the materials, both 

through non-epitaxial methods like the well-known Scotch-tape exfoliation method and epitaxial 

methods like CVD. Common imperfections are cracks and bubbles in the crystal lattice,51,52 

lattice strain, atomic vacancies, atomic substitutions,53 alloying,40 and charge doping.54 These 

imperfections typically lead to electronic/optical properties that are less desirable than the 

pristine material. However, depending on the desired material properties for a given application, 

the “undesired” defects may become “desired” where synthetic conditions favor a particular 

defect as it improves device performance.53  
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The other class of heterogeneities in 2D materials comes from directed fabrication of HSs.55 As 

stated in the introduction chapter, HS interfaces (2D interface for vertical, 1D interface for 

lateral) give rise to interesting materials physics and have applications in next-generation 

electronics and solar cells. Thus, it’s crucial to correlate the optical and electronic properties to 

specific points along the sample. Doing ensemble measurements where the spectroscopic signal 

is spatially averaged is not sufficient when studying this class of materials. An example that 

combines both discussed types of heterogeneities (inherent material defects and HS fabrication) 

is a 2L WS2/graphene vertical heterostructure studied by transient absorption microscopy 

(TAM)56 and is illustrated in Figure 8. 
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A standard optical micrograph (Figure 8b) erroneously shows a mostly homogenous sample. 

When viewed through the lens of an AFM height map (Figure 8c) or a TAM map (Figure 8d), 

however, heterogeneities are readily seen. These heterogeneities are a result of both 

imperfections inherent to the parent crystals and imperfections that get introduced during sample 

fabrication. Furthermore, dynamics reported in Figure 8e tell two completely different stories 

when it comes to heterostructure behavior: the transient signal in Region 1 dies off completely 

within 20 ps, indicating efficient charge transfer and strong interlayer coupling whereas Region 2 

has dynamics that more closely resemble the control 2L WS2 sample. Had this been an ensemble 

Figure 8 | 2L WS2/graphene HS that highlights spatial heterogeneity. a) side-on chemical schematic, b) 

optical micrograph, c) AFM height map, d) TAM map, and e) spatially correlated delay traces. Scale bars 

are 1 µm. Figure adapted from Ref 56. 
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measurement, the two drastically different responses would have averaged out and the nuance 

that the spatially resolved measurements brought to the researchers would’ve been lost.   

The above study has heterogeneity from stochastic processes during crystal growth and sample 

fabrication which leads to defects on a highly variant spatial scale. There are methods of crystal 

growth and HS fabrication that are more controlled which result in the dominant form of 

heterogeneity within a sample to be between different HS domains rather than within a single 

domain. An example of this inter-domain heterogeneity is illustrated in Figure 9.57 

 

Figure 9 | Characterization of 3-layer 2D RP perovskite heterostructure. a) schematic for the layer 

stacking of the heterostructure, b) optical micrograph, c-f) spectrally integrated PL mappings. c) 

composite PL map, d) PL map integrated from 515-525 nm, e) PL map integrated from 570-580 nm, f) PL 

map integrated from 613-623 nm. Figure adapted from Ref 57. 
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The sample is a 3-layer 2D Ruddlesden-Popper (RP) lead halide perovskite with each layer 

constituted from quantum wells of varying thickness (i.e. n number, Figure 9a). The degree of 

heterogeneity in the optical micrograph (Figure 9b) is similar to the degree of heterogeneity that 

is seen in the spectrally integrated PL composite image (Figure 9c). The composite image is 

constructed from the individual PL maps (Figures 9d-f). The intra-domain heterogeneity is a lot 

less dramatic compared to the example in Figure 8. The interesting materials physics in this 

heterostructure sample comes from the vertical stacking of 2D perovskite layers. Differentiating 

the heterostructure regions by their inter-domain heterogeneity is thus crucial and, again, would 

be lost in the case of an ensemble spectroscopic measurement. The PL measurement in this 

example is straightforward experimentally. A nonlinear microscope in the Wright Group would 

aim to use more involved spectroscopic methods (pump-probe spectroscopy and MR-CMDS) 

while getting the more routine measurements (like PL or static SHG) for free, allowing both 

basic and advanced characterization of novel 2D materials. 

2.1.2 Unique microstructures (synthesized by Jin group) 

The examples provided in section 2.1.1 are non-epitaxial structures and thus have less stringent 

synthetic conditions to realize the interesting interface phenomena. There’s another type of 

sample heterogeneity that’s a result of more involved synthetic methods which the Jin group at 

UW-Madison, the Wright Group’s primary synthetic collaborators, specializes in. More 

specifically, they are screw-dislocation spirals of TMDs where differences in the stacking 

configuration leads to differences in the electronic structure of nearby layers and is illustrated in 

Figure 10.58 
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The top row of Figure 10 contains AFM images for three stacking configurations where the 

layers have a 0° stacking angle (Figure 10a), a 60° stacking angle (Figure 10c), and a mix of 0° 

and 60° stacking angles (Figure 10b). Figure 10d-f displays the corresponding SHG image for 

the three stacking configurations. It is apparent there is a structure-function relationship between 

stacking configuration and SHG intensity.  

The SHG behavior of the three stacking configurations likely could’ve been predicted based on 

previous exfoliated 1L and 2L TMD SHG studies. However, it’s much less clear how the time-

dependent photophysics (i.e. pump-probe response) depends on the stacking configuration and if 

there’s a meaningful dependence on the structure thickness. There may also be a difference 

between stacking configurations in the response of a fully coherent CMDS experiment that is 

resonant with an out-of-plane vibrational mode and probes the vertical stacking interactions. It’s 

Figure 10 | Screw-dislocation spirals of TMD microplates. Top row is AFM maps and the bottom row is 

SHG intensity maps. a, d) is for triangular stacking, b, e) is for mixed stacking, and c, f) is for hexagonal 

stacking. Figured adapted from Ref 58. 
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these sorts of inquiries and questions that were being asked in the Wright Group when I joined 

and is the motivation for building a nonlinear microscope. 

2.2 Design considerations for building a widefield nonlinear 

microscope 

2.2.1 Excitation geometry 

How the excitation beams are prepared prior to interrogation of the sample is a crucial aspect to 

consider when building a multibeam microscope as they will either directly generate the detected 

output (for a homodyned experiment) or will be detected by mixing the output with a local 

oscillator and Fourier transforming the resulting fringes (for a heterodyned, interferometric 

measurement). The excitation beams can either be collinear where they occupy the same beam 

path or noncollinear where the beams do not take the same path to get to the sample. The 

dilemma is the same for spatially averaged spectroscopic measurements where one needs to 

consider how they will isolate the signal of interest. Solid state materials at room temperature 

have strong electronic transition dipoles but dephasing times (10s of fs) that are shorter than the 

excitation pulses used on the fs system in the Wright Group. Thus, most nonlinear spectroscopies 

done on solid state materials are done at pulse overlap where all possible spectroscopic pathways 

will generate output. These output beams may be the same color or have the same polarization 

dependence as one another. The signal beams may also share color and polarization 

dependencies with the excitation beams; either scenario makes nonlinear signal isolation 

difficult. Nonlinear spectroscopy is mostly performed in the time domain where, by necessity, 

the experimentalist has control of the excitation pulse’s phase and can use phase cycling to 

isolate the signal of interest.59,60 Frequency domain experiments do not require shot-to-shot 
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phase stability and don’t need phase control of excitation beams. They utilize a noncollinear 

excitation geometry where the output beams are generated at angles defined by phase matching. 

The output beams are spatially coherent. Changing time delays will then separate pathways that 

have the same phase matching dependence. Thus, nonlinear signal isolation requires phase 

cycling if using a collinear beam geometry. Phase cycling is not required if using a noncollinear 

beam geometry. 

In theory, converting a nonlinear spectroscopy setup into a nonlinear microscope is 

straightforward: place a microscope objective into the beam line to magnify the image and figure 

out a means to extract spatial information. Two common ways to extract spatial information are 

with raster scanning or widefield excitation and schematics of both are shown in Figure 11 along 

with an example excitation geometry employed by Wright Group spectroscopy experiments on 

semiconductors. Raster scanning setups use either a static beam with an xy sample scanner or 

galvanometric mirrors that scan the beams across a stationary sample. Raster scanning setups 

only need a single pixel detector as the spatial information comes from scanning the 

beams/sample. The beam size provides the spatial resolution and is therefore small relative to the 

sample (Figure 11b). A widefield setup illuminates the entire sample (Figure 11c) and the light is 

routed to a 2D array detector which provides the spatial information. There are advantages and 

disadvantages to both geometries. Significant factors that inform on the optimal geometry 

include available beam intensity, sample degradation, and scan time. Many nonlinear 

microscopes in the literature utilize a collinear beam geometry and use either raster 

scanning44,61,62 or widefield60 configurations to extract spatial information. 

 



28 

 

Nonlinear microscopes that utilize a noncollinear excitation geometry are much less common in 

the literature. The Wright Group, being a frequency domain multidimensional spectroscopy 

group, does not have phase control of the excitation pulses and extracts its nonlinear output 

through a noncollinear excitation geometry. Thus, the natural extension for creating a nonlinear 

microscope in the Wright Group is to use a noncollinear beam geometry as the Group doesn’t 

readily have the infrastructure to perform phase cycling. We chose to use a 2D array detector 

(camera) since that also gives the microscope the capability to do spectrally resolved 

measurements (by placing a diffractive element in front of the camera, see Section 2.2.3). Using 

a single pixel detector with a sample scanner can only give spectral resolution with the addition 

of a monochromator, and sending multiple beams through a galvanometric scanner is needlessly 

complex. Using a camera for a detector then necessitates widefield excitation.  

Widefield excitation simply means the entire field of view is excited at a single time, it doesn’t 

give any information as to how wide the field needs to be. Beam size will be determined by the 

Figure 11 | Schematic of various spectroscopic excitation geometries. Relative beam and sample sizes for 

a) an example of Wright Group spectroscopy on semiconductor samples, b) a raster scanning microscope, 

and c) and widefield microscope. 
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lateral extent of the sample. For the materials side of the Wright Group, the largest interrogated 

samples are in the 250-500 µm range. Depending on the wavelength of light and focal length of 

the focusing optic, this beam size can be achieved at the focus or ahead of/behind the focus. This 

microscope uses primarily visible/NIR light and would need focal lengths in the ~1 m range to 

achieve a big enough beam size (250-500 µm). Due to space constraints on the optical table, the 

focal lengths of the excitation optics were constrained to 100-200 mm. Thus, to achieve the 

desired beam size, the beams interrogate the sample after progressing through their focus. A 

schematic of the excitation geometry is shown in Figure 12. The noncollinear beam geometry in 

conjunction with defocused excitation is what makes this nonlinear microscope unique as there 

are not many, if any, examples of this type of microscope in the literature. 

Figure 12 | Widefield non-collinear excitation geometry. Each beam passes through its focus, expands 

and then interrogates the sample. A long working distance objective collects all excitation beams and 

generated signal beams. 
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2.2.2 Imaging objective 

The primary consideration when choosing an objective in the context of a multibeam, ultrafast 

microscope is if it has any adverse effects on the excitation beams. Reflective and refractive 

objectives have markedly different constructions and are shown in Figure 13. Ultrafast pulses 

traveling through a large amount of glass in the case of a refractive objective will severely distort 

the pulse (e.g. 50 fs pulses traveling through 100 mm of BK7 glass will stretch to ~250 fs63 and 

obfuscate the temporal information in the measurement). However, if the output signal is 

collected through a refractive objective after the beams have interacted with the sample, then a 

refractive objective will suffice and is the configuration implemented in the proof of principle 

measurements in Section 2.3. 

 

Figure 13 | The two primary types of microscope objectives. A reflective (Schwarzchild, Cassegrain) 

objective is shown on the left and a refractive objective on the right. 
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While the physical footprint of the Wright Group’s nonlinear microscope can accommodate both 

transmissive and reflective excitation geometries, the instrument is better suited to a transmissive 

geometry. This constraint is primarily influenced by the difficulty of using a reflective objective 

in either reflection or transmission. There are two concerns when using a reflective objective in 

transmission (i.e. input beams enter and output beam exits on opposite sides of the objective). 

The first is preparing the excitations beams such that the phase matching condition directs the 

nonlinear output past the secondary mirror while still hitting the primary mirror (Figure 13, left 

side). There’s a ring of acceptable output angles. Common rings of acceptance are 12-25° and 

15-25° for Newport and ThorLabs reflective objectives, respectively. This range of angles is 

large compared to output angles for typical Wright Group experiment on the fs system which are 

~1.5°. The second concern comes into play when the nonlinear output makes it past the 

secondary mirror. If the beam isn’t traveling at an angle that matches the numerical aperture of 

the objective, the beam will not reflect off the primary and secondary mirrors properly and will 

not make it out of the objective. Even if the beam does make it out of the back aperture, the 

likelihood it will be traveling in such a direction that allows it to hit the tube lens within the pupil 

distance is low (pupil distance of ~100 mm is common for infinity-corrected objectives). If the 

Wright Group only did one type of spectroscopy (e.g. CARS, transient grating, triple sum 

frequency) with a narrow range of colors, then calculating the necessary input angle and aligning 

the microscope could be well worth this configuration. However, the Wright Group uses many 

different spectroscopies with a wide color range which means using noncollinear excitation in a 

transmissive geometry using a reflective objective is prohibitively tedious.  

With noncollinear beams in a reflective excitation geometry (i.e. input beams enter and output 

beam exits on same side of the objective) there are again two points of concern. The first one is 
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the same as the first concern in the transmissive geometry: the nonlinear output must make it past 

the secondary mirror which constrains the input beams’ angle of incidence. The second concern 

has to do with the small clear aperture of Cassegrain objectives (the most common reflective 

objective type) which, for popular optics suppliers, is less than 10 mm. Preparing the excitation 

beams to be travelling parallel to one another within such a tight diameter is nontrivial with 

standard optics. One method, which was attempted during prototyping stages of the microscope 

construction, is to use a telescope to shrink the bunch of beams by the proper amount to fit into 

the back aperture. For example, a 5:1 telescope could be used to shrink a beam bunch separated 

by 25 mm that needs to fit into a 5 mm back aperture. In theory this will work but in practice the 

alignment is nontrivial. Concave mirrors used in the telescope, if not aligned perfectly, will 

introduce aberrations such as astigmatism to the excitation beams. Any issues introduced in the 

telescope will get compounded when hitting the highly curved primary and secondary mirrors in 

the Cassegrain. This leads to a messy spatial intensity profile at the sample. Using lenses to 

create the telescope would be a viable option for doing measurements where temporal resolution 

is not a factor. This leads to the conclusion that when one wishes to use a reflective objective to 

do nonlinear microscopy, they’d be right to use a collinear beam geometry exciting from the epi 

direction. 

Using a refractive objective solves many of the issues discussed in the previous paragraph. While 

there are many lenses that comprise a refractive objective (Figure 13, right side), each lens 

makes minor adjustments to the beam path compared to the highly curved primary and secondary 

mirrors in a reflective objective. Furthermore, there’s no secondary mirror in a refractive 

objective which greatly relaxes the phase matching constraints as the objective collects all angles 

that fall within its numerical aperture. A downside to using a refractive objective, however, is 
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chromatic aberration. Fortunately, many refractive objectives are achromatic over a bandwidth 

large enough to accommodate many spectroscopic experiments. The relative ease with which to 

use a refractive over a reflective objective is the reason for using a refractive objective as the 

primary imaging optic in the nonlinear microscope. 

2.2.3 Imaging spectrograph 

Spectrally resolved measurements are at the core of the Wright Group’s research efforts so 

adding a spectral dimension to the nonlinear microscope was always part of the plan. Because we 

knew significant financial resources were needed for a state-of-the-art camera to function in 

ultra-low light conditions (see Section 2.2.4), we decided to pursue a more frugal route regarding 

adding a spectral dimension to the microscope by making a homebuilt imaging spectrometer. 

The first step in the design process when building an imaging spectrograph is the wavelength 

dispersing element. For this there are two options: a prism or a grating. Prisms are less 

expensive, have higher throughput, and do not suffer from common grating issues such as 

ghosting and spectral overlap between neighboring diffraction orders. However, prisms have 

~10x lower resolving power than gratings64 and do not provide as much versatility in the 

dispersive profile as they are constrained by the index of refraction of the material they’re made 

of. There are many types of gratings that differ in the number of lines/mm, blaze angle, and blaze 

wavelength that will satisfy many optical applications. The final consideration in deciding 

between a prism and grating is how uniform the colors are spread across a large wavelength 

range. Prisms disperse blue colors at greater angles than they do for red colors. For gratings, the 

angular dispersion is more uniform for all colors. For the Group’s microscope, we desired to 

disperse the entire visible spectrum across a relatively small CCD active area. This means the 

dispersion will be small on average but would be even smaller for red wavelengths if a prism is 
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used for the wavelength dispersing element. To avoid any issues attempting to resolve excitonic 

features that are in the red part of the visible spectrum we decided a grating would better suit our 

needs. Overall, due to the more uniform dispersion profile, large variety to choose from, and the 

fact that copies of master gratings are only slightly more expensive than prisms, we opted to use 

a grating over a prism. 

The next design choice is to choose a reflection or transmission grating. The primary difference 

between the two types of gratings is reflection gratings have a thin metal film deposited on the 

ruled substrate to act as the reflective surface, whereas a transmission grating has the ruling 

etched directly onto the substrate. Reflection gratings are much more common because they can 

fold the optical path making the instrument footprint small and can accommodate large angles of 

diffraction, i.e. high groove densities. Transmission gratings, due to total internal reflection at 

large angles of diffraction, excel at modest groove densities of ~1000 lines/mm or lower. 

Transmission gratings generally have higher throughput than their reflection counterparts 

because anti-reflection coatings are often deposited on the grating and the reflectivity off metal 

can be as low as 10% depending on the wavelength of light. Because the Wright Group nonlinear 

microscope doesn’t need a highly dispersive element (large detection bandwidth, small CCD 

width) and will be fighting for every photon, we decided to use a transmission grating in the 

homebuilt spectrograph. 

The final design decision considering a transmission grating will be used in the spectrograph is 

to decide between a holographic vs ruled grating. Holographic gratings don’t have physically 

etched periodic rulings but rather a dichromated gelatin material with a sinusoidally varying 

refractive index imprinted by interfering laser beams. The changing refractive index is what 

gives this type of grating the ability to diffract light. Holographic gratings are well known for 
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their low ghosting and excellent broadband diffraction efficiency. For these reasons a 

holographic grating was seriously considered for the homebuilt spectrograph. However, upon 

interaction with an engineer at Wasatch Photonics, I was informed that “Low spatial frequencies 

are difficult with our technology…” and causes the diffraction efficiency to suffer both in 

magnitude and spectral uniformity. For this reason, I finally decided to use a transmission-based 

surface relief grating for the diffractive element in my homebuilt spectrograph. 

The other optics that compose a spectrograph are the collimating and focusing optics. 

Fortuitously, before my time in the Wright Group, the group inherited a transmissive imaging 

spectrograph from the Hamers group at UW-Madison called the Holospec made by Kaiser 

Optical Systems.65 The input and output of the spectrograph were orthogonal to each other, and 

Kaiser made specialty gratings that accommodated this drastic geometry. The low dispersion 

(and thereby low angles of diffraction, <10°) of the grating needed for the nonlinear microscope 

was incompatible with the footprint of the Holospec. Nevertheless, I harvested the collimating 

and focusing lenses from the Holospec and used them in my homebuilt version. They are Nikon 

Nikkor 85 mm f/1.4 commercial camera lenses which have excellent chromatic and spherical 

aberration correction making them ideal for 2D spatial imaging and hyperspectral imaging. 

Furthermore, using commercial camera lenses allows for the spectrograph alignment to be 

completely on-axis which further reduces aberration introduced by the spectrograph. This is not 

the case for the traditional Czerny-Turner spectrograph that uses curved mirrors for the 

collimating and focusing optics and suffers most prominently from astigmatism.65 
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The optical layout of the homebuilt spectrograph is shown in Figure 14. The grating will deflect 

the beam by an angle that satisfies the diffraction equation for a given wavelength of light. To 

ease the alignment and not have the focusing lens and camera at an angle, I opted to prepare the 

beam inside the spectrograph such that the optical train enters and exits the spectrograph on 

vertically offset but parallel lines (Figure 14a). The vertically offset camera from the spectral 

imaging mode alignment necessitates a similar beam deflection in the 2D spatial imaging mode 

alignment and is shown in Figure 14b. 

 

Figure 14 | Optical layout of transmission-based imaging spectragraph. a) spectral imaging configuration 

and b) 2D spatial imaging configuation. 
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The grating equation for a transmission grating is different than a reflection grating because the 

index of refraction of the substrate needs to be taken into account. The transmission grating 

equation is  

𝑛𝑔 sin 𝛼 − sin 𝛽 =
𝑚𝜆

𝜎
 

where ng is the index of refraction of the grating substrate, α is the angle of incidence (AOI) 

relative to grating normal, β is the angle of diffraction (AOD) relative to grating normal, m is the 

diffraction order, λ is wavelength, and σ is the distance between grooves. Using this equation and 

knowing the desired spectral range of the microscope (visible from 400-800 nm), the width of 

the camera (8.2 mm, see Section 2.2.4), and the focal length of the focusing lens (85 mm), I 

calculated the linear spread of colors for various groove spacings. The groove frequency that best 

fits the spectrometer and camera criteria was 240 grooves/mm. Transmission gratings are less 

popular than reflection gratings and the variability in selection from grating suppliers reflects 

this. However, I was able to find a transmission grating from Richardson Gratings (owned by 

Newport) with 200 lines/mm which is slightly less spectral resolution than the ideal grating. The 

spectral range is extended to 360-840 nm to fit the camera width. Figure 15 illustrates the pixel-
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to-wavelength mapping for the grating and camera that are used in the microscope (the colors are 

true for visible wavelengths [380-780 nm] and are artificially selected beyond this range). 

 

2.2.4 Detector/camera 

Choosing the right camera technology was the most important aspect of the microscope design 

process because we knew we were going to be in a low-light regime. In a raster scanning setup 

the beam size effectively is the spatial resolution and needs to be focused down to the 1-5 µm 

range. While the fluence can remain the same as a typical ensemble measurement taken in the 

Wright Group of ~100 µJ/cm2, the total number of photons used to excite the sample is a factor 

of 104 less and therefore results in significantly less signal photons to detect. In the widefield 

configuration, assuming the 100 µJ/cm2 fluence again, a 2D array detector detects significantly 

more photons than the raster scanning setup and even the traditional ensemble measurement 

because it interrogates a larger sample area. However, the photons are spread over the entire 

detector so the photon number per pixel is similar to the photon number of a raster scanning 

Figure 15 | Pixel to wavelength mapping for homebuilt imaging spectrograph and camera in the nonlinear 

microscope. 
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microscope. This is compounded by nonlinear spectroscopy inherently having low signal photon 

counts. Armed with this knowledge, we knew the detector had to excel in low-light conditions. 

Additionally, we wanted to perform pump-probe measurements with this microscope which 

requires the detector to have read-out rates at or near the laser repetition rate of 1 kHz. For 

single-element detectors and even line cameras (single row, many columns) these read-out rates 

are readily achievable. However, full-frame readout rates for state-of-the-art scientific cameras 

these days peak at ~100 frames per second (fps). With region of interest and binning capabilities, 

however, readout rates can be significantly increased. 

As mentioned previously, we knew we wanted to have a spectral axis with this microscope which 

motivated us to choose a camera over a single-element detector with a raster scanning 

configuration. We then needed to determine which camera technology was most appropriate for 

our application. The three main technologies are CCD, CMOS, and EMCCD. CCD is the 

cheapest of the three technologies but doesn’t perform well in low-light conditions. CMOS is 

moderately priced, has faster full-frame readout rates but has fixed-pattern noise as well as 

rolling shutter artifacts. EMCCD is the most expensive but performs the best in low-light 

conditions which was a crucial factor in our decision. Moreover, modern EMCCD technology is 

capable of toggling between the traditional serial register and the electron multiplication register 

(i.e. it can amplify the signal or not). Finally, combining signal amplification and binning/region 

of interest collection strategies, frame rates close to that of CMOS cameras can be achieved. This 

makes EMCCD a 3-in-1 technology and is ultimately the reason we decided to pay the extra 

money for an EMCCD. 

Beyond the multi-functional use of the EMCCD, it also provides a higher S/N ratio per pixel for 

a given photon flux. The photoelectron signal is calculated in Equation 1 as 
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𝑆 = 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 ∗ 𝑄𝐸 ∗ 𝑡𝑒𝑥𝑝                                                                 (1) 

where Isample (photons/s/pixel) is the signal intensity that makes it to the detector, QE 

(photoelectrons/photon) is the sensor’s quantum efficiency, and texp is the camera exposure time. 

While there is only one source of signal, there are three sources of noise: shot noise, dark noise, 

and read noise. The number of counts due to dark current is calculated in Equation 2 as  

𝐷 = 𝐼𝐷 ∗ 𝑡𝑒𝑥𝑝                                                                            (2) 

where ID (electrons/s/pixel) is the dark current. The read noise, RN (electrons/readout), is an 

empirical value supplied by the manufacturer that depends on how quickly charge is transferred 

in the sensor. The system noise adds in quadrature and can be calculated in equation 3 as 

𝑁 = √𝑆 + 𝐷 + 𝑅𝑁2                                                                     (3). 

Dividing Equation 1 by Equation 4 will give the S/N ratio for CCD and CMOS architecture. For 

EMCCD a multiplication factor, M, as well as an additional gain noise factor, F, must be 

incorporated into Equation 3. The calculated noise for an EMCCD is seen in Equation 4 as  

𝑁 = √𝐹2 ∗ (𝑆 + 𝐷) +
𝑅𝑁2

𝑀2
                                                                    (4) 

and shows that EMCCD lowers the limit of detection as Gain factors of 100x are readily 

achievable in today’s EMCCD technology, with the option of going up to 1000x if needed. 

Figures 16 and 17 compare the signal and noise contributions in CMOS and EMCCD 

architecture based on Princeton Instrument’s latest models for varying signal intensities. Figure 

16 is in a high-intensity regime based on triple sum frequency measurements on a thin film of 

MoS2 done previously by the Wright Group.5 Figure 17 is in a low-intensity regime where there 
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is 1 signal photon per laser shot (106 times less than the high-intensity regime). Table 1 outlines 

the specifications of cameras considered for purchase to use in the microscope. In Figures 16 and 

17, panel a) plots the signal of each camera (Equation 1), panel b) plots the noise (Equation 3 or 

4 depending on camera technology), and panel c) plots the S/N ratio, all as a function of 

exposure time. 

 

Table 1 | Camera parameters for S/N analysis. 

 

 

 

 Kuro1200 Kuro2048 ProEM1024 ProEM512 

Peak QE 0.92 0.92 0.92 0.92 

ID @ std. 

temp. 

(e-/pix/s) 

1.9 1.9 0.002 0.001 

Read noise (e- 

rms) 
1.5 1.5 20 @ 5 MHz 25 @ 5 MHz 

Pixel size 

(µm) 
11 x 11 11 x 11 13 x 13 16 x 16 

Num pixels 1200 x 1200 2048 x 2048 1024 x 1024 512 x 512 

Imaging area 

(mm) 
13.2 x 13.2 22.5 x 22.5 13.3 x 13.3 8.2 x 8.2 



42 

 

The signal unit is number of photoelectrons/pixel so it’s important to take into account the pixel 

size for the following reasons: in the limit of significantly large pixel size, all the way to a single 

pixel that covers the entire sensor, say the number of photoelectrons generated on that sensor is 

large for a given signal intensity. Taking the opposite limit, where the entire sensor is made of 

infinitesimally small pixels that approaches 0 photons per pixel, the total amount of 

photoelectrons generated per pixel approaches 0 while the number of photoelectrons per sensor 

is the same as the large pixel size limit (when integrated over all pixels). The takeaway here is 

that bigger pixels will collect more photons and lead to higher digitized pixel counts but at the 

loss of spatial resolution. Figure 16a shows that the camera with the biggest pixels will have a 

larger amount of signal (the QE is the same for each camera). Accordingly, the added number of 

Figure 16 | Signal to noise comparison in the high-intensity regime for four Princeton Instrument cameras 

plotted as a function of camera exposure time. a) signal, b) noise, and c) signal/noise. 
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photons per pixel will have larger contributions to the shot noise. Due to the required colder 

standard operating temperatures of EMCCD, its dark noise is significantly better than CMOS. 

The read noise of CMOS is considerably better than either CCD technology because CMOS has 

an analog-to-digital converter (ADC) for every pixel – charge doesn’t have to be moved 

throughout the entire sensor where it can accumulate erroneous charge. This is different than 

CCD technology where there is a single ADC for the entire sensor. In the high-intensity regime, 

shot noise is the dominant noise source and EMCCD is superior to CMOS by a factor of 2-3 

depending on specific camera comparison (Figure 16c). In the low-intensity regime at short 

exposure times, the high read noise of the EMCCDs is matched by the high dark current of 

CMOS (Figure 17b). At longer exposure times, the time-dependent dark current plays the 
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dominant role and significantly increases the CMOS noise compared to EMCCD. This results in 

the ProEM512 having nearly two orders of magnitude greater S/N ratio than both Kuro models 

and the ProEM1024 having about one order of magnitude greater S/N than both Kuro models. 

This S/N analysis informed us on which EMCCD model to get in addition to strengthening our 

decision to purchase EMCCD over CMOS. The ProEM1024 sensor has 60% greater width than 

the ProEM512 which would provide greater spectral resolution. Considering the spectroscopy 

performed with this microscope will be done on relatively broad excitonic resonances, spectral 

resolution was not a significant consideration. Given the ProEM512 has a higher S/N per pixel 

and was 25% less expensive than the ProEM1024, we finally made the decision to purchase the 

ProEM512 to use as the camera in the nonlinear widefield microscope. 

Figure 17 | Signal to noise comparison in the low-intensity regime for four Princeton Instrument cameras 

plotted as a function of camera exposure time. a) signal, b) noise, and c) signal/noise. 
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2.2.5 Zoomed out microscope view 

After discussing the most important technical aspects of the microscope, I’d like to highlight the 

most important non-technical/logistical aspect that I wanted out of the microscope. Because the 

fs system that I was integrating the microscope into was already well-established in terms of 

downstream optics (excitation optics, signal collection and relay optics), I didn’t want the 

microscope to get in the way of the laser system’s established operation. I wanted the microscope 

to only add to the fs system capabilities, not take away. I’m pleased that with the remaining free 

space on the fs system optical table, I was able to build the entire microscope without getting in 

the way of the traditional spectroscopy setup. To change from the traditional to the microscope 

setup, only 3 flip mirrors need to be adjusted. These flip mirrors route the excitation beams to the 

microscope and are where the optical train starts in the zoomed-out view of the microscope in 

Figure 11. The three beams from two OPAs, as well as residual output from the upstream 

regenerative amplifier (termed “Leak Line”), are iteratively aligned such that the four beams 

travel parallel to one another. This alignment is not necessary for proper microscope operation 

but is performed to minimize the footprint of the instrument and to ensure all beams entering the 

microscope behave similarly. Another flip mirror may direct all beams so the microscope is in a 

reflective excitation geometry. As discussed earlier, this geometry has not been implemented in 

practice yet. Bypassing the mirror leads to several pick-off mirrors that individually route the 

beams to concave excitation mirrors. After the beams interact with the sample, the signal beams 

are collected by the microscope objective and sent to a tube lens that focuses the image on the 

imaging spectrograph slit. The grating inside the spectrograph sits on a magnetic mount which is 

used to toggle between 2D spatial imaging and spectral imaging modes. The EMCCD then 

collects the imaged photons. 
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Figure 11 | Zoomed out optical layout of the widefield nonlinear microscope. Common OPA ranges 

employed in this dissertation are shown along with the available energies provided by the "Leak line" 

which is the remaining ~5% of the regenerative amplifier output that’s not sent to the two upstream OPAs. 

The “R” and “T” denote reflection and transmission mode, respectively. Only a portion of the leak line 

beam path is shown to maintain figure clarity. KM: kinematic mirror; 2M: 2” flat mirror; CM concave 

mirror; BS: beam splitter; BB: beam block. 
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2.3 Proof of principle measurements 

2.3.1 Manuscript: Widefield transient SHG microscopy on TMD 1Ls and HBLs 

Authors: Jason M. Scheeler1, Dan D. Kohler1, Nicholas M. Olsen2, Qiuyang Li2, X.Y.-Zhu2, 

John C. Wright1 

1University of Wisconsin-Madison, Department of Chemistry 

2Colombia University, Department of Chemistry 

Introduction 

Ultrafast transient second harmonic generation (tSHG) microscopy is a powerful technique 

because it correlates changes in a sample’s second-order nonlinear susceptibility (χ(2) ) with sub-

diffraction limit spatial resolution. A material’s static χ(2) reports on parameters such as 

crystallographic orientation,66–68 structural strain,69,70 and optical resonances12,71 making it a 

probe rich with information when used in SHG microscopy. Upon the introduction of charge 

carriers from an optical pump pulse, χ(2)
 has been shown to change on an ultrafast time scale due 

to rearrangement of the crystal lattice72,73 as well as charge transfer between donor and acceptor 

materials.43,74,75 

Transient absorption microscopy (TAM) is the linear analogue to tSHG microscopy and its use as 

a technique has seen a steep rise in the last decade.76 It’s been used to study unique photophysics 

in two-dimensional (2D) materials such as quantifying the moiré potential in transition metal 

dichalcogenide (TMD) heterobilayers (HBLs),44 spatially tracking hot carrier cooling in metal 

halide perovskite thin films,77 and packing arrangement effects on singlet fission time scales in 

organic semiconductors.61 The defining difference between TAM and tSHG, which can be 



48 

 

extended to other multidimensional probes like third harmonic generation (THG),5,12 is the probe 

is generated primarily in the sample and has negligible contribution from the substrate (assuming 

the probe interacts with a strong excitonic transition dipole). The essentially background-free 

signal in the case of nonlinear probes can result in better S/N and help simplify pump-probe line 

shape interpretation. The difference between linear and nonlinear probes is particularly stark in 

the case of reflection where the intensity of a linear probe depends both on the material’s 

resonance and the refractive index mismatch between sample and substrate. Often reflective 

resonances ride on a strong background from the substrate and the pump-probe line shapes 

become non-trivial to interpret and require optical modeling to quantitatively understand. Using 

SHG as a probe of exfoliated TMDs stratified by a SiO2 substrate, like the present work, is a 

special use case of time-resolved nonlinear microscopy. Monolayers (1Ls) of TMDs are 

noncentrosymmetric and support strong SHG while SiO2 does not, providing clean access to the 

differential signal from the analyte. THG, on the other hand, is agnostic to sample symmetry and 

would be a more general use case for time-resolved nonlinear microscopy. Both THG and SHG 

have previously been demonstrated as viable probes to investigate the photophysics of a variety 

of TMD sample morphologies including 1Ls, thin films, and screw-dislocation spirals.12,74,75,78,79 

Monolayers of TMDs with transition metal Mo or W and the chalcogen S or Se act as an ideal 

system for investigating using tSHG microscopy. In their bulk form they are indirect 

semiconductors with bandgaps in the NIR. When layers comprising the bulk structure, which are 

held together by van der Waals forces, are stripped down to a single layer the band gap becomes 

direct and fluoresces strongly in the visible spectral region. 1L TMDs host excitons with large 

binding energies due to reduced Coulomb screening from quantum confinement and possess 

spin-valley polarized charge carriers as a result of broken time-reversal symmetry.27,32,33,80–83 
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Their unique materials physics makes them promising candidates for applications in next-

generation devices that utilize spintronics35,84,85 and high-performance transistors.86 When 

vertically stacked, 1L TMDs become greater than the sum of their parts as close spatial proximity 

results in out-of-plane orbital overlap and strongly couples the constituent layers. This coupling 

leads to a plethora of exotic physics realized in TMD HBLs such as moiré excitons,87,88 ultrafast 

charge transfer,89 bright interlayer exciton (IX) emission and prolonged IX lifetimes,90 and robust 

IX spin-valley polarization.91,92 Recent studies have shown that the twist angle affects the 

interlayer distance and is therefore indicative of the coupling strength between layers.93–96 

There are numerous examples that use SHG to characterize the crystallographic orientation and 

symmetry of 1L TMDs. The SHG fields generated by an even number of layers stacked in a 2H 

configuration (60° twist angle between successive layers) will destructively interfere to produce 

no SHG. SHG in stacked structures can be turned on by having an odd number of layers or an 

even number of layers with twist angles ≠ 60° and will produce the strongest SHG for 3R phases 

(0° twist angle between layers).97 TMD HBLs have been shown to induce elliptically polarized 

SHG output even for aligned layers due to a material dependent SHG phase factor.98 This 

reduces the contrast between the lobe peaks and nodes in SHG polar plots for HBLs even in 

pristine crystals. Reduced contrast in TMD SHG polar plots can also arise due to imperfections 

in the crystal lattice like atomic substitution (oxygen in ambient conditions with S and Se) or 

atomic vacancies that destroy the translational symmetry. This results in an SHG active material 

where the features due to crystal symmetry in the polar plot are suppressed.99 

Ensemble-averaged tSHG experiments have been previously carried out on TMD 1Ls100 and 

HBLs43. In the HBL study, small but reproducible increases in SHG were detected for a 

WS2/MoS2 HBL. The positive changes were attributed to a space-charge field from transferred 
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electrons and holes at the interface that creates an asymmetry in the sample and increases the 

number of SHG photons. Conversely, spatially resolved tSHG experiments performed on 

WSe2/MoSe2
74 and WSe2/MoS2

75 HBLs saw large decreases in the pumped SHG of 10-20%, 

more like the response found in the current work. The spatially resolved experiments in 

Zimmerman et al. employ a widefield microscopy setup which is advantageous for investigating 

large areas of the sample in a single experiment with minimal sample preparation.79 This is an 

important technique to utilize as the analysis of wafer-scale TMDs in modern semiconductor 

foundries for locating defects and impurities needs to move beyond the prohibitively low-

throughput methods like scanning tunneling microscopy and transmission electron 

microscopy.101 The more popular confocal, raster-scanning pump-probe microscopy setups, 

while having many advantages, typically interrogate smaller sample areas (~10 x 10 µm) which 

prohibit efficient sampling of large-areas TMDs.102 Even with the widefield imaging setup used 

by Zimmerman et al. the HBL overlap areas were only on the ~20 x 20 µm scale. Furthermore, 

in the pumped SHG images in these studies, if shown, there was not a clear delineation between 

the HBL and the constituent 1Ls making it hard to correlate transient behavior with specific 1L 

and HBL regions. 

In this work, we employ polarization-resolved widefield tSHG microscopy to a WS2/MoSe2 

sample and simultaneously interrogate large domains separated by macroscopic grain boundaries 

(GBs) of the HBL and both the WS2 and MoSe2 1Ls. The SHG images are spatially well-

resolved and distinguish the different materials. We find different domains give markedly 

different pumped SHG intensities. We see this behavior across TMD HBLs that vary in both 

layer composition and twist angle, making this a general aspect of TMD HBL photophysics 

when viewed through the lens of polarization-resolved tSHG microscopy. 
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Methods 

Sample preparation 

1L TMDs are exfoliated from their bulk crystal using a gold tape exfoliation method.103 A layer 

of ultra-flat gold tape underneath a stack of thermal release tape (TRT) and polyvinylpyrrolidone 

(PVP) contacts a bulk crystal of MoSe2 to exfoliate a 1L.  The 1L MoSe2 and the stack of other 

materials are then stamped onto the fused silica substrate. The stack is heated up to 130°C to 

remove the TRT and rinsed with water and a solution of I2/I
- to get rid of the PVP and gold tape 

layers, respectively, leaving behind the isolated 1L MoSe2 on fused silica. The same procedure is 

done with a bulk crystal of WS2 and subsequently stacked onto the MoSe2 layer. 

Polarization- and time-resolved widefield SHG microscopy 
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Figure 18 illustrates our nonlinear widefield SHG microscope setup. It uses a regenerative 

amplifier seeded by a Ti:Sapphire oscillator (Spitfire and Tsunami respectively, Spectra-Physics) 

which produces pulses centered at 1.55 eV with a temporal duration of ~35 fs. To create the 

pump arm, half of the amplifier output is sent to an optical parametric amplifier (OPA; TOPAS-

C, Light Conversion) that produces frequency-tunable pulses from 1.6-2.1 eV. Dichroic and 

absorptive filters further isolate the frequency range of interest. The vertically polarized beam is 

sent through a mechanical delay stage to create the time delay with the probe arm. We 

empirically calculate a delay offset for pump pulses throughout the entire frequency range. To 

create the probe arm, ~5% of the amplifier output is sent through a 750 nm LP filter (Corning) to 

reject weak SHG generated on metal mirrors and a quarter waveplate (Thorlabs, AQWP05M-

Figure 18 | Optical layout of the polarization- and time-resolved widefield SHG microscope described 

in the main text. The breaks in the optical beam paths indicate travel not relevant to the experiment. WP: 

waveplate, LP: longpass, BP: bandpass. 
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600) to create circularly polarized light. A wire grid polarizer (Thorlabs, WP25M-UB) in a 

mechanically controlled rotation mount selects a linear polarization to be sent to the sample.  

The pump and probe beams are focused by 150-mm focal length concave mirrors (Thorlabs, 

CM254-150-P01) at an angle of incidence of 10° on either side of the sample normal. Both 

beams progress through their focus and continue ~25 mm along the optical axis before hitting the 

sample. The size of both beams at the sample plane is ~0.6 mm FWHM. We choose this beam 

size to cover the entire field of view. These excitation conditions allow us to investigate large 

areas (0.5 x 0.5 mm) of the sample in a single experiment. All excitation and generated beams 

are collected in a transmissive geometry by an infinity-corrected microscope objective (20X 

Mitutoyo Plan Apo SL) that’s aligned to sample normal. The SHG probe photons are isolated 

with a 400 nm BP filter (Thorlabs, FBH400-40) and are polarization-analyzed (passing s-

polarization) before being focused by a tube lens (Thorlabs, TTL200) onto the slit of a homebuilt 

imaging spectrograph featuring a back-illuminated EMCCD (Princeton Instruments ProEM-HS: 

512BX3) for the detector. Typical camera exposure times are 40 seconds.  

The pump beam is “chopped” with a mechanical shutter. At every scanned motor position (delay 

or polarization in this study) we acquire a pump-off and pump-on image before proceeding to the 

next motor position. Due to the large area investigated with our technique, the beam intensity at 

the image edge is about 70% of the intensity at the image center. We account for this intensity 

variation by imaging the pump beam at sample position onto the camera and fitting the intensity 

profile to a 2D Gaussian. Additionally, a portion of the pump beam is picked off before the 

sample and is sent to a pyroelectric detector to track laser intensity fluctuations throughout the 

duration of the experiment. We then use these two control measurements to power-normalize our 

tSHG images in both space and time at post-processing. Unless otherwise noted we plot the 
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relative changes in SHG counts where we normalize differential SHG counts to the number of 

unpumped counts, that is, 𝑟𝑒𝑙. ∆𝑆𝐻𝐺 =
𝐼𝑆𝐻𝐺
𝑝𝑢𝑚𝑝𝑒𝑑

−𝐼𝑆𝐻𝐺
𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑

𝐼𝑆𝐻𝐺
𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑 . All hardware was controlled through 

the yaq protocol104; experiments were orchestrated using an in-house deployment of Bluesky.105 

Results and Discussion 

An optical micrograph of the large-area WS2/MoSe2 HBL used in the tSHG experiment is shown 

in Figure 19a. There is a distinct region of pure 1L WS2 in the lower left part of the image, pure 

1L MoSe2 in the upper right, two distinct HBL regions in the upper left and lower right, and the 

SiO2 substrate in the lower middle. In both the 1L and HBL regions there are cracks that create 

domains; these cracks are likely inherited from the parent crystal and/or introduced during the 

exfoliation and stamping processes. Figure 19b illustrates the static SHG response of the sample 

(the airy disk-type patterns seen on the left side of the image are due to dust/residue on the 

substrate and not the collection optics). There are cracks within the pure 1Ls that create domains 

which give a uniform SHG intensity. However, this is not the case for the HBL domains. The 

average SHG intensity of the domain indicated by the orange star (D1) is higher than that of the 

domain indicated by green star (D2). The SHG intensities change abruptly at the cracks that 
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define the domains and are not imprinted by the excitation beam. This implies there’s a local 

character to different domains located within the HBL that affects the χ(2).  

Figure 19c plots the reflection contrast of the HBL domains indicated by the stars in Figure 19a 

along with that of the pure WS2 region for comparison. For this sample and substrate 

morphology (atomically thin sample on transparent substrate), the reflection contrast is roughly 

equivalent to the absorptance.106 The two HBL domains display a similar absorptance for the 

Figure 19 | Model WS2/MoSe2 HBL used for tSHG experiments. a) Optical micrograph of the bottom 

MoSe2 layer (right) overlapping with the top WS2 layer (left) to form two large HBL areas (upper left and 

bottom right). b) Unpumped SHG response. The SHG intensity in the HBL domain indicated by the 

orange star (HBL-D1) in panel a) is higher than the SHG intensity in the HBL domain indicated by the 

green star (HBL-D2). c) reflection contrast spectra for HBL-D1, HBL-D2, and pure WS2 for a reference. 

The HBL resonances are labeled and the color of the font indicates which layer the resonance originates 

from (red for MoSe2, blue for WS2). The colored vertical boxes indicate pump and probe colors used in 

the experiment. 
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band-edge features, namely the A and B excitons which arise from spin-split bands at the valence 

band maximum (peaks labeled A and B, with color indicating where the resonance originates: 

red-MoSe2, blue-WS2). Domain absorptance differs for resonances at higher energies. D1 

absorptance (orange trace) shows broad but distinguishable peaks at the C exciton (2.51 eV for 

MoSe2 and 2.79 for WS2), which arises from the well-known band nesting feature from parallel 

bands spread across the Γ-Λ points in the Brillouin zone. In addition, a broad but distinguishable 

peak can be seen at ~3.08 eV in the D1 absorptance which is the lesser-studied D exciton that 

originates from the Γ point.23 These features are harder to distinguish in the D2 absorptance due 

to the resonances being broadened, otherwise the D1 and D2 regions’ absorptance spectra are 

qualitatively the same. Their similarity in absorptance is corroborated by AFM measurements 

showing an equal, albeit large, distance between the top WS2 and bottom MoSe2 layers in both 

domains (Figure S1). The interlayer distance of ~70 nm for both domains indicates weak to no 

coupling between the two layers. Rather than quenched photoluminescence (PL) at the A exciton 

energies indicative of strong van der Waals interactions, the PL spectrum (Figure S2) shows 

redshifted peaks for both layers indicative of a sample with macroscopic defects such as wrinkles 

and cracks.107
 The degree of degradation and the large interlayer distance are consistent with the 

studied samples being two years old at the time experiments were conducted. 
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Figure 20 compares the unpumped SHG response to the tSHG response at various pump colors 

and a pump-probe delay of T=0.2 ps. The unpumped SHG spectrum (Figure 20a, duplicated from 

Figure 19b) acts as a direct comparison to the tSHG images. Figure 20b shows the relative 

change in SHG intensity of the WS2/MoSe2 HBL when pumping at the MoSe2 B exciton energy. 

When pumped at this energy, D2 shows a ~15% relative decrease in SHG intensity compared to 

~3% for D1. The disparity in SHG intensity between D1 and D2 is more drastic in the 

ΔSHG/SHG response compared to the unpumped SHG. We understand the decreased SHG to be 

a result of a combination of photophysical processes including Pauli blocking,74,75 bandgap 

renormalization,108 and resonance broadening.109 

In Figure 20b the pure 1L MoSe2 region shows an even stronger SHG suppression than D2 of 

~25%, while both the substrate and pure 1L WS2 regions oscillate about zero as expected for this 

pump energy. When the pump is tuned to the WS2 A exciton energy (Figure 20c) we observe 

similar tSHG behavior compared to the MoSe2 pump. The main differences are the pumped SHG 

Figure 20 | Comparison of unpumped SHG images to tSHG images for two different pump colors at a 

pump-probe delay of T=0.2 ps. a) unpumped SHG image duplicated from Figure 19b. The orange star 

indicates HBL-D1 and has a higher unpumped SHG intensity than HBL-D2 indicated by the green star. b) 

tSHG response when pumping at the MoSe2 B exciton energy and c) tSHG response when pumping at the 

WS2 A exciton energy. 
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intensities in the pure 1L WS2 region decrease by 25% as is expected while the other regions 

have additional smaller decreases. We find no difference between HBL domains when using a 

linear probe (Figure S3). 

The sign of our ΔSHG values is consistent with Zimmerman et al.74,75 and inconsistent with Yao 

et al.43 We note that all three studies have strikingly similar experimental conditions. All parties 

pump resonantly with fluences in the 10s of µJ/cm2 range; all use a probe fundamental centered 

at ~1.55 eV and interrogate the sample off-axis at an angle of incidence of 10-20°. Zimmerman 

et al. and the present work have both studied several HBLs and see the decrease in ΔSHG/SHG 

across all HBL samples (WS2/WSe2, MoS2/WSe2 and WS2/MoSe2, WS2/WSe2, WS2/MoS2, 

respectively) suggesting the increase in pumped SHG intensity seen by Yao et al. was not due to 

the specific identity of the constituent monolayers as Yao et al. studied the same WS2/MoS2 

system as the present work. Both Yao et al. and Zimmerman et al. provide data indicating close 

interlayer contact and strong coupling. Ultimately, the experimental conditions and sample 

comparisons draw no logical conclusion to explain the difference in ΔSHG sign. Thus, the 

discrepancy likely arises from more nuanced features of the samples including defects, how the 

adherence of the bottom layer to the substrate affects its electronic structure, and the interlayer 

distance between the two 1Ls. 

The ΔSHG differences between domains is not unique to this sample as was also found in a 

second WS2/MoSe2 sample (Figure S4). We realize the probe fundamental being resonant with 

the MoSe2 A exciton may suppress the ΔSHG artificially (from pumping by the front half of the 

probe pulse), perhaps making the ΔSHG discrepancy between HBL domains unique to HBLs 

that include MoSe2. (The potential pumping by the probe is most evident in Figure 20c where the 

1L MoSe2 region has nearly the same ΔSHG as D2 in the HBL, which is expected to have more 
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suppressed SHG due to additional contributions from charge carriers created in the WS2 layer.) 

However, this is a characteristic that is likely common across all types of TMD HBLs as we find 

ΔSHG discrepancies between different domains in a WS2/WSe2 sample with a twist angle of 

~25° and a nearly aligned WS2/MoS2 sample (Figure S5) where the lowest energy resonances in 

these structures are ~1.60 and ~1.85 eV, respectively. Static SHG in a WS2/MoSe2 HBL with 

1.55 eV fundamental has been studied before, although there was a 30° twist angle between 

layers.46 They found that the HBL gave suppressed SHG relative to both the pure 1L WS2 and the 

pure 1L MoSe2 and that the output energy was important in determining whether the HBL SHG 

intensity was enhanced or suppressed relative to the pure 1Ls. The SHG energy in the current 

work is 3.10 eV which is resonant with the D exciton in the WS2 layer that originates from the Γ 

point where W orbitals make up the majority of those bands.110 While there is a slight difference 

in static SHG intensity between D1 and D2, the disparity is more drastic for the pumped SHG. 

This suggests that carriers induced by the pump (at the K point) may interact with the bands at 
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the Γ point differently. Further work demonstrating the SHG output is a probe of the Γ point in a 

more strongly coupled HBL sample is needed to support this theory. 

Figure 21 compares the pump-energy dependence of the population dynamics for the four 

regions of interest. All traces are normalized to the maximum ΔSHG/SHG value. The dynamics 

Figure 21 | Comparison of pure 1L and HBL population dynamics for two different pump energies. The 

black circles indicate a MoSe2 B exciton pump and the green crosses indicate a WS2 A exciton pump. The 

solid lines are biexponential fits of the data with the corresponding marker color. All delay traces are 

spatially averaged over 1000s of pixels. a) delay traces for the pure MoSe2 region, b) delay traces for the 

pure WS2 region, c) delay traces for HBL-D1, and d) delay traces for HBL-D2. 
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of the MoSe2 region show minimal variation between pumping at the MoSe2 B exciton energy 

(Figure 21a, black circles) compared to pumping at the WS2 A exciton energy (green crosses). 

The colored lines are fits to the corresponding data and are best fit with a biexponential for all 

regions except D1 which is fit with a monoexponential. The shorter time constant is attributed to 

carrier-carrier scattering as the pumps create a large concentration of excitons as well as defect-

assisted carrier scattering due to the old age of the sample. The longer time constant is attributed 

to radiative exciton recombination. The fitted transients for the MoSe2 region suggest that both 

the shorter and longer dynamics are mildly faster for the WS2 A exciton pump. In the pure WS2 

region (Figure 21b), the MoSe2 B pump doesn’t create any carriers as expected. The degree of 

carrier-carrier scattering when pumping at the WS2 A exciton energy is most prominent in the 

pure WS2 region and is likely due to the stronger absorption at this energy compared to the 

MoSe2, D1, and D2 regions (Figure 19c). Due to the minimal tSHG signal for HBL-D1, the 

spread of data for those traces (Figure 21c, black and green markers) is considerably higher than 

the other regions. Accordingly, the monoexponential fits have a large error associated with them. 

The dynamics for HBL-D2 closely resemble the pure MoSe2 dynamics, where there’s minimal 

dependence on the pump energy besides slightly faster relaxation when pumped at the WS2 A 

exciton energy. However, the same measurements performed on a different WS2/MoSe2 sample 

show the dynamics are similar but slightly faster when pumping at the MoSe2 B exciton energy 

Figure S6). Overall, when considering the dynamics of both WS2/MoSe2 samples, the dynamics 

of HBL-D2 resemble the dynamics of the individual constituent 1Ls with no interlayer coupling 

and no dependence on the pump energy. There is also no pump-energy dependence for the pure 

MoSe2 region. We note the dynamics of all regions except for HBL-D1 are in line with literature 

values.44,45,111 
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Conclusion/Outlook 

We exemplified polarization-resolved tSHG microscopy as an imaging technique that utilizes a 

multidimensional probe to enhance sample response over the substrate response. The HBL-D2 

dynamics match those of the pure 1L regions and resembles an uncoupled HBL system with no 

dependence on pump color. The widefield geometry allowed us to investigate large HBL areas 

simultaneously, revealing stark heterogeneities between domains that are not apparent by linear 

characterization methods such as PL, Raman, and transient transmission. This disparity would be 

missed in ensemble-averaged measurements and may be overlooked by confocal microscopy 

methods where the field of view is significantly smaller, highlighting the importance of widefield 

nonlinear microscopy. While a more detailed study needs to be carried out to definitively assign 

the root cause of the heterogeneity, we posit it is caused by local differences in twist angle, 

strain, and interfacial chemistry, all of which can affect the complex χ(2) . These results 

demonstrate the complementary information that a multidimensional probe provides over a linear 

probe for time-resolved investigations of TMDs. Using a similar technique to the one presented 

herein, but with circularly polarized pump and probe pulses to assess the large-area 

photophysical response of spin-valley polarized carriers, could be insightful for TMD HBL uses 

in spintronic devices.34 
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2.3.2 Supplementary Information: Widefield transient SHG microscopy on TMD 

1Ls and HBLs 

 

  

 

 

 

 

 

Figure S1 | AFM of the D1 and D2 regions highlighted in the main text. a) 2D topological map with the 

pure 1L MoSe2 on the right-hand side with the domains on the left hand side. Domains are separated by 

the crack in the middle with D1 on top and D2 on bottom. b) 1D line profiles indicating the interlayer 

distance between 1L MoSe2 and 1L WS2 in D1 and D2. Inset: Average line profile. 
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Figure S2 | Sample characterization of the four regions highlighted in the main text. a) PL spectra and b) 

Raman spectra. 



65 

 

 

 

Figure S3 |Transient transmission image when pumping at the WS2 A exciton and probing at 1.51 eV 

(MoSe2 A exciton in the HBL). The heterogeneities that are readily apparent in the tSHG images are not 

in the case of a linear probe. 
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Figure S4 | Optical, unpumped, and tSHG images of a second WS2/MoSe2 HBL sample. a) Optical 

micrograph indicating the pure 1L WS2 region in the bottom left with the HBL covering the majority of 

the image. b) unpumped SHG image. The circular, airy disk patterns are due to residue on the 

substrate/sample and not the collection optics. c) tSHG image at T=0.2 ps when pumping at the MoSe2 B 

exciton energy. Scale bar is 50 μm. d) tSHG image at T=0.2 ps when pumping at the WS2 A exciton 

energy. In the tSHG images, there are cracks that define domains of large SHG intensity changes and 

domains where there are minimal SHG intensity changes. 



67 

 

 

Figure S5 | Optical, unpumped, and pumped SHG images of WS2/MoS2 and WS2/WSe2 samples. The left 

column (a, c, e) is the WS2/MoS2 sample and the right column (b, d, f) is the WS2/WSe2 sample. Top row 

are the optical images, middle row is the unpumped SHG, and the bottom row is the relative ΔSHG. The 

orange and green stars in the optical images represent domains that behave similarly to one another and to 

the orange and green starts in Figure 19a of the main text. Green star: higher unpumped SHG intensity, 

smaller relative pumped SHG intensity. Orange star: lower unpumped SHG intensity, higher relative 

pumped SHG intensity. 
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Figure S6 | Comparison of pure 1L and HBL population dynamics for two different pump energies. The 

black circles indicate a MoSe2 B exciton pump and the green crosses indicate a WS2 A exciton pump. The 

solid lines are biexponential fits of the data with the corresponding marker color. All delay traces are 

spatially averaged over 1000s of pixels. a) delay traces for the pure MoSe2 region, b) delay traces for the 

pure WS2 region, c) delay traces for HBL-D1, and d) delay traces for HBL-D2. 
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Figure S7 | Spatially averaged polar plots for the four different samples investigated in this study. a) 

WS2/MoSe2 sample highlighted in the main text, b) WS2/WSe2, c) WS2/MoS2, and d) the second 

WS2/MoSe2 sample. The legend in the upper center of the figure correlates color of trace to region in the 

sample. All polar plots were taken with an identical optical setup described in the Methods section of the 

main text. Note the WS2 trace in panel b where nodes fall to zero intensity and the four-lobed pattern that 

is expected for the polarization setup, validating the non-conventional behavior seen in the other regions 

and other samples. 

Figure S8 | Polar plots from Figure S7 but with the signal offset to enhance the contrast between lobes 

and nodes. a) WS2/MoSe2 sample highlighted in the main text, b) WS2/WSe2, c) WS2/MoS2, and d) the 

second WS2/MoSe2 sample. Each polar trace was subtracted and divided by its mean value to enhance the 

contrast between lobes and nodes. 
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3 Development of all-optical probes of charge carrier 

occupation at non-direct-bandgap states 

Ever since I joined the Wright Group, it’s been a goal to collect MR-CMDS spectra whose peaks 

originate, unambiguously, from various momentum points in the BZ (we’ve called it momentum-

selective, or k-selective, spectroscopy). This chapter presents work toward that goal. Section 3.1 

builds on the work done by my mentor in the Wright Group, Dr. Darien Morrow, by scanning 

higher into the CB of TMDs. I performed two-color sum-frequency generation spectroscopy 

(SFG) on a variety of TMD samples to look for resonance enhancement from non-direct-gap 

states (states that aren’t made up of the VBM and CBM at the direct-gap momentum point). 

Section 3.1.1 presents SFG measurements on a CVD-grown 1L WS2 sample. That section is 

written as the first draft of a journal article which will be submitted for publication in the near 

future. The remaining data in Section 3.1 are from exfoliated TMD samples and corroborate the 

CVD results. In Section 3.2, I continue the theme of investigating non-direct-gap states but in a 

transient, rather than steady state, manner by using SFG as a probe to study the mechanism by 

which charge transfers between TMD layers in a HBL sample. The results from the transient 

studies were not consistent with literature results. However, there are interesting aspects of that 

data that motivate further investigations. 
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3.1 Steady state method: Homodyned two-color sum frequency 

generation (2D SFG) spectroscopy 

3.1.1 Manuscript: Spectral decongestion of high-lying conduction band states 

through momentum-selective spectroscopy in monolayer WS2 

Authors: Jason M. Scheeler1, Dan D. Kohler1, Yuzhou Zhao1, Song Jin1, John C. Wright1 

1University of Wisconsin-Madison, Department of Chemistry 

 

Introduction 

Semiconducting materials systems with direct bandgaps are more popular in photovoltaic 

applications than their indirect-bandgap counterparts because of their strong absorption of light. 

A photon that’s absorbed by a solid-state material has negligible momentum compared to the 

electron it excites, thereby only allowing optical transitions that conserve momentum. When a 

photon’s energy is equal to the direct-bandgap energy, it creates a spatially correlated electron-

hole pair called an exciton that’s bound together by the Coulombic force. Depending on the 

material system, the exciton can be tightly or loosely bound. Lead halide perovskites (LHP), for 

example, host loosely bound excitons where they separate easily into the constituent electrons 

and holes. This facile separation coupled with a direct bandgap makes them promising materials 

for charge collection applications such as solar cells. 112 Conversely, monolayers of transition 

metal dichalcogenides (1L TMDs) host tightly bound excitons even well-beyond room 

temperature. This makes TMDs a useful model system for studying fundamental exotic excitonic 

phenomena such as moiré physics87,88 as well as being attractive to use in next-generation 
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electronic and optoelectronic devices. Such excitonic devices show great promise for combining 

optical data transmission and electrical processing113 and ultra-efficient power consumption.86 

Excitons that reside at the conduction band maximum (CBM) and valence band minimum 

(VBM) obviously do not exist in a vacuum. There are states that exist above and below in energy 

at the direct-gap momentum point that affect its occupation. When a material absorbs a photon 

with energy higher than the bandgap, like when an LHP absorbs a UV photon from the sun, the 

excited electron will want to funnel down in energy to the CBM and there will be a characteristic 

time scale with which that happens. Even if the photon has an energy equal to the materials’ 

direct bandgap, it’s not guaranteed the charge carriers will remain at the CBM and VBM. It’s 

been shown in 1L TMDs that there are sub-gap states where excited carriers may relax to and 

makes photoemission spin-forbidden, thus significantly limiting their efficiency.31 Charge 

carriers can also scatter to states that are close in energy to the direct-gap state but reside at 

different momentum points. It’s been demonstrated that momentum-forbidden dark states in 

TMDs can act as a charge carrier sink of direct-gap excitons and severely limit their 

photoluminescence.114 Furthermore, non-direct-gap momentum points play a vital role in the 

charge transfer mechanism of TMD heterobilayers which will be detailed in Section 3.2.115 

Needless to say, non-direct-gap states have a large influence on the occupation of the direct-gap 

state, making it crucial to have probes of the non-direct-gap states to help fully realize the 

potential of the various photovoltaic applications of semiconducting materials systems. 

Currently, the gold standard for experimentally probing the band structure of a solid-state 

material is angle-resolved photoemission spectroscopy (ARPES).116 ARPES uses a pulsed XUV 

laser source to eject electrons from the material and by resolving the angle at which the electron 

is ejected, it provides unambiguous information on the electron’s energy-momentum correlation. 
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Historically, the primary way to do ARPES measurements was to submit a proposal for 

instrument time at a synchrotron facility. Fortunately, the past two decades or so has seen 

tabletop XUV sources become more popular.117,118 Even so, manipulating XUV light requires 

special optics and ultra-high vacuum capabilities which is expensive and complex. 

Ultrafast laser systems, on the other hand, are ubiquitous among research institutions. Coherent 

multidimensional spectroscopy (CMDS) is an ultrafast laser technique that impinges multiple 

pulsed beams on a sample and has successfully been shown to interrogate non-direct-gap states 

in semiconducting solid-state systems.27,119 Figure 22 outlines how CMDS can be applied to 

probe arbitrary points in the Brillouin zone (BZ) of a solid-state material. Figure 22a shows a 

simple band structure consisting of three bands (VB0, CB0, and CB1) with varying curvature. 

ħωA and ħωB represent two laser pulses interacting with the sample.  The numbers at the top of 

Figure 22a indicate the three different momentum points at which the lasers interact. Optical 

transitions must conserve momentum so ħωA defines where the carriers are excited in momentum 

space. Both laser energies are scanned to create a CMDS spectrum which is shown in Figure 

22b. Where the peaks occur in the spectrum correlate with the resonant transitions in the band 

structure. For example, ħωA is higher in energy in both Pathway 1 and Pathway 3 than its energy 

in Pathway 2 and therefore the Peaks 1 and 3 are shown at a higher energy along the ħωA axis 

than Peak 2. ħωB increases monotonically from Pathway 1 to Pathway 3 which is reflected in the 

CMDS spectrum by Peaks 1, 2, and 3 increasing in energy along the ħωB axis. 
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In this way, using CMDS would act as an all-optical analogue to ARPES and retrieve the same 

momentum-resolved information. In practice, however, it is not this straightforward. Similar to 

molecular liquid-state samples, there is inhomogeneous broadening that can cause constructive 

or destructive interference of the nonlinear signal of interest. One must consider all the optical 

transitions in the BZ, not just the transitions at the high symmetry points that are commonly seen 

in band structure diagrams. The CMDS method used and the energy correlations between the 

bands that are coupled to one another play crucial roles in seeing nonlinear signal. For example, 

a sum-frequency generation (SFG) pathway will have constructive interference between bands 

that have a positive energy correlation and destructive interference for anti-correlated bands. The 

opposite is true for a difference-frequency generation (DFG) pathway.120–122 

Figure 22 | Momentum-selective spectroscopy schematic. 1) cartoon band structure with three bands 

VB0, CB0, and CB1. The blue and green arrows represent two separate laser interactions with the sample. 

The numbers on top denote spectroscopic pathways at different momentum points. b) corresponding 

CMDS spectrum based on the three transitions shown in a). ħωA in both Pathway 1 and 3 have a greater 

energy than ħωA in Pathway 2 so Peaks 1 and 3 are shown at a higher energy than Peak 2 along the ħωA 

axis. The ħωB energy increases monotonically from Pathway 1 to Pathway 3 which is indicated in the 

spectrum as Peaks 1, 2, and 3 increase in energy along the ħωB axis. 
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In this work, we present an example of multi-resonant CMDS providing momentum-resolved 

information at the non-direct-gap transition by performing two-color SFG spectroscopy on a 

CVD-grown sample of 1L WS2. An optical micrograph of the studied sample is shown in Figure 

23a. Figure 24 illustrates the band structure and experimental setup for the SFG 

measurements.123 The band structure incorporates spin-orbit coupling which affects VB0, CB0, 

and CB2; the blue and red lines for these bands denote opposite spin states. We utilize the strong 

transition dipole of the direct-bandgap transition (Figure 23b, light blue line) by having one 

laser’s energy range resonant with the A exciton (Figure 24a, orange arrow). The A exciton 

originates at the K point in the BZ (VB0→CB0). An additional laser is then frequency-scanned 

to look for resonance enhancement of high-lying CB states (VB0→CB1 or VB0→CB2) at the 

direct-gap momentum point (Figure 24a, pink arrow). In the 2D SFG spectrum, we find strong 

resonance enhancement from a CB two bands above the CBM (Figure 24a, purple arrow) as well 

as intense SFG output from a band nesting transition (Figure 24a, blue arrow). This work 
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establishes SFG spectroscopy as a viable method to learn about the energy landscape of states 

near the direct-gap state that will influence its occupation. 

Experimental 

Sample synthesis and characterization 

Following the method in Ref 124, the 1L WS2 sample was prepared using water vapor assisted 

chemical vapor transport by heating 100 mg WS2 power to 1200°C at 800 torr in a tube furnace. 

In the tube furnace, water vapor was produced by heating 1 g CaSO4·2H2O powder to 150°C 

using heating tape wrapped around the tube furnace. 100 sccm Ar was used as the carrier gas 

during the reaction. 

The reflection contrast measurements were taken by focusing white light (Dolan-Jenner Fiber-

Lite Model 190) through a long-working-distance 20X microscope objective (Mitutoyo) onto the 

sample. The reflected light, collected through the same objective, was focused onto the slit of a 

Figure 23 | Characterization of CVD-grown 1L WS2 sample. a) optical micrograph of 1L WS22 on top of 

a protected silicon substrate. b) reflection contrast spectrum highlighted by the sharp A exciton resonance 

at 1.98 eV. 
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homebuilt transmission-based imaging spectrograph by a 200-mm focal length tube lens 

(ThorLabs, TTL200). The imaged light is spectrally dispersed by a 200 g/mm transmission 

grating (Richardson Gratings, MKS-Newport) and focused onto an electron-multiplying CCD 

(Princeton Instruments, ProEM-HS: 512BX3). 

SFG measurements 

The upstream experimental setup uses a regenerative amplifier seeded by an ultrafast oscillator 

(Spitfire and Tsunami, respectively; SpectraPhysics). Pulses exit the amplifier centered at 1.55 

eV with a temporal pulse duration of ~35 fs at a repetition rate of 1 kHz. The amplifier output is 

split in half and each arm is sent to a separate optical parametric amplifier (OPA; Topas-C, Light 

Conversion) which are denoted ħω1 and ħω2 hereafter. Subsequent nonlinear mixing crystals are 

Figure 24 | Experimental setup for the 2D SFG experiment. a) 1L WS2 band structure with spin-orbit 

coupling included (band structure adapted from Ref 123). The orange arrow represents ħω2 and the pink 

arrow represents ħω1. As DFT methods do not normally calculate band gap energies correctly, the length 

of each arrow does not correspond exactly with the energies of the transitions. Rather, they are meant to 

show the initial and final states as a result of the field interacting with the WS2 sample. b) the optical 

layout. All beams are collected in the epi direction and the SFG output is spatially isolated with an 

aperture. Inset: zoomed-in view of the excitation beams interacting with the sample. For sake of clarity, 

the reflections of the excitation beams are not shown. 
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placed after each OPA such that ħω1 is tunable from 1.15-1.55 eV and ħω2 is tunable from 1.60-

2.10 eV. Further polarization and color filters are placed into the beam line to reject signal and 

idler beams and isolate the energy range of interest.  

The downstream optical layout is illustrated in Figure 24b. The vertically polarized OPA beams 

are sent to a 1 m-focal length concave mirror that focuses the beams onto the sample in a 

noncollinear excitation geometry. ħω1 has a ~400 µm diameter and ħω2 has a ~200 µm diameter 

at the sample. All beams are collected in the epi direction. The signal beam is spatially isolated 

with an aperture and is sent to a monochromator (MicroHR, Horiba). The monochromator energy 

tracks the sum of the two input beams, ħωSFG=ħω1+ ħω2, which is sent to a PMT (C313034-A, 

Hamamatsu) for detection. Due to the fast dephasing time of the WS2 A exciton at room 

temperature, there is no signal beyond temporal pulse overlap. Accordingly, all spectra shown in 

this work are at zero delay. Due to transmissive optics in both OPA beam lines before the sample, 

different energy setpoints arrive at the sample at different delay times. We empirically correct for 

this by taking a reference scan of a non-resonant sample to determine the arrival time of each 

energy setpoint for both ħω1 and ħω2. These spectral-delay offsets are incorporated into our data 

acquisition software and are automated. All hardware was controlled through the yaq protocol104; 

experiments were orchestrated using an in-house deployment of Bluesky.105 
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Results and Discussion 

The raw 2D SFG spectrum shown in Figure 25 has two features of interest. The first is a doubly 

resonant feature peaked at (ħω2, ħω1) = (1.98, 1.34) eV which contains two sub-features. The 

first sub-feature is vertically elongated along the ħω1 axis but well-defined along ħω2. Because 

the A exciton of 1L WS2 is at 1.98 eV, there must be a state located 1.34 eV above the CBM that 

causes the double resonance. The second sub-feature is negatively sloped and has a constant 

output color of ~3.32 eV (the contours in the upper left of the double-resonance peak [bluer ħω1, 

redder ħω2] and lower right [redder ħω1, bluer ħω2] act as a guide to the eye to locate this 

negatively sloped feature). These features arise from the K point in the BZ. Their wave mixing 

energy level diagrams (WMELs) along with the frequency domain χ(2) expression that governs 

Figure 25 | 2D SFG spectrum of 1L WS2. The grayed pixels are negative signal values that oscillate about 

the average signal baseline. 
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the output intensity are shown in Figure 26. The vertical sub-feature occurs from Pathway α 

(Figure 26a, top) when ħω2 interacts first: the intense absorption at the direct-gap K point defines 

where the excitons are at in momentum space. When ħω1 interacts second, the electrons at the 

CBM get promoted either to virtual states or higher-energy CB states. The SFG signal is 

enhanced when ħω1 is resonant with a state 1.34 eV above the CBM (and 3.32 eV above the 

VBM). We denote this high-energy state as HX. The HX state has been observed experimentally 

in two others semiconducting TMDs96 but our work marks the first time, to the authors’ 

knowledge, that it’s been seen in 1L WS2. Due to the strong A exciton transition dipole in 1L 

Figure 26 | WMEL diagrams for the two time orderings in the SFG experiment at the a) K point and b) Γ 

point. The pathways on top describe ħω2 interacting first and the pathways on bottom describe ħω1 

interacting first. To the right of each pathway is the frequency domain χ(2) expression that dictates the SFG 

output intensity. μab is the transition dipole from state b to state a and Δab=ωab – ωlaser + iΓab is the detuning 

factor which relates the material resonance to the energy of the laser and accounts for the material’s 

resonance linewidth, Γab. 
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WS2, there is still signal enhancement when ħω1 interacts with virtual states (i.e. when ħω1=1.40-

1.55 eV). The diagonal sub-feature at the 3.32 eV constant output color results from Pathway β 

(Figure 26a, bottom) where ħω1 interacts with the sample first: electrons are promoted from VB0 

theoretically at all momentum points. SFG signal will get enhanced when ħω1+ ħω2 is resonant 

with a high-lying CB state which occurs at the HX energy. The signal contribution to Pathway β 

will be less than Pathway α because the A exciton state is not directly visited. However, because 

of Pathway α we know that HX originates from the K point in momentum space. 

The second feature in the SFG spectrum is strongest along the ħω1 axis from 1.20-1.28 eV and 

along the ħω2 axis from 1.80-1.98 eV (Figure 26). The feature is negatively sloped and occurs at 

a constant output color of ~3.08 eV. This output energy is easiest to pick out for the bluer ħω1, 

redder ħω2 region of the feature; the redder ħω1, bluer ħω2 part of the feature runs into the doubly 

resonant feature which results in interference between the two emitting states. This interference 

causes the feature to level out, making the output energy harder to interpret for this region of the 

singly resonant feature. This feature is spectrally broad and at a high energy (relative to A and B 

excitons) suggesting this feature comes from the well-known band nesting regions of the 

Brillouin zone in TMDs. We assign this feature to the so-called D exciton as its energy matches 

the energy of that reported in the literature.23,125 The WMELs for the two time orderings at this 

momentum point are shown in Figure 26b. Like the feature that results from Pathway β, 

Pathways γ and δ contain a single resonance and are only resonant when ħω1+ ħω2 is equal to the 

D exciton energy.  

Previous work in our group shows that first-order and second-order spectroscopies enhance 

transitions that arise from a large joint density of states (JDOS) while third-order spectroscopies 

enhance transitions that arise from a strong transition dipole.5 It's intriguing to note, then, that the 
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intensity of both the singly and doubly resonant features are nominally equal. Since the SFG 

used in this work is a second-order process and should therefore enhance the singly resonant 

feature over the doubly resonant feature, this highlights the strength of the CB0→CB2 transition 

dipole. In the same vein, calculations by Lin et al. demonstrate a congested absorption spectrum 

in the 2.7-3.6 eV when transitions from the VBM to all CBs in the BZ are considered.126 

However, when a small range of momentum points centered at the K point and only a few CBs 

are considered, the absorption spectrum becomes significantly less congested. ħω2 being 

resonant with the A exciton is akin to the “windowing” around the K point in the calculations and 

reflects the important role of excitonic effects. 
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In Figure 27, we use the χ(2) expressions from Figure 26 to simulate the contributions from both 

time orderings at the relevant momentum points. The left-hand column plots the K point χ(2) 

contributions and the right-hand column plots the Γ point χ(2) contributions. The bottom row 

plots the addition of the two pathways in the two rows above it. The plots are globally 

normalized to the largest value in the six-plot set. 

Figure 27 | Contributions from individual pathways to the overall χ(2). The left-hand column plots the 

contributions from the K point and the right-hand column plots the contributions from the Γ point. The 

top row has ħω2 interact first and ħω1 second, the second row flips the laser interactions, and the third row 

is the result of adding the first and second row plots together. 
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Comparison between the contributions from Pathway α and β prove that α dominates the SFG 

signal at the K point. This is unsurprising as Pathway α is in resonance with the WS2 A exciton 

while Pathway β is not. In the Pathway β plot, as ħω1 increases in energy and gets closer to the 

HX resonance at ~3.32 eV, the SFG signal values increases. This results in slight asymmetry in 

the overall doubly resonant line shape that adds the two time orderings together (α+β, bottom left 

plot, Figure 27). The line shapes for Pathways γ and δ (Figure 27, right column, top and middle 

plots) is similar to the line shape for Pathway β. Both Pathway γ and Pathway δ have a line of 

constant output color at the D exciton resonance at ~3.08 eV. The SFG signal value for Pathway 

γ is slightly greater than for Pathway δ because ħω2 interacts with the sample first and is closer to 

resonance than ħω1. Adding the two pathways together (γ+δ, bottom right, Figure 27) results in 

the same line shape of a constant output color at 3.08 eV. We compare the simulation to the 

experiment in Figure 28. 

 

Figure 28 | Comparison between experimental and simulated SFG spectrum considering the OPA 

intensity distribution. a) OPA intensity distribution as a function of ħω1 and ħω2. ħω2's intensity 

distribution is mostly flat and dies off at the edges. ħω1’s intensity distribution increases monotonically as 

the colors go from red to blue. b) experimental SFG spectrum duplicated from Figure 25 for direct 

comparison. Greyed out pixels are negative signal values. c) simulated SFG spectrum. This spectrum 

results from adding up all contributions at both K and Γ points and multiplying by the OPA intensity 

distribution in panel a). 
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The OPA intensity distributions for ħω2 and ħω1, taken concurrently with the SFG data, are 

shown in Figure 28a. The intensity of ħω2 is flat across much of its range but dies off 

significantly at both the red and blue edges. The intensity of ħω1 increases monotonically as the 

colors get bluer. The SFG intensity depends on the product of the two intensities. It’s instructive 

to consider this intensity distribution when analyzing the correspondence between experiment 

and simulation. Figure 28b is a duplication of the experimental SFG spectrum from Figure 25. 

Figure 28c is the simulated SFG spectrum. We calculate it by adding Pathways α-δ and 

multiplying the resulting 2D spectrum by the OPA intensity distribution. The simulated spectrum 

correctly reproduces the two peaks seen in the experiment and their relative peak intensities. 

However, both the peaks in the simulated spectrum occur at bluer ħω1 values compared to 

experiment. Because the singly resonant feature from the D exciton runs anti-diagonally (i.e. 

depends on both ħω1 and ħω2), it appears in the simulation at redder ħω2 values than the 

experiment. Overall, the simulation over-emphasizes the ħω1 intensity distribution asymmetry, 

but it captures well the relative contribution from both K and Γ points in the experimental SFG 

spectrum.  

Conclusion  

We performed two-color SFG spectroscopy on a CVD-grown 1L WS2 sample. One laser being 

resonant with the direct-gap transition acts as a filter to decongest the SFG spectrum and reveals 

the energy of the HX state at 3.32 eV, 1.34 eV higher in energy than the CBM at the K point. We 

also found considerable SFG output when ħω1 + ħω2 was resonant with the D exciton located at 

the Γ point. We used simple frequency-domain expressions in the driven limit to model the SFG 

contributions at the K and Γ momentum points which qualitatively agrees with experiment. The 

multi-resonant sum-frequency spectroscopy technique herein presents a useful way to map out 
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the energy landscape of high-energy states at the direct-gap momentum point for solid-state 

systems that have large excitonic transition dipoles. The technique can also be applied to third-

order spectroscopies and probing VBs that are lower in energy than the VBM when that is more 

useful information for improving photovoltaic performance.127  

3.1.2 Exfoliated 1L WS2 and HBLs 

While there are small differences between the electronic and optical properties of CVD-grown 

and exfoliated 1L TMDs, their electronic structures are similar. It’s useful then to perform the 2D 

SFG experiments on an exfoliated sample so confidence can be put into the CVD results. To this 

end, we performed SFG experiments on two separate exfoliated 1L WS2 samples on fused silica 

substrates. The only experimental difference between the CVD and exfoliated samples is the 

SFG output is collected in transmission for the exfoliated sample. The fused silica substrate is 

not χ(2) active and therefore does not contribute to the SFG output. The results of the SFG 

experiments on the exfoliated samples are compared to the CVD results in Figure 29. The CVD 

SFG spectrum (Figure 29a) is the same as the spectrum shown in Figure 25. Both exfoliated SFG 

Figure 29 | Comparison of 2D SFG spectra for multiple 1L WS2 samples synthesized two different ways. 

a) CVD-grown (as in Figure 25) and b, c) exfoliated from bulk WS2. The grey pixels indicate negative 

signal values. 
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spectra (Figures 29b, c) display the two prominent features discussed in Section 3.1.1. The first 

one is the doubly resonant peak at (ħω2, ħω1) = (1.98, 1.34) eV. The vertical and diagonal 

elongation of the doubly resonant feature is less prominent than the CVD case but there are still 

slight signal enhancements in these sub-feature areas, particularly above the doubly resonant 

peak (at ħω2=1.98, ħω1=1.42-1.52 eV). The circularity of the double-resonance peak suggests 

both the A exciton (VBM→CBM) and HX (CB0→CB2) transition dipoles are not as strong in 

the exfoliated samples as they are in the CVD sample.  

The singly resonant transition arising from the Γ point is seen in the exfoliated samples as in the 

CVD sample albeit the peak intensity is centered around bluer ħω1 and redder ħω2 colors (it 

shifts up and to the left relative to the CVD feature). This feature again is assigned to the D 

exciton. The difference in peak location for the two synthetic methods can primarily be attributed 

to the CVD and exfoliated experiments being done in two separate experimental sessions. In 

particular, the intensity for the redder portion of the scanned ħω1 range (1.3 eV and redder) was 

about 1/4 of the intensity as it was for the CVD experiments. This is a result of the tuning 

process for OPAs in the Wright Group which can cause variability in OPA performance. Again, 

because the feature is diagonal, it results in shifts in both spectral axes. The constant output color 

of the D exciton feature is ~3.05 eV, only slightly less than the CVD energy of 3.08 eV. It’s also 

worth noting the relative intensity decrease for the doubly resonant feature in the exfoliated 

samples. The doubly resonant feature is about ½ the intensity of the D exciton feature whereas 

the two features were at similar intensity levels for the CVD sample. This likely results from a 

decrease in transition dipole strength of the A exciton in the exfoliated sample CVD-grown TMD 

samples are typically of a higher quality than their exfoliated counterparts. 
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To corroborate further the SFG results seen in the 1L samples, we performed the same SFG 

experiment on exfoliated HBL samples, one consisting of 1L WS2 and 1L MoS2 and the other 

consisting of 1L WS2 and 1L WSe2. It is unknown which layer is on top and which layer is on 

bottom in these samples. This allowed us to again test the technique and make sure similar types 

of features (single resonance from Γ point and double resonance from K point) are seen in the 

other TMDs. The HBL SFG spectra are shown in Figure 30. The WS2/MoS2 spectrum (Figure 

30a) has two doubly resonant features compared to one in the 1L WS2 spectrum. One of the 

doubly resonant features occurs at (ħω2, ħω1) = (1.94, 1.38) eV and the other occurs at (ħω2, ħω1) 

= (1.81, 1.48) eV. The 1.38 eV feature is assigned to the HX state in WS2 and the 1.48 eV feature 

is assigned to the HX state in MoS2 since the peak aligns with the energy of the MoS2 A exciton 

at 1.83 eV (red arrow, Figure 30a). It’s likely the most intense feature of this SFG spectrum (the 

D exciton feature) is obfuscating the true energy of the CB0→CB2 transition in MoS2 as those 

Figure 30 | 2D SFG spectra for exfoliated HBLs. a) WS2/MoS2 and b) WS2/WSe2. The red (orange) arrow 

below the spectrum indicates the ħω2 energy that's equal to the A exciton energy for the MoS2 (WSe2) 

layer. The grey pixels represent negative signal values. 
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features run together. However, this is inferred from the 1L WS2 measurements and is not certain 

– the HX state in MoS2 may indeed lie 1.48 eV above the CBM. The singly resonant feature 

from the Γ point is about 3x as intense as both the doubly resonant features. This feature is still 

diagonal albeit with a smaller slope than any of the 1L samples. Band structure calculations of 

WS2/MoS2 HBLs show the VBM at the Γ point is hybridized between both layers, and the CBM 

at the Γ point that’s mostly MoS2 in character is ~0.2 eV lower in energy than the CBM that’s 

mostly WS2 in character (see Figure 33a for the band structure).115 Therefore, we expect the 

MoS2 layer to contribute to the singly resonant feature with a constant output color that’s ~0.2 eV 

less than the D exciton contribution from the WS2 layer. These two features run into one another 

which causes the resulting feature in Figure 30a to be more horizontal compared to the analogous 

features in the 1L samples. 

Like the WS2/MoS2 sample, the WS2/WSe2 SFG spectrum (Figure 30b) has two double 

resonances with the second one being admittedly harder to see. The first double resonance is the 

familiar one originating from the WS2 layer at (ħω2, ħω1) = (1.97, 1.36) eV. The diagonal 

character of the doubly resonant feature (constant output color of 1.97+1.36=3.33 eV) is more 

pronounced in this spectrum than the other exfoliated SFG spectra. The second double resonance 

occurs at (ħω2, ħω1) = (1.66, 1.33) eV. This one is harder to see because it falls on top of the Γ 

point single resonance. The contour with the highest signal value for this feature is more circular 

compared to all the other SFG spectra where the highest contour is more ovular. This, coupled 

with the fact that the more intense part of the feature overlaps well with the A exciton of WSe2, 

makes me confident this is indeed a double resonance. The two double resonances dominate this 

spectrum making any single resonances from band nesting features difficult to see. 
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The spectra from both the 1L and HBL exfoliated samples corroborate the CVD results. This 

technique takes advantage of the large excitonic transition dipole to enhance high-energy 

transitions at the direct-gap momentum point. It can also probe high-energy states with a large 

JDOS like in the case of the D exciton resonance. I was interested in investigating how 

photoexcited charge carriers moved into or scattered away from these states and if the SFG 

output was capable of probing their transient behavior. Those experiments are in the section that 

follows. 

3.2 Transient method: pump-SFG probe spectroscopy  

3.2.1 Background: Charge transfer mechanism in TMD HBLs 

With the charge transfer (CT) diagram in mind from Chapter 1 (Figure 6), recall that typical CT 

experiments performed on TMD HBLs have both the pump and probe resonant with the A 

exciton transitions. Therefore, the experiments are localized at the K point in the BZ. However, 

in a TMD HBL, the different dielectric environment that both layers experience as well as the 

interactions between out-of-plane orbitals can shift both the VBM and CBM to other momentum 

points than the K point in the BZ, according to several computational works.128–130 The HBL 

becomes an indirect gap semiconductor. This has a consequence for CT as the charge carriers 

that are created at the K point scatter over to the new VBM/CBM that is at the lowest-energy 

configuration and may visit other momentum points along the way. Even if the calculations that 

posit the VBM/CBM change to other momentum points are incorrect and the K point remains as 

the VBM/CBM, there will be some momentum scattering from the K point in one layer to the K 

point in the other layer as TMD HBLs can accommodate a non-zero twist angle between the 

layers. In other words, there’s an inherent momentum mismatch even between the same 
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momentum points for the constituent layers. 42 Given this situation, it was of great research 

interest in the mid-to-late 2010s to determine why the CT mechanism was so efficient (<50 fs 

timescale at room temperature) regardless of the twist angle between the layers. There were two 

papers that came out in 2020, one experimental and one computational, that provided insight into 

the CT conundrum and served as the motivation for the pump-probe experiments in the 

following sections. The paper is: 

Direct determination of momentum-resolved electron transfer in the photoexcited van der Waals 

heterobilayer WS2/MoS2, Feng Liu et al, 2020, Physical Review B. (Ref 115) 

This study used time-resolved ARPES to create an unambiguous picture of the CT mechanism in 

a WS2/MoS2 HBL. It created charge carriers in both the WS2 and MoS2 layers using a 2.2 eV 

pump and probed the temporal evolution of the charge carriers using ARPES. Because ARPES 

Figure 31 | Results of pump-ARPES probe experiments performed on a WS2/MoS2 HBL. a) ARPES 

transients at various high-symmetry points in the BZ. The figure shows the shapes of the excitation and 

sample dynamics. b) deduced CT mechanism for WS2/MoS2 deduced from the transients in panel a). 

Figure adapted from Ref 115. 
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directly probes the BZ, the authors were able to park their ARPES probe at various high-

symmetry points in the BZ and watch how the ARPES signal changed as a function of pump-

probe delay time. These transients are shown in Figure 31a. 

Both the K point (Figure 31a, upper left) and the Q point (Figure 31a, lower left) have transients 

that peak right after the pump arrives and tails that last for a long time (with a time constant ≥ 40 

ps), suggesting the electrons residing at these two momentum points in the CB are in dynamic 

equilibrium. The peak signal at the Q point has a slight delay relative to the peak signal at the K 

point and is attributed to electrons generated by the pump pulse taking time to transfer to the Q 

point. The transients for the M and M/2 points (Figure 31a, upper right and lower right, 

respectively) are characterized by an instantaneous rise time and the ARPES signal completely 

decaying by ~3 ps after pump arrival. The electron transfer from K→M and K→M/2 is faster 

than the experimental temporal resolution. The transient ARPES signal dying away completely 

means that electrons will funnel from the M and M/2 points to the lower-energy K and Q points. 

Figure 31b is a schematic of the charge transfer mechanism deduced from the pump-ARPES 

probe data shown in Figure 31a. CT in WS2/MoS2 occurs in 4 steps: 1) Electrons are promoted 

from the VBM to the CBM at the K point in both WS2 and MoS2 layers. 2) Electrons scatter over 

to either the Q, M, or M/2 momentum points. 3) If the excited electrons occupy the M or M/2 

points, they will scatter over to the lower-energy K and Q points. 4) The excited electrons in the 

K and Q points remain in dynamic equilibrium until they radiatively or non-radiatively 

recombine with holes in the VB. Efficient CT occurs in TMD HBLs because the momentum 

mismatch is relaxed by electrons scattering to non-direct-gap states in the BZ.  

The second paper is: 
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Excitonic Effect Drives Ultrafast Dynamics in van der Waals Heterostructures, Junyi Liu et al., 

2020, ACS Nano Letters. (Ref 131) 

The pump-ARPES probe measurements described above were, to my knowledge, the first time-

resolved ARPES study on a TMD HBL and therefore solidified my understanding of CT. While 

the ARPES probe is capable of (and even more suited to) interrogating holes that are transferred 

between the layers, the authors did not report any of that data if taken. Those experiments gave 

insight into the electron transfer mechanism but not the mechanism for holes. The computational 

work of Liu et al. tracked the transferred holes in addition to tracking the whole exciton, rather 

than just tracking the single particles. They tracked five different exciton species which are 

illustrated in Figure 32a. 

Figure 32 | Figure summary of computational CT mechanism study on a WS2/MoS2 HBL. a) Hybridized 

band structure of the WS2/MoS2 with the 5 different exciton species studied. The real-space orbital 

representations for each exciton are illustrated below the band diagram. b) Population dynamics for each 

exciton species after excitons are created in the lower-bandgap layer. Figure adapted from Ref 131. 
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The specific details of all the exciton species are not important. The important observation from 

Figure 32a is the authors kept track of the initial exciton species SI, the final (i.e. lowest energy) 

exciton species S0, and three intermediate exciton species SM1, SM2, and SM3. Many of the VBs 

and CBs that make up these exciton species are not the direct-gap state. The population 

dynamics of all the exciton species are shown in Figure 32b which simulates a pump-probe CT 

experiment. Again, the fine details of the transient behavior are not important. The important 

observation is that all the excitons studied become populated as charge transfers from the initial 

state (blue trace) to the final state (black trace), i.e. the red, magenta, and green traces in Figure 

32b are non-zero. The hybridization of bands between the materials indicates that immediately 

upon charge injection into the lower-energy layer, there is population in the other layer which is 

represented in the transients of the three intermediate exciton species. The instantaneous charge 

transfer phenomenon has been seen in other computational works.132 
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3.2.2 Connecting the background to my transient experiments 

The important insights from these two studies are that the direct-gap transitions (CBM and VBM 

at the K point in both layers) only tell some of the CT mechanism story. Knowing the 

contribution of non-direct-gap transitions to the CT mechanism, coupled with the SFG work 

presented in Section 3.1, suggested performing visible pump-SFG probe spectroscopy on the 

exfoliated WS2/MoS2 sample which is presented in the following section. The goal of these 

experiments is the same as the pump-ARPES probe study - elucidating the CT mechanism by 

Figure 33 | Blueprint for understanding pump-SFG probe experiments. a) WS2/MoS2 hybridized band 

structure from the literature. The green, purple, and orange arrows represent transitions at the M/2, M, and 

Q points in the BZ. The energies of these transitions, tabulated above the band structure, are M ~ 3.40 eV, 

M/2 ~ 3.25 eV, and Q ~ 2.95 eV. b) The unpumped SFG spectrum of exfoliated WS2/MoS2 shown 

previously. Overlayed on the spectrum are two boxes outlined in red and blue and denote the 2D 

frequency space investigated in the pump-SFG probe experiments shown in Figures 35 and 36. Through 

each box there are lines of constant output color that correspond to ħω2 and ħω1 adding up to the energy 

of transitions denoted by the arrows in panel a). The numbered dots in the two quadrants correspond to 

the ħω2, ħω1 color combination for the transient delay traces shown in Figures 37 and 38. Band structure 

adapted from Ref 115. 
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probing various momentum points in the BZ. My study is novel because it uses the more 

accessible all-optical probe of the BZ rather than ARPES. 

The blueprint for understanding the pump-SFG probe data below is shown in Figure 33. The 

hybridized band structure adapted from Ref 115 highlights three transitions at momentum points 

(Figure 33a) involved in the electron transfer mechanism deduced from the pump-ARPES probe 

measurements described in Section 3.2.1. These transitions are the M/2 point at ~3.25 eV, the M 

point at ~3.40 eV, and the Q point at ~2.95 eV. Note the hybridized nature of the CB and VB at 

these transitions indicated by the colorbar in Figure 33a. The unpumped WS2/MoS2 SFG 

spectrum is shown in Figure 33b and is overlayed by two rectangles outlined in red and blue. 

These quadrants denote the energy range used for the pump-SFG probe experiments. The 

diagonal lines are lines of constant output color that correspond to the transitions outlined in 

Figure 33a. 
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The pump-SFG probe experiments have the same experimental setup as the unpumped SFG 

experiments except for the addition of a 3.10 eV pump pulse. The line of 3.10 eV constant output 

color runs anti-diagonally through the center of the 2D SFG spectrum. Due to pump scatter, the 

monochromator passed considerable pump photons to the detector for pixels where the 

monochromator collected anywhere in the range of ħω2 + ħω1 =3.10 eV +/- 0.1 eV. This is the 

reason only the energy ranges indicated by the red and blue quadrants were investigated for the 

pump-SFG probe experiments. 

 

Figure 34 | Potential CT mechanism with the SFG probe tuned to the Q point energy. It mimics the 

WS2/MoS2 band structure shown in Figure 33a. The light blue circle represents an electron and the light 

red circle represents a hole. Step 1: the pump creates hot electrons at the K point. Step 2: the hot electrons 

relax non-radiatively to the band edge in the WS2 layer. Step 3: the electron scatters with a phonon to 

occupy the Q point CBM. The SFG probe that’s tuned to the Q point energy sees less available 

transitions, resulting in weaker intensity compared to the unpumped SFG intensity. This type of 

mechanism can be considered for the other momentum points of interest, M/2 and M, but they are not 

shown for clarity. The pump is 3.10 eV for all pump-SFG probe measurements shown. 
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Here is the thought process for performing these novel pump-probe experiments: the 3.10 eV 

pump will create hot carriers mostly at the K point as well as at other momentum points in the 

BZ. The excited electrons (holes) will funnel down (up) in energy to reach the CBM of WS2 

(VBM of MoS2) at the K point – carriers are now populated at states similar to the ones 

populated in the Liu et al. (experimental work, PRB) and Liu et al. (computational work, Nano 

Letters). Based on these previous works, the carriers will pass through the M and M/2 points and 

end up at the K and Q points. A schematic of the proposed charge carrier movement in the pump-

SFG probe experiments is shown in Figure 34. It is an example of when the SFG pulse sequence 

probes the Q point, but similar mechanisms would also occur at the M/2 and M points. The 3.10 

eV pump (purple arrow) creates hot electrons at the K point (Step 1). The hot electrons relax 

non-radiatively to the WS2 layer band edge (Step 2). The electron then scatters with a phonon to 

occupy the CBM at the Q point (Step 3). Sometime later, the SFG probe that’s tuned to the Q 

point energy interrogates the Q point. Due to the reduced number of transitions available to the 

SFG probe compared to when the pump is off, the pumped SFG output will be less intense. Thus, 

the experimental signature in the pumped 2D SFG spectrum that indicates the method works is a 

bleached feature centered at any of the three energies that the SFG process is probing: 2.95 eV 

for Q, 3.25 eV for M/2, and 3.40 eV for M. 

3.2.3 2D frequency plots at various pump-probe delay times 

The pumped SFG spectra for a WS2/MoS2 HBL at various pump-probe delay times are shown in 

Figure 35. The signal metric that is plotted is the difference in pumped and unpumped SFG 

intensity (ΔSFG) divided by the unpumped SFG intensity. Dividing by the unpumped SFG 

intensity removes any dependence of the signal on the probe intensity. Furthermore, only a single 

pump color is used so there can be no pump intensity dependence on ΔSFG. Thus, these 
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measurements are free from intensity variation artifacts, different than the unpumped SFG 

spectra shown in Section 3.1. 

The red and blue quadrants are plotted on the original unpumped SFG plot to show where they 

fit in with the original experiments. Before the pump arrives, the SFG intensity oscillates about 

zero indicating a good baseline and no discernible pump scatter (Figure 35, upper left). When the 

Figure 35 | Pump-SFG probe measurements for the exfoliated WS2/MoS2 sample at pump probe delay 

times of -0.5, 0, 1, and 5 ps. The black arrow in the T=1 (lower left) plot indicates the potential presence 

of a time-dependent phenomenon where charge is transferring into and then out of the bands associated 

with the doubly resonant feature contributed by the WS2 layer (see Figure 30). 



100 

 

pump and probe are overlapped temporally (Figure 35, upper right) bleaches are seen in both the 

red and blue quadrants with the red quadrant having a maximum bleach of ~13% and the blue 

quadrant with a maximum bleach of ~8%. 

The line shape in the T=0 red quadrant has a rounded rectangular character to it – when 

compared to the same feature in Figure 30a, it can easily be seen the pumped line shape follows 

the unpumped line shape. At later delay times of T=1 and T=5 ps (Figure 35, lower left and 

lower right, respectively) the line shape remains nominally the same with the SFG intensity 

recovering toward the unpumped intensity at the latest delay time (i.e. the bleach gets weaker). 

Let’s now consider the line shape of the blue quadrant: at T=0, the ΔSFG/SFG signal is 

negatively sloped with the contours following a constant output color of 3.28 eV. This is near the 

M/2 point but unfortunately, if my hypothesis was correct for how I wanted these experiments to 

work out, the line of constant output color needs to be centered at or near 3.25 eV. This is clearly 

not the case as the bleach intensity peaks in the lower left part of the blue quadrant and falls 

away monotonically to the upper right of the quadrant. It’s worth noting that the four contour 

lines in the T=0 plot all roughly have the same shape. When compared to the T=1 plot, however, 

this is not the case. The contour line in the blue quadrant that follows the smallest signal value 

has a “bulge” centered around ħω2=1.95 eV. Comparing this feature to the unpumped spectrum 

in Figure 30a, this bulge overlaps well with the doubly resonant feature at the K point in the WS2 

layer. Because the output color of this feature is ~3.32 eV, the 3.10 eV pump likely does not 

populate the high-lying CB2 band. Rather, the additional bleached signal likely arises from the 

CBM of WS2 getting bleached as that is one of the CB states that excited charge carriers will 

funnel to. Looking at the latest pump-probe delay of T=5 ps, the bulge is mostly gone and the 

lowest-signal contour matches the shape of the other 3 contours well as in the T=0 ps quadrant. 
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My hypothesis of seeing bleaches at any of M, M/2, or Q momentum points as a result of charge 

transferring from WS2 to MoS2 and vice versa was unfortunately unsuccessful. However, a 

different experimental signature of charge transferring into and out of the WS2 CBM at the K 

point presented itself with the bulge in the blue quadrant in the T=1 plot but not being present at 

earlier or later delay times. 

The same pump-SFG probe measurements were performed on the exfoliated WS2/WSe2 HBL as 

well, albeit with less interesting results than the WS2/MoS2 sample. I did not have solid literature 

Figure 36 | Pump-SFG probe measurements for the exfoliated WS2/WSe2 sample at pump probe delay 

times of -0.5, 0, 1, and 5 ps. 
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results to base expectations on for the WS2/WSe2 sample so these measurements were mostly 

done to see if any high-energy diagonal bleaching features were present. The results are shown in 

Figure 36. 

The pumped SFG spectrum before zero delay at T=-0.5 ps (Figure 36, upper left) again 

demonstrates no pump scatter and a robust baseline. In the T=1 ps plot (upper right) the line 

shape in the red quadrant follows the same line shape as the same feature in the unpumped 

spectrum (Figure 30b). This feature, however, does differ from the analogous feature in the 

pumped WS2/MoS2 SFG spectrum in that the WS2/WSe2 sample’s feature is more circular where 

the WS2/MoS2 sample has more of a rectangular character. This is a result of the WSe2 A exciton 

energy being within the scanned ħω2 range in the red quadrant. The line shape for the red 

quadrant at the later delay times of T=1, T=5 ps (Figure 36, lower left and lower right, 

respectively) does not change significantly while the SFG intensity recovers toward the 

unpumped intensity value. The blue quadrant is the same story as the red quadrant for the 

WS2/WSe2 sample: the pumped line shape follows the unpumped line shape and the pumped 

SFG intensity recovers toward the unpumped intensity value for later delay times. 
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3.2.4 Decay transients at specific ħω2, ħω1 combinations 

To investigate the long-time dynamics of the transient SFG response, ħω2 and ħω1 were parked at 

the various frequency combinations indicated in Figure 33b and the pump-probe delay was finely 

scanned out to 20 ps. Because the two literature works detailed above covered a WS2/MoS2 

sample, I decided to focus these efforts on my exfoliated WS2/MoS2 sample. The high-resolution 

transients for the WS2/MoS2 red quadrant are shown in Figure 37. The orange traces have an 

Figure 37 | Pump-SFG probe transients for various ħω2, ħω1 combinations in the red quadrant for the 

WS2/MoS2 sample. Both traces have an output color equal to the lowest-energy transition at the Q point 

and the numbers in the upper right-hand corner of each plot correspond to the numbers indicated in Figure 

33b.  
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SFG output energy equal to the lowest-energy Q point transition (Figure 33a). By taking these 

high-resolution delay traces, I was looking for a delayed onset in the transient SFG signal akin to 

the delayed onset of the ARPES transient in Figure 31a (lower left plot). 

Both of the ħω2, ħω1 combinations in Figure 37 have biexponential behavior and thus were fit 

with a biexponential. The fast time constant is typically attributed to carrier-carrier annihilation 

due to a high carrier density 25,133 and the slow time constant is attributed to the electron and hole 

recombination, either radiatively or non-radiatively. Both Q point transients have fast time 

constants in the 150-200 fs range and slower time constants in the 30-35 ps range. There was not 

a delayed response right after pump-probe overlap that indicated carriers funneling into the Q 

point, which is what Liu et al. saw with their ARPES probe (Figure 31a). 
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The transients for the blue quadrant are shown in Figure 38 along with their exponential decay 

fits. Again, the number label in the bottom right of each plot of Figure 38 corresponds to the ħω2, 

ħω1 combination indicated in Figure 33b. Other than the 2nd M point, these transients showed 

two dynamics regimes with a fast and slow component. Let’s first consider the M/2 point 

transients (Figure 38, left column). The fast time constant for all three M/2 points is ~120 fs. The 

slow time constant is similar for the 1st and 2nd points at 40 ps but is faster for the 3rd point with a 

Figure 38 | Pump-SFG probe transients for various ħω2, ħω1 combinations in the red quadrant for the 

WS2/MoS2 sample. The left (right) column with the green (purple) traces has an output color equal to the 

lowest-energy transition at the M/2 (M) point and the numbers in the lower right-hand corner of each plot 

correspond to the numbers indicated in Figure 33b. All the transients are fit with biexponential decays 

except for the 2nd M point. 
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time constant of ~30 ps. It should be noted that the ħω2, ħω1 combination of the 3rd transient 

overlaps with the “bulge” feature that was discussed in Figure 35 (T=1 ps) which is the doubly 

resonant feature that originates from the WS2 CBM at the K point.  

The long-time transient behavior of the 3rd M/2 point compared to the 1st and 2nd support the 

findings of the 2D frequency plots in Figure 35, namely both representations of the data suggest 

electrons are funneled out of the WS2 CBM either to the MoS2 CBM or the Q point that is 

hybridized between the two layers (see HBL band structure, Figure 33a). The 1st M point 

transient (Figure 38, top right) has similar dynamics to the 1st and 2nd M/2 point transients. The 

2nd M point transient was better fit with a monoexponential decay and has a time constant of ~30 

ps. There’s a large relative error associated with this value, however. Because the other 6 

transients showed the same behavior, the 2nd M point transient was not considered when 

deducing the general dynamics behavior seen by the SFG probe. 

In conclusion, the pump-SFG probe technique did not report the same dynamics in the 

WS2/MoS2 HBL as were reported by Liu et al using their pump-ARPES probe technique. There 

were no ΔSFG/SFG peaks centered around the Q, M/2, or M points as I had envisioned and most 

transients at these momentum points showed the same dynamics. The pump-SFG probe data 

instead points to essentially the entire BZ getting bleached which can be understood in the 

following way: the SFG probe ranges in output color from 2.7-3.6 eV which contains many 

transitions in the BZ. The 3.10 eV pump creates carriers at many points in the BZ. Upon 

excitation, the hot carriers scatter to a myriad of states at a rate faster than the experiment can 

resolve temporally. This is proven by the instantaneous differential SFG signal seen in the Q, 

M/2 and M point transients. We know the hot carriers populate many states from the 

experimental work by Liu et al. and the computation work by Liu et al. that’s outlined in Section 
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3.2.1. The carriers occupy these lowest-energy states and relax radiatively or non-radiatively 

with a time constant of 35-40 ps. While the SFG probe is selective for the K point, it’s not 

selective enough to probe the other momentum points of interest. Instead, using a third-order 

spectroscopy that couples four bands together will provide the selectivity required to probe 

specific points in the BZ. Furthermore, performing similar measurements at lowered 

temperatures will slow down the carrier scattering mechanisms and will allow for differences in 

dynamics to be resolved. 

It's worth noting again that the 3rd M/2 point transient that overlaps with the HX state originating 

from the WS2 layer in the WS2/MoS2 HBL SFG spectrum (Figure 30a) has the fastest decay of 

all the transients investigated. This suggests there are interesting dynamics occurring at the HX 

state. Unfortunately, the SFG probe cannot resolve whether the interesting dynamics are 

occurring at the A exciton state or the HX state. Future experiments to resolve such dynamics are 

presented in Chapter 4.3. 
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4 Future Work 

The final chapter in this dissertation presents the work I believe to be the most important for 

carrying on the projects discussed in Chapters 2 and 3. Section 4.1 is a discussion on how to 

implement higher acquisition rates using the nonlinear microscope. The nonlinear microscope 

currently excels at performing nonlinear spectroscopies, but implementing a higher frame rate 

will allow it to perform more conventional TAM experiments that use linear probes. Section 4.2 

proposes two experiments to confirm the assignment of the HX state seen in the 2D SFG 

measurements from Chapter 2.2. These experiments are prudent for confirming the validity of 

sum-frequency spectroscopies (SFG, TSF) as a technique to characterize high-energy CB/VB 

states in 2D semiconductors. Section 4.3 concludes the Chapter by suggesting a few small 

tweaks to the pump-SFG probe experiments discussed in Chapter 3.3 to gain a direct probe the 

HX state’s dynamics. 

4.1 Implementation of shot-to-shot acquisition rates for widefield 

TAM using a linear probe 

In pump-SHG probe experiments like the ones discussed in Chapter 2.3, or pump-THG probe 

experiments like those published previously in the Wright group,134 the peak differential signals 

upon resonant pumping in TMDs range from 10-50%. This signal level is more than an order of 

magnitude greater than differential signals in traditional pump-linear probe measurements which 

typically peak at a few percent. Because the differential signals are smaller in standard, linear 

pump-probe measurements, the pump pulse is chopped with as high a frequency as possible to 
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compare probe pulses that are nearby in the optical train and are therefore well-correlated.76,135 

For example, the fs system’s standard pump-probe setup chops the pump at 500 Hz which is 

every other laser shot given the fs system’s 1 kHz repetition rate. In this way, neighboring probe 

pulses in the optical train are compared to one another which have a higher correlation and 

reduces noise. 

In the Wright Group widefield nonlinear microscope’s current state, a mechanical shutter chops 

the pump pulse once for every scanned motor position (i.e. there is a “pump-on” and “pump-off” 

measurement taken at each motor position before progressing to the next motor position). The 

chopping repetition rate in this setup is defined by the camera acquisition time. For example, in 

the pump-SHG probe measurements in Chapter 2, the collection of an SHG image took 30 s, 

meaning the probe pulses used to generate the SHG images alternate every 30 000 shots. The 

average intensity of the probe pulses used to generate successive pump-on and pump-off images 

was likely different. However, the large ΔSHG/SHG values in those experiments cover any 

potential problems introduced by laser intensity fluctuations. This would be problematic for 

pump-linear probe measurements where the differential signals are smaller. If we consider the 

same chopping scheme using a linear probe where the intensities are much larger, and, for 

example, 1 s acquisitions are needed to fill the pixel wells, that means the probe pulses used to 

generate the linear image still alternate every 1000 shots. This is a drastic decrease in 

performance compared to the standard fs system pump-probe setup of collection where every 

other probe pulse is compared. 

Indeed, nonlinear probes can retrieve the same dynamics information as linear probes.6 Due to 

the lower-intensity probe field, however, pump-nonlinear probe measurements may take 

needlessly long to perform compared to a linear probe. Sometimes the simpler measurement is 
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all that is needed and it’s convenient to have the option to choose between the two. This 

motivates implementing a shot-to-shot readout and signal processing scheme for the Wright 

Group’s nonlinear microscope. 

As mentioned in Chapter 2.2.4, reading out a smaller section of the camera’s pixels (called 

region of interest, or ROI) and binning the pixels speed up the acquisition rate. The ProEM512 

EMCCD camera employed in the Wright Group’s nonlinear microscope achieves a frame rate of 

1 kHz with a ROI of just less than 100 x 100 pixels. With the 16 μm square pixels and the 20X 

microscope magnification, this corresponds to an area of ~80 μm x 80 μm that can be imaged at 

the fs system repetition rate. If spatial resolution is not important and the pixels can be binned, 

the total area that can be imaged at 1 kHz increases to 120 μm x 120 μm for 2 x 2 binning and 

200 μm x 200 μm for 4 x 4 binning. These are imaging areas that would easily house 

microstructures studied by the materials side of the Wright Group. 

Changing the ROI and binning settings on the EMCCD is trivial. The Wright Group has optical 

choppers that can chop at half of the fs system repetition rate. The main challenge is in telling the 

data acquisition software which camera images are “pump off” and which are “pump on.” In 

standard pump-probe measurements on the fs system, the probe and chopper signals are read out 

on the same data acquisition board (DAQ) and the math required to calculate the transient signal 

is performed by custom Python scripts. No manual calculations are necessary - all the required 

math is performed “under the hood.” 

What needs to happen is the daemon that controls the camera must call the daemon that controls 

the DAQ that holds all the chopper phases. Once the camera daemon has an array of the chopper 

phases for every shot, each camera image can be tagged with the corresponding chopper phase 

and the differential signal can be calculated. In Appendix C, Section 8.4 I provide an example 
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scenario with real numbers so future implementation may be less nebulous and more 

straightforward. That workflow is an important reference for Wright Group students who wish to 

perform pump-linear probe measurements with the widefield nonlinear microscope in the future. 

4.2 Proposed experiments to further corroborate HX peak assignment 

from 2D SFG studies 

The current assignment for the double resonance peak in the 2D SFG spectra shown in Chapter 3 

is from a high-lying CB state that is two bands above the CBM at the K point. There are three 

factors that put a high degree of confidence into this assignment: 1) similar double resonance 

Figure 39 | WMELs for proposed experiments to confirm HX state assignment in 1L TMDs. Note the 

additional HX (s-like) state and VB-1 (B exciton) state relative to original WMELs shown in Chapter 3. 

The middle WMEL (grey background) corresponds to the prominent pathway of the original 2D SFG 

experiments present in Chapter 2. The SFG output emits from the HX state with p-like symmetry. The 

WMEL on the right (yellow background) would confirm the HX state assignment by using a χ(3) process 

to observe TSF output from the nearby s-like HX state. The WMEL on the left (yellow background) 

would confirm the HX assignment by exciting the B exciton instead of the A exciton. Since they both 

originate from the K point, there should be a double resonance feature when ω2 is equal to the B exciton 

energy (~2.40 eV in 1L WS2). 
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features were seen at the MoS2 A exciton energy and WSe2 A exciton energy in WS2/MoS2 and 

WS2/WSe2 HBL samples, respectively (see Chapter 3.1.2). 2) Simple steady state equations with 

assumptions that match the experimental conditions have qualitative agreement with 

experimental line shapes. 3) The state has been observed in two other 1L TMDs, namely WSe2 

and MoSe2.
96,126 While the 1st factor is promising, the SFG measurements performed on HBL 

samples have twice the available resonances compared to 1Ls which complicates the 2D SFG 

spectra interpretation. The 3rd factor is also promising because the electronic structure for the 

four popular semiconducting TMDs are qualitatively the same. However, there are differences 

between TMDs, such as SOC, that make the electronic structure and optical transitions 

quantitatively different. To unambiguously confirm the assignment of the HX state in 1L WS2, 

additional experiments need to be performed on 1L WS2 that lock-in the HX energy and location 

at the K point. The WMEL diagrams for two supporting experiments are shown in Figure 39. 

The middle WMEL (grey background) outlines the primary pathway in the original 2D SFG 

experiments discussed in Chapter 3. Note there are two HX states with symmetry assignments of 

s-like or p-like.96 Because the A exciton (VB0→CB0) is s-like, symmetry selection rules prohibit 

promotion of the electron at CB0 to the s-like HX state. This means that the HX state that emits 

the SFG output field in the original measurements is from the p-like HX state. The p-like HX 

state is slightly higher in energy than the s-like HX state.96 In order to access the s-like HX state, 

the nonlinear process needs to be odd-ordered. I propose to use TSF to access the s-like HX state 

in 1L WS2. The WMEL for such a pathway is shown on the right in Figure 39 (yellow 

background). By simply using two interactions at half the energy of ħω1 in substitution for one 

interaction at the original ħω1 energy, the transition from A→ HX will be symmetry allowed. 
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Observing TSF output at a lower energy than the SFG output will confirm the assignment of the 

HX state. 

Another way to confirm the HX state assignment is to change the energy of ħω2 to be resonant 

with the B exciton rather than the A exciton (Figure 39 left WMEL, yellow background). The 

energy of ħω1 is unchanged. The B exciton energy in 1L WS2 is at ~2.40 eV. Since the A and B 

excitons both originate from the K point, observing a double resonance feature at (ħω2, ħω1) = 

(~2.40, 1.35) eV will confirm two things: 1) the HX state is indeed at the K point, and 2) the HX 

state is ~1.35 eV above the CBM, as posited by the original 2D SFG experiments. This method is 

more straightforward than the aforementioned symmetry method since the energy difference 

between the A and B excitons in 1L WS2 is well known compared to the energy difference 

between the s-like and p-like HX states. 
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4.3 Pump-push-probe spectroscopy for directly probing HX dynamics 

The SFG measurements presented in Chapter 3 demonstrated a selective way to probe a high-

lying conduction band state in TMDs that occurs ~1.35 eV above the conduction band minimum 

(the HX state). HX may influence the carrier occupation of the A exciton state as they are close 

to one another in the BZ and even share the same valence band. For example, knowing how the 

HX state feeds the band edge state when a TMD/perovskite absorbs a high-energy photon from 

the sun is important for solar cell applications. The pump-SFG probe setup presented in Chapter 

Figure 40 | Comparison of pump-SFG probe experiments from Chapter 3.3 to proposed pump-push-probe 

spectroscopy for interrogating HX state dynamics. a) The 3.1 eV pump populates hot carriers at the K 

point as well as throughout the Brillouin zone. Hot carriers at the K point cool to the band edge. Electrons 

at the Γ point scatter over to the K point at HX and A states through phonon emission/absorption. The 

SFG probe bleach is obfuscated by electron population at both SFG transitions b) an A exciton pump 

creates band-edge excitons. A NIR push pulse, equal to the A→HX transition energy, promotes A exciton 

electrons to the HX state. An A exciton probe measures the relaxation of HX electrons back to the A 

exciton. c) An example delay trace for pump-push-probe spectroscopy. The negative spike on the LHS of 

the plot corresponds to the pump-probe signal and the positive spike on the RHS of the plot corresponds 

to the push-probe signal. Panel c) adapted from Ref 136. 
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3.2 was not conducive to measuring HX dynamics and Figure 40a explains the reason by 

presenting a series of WMELs that describes charge carrier occupation created by the 3.1-eV 

pump and seen by the SFG probe. The 3.1-eV pump creates hot carriers at the K point as well as 

many other points in the BZ. The hot carriers cool to the band edge and occupy the A exciton 

state. Charge carriers at other momentum points can absorb/emit a phonon to scatter to the HX 

state at the K point. The occupation of the HX state induced by the pump is much less than the 

occupation at the A exciton state, although it is non-zero. The SFG probe interacts with the 

sample and has bleaches from both transitions: ħω2 has a bleached g→A transition due to cooled 

hot carriers from the pump, and ħω1 has a bleached A→HX transition due to scattered electrons 

that originate from other momentum points in the BZ. As the bleached SFG signal goes from its 

maximum value back to baseline (i.e. carriers are relaxing), it’s not possible to know the 

contributions of the two transitions to the overall bleach. In fact, most of the SFG bleach signal is 

likely coming from the A exciton transition as that state has a higher occupation of carriers. 

There is only one readout (the overall SFG bleach) from two signal contributions (both resonant 

transitions) meaning there’s no reliable way to extract the dynamics from only the HX state. 

Using a technique called pump-push-probe spectroscopy can unambiguously probe the HX state 

dynamics. The technique is similar to pump-probe spectroscopy except for an additional “push” 

pulse that further excites pump-induced charge carriers. Figure 40b presents a series of WMELs 

that shows charge carrier occupation created by the pump and push pulses and seen by the probe 

pulse. A pump pulse resonant with the A exciton creates excitons at the band-edge. Sometime 

after the excitons thermalize (i.e. after the processes from the fast relaxation component finish), a 

push pulse resonant with the A→HX transition promotes band-edge electrons to the HX state. 
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Finally, a probe pulse resonant with the A exciton monitors the relaxation of the HX-state 

electrons back down to the band edge. 

An example delay trace for what this pump-push-probe spectroscopy experiment would look like 

is presented in Figure 40c.136 The negative peak on the LHS of Figure 40c is the differential 

signal at the A exciton energy due to the pump. This trace is crucial because it acts as a baseline 

signal for the bleach magnitude only from the pump. The positive peak in the red trace on the 

RHS of Figure 40c is the differential signal at the A exciton energy due to the push pulse. A 

positive spike is seen because the push pulse promotes electrons from A→HX and opens 

occupation in the A exciton state. The dynamics of this red trace in Figure 40c is the HX 

dynamics as carriers relax back to the band edge. HX-state electrons may relax back to non-

band-edge CBs at the K point or CBs at different momentum points. Comparing the long-time 

differential signal value of the pump-push-probe experiment to the control experiment with no 

push pulse (black trace, PP) will give insight to how many HX-state electrons relax to the band 

edge and how many relax to other places in the BZ. 
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APPENDIX 

6 Appendix A - Optical layout of fs system 

The Wright Group added the fs system to its laser lab around 2010. The desire to study 

semiconductor materials systems, where the charge carrier dynamics are equally important as 

their spectral signatures and occur on time scales less than 1 ps, motivated the implementation of 

the system. Figure A1 illustrates the upstream optical layout of the fs system. The configuration 

of these optics/lasers was static throughout much of my graduate school career. They are 

responsible for the preparation of the excitation beams (scannable frequency range, time delay, 

pulse fluence) before being sent to the traditional CMDS spectrometer/microscope, where the 

optical alignments are more fluid depending on the experiment. 

Figure A1 | Upstream optical layout of the fs system in the Wright Group. 
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 The fs system starts with a Ti:Sapph oscillator (Tsunami, Spectra-Physics) that outputs pulses 

centered at 1.55 eV with a temporal pulse duration of ~35 fs and a repetition rate of 1 kHz. The 

oscillator seeds a regenerate amplifier (Spitfire, Spectra-Physics) that outputs pulses centered at 

the same central frequency and with the same temporal duration as the seed. It outputs a total 

power of 4 W. 20 W of a ns-pulsed diode laser centered at 532 nm pumps the amplifier. A little 

less than half of the amplifier output is sent to an optical parametric amplifier (OPA; Topas-C, 

Light Conversion) which has been named “OPA2.” The remaining power is sent to another OPA 

of the same make and model which has been named “OPA1.” A few percent of the amplifier 

output is picked off on its way from OPA2 to OPA1 which the Group has named the “Leak line.” 

We use the Leak line in three different ways: 1) unchanged as 1.55 eV, 2) frequency-doubled at 

3.10 eV, or 3) used as the seed for white light generation. 

The OPAs have two amplifying stages and typically have output powers (signal + idler beams) of 

600-700 mW. The signal, idler, and 1.55 eV pump beams are further combined in nonlinear 

crystals housed in the Mixers to create energy ranges that span from the MIR to the UV. The 

OPA ranges most used in this dissertation are signal (0.8-1.05 eV), idler (0.55-0.8 eV), second 

harmonic signal (1.6-2.1 eV), and second harmonic idler (1.10-1.6 eV). 

After the Mixers, both beams are sent through a periscope that unifies the two polarizations in 

addition to lowering the beam height. The beams are vertically polarized after exiting the 

periscope. The beams are then sent through a mechanically controlled variable neutral density 

(ND) wheel to control the pulse fluence. Finally, the beams are sent through a delay stage that 

controls the time at which the pulses arrive at the sample position. 
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7 Appendix B - Additional proof-of-principle measurements 

performed using widefield nonlinear microscope 

The following sections present measurements on 2D Ruddlesden-Popper (RP) perovskite 

samples provided by the Jin group using the widefield nonlinear microscope outlined in Chapter 

2. The Jin group members I collaborated with and I thought of interesting and exciting 

experiments to try on these samples using the microscope I built. The motivation behind these 

experiments was materials driven and the new widefield pump-SHG probe microscopy technique 

could answer the questions we had. There was a low risk, high reward to perform those 

experiments but unfortunately they weren’t successful. After these experiments were completed, 

I decided to take preliminary, proof-of-principle measurements on these samples to show fellow 

Wright and Jin group members the versatility of the instrument. Thus, these measurements act 

more as an advertisement to potential future users rather than to gain scientific insight into 

perovskite photophysics. 

These measurements supplement the transient SHG and transient transmission data taken on the 

TMD HBL samples in Chapter 2.  

7.1 Widefield transient THG microscopy on thick (PA)2(EA)Pb2I7 

microcrystals 

Using THG as a nonlinear probe is a promising instrumental capability to utilize because there 

are no symmetry requirements like SHG. THG can probe all samples. Of course, this means that 

the substrate produces THG but when the sample possesses strong excitonic transition dipoles, 

like in the case of TMDs and RP perovskites, the material response is orders of magnitude 
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greater than the substrate response. Like SHG, THG is sensitive to the polarization of the 

fundamental field. Heterostructures with constituent materials that have different χ(3) tensors, or 

the same χ(3) tensor but are rotated with respect to one another, can be isolated by the correct 

combination of polarization optics. In other words, the polarizations conditions of the experiment 

can “turn off” the THG from one material and only pass THG from the other material. This 

would be particularly useful for charge transfer experiments where the pump selectively excites 

the material with the lower energy bandgap, and the probe polarization can be set to selectively 

interrogate the material with the higher energy bandgap. 

Figure B1 shows the proof of principle measurements taken on three thick (PA)2(EA)Pb2I7 

(PA=pentylammonium, EA=ethylammonium) microcrystals. The fundamental energy is 1.0 eV 

and therefore the THG output energy is 3.0 eV. The pump energy is 3.1 eV and has a fluence of 

~40 μJ/cm2. Filters before the imaging spectrograph slit get rid of pump scatter and 

photoluminescence from the perovskites so that only THG photons create the image. Figure B1a 

is a false-color reflection image from a white light lamp of the three crystals. Figure B1b is a 

transient THG image taken at pulse overlap. It plots the relative change in THG intensity induced 

by the pump, 
∆𝑇𝐻𝐺

𝑇𝐻𝐺
=

𝑇𝐻𝐺𝑝𝑢𝑚𝑝𝑒𝑑−𝑇𝐻𝐺𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑

𝑇𝐻𝐺𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑
. The entire area of all three microcrystals have 

decreased THG which is likely due to bleaching from Pauli blocking. The ΔTHG/THG 

magnitude for the interior of the crystals (not the border which, perhaps artificially, has a 

significantly higher amount of THG decrease) is in the range of 5-15%. The different facets seen 

in the lamp image are only faintly made out in the transient THG image. Figure B1c presents the 

spatially averaged dynamics for the three well-separated crystals. As might be expected, the three 
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crystals show qualitatively similar dynamics with a large decrease in THG at pulse overlap (0 

ps). 

 

7.2 Widefield transient transmission (ΔT/T) microscopy on a Pb/Sn 

halide perovskite heterostructure 

These measurements demonstrate the microscope’s capability to perform more conventional 

transient absorption microscopy experiments that use linear probes. These measurements did not 

Figure B1 | Transient THG microscopy on 2D perovskite microcrystals. a) False-color image taken with a 

white light lamp in a reflection geometry. b) transient THG image taken at pulse overlap. All crystals 

show a decrease in pumped THG intensity, likely due to Pauli blocking. c) Spatially averaged dynamics 

for the three well-separated crystals (left, middle, right). The three crystals show qualitatively similar 

dynamics. 
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have the optimal chopping routine for a pump-linear probe experiment (see Chapter 4.1), but the 

transient transmission signal was strong enough to still make out the pump-induced behavior. 

The experiment was performed on a Pb/Sn halide perovskite heterostructure. The Pb phase was 

composed of (HA)2PbI4 and the Sn phase was composed of (FPEA)2SnI4 (FPEA=4-

fluorophenethyl ammonium). The pump had an energy of 1.55 eV at a fluence of ~300 μJ/cm2 

and therefore two-photon absorption was used to create a population. The probe was centered at 

a wavelength of 630 nm which is the exciton wavelength of the Sn phase. A 630-nm bandpass 

filter was placed in front of the imaging spectrograph to collect only the probe pulse. Figure B2a 

shows a white light lamp image in reflection at 630 nm. The Pb phase is the square layer on the 

left side of the structure that resembles a postage stamp (dashed white box). The Sn phase is the 

Figure B2 | Transient transmission measurements on a Pb/Sn perovskite heterostructure. a) white light 

lamp reflection image filtered through a 630-nm bandpass filter, equal to the exciton energy of the Sn 

phase. The Pb phase is the smaller structure outlined by the dashed white box and the Sn phase is the 

bigger structure that’s centered in the image. b) spatially averaged dynamics of the heterostructure region 

(teal trace) and Sn-only region (magenta trace). The heterostructure region has increased ΔT/T at pulse 

overlap compared to the Sn-only region. c) ΔT/T images of the Pb-Sn heterostructure before, at, and after 

pulse delay. Asymmetry in the ΔT/T values comparing the heterostructure to the Sn-only region can be 

seen at pulse overlap but wash away for later delay times. 
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large structure that’s centered in the image. Figure B2b presents spatially averaged dynamics of 

the two regions: the heterostructure region (teal trace) and the Sn-only region (magenta trace). 

ΔT/T is plotted and is represented mathematically as 
∆𝑇

𝑇
=

𝑇𝑝𝑢𝑚𝑝𝑒𝑑−𝑇𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑

𝑇𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑
. The 

heterostructure trace peaks at ~10% change at pulse overlap and the Sn-only trace peaks at about 

7%. The difference in peak signal values could be explained by CT but supporting evidence is 

needed to make that claim. The dynamics past pulse overlap are qualitatively the same. Figure 

B2c shows three ΔT/T images at varying delay times. There is minimal structure before zero 

delay (left image).  At pulse overlap (middle image) there is a strong increase in transmission 

throughout the entirety of the structure. There is asymmetry in the ΔT/T magnitude throughout 

the structure, however. Where the Pb-phase stamp is on the left has a higher ΔT/T value 

compared to the Sn-only right side. Because the pump is doing two-photon absorption, the Pb 

phase may be getting populated from the pump as well which rules out any clear indication of 

CT. However, the asymmetry seen in the image at pulse overlap merits further investigation 

using this technique on a similar sample morphology. At a pump-probe delay of 1.94 ps (right 

image), the ΔT/T signal persists but the asymmetry is washed out. 
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8 Appendix C - Nonlinear Widefield Microscope Best 

Practices 

8.1 Introduction 

I use this appendix to deposit much of the information and know-how I’ve developed over the 

years working with the nonlinear widefield microscope and pass it on to current and future 

Wright Group members. In terms of having the capability to take reproducible, publishable data, 

the microscope is still in its infancy.  Undoubtedly there will be further optimization of the 

microscope workflow to get from the initial stage of loading the sample to the final stage of 

taking scans. The steps in the following section are thus bulleted, and not numbered, as the order 

of steps may change depending on the type of experiment. However, the bullets are ordered in 

such a way that represents my average workflow in getting from sample loading to taking scans. 

Up until the sample position, the microscope excitation’s conditions are quite similar to 

traditional Wright Group CMDS experimental setups. Finding zero delay using the microscope is 

analogous to finding zero delay on the traditional fs system other than a different excitation 

geometry. The primary difference with the microscope lies between toggling between LightField, 

which is Princeton Instruments’ (the EMCCD manufacturer) proprietary software for camera 

control, and the Wright Group’s homebuilt software for hardware control (yaqc-qtpy) and 

experiment orchestration (bluesky-cmds) and knowing when to use which software.  

8.2 Workflow and best practices for taking data with the microscope 

The workflow is split into two parts. The first part includes the finding and optimization of signal 

(whatever that signal may be). The second part includes setting up and taking scans using the 
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EMCCD as a detector. During the first part only LightField should be used to toggle camera 

settings (exposure time, gain, etc.) because the software makes those settings easily accessible 

which is ideal for signal optimization. Also during the first part the camera daemon should not be 

running. Once signal is optimized, the LightField software can be shut down and the camera 

daemon can be run (in either the background or foreground). 

This workflow assumes a transmission geometry as that’s the only geometry implemented to 

date. The other key assumption for this workflow is the use of the Mitutoyo 20X long working 

distance objective as the microscope objective. The Goldsmith group owns two of these 

objectives, I borrowed one from them. Also note that I write this procedure from memory, so the 

exact terminology for LightField operations may not be exact but they will be close. 

To complete the first part of the workflow (finding and optimizing signal): 

• Turn camera power on (black Princeton Instruments power box above actual camera) and 

boot up LightField software 

• Go to the Devices tab in LightField and “Connect” the EMCCD. Alternatively, the 

EMCCD can be connected to the software by dragging the EMCCD icon to the small 

optical table near the middle of the screen 

• Wait for the EMCCD sensor to cool down to -70° F. Do not toggle camera settings until 

the sensor temperature has reached -70° F 

• Place the 500-μm pinhole into the correct optical table slots 

o The excitation beams should be aligned through the pinhole at this point 
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• Once the sensor temperature has reached -70° F, we’ll need to change the camera’s online 

processing to account for the its 90° rotation in the lab frame (it’s technically on its side 

to avoid the camera cooling fan blowing into the leak line) 

o On the LHS of LightField click the Online Processing drop down. There will be 

an Orientation section. Click the Left Arrow – the camera will now process 

images in the correct lab frame so they are right side up in LightField (Note: the 

camera daemon automatically accounts for this) 

• Use the white light lamp (black Dolan Jenner model) to make sure objective is imaging 

the 500-μm pinhole 

o Turn white light lamp on to lowest intensity setting 

o Apply roughly ND=2 to lamp to avoid saturating the camera 

o Turn camera exposure time to 50-100 ms in LightField 

o Confirm that excitation beams are shuttered/blocked 

o Click “Run” in upper right-hand corner of LightField to get live video feed 

o Use the horizontal and vertical kinematic knobs on the objective mount to center 

the objective’s field of view on the 500-μm pinhole 

• Remove the pinhole and insert the xyz-stage with mounted sample into the microscope 

sample area 

• Locate sample area of interest using xyz-stage and adjust camera exposure time if needed 

• Now that the sample is in the microscope’s field of view, we need to ensure all the 

excitation beams are overlapped with the sample 

o Turn off the white light lamp 

o Turn up the ND all the way on all excitation beams that are being used 
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o Let one of the excitation beams into the microscope beam path 

o You should see the beam’s FWHM overlapping the sample area of interest. Adjust 

ND and camera exposure time settings as needed to obtain good visibility of the 

beam and sample 

o If there is not good overlap, make minor adjustments to beam pointing with 

kinematic mounts that house excitation mirrors 

o Shutter/block beam 

o Repeat this process for all excitation beams 

• Now the instrument is ready to look for signal 

o Make sure camera is not acquiring 

o Place any color, polarization, etc. filters into the microscope beam line. These 

should be placed right before the imaging spectrograph slit. Image quality does 

not suffer with filters at this position. Ideally, the filters are pressed up against the 

slit housing to reject any stray light from lasers and/or room lights 

o Turn ND on excitation beams back to reasonable values (ones that you expect to 

use during scans) 

o At this stage I like to put the fs system enclosure around the microscope back up 

so the exploratory images are a better representation of what the images will look 

like when taking scans 

o There are two settings you can change to increase pixel counts: exposure time and 

electron multiplication (EM) gain. The EM gain can be changed in LightField 

using the panels on the left-hand side of the screen. 
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▪  I always start the exploratory stage with the exposure time and EM gain 

low since the signal intensity is not known, and there may be stray light 

getting to the detector. Continually increase the exposure time and EM 

gain and hopefully signal is seen 

▪ Continue to optimize other experimental variables (beam pointing, delay, 

etc.) 

o Once signal is found, determine the EM gain value and camera exposure time that 

will be used during scans. Ideally the highest pixel intensity value is just under the 

saturation point of 216 or ~65k counts. This will result in the highest S/N. 

However, it may take an unreasonably long exposure time to get to saturation. 

You will have to compromise exposure time and pixel counts to work with your 

experimental goals and time frame 

o Once these parameters are known, turn off LightField 

We can now move on to the second part of the workflow: 

• Once LightField is off, turn on the camera daemon (pi-proem) in either the foreground 

or background. Wait ~10 s to let it boot up 

• Once it boots up successfully, start yaqc-qtpy 

• Once yaqc-qtpy boots up successfully, get to the camera daemon console. Use 

c.set_em_gain(int) and c.set_exposure_time(float, in ms) to change the 

required settings. If you want to take multiple images and average or sum them together 

for a datum point, use c.set_readout_count(int). The camera daemon exposes a 

few other camera settings but these are the most common 
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• Now boot up bluesky-cmds. With the camera daemon already running, bluesky 

should recognize it (to check this, see if you can make a yaqc_bluesky.Device() 

object with the camera – if you can, then it will appear in the bluesky GUI). It can take 

up to 30 s for bluesky to recognize the camera daemon 

• Scans can now be taken using the microscope camera. A few miscellaneous bits of 

information: 

o You can use multiple Devices in one scan, e.g. the DAQ and camera daemons 

can collect data concurrently 

o Bluesky refreshes/updates queue progress at the camera frame rate, which will 

likely be slow for your experiment compared to non-spatially resolved CMDS 

experiments 

8.3 Toggling between 2D spatial and spectral imaging modes 

Toggling between the 2D spatial imaging and spectral channels is straightforward. The following 

method is robust so long as you are gentle with the optics. To go from 2D spatial -- > spectral 

imaging: 

• Make sure the camera is not running or acquiring an image 

• Remove the top cover of the imaging spectrograph housing. Then remove the side panel 

nearest to you 

• You will need to flip down two mirrors and flip up two mirrors to prepare the beam 

properly. Refer to the Imaging Spectrograph section in Chapter 2 for an optical layout of 

the spectrograph’s different imaging channels 
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• I keep the grating in the imaging spectrograph. It sits on top of a magnetic mount – 

remember to be gentle when you mate it with the other half of the magnetic mount 

• To make sure the spectrograph is aligned properly, use the white light lamp and a 600 +/- 

10 nm BP filter to center the peak on ypixel=255, xpixel=255 while using LightField. 

Right clicking the image will give you the option to view the full image of horizontal 

slices at specific y pixels. I prefer the horizontal-slice view when calibrating the 

spectrometer. In this view there is an automated peak finding method in LightView that I 

use when calibrating the spectrograph 

o If the 600 nm peak is not centered at ypixel, xpixel=255, 255 change the pointing 

of the beam into the grating. Only slight adjustments should be needed (if big 

adjustments are needed, you weren’t gentle enough when changing imaging 

channels). Use the horizontal kinematic knob on the mirror just before the grating 

to change the pointing. For reasons that I still don’t understand, the dispersion of 

transmission gratings is not sensitive to the angle of incidence (see Traub et al., 

JOSAA, 1990, 7, 1779-1791) so slight beam-pointing changes are not problematic. 

To go from spectral → 2D spatial imaging, reverse the steps above (minus spectrometer 

calibration). 

8.4 Procedure for shot-to-shot frame rate capabilities 

The procedure that follows will allow the data acquisition software to run scans where the 

microscope camera’s frame rate is shot-to-shot, or 1 kHz. Having this capability is prudent for 

pump-probe measurements where the probe field is intense relative to typical four wave mixing 
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signals (e.g. transient absorption compared to transient SHG) and was motivated in detail in 

Chapter 4.1. 

1. Scenario: A transient absorption microscopy delay trace of 50 points needs to be taken. 

At each delay point 1000 laser shots will be collected. With a 1 kHz laser system, this 

corresponds to 1 second per data point and a 50-second delay scan. 

2. The EMCCD does 2 x 2 binning and collects a 120 μm x 120 μm pixel area to achieve 

the required frame rate of 1 kHz. Thus, the dimensionality of the scan is (50, 120, 120) 

for (delay, y-pixel, x-pixel). 

3. The n_frames parameter is set to 1000 and the exposure_time parameter is set to 1 ms in 

the camera daemon settings. 

4. The scan starts and all 1000 camera images are taken for the data point at the first delay 

position. The camera daemon status is BUSY. The camera daemon calls the DAQ 

daemon and acquires its array with the chopper phases, 1 for pump-on and -1 for pump-

off. 

5. Through numpy advanced indexing the (1000, 120, 120) array of camera images and the 

(1000,) array of chopper phases are used to create a pump-on array and pump-off array. 

Each array will have a shape of (500, 120, 120). 

6. The average of each array along the laser shot axis is taken (500 images averaged) which 

leaves behind two arrays, both with shape (120, 120). Each array is an averaged pump-

on and pump-off image of the sample. 

7. The pump-off array is subtracted from the pump-on array leaving behind one transient 

image with shape (120, 120). 
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8. The transient image is returned to the data orchestration software and the camera daemon 

status is no longer BUSY. The delay stage moves to the next motor position and the 

process repeats, starting at Step 4. 


