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Two-dimensional semiconductors have long been studied for their unique optical 

and electronic properties, but with the work of Novoselov and Geim on van der Waals 

materials, two-dimensional semiconductors have seen a surge of renewed interest. This 

dissertation focuses on monolayer transition metal dichalcogenides (TMDCs), a class of 

two-dimensional materials that can easily be fabricated by mechanical exfoliation, much 

like graphene. In their bulk form, these materials have indirect band gaps, but transition 

to direct gap semiconductors in the monolayer limit. The band-edge optical response of 

TMDCs, like WSe2 and MoS2, is dominated by exciton absorption occurring at the ±K-

points of the Brillouin zone. Because of the unique electronic structure of these materials, 

these two points form distinct valleys in the band structure which can be exploited to 

produce valley polarization.  

Exciton quantum dynamics are characterized by two fundamental parameters, one 

of which is the dephasing rate, 𝛾, which describes quantum dissipation arising from the 

interaction of the excitons with their environment (i.e. other excitons, impurities, etc…). 

This dissertation focuses on measuring the fundamental property of dephasing time 

(which is inversely proportional to the dephasing rate and homogeneous linewidth) in 

monolayer WSe2 through the use of two-dimensional coherent spectroscopy. Our 
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measurements have revealed a homogeneous linewidth consistent with dephasing times 

in the sub-picosecond regime. We also characterize the role of exciton-exciton and 

exciton-phonon interactions, on the homogeneous linewidth, through excitation density 

and temperature dependent studies. These studies have revealed strong many-body 

effects and nonradiative population relaxation as the primary dephasing mechanisms. 

Microscopic calculations show that in perfect crystalline samples of monolayer TMDCs, 

the radiative lifetimes are also in the sub-picosecond regime due to the large oscillator 

strengths inherent in these materials. This result is consistent with the short dephasing 

times found experimentally.      
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Chapter 1:  Introduction 

Since the seminal work of Novoselov and Geim in 2005 [1, 2], graphene has 

ushered in a robust and fascinating field of research into atomically thin materials with 

unique electrical and optical properties. Transition metal dichalcogenides (TMDCs) are 

layered materials with strong in-plane bonding and weak out-of-plane interactions 

allowing for the exfoliation of the material into two-dimensional layers of unit cell 

thickness. Although these materials have been studied for decades, recent advances in 

nanoscale materials characterization and device fabrication--largely spurred on by 

graphene research--have opened up avenues of exploration for two-dimensional layers of 

ultra-thin TMDCs in nanoelectronics and optoelectronics. TMDCs such as WSe2, MoS2, 

MoSe2, and WS2 have sizable bandgaps that change from indirect to direct when 

exfoliated from their bulk to monolayer forms, allowing for applications in transistors, 

photodetectors, and electroluminescent devices. TMDCs have also emerged as excellent 

candidates in exploring control of valley dependent degrees of freedom with potential 

applications in valleytronics. Two-dimensional group-VI dichalcogenides MX2 (M=Mo 

or W; X=S or Se) provide an ideal platform for exploring valley pseudospin degrees of 

freedom. In monolayers, the M and X atoms form a 2D hexagonal lattice that lacks 

spatial inversion symmetry. The breaking of inversion symmetry produces valley contrast 

in the orbital magnetic moment (𝒎) at the conduction and valence band edges located at 

±𝐾 points in momentum space. This valley contrast can be exploited to produce a valley 

Hall effect as well as allowing for the optical preparation, control, and detection of valley 

pseudospin polarization. TMDCs also have very large excitonic effects with exciton 

binding energies in the range of a few hundred meV [3-7]. Such strong Coulomb 

interactions are inherent to systems of reduced dimensionality, but are also the result of 
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reduced dielectric screening of atomically thin materials and the relatively large electron 

and hole effective masses. These robust excitons, in conjunction with valley selectivity, 

offer the opportunity to demonstrate the optical manipulation of valley pseudospin. The 

important role of many-body effects have also been well-documented in recent ultrafast 

studies of TMDC materials and show the promise of an ideal platform in which to study 

many-body interactions [8-13]. 

In this chapter we will review the synthesis as well as the linear and nonlinear 

optical studies performed on monolayer TMDCs in the last few years and the insights 

into the excitonic properties that have been gained. The studies of the last few years have 

also opened up avenues of device applications in transistors, photodetectors and many 

more electronic and optoelectronic applications which will also be discussed. Because of 

the recent emergence of this field, many questions regarding the exciton dynamics in 

monolayer TMDCs remain unanswered. The chapter will continue with a discussion that 

will briefly explain our efforts, using two-dimensional coherent spectroscopy (2DCS), to 

answer some of the basic questions of intrinsic homogeneous linewidth, exciton-exciton 

interaction and exciton-phonon interaction. 2DCS offers a unique and powerful 

advantage in probing the exciton dynamics in these ultra-thin materials. As it is a very 

advanced version of four-wave mixing spectroscopy, we will discuss and compare it to 

some more simple spectroscopic techniques in order to develop some understanding of 

the advantages of 2DCS. The introduction chapter will then conclude with an overview of 

our main results followed by an outline of this dissertation.   
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1.1 FABRICATION 

Reliable and scalable synthesis of 2D TMDCs is essential for translating their 

unique optical and electronic properties into applications. Fabrication techniques for 2D 

TMDCs can be broadly divided into one of two categories, top-down exfoliation or 

bottom-up synthesis.  

By and far, the most common techniques are those that utilize top-down 

exfoliation, the simplest of these being the “scotch tape” method [2, 14-19]. Because 

TMDCs are layered materials bound together by weak van der Waal’s forces between 

layers, atomically thin flakes can be peeled from their parent bulk crystals much like was 

done in the early days of graphene. This method can produce single-crystal flakes of very 

high purity suitable for fundamental characterization [15-17, 20] and fabrication of single 

devices [16, 18-24]. The drawback of this method is that it is not scalable and is not 

repeatable. Recent work has successfully used a focused laser to exfoliate MoS2 down to 

monolayer thickness through laser ablation. This method, although much more 

repeatable, would be difficult to scale up because of the laser raster scanning rates 

needed.  

Less common methods of top-down exfoliation, but with the potential for more 

scalability, are ultrasonic exfoliation in liquid media [25-28] or ion-based liquid 

exfoliation [29-34]. In ion-based liquid exfoliation, lithium-based ionic compounds are 

mixed with TMDC powder and allowed to sit for a period of time. The lithium ions 

intercalate between the layers and then water is introduced forcing a reaction between the 

lithium and water to produce H2 gas. The production of H2 forces the separation of the 

layers resulting in gram quantities of submicron-sized monolayers. Ultrasonic exfoliation 

works by using organic solvents, aqueous surfactant solutions, or solutions of polymers in 

solvents which work to mechanically layered crystals yielding monolayer flakes a few 
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hundred nanometers in size. Both methods give a high yield of monolayer flakes 

compared to the “scotch tape” method, but with notable disadvantages. Ion-based liquid 

exfoliation is particularly notorious for changing the electronic and optical properties of 

some TMDCs, while ultrasonic exfoliation methods are susceptible to adsorbs onto the 

surface of the monolayers.  

In addition to the top-down methods already described, some growers of 

monolayer TMDCs employ bottom-up techniques such as chemical vapor deposition 

(CVD) [35-39], PVD [40] and epitaxial growth [41, 42]. Bottom up methods have shown 

the most promise in synthesizing large-area and uniform layers for such applications as 

wafer-scale fabrication of electronic devices and flexible, transparent optoelectronics. Of 

the bottom-up methods, CVD synthesis has proven to be particularly successful in 

creating large-area, high quality monolayer TMDCs on sapphire. CVD synthesis often 

involves heating of powder precursors--such as WO3 powder and Se powder for the case 

of WSe2--in a furnace. This heated precursor is then transported via flowing Ar/H2 gas to 

a sapphire substrate where it is deposited and forms as WSe2. Precise control over the 

thickness can be achieved by monitoring the temperature of the precursors as well as the 

ratio of both precursors.  

1.2 ELECTRONIC AND OPTICAL PROPERTIES 

The band structures of many TMDCs are very similar in their general features, as 

verified by first principles and tight-binding calculations [43-49] as well as spectroscopic 

measurements [16, 20, 50-53]. In general, MoX2 and WX2 compounds are 

semiconducting, whereas most other TMDCs are metallic [43-48]. For TMDCs like 

MoS2 and WSe2, the transition at the Γ-point is indirect in the bulk form of these 

materials, but shift to a direct-gap transition at the 𝐾-point at the monolayer limit [54-59]. 
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The direct-gap transition at the 𝐾-point remains unchanged as a function of layer number, 

while the indirect transition at the Γ-point shifts from a small, indirect transition to a 

larger, one as the layer number is reduced. In MoS2 and WSe2, this change can be 

attributed to hybridization between metal 𝑑 and chalcogen 𝑝 states below the Fermi 

energy [16, 20, 45, 60]. Density-functional theory calculations show that the conduction 

band states at the 𝐾-point are mainly due to localized 𝑑 orbitals and are relatively 

unaffected by interlayer coupling as they are located in between the individual metal-

chalcogen layers. For the Γ-point, the situation is quite different and the states in this 

region are the result of 𝑝𝑧-orbitals on the chalcogen and 𝑑-orbitals on the metal and have 

strong interlayer coupling [20]. All MX2 and WSe2 compounds are expected to be very 

similar in the nature of their indirect to direct-gap transitions as a function of decreasing 

layer number, with the direct-gaps of these materials ranging from 1.1-1.9 eV [43, 45-48, 

61].  

Because semiconducting TMDCs have direct semiconducting bandgaps in the 

visible portion of light, they are of great interest for applications in optoelectronics and 

because they can be made into a monolayer thick form, they have the potential to be used 

in flexible and transparent optoelectronics. The changes in the electronic bandstructure, 

as a result of changes in layer number, also directly influence the photoconductivity, 

absorption spectra and photoluminescence (PL) [16, 20, 43]. The most dramatic change 

can be seen in the PL where the shift from an indirect gap to direct gap semiconductor 

can increase the quantum yield by a factor of 104 [16]. Despite this large enhancement 

from bulk to monolayer, the overall quantum yield of semiconducting TMDCs is 

dismally low compared to conventional semiconductors. Compared to the near-unity 

values one would expect for a direct gap semiconductor, TMDCs have only been shown 
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to achieve values on the order of 10-3 [16] and much improvement must be made in order 

for these materials to compete with commercially used semiconductor materials. 

The room temperature photoluminescence for WSe2 shows two main resonances, 

the 𝐴 and 𝐵 excitons at around 750 nm and 600 nm, respectively [62, 63], but these 

values can vary slightly for samples produced via CVD or mechanical exfoliation. 

Mechanical exfoliation of WSe2 usually yields samples with 𝐴 exciton PL showing up at 

wavelengths slightly smaller than 750 nm. WSe2 also has additional peaks at wavelengths 

below 600 nm corresponding to the indirect-gap luminescence and direct-gap hot 

luminescence [16]. The photoconductivity of TMDCs also reflects these band-structure 

features, with the photocurrent increasing in steps with respect to the photon energy 

corresponding to the direct and indirect gap energies [16]. The optical absorption 

spectrum for some semiconductor TMDCs shows two main peaks corresponding to the 𝐴 

and 𝐵 excitons [16, 20, 64]. Calculations have confirmed that the 𝐴 and 𝐵 excitons 

correspond to the expected gap energies at the 𝐾-point of the Brillouin zone, confirming 

that these excitons are indeed due to the direct-gap transitions at the Brillouin zone edge 

[7]. The calculations also show that the exciton binding energies are quite high due to the 

reduced dielectric constants compared with bulk, as well as the 2D confinement. Exciton 

binding energies for WSe2 and MoS2 are predicted to be in the range of 0.5 eV to 1 eV 

[65] with recent experimental work showing the binding energies in the range of 0.3-0.5 

eV [63, 66].      

1.3 SPIN, ORBIT AND VALLEY INTERACTIONS 
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      For group-IV semiconducting dichalcogenides, including MoS2 and WSe2, strong 

spin-orbit coupling at the 𝐾-point in the Brillouin zone leads to splitting of the electronic 

bands [67]. Unlike bilayer TMDCs and graphene, both being centrosymmetric, 

monolayer TMDCs lack inversion symmetry (see Figure 1). The lack of inversion 

symmetry, high degree of electron confinement, and the high mass of the elements that 

make up the MX2 materials leads to strong spin-orbit coupling the signature of which 

have been observed in optical absorption spectra, where the two main excitonic 

features—the 𝐴 and the 𝐵 excitons that come from the two spin-split valence bands in he 

±𝐾 valley [64]—have an energy splitting of 150 meV to 400 meV in molybdenum [16, 

66] and tungsten dichalcogenides [62, 68], respectively. This splitting agrees with first-

principles calculations and ARPES measurements of SOC-induced splitting in the 

valence bands [69, 70].  For the conduction band, first-principles calculations show a 

small but finite spin-valley with a magnitude of several to tens of meV for different 

monolayers TMDCs [6, 68, 71-74]. An important consequence of this spin-valley 

coupling is that the spin-index becomes locked to the valley index at the band edges. 

Consequently spin can be selectively excited through valley optical selection rule and 

intervalley scattering requires a simultaneous spin flip. This affords protection for both 

the spin and valley polarization, as a result, intervalley spin relaxation is expected to be 

slow [73]. In addition, the generation of a spin Hall effect is accompanied by a valley 

Figure 1: 2D hexagonal crystal lattice of monolayer WSe2 consisting 

of two planes of Se atoms separated by a single plane of W atoms. 
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Hall effect [75, 76]. The confinement of carrier populations to specific valleys in 𝐾-space 

through optical excitation alone may be the first step towards a new field of valleytronic 

devices [77-81].  

1.4 LINEAR AND NONLINEAR STUDIES 

Crucial in developing valleytronic devices is the ability to selectively excite and 

manipulate carriers in a specific valley, the viability of which depends on how robust and 

pure the valley selectivity is. Early work by Zeng et al. [82] used helicity-resolved PL to 

demonstrate a valley polarization of 30% in pristine monolayer MoS2. The researchers 

were able to optically excite the monolayer MoS2 with light of one helicity and detected 

the helicity of the PL response showing that 30% of the emitted light followed the 

helicity of the optical excitation. Cao et al. [83] were able to show a valley polarization of 

up to 50% in monolayer MoS2. Although impressive, much better results have also been 

achieved. Mak et al. [84] found almost complete valley polarization in monolayer MoS2 

using helicity resolved PL and were also able to give a lower bound of 1 ns on the valley 

polarization, strongly reaffirming the viability of these materials in valleytronic devices. 

Similar results have been shown by Jones et al. on monolayer WSe2 in which a valley 

polarization of 40% was measured.  

In addition to an excellent degree of valley polarization achievable in these 

materials, recent studies have also shown that the valley polarization lifetimes can be on 

the order of picoseconds. Using time-resolved PL, Lagarde et al. [9] found exciton 

emission decay times of approximately 4 ps in monolayer MoS2. Helicity-resolved, 

ultrafast pump-probe has shown that valley polarization is preserved for several 

picoseconds before scattering destroys the valley selectivity [85] while other ultrafast 

pump-probe experiments have shown polarization anisotropy to be completely lost within 
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400 fs [13]. As the current research suggests, there is still much to learn about the valley 

dynamics in these monolayer TMDCs.  

Nonlinear studies on exciton dynamics have also employed incoherent 

spectroscopic techniques like pump-probe. Wang et al. [86] have found carrier lifetimes 

of 100 ps while other groups find population decays with fast and slow components of 

~500 fs and 400 ps, respectively [11]. Shi et al. [10] have found decay dynamics even 

more complicated, measuring exciton population decay in monolayer MoS2 with three 

different timescales: a fast decay of 2-4 ps, an intermediate decay of 30-80 ps, and a slow 

decay of 300-1000 ps. Despite the speed at which research into 2D TMDCs is 

progressing much more research is needed and many fundamental questions of the 

exciton dynamics remain unresolved, such as the degree to which radiative vs 

nonradiative pathways influences the carrier dynamics, the role of many-body effects in 

these materials, the role of excitation-induced dephasing (EID) and exciton-phonon 

interaction as well as the intrinsic homogeneous linewidth of the excitons. The future 

growth of these materials and their applications in new devices will rely heavily on our 

knowledge of these fundamental properties. Much of the research performed so far has 

been done using linear techniques such as time-resolved PL or nonlinear, incoherent 

spectroscopies such as pump-probe, leaving a wealth of information that can only be 

explored with coherent spectroscopies such as 2DCS.  

 1.5 2DCS ON TMDCS 

Optical two-dimensional coherent spectroscopy (2DCS), an extension of three-

pulse four-wave mixing (FWM), is a powerful tool that can overcome many of the 

limitations of simpler spectroscopies [87]. In pump-probe experiments and three-pulse 

FWM, often researchers use a broadband femtosecond or picosecond laser which can 
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excite multiple electronic transitions, resulting in complicated dynamics and oscillatory 

beats. With one-dimensional spectroscopies like pump-probe and FWM, it is often 

impossible to separate these electronic transitions or distinguish between quantum 

mechanical coupling or polarization interference as the cause of the oscillatory beats [88]. 

One-dimensional spectra can also exhibit very similar characteristics for very different 

phenomenon, such as inhomogeneity and dephasing, making it impossible to distinguish 

one from the other. The manifestation of many-body interactions such as local-field 

effects [89], excitation-induced dephasing [90], excitation-induced shift [91] and 

biexcitonic effects [92] can also be impossible to distinguish using incoherent 

spectroscopies. 

2DCS grew out of the field of multidimensional nuclear magnetic resonance 

(NMR) [93] spectroscopy and is an optical analog of those spectroscopic techniques. It 

has been implemented in both the infrared and optical regimes to study the coherent, 

nonlinear response of a variety of systems and can provide a snapshot of coherent 

dynamics on femtosecond timescales. 2DCS has been routinely employed in non-

collinear geometries allowing for spatial isolation of a background-free signal. By 

recording the FWM signal along a specific phase-matched direction, a variety of 2D 

spectra can be generated--each sensitive to specific dynamics and interactions--simply by 

changing the time ordering of pulses and taking the Fourier transform with respect to 

different delays. By coherently tracking the signal phase evolution while one pulse delay 

is scanned, 2DCS provides a large variety of advantages over one-dimensional 

spectroscopies. Congested one-dimensional spectra can be unfolded onto two 

dimensions, allowing for the identification of multiple resonances in the nonlinear 

response, revealing the nature of coupling between resonances and separating quantum 

mechanical coherent pathways. In one specific time-ordering in which a photon echo is 
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produced, the 2D spectrum can be analyzed in terms of its elongation along the diagonal 

and cross-diagonal in the spectral plot. By looking at the width of the signal along these 

two directions we are able to unambiguously separate the inhomogeneous and 

homogeneous broadening inherent in a system. The experiments outlined in this 

dissertation represent the first implementation of 2DCS on TMDCs and provides 

invaluable insight into the optoelectronic properties of these materials. 

2DCS of monolayer TMDCs was implemented using the JILA Multidimensional 

Optical Nonlinear SpecTRometer (MONSTR), designed by  Bristow et al. [94] in 2009. 

The MONSTR is an ultrastable platform of nested and folded Michelson interferometers 

designed to take a single, pulsed laser input and produce four identical, phase stabilized 

pulses in a box geometry. Phase stability between the pulses are on the order of 𝜆/100 

and are maintained via active stabilization via feedback-assisted, interferometric 

monitoring. The delay between each pulse is varied with the use of translation stages with 

three of the pulses being used for excitation and the fourth pulse being used for spectral 

interferometry. This fourth pulse must necessarily be phase stable and co-propagate with 

the signal itself in order for a Fourier transform of the interferogram to be possible. The 

samples which were used to gather data were prepared using chemical vapor deposition 

(CVD) onto transparent sapphire substrates which resulted in monolayer WSe2 domains 

of triangular shape and ~10 𝜇𝑚 in lateral size. Because of the density of the flakes and an 

excitation spot size of 30 𝜇𝑚 diameter, more than one flake was excited at one time.  

Despite multiple flakes in the excitation spot, the nonlinear signal was too weak to 

detect using lock-in amplifiers and an amplitude-modulated FWM signal. In addition to 

the weak signal, scattering of the excitation beams into the signal direction proved a 

significant problem. To address these issues we employed phase-cycling and spatial 

filtering which drastically reduced scattering to the point we could detect a nonlinear 
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signal. Once a signal was found, we performed one-quantum rephasing scans which 

represents a specific time-ordering of pulses where a photon echo signal is emitted after 

the arrival of the third pulse. Cross-diagonal slices of the spectra at a particular emission 

energy provides a measure of the homogeneous linewidth [95], inversely proportional to 

the dephasing time, whereas diagonal slices gives the amount of inhomogeneity in the 

system. The inhomogeneity of the system was found to be larger than the laser 

bandwidth, as determined by PL measurements, so the inhomogeneity in our 2D spectra 

was laser bandwidth limited. As a result, we focused solely on the cross-diagonal slices to 

find the homogeneous linewidth.  

Cross-diagonal slices in the 2D spectrum were taken for a wide range of 

excitation densities, from ~2.5 × 1011 excitons/cm2 to ~17.5 × 1011 excitons/cm2, 

showing a linear trend of increasing homogeneous linewidth with increasing excitation 

density--a clear signature of excitation-induced dephasing (EID). The excitation density 

dependence of the homogeneous linewidth was then fit to a model, which we were then 

able to extract a zero-density homogeneous linewidth as well as an exciton-exciton 

interaction parameter. Not surprisingly, the interaction parameter was found to be quite 

large consistent with the reduced dielectric screening expected in monolayer TMDCs. All 

of the excitation dependent data were taken at a temperature of 10 K.   

In order to probe exciton-phonon interactions, cross-diagonal slices were also 

taken as a function of temperature. The homogeneous linewidths were plotted as a 

function of temperatures ranging from ~5 K to ~50 K showing a linear increase in with 

increasing temperature. This data was then fit to a model and from this fit we were able to 

extract a value for the exciton-phonon coupling strength, yielding a value 5-10 larger 

compared to traditional semiconductor quantum wells and twice as large as bulk TMD 

InSe and a value for residual homogeneous linewidth at zero temperature. In addition, 



 13 

using the data from the excitation density dependence as well as the exciton-phonon fit, 

we were then able to extract an intrinsic homogeneous linewidth free of exciton-exciton 

and exciton-phonon interactions. The intrinsic homogeneous linewidth found, coupled 

with population decay measurements, reveals TMDCs have very short lifetimes where 

the dominating factors are non-radiative population recombination occurring on sub-

picosecond time-scales, exciton-excitons interactions and exciton-phonon interactions. 

Calculations further reveal inherently rapid radiative lifetimes in perfect 2D crystals 

makes monolayer TMDCs good candidates for optoelectronics requiring fast 

recombination dynamics, including high-speed detectors and optical switches.  

1.6 DISSERTATION OUTLINE 

The focus of this dissertation will be the optoelectronic properties monolayer 

TMDCs using optical 2DCS. Chapter 2 will discuss the physics of semiconductors and 

the optical properties of excitons in 2D systems. We begin the chapter with a discussion 

of excitons in bulk, then move onto excitons in monolayers and quantum wells as well as 

discussing their optical properties. In Chapter 3 we will discuss 2DCS and begin by 

giving a brief historical overview. We will then move on to discussing some simpler, yet 

related, spectroscopic techniques in order to better understand the more complicated 

2DCS. We’ll then discuss the nonlinear response function which describes the material 

response to an applied electric field as well as the optical Bloch equations and how we 

can use the simple diagrammatic approach of Feynman diagrams to quickly write down 

all the terms in the nonlinear response function. We’ll conclude the chapter with an 

explanation of 2DCS as well as the different types of 2D spectra and how to interpret 

them. In Chapter 4 we will discuss the experimental apparatus beginning with an 

overview of the 2DCS platform called the JILA MONSTR. We will then discuss how the 
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sample was prepared and then conclude with how the data was taken, processed and 

noise filtered. Chapter 5 will deal with our experimental results on monolayer WSe2. 

We’ll begin by talking about the motivations behind the experiment then move on to the 

data that was taken. The chapter concludes with an overview of a calculation supporting 

our data. Chapter 6 will conclude the dissertation with an outline of future directions and 

possible avenues of exploration that we can easily pursue using the existing 2DCS setup.    
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Chapter 2:  Semiconductor Theory of 2D Confined Systems 

Two-dimensionally confined systems come in a large variety of materials and 

methods of growth, the most well know being the conventional quantum well 

semiconductors like GaAs/AlGaAs and GaSb/InAs. Of foremost interest to this thesis are 

the atomically thin Van-der-Waals materials, in particular the transition metal 

dichalcogenides (TMDCs) such as WSe2 and MoS2. Much like conventional quantum 

well heterostructures—which can be fabricated out of GaAs/AlGaAs, GaSb/InAs, or 

Si/GeSi—TMDCs can be grown using techniques such as chemical vapor deposition 

(CVD) or molecular beam epitaxy (MBE). In addition, because these materials are 

composed of monolayers stacked and bound together by weak Van-der-Waals 

interactions, they may also be mechanically exfoliated to produce very high quality 

monolayer samples, which is not possible using conventional semiconductor materials. 

TMDCs are composed of transition metal atoms, typically Mo or W, and chalcogen 

atoms, like S or Se, and have bandgaps in the range of 1-2 eV [96] compared to 

conventional quantum well heterostructures which have bandgaps that can be tuned 

through ranges as low as 0.2 eV all the way up to 6 eV [97].         

This dissertation will focus on the 2D confined TMDCs like WSe2 with many 

comparisons to more well-studied conventional quantum well heterostructures for 

context. We will first review condensed matter theory of bandstructures in bulk 

semiconductors. We will then look at exciton formation in these bulk materials and their 

optical properties. Lastly, we conclude with the optical properties of excitons in 2D 

confined materials.   
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2.1 BLOCH’S THEOREM 

Semiconductors are crystalline structures whose atoms have tightly bound 

electrons that stay close to the nucleus as well as loosely bound outer electrons that are 

free to move about the crystal. These electrons move about in a periodic potential created 

by the crystal lattice of ion cores. This periodic potential has the property [97] 

 

 𝑈(𝒓 + 𝑹) = 𝑈(𝒓) , (1) 

where R is any Bravais lattice vector. Inserting this into the Schrodinger equation gives 

 

 𝐻𝜓 = (−
ħ

2𝑚
𝛻2 + 𝑈(𝒓)) 𝜓 = 휀𝜓 . (2) 

Bloch’s theorem states that eigenstates of this Hamiltonian have the form of a plane wave 

times a function with the periodicity of the Bravais lattice: 

 

  𝜓𝑛𝒌(𝒓) = 𝑒𝑖𝒌∙𝒓𝑢𝑛𝒌(𝒓) ,  (3) 

where n is the band index and 𝑢𝑛𝒌(𝒓) has the same translational symmetry of the lattice, 

i.e. 

 

 𝑢𝑛𝒌(𝒓) = 𝑢𝑛𝒌(𝒓 + 𝑹) . (4) 

Because of the periodicity of the lattice, k is confined to the first Brillouin zone to avoid 

redundancy. Bloch’s theorem leads to a description of the electronic energy levels in a 

periodic potential in terms of a family of continuous functions 휀𝑛(𝒌) with each 

continuous band indexed by n and having the periodicity of the reciprocal lattice.  

 The business of calculating the band structures of materials turns out to be a 

daunting task unless some approximations are made. A simplified treatment of the band 
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structure is referred to as the tight-binding model and  relies on the assumption that there 

is little overlap between the electron orbitals of atoms separated by two or more lattice 

sites. Even for neighboring atoms, the tight-binding model assumes that the inner orbitals 

of each atom essentially have no overlap and it is only the outer orbitals that overlap to 

any significant degree. The first step in the tight-binding approximation is to replace the 

full crystal Hamiltonian with the Hamiltonian of a single atom plus a small perturbation 

that contains some information about the periodicity of the lattice. With this in mind we 

can write 

 

 𝐻 = 𝐻𝑎𝑡 + ∆𝑈(𝒓) ,  (5) 

and write the eigenfunctions as a linear combination of atomic orbitals (LCAO): 

 

 𝜓(𝒓) = ∑ 𝑒𝑖𝒌∙𝑹

𝑹

∑ 𝑏𝑛𝜓𝑛(𝒓)

𝑛

 , (6) 

where 𝜓𝑛(𝒓)  are localized atomic wave functions and we sum over all R vectors in the 

Bravais lattice and all n atomic orbitals. By inserting equation (5) into Schrodinger’s 

equation for the entire crystal and multiplying the result by 𝜓∗ we can obtain an 

eigenvalue equation that determines the coefficients 𝑏𝑛(𝒌) and the energies 휀(𝒌) given 

by 

 

 (휀(𝒌) − 𝐸𝑚)𝑏𝑚

= −(휀(𝒌) − 𝐸𝑚) ∑(∑ ∫ 𝜓𝑚
∗ (𝒓)

𝑹≠0𝑛

𝜓𝑛(𝒓 − 𝑹)𝑒𝑖𝒌∙𝑹𝑑𝒓)𝑏𝑛

+ ∑(∫ 𝜓𝑚
∗ (𝒓)∆𝑈(𝒓)𝜓𝑛(𝒓)𝑑𝒓)𝑏𝑛 +

𝑛

 

(7) 

∑(∑ ∫ 𝜓𝑚
∗ (𝒓)

𝑹≠0𝑛

∆𝑈(𝒓)𝜓𝑛(𝒓 − 𝑹)𝑒𝑖𝒌∙𝑹𝑑𝒓)𝑏𝑛. 
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 Using the assumption that our atomic levels are all well-localized, we can recognize that 

the first and third terms on the right are small because they involve orbitals at different 

sites, i.e. one at r and another at r-R, and we can see that the second term is small because 

the atomic wave functions will be negligible at any distance at which ∆𝑈(𝒓) would 

deviate appreciably from the atomic potential. As a consequence we can conclude that 

  

 휀(𝒌) ≈ 𝐸𝑚 ,    (8) 

i.e. that the Bloch energies are very close to the orbital energies themselves. In practice 

one could calculate an s-band energy dispersion by setting 𝐸𝑚 = 𝐸0 and summing 

equation (7) over all the energies degenerate or close to 𝐸0, similarly if one wanted to 

calculate the energy dispersion for any other band.  

2.2 EXCITONS IN BULK 

Figure 2 shows the energy bands for bulk MoS2 and bulk GaAs [96, 98]. Bulk GaAs is a 

direct-gap semiconductor and remains so even when confined to two dimensions, but 

many TMDCs (MoS2, MoSe2, WS2, and WSe2) have the unique property in that they 

transition from an indirect bandgap at the 𝛤-point to a direct bandgap at the 𝐾-point when 

going from bulk to monolayer. This transition can be attributed to confinement effects 

and hybridization between pz and d orbitals at the 𝛤-points [16, 20, 45]. As a result of this 

transition the optical properties of the material change drastically. Because the minimum 

of the conduction band (CB) and the maximum of the valence band (VB) line up in 𝑘-

space, an incoming photon with energy equal to the bandgap, 𝐸𝐵, can promote an 

electron from the valence band to the conduction band if the transition is dipole allowed 

without the need for phonons to mediate the transition. In indirect bandgap materials a  
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phonon is required to conserve momentum since the incoming photon carries negligible 

momentum and the transition requires a large change in the electron wave vector. 

Since the materials we study have direct bandgaps we will focus our attention 

there. Both GaAs and monolayer WSe2 have dipole allowed transitions at their 𝛤-points 

and 𝐾-points, respectively, and during optical excitation with a photon of energy ℎ𝜔 >

𝐸𝐵 an electron is promoted from the valence band to the conduction band leaving behind 

a hole in the valence band that behaves like a positively charged particle. For excitations 

such that ℎ𝜔 ≈ 𝐸𝐵, Coulomb forces between the positively charged hole in the valence 

band and the negatively charged electron in the conduction band must be included in 

order to accurately characterize the optical properties of these materials. The Coulomb 

interaction between electron and hole leads to the formation of quasiparticles called 

excitons which show up as strong absorption lines below 𝐸𝐵. Excitons may be 

Figure 2:(Left) Two band structure calculations for bulk GaAs. 

The dashed lines represent the LDA calculations and the solid lines 

represent the GWA calculations [99]. (Right) Band structure of 

bulk MoS2. The arrow shows the indirect gap at the 𝚪 point [97].  
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categorized into two types, Wannier-Mott excitons and Frenkel excitons. Wannier 

excitons have Bohr radii (defined as the mean distance between electron and hole) much 

larger than the length of the lattice unit cell, whereas Frenkel excitons have Bohr radii on 

the order of, or smaller than, the lattice unit cell (the latter being found in wide-gap 

semiconductors or some organic materials). The excitons in both GaAs and monolayer 

WSe2 are Wannier excitons and are free to move about the entirety of the crystal as a 

bound pair [7, 97]. Wannier excitons are therefore sometimes called free excitons. 

Because excitons consist of a positively charged hole and a negatively charged 

electron, their dynamics are very similar to a hydrogen atom and typically modeled in 

that fashion. The two systems have notable differences and therefore some modifications 

must be made. Firstly, the electron and hole exist in a medium with a high dielectric 

constant and so the binding energy will be much smaller. Secondly, since the electrons 

and holes move about in a lattice, and not free space, we must find their effective masses 

and use those to find the reduced mass that appears in the well-known results for the 

hydrogen atom. The effective mass near the bandgap minimum can be approximated by 

 

 𝑚∗ = ħ2(
𝑑2𝐸

𝑑𝑘2
)−1. (9) 

The bands are parabolic for small 𝑘 and therefore the dispersion relations can be 

approximated as 

 

 𝐸𝑐(𝑘) = 𝐸𝐵 +
ħ2𝑘2

2𝑚𝑒
∗

 

𝐸𝑣(𝑘) = −
ħ2𝑘2

2𝑚ℎ
∗  , 

(10) 

where 𝑚ℎ
∗  and 𝑚𝑒

∗  are the effective masses for the hole and electron, respectively. The 

effective masses of both the electrons and holes will, in general, be much smaller than the 
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free space mass of an electron (e.g. 𝑚𝑒
∗ = 0.067𝑚0 for GaAs and 𝑚𝑒

∗ = 0.45𝑚0 for 

MoS2) [99, 100].  

 In order to calculate how Coulomb attraction affects the linear optical properties 

of direct bandgap materials, we begin with the exciton wave function which is 

constructed from a linear combination of electron and hole Bloch functions 

 

 𝛹(𝒓𝒆, 𝒓𝒉) = ∑ 𝛷(𝒌𝒆, 𝒌𝒉) 𝑢𝑐𝒌𝒆
(𝒓𝒆)

𝒌𝒆,𝒌𝒉

𝑒𝑖𝒌𝒆∙𝒓𝒆  𝑢𝑣𝒌𝒉
(𝒓𝒉)𝑒𝑖𝒌𝒉∙𝒓𝒉 , (11) 

where 𝛷(𝒌𝒆, 𝒌𝒉) is an expansion coefficient, 𝒌𝒆 and  𝒌𝒉 are the electron and hole wave 

vectors, and 𝒓𝒆 and 𝒓𝒉 are the electron and hole positions. Typically the atomic part of 

the Bloch wave functions,  𝑢𝑐𝒌𝒆
(𝒓𝒆) and  𝑢𝑣𝒌𝒉

(𝒓𝒉), vary slowly with 𝒌𝒆 and 𝒌𝒉 and 

therefore some simplifications can be made. When dealing with direct-gap materials, in 

which the bandgap minimum lies at the center of the Brillouin zone, we may set 𝒌𝒆 =

𝒌𝒉 = 0 in the atomic part of the exciton wave function leaving  

 

 𝛹(𝒓𝒆, 𝒓𝒉) = 𝑢𝑐0𝑢𝑣0 ∑ 𝛷(𝒌𝒆, 𝒌𝒉)

𝒌𝒆,𝒌𝒉

𝑒𝑖𝒌𝒆∙𝒓𝒆𝑒𝑖𝒌𝒉∙𝒓𝒉 . (12) 

It should be noted that for the TMDC materials we study this simplification is not strictly 

true since the direct bandgaps we probe lie at the edge of the Brillouin zone, but an ab 

nitio analysis for these materials follows very closely to the one presented here [65, 101]. 

From equation (12) we can see that the exciton wave function consists of an envelope 

function 

 

 𝛷(𝒓𝒆, 𝒓𝒉) = ∑ 𝛷(𝒌𝒆, 𝒌𝒉)

𝒌𝒆,𝒌𝒉

𝑒𝑖𝒌𝒆∙𝒓𝒆𝑒𝑖𝒌𝒉∙𝒓𝒉 , (13) 



 22 

that describes the relative motion between the electron and hole on length scales larger 

than the lattice spacing as well as an Bloch functions, 𝑢𝑐0 and 𝑢𝑣0, that modulate the 

envelope on the atomic scale. In order to describe the relative motion between electron 

and hole we can plug equation (13) into the two-particle Schrodinger equation and the 

problem follows the same procedure as the solution to the hydrogen atom energy levels, 

i.e. we can break the motion up into relative and center-of-mass coordinates. The center-

of-mass motion is that of a free particle of mass 𝑀 = 𝑚𝑒 + 𝑚ℎ and the relative motion of 

the excitonic wave function is described by the Wannier Equation 

 

 (−
ħ2

2𝑚𝑟
∇𝑟

2 −
𝑒2

𝜖0𝑟
) 𝜑(𝒓) = ℰ𝑟𝜑(𝒓) 

𝑚𝑟 =
𝑚𝑒𝑚ℎ

𝑚𝑒 + 𝑚ℎ
 

𝒓 = 𝒓𝒆 − 𝒓𝒉, 

(14) 

where 𝑚𝑟 is the reduced mass, 𝒓 is the relative coordinate, and 𝜑(𝒓) is the part of the 

exciton envelope function that strictly depends on 𝒓. The Wannier Equation is 

mathematically equivalent to the Schrodinger equation and the results will be quoted 

here. The energy eigenvalues for the relative motion between the electron and hole are 

 

 ℰ𝑟 ≡ ℰ𝑛,𝑙,𝑚 = −
𝑚𝑟𝑒4

2ħ2𝜖0
2 (

1

𝑛2
) ≡ −𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔 (

1

𝑛2
), (15) 

where 𝑛 = 1,2, … ; 𝑙 = 0,1, … 𝑛 − 1; and 𝑚 = −𝑙, … 𝑙 are the main, orbital and magnetic 

quantum numbers, respectively. Orbitals with 𝑙 = 0 are referred to as s-orbitals and 𝑙 = 1 

as p-orbitals, etc. The exciton Rydberg energy , 𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔, is often written in terms of the 

exciton Bohr radius  

 𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔 =
𝑒2

2𝑎𝐵𝜖0
=

ħ2

2𝑚𝑟𝑎𝐵
2  (16) 
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𝑎𝐵 =
𝜖0ħ2

𝑚𝑟𝑒2
  . 

The total exciton energy is a sum of the bandgap energy, the exciton binding energy, and 

the center-of-mass kinetic energy. 

In general, what one finds is that the larger the binding energy the smaller the 

Bohr radius. Some typical binding energies are 4.2 meV for bulk GaAs , 424 meV in 

bilayer MoS2, and 50 meV for bulk MoS2 [102]. In the monolayer limit, the binding 

energy for MoS2 jumps dramatically to 897 meV compared to 𝑘𝐵𝑇 =25 meV for room 

temperature [6]. Since phonon broadening can play a significant role in the width of 

exciton absorption lines, the binding energy alone is not a good indicator of whether or 

not exciton absorption will be resolvable up to room temperature.         

Typical absorption spectra for bulk GaAs and a bulk TMDC is shown in Figure 3 

as well as a schematic diagram  (Figure 4) showing the absorption with and without 

Coulomb interactions. From Figure 4 we can see that the expected absorption spectrum is 

greatly modified when Coulomb interactions are included. Without Coulomb interactions 

the absorption follows a square-root law behavior  

 

 𝛼~(ħ𝜔 − 𝐸𝐵)1/2, (17) 

but instead exhibits sharp features below the bandgap that can only be explained with the 

inclusion of Coulomb interactions between electron and holes. 

2.3 INFINITE AND FINITE WELLS  

 Our discussions so far have looked at excitons in bulk materials, but the optical 

absorption properties in 2D structures differs greatly in comparison to their bulk 

counterparts. For 2D materials, the differences between the bulk optical properties and 

the quantum confined optical properties will only become manifest when the confinement  
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Figure 3: (Left) The top panel shows the low temperature 

linear absorption of 0.5 𝝁𝒎 thick GaAs platelets and the 

bottom panel shows the linear absorption of a 4.2 𝝁𝒎 thick 

GaAs sample [103]. (Right) Curves 1 and 2 shows the low 

temperature linear absorption of MoS2 nanoparticles. Curve 

3 is the linear absorption of bulk MoS2 [104].  

in one dimension satisfies the following criteria 

 

 ∆𝑥 ≤ √
ħ2

𝑚𝑘𝐵𝑇
 . (18) 

 That is to say, the thickness of our 2D material must be equal to or smaller than the de 

Broglie wavelength for the thermal motion [100]. At room temperature and for a 

semiconductor with an electron mass of 0.1𝑚0, ∆𝑥 must be less than or equal to about 5 

nm. In quantum heterostructures, this confinement is achieved by the potential barrier  



 25 

 

Figure 4: Schematic drawing of absorption with and 

without Coulomb interaction. The absorption follows a 

square root dependence with no Coulomb interaction.  

 

Figure 5: Schematic drawing of the density of states of 

(from top to bottom): bulk, quantum well, quantum wire, 

and quantum dot structures. 
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caused by bandgap discontinuities between two different materials, e.g. GaAs and 

AlGaAs. In TMDC materials this confinement is created by making the material very thin 

using mechanical exfoliation or simply by growing them to be atomically thin. The result 

of this confinement can be seen in Figure 5, which depicts the density of states of bulk, 

quantum well, quantum wire and quantum dot structures. In the absence of confinement 

the density of states can take on any value and increases like (𝐸 − 𝐸𝐵) 1/2. When 

confinement is introduced along one direction the density of states jumps in discrete steps 

and is independent of energy. Another consequence is that the bandgap increases as a 

result of the confinement and, as we’ll see in the next few pages, the motion of the 

particles in the planar direction is unchanged from the bulk case, but the motion 

perpendicular to the plane is quantized. 

The analysis for the electronic levels of a single particle in a quantum well is 

made much simpler by separating the problem into in-plane components and the out-of-

plane component. In this vein, we may write the wave function in the form 

 

 𝛹(𝑥, 𝑦, 𝑧) = 𝜓(𝑥, 𝑦)𝜑(𝑧) . (19) 

The states of the system are then described by a wave vector 𝒌 that only includes the in-

plane 𝑘𝑥 and 𝑘𝑦 components and the quantum number 𝑛 that indicates the energy levels 

in the 𝑧 direction. With the effective mass approximation we can then write the energy as 

 

 𝐸𝑡𝑜𝑡𝑎𝑙(𝑛, 𝒌) = 𝐸𝑛 +
ħ2𝒌2

2𝑚∗
 , (20) 

where 𝐸𝑛 is often estimated by modeling the confinement potential as an infinite potential 

well. While a more accurate description of the confining potential would be a finite 

potential well, the infinite potential offers simplicity and is often a good starting point.  
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 We first consider a single particle (electron or hole) in an infinite potential well. 

Outside the region from −
𝑑

2
< 𝑧 < +

𝑑

2
 the potential is infinite and inside this region the 

potential is assumed to be zero. In this well-known problem we start with the Schrodinger 

equation for a single particle and note that since the potential is infinite outside the well 

the wavefunctions must go to zero at the boundaries, i.e. at 𝑧 = ±
𝑑

2
. This leads to sine 

function solutions to the Schrodinger equation and energy levels 

 

 𝐸𝑛 =
ħ2𝑘𝑛

2

2𝑚∗
=

ħ2

2𝑚∗
(
𝑛𝜋

𝑑
)2 , (21) 

where 𝑛 = 1,2,3 … 

 The resulting energy levels tend to be quite far off for many confined 2D systems 

and the reason for this can immediately be understood when we remember that the model 

overestimates the confining potential and thus the quantization energies. The resulting 

energies from the infinite barrier model are closer for states with small quantization 

energies and materials with high potential barriers at the interface. Probably the most 

important result to note from the infinite potential barrier analysis is the fact that the 

energy level depends on the effective masses of the particles, i.e. heavier particles in the 

well will have a lower energy than lighter ones. In particular, this becomes important in 

GaAs/AlGaAs systems in which the heavy-hole band and light-hole band are no longer 

degenerate in a quantum well. The states can also be separated into their parities, states of 

odd 𝑛 will have even parity whereas states of even 𝑛 will have odd parity. This 

distinction becomes important later when we start looking at selection rules for allowed 

transitions. 

 We can adopt an even better model if we consider the confining potential as a 

finite barrier. This model starts with the assumption that the barriers have a height of 
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energy 𝑉0 and from there it follows that the wavefunctions are non-zero outside of the 

confining potential. Because the wavefunctions are non-zero outside of the well we must 

include both sine and cosine solutions, rather than just sine solutions like in the infinite 

well model. The Schrodinger equation inside the well remains the same as in the infinite 

potential well, but outside the well the wavefunction is given by 

 

 −
ħ2

2𝑚𝑏
∗

𝑑2𝜑(𝑧)

𝑑𝑧2
+ 𝑉0𝜑(𝑧) = 𝐸𝜑(𝑧), (22) 

which has solutions of the form 

 

 𝜑(𝑧) = 𝐴𝑒±𝜅𝑧 , (23) 

where 𝜅 is defined by 

 
ħ2𝜅2

2𝑚𝑏
∗ = 𝑉0 − 𝐸, (24) 

which tells us that the higher energy levels in the quantum well tunnel more into the 

barriers because the decay constant is smaller for these states. It’s important to note that 

in equation (22) the effective mass that must be used is 𝑚𝑏
∗  which is the effective mass of 

the particle in the barrier material. Similarly, the effective mass in the Schrodinger 

equation for the well must be that of the well material itself. In general, the well and 

barrier will have different effective masses because of the different bandstructures of 

each material.  

 As we can see from equation (23), the wave functions must decay exponentially 

outside of the well. By applying appropriate boundary conditions at the well/barrier 

interface, that is 

 

 𝜑𝑤 (±
𝑑

2
) = 𝜑𝑏 (±

𝑑

2
) (25) 
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and 

 

 
1

𝑚𝑤
∗

(
𝑑𝜑𝑤

𝑑𝑧
)𝑧=±𝑑/2 =

1

𝑚𝑏
∗ (

𝑑𝜑𝑏

𝑑𝑧
)𝑧=±𝑑/2 , (26) 

we arrive at two transcendental equations for the energy eigenvalues, one for the cosine 

solutions and one for the sine solutions 

 

 tan (
𝑘𝑑

2
) =

𝑚𝑤
∗ 𝜅

𝑚𝑏
∗ 𝑘

 (27) 

and  

 

 tan (
𝑘𝑑

2
) =

𝑚𝑏
∗ 𝑘

𝑚𝑤
∗ 𝜅

 , (28) 

respectively. By substituting equations (21) and (24) into the last two equations we can 

eliminate 𝑘 and 𝜅 and get equations (27) and (28) in terms of 𝐸 

 
√𝐸+𝑡𝑎𝑛 (√

𝑚𝐸+

2ħ2
𝑑) = √𝑉0 − 𝐸+ 

−√𝐸−𝑐𝑜𝑡 (√
𝑚𝐸−

2ħ2
𝑑) = √𝑉0 − 𝐸− , 

(29) 

where 𝐸+ and 𝐸− are the energy eigenvalues for the even and odd states, respectively. 

These equations cannot be solved analytically, but can easily be solved 

graphically or numerically. Figure 6 shows the graphical solutions of equations (29) 

where the intersections are the allowed even and odd bound-state energies. It is clear 

from Figure 6 that if 𝑉0 is less than the second lowest bound state in the infinite potential 

well, 𝑛 = 2 in Equation (21), then only one bound state remains and it is an even state. 

For values of 𝑉0 greater than zero then there is always at least one bound state. It’s also 

clear to see from the equations that as the thickness 𝑑 of the well is reduced the  
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Figure 6: (Left) Graphical solution of allowed even bound-

state energies. (Right) Graphical solution of allowed odd 

bound-state energies.  

values for the bound state energies shift to higher energies. This blue-shift is the result of 

quantum confinement and can be used to tune the absorption properties of a quantum 

well itself. 

2.4 EXCITONS IN TWO DIMENSIONS 

Now that we have some understanding of how single particles behave in a 

quantum well we can look more closely at how excitons behave. The analysis for exciton 

dynamics in quantum wells follows closely to the analysis leading to equation (16), i.e. 

the dynamics in the plane are analogous to the hydrogen atom. The total Hamiltonian for 

the electron-hole pair  in the quantum well is 

 

 𝐻 = −
ħ2

2𝑚𝑒
∇𝑒

2 −
ħ2

2𝑚ℎ
∇ℎ

2 + 𝑉𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 + 𝑉𝐶𝑜𝑢𝑙𝑜𝑚𝑏 .  (30) 

Comparing this to equation (14) we can see that the only modification is the addition of 

the confinement potential. The problem is then broken up into the 𝑥 and 𝑦 directions that 

E E 

𝑉0 𝑉0 

√𝑉0 − 𝐸 √𝑉0 − 𝐸 
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are in the plane of the well and the 𝑧 direction that is out of the plane. In the planar 

direction, as we did for the bulk case, we separate the motion into the relative and center 

of mass coordinates using the total and reduced masses of the electron-hole pair. For 

simplicity, we treat the confining potential in the 𝑧 direction to be an infinite potential 

well and the energy eigenstates for the perpendicular direction are exactly that of 

equation (21) with the substitution of the reduced mass of the electron-hole pair. The 

solution of the two-dimensional Schrodinger equation for an electron-hole pair can be 

found in standard quantum optics textbooks and so will be quoted here [105] 

 

 휀𝑛
2𝐷 = 𝐸𝑔 +

ħ2𝜋2𝑗2

2𝑚𝑟𝑑2
−

𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔

(𝑛𝑗 −
1
2)

2 , (31) 

 where 𝑛𝑗 = 1,2,3 … and 𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔 is the same as that found in equation (16). The second 

term is the confinement term where = 1,2,3 … . We can see from the equation that at each 

𝑗 value we have an exciton series given by the third term which is almost identical to the 

exciton series in a bulk (see equation (15)) semiconductor except for the fact that now 

𝑛 → 𝑛 − 1/2. It is clear from equation (31) that for 𝑛 = 1 the exciton energy in 2D 

systems is 4 times larger for the 𝑛 = 1 state in bulk. More careful calculations that 

include imperfections in the quantum well actually predict enhancements smaller than 4 

and closer to 2.5 times larger. 

 As one might expect, the Bohr radius is smaller in quantum wells compared to 

bulk. Similar to how we arrived at the first line in equations (16) we may write the 2D 

Rydberg energy in terms of the 2D Bohr radius  

 

 𝐸𝑅𝑦𝑑𝑏𝑒𝑟𝑔 =
ħ2

𝑚𝑟(𝑎𝐵
2𝐷)2

 . (32) 
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Using the second line in equations (16) and the fact that the exciton energies are 4 times 

larger in two dimensions than three we can conclude that the Bohr radii in 2D systems are 

only half as big as their three-dimensional counterparts.  

 In the previous arguments we have assumed that the dielectric constants in both 

the well and barriers are the same which is a very good approximation when dealing with 

GaAs/AlGaAs, but not so when talking about transition metals. For cases in which the 

dielectric constant of the well is larger than that of the barriers, e.g. a thin semiconductor 

deposited on an insulating substrate, the exciton binding energy may be strongly 

enhanced by what is called the local field effect. For materials like transition metals, local 

field effects can play a big role in exciton binding energies [6, 106].  

2.5 OPTICALLY CREATED EXCITONS 

 Largely missing from the discussion so far has been the interaction of these 2D 

materials with light, but in order to optically create excitons light must be absorbed and 

so the selection rules governing the light matter interaction will be discussed. Let us first 

evaluate the matrix elements for a transition from an initial state in the valence band to a 

final state in the conduction band 

 

 𝑀 = 〈𝑓|𝑥|𝑖〉 = ∫ 𝛹𝑓
∗(𝒓)𝑥𝛹𝑖(𝒓)𝑑3𝒓 . (33) 

In bulk materials the matrix elements for 𝑥, 𝑦 and 𝑧 are all equivalent, but in quantum 

wells only the in-plane directions are equivalent. For a quantum well we can consider the 

experimental setup in which the quantum well lies in the x-y plane and the light 

propagates in the z-direction (Figure 7) so that  

 

 〈𝑓|𝑥|𝑖〉 = 〈𝑓|𝑦|𝑖〉 ≠ 〈𝑓|𝑧|𝑖〉 . (34) 
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Figure 7: Coordinate system for light incident on a 

quantum well.  

In order to evaluate the matrix elements of equation (33) we must write down the form of  

the initial and final states which we may do by using the Bloch formalism for the in-plane 

motion and the bound states for the out-of-plane motion 

 

 𝛹𝑖 ≡ |𝑖⟩ =
1

√𝐴
𝑢𝑣(𝒓)𝜑ℎ𝑛(𝑧)𝑒𝑖𝒌𝑥𝑦∙𝒓𝑥𝑦 

𝛹𝑓 ≡ |𝑓⟩ =
1

√𝐴
𝑢𝑐(𝒓)𝜑𝑒𝑛(𝑧)𝑒𝑖𝒌𝑥𝑦

′ ∙𝒓𝑥𝑦  , 

(35) 

where 𝑢𝑣(𝒓) and 𝑢𝑐(𝒓) are the envelope functions for the valence and conduction bands, 

𝜑ℎ𝑛(𝑧) and 𝜑𝑒𝑛(𝑧) are the bound states for the hole and electron, and finally 𝑒𝑖𝒌𝑥𝑦∙𝒓𝑥𝑦 

and 𝑒𝑖𝒌𝑥𝑦
′ ∙𝒓𝑥𝑦 are the plane waves for the in-plane motion of the hole and electron. We can 

make one small simplification here and set 𝒌𝑥𝑦 = 𝒌𝑥𝑦
′  since the photon will impart very 

little momentum. Plugging equations (35) into equation (33) we can separate the matrix 

 

ℏ𝜔 

𝑧 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 

𝑄𝑢𝑎𝑛𝑡𝑢𝑚 𝑤𝑒𝑙𝑙 
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elements 𝑀 into two parts, the valence-conduction band dipole moment and the electron-

hole overlap 

 

 𝑀𝑐𝑣 = ⟨𝑢𝑐|𝑥|𝑢𝑣⟩ = ∫ 𝑢𝑐
∗(𝒓)𝑥𝑢𝑣(𝒓)𝑑3𝒓 

𝑀𝑛𝑛′ = ⟨𝑒𝑛′|ℎ𝑛⟩ = ∫ 𝜑𝑒𝑛′
∗ (𝑧)𝜑ℎ𝑛𝑑𝑧

+∞

−∞

 . 

(36) 

 For the second equation in (36) we can plug in the sine function solutions for the infinite 

quantum well and recognize that the overlap factor  

 

 𝑀𝑛𝑛′ =
2

𝑑
∫ sin (𝑘𝑛𝑧 +

𝑛𝜋

2
) sin (𝑘𝑛′ +

𝑛′𝜋

2
)𝑑𝑧

+𝑑/2

−𝑑/2

 (37) 

 

is zero for 𝑛 ≠ 𝑛′ and equal to one otherwise. This is not strictly true for real world 

systems where the well barriers are finite, but the transitions where 𝑛 ≠ 𝑛′ are still very 

weak and are strictly forbidden when ∆𝑛 is odd since these involve states of opposite 

parity. 

 The selection rules just outlined gives a clear picture of what the absorption 

profile for 2D system should look like. The onset of absorption will only occur if the 

incoming photon has more energy than the bandgap of the well plus the additional energy 

that comes from confinement. Once the photon energy reaches this threshold then an 

electron from the valence band in the 𝑛 = 1 state can be promoted to an 𝑛′ = 1 level in 

the conduction band. By increasing the photon energy even more ∆𝑛 = 2,3 … transitions 

can be excited and will show up as steps in the absorption profile (Figure 8).  

In addition to the selection rules arising from the second equation in (36), we have 

selection rules from the conduction and valence band envelope functions. These selection 

rules are imbedded in the integral in the first equation of (36) and will not be calculated  
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Figure 8: Linear absorption for bulk GaAs and a GaAs 

multiple quantum well [107].  

 
Figure 9: Blue (red) denotes electrons in the K (-K) valley. 

The valleys are the edges of the hexagonal Brillouin zone. 

The K (-K) valley only allows left (right) hand circular 

polarization for exciton formation [108].  

here, but only the results discussed. The selection rules arising from this integral are 

determined by the type of orbitals that dominate the valence and conduction band  
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Figure 10: Selection rules for circularly polarized light in a 

quantum well with the zinc-blende band structure.   

 
Figure 11: Homogeneous and inhomogeneous 

contributions to linewidths in linear absorption 

measurements.  

envelope functions. For the TMDC materials we study the exciton absorption occurs, not 

near the 𝛤-point like in GaAs, but near the ±𝐾-points in momentum space (Figure 9). In 

these materials the top of the valence band is dominated by 𝑑 and 𝑝 orbitals that 
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hybridize to form states with orbital angular momentum 𝑚 = 0 for both the +𝐾 and – 𝐾 

valleys. The bottom of the conduction band is dominated by 𝑑 orbitals with orbital 

angular momentum 𝑚 = 1 and 𝑚 = −1 for +𝐾 and −𝐾, respectively. The angular 

momentum selection rules therefore allow a transition, in the +𝐾 and −𝐾 valleys, upon 

absorption of only left-hand or right-hand circularly polarized light for each respective 

valley. The ability to selectively excite excitons in different valleys of 𝑘 − 𝑠𝑝𝑎𝑐𝑒 allows 

for the realization of “valleytronic” devices in which one can exploit the valley degree of 

freedom analogous to exploiting spin degrees of freedom [83].  

The situation in III-V semiconductor quantum wells, like GaAs, is quite different 

due to the fact that the exciton absorption occurs, not at the edges of the Brillouin zone, 

but at the center. Whether using left or right-hand circularly polarized light, all the 

excitons will be created at the 𝛤-point. For GaAs, the valence band states are 𝑝-like in 

character and the conduction band states are 𝑠-like with the heavy-hole and light-hole 

excitons having 𝑚 = ±3/2 and 𝑚 = ±1/2 levels, respectively. The conduction band has 

states with orbital angular momentum 𝑚 = ±1/2 states. Due to the lifting of the heavy-

hole and light-hole bands that was seen in bulk GaAs, one can now theoretically create 

100 percent spin polarized electrons (Figure 10) with 𝜎+ or 𝜎− corresponding to spin-up 

or spin-down electrons. 

 2.6 NON-IDEAL BEHAVIOR IN 2D MATERIALS 

As is true with most systems, the theoretical behavior we’ve been discussing can 

be quite different than the real world behavior. Linear absorption results, like those 

shown in Figure 8, give very limited information regarding the exciton dynamics of the 

material. Often in optical measurements of excitons, what one is interested in is the 

homogeneous linewidth (Figure 11) of the exciton absorption which is often hidden in 
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linear absorption measurements. The homogeneous linewidth of the exciton transition is 

inversely proportional to the dephasing time (see Chapter 3) which determines how 

useful these materials can be for applications such as quantum information processing. In 

real-world 2D materials what often dominates the linear absorption spectrum is 

inhomogeneous broadening that occurs as a result of fluctuations in the local 

environments of the individual excitons. These fluctuations can be caused by inconsistent 

well-widths during the growth process or variations in stoichiometry or alloy composition 

across the sample. In Chapter 3 we will discuss many optical techniques that are routinely 

used on 2D materials and discuss their limitations. We will then move on to a discussion 

of nonlinear techniques aimed at understanding more about exciton dynamics and how 

one can use nonlinear spectroscopy to extract the inhomogeneous and homogeneous 

linewidths.  
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Chapter 3:  Two-Dimensional Coherent Spectroscopy 

Optical two-dimensional coherent spectroscopy (2DCS) is a powerful 

spectroscopic tool which borrows from techniques first developed in the 1970’s in the 

field of nuclear magnetic resonance (NMR) [39] and has been used to study a wide 

variety of complex systems including liquids [109, 110], molecules [111-113], atomic 

vapors [114-117], semiconductor quantum wells [118, 119], and semiconductor quantum 

dots [120-126]. In contrast to linear spectroscopies, and even simpler nonlinear 

techniques, 2DCS enables tracking of the phase of the nonlinear response of the system 

with respect to two delays. By knowing the phase of the nonlinear response a Fourier 

transform may be taken with respect to the delays and a two-dimensional spectrum 

generated. Congested one-dimensional spectra are unfolded onto two dimensions 

allowing for the separation of inhomogeneous and homogeneous linewidths, isolation of 

coherent pathways, and coupling between resonances. Knowing the phase of the 

nonlinear signal also allows for the separation of the real and imaginary parts, yielding 

more information about microscopic details than spectroscopies that measure only 

magnitude. 2DCS has proven a powerful tool in studying a material’s dephasing 

dynamics, population decay, and many-body dynamics.  

In this chapter, we first start by giving a brief historical overview of the 

development of 2DCS from NMR and then we’ll move on to discussing four-wave 

mixing. Next, we’ll discuss the optical Bloch formalism and then the Feynman diagram 

approach to constructing the nonlinear response function. We will finish the chapter by 

making the transition from one-dimensional spectroscopy to two dimensions and the 

types of spectra that one can generate in 2DCS.      



 40 

3.1 HISTORICAL OVERVIEW OF 2DCS 

Multidimensional spectroscopy was first developed by the Ernst group in 1976 in 

the field of NMR [127]. At that time the Ernst group discussed the applications of two-

dimensional spectroscopy in nuclear magnetic resonance and went into mathematical 

detail regarding the applications. As proof of principle, the researchers then applied two-

dimensional spectroscopy to some simple spin systems. The work done by Ernst and his 

colleagues quickly drew the attention of researchers within and outside the field of NMR 

and shortly thereafter was extended to microwave frequency spectroscopy [128], 2D 

Raman spectroscopy of atomic vapors [129], and 2D IR spectroscopy [130]. 2D IR 

spectroscopy experiments were able to extend multi-dimensional techniques to very short 

wavelengths, elucidating properties of the structure of molecules by probing their 

vibrational modes and coupling [131, 132]. The technique was first used for probing 

electronic transitions by the Jonas group in 1998 [111]. Jonas and his colleagues studied a 

relatively simple system consisting of IR144 dye in methanol and were able to confirm 

their models with the data and were working at wavelengths around 800 nm. Some of the 

first studies on QW structures implemented multi-dimensional spectroscopies in both the 

time [88, 133] and frequency domains [134] and found temporal beating in the FWM 

signals which were thought to either arise from quantum interference or classical, 

macroscopic polarization interference. It was found that some systems, bound exciton 

resonances in CdSe for example, did indeed exhibit classical interference while other 

systems, such as light-hole and heavy-hole excitons in GaAs quantum wells, exhibited 

true quantum interference.  

The early multi-dimensional spectroscopy done on semiconductor systems were, 

in fact, not 2DCS techniques, but multi-dimensional techniques in which the phase 

evolution of the nonlinear signal was not tracked. These early techniques were essentially 
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1D spectra incoherently stacked in order to generate a 2D spectrum. The first 2DCS 

studies done on semiconductor systems were done in 2005 by Borca et al. and 

investigated the role of many-body effects and unbound electron-hole pairs on the 

nonlinear response of excitons in GaAs quantum wells [135]. Borca and his colleagues 

were able to show the major role many-body interactions played in QWs by studying the 

off-diagonal features of the 2D spectrum. Follow up studies revealed that the dominant 

many-body interactions were excitation-induced dephasing and excitation-induced shift 

between excitons [118]. These studies also put constraints on microscopic many-body 

theories and served as guides to theories beyond the Hartree-Fock mean field limit [136].  

In recent years 2DCS has pushed our knowledge of of electronic properties [120], 

exciton dephasing and relaxation dynamics [121, 122], exciton-exciton coherent coupling 

[126], 𝜒(5) optical nonlinearities [124], and exciton-biexciton correlated broadening 

[123].  

3.2 FOUR-WAVE MIXING 

The stepping stone to understanding 2DCS is to first understand simpler nonlinear 

spectroscopies such as pump-probe and transient FWM. These techniques are able to 

distinguish the difference between homogeneous and inhomogeneous broadening, which 

would be otherwise impossible in linear spectroscopy. In the systems we study, the 

dephasing dynamics of the excitons occur on timescales of hundreds of femtoseconds to 

tens of picoseconds and therefore what is required to study them are ultrafast nonlinear 

techniques to properly resolve the dynamics. In order to produce a nonlinear response, 

light of sufficient intensity is required, usually necessitating the use of a femtosecond 

pulsed laser. For light of such high intensity the response of the induced polarization in 
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the sample can no longer be modeled as linear to the incident electric field, but higher 

order terms must be included 

 

 𝑃 = 𝜒(1) ∙ 𝐸 + 𝜒(2) ∙ 𝐸2 + 𝜒(3) ∙ 𝐸3 + ⋯  , (38) 

  where 𝑃 is the induced polarization, 𝐸 is the exciting electric field and 𝜒(𝑛) is the 𝑛-th 

order susceptibility. In equation (38), we are ignoring the vector nature of 𝐸 and 𝑃, which 

would necessitate 𝜒(𝑛) to be an 𝑛 + 1 order tensor. The 𝜒(1) term describes the linear 

response of the system and determines the absorption and refractive index. The 𝜒(2) term 

is the second order nonlinearity and is zero in materials that have inversion symmetry, the 

same is true for all even orders of 𝜒(𝑛). For transition metal dichalcogenides, inversion 

symmetry is broken in the monolayer limit and so these materials do exhibit second 

harmonic generation (SHG) for monolayer as well odd layer thickness. Even layer 

thickness in these materials does not show appreciable SHG [137, 138]. For materials 

with inversion symmetry, the lowest order nonlinear response is the 𝜒(3) response which 

can be probed with pump-probe (transient absorption) and FWM. In these experiments 

two or, in the case of FWM, three fields act on the sample in order to produce the 

nonlinear signal. In the case of pump-probe, which only has two excitation fields, the 

pump acts twice. Quite often, these experiments are done in the time-domain or a mixture 

of the time and frequency domain. As is the case with our application of 2DCS, it is a 

mixture of time and frequency domain in which the nonlinear signal is spectrally resolved 

while a pulse delay is varied. 

 Pump-probe experiments can be spectrally resolved with the signal being sent to a 

spectrometer or they can be time integrated where the signal is sent to a single channel 

detector. These experiments are often done on-resonance with whatever transition is 

being probed, but can also be done off resonance. Pump-probe experiments measure 
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population dynamics and do so by measuring changes in the material absorption as a 

result of the pump. The pump, which is generally much more intense than the probe, is 

incident on the sample and creates an excited state population. The probe pulse then 

arrives at some time later and either experiences reduced absorption at the transition 

energy or can drive stimulated emission of the excited states. If the transition has not 

been saturated by the pump, the probe can also experience absorption by injecting more 

populated states. The lifetime and evolution of the populated states can be mapped out by 

scanning the probe from negative time delays to positive time delays. Timescales as long 

as hundreds of picoseconds are often needed in order for the population to decay to zero. 

Pump-probe experiments are not coherent measurements as it is the population that’s 

being measured and not any coherent dynamics. Spectrally resolved pump-probe can still 

provide information about the many-body effects in a material since changes in the width 

of a transition or the energy at which the transition occurs will shed light on excitation 

induced broadening and excitation induced shifts.  

 In order to measure coherent dynamics in a system, FWM spectroscopy can be 

used. FWM experiments can be employed in a variety of ways, but the most basic form is 

degenerate FWM in which three pulse of equal frequency are incident on a sample and 

generate a fourth pulse which is the nonlinear signal. The first pulse is incident on the 

sample with wavevector 𝒌𝐴 and generates a coherent superposition between the ground 

and excited states. The second pulse with wavevector 𝒌𝐵 is incident on the sample and 

delayed by a time 𝜏, this pulse converts the coherent superposition into a population of 

excited states. The population amplitude depends on the relative phase between pulse A 

and pulse B, being maximum when the two interfere constructively and minimum when 

the two interfere destructively. Pulses A, B and C can be collinear or, as is the case with 

many FWM experiments, they can be spatially separated. For spatially separated  
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Figure 12: Schematic diagram of TI-FWM, SR-FWM and 

TR-FWM. 

excitation beams, the constructive and destructive interference of beams A and B will 

vary across the sample and create a population grating. The third pulse, 𝒌𝐶, arrives a time 

𝑇 later, with respect to the second pulse, and generates the nonlinear signal in the phase-

matched direction, 𝒌𝑆 = −𝒌𝐴 + 𝒌𝐵 + 𝒌𝐶. Detecting the signal in this particular direction 

requires 𝒌𝐴 act as a conjugated pulse. 

 In the simplest FWM experiments, the pulse delays are as stated above, with pulse 

A arriving first and pulse C arriving last, but different dynamics can be probed by 

changing the pulse ordering. For example, by allowing pulse A to arrive last one can 

probe two-quantum coherences (discussed later in this chapter) which are sensitive to 

many-body effects not present in a simple independent two-level model. For the simple 

FWM experiment already described, information about dephasing and decoherence can 

be obtained by scanning the 𝜏 delay while information regarding incoherent population 

decay is gained by scanning the 𝑇 delay.  
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3.3 TYPES OF FWM EXPERIMENTS 

FWM experiments can be categorized into three different types (Figure 12): time-

integrated (TI-FWM), time-resolved (TR-FWM), and spectrally-resolved (SR-FWM). 

One of the most common types of FWM experiments is TI-FWM in which the signal is 

sent to a single-channel, slow detector and is recorded for the duration of the emission 

time, 𝑡. The signal is recorded as a function of the delays 𝜏 and 𝑇 and can be expressed as  

 

 𝑆𝑇𝐼(𝜏, 𝑇) ∝ ∫ |𝑃(3)(𝜏, 𝑇, 𝑡)|
2

∞

0

𝑑𝑡 , (39) 

where 𝑃(3)(𝜏, 𝑇, 𝑡) is the macroscopic third-order polarization. In the limit that the 

excitation pulses are much shorter than the dephasing and population decay the signal can 

be simplified to the following expression [139] 

 

 𝑆𝑇𝐼(𝜏, 𝑇) ∝ 𝛩(𝜏)𝛩(𝑇)𝑒−2𝛾𝜏 ∙ 𝑒−𝛤𝑇 , (40) 

where 𝛩(𝜏) and 𝛩(𝑇) are the Heaviside step functions, 𝛾 is the dephasing rate and Γ is 

the population decay rate. The factor of two in the first exponent is applicable only in the 

limit that inhomogeneous broadening is smaller than the homogeneous linewidth. For 

systems in which inhomogeneous broadening dominates, the expression is  

 

 𝑆𝑇𝐼(𝜏, 𝑇) ∝ 𝛩(𝜏)𝛩(𝑇)𝑒−4𝛾𝜏 ∙ 𝑒−𝛤𝑇 . (41) 

For systems with moderate inhomogeneity, where the homogeneous and inhomogeneous 

linewidths are comparable, the factor in front of 𝛾 is ambiguous, although it is quite often 

the case that inhomogeneous broadening is the dominated factor.  

For inhomogeneously broadened systems, it’s easy to see that dephasing will 

occur at a faster rate than homogeneously broadened systems because the oscillators have 

slightly different resonance frequencies. Inhomogeneously broadened systems can exhibit 
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what’s called a photon echo in time-resolved experiments in which pulse A comes first 

and acts as the conjugated pulse. Photon echoes occur when the second and third pulses 

act to reverse the phase evolution of the oscillators, resulting in a signal that occurs at a 

time 𝜏 after the arrival of the last pulse, at which time the oscillators are back in phase 

again. TR-FWM can be implemented with the use of a reference pulse and spectrometer 

or a reference pulse and a nonlinear crystal. When using a spectrometer the signal and 

reference are delayed from each other and can then be Fourier-transformed into the time 

domain. If phase stability is maintained between all pulses then the nonlinear signal can 

be fully characterized, both real and imaginary parts, upon Fourier transform. Fourier-

transforming is unnecessary when using a nonlinear crystal as the signal is mapped out 

directly in the time-domain via up-conversion in the nonlinear crystal. The signal can be 

written as 

 

 𝑆𝑇𝑅(𝜏, 𝑇, 𝑡) ∝ ∫ |𝑃(3)(𝜏, 𝑇, 𝑡′)|
2

∙ |𝐸𝑟𝑒𝑓(𝑡 − 𝑡′)|
2

∞

−∞

𝑑𝑡′, (42) 

where 𝐸𝑟𝑒𝑓 is the electric field of the reference pulse. For SR-FWM the signal is sent 

directly to a spectrometer without the use of a reference pulse and can be written in the 

following way 

 

 𝑆𝑆𝑅(𝜏, 𝑇, 𝜔𝑡) ∝ ∫ |𝑃(3)(𝜏, 𝑇, 𝑡)|
2

∙ 𝑒𝑖𝜔𝑡𝑡
∞

−∞

𝑑𝑡  , (43) 

where 𝜔𝑡 is the emission frequency.   
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Figure 13: Pulse sequence in a FWM mixing experiment. 

3.4 THE NONLINEAR RESPONSE FUNCTION       

The polarization that appears in equations (39)-(43) is the only material dependent 

quantity that appears in the Maxwell equations for the signal and serves as the source for 

the radiation field. All material processes will therefore show up through their effect on 

the polarization alone and so calculating the polarization is the primary goal of any theory 

of optical spectroscopy and is key to interpreting optical measurements. The microscopic 

processes in the material are connected to the macroscopic polarization through the 

nonlinear response function. Consider a FWM experiment in which the three pulses are 

incident on the sample at times 𝜏1, 𝜏2, and 𝜏3. This pulse sequence is shown in Figure 13. 

For a material with a purely linear response, we may write the polarization of the material 

as [140] 

 

 �̃�(1) = 𝜖0 ∫ 𝑅(1)(𝜏)�̃�(𝒓, 𝑡 − 𝜏)𝑑𝜏
∞

0

  , (44) 

where 𝑅(1)(𝜏) is the linear response function and is assumed to be zero for 𝜏 < 0, 

obeying the causality condition. In an analogous manner we may define the second-order 

and third-order response functions 

 

𝑇 𝜏 𝑡𝑠 𝜏1 𝜏2 𝜏3 
𝑡 

𝐹𝑊𝑀 𝑠𝑖𝑔𝑛𝑎𝑙 

𝑘𝐵 𝑘𝐶 𝑘𝐴 
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 �̃�(2) = 𝜖0 ∫ 𝑑𝜏1 ∫ 𝑑𝜏2

∞

0

𝑅(2)(𝜏1, 𝜏2)𝐸(𝒓, 𝑡 − 𝜏1)𝐸(𝒓, 𝑡 − 𝜏2)
∞

0

 

�̃�(3) = 𝜖0 ∫ 𝑑𝜏1

∞

0

∫ 𝑑𝜏2

∞

0

∫ 𝑑𝜏3

∞

0

𝑅(3)(𝜏1, 𝜏2, 𝜏3)𝐸(𝒓, 𝑡 − 𝜏1)𝐸(𝒓, 𝑡

− 𝜏2)𝐸(𝒓, 𝑡 − 𝜏3)  . 

(45) 

For the limit of a Dirac delta function excitation where the field envelopes are much 

shorter than the delay periods and material timescales, the time integrations can be 

eliminated. If we write the fields individually and explicitly 

 

 𝐸(𝒓, 𝑡) = 𝒆𝑖𝓔𝒊
+(𝑡 − 𝜏𝑖)𝑒𝑖(𝒌𝑖∙𝒓−𝜔𝑖𝑡) + 𝓔𝒊

−(𝑡 − 𝜏𝑖)𝑒−𝑖(𝒌𝑖∙𝒓−𝜔𝑖𝑡) (46) 

 

 then the third-order polarization can be written as [141] 

 

 �̃�(3)(𝒓, 𝑡)

= 𝑅(3)(𝜏1, 𝜏2, 𝜏3)ℰ1
±ℰ2

±ℰ3
±𝑒𝑖(±𝒌1±𝒌2±𝒌3)𝒓𝑒𝑖(±𝜔1±𝜔2±𝜔3)𝑡𝑒𝑖(±𝜔1±𝜔2±𝜔3)𝜏3 

𝑒𝑖(±𝜔1±𝜔2)𝜏2𝑒𝑖(±𝜔1)𝜏1   , 

(47) 

   

where 𝑅(3) is the third-order, nonlinear response function. The signal 𝒌𝑠 can propagate in 

any of the four phase-matched directions:  

 

 𝒌𝑰 = −𝒌1 + 𝒌2 + 𝒌3 

𝒌𝑰𝑰 = 𝒌1 − 𝒌2 + 𝒌3 

𝒌𝑰𝑰𝑰 = 𝒌1 + 𝒌2 − 𝒌3 

𝒌𝑰𝑽 = 𝒌1 + 𝒌2 + 𝒌3  . 

(48) 

Equation (47) includes all possible permutations of the signal wavevectors, but the ones 

listed in equation (48) are the only ones that are not redundant. For a given pulse 
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ordering, each signal direction will correspond to a different physical process. For 

example, in a rephasing scan taken on an inhomogeneously broadened system a photon 

echo is expected to propagate in the 𝒌𝑰 but no signal is expected in the 𝒌𝐼𝐼𝐼 direction for a 

simple two-level system. Any signal in the 𝒌𝑰𝑰𝑰 can be attributed to many-body 

interactions and so for the materials we study a signal would therefore appear in this 

direction as well. It is often not possible, or prohibitively difficult to record the signal in 

all four directions. In practice, it is much simpler to change the time-ordering of the 

pulses while looking in the same direction for each time-ordering. 

 The full expression for the third-order polarization can be constructed using a 

simple diagrammatic approach that will be discussed later in this chapter. The 

diagrammatic approach uses double-sided Feynman diagrams and a sum-over-states to 

construct the response function. Before moving on to constructing the third-order 

response function, it is helpful to explain the optical Bloch equation formalism which will 

help us in understanding the nature of the perturbation theory behind the construction of 

the Feynman diagram approach.  

3.5 THE OPTICAL BLOCH EQUATIONS       

The optical Bloch formalism is a simple approach to analyzing and understanding 

the two-level system through the basic equations of motion. In the optical Bloch 

equations (OBE), we add phenomenological dephasing and depopulation and often 

ignore any effects of the bath. In this form, the OBEs are of very limited use in 

understanding systems with pronounced many-body effects, EID, or EIS, but can serve as 

an intuitive guide to interpreting 2DCS experiments and results. In order to account for 

these various effects often found in semiconductor systems, further phenomenological 

terms can be added [91] and often work quite well for describing semiconductor systems, 
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but for simplicity we will consider just a two-level system with only phenomenological 

dephasing and population decay. 

The OBEs are derived using a density matrix approach. Suppose a system may be 

found in a state 

 

 𝜓𝑠(𝒓, 𝑡) = ∑ 𝐶𝑛
𝑠(𝑡)𝑢𝑛(𝒓)

𝑛

 (49) 

with a Hamiltonian given by 

 

 �̂� = �̂�0 + �̂�(𝑡) , (50) 

 

where the 𝑢𝑛(𝒓) are the energy eigen-solutions to the time independent Schrodinger 

equation. These are assumed to be orthonormal and obey the relation 

 

 ∫ 𝑢𝑚
∗ (𝒓)𝑢𝑛(𝒓)𝑑3𝑟 = 𝛿𝑚𝑛 . (51) 

The expectation value for any Hermitian operator can be expressed as  

 

 〈𝐴〉 = ∑ 𝐶𝑚
𝑠∗𝐶𝑛

𝑠𝐴𝑚𝑛

𝑚𝑛

 . (52) 

Using equation (52) we can define the elements of the density matrix as the expectation 

value of the Hermitian operator 𝑝(𝑠) which is the probability that the system is in a state 

𝑠. This is written then as 

 

 𝜌𝑛𝑚 = ∑ 𝑝(𝑠)𝐶𝑚
𝑠∗𝐶𝑛

𝑠

𝑠

= 𝐶𝑚
𝑠∗𝐶𝑛

𝑠̅̅ ̅̅ ̅̅ ̅̅   , (53) 
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where the overbar denotes an ensemble average over all possible states of the system. 

The density matrix can be interpreted in the following way: the diagonal elements of 𝜌𝑛𝑛 

give the probability that the system is in an energy eigenstate 𝑛, while the off-diagonal 

elements give the probability that the system is in a coherent superposition of the states 𝑛 

and 𝑚.  

 The density matrix is useful in the sense that it can be used to calculate the 

expectation value of any observable quantity when the exact state of the system is 

unknown. This is in direct contrast to equation (52) which gives the expectation value for 

the observable 𝐴 only in the case that the exact state of the system is known. The 

expectation value of the observable 𝐴, averaged over all possible states of the system, can 

then be written in various forms as 

 

 〈𝐴〉̅̅ ̅̅ = ∑ 𝑝(𝑠)

𝑠

∑ 𝐶𝑚
𝑠∗𝐶𝑛

𝑠𝐴𝑚𝑛

𝑛𝑚

= ∑ 𝜌𝑛𝑚𝐴𝑚𝑛

𝑛𝑚

= 𝑡𝑟(�̂��̂�) . (54) 

In order to determine how the expectation value of any variable varies in time, it is thus 

necessary to determine how the density matrix evolves in time. This can be done by 

direct differentiation, which yields 

 

 �̇�𝑛𝑚 =
−𝑖

ℏ
[�̂�, �̂�]  . (55) 

Equation (55) does not include any damping or population decay, but these terms can be 

added phenomenologically resulting in a modified equation of motion 

 

 �̇�𝑛𝑚 =
−𝑖

ℏ
[�̂�, �̂�]

𝑛𝑚
− 𝛾𝑛𝑚𝜌𝑛𝑚 , 𝑛 ≠ 𝑚 

�̇�𝑛𝑛 =
−𝑖

ℏ
[�̂�, �̂�]

𝑛𝑛
+ ∑ Γ𝑛𝑚𝜌𝑚𝑚

𝐸𝑚>𝐸𝑛

− ∑ Γ𝑚𝑛𝜌𝑛𝑛

𝐸𝑚<𝐸𝑛

  . 

(56) 
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 Here, Γ𝑛𝑚 gives the rate per atom at which population decays from level 𝑚 to level 𝑛 

and 𝛾𝑛𝑚 gives the damping rate of the 𝜌𝑛𝑚 coherence. The depopulation rates and 

dephasing rates are not independent of each other and are related in the following way 

 

 𝛾𝑛𝑚 =
1

2
(Γ𝑛 + Γ𝑚) + 𝛾𝑛𝑚

(𝑐𝑜𝑙)
  . (57) 

Here, Γ𝑛 and Γ𝑚 gives the total decay rates of population out of levels 𝑛 and 𝑚, 

respectively. The last term in equation (57), 𝛾𝑛𝑚
(𝑐𝑜𝑙)

, is often called the pure dephasing rate 

and represents dephasing caused by elastic collisions or any process that is not associated 

with population transfer.  

 As an example, let us consider equations (56) in the context of a two-level system. 

For a simple two-level system with an applied field, the Hamiltonian is given by 

 

 𝐻 = 𝐻0 + 𝐻𝐼 = (
ћ𝜔1 𝑉12

𝑉21 ћ𝜔2
)  , (58) 

where 𝐻0 is the free particle Hamiltonian with eigenenergies ћ𝜔1 and ћ𝜔2 for states |1⟩ 

and |2⟩, respectively. 𝐻𝐼 is the interaction Hamiltonian that describes the dipole 

interaction with the applied field and can be written as 𝐻𝐼 = −𝜇 ∙ 𝐸(𝑡), where �̂� = −𝑒�̂� 

is the electric dipole operator. The off-diagonal elements of the interaction Hamiltonian 

have been set to zero under the assumption that states |1⟩ and |2⟩ have definite parity. We 

can insert this Hamiltonian into the equations of motion, i.e. equations (56), which gives 

the following 

 

 �̇�11 = −𝛾1 ∙ 𝜌11 +
𝑖

ℏ
∙ 𝜇12𝐸(𝑡) ∙ (𝜌12 − 𝜌21) 

�̇�22 = −𝛾2 ∙ 𝜌22 −
𝑖

ℏ
∙ 𝜇12𝐸(𝑡) ∙ (𝜌12 − 𝜌21) 

�̇�12 = −Γ12 ∙ 𝜌12 + 𝑖𝜔0𝜌12 −
𝑖

ℏ
∙ 𝜇12𝐸(𝑡) ∙ (𝜌22 − 𝜌11) , 

(59) 
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Figure 14: Schematic diagram showing the increase in 

perturbation order with each field interaction (represented 

here by arrows). Odd numbered field interactions produce 

polarization terms while even numbered field interactions 

produce population terms.   

where 𝜔0 = (1/ℏ) ∙ (𝐸2 − 𝐸1). Equations (59) do not include many-body effects, the 

inclusion of which would require numerical solutions of the equations. We ignore these 

effects here in the interest of simplicity and for the sake of developing intuitive insight 

into 2DCS. We can seek a simple perturbation expansion solution for equations (59) by 

first making the substitution in equations (59)  

 

 

 
𝜇12𝐸

ℏ
→ λ

𝜇12𝐸

ℏ
  , (60) 

where λ is taken to be a small parameter ranging from zero to one that characterizes the 

strength of the interaction with the field. We now seek a solution in the form of a power  

series in λ—that is 

 

 𝜌𝑛𝑚 = 𝜌𝑛𝑚
(0)

+ 𝜆𝜌𝑛𝑚
(1)

+ 𝜆2𝜌𝑛𝑚
(2)

+ ⋯ (61) 

We require that equation (61) be a solution to equations (59) for any value of λ. In order 

for this condition to be true, the coefficients of each power of λ must satisfy equations 

 

𝜌11
(0)

 

𝜌12
(1)

 

𝜌21
(1)

 

𝜌11
(2)

 

𝜌22
(2)

 𝜌21
(3)

 

𝜌12
(3)
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(59) separately. We can therefore plug equation (61) into equations (59) and gather like 

orders of λ giving 

 

 �̇�𝑛𝑚
(0)

= −𝑖𝜔𝑛𝑚𝜌𝑛𝑚
(0)

− 𝛾𝑛𝑚(𝜌𝑛𝑚
(0)

− 𝜌𝑛𝑚
(𝑒𝑞)

) 

�̇�𝑛𝑚
(1)

= −(𝑖𝜔𝑛𝑚 + 𝛾𝑛𝑚)𝜌(1) + 𝑖ℏ−1[𝜇12𝐸(𝑡), 𝜌(0)]
𝑛𝑚

 

�̇�𝑛𝑚
(2)

= −(𝑖𝜔𝑛𝑚 + 𝛾𝑛𝑚)𝜌(2) + 𝑖ℏ−1[𝜇12𝐸(𝑡), 𝜌(1)]
𝑛𝑚

  , 

(62) 

and so on. Here 𝜌𝑛𝑚
(𝑒𝑞)

 is the equilibrium value that 𝜌𝑛𝑚 relaxes to at rate 𝛾𝑛𝑚 as well as 

the steady-state solution, 𝜌𝑛𝑚
(0)

= 𝜌𝑛𝑚
(𝑒𝑞)

. We also assume, since 𝛾𝑛𝑚 is a decay rate, that 

 

 𝜌𝑛𝑚
(𝑒𝑞)

= 0, 𝑛 ≠ 𝑚 . (63) 

Equations (62) can be integrated to find all the higher order corrections to the density 

matrix.  

From equations (62), it is clear that interaction with the light field increases the 

order of the perturbation from 𝑛 − 1 → 𝑛. Further inspection of equations (62) also 

shows that for no interactions of the field the system starts in the population state 𝜌11
(0)

. 

For one interaction with the field the system is promoted to a first-order coherence state, 

𝜌12
(1)

 or 𝜌21
(1)

. For two interactions with the field the system is promoted to a second-order 

population and so on. This can better be described with the diagram shown in Figure 14 

where each arrow represents one interaction of the system with the field. As we’ll see in 

the next section, the diagrammatic approach represented in Figure 14 is further expanded 

upon with the use of Feynman diagrams. 

3.6 FEYNMAN DIAGRAMS       

As we saw in the previous section, the density matrix can be found by performing 

a perturbation expansion which separates out the zeroth and all higher order corrections  
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Figure 15: A Feynman diagram showing a single field 

interaction that promotes the state ⟨𝒊| to the state ⟨𝒋|.  

to the density matrix. We then saw that each order of the density matrix can be built up 

one field interaction at a time and, in fact, different pathways can lead to the exact same 

density matrix term. In this section, we will see that the order in which these field 

interactions occur can be kept track of by using double-sided diagrams. Each diagram 

represents a different coherent pathway in the density matrix, often referred to as 

Liouville-space pathway. By adding up all the terms associated with each diagram, which 

amounts to summing the Liouville-space pathways, we can construct the nonlinear 

response function in a straightforward manner. 

In order to understand Feynman diagrams--an example of which we show in 

Figure 15--we first write the density matrix in terms of |𝜓⟩ which represents the key 

vector for some state of the system 

 

 �̂� = |𝜓⟩⟨𝜓|̅̅ ̅̅ ̅̅ ̅̅ ̅  , (64) 

where the overbar represents an ensemble average. Referring to Figure 15, one can see 

that Feynman diagrams are constructed by drawing vertical black lines where the vertical  
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Figure 16: Feynman diagrams corresponding to different 

coherent pathways for the simple exciton level scheme 

shown in the top right. |𝒈⟩ is the ground state, |𝒆⟩ the 

excited state and |𝒇⟩ is the two-exciton manifold. 𝝁𝒈𝒆 and 

𝝁𝒆𝒇 are the corresponding transition dipoles [141]. 

line on the left represents the “ket” in equation (64) and the vertical line on the right 

represents the “bra”. The state of the “bra” or “ket” may be changed by a field interaction 

which is represented by incoming or outgoing arrows. Arrows that occur farther down 
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along the vertical lines are field interactions that occur earlier in time and therefore time 

increases in the vertical direction as you go up on the diagram. Arrows pointing to the 

right indicates the interacting field has the form ℰ𝑗
+exp (𝑖𝒌𝑗 ∙ 𝒓 − 𝑖𝜔𝑗𝑡) and arrows 

pointing to the left indicate the interacting field has the form ℰ𝑗
−exp (−𝑖𝒌𝑗 ∙ 𝒓 + 𝑖𝜔𝑗𝑡) 

where ℰ𝑗
− = (ℰ𝑗

+)∗. An arrow pointing towards the vertical line indicates absorption of a 

photon and an arrow pointing away indicates photon emission. Each arrow represents an 

increase of one in the order of the perturbation expansion. For example, a diagram with 

only one arrow represents a coherent pathway in the 𝜌(1) order of the perturbation 

expansion. To obtain higher order terms in the perturbation expansion of the density 

matrix, one can concatenate the Feynman diagrams by stacking them on top of each 

other. The wavevector of each diagram is simply the sum of the wavevectors associated 

with each vertex. The overall sign of each diagram is given by (−1)𝑚 where 𝑚 is the 

number of vertices on the right hand side of the diagram since each interaction with the 

“bra” introduces a minus sign.  

 As an example of constructing the nonlinear response function from double-sided 

Feynman diagrams we refer to Figure 16 which shows the third-order Feynman diagrams 

for a simple two-band model (upper right). Each of the three columns represents signals 

that would propagate in different directions according to the wavevector of the given 

diagram. We may denote the signal field amplitudes generated along any particular 

direction 𝒌𝑗 as 𝑺𝑗, where 𝑗 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼, and 𝐼𝑉 correspond to each of the wavevectors 

given in equation (48). From equation (47) we may write the signal field amplitude for 𝐼 

as [141] 

 

 𝑆𝐼(𝑡3, 𝑡2, 𝑡1) = 𝑖𝑅𝐼
(3)(𝑡3, 𝑡2, 𝑡1)ℰ3

+ℰ2
+ℰ1

−𝑒𝑖(−𝜔1+𝜔2+𝜔3)𝑡3

∙ 𝑒𝑖(−𝜔1+𝜔2)𝑡2𝑒−𝑖𝜔1𝑡1   , 

(65) 
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where the fields ℰ𝑛
± and frequencies ±𝜔𝑛 are determined through inspection of the 

Feynman diagrams and 𝑡1, 𝑡2, and 𝑡3 are the times in which the three pulses are incident 

on the sample. The signs are determined quite easily, for example, 𝜔1 carries a negative 

sign throughout because the arrow is situated on the left-hand side in every diagram that 

appears in the first column. The signal fields for 𝐼𝐼, 𝐼𝐼𝐼, and 𝐼𝑉 are found similarly, but in 

some cases some of the nonlinear response functions may be ignored if they contain 

highly oscillatory terms that appear in the denominator for the signal field expression. 

Such is the case for the 𝑅𝐼𝑉
(3)

 term, which may be ignored in what’s referred to as the 

rotating wave approximation (RWA). 

For the simple two-band model shown in Figure 16, we can see three manifolds: 

the ground state (g), the single-exciton state (e), and the two-exciton state (f). The dipole 

operator only connects 𝑔 to 𝑒 and 𝑒 to 𝑓. Let us now write down the nonlinear response 

function 𝑅𝐼
(3)

 which will contain three terms in the summation each corresponding to a 

diagram in the first column of Figure 16.  

 

 𝑅𝐼
(3)(𝑡3, 𝑡2, 𝑡1) = 𝑖3 ∑(𝒆1 ∙ 𝝁𝑔𝑒′)(𝒆2 ∙ 𝝁𝑒′𝑔)(𝒆4 ∙ 𝝁𝑔𝑒)(𝒆3

𝑒,𝑒′

∙ 𝝁𝑒𝑔)𝑒
−(𝑖𝜔𝑒𝑔+𝛤𝑒𝑔)𝑡3+𝛤𝑔𝑔𝑡2+(𝑖𝜔

𝑒′𝑔
−𝛤

𝑒′𝑔
)𝑡1

+ 𝑖3 ∑(𝒆1 ∙ 𝝁𝑔𝑒′)(𝒆3 ∙ 𝝁𝑒′𝑔)(𝒆4 ∙ 𝝁𝑔𝑒)(𝒆2

𝑒,𝑒′

∙ 𝝁𝑒𝑔)𝑒−(𝑖𝜔𝑒𝑔+𝛤𝑒𝑔)𝑡3−(𝑖𝜔𝑒𝑒′+𝛤𝑒𝑒′)𝑡2+(𝑖𝜔𝑒′𝑔−𝛤𝑒′𝑔)𝑡1

− 𝑖3 ∑(𝒆1 ∙ 𝝁𝑔𝑒′)(𝒆4 ∙ 𝝁𝑒′𝑓)(𝒆3 ∙ 𝝁𝑓𝑒)(𝒆2

𝑒,𝑒′

∙ 𝝁𝑒𝑔)𝑒−(𝑖𝜔𝑓𝑒′+𝛤𝑓𝑒′)𝑡3−(𝑖𝜔𝑒𝑒′+𝛤𝑒𝑒′)𝑡2+(𝑖𝜔𝑒′𝑔−𝛤𝑒′𝑔)𝑡1   , 

(66) 

 where the 𝒆𝑛 are the polarization vectors for the three fields, 𝜔𝑣𝑣′ = 휀𝑣 − 휀𝑣′ is the 

frequency of the transitions, and Γ𝑣𝑣′ are the dephasing rates of the transitions. This result  
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Figure 17: Schematic of box geometry setup. The 

reference is routed around and recombined with the signal 

and the interferogram is sent to a spectrometer.  

can then be inserted into equation (47) to find the induced macroscopic polarization, 

which can then be inserted into Maxwell’s equations in order to find the radiated FWM 

field.  

3.7 2D SPECTROSCOPY       

 So far we have discussed FWM and with a good understanding of FWM and 

Feynman diagrams we may now develop some intuition for 2DCS. 2DCS is nothing more 

than an advanced FWM spectroscopic technique in which the time-delays are stepped 

with phase stable precision and the complex FWM field is measured through spectral 

interferometry. 



 60 

  

 
 

Figure 18: Possible pulse time orderings for three pulse 2D 

experiments. 
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2DCS can be implemented in many ways, some of the most common approaches use 

passive stabilization of the pulse delays through common path optics [142-144], pulse 

shaping methods [145, 146] and active phase-stabilization using a reference laser and 

feedback electronics [147, 148]. Each experiment can employ different geometries that 

range from completely collinear--which is to say that all the excitation beams 

copropagate--to geometries in which none of the beams are propagating along the same 

path. The most common of the beam geometries, and the one employed in our 

experiment, is the box geometry shown in Figure 17. In this configuration, three beams 

propagate along the corners of a box and are then focused onto the sample. These beams, 

with wavevectors 𝒌𝑎, 𝒌𝑏 , and 𝒌𝑐, induce a nonlinear signal that propagates in the phase-

matched direction 𝒌𝑆 = −𝒌𝐴 + 𝒌𝐵 + 𝒌𝑐, which is along the fourth corner of the box. The 

beams are delayed with respect to each other with the first delay labeled 𝜏, the second 𝑇, 

and the third 𝑡 (delay 𝑡𝑠 in Figure 13) . By interfering the FWM with a phase-stabilized 

reference pulse and sending both into a spectrometer, we can perform spectral 

interferometry and obtain one axis, the 𝑡 axis, of the 2D spectrum without having to 

Fourier transform. In order to build up the full 2D spectrum we can step either of the 

other two delays, 𝜏 or 𝑇, and perform a Fourier transform with respect to the stepped 

delay. For example, if we were to step the 𝜏 delay, the amplitude and phase of the 2D 

spectrum from the emitted signal field 𝐸(𝜏, 𝑇, 𝑡) would look like 

 

 𝑆(𝜔𝜏, 𝑇, 𝜔𝑡) = ∫ 𝐸(𝜏, 𝑇, 𝜔𝑡)𝑒𝑖𝜔𝜏𝜏𝑑𝜏
∞

−∞

 (67) 

for a fixed value of 𝑇. In equation (67), the Fourier transform is already performed for the 

𝑡 axis through use of spectral interferometry.  
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3.8 TYPES OF 2D SPECTRA       

 Because we can vary the delay between each of the three excitation pulses, we 

have the ability to probe different microscopic processes that propagate along the phase 

matched direction 𝒌𝑠. This is simply done by varying the pulse ordering of the incident 

fields. Examples of the different 2D spectra that’s possible in such a setup is shown in 

Figure 18. The axes which are Fourier transformed are labeled as “Axis 1” and “Axis 2” 

in the figure.  

 By far, the most common spectrum to take, and the one we have employed to 

study TMDCs, is the 𝑆𝐼(𝜔𝜏, 𝑇, 𝜔𝑡) scan, also known as a rephasing one-quantum 

spectrum. In this spectrum the FWM signal is recorded while the delay 𝜏 is scanned and 

the delay 𝑇 is held fixed. The FWM field 𝐸(𝜏, 𝑇, 𝜔𝑡) is Fourier transformed with respect 

to 𝜏 to generate the rephasing one-quantum spectrum that correlates the excitation 

frequencies, 𝜔𝜏, with the emission frequencies, 𝜔𝑡. Coherently tracking the phase of the 

signal as the delay 𝜏 is scanned with sub-cycle precision permits the Fourier transform 

operation of the emitted FWM field, thus congested one-dimensional spectra can 

coherently be unfolded onto two frequency dimensions. 

 To understand why coherent tracking of the signal phase is so powerful, consider 

the FWM signal that is emitted from a transition with angular frequency 𝜔𝑖𝑘 due to 

excitation of a transition 𝜔𝑖𝑗  by the first pulse. If the first pulse is the conjugated field, as 

in the case of an 𝑆𝐼(𝜔𝜏, 𝑇, 𝜔𝑡) scan,  then the signal field can be written [135] 

 

 𝑆(𝜏, 𝑡) = 𝐷(𝜏, 𝑇, 𝑡)𝜇𝑖𝑗
2 𝜇𝑖𝑘

2 𝑒𝑖(𝜔𝑖𝑗𝜏−𝜔𝑖𝑘𝑡) ,  (68) 

where 𝜇𝑖𝑗 and 𝜇𝑖𝑘 are the dipole moments of the respective excitation and emission 

transitions and the decay dynamics and the evolution of the system between the second 

and third pulses are lumped into 𝐷(𝜏, 𝑇, 𝑡). Equation (68) shows that the phase evolution 
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between the first two pulses results in a constant overall phase in the emitted field, i.e. as 

𝜏 and 𝑡 increase the phase is held constant. Therefore, by coherently tracking the phase of 

the emitted signal and by keeping sub-wavelength stability between the individual 

excitation pulses, we can simultaneously determine the frequency of the absorbing and 

emitting transitions. For two-level systems where 𝜔𝑖𝑗 = 𝜔𝑖𝑘, the 2D spectrum will show 

a signal along the diagonal and for systems in which 𝜔𝑖𝑗 ≠ 𝜔𝑖𝑘, e.g. three-level systems, 

part of the signal will appear off-diagonal as well.  

 One of the advantages of the three-pulse technique is that we can probe very 

different microscopic processes by simply reordering the pulses in time. The phase 

evolution described by equation (68) happens when the conjugated pulse arrives first 

which creates a coherent superposition between the ground and excited state of the 

transition. The oscillators in the ensemble then dephase during the evolution period 𝜏 

provided that there is some inhomogeneous broadening in the system. The second pulse 

converts the coherence into a population of ground states and excited states which do not 

accumulate phase during the period 𝑇, but simply decays at some characteristic rate. The 

third pulse then creates a conjugated phase evolution during the emission time 𝑡, which 

causes the oscillators to reverse their phases and come back into phase. This rephasing 

takes a time 𝜏, the time in which the oscillators where allowed to dephase, and thus a 

photon echo signal is observed a time 𝜏 after the third pulse hits the sample. If we were to 

allow the second pulse to come first, then followed by the conjugated pulse as depicted in 

the third schematic of Figure 18, we could perform a “non-rephasing” scan. In the case of 

a non-rephasing 𝑆𝐼𝐼(𝜔𝜏, 𝑇, 𝜔𝑡) scan, the complex signal field would have the form 

 

 𝑆(𝜏, 𝑡) = 𝐷(𝜏, 𝑇, 𝑡)𝜇𝑖𝑗
2 𝜇𝑖𝑘

2 𝑒−𝑖(𝜔𝑖𝑗𝜏+𝜔𝑖𝑘𝑡)  . (69) 
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Figure 19: Schematic rephasing spectra for a) two 

independent two-level transitions b) a three-level system 

with a common ground state and c) two independent two-

level systems that are coupled through incoherent 

relaxation from the higher energy transition to the lower 

energy transition.   

Delay 𝜏 is defined as the difference between pulse 𝐵 and 𝐴, therefore 𝜏 is positive for the 

rephasing scan and negative for the non-rephasing scan. From equation (69), it is clear to 

see that instead of a photon echo appearing at time 𝜏 after the third pulse, there is a 

polarization decay in the phase evolution of the system. By comparing both the non- 

rephasing and rephasing scans, important insight into the inhomogeneous broadening of 

the system can be gained. 

 In addition to the rephasing and non-rephasing one quantum scans in which the 𝜏 

delay is scanned, we are also free to scan the delay 𝑇 in order to perform 𝑆𝐼(𝜏, 𝜔𝑇 , 𝜔𝑡) 

and 𝑆𝐼𝐼𝐼(𝜏, 𝜔𝑇 , 𝜔𝑡) scans, referred to as rephasing zero-quantum and two-quantum scans, 

respectively. A rephasing zero-quantum scan still has the same pulse ordering as a 

rephasing one-quantum scan, except now the delay 𝑇 is scanned while 𝜏 is held fixed. A 

photon echo is still emitted at a time 𝜏 after the arrival of the third pulse, however the  
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Figure 20: Feynman diagrams for a diamond level scheme. 

population dynamics may now be probed. For a two-quantum scan, the conjugated pulse 

arrives last at the sample while the time delay 𝑇 is scanned. This pulse ordering (for 𝜏 =

0) is the same as a negative delay scan in a two pulse experiment for which no signal is 

expected for a simple two-level system. A signal for a negative delay scan would indicate 

the presence of many-body effects and therefore the two-quantum scan can provide a 

sensitive measurement of the many-body effects in a material. 

3.9 INTERPRETING 2D SPECTRA       

 In order to gain an intuitive understanding of 2D spectra, let us consider three 

simple systems shown in Figure 19. In each of the three systems considered, individual 

resonances appear produce peaks along the diagonal and coupled resonances produce 
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peaks off of the diagonal. Let us first consider the system shown in Figure 19a where we 

have two independent transitions with energies ℏ𝜔1 and ℏ𝜔2 and the corresponding 2D 

rephasing spectra below. The spectrum shows two peaks along the diagonal, one 

(ℏ𝜔𝑡 = ℏ𝜔1, ℏ𝜔𝜏 = −ℏ𝜔1) and (ℏ𝜔2, −ℏ𝜔2). The ℏ𝜔𝜏 axis is negative because in a 

rephasing scan the first pulse is conjugated and therefore picks up a negative sign. As 

expected for two independent transitions, no peaks are present off-diagonal. These peaks 

can be attributed to the Feynman diagrams (a) and (b) in Figure 20. If two transitions 

share a common ground state, such as the “V” system shown in Figure 19b, then the 

transitions can no longer be considered independent and are said to be coupled. When the 

two transitions are coupled, off-diagonal peaks can occur indicating that the material is 

being excited at one wavelength and emitting at another. These off-diagonal peaks can be 

attributed to diagrams (d) and (e) in Figure 20. Because these systems share a common 

ground state, excitation of one transition depletes the ground state population, which in 

turn affects the nonlinear optical response of the other transition.  

 The two independent two-level transitions and the “V” system shown in Figure 19 

is a good illustration of the advantages of 2DCS. In linear absorption, PL or spectrally-

resolved FWM, the off-diagonal peaks would be overlapped and hidden by the diagonal 

peaks. 2DCS is able to resolve whether or not these resonances are quantum 

mechanically coupled. By considering another system, shown in Figure 19c, we can 

understand some further advantages of 2DCS. In this system we have two independent 

two-level systems that are coupled through incoherent, non-radiative population transfer 

from the higher energy state to the lower energy state. This type of coupling would 

produce a single off-diagonal peak as shown in the Figure 19c. This peak originates from 

excitation at the higher energy ℏ𝜔2 and emission at the lower energy ℏ𝜔1. Because this 
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process involves population transfer it is an incoherent process, the dynamics of which 

can be mapped out by scanning the delay 𝑇.  

3.10 LINESHAPE ANALYSIS       

 For the most part, we have only really looked at systems that have negligible 

inhomogeneous broadening. Most real-world systems, however, have some non-

negligible inhomogeneous broadening that must be separated from the homogeneous 

linewidth in order to get an accurate measurement of either. A multitude of incoherent 

nonlinear optical measurements have been used to study the linewidth broadening 

mechanisms in semiconductors [149], but their effectiveness at measuring both the 

homogeneous and inhomogeneous linewidths are limited. For example, in TR-FWM the 

width of the photon echo can be correlated to the amount of inhomogeneity in the sample 

and the decay of the photon echo as the 𝜏 delay is scanned can provide one with a 

measure of the homogeneous linewidth, but the photon echo may not be well-resolved if 

many-body interactions are prevalent. Quantum beating between two slightly non-

degenerate resonances may also distort the TR-FWM signal, which may mask the decay 

time of the photon echo [88, 150]. 

 It should be no surprise at this point that 2DCS can overcome all of the 

difficulties in unambiguously separating the homogeneous and inhomogeneous 

linewidths. In fact, a quick glance at a 2D plot can give one a good sense of how much 

inhomogeneous and homogeneous broadening is present in a system since the width of a 

signal peak along the diagonal is correlated with inhomogeneous broadening and the 

width along the cross-diagonal is correlated with the homogeneous broadening. However 

getting detailed and accurate information is not so simple since the cross-diagonal and 

diagonal linewidths have been shown to be coupled [93, 95].  
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Figure 21: The 2D signal of a photon echo in the a) time 

domain and b) frequency domain.c) 2D time projection 

onto the diagonal corresponds to a slice along 𝝎𝒕′ in the 

frequency domain. d) 2D time projection onto the cross-

diagonal corresponds to slices along 𝝎𝝉′ in the frequency 

domain [95].  

Despite the coupling of the cross-diagonal and diagonal linewidths a quantitative 

connection can be made between the plotted linewidths and the homogeneous and 

inhomogeneous linewidths. Using analytical solutions to the optical Bloch equations 

(OBEs) one can decouple the two linewidths in a 2D rephasing scan [95]. These 

analytical solutions can then be Fourier-transformed into the time domain to get the 

signal in both time and frequency domains. Using the projection-slice theorem of Fourier 

transforms [151] one can then directly correlate slices line cuts in the time-domain signal 

with line cuts in the frequency domain signal. By projecting the signal in the time domain 

onto the axes 𝑡′ and 𝜏′, (see Figure 21) then Fourier transforming these projections into 

the frequency domain, one can then obtain a function for the lineshape of a slice in the 

frequency domain 2D plot. This procedure yields, for the rephasing amplitude spectrum, 

the following function for the cross-diagonal lineshape 
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𝑆𝐼
𝑝𝑟𝑜𝑗(𝜔𝑡′) =

𝑒
(𝛾−𝜔

𝑡′
2 )

2

2𝜎2 𝐸𝑟𝑓𝑐(
𝛾 − 𝑖𝜔𝑡′

√2𝜎
)

𝜎(𝛾 − 𝑖𝜔𝑡′)
  , 

(70) 

where 𝐸𝑟𝑓𝑐 is the complementary error function, 𝛾 is the homogeneous linewidth, and 𝜎 

is the inhomogeneous linewidth. Similarly, the diagonal lineshape can be described by 

the following function 

 

 
𝑆𝐼

𝑝𝑟𝑜𝑗(𝜔𝜏′) = (√
2

𝜋𝜎2
𝑒

−
𝜔

𝜏′
2

2𝜎2) ∗ (
1

𝛾2 + 𝜔𝜏′
2 ) =

√2𝜋

𝛾
𝑉𝑜𝑖𝑔𝑡(𝛾, 𝜎, 𝜔𝜏′) , 

(71) 

where the Voigt function is a convolution of a Gaussian profile and a Lorentzian profile. 

Equations (70) and (71) are very general and apply for all values of 𝛾 and 𝜎, but can take 

on more familiar forms when we assume certain limiting cases. For the case where there 

is no inhomogeneous broadening both the diagonal and cross-diagonal slices of the 

amplitude rephasing spectrum are Lorentzian functions 

 

 
𝐿(𝜔, 𝛾) = √

2

𝜋
(𝛾2 + 𝜔2)−1  ,  

(72) 

 with a FWHM of 2𝛾. This limit leads to a spectral plot where the signal appears as a star 

shape with Lorentzians along both the diagonal and cross-diagonal directions.  

 In the opposite limit, the case where inhomogeneity dominates and we have 𝜎 ≫

𝛾, the cross diagonal shape becomes √𝐿(𝜔𝑡′, 𝛾) with a FWHM of 2𝛾, and the diagonal 

lineshape becomes a Gaussian of the form 

 

 𝐺(𝜔𝑡′ , 𝜎) =
1

𝜎
𝑒−𝜔

𝑡′
2 /2𝜎2

  , (73) 

 with a linewidth of 𝜎.    
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Chapter 4:  Experimental Apparatus 

The work presented in this dissertation was taken solely with an apparatus called 

the JILA Multidimensional Optical Nonlinear SpecTRometer (MONSTR), designed at 

JILA in Boulder, Colorado by Bristow et al [94]. The MONSTR is an ultrastable 

platform of nested and folded Michelson interferometers that’s designed to take a single 

pulsed laser input and produce four identical, phase stabilized pulses in a box geometry 

configuration. The delay between each pulse is varied with the use of translation stages 

with three of the pulses being used for excitation and the fourth pulse employed as a 

phase stable reference pulse copropagating with the signal itself. The interference 

between the reference pulse and the signal is what is read out on the spectrometer and 

processed in order to generate a 2D spectrum. Because 2D coherent spectroscopy 

requires phase sensitivity, great care is taken in maintaining phase stability between the 

pulses with the use of active stabilization via feedback assisted, interferometric 

monitoring and locking between steps and during data acquisition [148]. The 

interferometric techniques employed in the MONSTR gives us phase stability between 

pulses of 𝜆/150  and up to 𝜆/400 for laser pulses centered at 800 nm, which is critical in 

obtaining a high quality 2D signal. Mechanical vibrations, drift in the optical components 

or incorrect measurements of the pulse delays can degrade the quality of the signal or 

introduce artifacts making interpretation of the 2D data difficult or impossible. Because 

of the requirement of phase stability, the implementation of 2DCS in the near-IR and 

optical regimes is a challenging endeavor.   

4.1 THE JILA-MONSTR  

 Previous implementations of 2DFTS have used various passive stabilization 

techniques in order to maintain phase stability between the pulses. These techniques 



 71 

range from the simple use of sturdy mirror mounts [111, 152] to more complicated 

implementations that use diffractive optics [153, 154] and pulse shapers [155, 156]. For 

experiments in which the operating wavelengths are very long compared to the near-IR or 

the visible spectrum, it is often quite sufficient to stabilize the various pulses with sturdy 

mirror mounts alone. For wavelengths in which the inherent mechanical vibrations in the 

setup are on the order, or greater than, the wavelength of the excitation pulses, then 

passive stabilization must be improved. In these cases, diffractive optics can be used in 

order to pick out the first-order diffraction of the excitation pulses. The first-order 

diffraction is then directly sent to the sample and thus the time-delayed beams have a 

common optic as their source and are inherently phase stable.  

Pulse shaping techniques also make use of a common optic to generate inherent 

phase stable pulses. This technique can be employed with the use of an acousto-optic 

modulator (AOM). An AOM can be used to generate a train of collinear pulses in which 

one can control the pulse delays, phase and waveform shape. In the collinear geometry, 

phase-cycling techniques can be used to isolate the desired nonlinear signal of interest.  

The drawback of such passive stabilization techniques is often the limitation on 

pulse delays, which is the case for both diffractive optics and pulse shaper based 

stabilization. This limitation is especially problematic when dealing with the slow 

population relaxation times often found in semiconductors. Problematic still, with both 

techniques, is the potential effects of the local oscillator, or reference beam, as it passes 

through the sample. In systems which have strong excitation dependent phenomenon, the 

modifying effects of the reference beam as it passes through the sample cannot be 

ignored.    

The design of the MONSTR is aimed at overcoming the limitations of short pulse 

delays and local oscillator effects with the use of active phase stabilization, through  
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Figure 22: a) Drawing of the lower and b) upper decks of 

the MONSTR. c) Schematic of how both decks fit together. 

(DCM=Dichroic Mirror, QD=Quad-diode, 

BS=Beamsplitter, PZT=Piezo mounted mirror, 

CP=Compensation Plate, P=Periscope mirror). The 

Ti:sapph and HeNe enter the lower deck on the left. The 

Ti:sapph exits through the DCM and the HeNe exits 

through the sides of the deck.  
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feedback electronics, and translation stages in order to achieve pulse delays of hundreds 

of picoseconds. The MONSTR consists of a top deck and bottom deck each housing two 

delay stages that make up a Michelson interferometer (Figure 22). The top deck houses 

the translation stages and optics responsible for producing beams A and B as well as their 

time delays with stage X and Y controlling the time delays of beams B and A, 

respectively. The bottom deck houses the translation stages and optics for beam C and the 

Tracer/Reference, with stage Z used to adjust the delay of the Tracer and stage U used to 

adjust the relative delay between the top and bottom deck. The top deck and bottom deck 

are assembled and aligned separately and the two decks are then put together to be 

aligned with respect to each other. The Ti:Sapph and HeNe (Melles Griot 25-LHP-073) 

are aligned to overlap with each other before entering the MONSTR and a dichroic 

mirror is placed just before the beams exit in order to reflect the HeNe back through the 

MONSTR. The back-reflected HeNe beams exit the MONSTR through the side and 

represent interference from the C+Ref, A+B, and A+B+C+Ref arms of the 

interferometers. These three interference patterns are sent to detectors and are monitored 

with the feedback electronics. Any change in relative delay between any of the beams A, 

B, C or Tracer, due to drift of the optics inside the MONSTR, shows up as a shift in the 

interference pattern being monitored at the HeNe diagnostic detectors which can then be 

compensated for using the homemade feedback electronics and piezo actuated mirrors 

(PZT) which were purchased from Piezomechanik GMBH (model HPCH150/6-2/2).  

Stages X, Y, and Z are all identical and were purchased from Aerotech. Each have 

a travel of 5 cm (ALS130H-0050) while stage U has a travel range of 20 cm (ALS135-

200) and was also purchased from Aerotech. The beamsplitters (BS) used were purchased 

from CVI (FABS-790-45S-PW-1004-UV) and designed around 790 nm for broadband 

femtosecond pulses at 50/50 transmission and reflection. The compensator plates (CP)  
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Figure 23: Schematic of the experiment outside of the 

MONSTR. The reference/tracer and signal copropagate 

with each other after the sample and no external reference 

is needed. (P.A.=Polarization Assembly) 

were also purchased from CVI (W2-PW-1004-UV-500-850-45S) and were designed for 

femtosecond pulses and maximal transmission. The compensator plates are there 

specifically to ensure that all beams pass through similar amounts of glass and therefore 

are identical when they exit the MONSTR. The quad-diode photodetectors (QD) are there 

to ensure reliable alignment day-to-day through the MONSTR, but in principal, pinholes 

before the MONSTR, for both the HeNe and Ti:Sapph, were found to be sufficient. The 

laser source used is a Spectra-Physics Tsunami (Model 3960-X1BB), diode-pumped 

(Millennia Pro-10sJ), Ti:Sapphire operating at 80 MHz repetition rate. The wavelength 

can be tuned between 700 nm – 1000 nm with pulse durations as short as 100 fs in 

duration. Before entering the MONSTR, the Ti:Sapph is precompensated for dispersion 

with the use of a prism pair (CVI IB-13.0-60.6-SF10) and chirped mirrors (Layertec 

102267), giving us a pulse duration of 130 fs at the sample.  
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Once outside the MONSTR, the four beams exit in a square pattern that’s 1”x1” 

and through a polarization optics assembly (see Figure 23)  that was custom made to 

house two liquid crystal phase modulators, four half-wave plates (Special Optics 8-9014-

1/2-700-1550 nm), four polarizers (Newport PolarCor 74-860 nm 05P109AR.16) and 

four quarter-wave plates (Special Optics 8-9012-1/4-600-900 nm). The polarization 

assembly gives us the freedom to work with any combination of linear or circular 

polarization necessary for the sample in question. The liquid crystal phase modulators 

(Meadowlark Optics Liquid Crystal Variable Retarders) are required for phase-cycling 

(see Chapter 3) and allow us to toggle the phase of both beams A and B, between 0 and 𝜋. 

After the polarization assembly, the beams pass through a 2-inch diameter achromatic 

lens and then an AR-coated window purchased from CVI (W1-PW1-2025-UV-800-0). 

The AR-coated window serves the purpose of partially reflecting the four beams 

backwards onto a camera purchased from the Imaging Source (DMK 21BF04). This 

camera is then used to monitor a replica of the focus which is then used to determine the 

zero delay for all pulses. The autocorrelation is done in a pairwise fashion, first the top 

deck beams, then the bottom deck beams and then one beam from each deck. The 

intensity of an interference fringe is monitored as a function of the delay of one beam 

relative to another. As the beams pass through their zero delay, the interference fringe 

decays and what is seen are interference fringes modulated by a double Gaussian as a 

function of stage position. This plot is then fitted in order to determine the zero position 

for delay.  

After the polarization assembly, one has the option of using a Reference beam that 

has been routed around and recombined with the signal after the sample. In addition, 

since the Reference is only partially reflected and routed around, one has the option of 

using as the Reference the beam that passes through the sample itself. In many 
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experiments it is possible to send all four beams to the sample, the three excitation beams 

A, B, and C, as well as the Tracer. This has the advantage that the Tracer is already phase 

stabilized with respect to the three excitation beams, but has the disadvantage of creating 

potential unwanted modifications to the sample dynamics, especially for samples that are 

particularly sensitive to excitation induced effects. The simplest and most direct way 

around this is to route the Tracer around the sample and recombine it with the Signal 

downstream of the sample. Because this involves introducing optics not common to both 

the Signal and Tracer, another PZT and diagnostic detector must be used to monitor and 

compensate for changes in the path length between the Reference and the Signal. This is 

simply done by inserting a beamsplitter and combining the Reference with any one of the 

excitation beams. A translation stage is used for the routed Reference beam path in order 

to ensure that both the beams at the diagnostic detector overlap in time. Our experimental 

design could accommodate the routing of the Reference around the sample, but for the 

data shown in this dissertation, the excitation induced effects of our sample were 

unaffected by the presence of the Reference and so we chose not to use the external 

diagnostic detector and PZT. This simplified our day-to-day alignment considerably. 

After the Reference is recombined with the Signal, it is sent through a 10 𝜇𝑚 spatial filter 

(Newport 910PH-10) and then to the spectrometer (Acton SpectraPro 2750) where 

spectral interferometry is used to extract the phase and amplitude of the generated four-

wave mixing (FWM) signal for each time delay 𝜏 or 𝑇. The spatial filter was of utmost 

importance when working with monolayer thick samples on transparent sapphire 

substrates. Without the spatial filter, the scattering of the excitation beams into the signal 

direction, even with modest excitation powers, would easily saturate our CCD.  

The sample itself is housed in a cold-finger cryostat purchased from 

CryoIndustries (CFM-1738-102-XE). Once the daily alignment procedures are done, i.e.  
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Figure 24: a) Atomic force microscopy image of 

monolayer WSe2 flakes on a sapphire substrate. b) Height 

profile along the dashed line in a). Absorbance determined 

from differential reflectance measurements at 17 K using 

the laser spectrum, yielding a maximum 𝑨 = 𝟎. 𝟏𝟐 at the 

peak of laser. The laser spectrum is shown in blue as a 

reference.  

making sure that we have a perfect square pattern for our beams, making sure the beams 

overlap at the replica focus and on the sample, and aligning the Tracer/Reference through 

the spatial filter, then we have the freedom to optimize any signal by moving the entire 

cryostat through, or parallel, to the focus of the three excitation beams. 

4.2 SAMPLE PREPARATION, PHOTOLUMINESCENCE AND SAMPLE IMAGING  

 The samples used in this dissertation were prepared using chemical vapor 

deposition (CVD) onto transparent sapphire (0001) substrates from Tera Xtal Technology 

Corporation [39]. The substrate was cleaned with an H2SO4/H2O2 (70:30) solution at 100 

℃ for one hour in preparation for deposition. The sample was then placed in a quartz 

holder in the center of a 1-inch tubular furnace in which a mixture of Ar/H2 gas (Ar = 80 

sccm and H2 = 20 sccm at a pressure of 1 Torr) flows through in order to bring the WO3 

and Se vapors to the substrates. Upstream of the blank substrates, WO3 powder (0.3 

grams, 99.5% Sigma-Aldrich) and Se powder (99.5% Sigma-Aldrich) were placed in 

ceramic holders with WO3 being placed in the heating zone center and the Se powder 

placed farther upstream still. The Se powder was maintained at 270 ℃ and the WO3  
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Figure 25: Schematic of the imaging and PL optics. The 

mirrors on the kinematic mounts (K.M.) may be removed 

in order to switch between PL and imaging. The 

microscope objective was also mounted on a kinematic 

mount in order to let the Ti:sapph through for 2D 

measurements. Both the white light and green laser sources 

were brought in via fiber optic cables and placed on fiber 

mounts. The harmonic beamsplitter (B.S.) is able to reflect 

most of the green light and pass most of the white light.  

powder was heated to 925 ℃ at a rate of 25 ℃/min. For a temperature of 925 ℃ at the 

heating zone center, the sapphire substrate itself reached temperatures of 750 to 850 ℃. 

After reaching 925 ℃, the heating zone was maintained at that temperature for 15 

minutes and then allowed to cool naturally back to room temperature.    

Figure 24 shows an optical microscope image of the WSe2 sample produced with 

this method. The figure shows monolayer WSe2 domains of triangular shape and ~10 𝜇𝑚 
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lateral size. The figure also shows the height profile of the flakes measured with atomic 

force microscopy, confirming the expected thickness of ~7 Å for monolayer WSe2.     

In practice, for samples that have a very strong nonlinear signal, using the setup 

described in Figure 23 to find a decent 2D signal was more than sufficient, i.e., no further 

modifications to the setup were necessary. Using the daily alignment procedures for the 

MONSTR would often get us close enough where we could see a 2D signal that we could 

then optimize by adjusting the sample position. This was the case for the first sample we 

worked, 10 period GaAs quantum well, which was primarily used to diagnose any 

problems in the MONSTR and optimize the daily alignment procedures. After working 

out the bugs using the quantum well sample, we then moved onto the TMDC sample and 

found that we could no longer find a signal and so we needed to modify the original 

MONSTR experimental apparatus in order to perform more diagnostics before searching 

for a 2D signal.  

Unlike the GaAs quantum well, the first TMDC samples we worked with were 

not uniform and so we found it necessary to add modifications to the MONSTR setup in 

order to image and perform photoluminescence with the sample still in the cryostat. 

Because TMDC samples are very sensitive to thermal cycling and humidity, it was not 

possible to take the sample out of the cryostat and perform the PL in another setup. In 

addition, we needed the ability to find areas of the sample that yielded the strongest PL 

and then quickly switch optics in order to perform 2D on the same spot on the sample. 

Figure 25 shows a schematic of PL and imaging optics that could easily be switched out, 

or put in, in order to quickly go between PL, sample imaging and 2D measurements. The 

imaging and PL are done with the white light source and 532 nm laser incident from the 

opposite direction as the Ti:Sapph. We use a 10× objective (Newport M-10×) for both 

imaging and PL and the harmonic beam splitter (Thorlabs HBSY12) serves to reflect 532 
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nm light but transmits 700-800 nm light. Many of the mounts are kinematic and can be 

inserted or removed with ease. After aligning the MONSTR, we then image the sample 

looking for flakes of TMDC large enough to accommodate as much of our 30 𝜇𝑚 beam 

as possible. After finding a suitable flake we would then perform PL on it and then move 

on to 2D scans if the flake showed a strong PL signal. The setup in Figure 25 allowed for 

us to image the PL laser and the Ti:Sapph laser on the sample, as well as whether or not 

we were on a monolayer flake.      

4.3 FOURIER TRANSFORM SPECTRAL INTERFEROMETRY  

 Because of the weak four-wave mixing signal and strong scattering from the 

TMDC samples, processing the data carefully was crucial in detecting a signal. Two 

methods for extracting the FWM were indispensable: phase cycling and filtering through 

Fourier transform of the signal into the time domain.  

 The FWM signal, in practice, is first phase-cycled and then saved to be Fourier 

transformed later using Matlab. For the sake of clarity, it is easier to start with an 

explanation of filtering with Fourier transformation into the time-domain. This technique 

is done with the use of spectral interferometry [157, 158] and a phase-stabilized reference 

pulse. In our experiment we send both the co-propagating reference and signal into the 

spectrometer with the reference arriving first. We typically set the delay between 

reference and signal between 1 and 3 picoseconds. The longer the delay the more 

interference fringes that appear on the CCD and with too long of a delay you run into 

problems of resolving the fringes. The CCD we use is an Andor iDus (DU416A-LDC-

DD) with a 2000 × 256 pixel array, which can be thermo-electrically cooled to -80 ℃.  

 The interferogram can be written as [158] 
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Figure 26: a) Pure interference term after subtracting 

reference and signal power spectra from equation (74). b) 

Inverse Fourier transform of the interference term and after 

applying causality condition we Fourier transform in order 

to get c) which is the spectral phase and amplitude [158].   

 |𝐸𝑅(𝜔𝑡) + 𝐸𝑆(𝜔𝑡)|2 = |𝐸𝑅(𝜔𝑡)|2 + |𝐸𝑆(𝜔𝑡)|2 + 2𝑅𝑒{𝐸𝑆(𝜔𝑡)𝐸𝑅
∗(𝜔𝑡)} , (74) 

where 𝐸𝑅(𝜔𝑡) and 𝐸𝑆(𝜔𝑡) are the electric fields for the reference and signal, respectively. 

The first two terms in equation (74) are actually taken before data acquisition is started 
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and then subtracted from the reference/signal interferogram. After subtraction, we take 

the inverse Fourier transform of the pure interference term, the third term on the right in 

equation (74), with the result shown in Figure 26]. The inverse Fourier transform 

contains two terms separated by a time 2∆𝑡 

 

 𝑆(𝑡) = ℱ−1{𝑆(𝜔𝑡)} = 𝑓(−𝑡 − ∆𝑡) + 𝑓(𝑡 − ∆𝑡), (75) 

which show up as two peaks on either side of 𝑡 = 0. The only term that satisfies the 

causality conditions is 𝑓(𝑡 − ∆𝑡) and everything else is taken to be noise and set to zero 

using a Heaviside theta function 𝛩(𝑡 − ∆𝑡). Equation (75) is then Fourier transformed 

back into the frequency domain, multiplied by a phase factor exp (−𝑖𝜔𝑡∆𝑡) to remove the 

linear phase associated with the reference/signal delay and divided by the reference 

amplitude. What is left is the complex FWM signal electric field  

 

 𝐸𝑆(𝜔𝑡) =
ℱ{𝛩(𝑡 − ∆𝑡)ℱ−1{𝑆(𝜔𝑡)}}𝑒−𝑖𝜔𝑡∆𝑡

𝐸𝑅
∗(𝜔𝑡)

 . (76) 

The extracted FWM signal amplitude and phase are shown in Figure 26. The signal phase 

increases by 𝜋 radians across the resonance, as expected, and is measured with respect to 

the reference phase. In our experiments we only use the amplitude data and so the phase 

is of little concern for this dissertation.  

4.4 PHASE CYCLING  

 For the TMDC samples we worked with, we found that filtering in the time-

domain was not enough to extract a decent signal. Scattering and background noise that 

occurred at the same time delay, ∆𝑡, was more than enough to hide any sort of signal. 

Also, because laser scatter occurs along the diagonal in the 2D spectrum, any small signal 

that happens to be along the diagonal will be indistinguishable from laser scatter. The 
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noise from laser scatter can be drastically reduced by using phase cycling techniques that 

were first developed in NMR spectroscopy [93]. This technique has been previously used 

in 2D spectroscopy in experiments, where the pulses are collinear, in order to isolate the 

nonlinear terms of interest. Many of these experiments used acousto-optic based pulse 

shapers in order to induce phase shifts [114, 156], but we take a different approach and 

use liquid crystal phase modulators to toggle the phase of beams A and B between 0 and 

𝜋. The liquid crystals were purchased from Meadowlark Optics and were designed to be 

operated between 450 nm and 1800 nm. The liquid crystals are operated by applying a 

voltage to them, this voltage is slowly ramped up from 0 V to 5 V while a camera at the 

replica focus monitors the interference fringes between pulses A and B. The liquid 

crystals are then calibrated to operate at 0 V and whatever voltage was found to give a 𝜋 

phase shift. In practice, the voltage for 𝜋 phase shift changes slightly every day and the 

liquid crystal calibration must be done before each day of data acquisition. For a 

rephasing one-quantum experiment (see Chapter 3) in which pulse A comes first, then 

pulse B and finally pulse C, at each delay step as we scan pulse A to earlier and earlier 

times we toggle the phase of both beams A and B. To see how this eliminates laser scatter 

let us consider an interferogram that includes the reference, FWM as well as, for 

simplicity, scatter from pulse A alone. The interferogram is then given by 

 

 𝑠1 ≡ |𝐸𝑅(𝜔𝑡) + 𝐸𝑆(𝜔𝑡) + 𝐸𝐴(𝜔𝑡)|2

= |𝐸𝑅(𝜔𝑡)|2 + |𝐸𝑆(𝜔𝑡)|2 + |𝐸𝐴(𝜔𝑡)|2

+ 2𝑅𝑒{𝐸𝑆(𝜔𝑡)𝐸𝑅
∗(𝜔𝑡) + 𝐸𝑆(𝜔𝑡)𝐸𝐴

∗(𝜔𝑡)

+ 𝐸𝐴(𝜔𝑡)𝐸𝑅
∗ (𝜔𝑡)}  , 

(77) 
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Figure 27: a) A flowchart of the stepping procedure and b) 

the HeNe error signal for when the delay is stepped by a 

distance 𝝀=532 nm. The red shaded regions indicate when 

the stages are locked and the feedback loop has been 

engaged.  

where the phase offsets between A, reference and signal are defined to be zero. The phase 

of the signal itself is dependent on the phase associated with the nonlinear response, 

𝜑𝑆,0(𝜔𝑡), as well as the phase of the excitation pulses themselves. We can write this as  

 

 𝜑𝑆(𝜔𝑡) = 𝜑𝐴(𝜔𝑡) + 𝜑𝐵(𝜔𝑡) + 𝜑𝐶(𝜔𝑡) + 𝜑𝑆,0(𝜔𝑡) . (78) 
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 By toggling the phase of just pulse A, it introduces a factor of 𝑒±𝑖𝜋 = −1 to all the 

complex terms with 𝐸𝑆(𝜔𝑡) or 𝐸𝐴(𝜔𝑡) in them. For each delay, we can then toggle the 

phase of both beams A and B and arrive at four different spectra: zero phase shift for both 

beams (𝑠1), 𝜋 phase shift for beam A (𝑠2), 𝜋 phase shift for beam B (𝑠3), and 𝜋 phase 

shift for both beams A and B (𝑠4). In terms of how the complex portion of equation (77) 

changes with each type of phase shift, we have 

 

 𝑠2 = 2𝑅𝑒{−𝐸𝑆(𝜔𝑡)𝐸𝑅
∗(𝜔𝑡) + 𝐸𝑆(𝜔𝑡)𝐸𝐴

∗(𝜔𝑡)−𝐸𝐴(𝜔𝑡)𝐸𝑅
∗ (𝜔𝑡)} 

𝑠3 = 2𝑅𝑒{−𝐸𝑆(𝜔𝑡)𝐸𝑅
∗(𝜔𝑡)−𝐸𝑆(𝜔𝑡)𝐸𝐴

∗(𝜔𝑡) + 𝐸𝐴(𝜔𝑡)𝐸𝑅
∗ (𝜔𝑡)} 

𝑠4 = 2𝑅𝑒{𝐸𝑆(𝜔𝑡)𝐸𝑅
∗ (𝜔𝑡) − 𝐸𝑆(𝜔𝑡)𝐸𝐴

∗(𝜔𝑡)−𝐸𝐴(𝜔𝑡)𝐸𝑅
∗(𝜔𝑡)}  .  

(79) 

By combining the four interferograms 

 

 𝑠𝑛𝑒𝑡 =
1

4
(𝑠1 + 𝑠2 − 𝑠3 − 𝑠4) = 2𝑅𝑒{𝐸𝑆(𝜔𝑡)𝐸𝑅

∗(𝜔𝑡)}  , (80) 

we can retrieve the FWM/interference term and eliminate any scatter from beam A, but 

also from the other two pump beams as well. Because the liquid crystal response time is 

so fast (20 ms), the phase cycling does not add any significant amount of time to the data 

collection. The limiting factor in the data collection time is the result of the motion of the 

mechanical stages. By using phase cycling, we also eliminate the need to take the FWM 

power spectrum at each delay, which was a necessary step in order to properly implement 

Fourier transform spectral interferometry (see section 4.3). This allows us to effectively 

cut the acquisition time down by a factor of two. 

 4.5 ACQUIRING 2D DATA  

 In order to generate a 2D array we perform phase cycling on the interferogram at 

each delay and carefully monitor the stepping in between each phase cycle in order to 
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ensure correct tracking of the signal phase. A flowchart for the stepping procedure is 

shown in Figure 27. Consider a one-quantum rephasing scan in which we scan the time 

delay 𝜏, i.e. we scan the stage for beam A in the upper deck. At the beginning of the scan 

we acquire a phase-cycled interferogram, after which we prepare to unlock the feedback 

loop by measuring the HeNe diagnostic error signal associated with the upper deck 

interferometer  (𝑉𝑒𝑟𝑟1). Next, the interdeck feedback loop is disengaged followed by the 

upper deck servo loop. The upper deck error signal is remeasured (𝑉𝑒𝑟𝑟2) in order to 

measure the change in the path length when a voltage is applied to the piezo and when 

the loop is disengaged and no voltage is being applied. The change in the path length 

difference is calculated using 𝛿 = (𝜆/2𝜋)arcsin (𝑉𝑒𝑟𝑟1 − 𝑉𝑒𝑟𝑟2/𝑉0), where 𝜆 is the HeNe 

wavelength and 𝑉0 is the interferometer signal’s peak-to-peak amplitude, which is always 

set to 2 V for all interferometers. The stage is then stepped in integer increments of the 

HeNe wavelength divided by four in order to allow the feedback loops to relock to zero 

volts on the upper deck error signal. Each step is then corrected for the path length 

change, due to unlocking of the piezo, with a factor of ±𝛿. The stage is then moved and 

the HeNe error signal (𝑉𝑒𝑟𝑟) is re-measured in order to ensure that the stage did indeed 

move in integer steps of the HeNe wavelength 𝜆/4. After this, the upper deck feedback 

loop is re-engaged followed by the interdeck feedback loop then a phase-cycled spectrum 

is taken and the whole process is repeated.  

 In most one-quantum rephasing scans we set our step size to 8 HeNe fringes and 

sometimes more. Since each fringe is equal to a distance 𝜆/4 of the stage motion, 8 HeNe 

fringes corresponds to a delay of 2.5 𝜇𝑚, or 8.6 𝑓𝑠. The Nyquist frequency associated 

with this delay is 𝑓𝑁𝑦𝑞 = 1/2∆𝜏 = 59.2 𝑇𝐻𝑧, which is the maximum frequency that can 

be reconstructed without aliasing effects. This is just another way of saying that in a 

Michelson interferometer, the step size of your stage is the limiting factor in how high a 
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frequency range you can scan. In the TMDC samples we studied, the signal for the A 

exciton occurs at around 730 nm, or 410 THz. This means, for a step size of 8 HeNe 

fringes, our data is very much undersampled. One way around this is to set the step size 

to just one HeNe fringe which corresponds to a Nyquist frequency of 473.61 THz, but 

this means our acquisition time for each scan would effectively be a factor of 8 longer, 

which is generally prohibitively long. In practice, the undersampled and aliased signal is 

taken with step sizes of 8-32 HeNe fringes and anti-aliasing filtering is done to shift the 

measured frequency into the expected frequency range. 

 The total number of steps taken for a scan is determined by the undersampling 

ratio (i.e. how many HeNe fringes) and the signal decay rate. Scans are taken as to allow 

the signal to completely decay below the detection threshold and a windowing function is 

applied in the time domain in order to make the signal decay gradually to zero. If not for 

the windowing function, the signal would be abruptly truncated leading to unwanted 

oscillations in the frequency domain.      
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Chapter 5: 2DCS on Monolayer TMDCs 

 There are many two-dimensional materials that exist in nature that can be 

mechanically exfoliated from their bulk forms into monolayer sheets, graphene being the 

most notable example. Transition metal dichalcogenides (TMDCs), like graphene, consist 

of stacks of atomically thin sheets with weak, out-of-plane Van der Waals forces holding 

the layers together and strong in-plane bonding. The surge in graphene research 

catapulted forward our knowledge in sample preparation, optical detection, transfer and 

manipulation and advanced the physical understanding of 2D materials. Since then, there 

has been much renewed interest in applying this new knowledge to the study of TMDCs. 

TMDCs represent an exciting new class of direct gap materials with coupled spin and 

valley pseudospin degrees of freedom [16, 20]. Many novel phenomenon have already 

been discovered in these materials including a non-hydrogenic exciton Rydberg series 

[159, 160], electronic and valley coherent coupling [63, 161], and carrier spin and valley 

pseudospin Hall effects [108, 162].  

 Monolayer TMDCs differ from graphene in that they have a bandgap, with most 

materials in this class having transitions between 1-2 eV [163] (e.g. monolayer WSe2 has 

an exciton transition at 1.7 eV) showing promising applications in new FET and 

optoelectronic devices. TMDCs also exhibit layer-dependent properties. Many of the 

semiconducting TMDCs exhibit transitions from an indirect gap, in their bulk forms, to a 

direct gap in their monolayer limits [20, 164]. This transition leads to dramatically 

increased photoluminescence in the monolayer limit which opens even further 

possibilities for optoelectronic applications. The electronic structure of many monolayer 

TMDCs also allows for valley polarization which has promising applications in new and 

novel technologies including valleytronic devices [63, 76, 84]. In addition, large 
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excitonic effects are expected in many TMDCs, a property which may be exploited for 

optical and electrical control of excitons in any potential application of atomically thin 

optoelectronics and valleytronic devices [7].      

5.1 MOTIVATIONS 

Because TMDCs represent such a new class of materials with many unique 

properties, it is of utmost importance to characterize the fundamental properties of the 

materials. The two key parameters that characterize the quantum dynamics of excitons is 

the population relaxation (decay) time, 𝑇1, and the dephasing time 𝑇2 (see Chapter 4). 

The population relaxation is the inverse of the decay rate Γ and the dephasing time is 

inversely proportional to the homogeneous linewidth 𝛾 = ℏ/𝑇2. In terms of a simple two-

level system, Γ represents the population decay, both radiative and non-radiative, from 

the excited state to the ground state, while 𝛾 represents the dephasing rate of a coherent 

superposition between the ground state and the excited state. The decay rate and 

dephasing rate are not independent of each other and can be shown to obey the relation 

 

 𝛾 =
Γ

2
+ 𝛾∗  , (81) 

where 𝛾∗ represents elastic, pure dephasing processes, e.g. exciton-impurity scattering. 

Pure dephasing processes do not include any processes related to population transfer. 

From equation (81) we can see that the linewidth of the exciton resonance will be 

broadened by population relaxation and pure dephasing process and it is with a 

measurement of the homogeneous linewidth that we may begin to understand some of the 

fundamental processes going on inside a material. In real materials though, the 

homogeneous linewidth can be hidden by inhomogeneous broadening which can arise 

from differences in local potentials due to impurities, disorder or--as is the case in GaAs  
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Figure 28: a) The quantum dynamics of a resonance at 

frequency 𝝎𝟎 is characterized by two parameters: the 

population relaxation rate, 𝚪, and the dephasing rate, 𝜸. b) 

Inhomogeneous broadening hides the intrinsic 

homogeneous linewidth. c) Balancing the dephasing rate in 

many systems can lead to optimized energy transfer 

between resonances.  

quantum wells--fluctuations in well widths. This broadening is an important 

characteristic to measure in itself as it is indicative of the quality of the sample.     

  The key parameter we have set out to measure is the intrinsic exciton 

homogeneous linewidth, knowledge of which can shed light on the dissipative effects that 

interactions with the bath have on the system of excitons. The dephasing time is of 

utmost importance for any potential application where coherent control of the exciton 

dynamics is required since it sets the upper limit on the time scales where coherent 

control can be maintained. The ability to measure both the inhomogeneous and 

homogeneous linewidths is also crucial as the dynamic interplay between both types of 

broadening can play an important role in energy transfer behavior. The interplay between 

homogeneous and inhomogeneous broadening has already been shown to factor 

significantly into the gain dynamics of semiconductor lasers [165] and the energy transfer 

processes in photosynthesis [166]. As one can imagine intuitively, systems with very  



 91 

 
 

Figure 29: a) Atomic force microscopy image of 

monolayer WSe2 flakes on a sapphire substrate. b) Height 

profile along the dashed line in a). Absorbance determined 

from differential reflectance measurements at 17 K using 

the laser spectrum, yielding a maximum 𝑨 = 𝟎. 𝟏𝟐 at the 

peak of laser. The laser spectrum is shown in blue as a 

reference. 

narrow homogeneous linewidths exhibit little overlap between resonances that are 

separated due to inhomogeneity (see Figure 28). On the other hand, strong dephasing will 

naturally lead to decoherence before any significant energy transfer can take place. It is 

therefore critical in designing systems with the most efficient energy transfer to be able to 

measure the homogeneous and inhomogeneous linewidths [167].  

In order to measure the homogeneous linewidth of the system we performed 2D 

rephasing scans on monolayer WSe2 triangular flakes with a base width of approximately 

10 𝜇𝑚. The WSe2 flakes were deposited on double-sided polished sapphire using 

chemical vapor deposition (CVD). This sample was then mounted inside a cold-finger 

cryostat at the focus of three pulsed excitation beams from a Ti:Sapphire laser. These 

three beams were phase-stabilized with respect to each other and separated by time 

delays 𝜏1 and 𝜏2, with the photon echo arriving at time 𝜏3 after the last pulse.  
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Figure 30: 2D hexagonal crystal lattice consisting of two 

planes of Se atoms separated by a plane of W atoms.  

5.2 PHOTOLUMINESCENCE STUDIES 

The thickness of the flakes and their lateral widths were both confirmed with 

atomic force microscopy (AFM), the results of which can be seen in Figure 29. 

Monolayer WSe2 is composed of two layers of selenium atoms separated by a layer of 

tungsten atoms that form a 6-7 Å thick hexagonal lattice (see Figure 30). In monolayer 

transition metal dichalcogenides, the minimum in the momentum-energy dispersion does 

not occur at the Γ point as in GaAs, but at the ±𝐾 points of the first Brillouin zone (see 

Figure 31). The bandgaps at the ±𝐾 points are degenerate, direct bandgaps and well-

separated in momentum space. The optical selection rules for the ±𝐾 excitons in 

monolayer TMDs can be exploited to give one optical control of carrier spin and valley 

pseudospin degrees of freedom [63, 84]. The work presented in this dissertation focuses 

on the lowest energy transitions at the ±𝐾 points, the so-called A exciton of one 

particular helicity.  

Figure 32 shows the photoluminescence (PL) of an ensemble of WSe2 flake taken 

at 10 K with an excitation laser with wavelength 532 nm. The peak at 730 nm is what we 

identify as the A exciton, labeled X in the figure. The other peak (𝐷0𝑋) arises from  
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Figure 31: Band structures calculated from first-principles 

density functional theory (DFT) for WS2 and MoS2 [96].  

localized, defect-bound excitons and occurs at about 760 nm. The A exciton was 

observed to shift from 750 nm at room temperature to 730 nm at low temperature, 

whereas the 𝐷0𝑋 peak exhibited no such shift. The full-width half max (FWHM) of the X 

peak is determined to be dominated by inhomogeneous broadening, as confirmed with 

the 2DCS shown later, and has a value of Γ𝑖𝑛 ≈ 50 𝑚𝑒𝑉. The presence of such large  
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Figure 32: Low temperature PL taken at 10K (blue curve) 

showing two peaks, the A exciton (𝑿) and defect-bound 

excitons (𝑫𝟎𝑿) at 730 nm and 760 nm, respectively.  

inhomogeneities can likely be ascribed to differences in local potentials due to 

chalcogenide vacancies or other impurities like water vapor adsorption. 

The peaks in the PL were further identified with the aid of polarization analysis. 

The lower energy peak at 730 nm was shown to exhibit some degree of linear 

polarization following excitation by the linear polarized 532 nm laser light, but the peak 

at around 760 nm did not exhibit any linear polarization. The appearance of linear 

polarization can only be seen if a coherent superposition of exciton valley states is being 

generated which is consistent with previuos work showing the linear polarization of 

excitons in WSe2 [63]. The assignment of the lower energy peak to localized, defect-

bound exciton states and not trion states is in part due to the separation of the two peaks. 

The two peaks are separated by about 50 meV which is nearly a factor of two larger than  
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Figure 33: The photon echo appears as a single peak along 

the diagonal in the 2D spectra. The peak is 

inhomogeneously broadened along the diagonal and 

homogeneously broadened along the cross-diagonal. All of 

the data shown were taken with co-circularly polarized 

pulses. The data in a) was taken at an excitation density of 

~𝟏. 𝟑 × 𝟏𝟎𝟏𝟏 excitons/cm2. b) Shows a slice along the 

cross-diagonal indicated by the arrows in a) fitted to the 

square root of a Lorentzian. The fitting yields a half-width 

half max (i.e. homogeneous linewidth) of 𝜸 = 𝟐. 𝟕 ±
𝟎. 𝟐 𝒎𝒆𝑽 (𝑻𝟐 = 𝟐𝟒𝟎 ± 𝟐𝟎 𝒇𝒔. c) Shows a 2D spectrum 

for an excitation density of ~𝟏. 𝟑 × 𝟏𝟎𝟏𝟐 excitons/cm2 and 

d) is the corresponding fit yielding a value of 𝜸 = 𝟔. 𝟏 ±
𝟎. 𝟑 𝒎𝒆𝑽 (𝑻𝟐 = 𝟏𝟏𝟎 ± 𝟓 𝒇𝒔).  
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the 30 meV binding energy difference between trions and excitons [63, 168]. This 

assignment of the neutral, defect-bound exciton peak is also consistent with the PL peak 

assignments in previous work as well [168].  

5.3 2DCS STUDIES OF EID  

After verifying the position of the exciton resonance with PL, we were then able 

to move on to 2DCS measurements. The 2D rephasing amplitude spectra were obtained 

by coherently exciting the samples with three excitation pulses focused to a 35 𝜇𝑚 spot 

which generates a nonlinear signal field 𝑬𝑆(𝜏1, 𝜏2, 𝜏3). The nonlinear signal 𝑬𝑆 is 

resolved through spectral interferometry using a fourth, phase-stabilized reference pulse. 

These interferograms are taken at various delays of 𝜏1 and a Fourier transform is then 

performed with respect to this time-delay in order to generate a 2D spectrum. In the 2D 

plots, the photon echo signal appears as a single peak along the diagonal (see Figure 33) 

which indicates that the signal evolves at the same frequency during both the 𝜏1 and 𝜏3 

time periods. We use a value of 𝜏2 = 0 𝑓𝑠 in order to maximized the signal-to-noise. 

Larger values of 𝜏2 were used, up to 200 𝑓𝑠, but the signal did not change except in 

decreased signal-to-noise. In the figure we can also see that the ℏ𝜔1 axis is plotted as a 

negative energy because the system evolves with the opposite phase accumulation as 

compared to the detection time, the ℏ𝜔3 axis. This negative sign is the result of the first 

pulse being a conjugated pulse which is the typical pulse ordering in a photon echo 

experiment.  

Shown in Figure 33 are two 2D plots at different excitation densities and their 

respective line cuts along the cross-diagonal direction. Figure 33a) and Figure 33b 

represents the signal from co-circularly polarized pulses with an excitation density of  
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Figure 34: Absorbance found through differential 

reflection measurement done at 17 K using the laser 

spectrum (blue curve), yielding a maximum of 𝑨 = 𝟎. 𝟏𝟐 at 

the peak of the laser.  

~1.3 × 1011 excitons/cm2 taken at 10 K. Figure 33c and Figure 33d represents the signal 

from an excitation density an order of magnitude greater, with clear broadening occurring 

along the cross-diagonal, the result of excitation induced dephasing (EID) [90]. The 

excitation densities were calculated using the expression 

 

 𝑁𝑋 =
𝑃𝑎𝑣𝑒𝑇𝑝(1 − 𝑅)(1 − 𝑒−𝛼𝐿)

𝜋𝑟2𝐸𝑝ℎ
 (82) 

where 𝑃𝑎𝑣𝑒 is the average power per beam, 𝑇𝑝 = 12.5 𝑛𝑠 is the laser pulse time 

separation, 𝑅 = 0.15 takes into account reflection losses, 𝐴 = 1 − 𝑒−𝛼𝐿 is the linear 

absorbance of the WSe2 monolayer, 𝑟 = 17.5 𝜇𝑚 is the focused beam radius, and 𝐸𝑝ℎ =

1710 𝑚𝑒𝑉 is the photon energy. The absorbance was determined by measuring the 

fractional change in the laser reflectance from the WSe2 monolayer flake relative to the 

substrate reflectance. The differential reflectance (𝛿𝑅) is related to the linear absorbance 

of a material on a transparent substrate by [16] 
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Figure 35: a) The measured homogeneous linewidth as a 

function of excitation density taken at 10 K. The solid line 

is a fit of equation (84) with 𝜸𝟎 = 𝟐. 𝟑 ± 𝟎. 𝟑 𝒎𝒆𝑽 and a 

slope of 𝜸∗ = 𝟎. 𝟐𝟏 ± 𝟎. 𝟎𝟓 ×
𝟏𝟎−𝟏𝟏 𝒎𝒆𝑽 𝒄𝒎𝟐 𝒆𝒙𝒄𝒊𝒕𝒐𝒏−𝟏. b) The measured 

homogeneous linewidth as a function of temperature. The 

solid line is a fit of equation (85) giving a exciton-phonon 

coupling strength of 𝜸𝒑𝒉 = 𝟔𝟎 ± 𝟔 𝝁𝒆𝑽/𝑲 and a zero 

temperature offset of 𝜸𝟎(𝟎) = 𝟏. 𝟔 ± 𝟎. 𝟑 𝒎𝒆𝑽.  

 𝛿𝑅(𝜆) =
4

𝑛𝑠
2 − 1

𝐴 (83) 

 where 𝑛𝑠 = 1.76 is the refractive index of the sapphire substrate. The absorbance is 

shown in Figure 34. This measurement was carried out in a comparable setup to the one 

in which 2DCS was performed because the spot sizes achievable were much smaller than 

possible in the 2DCS setup. The laser was tuned to a similar wavelength as that used in 

the 2DCS measurements with a sample temperature of 17 K. The absorbance measured 

was 𝐴 ≈ 0.12.  

The FWHM is found by fitting the cross-diagonal line cuts to the square root of a 

Lorentzian with the FWHM equal to 2𝛾 [95]. The cross-diagonal slice in a 2D rephasing 
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measurement represents the homogeneous broadening inherent in the system. For the data 

in Figure 34, fitting to a square root Lorentzian, we find a value of 𝛾 = 2.7 ± 0.2 𝑚𝑒𝑉, 

which corresponds to an exciton coherence time of 𝑇2 = ℏ/𝛾 = 240 ± 20 𝑓𝑠. For the 

data in Figure 33c, for which we have excited the sample with much higher power, we 

find a coherence time of 110 ± 5 𝑓𝑠. The FWHM of the peak along the diagonal was not 

analyzed and does not reflect the actual inhomogeneous broadening present in the 

system. The peak width along the diagonal, in this experiment, is limited by the laser 

bandwidth which was much smaller than the width of the exciton resonance. To get a 

better idea of the inhomogeneous broadening present in the system, it is more instructive 

to look at PL spectrum. Previous work has shown through transient absorption 

measurements that the exciton lifetime, 𝑇1, does not change appreciably as a function of 

the excitation densities studied here [169]. This result implies that the EID effects seen 

here can be attributed to elastic exciton-exciton scattering in which phase disruptions 

occur in the absence of any significant population relaxation.  

Further measurements were taken in order to better determine the dependence of 

homogeneous linewidth on the excitation density, these results are shown in Figure 35a. 

All the data shown were taken at 10 K and were analyzed following similar procedures 

used previously on quantum wells [170, 171]. We also took care to confirm that all 

measurements were indeed performed in the 𝜒(3) regime by checking to see if the signal 

field amplitude varied proportionally with the product of the three excitation fields. 

Excitation induced dephasing can be modeled by the following expression:  

 

 𝛾(𝑁𝑋) = 𝛾0 + 𝛾∗𝑁𝑋 , (84) 
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Figure 36: Comparison of interaction broadening as a 

function of inter-exciton separation for different materials. 

The horizontal axis is normalized to the exciton Bohr 

radius for each system. The shaded region is the expected 

exciton separation distance for monolayer WSe2 for Bohr 

radii in the range of 0.5 nm < 𝒂𝑩 < 2 nm and the dashed 

line is for 𝒂𝑩 = 𝟏 nm.     

where 𝛾0 is the zero-density linewidth and 𝛾∗ is an exciton-exciton interaction parameter. 

Equation (84) is used to fit the data shown in Figure 35a, which yields 𝛾∗ = 0.21 ±

0.05 × 10−11 meV cm2 exciton-1 and an extrapolated zero-density homogeneous 

linewidth of 𝛾0 = 2.3 ± 0.3 meV. The interaction parameter found here for monolayer 

WSe2 is of the same order of magnitude as in quasi-2D semiconductor quantum wells, 

which would imply stronger interaction broadening between the tightly bound excitons in 

the monolayer TMDCs (Bohr radius ~1 nm) compared to weakly bound excitons in 

quantum wells (Bohr radius 5-10 nm) [90, 172-174]. Stronger exciton-exciton interaction 

is indeed consistent with reduced dielectric screening of the Coulomb interactions in 

atomically-thin materials [175, 176]. This effect is more clearly illustrated in Figure 36 in 

which we’ve plotted exciton-exciton EID, defined as ∆𝛾 = 𝛾(𝑁𝑋) − 𝛾(0), as a function 
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of the inter-exciton separation distance 𝑟𝑋 normalized to the exciton Bohr radius, 𝑎𝐵. For 

comparison, we also show on the same plot the interaction strength of various other 

materials, both 2D and bulk. The exciton spacing for the materials shown can be 

calculated from the excitation density using the formulas 𝑟𝑋 = (𝜋𝑎𝐵
2 𝑁𝑋)−1/2 and 𝑟𝑋 =

(4𝜋𝑎𝐵
3 𝑁𝑋/3)−1/3 for 2D and 3D systems, respectively. The measured EID for monolayer 

WSe2 appear as solid circles in the plot and the dashed line is a fit to the data. Since the 

Bohr radius for our sample is not precisely known, the data in the figure (dashed line) 

was produced with an estimated value of 𝑎𝐵 = 1 nm and the shaded region is the 

calculated ∆𝛾 for a range of TMD exciton Bohr radii 0.5 nm ≤ 𝑎𝐵 ≤ 2 nm. Larger Bohr 

radii means, of course, smaller normalized exciton separation. From the figure it is 

obvious that monolayer WSe2 exhibits significantly more exciton-exciton interaction than 

more conventional semiconductor systems [173, 174] due mostly to the reduced dielectric 

screening of the Coulomb force inherent in ultra-thin semiconductors [177].  

5.4 2DCS STUDIES OF PHONON INTERACTIONS 

 In addition to studying the role of excitation density on homogeneous broadening, 

we also did careful studies of the role of phonon-exciton interactions on the 

homogeneous linewidth. In order to do this, we repeated the linewidth density dependent 

measurements, but this time as a function of temperature, the results of which can be seen 

in Figure 35b. The extrapolated zero-linewidth is shown for temperatures all the way up 

to 50 K and is seen to increase linearly from 19 ± 0.3 meV at 5 K to 4.5 ± 0.3 meV at 50 

K. At these temperatures, the linear dependence of the homogeneous linewidths is 

analogous to exciton dephasing in semiconductor quantum wells as the result of the 

absorption of acoustic phonons with energies smaller than 𝑘𝐵𝑇, where 𝑇 is the sample 

temperature [178]. The phonon absorption may be modeled by  
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 𝛾(𝑇) = 𝛾0(0) + 𝛾𝑝ℎ𝑇  , (85) 

where 𝛾𝑝ℎ denotes the exciton-phonon coupling strength and 𝛾0(0) is the residual exciton 

homogeneous linewidth in the absence of exciton-exciton and exciton-phonon 

interaction. Equation (85) is used to fit the data shown in Figure 35b which gives a value 

of 60 ± 6 𝜇𝑒𝑉/𝐾 for 𝛾𝑝ℎ, a factor of 5-10 larger than that of quasi-2D semiconductor 

quantum wells [172, 178] and twice as large as other bulk TMDC materials [179]. From 

the fitting, we also find a value of 1.6 ± 0.3 meV for 𝛾0(0). 

 The residual homogeneous linewidth of ~1.6 meV is free of the effects of exciton-

exciton and exciton-phonon interaction effects and therefore must be due to the exciton 

population relaxation (𝑇1 processes) and pure dephasing associated with impurities or 

defects (𝑇2
∗ processes). This is further supported by the recent fast population decay 

features found in transient absorption measurements and time-resolved 

photoluminescence [168]. There are also a large number of impurities and defects present 

in the sample, this can be seen in the PL which shows a large impurity peak and also 

large exciton inhomogeneous broadening on the order of ~50 meV. Pure dephasing may 

also play a role in the residual homogeneous linewidth. This pure dephasing may arise 

from charge capture events that have been shown to shift the exciton energies in quantum 

dots on picosecond timescales [180]. 

5.5 CALCULATING HOMOGENEOUS LINEWIDTH 

 One might expect that in higher quality samples the residual homogeneous 

linewidth would be much smaller than what is measured here, but recent calculations 

have shown this might not be the case [181]. This recent work has shown that in samples 

with the less defects, i.e. higher quality samples, the localization length of the excitons  
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Figure 37: Calculated frequency dependent homogeneous 

absorbance 𝜶(𝝎) of delocalized excitons in WSe2. The 

calculations show a lower limit for the homogeneous 

linewidth of 𝜸 = 𝟏. 𝟓𝟖 meV  (or 𝟐. 𝟒 ps-1 ) due to radiative 

coupling. 

increases leading to a decrease in the radiative lifetimes. Since excitons in TMDCS have 

small radii, and therefore large oscillator strengths, one would expect their radiative 

lifetimes to be particularly short and so is consistent with the homogeneous linewidths 

measured here. Through microscopic calculations of our own, we also show that the 

radiative decay becomes the dominant dephasing process in the limit that the excitons are 

completely delocalized in an ideal monolayer TMD crystal. The microscopic calculations  

we perform start from Maxwell’s equations and uses the boundary conditions for at two-

dimensional crystal between two media with indices of refraction 𝑛1 and 𝑛2. From this 

starting point, we calculate the frequency-dependent excitonic absorbance defined as 

𝛼(𝜔) ≡ 1 − 𝑇(𝜔) − 𝑅(𝜔). This calculation leads to the following analytic expression 

for the frequency-dependent absorbance 
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𝛼(𝜔) =

𝜔
𝑐0𝑛1

𝐼𝑚[χ2𝐷(𝜔)]

|
1
2 (1 +

𝑛1

𝑛2
) − 𝑖

𝜔
2𝑐0𝑛1

𝜒2𝐷(𝜔)|
2 

(86) 

where 𝑐0 is the speed of light in vacuum and χ2𝐷(𝜔) describes the linear response of the 

TMD monolayer to an optical pulse. The linear response of the TMD monolayer is a 

material parameter which is calculated using the semiconductor Bloch equations. 

Through this approach, we find the following expression for the linear response of the 

TMD monolayer 

 

 𝜒2𝐷(𝜔) =
1

𝜖0𝜔2
∑

Θ𝜈𝜉
𝑠

𝐸𝜈𝜉
𝑠 − ℏ𝜔 − 𝑖𝛾0

𝜈𝜉𝑠

 (87) 

where Θ𝜈𝜉
𝑠  are the exciton eigenfunctions, 𝐸𝜈𝜉

𝑠  are the eigenvalues of the Wannier 

equation and  𝛾0 is a small parameter necessary for the numerical calculations, but does 

not affect the calculation of the radiative lifetimes in any way. The indices 𝜈, 𝜉 and 𝑠 are 

indices describing the exciton state, the valley index and the spin, respectively.  Figure 37 

shows the absorbance profile of the A exciton based on the calculations described above. 

From the calculations we find a homogeneous linewidth of 1.58 meV which corresponds 

to a radiative lifetime of about 0.2 ps. This fast radiative decay of 0.2 ps represents a 

lower bound and can be explained by the large oscillator strength inherent to monolayer 

TMDC. The calculation outlined here is consistent with the extrapolated homogeneous 

linewidth found through our 2DCS measurements.  
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Chapter 6:  Conclusion and Outlook 

6.1 CONCLUSION 

In any material that displays potential for new and exciting optoelectronic 

applications, gaining insight into the fundamental exciton properties is key to guiding 

further research. While bulk TMDCs have been studied for decades, the recent explosion 

in research on monolayer TMDCs has made the need to understand these fundamental 

properties even more urgent. Some of the seminal and recent experiments in this field 

have uncovered intriguing properties including: coupled spin and valley pseudospin 

degrees of freedom [16, 20], exceptionally large binding energies [159, 182] with non-

hydrogenic exciton Rydberg series [159, 160], excitons with robust electronic and valley 

coherence [63, 161] as well as coupled spin and valley pseudospin degrees of freedom 

[16, 20]. Despite the multitude of exciting new properties uncovered by these 

experiments, much is still left to be learned in order to uncover the unique exciton 

physics in monolayer TMDCs.  

Two of the fundamental parameters that characterizes the exciton quantum 

dynamics is the excited state population relaxation rate (Γ) and the dephasing rate (𝛾), the 

two of which are inextricably related to each other through the relationship 𝛾 = Γ/2 +

𝛾∗. Understanding these basic properties of the exciton dynamics will be key to 

developing TMDC-based optoelectronics, valleytronics, and quantum information 

devices [96]. Since the dephasing rate sets the timescales over which excitons can be 

coherently manipulated, knowledge of the homogeneous linewidth will be crucial to the 

development of many optoelectronic devices utilizing TMDCs, including coherent 

valleytronic devices. Examples of the delicate balance between dephasing and energy 

transfer include semiconductor lasers [165] and photosynthetic proteins [166]. These 

systems are examples in which the homogeneous linewidth is delicately balanced so as to 
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achieve adequate overlap to facilitate energy transfer between inhomogeneously 

broadened resonances, but not too broad such as would cause decoherence before any 

energy transfer. 

This dissertation has focused mainly on our results in measuring, for the first 

time, the homogeneous linewidths in monolayer WSe2. We have shown that at low 

temperature both exciton-exciton and exciton-phonon interactions play a significant role 

in exciton dephasing. These dephasing processes have been shown to compete on sub-

picosecond time scales, which is in sharp contrast to conventional semiconductors. For 

example, 10 nm thick GaAs wells typically exhibit picosecond long coherence times 

dominated by pure dephasing from exciton-phonon coupling, and tens of picoseconds 

long radiative lifetimes [183, 184]. Knowledge of such a basic property of the exciton 

dynamics will help shape future directions in monolayer TMDC research as well as 

facilitate the design of optoelectronic devices and photovoltaic devices based on these 

materials.  

This dissertation has also gone into much detail on the benefits and 

implementation of 2DCS. Much time was spent in discussing the types of 2D spectra 

possible, the interpretation of 2D spectra, and lineshape analysis. We have also spent a 

great deal of effort on describing the experimental implementation of 2DCS, including 

details on noise filtering through Fourier transform as well as noise filtering through 

phase cycling.       

6.1 OUTLOOK 

There are still many avenues to explore with little to no changes necessary in the 

experimental aspect. Since co-circularly polarized rephasing one-quantum scans have 

been the main topic of this dissertation, the next logical step would be to do cross-
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circularly polarized rephasing one-quantum scans. One could take rephasing quantum 

scans at various delays of 𝑇 for different combinations of left and right circular 

polarizations of beams 𝐴, 𝐵 and 𝐶. For example, using left circularly polarized light for 

beams 𝐴 and 𝐵 and right circularly polarized light for beams 𝐶 and 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 would 

allow us to probe valley relaxation dynamics. By looking at the dipole selection rules for 

optical transitions in these materials (see Chapter 2), many more dynamics may be 

probed using other combinations of left and right hand circular polarization. Also, by 

taking these spectra at various delays of 𝑇 we can also get some idea of the population 

decay. In addition, we can gain a lot more insight into the population decay by scanning 

the 𝑇 delay directly, i.e. zero-quantum rephasing scans. These scans can be done for co-

circular polarization and for various values of power and temperature in order to see how 

the population dynamics change as a function of excitation density and temperature.  

All of the data 2DCS reported in this dissertation has been done on the lower 

energy peak in the PL (see Chapter 5), but many of the same experiments may be 

repeated on the higher energy peak, i.e. the localized, defect-bound excitons. The first set 

of experiments to do on the defect-bound excitons would be to repeat the one-quantum 

rephasing scans in order to determine the homogeneous linewidth of these localized 

excitons.      
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Appendix: Pump-Probe on Hybrid Structures 

In this appendix I present some minor work done on hybrid metallic-

semiconductor materials comprising of a GaAs quantum well coupled to surface plasmon 

polaritons (SPPs) in a gold grating. Because the hybrid materials discussed here were 

taken on a very different setup and are outside the range of discussion of the bulk of my 

dissertation work, it is left as an appendix. 

 I begin by briefly introducing the applications and motivations for studying these 

materials and then move on to describing the sample and experimental design. The 

chapter concludes with a discussion of the results and fitting.       

A.1 APPLICATIONS AND MOTIVATIONS 

Hybrid metallic-semiconductor nanostructures have a wide array of potential 

applications including all-optical switches [185-187], single photon transistors [188], and 

nanolasers [189-191]. These materials can come in a wide variety of geometries, but 

usually rely on the proximity of excitons in a semiconductor structure to SPPs in a nearby 

metallic structure. Hybrid devices combine both the field-concentrating properties of 

plasmonic materials and the large optical nonlinearities present in semiconductors. The 

ability of plasmonic structures to confine light to sub-wavelength dimensions has been 

previously exploited in a variety of hybrid systems including organic semiconductors 

[192], J-aggregated molecules [193], quantum wells [194], to quantum dots [195]. 

Spectroscopic [194, 196-198] and theoretical studies [199] of hybrid devices have 

demonstrated enhancements in luminescence yield, strong SPP-exciton coupling and 

decreased exciton radiative lifetimes for QWs coupled to plasmon resonances. Other 

contradictory reports, however, have shown suppression of luminescence for QWs in the 

vicinity of metal nanostructures [200, 201]. 
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Figure 38: The solid line shows the dispersion curve for 

surface plasmons which reaches an asymptotic value when 

−𝝐𝟏 = 𝝐𝟐, where 𝝐𝟏 and 𝝐𝟐 are the frequency dependent 

dielectric functions for the surrounding vacuum and metal, 

respectively . This occurs at 𝒌𝒙 → ∞, i.e. where 𝒌𝒙 is the 

plasmon wavevector in the direction of propagation and 𝝃 

is the frequency. The dotted line is the dispersion curve for 

a photon.   

Because metallic-semiconductor materials have the ability to couple plasmons to 

quantum emitters like excitons, these materials also show promising applications in the 

growing field of quantum plasmonics. As an emerging off-shoot of the field of 

plasmonics, quantum plasmonics has the potential to go beyond just interfacing photonics 

with nanoelectronics, but shows promise in addressing challenges in quantum 

information processing, qubit scalability, and qubit communication [202].  

Very little is known about how quantum coherence is affected when coupled to 

plasmonic excitations. Linear studies have been performed on GaAs QWs coupled to 

gold gratings, demonstrating significant red-shifting and broadening of the exciton 

resonances as a result of the strong coupling [194], but to date no nonlinear studies have 
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been performed and therefore information regarding the coherent interaction in these 

coupled systems is limited.  

Pump-probe, in limited cases, can provide information about the coherent 

dynamics in a system. In this work, we are particularly interested in how quantum 

coherence is modified in hybrid structures. Very fast dephasing times have been reported 

in metallic nanostructures, on the order of tens of femtoseconds, while the dephasing 

times in semiconductor heterostructures can be very long. In quantum wells, the exciton 

dephasing time lasts a few picoseconds to tens of picoseconds at low temperatures and 

this dephasing time can be extended close to a nanosecond in quantum dots. In this work 

we aim to answer the question whether the fast dephasing time in the metallic 

nanostructure becomes the limiting factor in a hybrid structure. 

A.2 SAMPLE DESIGN 

The sample we investigate consists of a gold grating deposited on top of an 

AlGaAs/GaAs quantum well. The AlGaAs/GaAs quantum well consists of a 10 nm GaAs 

well embedded between Al0.3Ga0.7As barriers grown on top of a GaAs substrate by 

molecular beam epitaxy (MBE). The gold grating and GaAs quantum well are separated 

by a 20 nm buffer in order to ensure close proximity of the excitons in the GaAs well and 

plasmons in the gold grating. Plasmons are a collective oscillation of the electron gas that 

can be coupled to light through the use of various techniques. The plasmon dispersion 

curve is shown schematically in Figure 38. From the figure we can see that the dispersion 

curves for light and plasmons do not cross, but by using a prism or grating structure on 

the surface of the metal, one can effectively increase the wavevector of the incoming 

light enough such that the dispersion curves intersect. For our sample we use a gold 

grating which is created by first depositing a gold  
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Figure 39: Coupling light to a surface plasmon. The light 

must be polarized in the x-direction. 

film of 140 nm. Slits are then etched into the gold film with electron beam lithography 

forming a gold grating structure with grating period, a=500 nm, and grating width, 

w=370 nm. The gold grating structures are approximately 100 𝜇𝑚 on each side and 

surrounded by bare quantum well, which allows us to move between the hybrid structure 

and bare quantum well with ease. The dimensions of the gold grating structure are chosen 

such that plasmons at the semiconductor-metal interface will be created for 800 nm (1.55 

eV) light at an incident angle of 34° to the normal. This condition can be written as 

follows 

 

 
𝜔

𝑐
√𝜖1𝑠𝑖𝑛(𝜃) +

2𝜋𝑚

𝑎
= 𝑘𝑥 , (88) 
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Figure 40: Schematic of experimental setup.  

where 𝜔 is the frequency of the incident light, 𝑎 is the period of the grating and 𝑚 is an 

integer (see Figure 39). This well-known result can be found in any introductory textbook 

on surface plasmons [97].  

For 800 nm light, excitons will also be excited in the quantum well leading to a 

coupled, hybrid oscillator which manifests as red-shifting of the exciton resonances. By 

observing the time-resolved, pump-probe signal of the LH peak, we can see quantum 

beats in the signal indicating non-radiative, coherent coupling between the LH and HH 

exciton transitions. 

A.3 EXPERIMENTAL APPARATUS 

The experimental design is a simple homodyne-detected differential reflection 

setup shown in Figure  40. The excitation source is a Spectra-Physics Tsunami (Model 

3960-X1BB) Ti:sapph laser that produces pulses of 150 fs in duration with 15 nm of 

bandwidth. The Ti:sapph beam is split into a pump and probe beam with CVI 

beamsplitters (FABS-790-45S-PW-1004-UV) which are then intensity modulated by 

acousto optic modulators (AOMs) at 0.5 MHz and 0.515 MHz, respectively. The AOMs  
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Figure 41: Spectrally resolved pump-probe taken at 4 K on 

the bare quantum well and on the hybrid structure at 4 

different angles. The black arrows indicates the position of 

the light hole (LH) transitions. A clear red-shift can be seen 

as the angle of incidence approaches the coupling angle of 

34°. At this angle, the incident light excites an SPP as well 

as an exciton transition. Because of the close proximity of 

the QW to the grating, the SPP and exciton become 

coupled and a redshift in the spectrum is observed.  

we employ are made by Gooch and Housego (Model 46080-2-LTD) and consist of a 

Tellerium Dioxide (TeO2) crystal. The mechanism of action through which AOMs 

modulate the beam is by distortion of the local index of refraction of the TeO2 crystal. 

This distortion is produced by a sound wave propagating through the crystal and presents 

a grating to incident light. The TeO2 based AOM is designed to operate at 80 MHz. When 

the Ti:sapph is incident on this grating, a Bragg diffracted first order beam in the 

operating wavelength range of 700-900 nm can be produced. The 80 MHz driving signal 

is then modulated at 0.5 and 0.515 MHz for the pump and probe beams, respectively, 

producing the intensity modulated excitation beams. The 80 MHz driving signal and two 
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modulation signals are produced by Novatech signal generators (Model 409B). The 

signals from the Novatech are sent into mixers (ZAD-1-1+) and splitters (ZSC-2-1+) 

from MiniCircuits in order to produce the modulated 80 MHz driving signal that is then 

sent to voltage amplifiers before being sent to the AOMs.   

An Aerotech (Model ALS130H-0050) delay stage (DS) in the probe path is used to 

control the relative delay. After the AOMs, the pump and probe pass through 1/2 𝜆 plates 

(Special Optics Model 8-9014-1/2-700-1550 nm) and polarizers (Newport Polarcor 740-

860 nm 05P109AR.16), which allows us to control the intensity and polarization of the 

beams hitting the sample. The two beams are then focused onto the sample at angles 

which can be varied through use of a Newport rotation stage (RS) mounted mirror and the 

reflected probe is then sent through a spectrometer (Acton SpectraPro 2750) and onto a 

single-channel detector (Thorlabs DET36A) that is connected to a lock-in amplifier 

(Stanford Research SR830). The signal is homodyne detected at the difference frequency 

of 15 kHz. 

A.3 RESULTS 

The plasmonic resonances excited vary as the angle of incidence. We first perform 

angular- and spectrally-resolved measurements at 4 K in order to identify the angle at 

which the strongest exciton-plasmon occurs. For these measurements we set the incident 

pump/probe polarizations perpendicular to the grating structure. This data is shown in 

Figure 41 where we have measured pump-probe spectra at four different angles on the  
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Figure 42: Time-resolved pump-probe of the LH 

transitions on the bare QW (black trace) and hybrid 

structure (blue trace) at 34°. All fits are shown in red. In the 

upper-right we show the schematic of the V-level diagram 

that describes our system. |𝟏⟩ is the HH transition and |𝟐⟩ 
is the LH transition. 

hybrid structure as well as on the bare quantum well. The angle-dependent spectra shows 

a red-shift of ~10 meV at 34° incidence with decreasing red-shift at angles greater than, 

or less than, 34° indicating that the strongest exciton-plasmon coupling occurs at ~34°. 

Previous experiments have seen similar red-shifts on these types of materials [194].  

To investigate the change in quantum coherence in hybrid structures, we compare the 

quantum beats in the pump-probe signal in the surrounding bare quantum well to that of 

the hybrid structure at the resonant coupling angle of 34°. The differential reflection 

signal is presented in Figure 42 which represents the temporal behavior of the respective 

LH transitions shown in Figure 41. For the bare quantum well, we measure a much more 

pronounced beating behavior and no measurable population decay on the timescale of the 
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delay. The differential reflection signal measured is fit to an exponential decay plus an 

exponentially decaying sinusoid 

 𝐷𝑅(𝜏) = 𝐴𝑒−Γ𝜏 + 𝐵𝑒−𝛾12𝜏 cos(𝛿𝜏) , (89) 

where Γ is the population relaxation rate, 𝛾12 is the dephasing rate for the Raman 

coherence between the HH (state |1⟩ in Figure 42) and the LH (state |2⟩), and Θ(𝜏) is a 

step function ensuring the signal is zero for negative time delays. The Raman period (𝑇𝑅) 

is related to the LH-HH energy splitting (Δ𝐸 = ℏ𝛿) by 𝑇𝑅𝛿 = 2𝜋. The motivation for this 

model is discussed later in terms of a density matrix approach. 

From the fit to equation (89) we find values of 𝛾12
−1 = 0.27±0.01 ps and 𝑇𝑅 = 

0.152±0.001 ps for the Raman coherence time and Raman period, respectively. The 

Raman period, from the fitting, corresponds to a LH-HH splitting of ~27 meV, well 

within the measured spectral spread of the LH-HH transitions (~30 meV) when 

inhomogeneous broadening is taken into account. For the hybrid structure, at the resonant 

coupling angle, pronounced population decay is measured as well as a significant 

reduction in the Raman coherence time. The fitting yields values of Γ−1 =0.70±0.03 ps, 

𝛾12
−1 =0.16±0.03, and 𝑇𝑅 =0.134±0.005 ps (~30 meV), where Γ−1 is the population 

relaxation time. On the hybrid structure, at the resonant coupling angle, the Raman 

coherence time is reduced by almost a factor of two, but still much longer than the 

coherence times for plasmons. The measured increase in population relaxation and 

decrease in Raman period close to the resonant coupling angle is well understood and has 

been reported previously in similar hybrid materials [194, 203].  
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Figure 43: Time-resolved pump-probe of the LH transition 

at 32° on the hybrid structure. With the incident 

polarization parallel to the gold grating (light blue trace), 

no SPP is excited. With the incident polarization 

perpendicular to the gold grating a hybrid SPP-exciton 

mode is excited and the Raman coherence is markedly 

shorter. The data for 34° is reproduced (blue trace) for 

comparison.  

We further examine the quantum beating behavior in these hybrid materials by 

performing polarization measurements near the resonant coupling angle. Figure 43 shows 

time-resolved pump-probe scans taken at 4 K and at an incident angle of 32°. The top 

trace (light blue) was measured for an incident polarization, of both pump and probe, 

parallel to the grating structure for which no plasmon excitation is expected. The middle 

trace (green) was taken for incident polarization perpendicular to the grating structure for 

which weaker exciton-plasmon coupling is expected compared to the bottom trace in blue 

(reproduced from Figure 42). The fitting gives timescales of 𝛾12
−1 = 0.62±0.2 ps and 

𝑇𝑅 = 0.147±0.001 ps for parallel polarization. For perpendicular polarization the fitting 

yields timescales of Γ−1 =0.76±0.06 ps, 𝛾12
−1 =0.26±0.03 ps, and 𝑇𝑅 =0.144±0.003 ps. 



 118 

No significant population decay was measured for the case of parallel polarization. As 

one can see from the fitting, at 32° the population lifetimes and Raman coherence are 

slightly longer as compared to the timescales at the resonant coupling angle. The effect of 

exciton-plasmon coupling is even more pronounced when comparing the perpendicular 

and parallel polarizations where we see the Raman coherence time change by more than a 

factor of two. The much longer Raman coherence times seen for the case of parallel 

polarization, as compared to bulk, can be explained by the large pump intensities required 

on the hybrid structures. As these conditions were kept constant across all scans, more 

pronounced excitation induced dephasing is expected on the bare quantum well.       

While the kind of pump-probe experiments employed in this work are typically used 

to investigate incoherent population relaxation, information on quantum coherence can be 

extracted in certain cases[204]. In particular, we have investigated non-radiative 

coherence in a three-level “V” (see upper right panel Figure 42) system using homodyne 

detected differential reflection experiments. The form of equation (89) can be derived by 

analyzing the quantum dynamics of the V-level system, which can be described by the 

density matrix formalism. The dynamics of the density matrix are governed by the master 

equation,  

 
𝑖ℏ

𝑑𝜌

𝑑𝑡
= [𝐻, 𝜌] + 𝑖ℏ

𝑑𝜌

𝑑𝑡
|

𝑟𝑒𝑙𝑎𝑥𝑎𝑡𝑖𝑜𝑛
 , 

(90) 

where 𝐻 = 𝐻0 + 𝑉 = 𝐻0 − �̂� ∙ 𝑬. The first term in the Hamiltonian is the diagonalized 

matrix for the eigenstates of the excitation level diagram and the second term describes 

the coherent coupling of the system to the laser field. The nonzero elements of the dipole 
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operator correspond to the transitions shown in the upper right panel of Figure 42 and the 

last term in equation (90) accounts for population decay (diagonal terms in density 

matrix) and dephasing (off-diagonal terms in density matrix). The solutions to the master 

equation given in equation (90) are well known for the V-level system [205], working 

through them yields two different types of perturbation pathways that contribute to the 

nonlinear signal. The first type describes population saturation effects, which can be 

expressed diagrammatically,  

 
𝜌00

(0) 𝐸1
∗

→ {
𝜌10

(1)

𝜌20
(1)

}
𝐸1
→ {

𝜌11
(2)

𝜌22
(2)

}
𝐸2

∗

→ {
𝜌10

(3)

𝜌20
(3)

} , 
(91) 

where the second-order terms are population terms and no quantum beating between the 

|1⟩ and |2⟩ states exist. The applied fields are labeled above the arrows, where 𝐸1 is the 

pump (it acts twice) and 𝐸2 is the probe.  

Another class of terms in the perturbation pathways are the coherent terms that 

describe quantum beating effects. These are given by the diagrams,  

 
𝜌00

(0) 𝐸1
∗

→ {
𝜌10

(1)

𝜌20
(1)

}
𝐸1
→ 𝜌12

(2) 𝐸2
∗

→ {
𝜌10

(3)

𝜌20
(3)

} , 
(92) 

where the non-radiative coherence can be seen in the second-order. The nonlinear signal 

found by solving equation (90) can be used in the optical Bloch equations to find the 

homodyne detected DR signal given by equation (89).  

      In conclusion, we have investigated the effects of exciton-plasmon coupling on the 

nonradiative, coherent behavior in a hybrid metal-semiconductor structure. We have 

measured exciton-plasmon coupling evidenced by a large red-shift of the pump-probe 
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signal on the order of ~10 meV. In the presence of exciton-plasmon coupling, the 

measured coherence lifetimes decreased by a factor of ~3.9. Despite this decrease, we 

have found that the coherence lifetimes are still more than ten times longer than that of 

plasmons alone, indicating plasmon coherence lifetimes are not the limiting factor in 

these coupled systems. Because of the large nonlinearities inherent in semiconductor 

nanostructures and the field concentrating effects of plasmonics, hybrid materials like 

those studied here, show promise in bridging the gap between nanophotonics and 

quantum plasmonics. Knowledge of the coherent dynamics in these hybrid oscillator 

systems will prove critical to developing plasmonic-based qubit communication and 

quantum information processing devices.     
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