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The development of the material processing of silicon over the last century 

has enabled an astonishing increase in productivity by the development of 

computers and circuit elements at miniaturized dimensions. In addition to its 

electronic properties, silicon optical absorption has been harnessed to create 

increasingly efficient solar cells, ranging from early efforts achieving 5% 

efficiency, to modern multi-junction cells exceeding 45%1. Integration of inorganic 

semiconductors as active components in devices has expanded in recent years 

to increasingly intimate connections with human lives, tending towards near 

seamless electronic interaction in the form of implantable and wearable 

electronics. While much effort, funding and engineering has so far been lauded 

on silicon, physical limitations and market trends have lately motivated the 

search for alternative materials for new, specialized applications. Silicon is 

difficult to incorporate into wearable electronics, due to its brittle nature making it 

quite inflexible and prone to breaking. Additionally, 100’s of nm of silicon in 

thickness must be present in solar cells to adequately absorb incident light, in 

sharp contrast to the effective sub-10 nm lateral dimensions of modern device 

architectures. Minimum thicknesses must be also be adhered to in electronics 

applications to avoid destructive carrier scattering at the silicon/substrate 

interface. These silicon shortcomings have motivated an immense research effort 

into atomically-thin alternatives to crystalline inorganic semiconductors. 

 

 



 

3 
 

Transition Metal Dichalcogenides 

A particularly promising class of silicon alternatives is two-dimensional 

(2D) materials. Experimental research in 2D materials began in earnest with the 

isolation of a single layer of sp2 hybridized carbon (graphene) from graphite by 

Scotch tape exfoliation by Geim and Novoselov in 20042. While graphene itself 

has shown astonishing properties, including ballistic charge transport, perhaps 

even more exciting was the generalization of the technique to isolate single 

graphene layers by adhesive tape exfoliation to other layered materials. Single 

layers of diverse materials, such as the wide-bandgap insulator, hexagonal 

boron-nitride (h-BN), and a variety of other metallic, semi-metallic and 

semiconducting 2D materials have since been isolated. While only graphene and 

black phosphorous have come close to competing with silicon on an even footing 

as electronic components, transition metal dichalcogenides (TMDs) have 

emerged as promising candidates for new applications. 

TMDs are layered materials with the formula MX2, where M is a transition 

metal (Mo, W, etc.) and X is a chalcogen (S, Se, or Te), arranged in a hexagonal 

lattice with chalcogens situated in the same planar positions and the transition 

metal located in a trigonal prismatic unit cell coordination between (Figure 1.1). 

Due to their identical atomic structure, this group of TMDs have very similar band 

structures and consequently tend to have similar optical and electronic 

properties. The structure of one layer of the TMD MoS2, for example, is 

hexagonal lattice of molybdenum atoms sandwiched between two hexagonal 
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layers of sulfur atoms, resulting in a single layer being only 0.65 nm thick. TMDs 

are commonly referred to as Van der Waals solids because the covalent bonding 

between metal and chalcogen is very strong compared to the dispersive Van der 

Waals bonding between layers. This weak inter-layer bonding allows layers to 

move easily against one another, spurring one of the first commercial 

applications for MoS2 as a dry lubricant. Additionally, MoS2 has been utilized as a 

hydrodesulfurization catalyst in petroleum processing, and the role of 

nanostructured vacancies and active edges has only recently begun to be 

clarified in a process used since the 1940’s3. Besides these examples of 

established application research, some of the most recent and exciting 

developments in TMD research of late have been in the exploration of their 

unique electronic and optical properties when only single or few layers are 

present. In order to understand the unique properties of TMDs, it is important to 

first understand the optical and electronic properties of the bulk material. 
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Figure 1.1. Illustration of single layers of the TMD MoS2 demonstrating the 

symmetry and structure of typical 2H TMDs. Reprinted figure with permission 

from Radisavljevic B, Radenovic A, Brivio J, Giacometti V and Kis A 2011 Single-

layer MoS2 transistors Nat. Nanotechnol. 6 147-50 4 Copyright 2011 Nature 

Publishing Group. 

TMD Optical and Electronic Properties 

Semiconducting, group VI bulk TMDs in the hexagonal 2H structural 

phase bandgaps span an expansive range from 1-2.5 eV with three groups of 

prominent excitonic features5. The hexagonal structural arrangement of MoS2 

results in a hexagonal Brillouin zone in reciprocal space, with high symmetry 

points labelled as K, Γ, and M (Figure 1.2a). The Brillouin zone allows the 

construction of the band diagram of bulk MoS2 (Figure 1.2b) which describes the 

relationship between electron energy and momentum. The separation of 

electronic bands in the center of the band diagram indicates MoS2 is a 
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semiconductor. Transitions from the valance to conduction band are indirect, 

proceeding from the Γ point in the valance band to a position between K and Γ in 

the conduction band, requiring the transfer of both energy and momentum to 

occur. Optical transitions are known to be excitonic, in that the excited charge 

electron remains coulombically bound, resulting in the electron occupying a band 

an amount of energy below the conduction band equal to the exciton binding 

energy, Eb.  

 

Figure 1.2. a.) MoS2 Brillouin zone b.) Bulk MoS2 band structure. Reprinted figure 

with permission from Kuc A, Zibouche N and Heine T 2011 Influence of quantum 

confinement on the electronic structure of the transition metal sulfide TS2 Phys. 

Rev. B 83 6 Copyright 2011 by the American Physical Society. 

The lowest energy exciton is defined as the A exciton, and the next highest 

energy is feature is called the B exciton, after the convention established by 

Yoffe7. The A and B excitons arise from strong electron spin-orbit interaction due 

to the heavy transition metal atoms (Mo, W), which splits the valence band by 

hundreds of meV and the conduction band by tens of meV. This splitting is 



 

7 
 

significantly greater than what can be achieved in conventional semiconductors 

and allows one to selectively excite individual excitonic features at room 

temperature. Beyond the A and B excitons, all TMDs display a generally 

increasing absorption spectrum until the broad C exciton peak emerges. The C 

exciton is thought to emerge due to parallel band alignment near the gamma 

point resulting in band-nesting. For an optical inter-band transition to occur, two 

factors must be satisfied. The first is that there must be a dipole matrix element 

for a transition from the valence band v and the conduction band c, for a given 

point in momentum space, k. Second, there must be enough joint density of 

states, 𝜌, to facilitate the transition, as the joint density of states represents the 

number of available absorption pathways. The lack of available states in the 

bandgap usually make transitions between band edges prominent. The joint 

density of states between v and c is given as, 

 
𝜌(ℏ𝜔)𝑣𝑐 ∝ ∫

𝑑𝑆(�⃗⃗�)

∇𝑘|𝐸𝑐(�⃗⃗�) − 𝐸𝑣(�⃗⃗�)|
𝐸𝑐(�⃗⃗�)−𝐸𝑣(�⃗⃗�)=ℏ𝜔

 (1.1) 

Where integration is performed over a constant energy surface, S, in reciprocal 

space. Where equation 1 becomes large, there exists the potential for more 

optical absorption by the density of states. Equation 1 becomes large for 

conditions where the denominator, ∇𝑘|𝐸𝑐(�⃗⃗�) − 𝐸𝑣(�⃗⃗�)|, vanishes. This occurs at 

band edges, where the individual gradients vanish (∇𝑘|𝐸𝑐(�⃗⃗�)|=∇𝑘|𝐸𝑣(�⃗⃗�)| = 0) but 

also at regions where the gradients are approximately equal and nonzero, 
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resulting in ∇𝑘|𝐸𝑐(�⃗⃗�) − 𝐸𝑣(�⃗⃗�)| ≈ 0 8, in a phenomenon known as band-nesting. 

Band-nesting gives rise to strong absorption in regions with closely-spaced, 

parallel bands near the gamma point, which are assigned to the C exciton. Some 

TMDs demonstrate additional peaks denoted as the A’ and B’ excitons. These 

peaks are thought to originate from the same ground state as the A and B 

excitons because they demonstrate the same spin-orbit separation, but they exist 

as higher excited states. The A’ and B’ peaks tend to disappear at the monolayer 

limit, suggesting the features possess some interlayer coupling character which 

the A and B excitons do not. Computational investigation suggests the prime 

peaks are more strongly influenced by phonon interactions than the A and B 

excitons9. The peak assignments and origins remain valid when the TMD is 

reduced to the few and monolayer limits, but the evolution of the band structure 

with the number of layers has a profound impact on optical properties.  

 The removal of inter-layer interaction by thinning a TMD like MoS2 to a 

monolayer impacts the photoluminescence greatly and partially led to the 

explosion of research interest in TMDs as next generation electronics. The first 

demonstration of TMD optical properties at the monolayer limit was carried out by 

Heinz on MoS2
10. An exceptional 104 fold increase in photoluminescence 

quantum yield was observed upon transitioning from few layers of MoS2 to the 

monolayer paired with a significant blue-shift of the photoluminescence peak, 

which together allow for the reliable identification of monolayer MoS2 (Figure 

1.3a). The origin of this observation is a difference in inter-layer orbital 
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interaction. The states near Γ are predominately comprised of a linear 

combination of 𝑝𝑧 orbitals on S atoms and 𝑑𝑧2 orbitals on Mo atoms directed out 

of the 𝑥𝑦 plane. Since these are delocalized anti-bonding orbitals, removing the 

anti-bonding orbital overlap by thinning MoS2 down to the monolayer causes the 

energy of the Γ point to lower significantly. At the same time, the energy of the 

conduction and valance band near the K-point remain almost unchanged, 

because they are comprised of orbitals almost entirely localized to the 𝑥𝑦 plane11. 

The shifting valance band causes the valance band maximum to move from Γ to 

K, while the conduction band minimum remains at K, making the formerly indirect 

transition at multilayer direct at the monolayer (Figure 1.3b). Going from an 

indirect to a direct transition enables light absorption and emission without 

additional phonon momentum contribution, which explains the significant 

photoluminescence enhancement at the monolayer limit. 
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Figure 1.3. a.) Emergence of enhanced photoluminescence in MoS2 on Si/SiO2 

with decreasing number of layers. Reprinted figure with permission from 

Splendiani A, Sun L, Zhang Y, Li T, Kim J, Chim C Y, Galli G and Wang F 2010 

Emerging photoluminescence in monolayer MoS2 Nano Lett. 10 1271-512. 

Copyright 2010 the American Chemical Society. b.) Evolution of the calculated 

MoS2 band structure from a bilayer indirect gap from gamma (left) becoming a 

direct gap from the K point. Reprinted figure with permission from Kuc A, 

Zibouche N and Heine T 2011 Influence of quantum confinement on the 

electronic structure of the transition metal sulfide TS2 Phys. Rev. B 836 Copyright 

2011 by the American Physical Society. 

While the bandgap changes with the number of layers, the charge screening 

environment of the exciton as the number of layers is reduced influences the 

exciton binding energy, 𝐸𝑏, which can be adequately approximated as a Rydberg 

series for low excited states, 𝑛, given by13, 

 
𝐸𝑏 =

𝜇𝑒4

2ℏ𝜀2(𝑛 − 1/2)2
 (1.2) 
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Where 𝐸𝑏 is the energy of the exciton transition below the free particle band gap, 

𝐸𝑔, 𝜇 is the exciton reduced mass, where 𝜇 = (1/ (𝑚𝑒
−1 + 𝑚ℎ

−1)), and 𝜀 is the 

material dielectric constant. When a bulk material is reduced from 3D to 2D by 

removal of layers, the dielectric environment experienced by the exciton changes 

dramatically (Figure 1.4). In the bulk, the electron and hole charges are screened 

by intervening atoms and core electrons, whereas at the monolayer, much of the 

electric field lines connecting the electron and hole travel through free space, 

which has a smaller dielectric constant, approximately equal to vacuum 

permittivity, 𝜀0.The lower dielectric constant at the monolayer then results in a 

larger exciton binding energy. In addition to the significant changes to screening 

and orbital interaction, the reduction to a single monolayer has important 

symmetry implications which have resulted in a great deal of interest in TMDs 

application in valleytronics. 
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Figure 1.4: Bulk and monolayer screening effects influenced by electric field lines 

extending outside the monolayer. 

 A valley is a local minimum in the conduction band or local maximum in 

the valence band of a material band structure. Electrons in a crystalline solid 

have not only charge and spin but also a valley degree of freedom, which 

denotes which specifies the valley the electron occupies. Valleytronics seeks to 

encode information using the 2 or more energy degenerate but inequivalent 

valleys instead of storing that same information in electron charge or spin. 

Monolayer TMDs display two inequivalent valleys at the K and K’ points at the 

edges of the Brillouin zone (Figure 1.5). Time reversal symmetry requires the 

electrons in either the K or K’ valleys to have the opposite spin indices. Together, 

these factors result in the emergence of unique optical selection rules for 

excitons in the K or K’ valleys which depend on the helicity of light. Excitons in 

the K valley couple to the right-handed circularly polarized light (𝜎+), whereas 

excitons in the K’ valley couple to left-handed circularly polarized light (𝜎−), 
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allowing for a valley polarization to be controlled by the helicity of light. In 

addition, the radiative recombination of excitons in a valley emit circularly 

polarized photons, enabling an all optical read-write scheme. One of the main 

challenges in realizing this potential is the rapid valley depolarization driven by 

exciton exchange interaction and thermal phonon scattering randomizing exciton 

valley populations. Even at low temperatures, excitons have been shown to have 

rapid depolarization times on the order of several picoseconds in WSe2
14, 15 and 

MoS2
16-18. TMDs are an ideal system to study this phenomenon, because the 

large spin-orbit coupling can have valley-specific dynamic consequences for free 

carriers without the exciton exchange interaction. Hole-valley scattering can be 

significantly slower than for electrons and excitons due to the large spin orbit 

splitting in the valance band when compared to the conduction band. The large 

energy splitting makes intervalley scattering unfavorable, allowing for 

considerably longer valley polarization lifetimes up to microsecond timescale in 

doped and defect-rich samples19.  
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Figure 1.5. Hexagonal Brillouin zone showing reciprocal space positions of K and 

K’ valleys. Valley polarization selection rules for left (𝜎−) and right  (𝜎+) handed 

circularly polarized light. 

Strongly interacting excitons in reduced dimensional systems can 

demonstrate unusual dynamical behaviors which must be considered when 

imagining practical applications such as optoelectronics. The exciton lifetime 

places a fundamental constraint on many critical optical and electronic properties 

of interest, including valley polarization, diffusion length, and photoluminescence 

yield. A consideration of chemistry and environmental factors which influence this 

attribute is of critical importance to utilizing the exciting properties displayed by 

TMDs. An overview of ultrafast spectroscopy will be given to provide a 

description of how exciton lifetimes are experimentally measured, followed by a 

general consideration of exciton formation and decay pathways in TMDs. As the 

samples considered in this manuscript include MoS2, WS2 and MoTe2, the 

properties and previous investigations of each of these compounds’ ultrafast 
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exciton dynamics will be discussed to establish the current state-of-the-art for 

each.  

Ultrafast Spectroscopy 

 Time-resolved spectroscopy, including transient absorption (TA) and 

reflection (TR) are of critical importance to measuring charge carrier dynamics in 

materials. Both techniques consist of two pulses of light which usually arise from 

the same source. First, the pump pulse interacts with the sample to create a non-

equilibrium excited state distribution. The pump pulse is tuned in energy to match 

a sample transition so the pump photons can be absorbed by the sample and the 

ground state sample can enter an excited rotational, vibrational or electronic 

state or otherwise generate free charge carriers. After the duration of the pump, 

the excited state distribution can evolve without external influence, until a low-

intensity probe pulse interacts with the sample at the same location the pump 

had struck. The probe pulse is then measured and compared to a probe pulse 

taken without the influence of the pump pulse to calculate a difference spectrum, 

 ∆𝑅

𝑅
=

𝑅 − 𝑅0

𝑅0
 (1.3) 

Where 𝑅0 is the reflected probe spectrum without the influence of the pump, and 

𝑅 is the probe after the pump has excited the sample. In TA, the probe pulse 

passes through the sample before being detected, whereas in TR the probe 

pulse merely reflects from the sample surface. The pump pulse can be 
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systematically delayed in time using a mechanical stage to vary the time that the 

excited state can evolve before it is measured by the probe pulse to monitor 

optical changes in time. The pump pulse is made to travel through additional path 

length but through the same path geometry, for which every mm of additional 

path introduced the light travels for approximately 3.33 ps. The time-resolved 

spectroscopy becomes ultrafast when exceptionally short pulse durations are 

utilized. Commercially available ultrafast lasers are capable of routinely reaching 

pulse durations of the of the 10-100 femtosecond timescale. 

The origin of the signals from transient spectroscopy are generally 

discussed in terms of a molecular picture of three possible contributions, 

including ground-state bleach (GSB), excited-state absorption (ESA) and 

stimulated emission (SE) (Figure 1.6).  

 

Figure 1.6. Transient spectroscopy signal origins 
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When pump photons are absorbed by the sample and some excited states 

become occupied, subsequently arriving probe photons are absorbed less 

strongly than when probe photons which arrived before the pump do. ESA is a 

positive difference signal, because the pump-excited states not normally present 

without transient excitation may absorb probe photons differently than in a non-

stimulated circumstance. SE is a positive signal arising from probe photons 

stimulating the relaxation of an excited state, resulting in the emission of a 

photon. Assuming a Gaussian steady-state absorption line shape, these effects 

can result in either a transient increase or decrease in peak intensity, either of 

which would also result in a Gaussian 
∆𝑅

𝑅
 response. For example, a decrease in 

available ground states attributed to GSB would appear as a negative Gaussian 

in 
∆𝑅

𝑅
 (Figure 1.7). The transient picture can become more complicated when 

moving from a strictly molecular picture to a condensed matter system like 

TMDs. 
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Figure 1.7. Example of GSB line shape in ΔR  

While previous studies have claimed the main origin of the transient 

exciton peaks in TMDs arise from phase-space filling, which is a solid-state 

analog to GSB, recent investigations show that the transient exciton peaks arise 

even if the excitation occurs at the lower energy A exciton only, which suggests 

that depletion of available states in the valence band cannot entirely explain the 

behavior. While phase space filling likely influences the transient signal, it is at 

least as influential is the effects of bandgap renormalization and transient 

screening by excitons and free carriers. The bandgap renormalization effect 

describes the free carrier and exciton exchange interaction corrections which 

causes a reduction in the system bandgap, resulting in a characteristic redshift in 

optical absorption. This is known as a self-energy correction because the 

presence of carriers induces a change in the system which is reflected in carrier 

and exciton properties. Bandgap renormalization has been previously 

investigated in a variety of solid electronic systems, including semiconductor 
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quantum wells20 and bulk semiconductors21 and is known to be especially 

influential in low-dimensional materials such as semiconductor quantum wells.  

Indeed, exceptionally large BGR of up to 500 meV, as much as 1 order of 

magnitude larger than the shift seen in traditional semiconductor quantum wells, 

has been observed in monolayer WS2
22. The giant BGR originates from the 

strong many-body interactions between electrons and holes and recovers on a 

~250 ps timescale, enabling its potential application in optoelectronics as a 

saturable absorber or optical modulator. In addition to this effect, at the 2D limit 

the competing factor of dielectric environment due to the presence of excitons 

and free carriers results in a decrease in exciton binding energy, due to the 

transiently excited carriers screening the dielectric environment of other carriers, 

resulting in a blueshift (Figure 1.8). 

 

Figure 1.8: Optical and electronic bandgap changes due to renormalization effect 

coinciding with transient exciton binding energy screening. 
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These two effects exist simultaneously in photoexcited TMDs and act to 

counteract one another to varying degrees as a transient Gaussian peak shift 

which results in a characteristic derivative-like peak shape in a transient 

spectrum 23, shown below as an overall blueshift as an example (Figure 1.9), but 

material properties may also manifest as an overall redshift. Interestingly, all 

exciton states experience the renormalization and transient screening effects, 

which manifests a response in higher energy exciton features when lower energy 

states are excited, for example, permitting the observation of an optical response 

in the higher energy B exciton when A is selectively excited. 

 

Figure 1.9. Example of transient peak shift to a higher energy resonance 

resulting in a derivative-like peak shape in a difference spectrum due to both 

band gap renormalization and transient exciton binding energy screening. 

Ultrafast Exciton Decay in TMDs 
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 There are several ultrafast exciton formation and decay pathways evident 

in TMDs which can be monitored as a transient optical signal. Processes 

affecting the population of excitons and their spatial distribution including 

thermalization, electron-hole recombination and exciton diffusion will be 

discussed below. Experimental exciton population dynamics in TMDs measured 

using ultrafast spectroscopic techniques such as TR and TRPL generally consist 

of four distinct temporal regions, including a rise time, and three temporal decay 

timescales of sub-ps (I), few-ps (II) and many-ps (III) duration (Figure 1.10) 

 

Figure 1.10. Characteristic decay timescales of TMD optical decay dynamics with 

three approximate time scales. 

Differing time-scales occurring for the same exciton population suggests that 

different processes influence the ultimate recombination of the electron-hole pair. 

The complex nature of free carrier and exciton interaction at reduced 

dimensionality necessitates modelling these data to gain understanding into the 
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factors which mechanistically influence the exciton lifetime. The excited state 

dynamics of the three temporal domains are frequently modelled by fitting the 

decay to a multi-exponential function to describe the change in temporal signal, 

 ∆𝑹

𝑹
(𝒕) = 𝒐𝒇𝒇𝒔𝒆𝒕 + 𝑨𝟏𝒆

−
𝒕

𝝉𝟏 + 𝑨𝟐𝒆
−

𝒕
𝝉𝟐 + 𝑨𝟑𝒆

−
𝒕

𝝉𝟑 (1.4) 

Transient absorption dynamics investigated at exciton resonances (A, B, C 

excitons, etc.) are approximately the same due to each optical feature, each 

appearing at approximately the same sub-ps timescale and decaying at the same 

rate, being similarly modified by the effects of exciton binding energy screening 

and bandgap renormalization. Despite the similarity of optical dynamics within a 

TMD, considerable variation exists in the available literature in the number of 

mechanistic interpretations and characteristic timescales which the 

representative processes occur on.  

High temporal resolution (<10 fs) transient absorption experiments carried 

out by Nie et al.24 on few-layer MoS2 helped to clarify the fastest component of 

the excited state decay in region I. The experiment utilized sufficiently high 

excitation fluence (~1 mJ/cm2) to surpass the threshold carrier density (~1013 cm-

2) for a Mott transition to occur in an MoS2 monolayer. The Mott transition 

suppresses the excited electron-hole relaxation into bound exciton states. The 

resulting dynamics allow characterization of free carrier processes, which reveal 

behavior of carriers before exciton formation without the complicating optical 

features associated with excitons. Nie et al. associated a fast decay component 
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of about 15 fs with the thermalization of a hot electron-hole distribution by carrier-

carrier scattering. The assignment of the feature to carrier-carrier scattering 

thermalization was made by observing a decreased thermalization time for 

increased carrier density, and a more rapid thermalization at elevated 

temperatures, suggesting a transition to a carrier-phonon mediated process 

(Figure 1.11). 

 

Figure 1.11. Carrier thermalization pump fluence dependence. Reprinted figure 

with permission from Nie Z, et al. 2014 Ultrafast carrier thermalization and 

cooling dynamics in few-layer MoS2 ACS Nano 8 10931-4024. Copyright 2014 the 

American Chemical Society. 

This rapid thermalization was found to be of a comparable magnitude to 

previously measured thermalization times in graphene25 and graphite26 which 

were previously found to be less than 50 fs and 13 fs, respectively. The prior 

experiments were limited to temporal resolution of ~100 fs and so were unable to 

distinguish exceptionally fast processes. The results of this study hold significant 

implications for all studies of exciton dynamics because at lower carrier densities 
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where dynamics are not determined by free carriers but by excitons, the excited 

carriers must first thermalize and relax to the band edge before forming excitons.  

 After the rapid thermalization phase of region (I), the thermal carriers relax 

to form bound excitons. Ceballos et al27 provided convincing evidence that the 

rapid change in optical response after thermalization was due to the formation of 

bound electron-hole pairs from free carriers by both comparing the predicted 

optical response of free carriers and excitons and performing careful, pump 

excitation energy and fluence dependence experiments on a variety of 

monolayer TMDs, including MoSe2, MoS2, WS2 and WSe2. The results show the 

rapid, sub-ps decay of the transient signal almost entirely disappears when 

pumped near a resonant excitation energy of an exciton peak (Figure 1.12). 

 

Figure 1.12. MoS2 sub-ps exciton formation dynamics with changing pump 

excitation energy. Reprinted figure with permission from Ceballos F, Qiannan C, 
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Z. B M and Hui Z 2016 Exciton formation in monolayer transition metal 

dichalcogenides Nanoscale 8 11681-827. Copyright 2016 the Royal Society of 

Chemistry. 

This is interpreted as a difference in transient oscillator strength affected by the 

majority excited states at very short delays being excitons or free carriers. 

Excitation energies far above the optical bandgap were used to provide excess 

energy excited states, with higher energies injecting free carriers and energies 

nearly equal to the bandgap directly injecting excitons. The theory of absorption 

saturation in 2D semiconductor quantum wells published by Schmitt-Rink, 

Chemla and Miller predicts an un-equal contribution of excitons to the reverse 

saturation density of the phase-space filling effect of excitons and free carriers on 

optical features. Applied to typical TMD exciton binding energies, the theory 

predicts a 2x greater transient absorption signal for free carriers than for bound 

excitons. The exciton formation mechanism was confirmed by measuring the 

transient signal at a variety of excitation densities and noting that both the decay 

component remained constant over the range of carrier densities and by the 

constant ratio of peak ΔR/R the signal after 3 ps at elevated fluences. If the 

decay were due to carriers being trapped at defects, this ratio should diminish as 

the number of defects becomes saturated by generated charge carriers, which is 

contrary to the experimentally observed behavior. The assignment to exciton 

formation was further confirmed in subsequent studies on monolayer WS2 by 

Cunningham et al.28 and the ~1 ps exciton formation timescale was 

computationally modelled by Thilagam29. Sample characteristics such as 
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thickness and defect density due to differing preparation methods can introduce 

a defect-mediated trapping decay factor into the initial, rapid (I) region. 

After formation, the exciton population may decay by a variety of 

recombination pathways which can be either radiative or non-radiative. Radiative 

decay involves the release of a photon, whereas non-radiative decay involves 

other excitations such as phonons or intra-band excitation of carriers. One 

prominent non-radiative pathway at high exciton density is exciton-exciton 

annihilation (EEA). EEA is a bimolecular process by which has been observed in 

many systems with strong exciton-exciton interactions such as organic molecules 

and carbon nanotubes. In the process, two excitons collide and the nonradiative 

recombination of one transfers energy and momentum to the other, promoting it 

to a higher excited state, which subsequently relaxes by thermalization and 

cooling. As a bimolecular process, the rate of annihilation depends quadratically 

on the population of excitons according to, 

 𝑑𝑁

𝑑𝑡
= −𝑘𝑁2 (1.5) 

Where 𝑁 represents the exciton population at a given time and 𝑘 is the 

EEA rate constant. Studies in many monolayer TMDs including MoSe2, MoS2
30, 

and WS2 have found EEA to be very efficient even at relatively low exciton 

densities (N~1011/cm-2). Heinz et al. used transient reflectivity to study a 

mechanically monolayer of MoS2 on fused quartz under higher pump fluences 

than previous studies, up to 46 μJ/cm2. The observed decay became faster with 
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increased pump fluence, beginning as a single exponential decay of 360 ps at 

low fluence to a biexponential decay with 19 ps and 105 ps decay constants at 

the high fluence end31 (Figure 1.13).  

 

Figure 1.13. Accelerated exciton decay in monolayer MoS2 with increasing 

exciton density. Reprinted figure with permission from Sun D, Rao Y, Reider G A, 

Chen G, You Y, Brézin L, Harutyunyan A R and Heinz T F 2014 Observation of 

Rapid Exciton − Exciton Annihilation in Monolayer Molybdenum Disulfide Nano 

Lett. 14 5625-9 31. Copyright 2014 the American Chemical Society 

This accelerated, population squared decay behavior is a hallmark for multi-

exciton decay processes and has been since observed in other TMDs such as 

WS2. Nonradiative relaxation may also be mediated through a trap or defect site 

in the case of defect-assisted recombination. 

Defect densities are difficult to measure quantitatively with optical 

techniques and different means of sample preparation, such as mechanical 
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exfoliation, molecular beam epitaxy (MBE), CVD and solution processing often 

have drastically different densities which are hard to control for between 

experiments. This is in addition to the difficulty in correlating ultrafast transient 

signals directly to exciton densities, which is not straightforward under resonant 

excitation because of the contribution of many-body phenomena like BGR and 

exciton binding energy screening. Experiments have claimed the capture of 

excitons and charge carriers by defects take place a drastically differing time 

scales, from sub-picosecond to nearly 1 nanosecond. A survey of the literature of 

ultrafast spectroscopic dynamics measurements on mono- and few-layer TMDs 

finds that a variety of TMDs manufactured by CVD32-38, liquid exfoliation39, 40, and 

molecular-beam epitaxy38, 41 (MBE) techniques demonstrate fast (1-3 ps) decay 

components which experimentally demonstrate fast carrier trapping. TMDs 

manufactured by these techniques typically have much higher defect density 

than those prepared from bulk crystals by mechanical exfoliation, causing a non-

trivial number of carriers to be captured and undergo rapid non-radiative 

recombination. Dynamical measurements are capable of distinguishing between 

defect-mediated decay and other potential rapid nonradiative decay mechanisms 

like exciton-exciton annihilation by varying the carrier density. A study by Liu et 

al.36 provided a carrier density-dependent analysis of the fast decay constant of 

CVD-grown MoSe2 to gain information on its mechanism (Figure 1.14). 
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Figure 1.14. MoSe2 fast decay constant increases with increasing fluence, 

indicating defect-mediated decay. Reprinted figure with permission from Liu B, et 

al. 2017 Coupled relaxation channels of excitons in monolayer MoSe2 Nanoscale 

9 18546-5136. Copyright 2017 the Royal Society of Chemistry. 

Defect-mediated processes tend to slow with increased carrier density, because 

the efficient relaxation process becomes saturated, forcing carriers to undergo 

less efficient processes, which is the opposite density dependence expected for 

EEA. The fast decay timescale for defect capture is consistent with recent 

theoretical investigations. 

Diffusion can also cause excitons to leave the area under investigation by 

the pump and probe beams which is also capable of changing a transient optical 

signal in time. A pump with a Gaussian intensity profile centered at a position 𝑥𝑜 

creates an initial Gaussian distribution of excitons, 𝑛(𝑥, 0), given by, 
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𝑛(𝑥, 0) = 𝑁 𝑒𝑥𝑝 [−

(𝑥 − 𝑥𝑜)2

2𝜎𝑜
2

] (1.6) 

With variance, 𝜎𝑜
2. During their lifetime, 𝜏, excitons will tend to diffuse from the 

initial distribution according to the diffusion equation, 

 𝑑𝑛(𝑥, 𝑡)

𝑑𝑡
= 𝐷

∂2

∂x2
𝑛(𝑥, 𝑡) −

𝑛(𝑥, 𝑡)

𝜏
 (1.7) 

Where 𝐷 is the diffusion constant. The solution to the above equation for a later 

time, 𝑡, is also a Gaussian function, 

 
𝑛(𝑥, 𝑡) = 𝑁 𝑒𝑥𝑝 [−

(𝑥 − 𝑥𝑜)2

2𝜎𝑡
2

] (1.8) 

Previous studies on monolayer and bulk MoSe2 have determined that the 

diffusion constant is greater in bulk than in the monolayer because of additional 

influence of scattering mechanisms from substrate interaction. However, a more 

prominent difference in diffusion properties emerges when comparing TMDs 

grown by CVD and mechanical exfoliation. Mechanically exfoliated WS2 

demonstrates a diffusion constant of 2.0 ± 0.04 𝑐𝑚2𝑠−1, whereas CVD-grown 

demonstrates an more than an order of magnitude lower 0.1 ± 0.04 𝑐𝑚2𝑠−1 42. 

The implication is quite relevant to exciton dynamics, as the typical diffusion 

length is given by, 

 𝐿𝐷 = √𝐷𝜏 (1.9) 
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This implies that in CVD samples, with typical reported exciton lifetimes around 

100 ps, the typical distance the excitons travel is very small, on the order of 100’s 

of nm. This typical diffusion length means that in CVD samples it is unlikely a 

significant fraction of excitons can diffuse outside of even a diffraction-limited 

excitation spot size of ~ 1 𝜇𝑚, contributing little to the observed exciton dynamics 

but a minor, long (III) component. The smaller diffusion length in CVD-grown 

TMDs is thought to arise mostly from a much higher typical defect density in CVD 

samples than in mechanically exfoliated samples. Estimates of defect density in 

CVD WS2 are about 3𝑥1013𝑐𝑚−2 43, roughly 4 orders of magnitude higher than 

an exfoliated sample44.  

By far the most divisive assignment to exciton decay pathways in TMDs is 

the longest component present in the temporal decay. As previously mentioned, 

this long component is often attributed to radiative exciton decay where the 

electron and hole recombine to emit light. Experimental ultrafast studies have 

variously ascribed this mechanism times very short times on the order of (I)45, 46, 

intermediate (II)47-49 and very long-lived (III)36, 41, 50-52. Recently, theoretical 

studies have revealed the significant influence temperature has on radiative 

recombination lifetime in TMDs. Palummo et al. predicted exciton radiative 

lifetimes of several nanoseconds at room temperature and several picoseconds 

at 4 K53, which matches well to experimental TRPL45, 54.  Elevated temperatures 

allow for scattering of charge carriers out of the direct photoluminescence 

pathway at the K point which must subsequently interact with another phonon to 
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relax, which results in a longer apparent lifetime. Additionally, some of the 

confusion in the literature recombination time arises from differences in sample 

band structure due to number of layers. Few-layer samples generally have 

indirect bandgaps, which require phonon interaction for radiative recombination 

to occur, often resulting in nonradiative recombination dominating most carriers 

and excitons, which is evident from the reduced PL quantum yield of multilayers 

when compared to monolayer TMDs. Finally, different types of defects have been 

predicted to demonstrate very different nonradiative decay timescales, which 

could be mistaken for radiative carrier recombination and cause significant 

variation in measured decay rates55. One of the best and most influential 

investigations to shed light on the role of defects on exciton decay in MoS2 was 

carried out by Wang et al. in 201556. The study demonstrates the role of defect-

rich interfaces in determining this pervasive decay timescale by probing 

intraband absorption from mid-gap defect states from 1 to 10 layers of 

mechanically-exfoliated MoS2. The study found the apparent lifetime of the 

excited states increased with the number of layers, consistent with excitons 

having to diffuse further from the inner layers to undergo defect-assisted non-

radiative decay at defect-rich interfaces at the surface and substrate. This study 

highlights the importance of interface properties and environmental stability when 

considering exciton dynamics in TMDs.  

MoTe2 Ultrafast Dynamics 
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While similar in many regards to the bulk of ultrafast spectroscopic studies 

on TMDs focused on MoS2 and WS2, the previous studies of ultrafast dynamics 

of MoTe2 merit specific consideration for the relatively small number of papers 

covering the topic and the central role MoTe2 occupies in this document. At this 

point, only 2 papers examine the carrier dynamics of mechanically exfoliated 

MoTe2 in detail. The first published account of MoTe2 dynamics was a paper by 

Pan et al. in 2016 which studied transient reflectivity of a mechanically exfoliated 

flake with an h-BN protecting layer to a vertical stack of MoTe2/MoS2/h-BN57 

(Figure 1.15). The wide bandgap h-BN serves to isolate the junction from 

atmospheric adsorbates and oxidation. The dynamics of the monolayer and 

heterojunction were measured using a pump energy sufficiently low to only 

generate excitons in MoTe2 but not in MoS2. The transient reflectivity in MoTe2 

decays with two characteristic timescales, like other TMDs, a sub-picosecond 

exciton formation from free charges injected by above-gap excitation, followed by 

a ~60 ps defect-mediated nonradiative decay.  
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Figure 1.15. First demonstration of MoTe2 ultrafast exciton dynamics. Reprinted 

figure with permission from Pan S, Ceballos F, Bellus M Z, Zereshki P and Zhao 

H 2017 Ultrafast charge transfer between MoTe2 and MoS2 monolayers 2D 

Mater. 4 015033 57 Copyright 2017 IOP Publishing. 

A follow up work by the same research group in 2018 extended the work to bulk 

MoTe2 and investigated exciton diffusion by the spatial and temporal evolution of 

the initial Gaussian exciton distribution58. The authors found a moderately longer, 

80 ps, decay constant in the bulk sample than in the monolayer (Figure 1.16).  
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Figure 1.16. Bulk MoTe2 dynamics a.) at early delay and b.) long delay. 

Reprinted figure with permission from Pan S, et al. 2018 Understanding 

spatiotemporal photocarrier dynamics in monolayer and bulk MoTe2 for optimized 

optoelectronic devices ACS Appl. Nano Mater. 2 459-6458. Copyright 2018 the 

American Chemical Society. 

This is consistent with previous reports of longer-lived decay components being 

present in non-monolayer samples. Additionally, the exciton diffusion coefficient 

for the bulk was found to be twice as large for the bulk. The samples used in 

these studies were rigorously protected with protecting layers to reduce the 

influence of interfacial defects and oxidation on the ultrafast decay dynamics. 

 

 

TMD Atmospheric Reactivity 
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As defect density factors highly into the decay dynamics of TMDs, it is 

worthwhile to consider the specifics of how TMDs behave under atmospheric 

condition, as experiments conducted in this thesis generally occur under normal 

atmosphere. The stability of the TMDs MoS2 and WS2 are generally well 

established by a number of investigations, including optical and scanning 

tunneling spectroscopy (STS) studies. It is understood that the catalytic activity of 

MoS2 arises from the active edge sites, but that the basal plane is largely inert, 

allowing it to remain in contact with air for months at a time with little change in 

optical and electronic properties. Atmospheric adsorbates such as oxygen have 

been found to be the main contributor to extrinsic doping59, but this contribution is 

reversible under vacuum annealing and has even found some applications in 

chemical sensing60. One significant factor which can influence defect density is 

the way the TMDs are synthesized. The high temperatures involved in chemical 

vapor deposition result in reactive sites becoming susceptible to formation of 

defects and vacancies which are not found in mechanically exfoliated samples 

from mineral single crystals. This may lead to significant differences in optical 

and electronic properties of mechanically exfoliated samples and those grown by 

CVD. 

 The stability of MoTe2 in air is a more open question. The optical contrast 

and PL of single, exfoliated MoTe2 layers has been shown to decrease rapidly 

following exposure to ambient air, but that the material is not simply 

decomposing. Bulk-exfoliated monolayer MoTe2 demonstrates a rapid oxidation 
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to TeO2 and MoO3, confirmed by XPS and AFM investigations61, 62. Thermally 

induced defects have been found to be especially abundant in 2H MoTe2 due to 

its lower thermal stability and weaker atomic bonding strength when compared to 

MoS2 or WS2, with Te vacancies occurring at temperatures as low as 200 C 

under vacuum61. The weaker bonding strength between Mo-Te atoms is thought 

to make the oxidation process even more efficient under CVD synthesis, 

providing high energy starting points for the layer oxidation to occur. However, 

unlike black phosphorus (BP), this oxidation process appears to be surface-

limited, creating a protective top layer of oxide which may be far more scalable 

as a passivation layer than h-BN or graphene for practical devices. Additionally, 

the oxide layer thickness can be intentionally modified to high precision by ozone 

treatment63.  

Heterojunctions/Homojunctions 

Many applications for electronic materials require the creation of 

semiconductor heterojunctions with one or more different materials. The most 

common example of this in conventional electronics is the pn-junction, consisting 

of two doped semiconductors, one with excess holes the other with excess 

electrons. The pn-junction is the basic building block of most modern electronics, 

including diodes, solar cells, light-emitting diodes (LEDs), and transistors. The 

central role of the pn-junction arises from both the ability to reverse and forward 

bias with voltage to precisely control current flow, but also the thermodynamic 

built-in voltage at the depletion region, which allows the separation of 
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photogenerated excitons in solar cells as a useful photocurrent. The relative 

arrangement of the material band structures in each of the materials can have a 

profound impact on the behavior or the charge carriers or excitons at the 

interface. Heterojunctions can be divided into three categories by the orientation 

of the two material band gaps. Type 1 junctions have the valance and conduction 

bands of one material entirely contained within the other material (Figure 1.17a). 

In type 2 junctions, also known as staggered junctions, only one of the valance or 

conduction bands lie within the band gap of the other material (Figure 1.17b). 

The type 3 junction has the valance band of one material overlapping with the 

conduction band of the other material (Figure 1.17c). The most important 

distinction between two heterojunction types occurs between the type 1 and 2, in 

which charge transfer is qualitatively different. In type 1 junctions, both the 

electron and hole transfer from one material to the other, resulting in energy 

transfer, whereas in a type 2 junction, only the electron or hole will transfer, 

resulting in separation of the exciton into free charges in either material. TMDs 

present an especially exciting prospect for forming heterojunctions by both their 

relative ease in forming top-down structures by simple mechanical exfoliation of 

one material onto another and the flexibility and scale of bottom-up approaches 

to grow junctions by chemical vapor deposition (CVD). In addition, as Van der 

Waals materials, the degree of lattice mismatch has a much smaller disruptive 

impact than for conventional electronics. Dynamical processes in both stacked 
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and lateral TMD heterojunctions have been investigated and demonstrate unique 

opportunities. 

 

Figure 1.17. Schematic demonstrating possible conduction band minimum and 

valance band maximum alignments for two semiconductors. a.) Type I, b.) Type 

II, and c.) Type III. 

One of the first TMD heterojunction dynamics investigated using ultrafast 

spectroscopy was the stacked type 2 junction of WS2/MoS2. Hong et al. stacked 

the two materials by mechanical exfoliation and used transient reflectivity with a 

low-energy pump capable of generating excitons in MoS2 only. They found the 

formation of interlayer excitons, with the electron and hole occupying MoS2 and 

WS2 respectively was extremely efficient, occurring within 50 fs64. Further 

dynamical studies of similar type 2 vertical heterostructures such as WSe2/MoS2 

have revealed interlayer excitons with dramatically increased lifetimes of up 

microseconds which retain a high degree of valley polarization due to the 

reduced exchange interaction between the electron and hole by the separation of 
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the Van der Waals gap which slows processes such as radiative recombination 

and inter-valley scattering65. The interlayer excitons in vertical heterojunctions, 

despite being separated by the Van der Waals gap of ~0.6 nm, have been shown 

to have strong exciton binding energy, comparable to those present within the 

layer. The interlayer exciton in the MoSe2/WSe2 vertical heterostructure was 

determined by angle-resolved photoemission (ARPES) to have a binding energy 

of 0.2 eV66, only moderately lower than estimates for the intralayer binding 

energy in MoSe2 of 0.55 eV67. The isolation of interlayer excitons in vertical Van 

der Waals heterostructures has additional promise as an effective handle to 

control the difficult to control charge neutral excitons in that, being aligned 

dipoles instead of randomly scattering within the layer, they can be modified and 

controlled by applied voltage in addition to changes in the surrounding dielectric 

environment68. While these developments hold great promise, the Van der Waals 

gap separating two materials and especially metal contacts can have detrimental 

effects on device performance, which has motivated the more challenging task of 

forming lateral, bonded junctions between 2D materials and contacts. 

It is worth considering the differences between lateral and vertical TMD 

heterojunctions. Lateral junctions are more difficult to accomplish than vertical 

junctions because it necessitates a synthetic, bottom-up approach, where vertical 

junctions could be formed by simply exfoliating one material onto the other. 

Despite this challenge, there are many reports of relevant TMD semiconductor 

junctions grown by CVD with atomically sharp boundaries such as the type 2 
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WS2/MoS2
69

 and the type 1 MoS2/MoSe2 junctions70. Dynamical measurements 

of excitons in lateral junctions are less common due to the difficulty accessing the 

atomic interface with diffraction-limited optics, but transient reflectance carried 

out by Bellus et al. measured rapid exciton transfer from MoS2 to MoSe2 by 

pumping above the MoS2 bandgap and probing the lower MoSe2 gap and 

observing the temporal evolution of the gaussian exciton distribution near the 

interface70. Computational simulations carried out by Yang et al. suggest that the 

dynamics at a type 2 lateral junction like WSe2/MoS2 shows significantly different 

interface dynamics between the vertical and lateral heterojunctions, finding that 

the greater wavefunction overlap between the two materials results in three 

orders of magnitude faster radiative recombination than the vertical 

heterostructure71, which could have significant implications for photonic devices. 

Formation of lateral junctions can be even more important for metal-

semiconductor junctions to avoid the formation of Schottky barriers. The unique 

phase properties of the semiconducting TMD MoTe2 are a promising avenue to 

avoid the difficulties of forming lateral metal connections. 

High contact resistance in TMD devices remains a difficult issue which 

limits their performance. One strategy to reduce contact resistance between a 

metal and 2D semiconductor is to form a lateral junction by a utilizing a metallic 

2D material rather than a bulk metal. MoTe2 is a promising TMD to investigate 

this because it has two room temperature stable phases, the semiconducting 2H 

and the semi metallic 1T’. The two phases are related by a Pierls distortion, 
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which shifts the central Mo atoms in adjacent unit cells closer to one another. Of 

all the 2H Mo or W based TMDs, MoTe2 requires the smallest amount of energy 

to convert from the 2H to the 1T’ phase72, 73. The 2H-1T’ phase transition has 

been achieved in a number of different ways, including electrostatic doping74, 

laser irradiation75 and tensile strain76. Controlled growth of metal-semiconductor 

MoTe2 junctions has been reported in CVD techniques77. Few-layer MoTe2 FETs 

made using lateral 2H-1T’ junctions have several times smaller Schottky barriers, 

as small as 30 meV, and demonstrate stronger gate voltage modulation78. 
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A summary of concepts relating to the design and construction of experimental 

apparatus for optical data collection and sample temperature control are 

presented in this section.  

Second Harmonic Generation 

Second harmonic generation (SHG) and third harmonic generation (THG) 

are used to generate ultrafast pulses used as a pump in both transient 

spectroscopy experiments and in the non-collinear parametric amplifier. SHG is a 

special case of sum-frequency generation where two identical fundamental 

photons are combined in a nonlinear medium to create a new photon at twice the 

energy of the initial photons. The ability of a material to support sum-frequency 

generation is characterized by its second-order nonlinear optical susceptibility, 

𝜒(2). For low fields in the linear regime, the linear optical susceptibility,𝜒(1), 

describes the polarization response a material demonstrates after interaction with 

an electric field, 

 �̃�(𝑡) = 𝜀𝑜𝜒(1)�̃�(𝑡) (2.1) 

 

Where �̃�(𝑡) is the polarization or dipole moment per unit volume, and 𝜀𝑜 is 

vacuum permittivity. Nonlinear polarization can be described by expanding the 

expression for linear polarization as a power series, 
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 �̃�(𝑡) = 𝜀𝑜[𝜒(1)�̃�(𝑡) + 𝜒(2)�̃�2(𝑡) + 𝜒(3)�̃�3(𝑡) + ⋯ ]

≡ �̃�(1)(𝑡) + �̃�(2)(𝑡) + �̃�(3)(𝑡) + ⋯ 

(2.2) 

 

Where 𝜒(2) and 𝜒(3)represent the second and third order components of the 

optical susceptibility. The second order optical susceptibility must vanish for 

crystals with inversion symmetry, requiring the use of non-centrosymmetric 

crystals like Beta-Barium Borate (BBO) for sum frequency generation.  The 

mathematical treatment of second harmonic intensity generation in a nonlinear 

crystal is given by Boyd, where the polarization of the second harmonic photon is 

given by79, 

 𝑃(2𝜔) = 2𝜀𝑜𝑑𝑒𝑓𝑓𝐸1
2 = 2𝜀𝑜𝑑𝑒𝑓𝑓𝐴1

2𝑒2𝑖𝑘1𝑧 (2.3) 

 

Where 𝐸1 is the electric field of the incident fundamental beam, and 𝑑𝑒𝑓𝑓 

represents the relevant tensor elements of the crystal symmetry group and the 

associated  𝜒(2). When factored into the coupled wave equation with the 

polarization of the fundamental beam, the electric field amplitude rate of change 

with crystal propagation distance, 𝑧, 

 𝑑𝐸2

𝑑𝑧
= −

𝑖𝜔2
2

𝑛2𝜔𝑐
𝑑𝑒𝑓𝑓𝐸1

2𝑒𝑖Δ𝑘𝑧 (2.4) 



 

46 
 

 

Where phase mismatch is given by Δ𝑘 = 𝑘(2𝜔) − 2𝑘(𝜔). This can be integrated 

over an interaction length, 𝑙, to arrive at an expression second harmonic intensity 

as a function of interaction length and the phase mismatch, Δ𝑘, 

 

𝐼(2𝜔, 𝑙) = −
2𝜔2𝑑𝑒𝑓𝑓

2𝑙2

𝑛2𝜔𝑛𝜔
2𝑐3𝜀𝑜

(
sin (

1
2 Δ𝑘𝑙)

1
2 Δ𝑘𝑙

)

2

𝐼2(𝜔) (2.5) 

 

The second harmonic intensity is maximized by minimizing Δ𝑘 resulting in the 

phase-matched condition, which can be accomplished by cutting the nonlinear 

crystal at an angle to optimize for the desired photon energy. Birefringent crystals 

cut at specific angles are often utilized to minimize this phase mismatch. 

Birefringence is an optical property of a material having a refractive index 

which depends on the propagation direction and polarization of light. Birefringent 

crystals are further categorized as uniaxial and biaxial. Uniaxial crystals have a 

single axis which determines the optical anisotropy, which is called the optical 

axis.  Light propagating parallel to the optical axis is governed by an ordinary 

refractive index, 𝑛𝑜. Light which travels in a different propagation direction will 

experience a refractive index which depends on polarization, where the 

component of polarization normal to the optic axis experiences 𝑛𝑜, but the 
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component parallel experiences an extraordinary index, 𝑛𝑒.  Minimization of Δ𝑘 is 

achieved when the following relationship is true, 

 𝑘1 + 𝑘2 = 𝑘3 (2.6) 

 

Since the magnitude of the 𝑘 is 
𝑛𝜔

𝑐
 where 𝑛 is the refractive index,  𝜔 is the light 

frequency and 𝑐 is the speed of light, the first step in achieving phase matching is 

minimizing the refractive index experienced by the highest frequency photon by 

polarizing it either ordinary or extraordinary. Then the polarization of the other 

photons can either be the same (Type I) or different (Type II). This allows one to 

use the angle between the propagating wavevector and the crystal optic axis,), 

as a tunable parameter to modify 𝑛𝑒 achieve phase-matching. The relationship of 

the extraordinary index of refraction to 𝜃 is given by, 

 1

𝑛𝑒(𝜃)2
=

sin2 𝜃

�̅�𝑒
2 +

cos2 𝜃

𝑛𝑜
2

 (2.7) 

 

Where �̅�𝑒 is the principle value of the extraordinary index which at 𝜃 = 0 is equal 

to the ordinary index of refraction. The refractive index condition which achieves 

type I phase matching second harmonic generation in a uniaxial crystal is,  
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 𝑛𝑒(2𝜔, 𝜃) = 𝑛𝑜(𝜔) (2.8) 

 

This allows one to achieve a minimized phase mismatch by cutting a crystal at 

the angle 𝜃 with respect to the optical axis. Optimal crystal cut angles for type I 

SHG and type II THG in BBO were simulated in the commercial SNLO software 

package. For SHG, 

 1030.0(𝑜) + 1030.0(𝑜) = 515.0 (𝑒) (2.9) 

 

The BBO was accordingly cut to 𝜃 = 23.5  to satisfy the angle tuning 

requirements to minimize phase mismatch in SHG. Finally, part of the SHG 

output is combined with the fundamental to carry out THG of the form, 

 1030.0(𝑜) + 515.0(𝑜) = 343.3 (𝑒) (2.10) 

 

Necessitating a crystal cut angle of 𝜃 = 62.8. The SHG and THG processes are 

reasonably efficient, having achieved operating efficiencies of ~50% and ~17% 

respectively. Of the total output of the laser, this allows a maximum of 5.25 
𝜇𝐽

𝑝𝑢𝑙𝑠𝑒
 

515 nm and 1.78 
𝜇𝐽

𝑝𝑢𝑙𝑠𝑒
 343 nm at the 200 kHz typical laser repetition rate used in 

experiments.  
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Supercontinuum Generation 

Broadband, ultrafast pulses to be used as both a probe and seed for other 

nonlinear processes are generated from infrared fundamental pulses by 

supercontinuum generation in an yttrium aluminum garnet (YAG) crystal. The 

high peak electric field of highly focused, intense pulsed light changes material 

properties as it passes through a system through different mechanisms, including 

coupling to electronic, rotation or vibrational motion, electrostriction or molecular 

reorientation. The influence of the high electric field results in intensity-dependent 

refractive indices, which serves to further focus light (self-focusing) and amplify 

self-phase modulation (SPM). SPM causes an intensity-dependent, non-spatially 

uniform phase change to occur in the laser pulse, which can result in such 

significant spectral broadening to result in the formation of white light from 

infrared spanning the entire visible and near infrared (NIR) spectrum. The 

intensity dependent refractive index is a third order 𝜒(3) process which does not 

require a material to be non-centrosymmetric. While almost any material can 

demonstrate supercontinuum generation, including water and air, YAG was 

selected as the supercontinuum medium because the onset pulse energy is  

roughly 50% lower than the more common sapphire across a variety of laser 

systems 80 and it is more resistant to laser damage, so that a crystal rotating 

apparatus 81 would not be required as added experimental complexity.    

A significant limiting factor on transient experiments in the NIR is the 

spectral non-uniformity in the YAG supercontinuum. Many factors influence the 
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shape and stability of the supercontinuum, including focal volume, pulse duration, 

peak pulse intensity and crystal thickness 80 to name a few. Initially, a 1 mm thick 

YAG crystal was utilized in supercontinuum generation to minimize the significant 

group velocity dispersion of the material (YAG:146.23 fs2/mm fused silica: 57.540 

fs2/mm) to yield less temporally broadened pulses after exiting the material, since 

subsequent nonlinear processes are more efficient with the shorter input pulses. 

This approach became problematic because the length of the filament in the 3 

mm crystal caused the intensity of the supercontinuum to dip significantly in the 

950-750 nm spectral region. Moving to a thicker, 10 mm crystal resulted in 

increased continuum intensity in the NIR region allowing high S/N transient 

spectroscopy there (Figure 2.1). 

 

Figure 2.1. 3 mm YAG (left) and 10 mm YAG (right) supercontinuum 

Non-Collinear Parametric Amplification 

Wavelength-tunable ultrafast pump-probe pulses for some experiments 

are provided by a pair of non-collinear optical parametric amplifiers (NOPAs). 
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Optical parametric amplifiers, in general, involve a 3-wave mixing process, in 

which the interaction of three pulses, including a high frequency and intensity 

pump (𝜔𝑝), lower frequency and intensity signal (𝜔𝑠), and idler pulse (𝜔𝑖 with 

𝜔𝑖 < 𝜔𝑠 < 𝜔𝑝) results in the amplification of the signal pulse at the expense of the 

pump. In order for efficient amplification to occur, the phase-matching condition 

governed by conservation of momentum must be satisfied, 

 �⃗⃗�𝑝 = �⃗⃗�𝑠 + �⃗⃗�𝑖 (2.11) 

 

Where �⃗⃗�𝑝, �⃗⃗�𝑠 and �⃗⃗�𝑖 are the wave vectors of the pump, signal and idler pulses, 

respectively. The decision to use a non-collinear arrangement, as opposed to the 

simpler collinear arrangement is due in large part to the greater phase-matching 

bandwidth achieved in a non-collinear arrangement. The phase-matching 

bandwidth is defined as the range of frequencies which achieve proper phase 

matching conditions in the non-linear crystal interaction. As femtosecond pulses 

are comprised of a broad frequency distribution, their amplification takes place 

over a broad range of frequencies, necessitating a large phase matching 

bandwidth. Phase matching bandwidth, ∆𝜔, is defined by 82, 

 
∆𝜔 =

2.7831

|
1

𝑣𝑔,𝑖
−

1
𝑣𝑔,𝑠

| 𝐿
𝑘1 + 𝑘2 = 𝑘3 

(2.12) 
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Where 𝑣𝑔,𝑖 and 𝑣𝑔,𝑠 are the group velocities of the signal and idler, respectively. 

The term in the denominator of Equation 2.12 describes what is called the group 

velocity mismatch (GVM) between two propagating pulses over the length of the 

crystal medium. If the GVM is great, the pulse envelopes do not interact to an 

appreciable extent within the crystal, effectively missing each other spatially. In a 

collinear arrangement, once the wave vector phase matching condition is 

satisfied, the phase matching bandwidth is set, as there is only one group 

velocity associated with each of the signal and idler travelling in the ordinary 

direction of a uniaxial birefringent crystal. This inflexibility is addressed by 

introducing a non-collinear geometry between the signal and pump beams by 

crossing the pump and signal at an angle 𝛼, such that, the group velocities may 

be matched according to the equation, 

 𝑣𝑔,𝑠 = 𝑣𝑔,𝑖 cos Ω (2.13) 

 

Where Ω represents the angle between the signal and the idler. This allows for 

significantly improved phase matching bandwidth across many pulse center 

wavelengths. 

  Two NOPAs, one pumped with 343 nm from THG and the other pumped 

with 515 nm light from SHG both amplify the broad supercontinuum generated in 

the YAG crystal by focusing and combining the two beams in cut BBO crystals at 

a small crossing angle, 𝛼. The design of the two NOPA system was influenced by 
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a design by Homann et al 83. While reproduced faithfully from the reference at 

first, including using the same CMXR Impulse laser system, changes made to the 

final focusing optics of each NOPA including replacing the curved mirrors with 

dichroic mirrors and fused silica lenses to focus the 343 nm and 515 nm light into 

the BBO crystals, in addition to using the YAG crystal in favor of the sapphire for 

the seed continuum generation. The reproduction of the UV NOPA from the 

reference never approached the cited performance of 140 nJ/pulse output at its 

650 nm center wavelength, only approaching 35 nJ/pulse under ideal 

circumstances. The modifications replacing the curved mirrors with lenses and 

dichroic mirrors (Figure 2.2), while adding a small amount of dispersion to the 

pulses by introducing additional material in the beam path, allowed the pump 

beam profile to remain constant over the sample the delay micrometer range, 

which resulted in a more spatially symmetric amplified beam profile, as well as 

generating up to 83 nJ/pulse amplified light from the 343 nm pumped NOPA. The 

UV pumped NOPA could amplify light over between 490 and 750 nm by tuning 

the pump-seed crossing angle and by delaying the arrival of the pump with a 

mechanical delay stage. The 515 nm pumped NOPA was constructed after the 

343 nm, so its design was not compared to the curved mirror design. The 515 nm 

NOPA, having roughly 2x the pump intensity as the UV NOPA (1150 nJ/pulse vs. 

2250 nJ/pulse when run simultaneously) is capable of outputting 115 nJ/pulse 

amplified light at 670 nm, but cannot amplify wavelengths below ~550 nm, as the 

343 nm NOPA can, but offers a tunable range extending into the NIR.  
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Figure 2.2. Schematic of dual simultaneous NOPA setup using 343 and 515 nm 

pump beams 

Ultrafast Spectroscopy Optical Setup and Detection 

The transient signals are detected by one of two schemes: Lock-in 

detection for single wavelength monitoring and line-scan camera for broadband 

detection. Both detection schemes allow for measuring the difference spectrum 

necessary for transient spectroscopy.  

Lock-in Transient Microscopy Setup 

The lock-in detection transient microscopy detection setup takes NOPA 

output from both the 515 nm and 343 nm pumped NOPAs as probe and pump 

pulses, respectively. Both pulses are sent through prism compressors to 

compensate for second order dispersion due to previous optical components 
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such as fused silica lenses, BBO and the YAG crystal. The prism compressors 

introduce negative second order dispersion, reducing the influence of temporal 

chirp. The pump beam is then sent through a variable mechanical delay stage 

before being focused onto the sample by an objective lens. The reflected probe 

beam is then detected on an avalanche photodiode, after the probe is removed 

by a longpass filter (Figure 2.3). The fundamentals of lock-in detection and pulse 

compression using prism pairs will be discussed as they relate to the 

construction and optimization of the transient microscopy setup. 

 

Figure 2.3. Lock-in detection ultrafast optical microscopy setup 

The second order dispersion, 
𝑑2𝑛

𝑑𝜆2, of most materials including YAG, BBO 

and fused silica is usually positive and tends to temporally broaden ultrafast 

pulses. The degree to which a material broadens a pulse per unit length is given 

by the group velocity dispersion (GVD), 
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𝐺𝑉𝐷 =

𝜆3

2𝜋𝑐2
(

𝑑2𝑛

𝑑𝜆2
) (2.14) 

 

The positive GVD experienced by pulses can be compensated by introducing 

negative dispersion with a pair of prisms arranged as a prism compressor. A 

prism compressor is typically constructed with a matched prism pair with a 

folding mirror to send the input pulse back through the same path it entered. A 

prism compressor takes advantage of most materials’ normal dispersion having 

higher refractive indices for higher energy photons than for lower energy 

photons. To compensate for this, lower energy photons are made to travel for 

more path length through prism glass than the higher energy photons, bringing 

them into closer temporal alignment. The wavelength-dependent path length, 

𝑃(𝜆), is given by, 

 𝑃(𝜆) = 2𝑙𝑐𝑜𝑠(𝛽) (2.15) 

 

Where 𝑙 is the separation between prism apexes and 𝛽 is the angle of the 

dispersed beam. Assuming the angle 𝛽 is relatively small, the prism pair group 

delay dispersion (GDD), the GVD multiplied by material pathlength, can be 

determined by84, 
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𝐺𝐷𝐷 =

𝜆3

2𝜋𝑐2
[−4𝑙 {2 (

𝑑𝑛

𝑑𝜆
)

2

} + 4 (
𝑑2𝑛

𝑑𝜆2
) (2𝐷1/𝑒2 )] (2.16) 

 

Where 𝐷1/𝑒2 is the 1/𝑒2 beam diameter. The first term is always negative and 

varies with the prism separation, and the second term magnitude is always 

positive and depends on the light path length through the prisms. The first term 

can be made large and negative to compensate for positive dispersion 

introduced by previous optical elements. Two prism compressors using SF10 

prism pairs were constructed to compensate for dispersion in the 515 nm and 

343 nm pumped NOPAs. Total second order dispersion was estimated by adding 

material-introduced GDD, multiplying GVD (Equation 2.14) by the path length 

through each material, and solving equation 2.16 for the optimal separation. 

Typical separation for the typical pump wavelength of 650 nm was roughly 40 

cm. The separation for the probe prism compressor was slightly larger. 

Lock-in amplification involves introducing a periodic reference modulation 

into a system, 𝜔𝑟 and measuring the system response signal as it relates to an 

internal sinusoidal reference frequency, 𝜔𝐿. The lock-in amplifier multiplies the 

periodic signal by the internal reference sine wave and integrates over a time 

interval, resulting in both a sum (𝜔𝑠 + 𝜔𝐿) and a difference (𝜔𝑠 − 𝜔𝐿) frequency 

signals which are then passed through a low-pass filter. If 𝜔𝑠 = 𝜔𝐿, the difference 

frequency component will be a DC signal, of the form, 
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𝑉𝑜𝑢𝑡 =

1

2
𝑉𝑠𝑖𝑔𝑉𝐿cos (𝜃𝑠𝑖𝑔 − 𝜃𝑟𝑒𝑓) (2.17) 

 

Where 𝜃𝑠𝑖𝑔 and 𝜃𝑟𝑒𝑓 are the phase between the signal and the square wave and 

internal reference, respectively. A second filter multiplies 𝑉𝑜𝑢𝑡 by a 90° phase-

shifted reference wave to remove the phase dependence of the output signal, 

resulting in the quantities, 

 𝑋 = 𝑉𝑠𝑖𝑔 cos 𝜃 ;  𝑌 = 𝑉𝑠𝑖𝑔sin 𝜃 (2.18) 

 

Where 𝑋 is the ‘in-phase’ component of the signal and 𝑌 is the ‘quadrature’. The 

phase dependence can be removed entirely by computing the magnitude of the 

signal vector, 

 𝑅 = (𝑋2 + 𝑌2)1/2 (2.19) 

 

An ultrafast measurement utilizing lock-in detection involves using a modulator 

on the pump excitation beam to introduce an external variation 𝜔𝑟 to compare to 

𝜔𝐿 and monitor the signal response at a specified frequency. A Zurich 

Instruments HF2LI digital lock-in amplifier is used to drive an optical chopper at 

990 Hz. In a typical experiment, a both the pump and probe beams are centered 
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at a single wavelength and the modulated excitation beam is spatially filtered out 

before detection at a Hamamatsu C12702-12 avalanche photodiode or Thorlabs 

DET36A silicon photodiode. The primary advantage of lock-in detection for the 

following experiments is its speed. Lock-in detection enables rapid, high S/N 

measurements for the many measurements necessary when performing spatially 

scanned ultrafast microscopy experiments. A S/N ratio of 85 was achievable 

using a relative time constant of 200 ms and data acquisition wait time of 800 ms, 

with a small, additional wait time added to account for stage movement time. 

 Broadband Reflectivity Setup 

Broadband detection using the Imaging Solutions Group LightWise ELIS 

1394 line scan camera is much slower than lock-in detection, being limited to 

clear speed of the 1x1024 pixel CMOS chip on the order of 500 microseconds for 

a single reading but enables monitoring a range of transient features spanning 

the white light continuum. The broadband setup bypasses the NOPAs in favor of 

using the 515 nm SHG beam as a fixed pump and using the white light 

continuum generated by the YAG crystal as a probe. Prism compressors were 

not utilized, as pulse duration optimization is impossible over a broadband 

wavelength range. The pump is delayed before mechanical chopper modulation 

and re-combination with the probe beam. Pump and probe beams are 

horizontally offset to allow for spatial filtering after reflectance at the sample 
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before detection (Figure 2.4).

 

Figure 2.4. Broadband line scan camera detection schematic 

The difference spectrum is calculated by detecting the white light continuum after 

interaction with the sample both with and without the pump beam. Comparing the 

‘off’ and ‘on’ signals requires precise timing which is accomplished by a custom-

built transistor-transistor logic (TTL) signaling circuit which takes the laser 

repetition rate as input to create two square waveforms: one at 250 Hz to drive 

the optical chopper modulation and one at 1 kHz to drive the camera. The 

difference measurement requires these two waveforms to be in phase, otherwise 

the ‘off’ and ‘on’ pulses will not be compared. The waveforms are synchronized 

by latching the signal of the camera to a DAQ digital output and passing both the 

latched 1 kHz and 250 Hz waves through a logical AND gate. Finally, the 1kHz 

wave is inverted and used as an edge trigger for the camera. The electronics are 
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shown in detail below (Figure 2.5). The two square waves result in data frames of 

1000x1024 collected at 1 frame per second with every 2 rows being ‘off’ with the 

adjacent two being ‘on’ to minimize line-line readout noise. Averaged difference 

spectra are calculated from the arrays in a LabVIEW program which also steps 

the 50 mm optical delay stage using the Newport Q-8 motion controller 

(Appendix A).  

 

Figure 2.5. Detailed schematic of line scan camera detection electronics 

The x-axis of the averaged difference spectrum is calibrated to photon 

energy by measuring the transmission of a series of 7 bandpass filters ranging 

from 580 to 880 nm, then fitting each line shape with a Gaussian function and 
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applying a linear regression to convert pixels into photon energy (Appendix B), 

resulting in a pixel to photon energy calibration curve (Figure 2.6).  

 

Figure 2.6. Camera pixel calibration with bandpass fit uncertainty and 95% 

confidence boundaries 

To quantify the capabilities of the line scan camera detection scheme 

using a system representative of the TMDs to be studied later, the transient 

reflectivity of CVD-grown graphene on Si/SiO2 was measured using a 515 nm 

pump and detecting over the white light continuum. The 
∆𝑅

𝑅
 from 1.2 to 2.1 eV 

slopes to the right with increasing delay, which follows from normal dispersion 

present in the optical components causing the higher energy photons to arrive at 

the camera after the lower energy photons (Figure 2.7a). Similar previous 

transient reflectivity measurements on graphene demonstrate a rapid, 300 fs 

decay using 800 nm, 150 fs excitation which was attributed to carrier cooling and 
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recombination85.The observed longer decay of 532 fs then provides a reasonable 

estimate of the pump/probe cross correlation at 1.7 eV (729 nm) (Figure 2.7).  

 

Figure 2.7. a.) Cross correlation estimate with graphene on Si/SiO2. b.) ΔR/R at 

1.7 eV 

Raman Spectroscopy 

 Raman spectroscopy is a spectroscopic technique used to examine 

vibrational modes by inelastic photon scattering known as Raman scattering. The 

technique involves using a monochromatic light source like a laser to interact 

with molecular vibrations or collective crystal oscillations (phonons) of the sample 

system. Molecular vibrational modes are accompanied by either a change in 

dipole moment or a change in polarizability, making them either infrared (IR) or 

Raman-active, respectively. The core principles of Raman spectroscopy can be 

described by a classical treatment, with a representative monochromatic light 

source given by the electromagnetic planewave, 
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 �⃗⃗�(𝑟, 𝑡) = 𝐸𝑖
⃗⃗⃗⃗ (𝑘𝑖

⃗⃗⃗⃗ , 𝜔𝑖)cos (𝑘𝑖
⃗⃗⃗⃗ ∙ 𝑟 − 𝜔𝑖𝑡) (2.20) 

This planewave will induce an oscillating polarization within the medium equal to, 

 �⃗⃗�(𝑟, 𝑡) = 𝜒(𝑘𝑖
⃗⃗⃗⃗ , 𝜔𝑖)𝐸𝑖

⃗⃗⃗⃗ (𝑘𝑖
⃗⃗⃗⃗ , 𝜔𝑖)cos (𝑘𝑖

⃗⃗⃗⃗ ∙ 𝑟 − 𝜔𝑖𝑡) (2.10) 

The polarization has the same frequency and wavevector as the incident light, 

which results in Raleigh scattering. It is expected that the susceptibility depends 

on the nuclear positions and coordinates, such that one can expand the 

susceptibility in a Taylor series about the normal vibrational modes of the system,  

 �⃗⃗�(𝑟, 𝑡) = �⃗⃗�(�⃗�, 𝜔0)cos (�⃗� ∙ 𝑟 − 𝜔0𝑡) (2.11) 

Where �⃗� and 𝜔0 are the wavevector and frequency of the normal mode phonons. 

The Taylor expansion about the normal mode vibrations becomes, 

 
𝜒(𝑘𝑖

⃗⃗⃗⃗ , 𝜔𝑖, �⃗⃗�) = ∑ [
1

𝑛!
(

𝜕𝑛𝜒

𝜕�⃗⃗�𝑛
) �⃗⃗�𝑛(𝑟, 𝑡)]

∞

𝑛=0

 (2.12) 

Substitution of Eq 2.23 to first order into Eq 2.21 yields, 

 
�⃗⃗�(𝑟, 𝑡, �⃗⃗�) =

1

2
(

𝜕𝜒

𝜕�⃗⃗�
) �⃗⃗�(�⃗�, 𝜔0)𝐸𝑖

⃗⃗⃗⃗ (𝑘𝑖
⃗⃗⃗⃗ , 𝜔𝑖) 

× cos(𝑘𝑖
⃗⃗⃗⃗ + �⃗�) ∙ 𝑟 − (𝜔𝑖 + 𝜔0)𝑡) + cos(𝑘𝑖

⃗⃗⃗⃗ + �⃗�) ∙ 𝑟 − (𝜔𝑖 − 𝜔0)𝑡) 

(2.13) 

The main consequences of Eq 2.24 are that in addition to the Raleigh scattering 

at the incident light frequency, there are two additional scattered beams for each 
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Raman-active vibrational mode: one at a higher frequency (𝜔𝑖 + 𝜔0), known as 

the anti-Stokes peak, and one at a lower frequency (𝜔𝑖 − 𝜔0), known as the 

Stokes peak. A high magnification objective lens is used to focus the 633 nm 

laser onto a sample in a reflection geometry. Subsequently scattered light is 

collected and re-collimated by the same objective passed through a long-pass 

filter to remove the Raleigh scatter peak before detection on a CCD/spectrometer 

system. Additionally, measurement of the low-wavenumber Raman spectrum 

very near the Raleigh peak (within ~10cm-1) is accomplished by instead sending 

the scattered light through a series of interferometric Bragg filters to remove a 

narrow bandwidth about the 633 nm Raleigh peak. 

Cryogenic Optical Helium Refrigerator  

 An Air Products water-cooled helium refrigerator was refurbished and 

modified to support cryogenic optical measurements. The instrument required 

electrical feedthroughs for thermocouple and resistive heater connections to be 

re-built using TorrSeal vacuum epoxy. In addition, the broken resistive heater 

element was replaced by a Thorlabs HT19R metal ceramic heater, to be driven 

with a simple Variac supply. A custom wide-based aluminum mount capable of 

accommodating variable beam heights with tapped fittings for 1/4-20 optical 

pedestals was constructed to mount directly onto the cryostat head (Figure 2.8). 

The sample mount serves the dual purpose of providing additional sample 

vibrational stability from the mechanical action of the helium compressor pump 

which, during the initial cooling cycle, can be significant. Additionally, copper 
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sample holders were designed and machined for reflective and transmissive 

experiments to support small (< 2 mm2) substrates while optimally conducting 

heat to the cold head using an array of through holes and molybdenum foil to 

secure samples (Figure 2.8). The gold-chromel thermocouple has measured 

temperatures as low as 8 K when mounted directly against the cold head. The 

sample temperature is likely a higher value, around 20-30 K measured by 

clamping the thermocouple at the top of the copper mount, but it is difficult to 

mount the thermocouple nearer to the sample and maintain the necessary 

thermal contact without pump vibration dislodging the wires.  

 

Figure 2.8. Cryostat optical table mount (left) cold head sample mount (right) 
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Abstract 

The dominant exciton decay mechanisms of chemical vapor deposition 

(CVD) grown, few-layer MoTe2 are investigated by measuring and statistically 

analyzing its ultrafast, optical transient reflectivity dynamics under different pump 

excitation energies, fluences and temperatures. Defect interaction controls the 

ultrafast exciton decay pathways. Weak intralayer bonding in few-layer, CVD 

MoTe2 causes it to have a greater defect density than in other mechanically 

exfoliated 2D transition metal dichalcogenides. Direct charge carrier occupation 

of trap states is thought to cause an additional transient feature on the A’ exciton 

which is not present in the absorption spectrum. Additionally, long-term ambient 

air exposure does not significantly affect few-layer MoTe2 exciton decay time and 

absorption peak shape, increasing this material’s suitability for many 

technological applications. 

Introduction 

  Atomically thin transition metal dichalcogenides (TMD: MX2 M=Mo, W ; 

X=S, Se, Te) have promising layer-dependent material properties such as strong 

absorption, tunable bandgap and dielectric screening86.  Due to the reduced 

dimensionality and dielectric screening, defects influence optical and electronic 

properties much more than in conventional 3D semiconductors. Such defects 

critically control material properties such as doping, photoluminescence yield and 

exciton lifetime59, 62, 87-89. Chemical defects also affect the environmental stability 
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of the materials towards oxidation which may further degrade material properties 

over time61, 90. These defects are more prevalent in technologically relevant large 

area films than the microscopic samples exfoliated from high purity bulk single 

crystals. While many TMDs such as MoS2 and WS2 are stable in air for long 

periods of time, other TMDs such as MoTe2 are especially reactive and exhibit 

environmental stability dependent upon sample quality and defect density91. For 

example, bulk-exfoliated monolayer MoTe2 demonstrates a rapid oxidation to 

TeO2 and MoO3
61, 62. Despite the instability of the monolayer, MoTe2 is a 

particularly promising material for photonics and photodetector applications due 

to its near-IR (NIR) bandgap which varies from 0.9 eV in the bulk to 1.1 eV at the 

monolayer limit, coinciding with the bandgap of Silicon (1.1 eV)92. The reactivity 

of monolayer MoTe2 samples requires using an additional material such as h-BN 

or graphene to isolate the monolayer and protect it from atmospheric oxidation. 

However, passivation processes such as these are difficult to scale to larger 

samples than micrometer dimension flakes.  

Few-layer MoTe2 possesses many of the promising optical properties of 

the monolayer, but with enhanced environmental stability. Oxidation of its surface 

layer passivates defects and results in a naturally occurring, self-limiting 

MoO3/MoTe2 encapsulation93. In addition to increased environmental stability, 

some applications benefit considerably by utilizing few-layer MoTe2 instead of the 

monolayer, taking advantage of its greater light absorption and faster response 

times in photodetectors94, 95. The performance of optoelectronic devices depends 
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critically upon both the absorption of light and the subsequent dynamic behaviour 

as the light is converted to charge carriers, excitons, or is re-emitted. The 

absorption spectrum of few-layer MoTe2 has been previously reported, but the 

dynamics of this material have not, likely due to the poor environmental stability 

of previous MoTe2 samples. There has been little work done to characterize the 

ultrafast exciton dynamics of MoTe2, and what has been investigated is the bulk-

exfoliated samples only57, 58. 

In this paper, we report ultrafast carrier dynamics from ultrafast, 

broadband transient reflectivity studies of CVD-grown few-layer MoTe2. We 

probe the optical dynamics when pumped in the visible and infrared and observe 

non-linearity in the dynamics with pump fluence. We attribute these nonlinearities 

to easily occupied defects which we model using a previously reported saturable 

absorber model. We probe the contribution of phonons by performing 

temperature dependent measurements, and finally we observe a new feature 

which appears in the transient spectrum at low temperature which has not been 

previously reported. 

Experimental 

Few-layer 2H MoTe2 (5-10 layers) was synthesized on double-side 

polished fused silica for transmission measurements and 290 nm SiO2/Si for 

reflectance measurements via chemical vapor deposition (CVD), as reported 

previously77. Ultrafast optical measurements were carried out by splitting 80% of 
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a commercially-available Yb-Doped Fiber Laser (CMXR Impulse) 1030 nm 

fundamental (250 fs at 200 kHz rep rate) to create the pump at 515 nm via 

second harmonic generation in a BBO crystal, while the remaining 20% was 

focused into a YAG crystal to generate a white light continuum (450-1100 nm) as 

a broadband probe. Pump and probe beams were focused onto the sample 

colinearly after sending the pump through a variable motorized delay stage 

(Newport XPS). Probe features were dispersed by a prism and detected by a 

line-scan charged-coupled device (CCD) camera (Imaging Solutions Group). 

Transient reflectivity was measured by mechanically chopping the pump beam 

and computing ΔR/R0 =(R-R0)/R0, where R0 is the sample reflectance of only the 

probe with the pump blocked by the mechanical chopper and R is the sample 

probe reflectance under pump excitation. Samples were cooled to 20 K under 

vacuum in a closed-cycle Helium refrigerator (Air Products and Chemicals Inc). 

Results and Discussion 

The absorption spectrum of few-layer, CVD 2H MoTe2 on fused silica 

(Figure 3.1b.) strongly resembles the previously reported layer-dependent 

absorption spectrum of exfoliated few-layer MoTe2
92.  Like other Group 6 2H 

TMDs, there are two primary exciton peaks in MoTe2 which arise from the spin-

orbit coupling splitting of the valance and conduction bands at the K point in 

momentum space (Figure 3.1c.). The lowest energy exciton, or A exciton, is a 

transition between the highest lying valence to the lowest lying conduction band 

located at the K point. The next higher energy transition, the B exciton, is from 
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the second highest valence band to the second lowest conduction band at the K 

point. These excitonic features are easily observed in few-layer MoTe2 despite 

the indirect band gap of the few-layer material, due to the high oscillator strength 

of the excitonic transitions in 2D materials. Unlike most other Molybdenum and 

Tungsten-based TMDs, MoTe2 also shows strong absorption features for its A’ 

and B’ excitons at higher energies. The exact nature of these excitons is still 

under investigation, but the best explanation is that these are higher energy 

excitons with a moderate interlayer coupling, as they appear predominately in 

multilayer samples96.  These excitons share the same ground state as the A and 

B excitons at the K point and demonstrate the same magnitude of spin-orbit 

splitting as the A and B excitons, as evidenced by their similar peak separation to 

the A and B excitons.  Finally, at higher energies centered near 2.5 eV, a much 

broader absorption from the Γ-centred C exciton transition appears. 

One of the primary challenges in experimentally probing the optical 

properties of MoTe2 is that the material tends to have a higher concentration of 

defects and is more prone to atmospheric degradation than the S and Se based 

TMDs. The absorption spectrum of MoTe2 on fused silica was monitored over six 

months of exposure to ambient air (Figure 3.1b.). The evolution of the spectrum 

over the months long exposure to air was limited to a uniform increase in 

absorption over the visible and NIR spectral range. The uniformity of the spectral 

change, paired with the increased absorption over time suggest this is due to the 

formation of an oxide layer, as TeO2 and MoO3 both much broader, more uniform 
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absorption spectrum in the visible-NIR range than MoTe2. One would instead 

expect a uniform decrease in absorption paired with vanishing exciton peaks to 

correspond to environmental sample degradation, if significant MoTe2 beyond the 

surface layer were oxidizing. There was no significant change in decay dynamics 

measured over the course of the months since synthesis.  

 

Figure 3.1. a.) Few-layer MoTe2 atomic structure, Mo (teal) Te (orange). b.) 

Absorption spectra of few-layer MoTe2 on fused silica measured just after 

synthesis (blue) and after 6 months stored in air (orange). c.) MoTe2 band 

structure demonstrating possible optical transitions with 515 nm (Blue) and 1030 
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nm (Red) pump excitation. Reproduced figure 3.1 c.) with permission from Böker 

T, et al. 2001 Band structure of MoS2, MoSe2 and MoTe2 angle-resolved 

photoelectron spectroscopy and ab initio calculations Phys. Rev. B 64 1-1197. 

Copyright 2001 the American Physical Society 

The major excitonic features of the absorption spectrum are seen in the 

ultrafast reflectivity spectrum. The ultrafast transient reflectivity of few-layer 

MoTe2 was investigated both at 30 K (Figure 3.2a.) and at 298 K (Figure 3.2b.). 

Exciton populations are generated by pumping the C exciton with 515 nm above-

gap photons, forming an initial, non-equilibrium electron-hole distribution which 

relaxes by phonon emission, forming excitons within ~500 fs. The general shape 

of the transient reflectivity features demonstrates a decrease in exciton peak 

reflectivity at each exciton resonance with a red-shifted increase in reflectivity, 

consistent with previous transient reflectivity studies of MoTe2 on Si/SiO2 

showing a positive signal at 1.55 eV41, 57, 58. Previous experiments on similar 

TMDs have shown that excitation at any exciton resonance creates a similar 

derivative-like response at all exciton peaks, even those of higher energy than 

the pump excitation, the cross correlation of our pump and probe pulses, 

suggesting that the exciton population phase space filling is not solely 

responsible for the transient response23.The derivative-like peak shape is well 

described by the presence of excitons inducing a bandgap renormalization in 

addition to the expected exciton phase space filling. The increased charge 

screening due to the excitonic population simultaneously shrinks the electronic 

gap resulting in a transient redshift of the reflectance spectrum, while reducing 
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the exciton binding energy, resulting in a transient blueshift23. The net effect of 

this manifests itself as a derivative-like line shape in the transient spectrum, as 

the position of each steady state absorption peak is shifted slightly in energy as a 

function of time.  

 

Figure 3.2. a.) MoTe2 515 nm/white light continuum transient reflectivity spectrum 

at 30 K, and b.) at 298 K 

By monitoring the kinetics of the transient reflectivity, we probe the 

dynamic optical response caused by excitonic populations and free carriers in 

MoTe2. The spectra show an instrument response-limited rise in the transient 

reflectivity signal that is largely due to the formation of excitons from free 

electrons and holes present after above gap excitation. The rapid change in 
Δ𝑅

𝑅
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can be understood by considering the saturable absorption model of Schmidt-

Rink, Chemla and Miller. The transient reflectivity of an atomically thin layered 

material is related to the absorption98, provided 
Δ𝑅

𝑅
 ≪ 1, 

 ∆𝑹

𝑹
=

𝟒𝑨

𝒏𝟐 − 𝟏
 (3.1) 

 

Where n is the refractive index of the SiO2 substrate (n = 1.50). The transient 

reflectivity then relates to the transient absorption and the saturation density, 

 ∆𝑨

𝑨
=

𝑨(𝑵) − 𝑨𝟎

𝑨𝟎

∝ −
𝑵

𝑵 + 𝑵𝑺

 (3.2) 

 

Where 𝐴(𝑵) and 𝑨𝟎 are the absorption of the sample with the presence of 

photo-carriers (with a density 𝑵) and without it, respectively. The saturation 

density (𝑵𝑺) describes the effectiveness of an electron-hole pair in saturating the 

transition’s oscillator strength. A small saturation density or large inverse 

saturation density (1/𝑵𝑺) reflects a larger optical response. The model describes 

the relative contributions of excitons or free carriers to the inverse saturation 

density of 2D semiconductors in the form of phase space filling and exchange 

interaction contributions. For the condition of a ‘cold’ exciton distribution, where 

𝒌𝑩𝑻/𝑬𝟏𝑺 ≪ 𝟏, the model predicts a ~2x larger inverse saturation density for the 

free carriers than for a similar cold exciton distribution99. The ‘cold’ distribution 
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condition is always satisfied TMD’s, as the exciton binding energies, 𝑬𝟏𝑺, are 

much larger than thermal energy at room temperature. This results in a rapid 

decay of the transient reflectivity signal as the above-gap, free electrons and 

holes rapidly relax into the exciton population by phonon emission27. 

To quantify the ultrafast decay kinetics of MoTe2 in the visible regime after the 

instrument response-limited rise, the transient reflectivity of the A’ Exciton peak 

pumped at the C exciton was monitored as a function of pump fluence (

 

Figure 3.3).  
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Figure 3.3. Bi-exponential Decay Kinetics of the A’ Exciton peak following 515 

nm pump excitation. Scale is in μJ/cm2 

Each trace fit according to a biexponential decay function at the peak 
Δ𝑅

𝑅
 at t0 with 

a constant offset, 

∆𝑹

𝑹
(𝒕) = 𝒐𝒇𝒇𝒔𝒆𝒕 + 𝑨𝟏𝒆

−
𝒕

𝝉𝟏 + 𝑨𝟐𝒆
−

𝒕
𝝉𝟐 

The presence of multiple decay constants reveals multiple decay 

pathways are available for photoexcited excitons.  Previously proposed decay 

pathways in similar TMDs include radiative emission45, 50, 52, 100-102, defect-

assisted non-radiative recombination33, 36, 48, 50, 56, 103, hot-phonon assisted 

internal conversion24, and exciton-exciton annihilation31, 104-106.  The peak 

intensity of the 
Δ𝑅

𝑅
 signal follows a sub-linear relationship with injected exciton 

density (Figure 3.4), which suggests either the presence of multiple exciton 



 

79 
 

interactions or absorption saturation. Multi-excitonic decay pathways usually 

manifest as decay processes which become faster with increased exciton 

density, approaching a squared exciton density dependence due to the two-

particle interaction. The behaviour of both decay rates were investigated as a 

function of pump fluence and temperature to identify the nature of the exciton 

decay process in MoTe2. 

 

Figure 3.4. Peak A’ exciton response saturation at increased 515 nm pump 

fluence at 30 K (blue squares) and 298 K (red circles) fit according to equation 2. 

The fit is indicated by solid lines on each 

The fast decay constant (τ1) demonstrates a sublinear increase in decay 

time with injected carrier density, ranging from a low of 0.8 ps reaching a decay 

time as long as 2.5 ps at high carrier density (Figure 3.5). The increase in time 

constant with carrier density has been previously ascribed to one of two possible 

mechanisms: the first being the due to the phonon bottleneck or hot phonon 

effect, in which a carriers excited above the gap by the pump cannot quickly relax 
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by releasing excess energy as phonons due to the presence of a large density of 

lattice phonons, either from relaxing photo-excited carriers or thermal phonons 48. 

To investigate this, the dynamics of the A’ exciton at 30 K were compared to 

those at 298 K. If the hot phonon effect was influential in slowing exciton decay, 

reducing the phonon population by going to a lower temperature should have 

accelerated the decay pathway. However, no significant difference was observed 

in τ1 at low pump fluence, despite the significant reduction in phonon density 

attributed to the reduced temperature. In addition, if the hot phonon effect was 

determining the lifetime of the early charge carriers and excitons one would 

expect the room temperature, high fluence measurements to yield the longest 

decay times, which is opposite from the observed trend. 

 

Figure 3.5. Average A’ exciton fast time constant (τ1) at 30 K (blue squares) and 

298 K (red circles) under increasing 515 nm pump fluence 
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Another efficient mechanism to describe the slowed decay pathway with 

increasing carrier density is defect-assisted non-radiative recombination, in which 

a finite number of trap sites can be filled by photo-generated excitons, which 

make the decay process take longer as more sites become filled, due to excitons 

having to travel longer distances to occupy available trap states. The fraction of 

excitons and carriers undergoing the fast decay mechanism consistently 

decreases with increasing pump fluence compared to the long time-constant 

weight, A2, and the constant offset (Figure 3.6). This suggests that a larger 

fraction of the excitons decay by the slower decay constant (τ2) mechanism with 

increasing carrier density, as only a finite number of excitons can interact with the 

finite density of defects. 

 

Figure 3.6. Fitting weight ratio of fast time constant (τ1) to the slow time constant 

(τ2) at 30 K (blue squares) and 298 K (red circles) 

We use the saturable absorption model (Equation 2) for defect saturation 

to infer physical properties of our MoTe2. As the early time behaviour can be 
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ascribed to charge carrier and exciton defect trapping, the saturation density 

observed in the peak signal can be used to gauge the number of defect sites in 

the sample. Interestingly, the saturation density is about 1 order of magnitude 

smaller for the sample when measured at 30 K when compared to 298 K. This 

suggests that occupation of some traps requires excitons or free carriers to 

surpass an energy barrier before occupying the trap state. The reduced 

temperature effectively reduces the number of traps available by reducing the 

density and energy of available thermal lattice phonons to assist in carrier 

capture. A saturation density of ~1x1014 cm-2 is about 2 orders of magnitude 

larger than previously measured saturation density on mechanically exfoliated 

MoSe2
107. This is consistent with the expectation that the number of defects in a 

mechanically exfoliated TMD should be significantly smaller than one grown by 

CVD. Additionally, MoTe2 is expected to have a higher number of defects strictly 

due to the weaker Mo-Te bond when compared to the Mo-Se bond.  

The slow decay constant (τ2), is roughly 300 ps, regardless of pump 

fluence or temperature (Figure 3.7). The temperature and fluence independence 

of this decay constant implies that hot phonons are playing a negligible role in the 

exciton decay dynamics. Since the time constant does not increase significantly 

with temperature or pump fluence, the influence of the hot phonon effect can be 

dismissed. In other TMDs, τ2 has been associated with exciton trapping by 

surface trap states. This is due to the surface trap states acting as Auger 

recombination sites for trapped and diffusing excitons. Wang and Farhan 
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previously reported that the effective surface trapping rate decreases with 

increasing layers, as it generally becomes longer with additional layers. For 

example, in monolayer MoS2, this time constant begins at ~50 ps at the 

monolayer and expands to 1 ns at the bulk limit103. There is also no evidence for 

traps being saturated over a wide range of pump fluences further suggesting a 

high density of interfacial traps. It appears that the trap density might be quite 

large compared to the exciton density, as trap saturation does not occur at the 

excitation densities conducted in this study. Trap saturation often occurs in 

mechanically exfoliated samples with lower trap densities when the number of 

excitons occupying traps approaches the available number of trap states, 

resulting in a longer exciton decay with increasing exciton density, but the 

magnitude of these traps is usually much larger in CVD grown samples due to 

the high temperatures involved in synthesis. Thermally induced defects have 

been found to be especially abundant in 2H MoTe2 due to its lower thermal 

stability and weaker atomic bonding strength when compared to MoS2 or WS2, 

with Te vacancies occurring at temperatures as low as 200 C61. 
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Figure 3.7. Average A’ exciton slow time constant (τ2) at 30 K (blue squares) and 

298 K (red circles) under increasing 515 nm pump fluence 

Previous transient reflectivity studies on bulk-exfoliated monolayer MoTe2 

have revealed a similar sub-picosecond thermalization decay with a 60 ps decay 

independent of pump fluence on the blue side of the B exciton in the range 

studied (probing at 1.55 eV)57, 58. A recent transient reflectivity paper investigating 

the same B exciton feature at 1.55 eV in an 80 nm thick exfoliated MoTe2 sample 

displayed a decay lasting longer than 1000 ps41. Our MoTe2 samples, with 

thickness of ~ 5-10 layers is intermediate between the monolayer and bulk limit 

and hence displays an intermediate decay, consistent with this trap interface-

limited decay mechanism. Given that previous transient reflectivity 

measurements on monolayer exfoliated MoTe2 yielded exponential decay times 

near 60 ps, our longer decay times further suggest the involvement of surface-

mediated traps, especially in CVD-grown few-layer MoTe2. This comparison of 

the dynamics at the B exciton shoulder and A’ exciton may be problematic, given 
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that little is known of the electronic structure of the A’. In order to confirm if the 

dynamics were comparable, the A exciton decay dynamics of few-layer MoTe2 on 

fused silica were measured by transient absorption using a different 266 nm 

pump laser and InGaAs detector. It was confirmed the A, B and A’ excitons had 

comparable decay dynamics (Figure 3.8), consistent with previous reports of 

similar exciton dynamics throughout most of the TMD absorption spectra.  

 

Figure 3.8. a.) Pump-Probe spectrum of few-layer MoTe2 on double side polished 

fused silica with 266 nm pump and white light continuum probe at early time 

delay and b.) throughout the entire delay c.) Normalized comparison of A exciton 

dynamics and A’ exciton dynamics 
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Additionally, the A’ exciton dynamics were measured using a transmission 

geometry to confirm the transmissive and reflective measurements were identical 

(Figure 3.9), 

 

Figure 3.9. Comparison of 515 nm Pump/white light continuum probe in reflection 

a.) and transmission b.) geometry of few-layer MoTe2 on double side polished 

fused silica. Dynamics fit using biexponential function with an offset. Reflectance: 

τ1 =218 ± 3 ps τ2=0.922 ± 0.1 ps. Transmission: τ1=188 ± 3 ps τ2=1.10 ± 0.1 ps 

The transient reflectivity dynamics were also investigated using a lower 

energy, 1030 nm pump pulse, photoexciting the B exciton, rather than the C 

exciton at both 30 K (Figure 3.10a.) and 298 K (Figure 3.10b). The general 

features of the transient reflectivity spectra are qualitatively like those pumped at 

the higher photon energy (Figure 3.2). Previous studies have shown that the 

pump photon energy predominantly affects the short time scale dynamics, with 

above gap excess energy resulting in a more pronounced few-ps rise feature 

attributed to carrier thermalization. This rise is attributed to higher photon energy 
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generating more free carriers than excitons which contribute to a greater 

saturation in the exciton transition oscillator strength than excitons, resulting in 

larger, short-lived phase space filling effect until the free carriers thermally relax 

to form excitons24. Comparison of the decay dynamics of 1030 and 515 nm pump 

energies reveals a small increase in both the short (τ1) and long (τ2) time 

constants associated with exciton decay in MoTe2, though generally these 

differences are small and near within the uncertainty of the fitting function for the 

fitting parameters. While there is expected to be a slightly longer thermalization 

time scale with excess pump energy, the difference previously observed in the 

literature is beyond our ability to temporally resolve28, 104. The excess photon 

energy does not significantly influence the longer dynamics, consistent with 

previous reports28. 
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Figure 3.10. a.) MoTe2 1030 nm/white light continuum transient reflectivity 

spectrum at 30 K, and b.) at 298 K 

As the sample cools from room temperature to cryogenic temperature, the 

reflectivity peaks narrow and increase in intensity, and blueshift due to the 

reduced phonon occupancy (Figure 3.11).  



 

89 
 

 

Figure 3.11. A’ exciton peak shape at 1 ps observed at temperatures from 30 K 

up to 240 K 

At low temperatures, an additional negative 
Δ𝑅

𝑅
 feature emerges ~50 meV higher 

energy than the A’ exciton peak (Figure 3.12). The appearance of the spectral 

feature at higher energies, rather than lower energies precludes several possible 

explanations as to its origin. Biexcitons, a neutral quasiparticle consisting of two 

correlated excitons, have been observed in TMDs but are not consistent with the 

observed A’ shoulder. Biexcitons have been shown to appear at lower energies 

in similar pump-probe experiments on monolayer WSe2, the main peak 

separated from the A exciton bleach by 18 meV108. Trions, charged 

quasiparticles of an exciton and an additional charge carrier, also have optical 

signatures and have been observed in similar TMDs. Trions are similarly 

expected to appear at lower probe energies than the neutral exciton, due to their 

reduced binding energy compared to the neutral exciton. Trions have been 
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previously observed in WS2 monolayers using ultrafast pump probe and electrical 

measurements109. The magnitude of the binding energy of both trions and 

biexcitons is somewhat smaller than the observed ~50 meV separation observed 

for the neutral exciton peak in this work. Finally, multi-phonon scattering has 

been invoked to describe shoulder features on the exciton peaks of similar TMDs 

such as monolayer MoS2
104. After above-gap optical excitation, charge carrier 

thermalization can potentially proceed by phonon emission, scattering excitons 

away from the K point where optical excitation occurs, making them optically 

dark. These dark excitons can scatter back into the light cone by undergoing a 

second phonon scattering event of the opposite momentum. The net result is a 

peak redshifted by twice the phonon energy, which is again, in the opposite 

direction expected to describe the blue shifted shoulder of the A’ exciton peak, 

though the energies of twice the A1g and E2g phonons are quite similar in 

magnitude to the observed peak shift.  

The separation of the features at early pump delay appears to be larger 

when pumped with 1030 nm photons (50 meV) than with 515 nm photons (35 

meV) (Figure 3.12).  
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Figure 3.12. Transient response of A’ Exciton region at 1 picosecond after pump-

probe pulse overlap fit to Gaussian functions under 515 nm excitation at 30 K (a) 

and 1030 nm (b) and corresponding data at 298 K for 515 nm pump (c) and 1030 

nm (d) 

The signal rise time observed at the shoulder is significantly longer than at any 

other exciton bleach, only reaching a maximum value after 8 ps, when each other 

feature peaks within 500 fs. Curiously, the dynamics taken at the peak of the blue 

shifted A’ exciton feature reflect only the longer time constant, τ2, and show none 

of the rapid decay attributed to fast electron-hole relaxation into the exciton 

population associated with τ1, present in all other positive and negative features 

in the transient reflectivity spectrum (Figure 3.12). This suggests the feature has 

a similar physical decay mechanism to the other excitonic features, as it decays 
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on the same time scale. Examining the fit coefficients, it is apparent that the 

decay of the A’ shoulder is closer to a mono-exponential decay when pumped 

with 1030 nm, as opposed to 515 nm, which is consistent with free charge carrier 

relaxation into excitons, resembling the decay profile of the A exciton monolayer 

MoS2 when the pump is tuned resonant to the exciton50. One potential 

explanation for the A’ shoulder could be the direct occupation of surface trap 

states without the intervening exciton thermalization process. The difference in 

position and shape of the A’ shoulder with photon energy suggest that the 1030 

nm pump must be in close resonance with a particular set of interfacial traps. 

Alternatively, the feature stem from a higher-lying excited state of the 1s A’ 

exciton, such as the 2s or 2p excited state, as the difference between the two 

peaks is roughly consistent with previously measured exciton non-hydrogenic 

Rydberg series in WS2
13. The Additional electronic and device measurements 

must be carried out to in tandem with optical pump-probe measurements to verify 

this claim. The detailed structure of these non-emissive trap states could be 

further investigated by careful tuning of the pump photon energy and incident 

fluence, presenting an exciting opportunity to quantify the electronic structure of 

2D materials. Additionally, computational studies simulating the low temperature 

transient temporal response of MoTe2 may also aid in revealing the origin of the 

energetic feature. 
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Figure 3.13. Low temperature time evolution of A’ Exciton shoulder pumped with 

1030 nm 

 Conclusion 

We performed broadband, ultrafast transient reflectivity spectroscopy on 

CVD-grown, few-layer MoTe2. The optical properties of MoTe2 were monitored 

over an extended period in air and the surface-limited formation of an oxide layer 

was observed. Ultrafast exciton dynamics at the A’ exciton were measured using 

both 515 nm and 1030 nm pump photons at temperatures ranging from 298 K to 

30 K. The A’ exciton decay dynamics were found to be within uncertainty nearly 

identical, implying lack of meaningful phonon involvement in MoTe2 nonradiative 

exciton decay. Pump fluence was varied revealing significant trap saturation 

dependent dynamics in the short time constant only. An additional photoinduced 

bleach feature was observed at the high energy side of the A’ peak which may 
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arise from direct occupation surface trap states by free electron-hole pairs, 

though additional experiments are needed to confirm this assignment. 
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Abstract 

 Exciton dynamics of monolayer CVD MoS2 and WS2 were measured by 

ultrafast transient reflectivity and were found to show no significant variation with 

excitation fluence up to 70 μJ/cm2. Dynamics near a lateral WS2/MoS2 

heterojunction was measured by reflective transient microscopy. No evidence of 

charge transfer dynamics across the type II semiconductor junction were 

resolvable within the experimental uncertainty. Exciton dynamics near a MoTe2 

2H/1T’ homojunction were similarly measured with no evidence of 

semiconductor-metal charge transfer within experimental uncertainty. 

Introduction 

Atomically thin, 2D materials possess astonishing properties when 

compared to bulk, conventional semiconductors, including exceptional 

mechanical, electronic, and thermal properties. However, the application of these 

next-generation materials as logic components, sensors or solar cells 

necessitates the formation of material heterojunctions between different 

semiconductors to form pn-junctions, as well as semiconductor-metal junctions to 

integrate to other components. The electronic and excitonic behavior in 2D 

junctions is strongly controlled by whether the materials are vertically stacked 

with a separating Van der Waals gap or if they are formed laterally with covalent, 

in-plane bonds.  
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The two most studied TMDs, WS2 and MoS2, are also frequently studied 

as a vertical heterojunction due to the relative ease of mechanically stacking the 

two materials by the deterministic transfer method110. WS2 and MoS2 together 

form a type 2 semiconductor junction, in which the valence band maximum 

(VBM) and conduction band minimum (CBM) of MoS2 are offset or staggered 

with respect to WS2. The conduction and valence band offset defining the relative 

separation of the bands has been experimentally measured by XPS to be 0.41 

eV and 0.25 eV, respectively111 (Figure 4.1). Transient reflectivity on a stacked, 

vertical heterojunction of WS2/MoS2 showed highly efficient, ultrafast formation of 

an interlayer, charge transfer exciton by hole transfer from MoS2 to WS2, 

presenting a promising means of separating the strongly-bound, photogenerated 

excitons64, 112. The prospect of efficient charge separation becomes more 

promising in a lateral heterojunction of the same composition which could 

separate charges without the intervening Van der Waals gap. In either geometric 

configuration, however, the question of charge extraction via a semiconductor-

metal interface must be addressed. In this regard it is also interesting to consider 

TMDs capable of semiconductor to metal phase transitions like MoTe2. 
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Figure 4.1. WS2/MoS2 band alignment determined by x-ray photoelectron 

spectroscopy. Reproduced figure with permission from Yang W, et al. 2018 

Interlayer interactions in 2D WS2/MoS2 heterostructures monolithically grown by 

in situ physical vapor deposition Nanoscale 10 22927-36111. Copyright 2018 the 

Royal Society of Chemistry 

The semiconducting (2H) and semi-metallic (1T’) phases of MoTe2 are 

similarly stable at room temperature, allowing for facile routes to phase-patterned 

homojunctions by strain76, intense laser stimulation75 or flux-controlled chemical 

vapor deposition (CVD) synthesis113. This has led to a great deal of interest in 

device fabrication utilizing 2H-1T’ homojunctions to reduce metal contact 

resistance. Bulk metal contacts deposited onto 2D materials often form a 

Schottky barrier, resulting in both contact resistance and causing non-Ohmic 

current-voltage response. The formation of the Schottky is minimized by doping 

in conventional electronics, but the effectiveness of doping is severely limited in 

atomically thin materials. Formation of covalent bonds between the 1T’ metal 

contact and 2H MoTe2 semiconductor has been shown to dramatically improve 
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electrical contact properties when compared to metal contacts deposited onto 2H 

MoTe2 alone78. While the device properties governing charge carriers at the 

2H/1T’ interface have been measured, it remains an open question how 

photogenerated exciton dynamics are influenced by the semiconductor-metal 

junction.  

The ultrafast dynamics of CVD-grown monolayer MoS2 and WS2 flakes 

were measured with transient reflectivity microscopy, pumping each at the B 

exciton, and monitoring probe reflectance at the A exciton. Lateral 

heterojunctions were identified through a combination of photoluminescence, 

Raman, and optical microscopy. The exciton dynamics of individual flakes were 

compared to the dynamics of the WS2/MoS2 lateral type II semiconductor 

heterojunction flakes when pump and probe beams were translated across the 

interface. In a similar fashion, the exciton dynamics across the in-plane 

semiconductor-metal junction between CVD-grown, few-layer 2H/1T’ MoTe2 was 

investigated for evidence of interfacial charge transfer. 

Experimental 

MoS2/WS2 Lateral Heterostructure Ultrafast Microscopy 

Monolayer MoS2/WS2 lateral heterostructures were grown on polished C-

cut ([0001]) sapphire substrates by a previously reported two-step CVD 

process69. Ultrafast optical measurements were carried out by focusing 20% of a 

commercially-available Yb-Doped Fiber Laser (CMXR Impulse) 1030 nm 
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fundamental output (250 fs at 200 kHz rep rate) into a YAG crystal to generate a 

broadband white-light continuum (450-1100 nm) acting as a seed for two 

NOPAs. The remaining 80% of the fundamental pulse output was directed into 

two BBOs for SHG to pump one NOPA using 515 nm photons and another BBO 

cut to accomplish THG to pump another NOPA using 343 nm photons. The 

515nm and 343 nm NOPAs generate probe and pump pulses, respectively, for 

exciton dynamics measurements on MoS2 and WS2. Pump and probe pulses are 

subsequently passed through variable prism compressors to minimize pulse 

duration due to temporal chirp from optics. Pump and probe beams were focused 

onto the sample colinearly after sending the pump through a variable motorized 

delay stage (Newport XPS) using a 50x long working distance objective (Zeiss, 

Epiplan Apochromat 50x/0.90). Samples were mounted on a scanning 3D piezo 

stage (Mad-City Labs) for transient microscopy measurements. The pump 

excitation beam is spatially filtered using a prism before the probe is directed to 

an avalanche photodiode (Hamamatsu). Transient reflectivity was measured by 

mechanically chopping the pump beam at 990 Hz and computing ΔR/R0 =(R-

R0)/R0, where R0 is the sample reflectance of only the probe with the pump 

blocked by the mechanical chopper and R is the sample probe reflectance under 

pump excitation. 

2H/1T’ MoTe2 Lateral Homojunction Ultrafast Microscopy 

Few-layer (5-10) MoTe2 2H/1T’ lateral homojunctions were synthesized on 

Si/SiO2 substrates with a 180 nm thermal oxide surface layer by a previously 
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published, flux-controlled CVD-method77. Ultrafast optical measurements were 

carried out by focusing 20% of a commercially-available Yb-Doped Fiber Laser 

(CMXR Impulse) 1030 nm fundamental output (250 fs at 200 kHz rep rate) into a 

YAG crystal to generate a broadband white-light continuum (450-1100 nm) to act 

as a probe, while the remaining 80% was used in SHG to create 515 nm in a 

BBO to act as the excitation beam. Pump and probe beams were focused at the 

sample colinearly after sending the pump through a variable motorized delay 

stage (Newport XPS) using a 50x long working distance objective (Nikon, 0.95 

NA). Samples were mounted on a scanning 3D piezo stage (Mad-City Labs) for 

transient microscopy measurements. The pump is removed using a longpass 

filter before dispersing the reflected probe continuum in a prism and subsequent 

focusing onto a CMOS line-scan camera (Imaging Solutions Group). The pump 

was modulated with an optical chopper (Thorlabs) at 500 Hz. Frames of 500 

pump-on and pump-off continuum spectra were compared to compute ΔR/R0 

=(R-R0)/R0. In experiments controlling the circular polarization of light, two visible 

quarter-wave plates (Thorlabs) were used to convert linearly polarized light in 

both the pump and probe beams to right and left-handed circularly polarized light. 

Results + Discussion 

WS2/MoS2 Lateral Heterojunctions 

The exciton decay dynamics of both CVD grown MoS2 and WS2 were 

measured using transient reflectivity spectroscopy, exciting each monolayer at its 
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B exciton and probing dynamics at the A exciton, as indicated by the reflectance 

spectra (Figure 4.2) 

 

Figure 4.2. Reflectance spectra of WS2 (top) and MoS2 (bottom) with excitonic 

optical features labelled. Reproduced figure with permission from Frisenda R, et 

al. 2017 Micro-reflectance and transmittance spectroscopy: a versatile and 

powerful tool to characterize 2D materials J. Phys. D: Applied Physics 50114. 

Copyright 2017 IOP Publishing 

 The A exciton decay for CVD-grown monolayer MoS2 was fit according to a 

biexponential decay function, 

 ∆𝑹

𝑹
(𝒕) = 𝒐𝒇𝒇𝒔𝒆𝒕 + 𝑨𝟏𝒆

−
𝒕

𝝉𝟏 + 𝑨𝟐𝒆
−

𝒕
𝝉𝟐 4.1 
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To estimate fit parameter confidence intervals, a bootstrap fitting routine was 

used to furnish a random array of guesses to each data set, resulting in a fit 

uncertainty for inputs throughout the upper and lower bounds of the fit function. 

The transient reflectivity of MoS2 on the A exciton resonance demonstrates a 

transient decrease in reflectivity due to exciton BGR and exciton binding energy 

screening by many-body interactions, (Figure 4.3). 

 

Figure 4.3. Representative fit of MoS2 transient reflectivity dynamics probed at 

the A exciton (670 nm) and excited at the B exciton (630 nm). Example shown at 

50 μJ/cm2 excitation fluence. The black line indicates the biexponential decay fit 

Transient absorption of monolayer MoS2 on a transparent, polished sapphire 

substrate was measured in using a collaborator’s ultrafast laser table using a 

higher excitation energy (Figure 4.4). The results show the expected transient 

absorption decrease on each of the exciton resonances with red-shifted photo-

induced absorption, indicative of a net absorption feature red-shift from the 
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competing effects of band-gap renormalization and exciton binding energy 

reduction. The form of the red-shifted photo-induced absorption in MoS2 due to 

BGR is consistent with previous ultrafast studies23. 

 

Figure 4.4. Transient absorption of MoS2 using 266 nm (C-exciton) on a 

collaborator’s ultrafast laser system. 

The exciton decay dynamics were analyzed at varying pump fluences to 

investigate the possible appearance of nonlinear interactions previously 

observed in mechanically exfoliated MoS2 such as exciton-exciton annihilation. 

The peak ΔR/R0 was shown to display a saturating, non-linear behavior beyond 

pump excitation fluences of roughly 80 μJ/cm2 (Figure 4.5) 
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Figure 4.5. MoS2 power dependence demonstrates a departure from linear 

excitation behavior beyond 80 μJ/cm2 excitation fluence 

The appearance of nonlinear peak transient reflectivity without sample damage 

set an upper excitation density limit to future measurements. Analysis of the fast 

(τ1) and slow (τ2) exponential decay time constants further revealed only minor 

dynamics changes with increased excitation fluence within the 95% confidence 

interval of the biexponential fit (Figure 4.6). The approximate decay time 

constants of 1 ps and 8 ps are in relatively close quantitative agreement with 

previous studies of CVD monolayer MoS2 at room temperature27, 32, 34, 52. Some 

previous investigations also observed longer decay constants, up to 150 ps, 

which were not observed in our samples which may be due to restricting the 

pump delay to 50 ps. However, since the transient signal appears to return to 
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zero within that time frame, slower decay mechanisms such as direct radiative 

recombination of the thermally averaged exciton population are not contributing 

significantly. Previous experiments observed significant exciton-exciton 

annihilation in monolayer MoS2. The lack of excitation fluence dependence in the 

MoS2 signal suggests single exciton and charge carrier processes dominate the 

available decay pathways in our MoS2 samples. Considerably larger fit 

uncertainty present at lower fluences due to lower signal to noise ratio sets the 

lower bound of acceptable signal to noise at roughly 10 μJ/cm2. 

 

Figure 4.6. MoS2 dynamics fluence dependence of a.) fast (τ1) and b.) slow time 

constants of biexponential decay fit. The 95% confidence interval of each is 

assigned by repeat bootstrap fitting of the fit function with randomized starting 

guesses within the upper and lower bounds 

Additional experiments investigating the effect of circular polarization of 

both the pump and probe on the transient reflectivity of MoS2. A previous study 

by Wang et al. observed a notable change in very early time transient reflectivity 

dynamics of monolayer MoS2 when selectively exciting one valley (K or K’) using 
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circularly polarized light and measuring the reflectivity of the same or opposite 

valley with the probe polarization16. At room temperature, the difference 

appeared as a small positive ΔR/R before the negative overall decay at the A 

exciton resonance which was not present when exciting in opposite valleys 

(OCP). Additionally, it was found that the difference between the difference 

between OCP and SCP disappears when pumping at higher, above B exciton 

resonance (630 nm). The authors attributed this difference to the selective 

excitation of excitons in either the K or K’ valleys and valley phase-space filling, 

enhancing the probe reflectance leading to a positive ΔR/R until the valley 

polarization randomizes. Excitation with the same and opposite circular 

polarization on CVD grown MoS2 using the customary B exciton pump, A exciton 

probe at room temperature is shown below (Figure 4.7).  
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Figure 4.7. Valley polarization transient reflection on MoS2 utilizing probe 

polarization either the same circular polarization (SCP), in orange, and opposite 

circular polarization (OCP) in blue 

The difference between the SCP and OCP data is exceptionally small, 

suggesting little to no valley polarization at room temperature in our monolayer 

CVD-grown MoS2. This may be consistent with the observation of significant 

sample-sample variation in the initial positive ΔR/R signal observed by Wang et 

al., suggesting a defect-mediated valley relaxation mechanism. Higher defect 

densities present in CVD-grown TMDs may make this relaxation process more 

efficient than in exfoliated flakes, making seeing a valley polarization difficult. 

Transient reflectivity of CVD-grown monolayer WS2 was measured by 

excitation at its respective A and B exciton peaks (Figure 4.8). The approximate 

decay time constants of 0.8 ps and 6 ps are in relatively close quantitative 
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agreement with previous studies of CVD monolayer WS2 at room temperature19, 

28. Much the same with MoS2 literature comparisons, it is possible that minor, 

long-lived components are not being adequately represented in the short delay 

window observed.  

 

Figure 4.8. Representative fit of WS2 transient reflectivity dynamics probed at the 

A exciton (615 nm) and excited at the B exciton (515 nm). Example shown at 40 

μJ/cm2 excitation fluence. The black line indicates the biexponential decay fit 

using equation 4.1 

The transient reflectivity of WS2 was also measured on a collaborator’s pulsed 

laser table using a higher energy (400 nm) pump excitation over the visible 

spectrum (Figure 4.9), demonstrating the expected decrease in transient 

reflectivity at each of the exciton resonances, but no observable photo-induced 

absorption. Previous studies have observed similar red-shifted photo-induced 

absorption to MoS2 in WS2, but with a much smaller comparative magnitude to 



 

110 
 

the negative exciton feature28, which suggests the feature may be below the 

noise floor in our data set. The smaller PIA may indicate that the balance 

between bandgap renormalization and exciton binding energy reduction is much 

closer and evenly compensated than in MoS2. 

 

Figure 4.9. WS2 transient reflectivity, excitation at 266 nm (C-exciton) on a 

collaborator’s ultrafast laser system 

The statistical fit of the differing exciton dynamics in both MoS2 and WS2 are 

used to analyze the exciton dynamics near a lateral heterojunction between the 

two materials. A CVD lateral heterojunction was created by a previously 

published 2-step procedure, forming monolayer flakes of MoS2 on a sapphire 

substrate, then growing WS2 flakes on the same substrate. Optical microscope 
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images of the lateral heterojunction show the lighter contrast inner triangular 

flake of MoS2 contained within a larger, darker contrast WS2 triangle (Figure 

4.10).  

 

Figure 4.10. Optical image of MoS2/WS2 lateral heterostructure b.) 633 nm 

diffraction-limited laser spot on center of flake 

The spatial arrangement of the two materials for a representative lateral 

heterostructure was demonstrated by scanning photoluminescence microscopy 

with a diffraction-limited 633 nm He-Ne laser (Figure 4.11).  
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Figure 4.11. a.) Heterojunction PL scan using 633 nm laser monitoring MoS2 

photoluminescence and b.) WS2 photoluminescence  

The MoS2 PL is highly localized in the center triangular region of the flake, while 

the same center triangular region has a minimum WS2 PL intensity, indicating the 

two materials are not co-localized as they would be in a vertically stacked 

heterostructure. In addition, vertical heterojunctions are expected to show 

significant photoluminescence quenching due to the efficient, ultrafast interlayer 

charge transfer64, further confirming the identification of this flake as a lateral 

heterostructure. 

 The lateral junction identified by scanning photoluminescence microscopy 

could be easily distinguished from other monolayer flakes and stacked 

heterostructures by 2D transient reflectivity scans. By rastering over a flake 

located with the optical microscope, the peak transient reflectance contrast 

change exciting at the WS2 A and B excitons provided an easy, background-free 
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means of identifying different structural arrangements. By probing dynamics at 

WS2 feature peak absorbance, MoS2 features were smaller in magnitude, being 

located outside of an exciton resonance peak (Figure 4.2). This difference in 

steady-state absorbance resulted in smaller exciton populations in the MoS2 

flakes and consequently decreased transient reflectance at 1 ps, providing the 

means to distinguish between vertical and lateral heterojunctions by the spatial 

transient reflectivity contrast. An example of a vertical heterojunction of WS2 

stacked on top of MoS2 is shown below, where the outside MoS2 causes a 

several micrometer region of lower contrast near the edges where only MoS2 

contributes to contrast, before the center of flake shows a significant reflectance 

increase (Figure 4.12).   
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Figure 4.12. Spatial 2D scan (50x50, 0.5 μm/step) at fixed pump (515 nm) delay 

of 1 ps probed at the WS2 B exciton (615 nm) demonstrating a vertical 

heterojunction by increased transient reflectance at the center 

Lateral heterojunctions could similarly be reliably identified by observing flakes 

with a transient reflectance minimum located at the interior of the flake when 

selectively exciting the WS2 B exciton while probing the A exciton (Figure 4.13) 
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Figure 4.13. Spatial 2D scan (50x50, 0.5 μm/step) at fixed pump (515 nm) delay 

of 1 ps probed at the WS2 B exciton (615 nm) demonstrating a lateral 

heterojunction by decreased transient reflectance at the center 

Additionally, non-heterojunction flakes could also be identified by noting a 

spatially uniform transient reflectivity contrast, as in the example below (Figure 

4.14), which was identified optically as a potential heterojunction due to an 

observable contrast change in the center, but the 2D scan revealed to be simply 

flake inhomogeneity, potentially the formation of a grain boundary. 
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Figure 4.14. Spatial 2D scan (50x50, 0.5 μm/step) at fixed pump (515 nm) delay 

of 1 ps probed at the WS2 B exciton (615 nm) demonstrating a single, disordered 

WS2 flake by uniform contrast across most of the flake surface 

The laser spot size was determined by separately scanning the pump and probe 

beams across a sharp WS2 flake, treated as a razor in a knife-edge 

measurement (Figure 4.15).  
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Figure 4.15. left.) Probe right.) Pump beam reflectance contrast knife edge 

measurements across vertical WS2 flake 

Increased contrast of the lock-in photodiode voltage is proportional to reflected 

intensity of each incident, assumed Gaussian beams. The reflected intensity 

change over a sharp interface can be modelled to determine the 1/e2 Gaussian 

beam waist, 𝑤, 

 
𝐼(𝑥) =

𝑃

2
[1 +  erf (

−𝑥 + 𝑥0

𝑤
)] + 𝐵 (4.2) 

Where 𝑃 is the maximum intensity, 𝐵 is the background intensity, and 𝑥0 is the 

center beam position. The resulting spot radii are 0.661 ± 0.205 μm and 0.694 ± 

.215 μm for the pump and probe beams, respectively. For a typical transient 

measurement, signal to noise ratio is optimal for larger pump excitation spot size 

compared to the probe to minimize the non-excited area not contributing to 

signal. A slightly larger probe, however, allows for the potential contribution of 

carrier diffusion outside of the excited region to observe interfacial carrier and 

exciton dynamics. To quantify exciton dynamics near a lateral heterojunction 
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interface, a lateral WS2/MoS2 heterojunction was identified by a fixed 1 ps delay 

transient reflectivity scan, noting increased reflectivity at the edges and a 

minimum at the center while exciting the WS2 B exciton (515 nm), probing at the 

A (615 nm) (Figure 4.16), indicating the inner MoS2 region is roughly 5 μm long.  

 

Figure 4.16. 0.5 μm step line scan (below) across the whole flake. Data taken 

with pump fluence = 20 μJ/cm2 

The pump and probe beams were spatially overlapped and stepped through the 

center of the flake from the outer WS2, across the WS2/MoS2 interface to end at 

the WS2 on the other side. Each 0.5 μm spatial step was scanned over 50 ps 

delay to observe interfacial dynamics changes near the interfacial regions. 

Optical images indicating the start (Figure 4.17a) and end (Figure 4.17b) of the 

spatial transient reflectivity scan of the flake.  
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Figure 4.17 Optical image a.) before and b.) after linear scan of lateral WS2/MoS2 

heterostructure.  

Dynamics at each point of the spatial scan were fit using a biexponential fit 

function (Equation 4.1) and the decay time constants were analyzed as a 

function of position (Figure 4.18) using a biexponential fitting script (Appendix 

A.3). 

 

Figure 4.18. Heterojunction transient reflectivity dynamics across the WS2/MoS2 

lateral junction 
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No significant spatial variation of the exciton decay dynamics was observed at 

any point through the course of the spatial scan, even over the expected 

crossover points of the WS2/MoS2 interface around 3 and 6 μm. The fit 

uncertainty is too large to ascribe any observed variation to more than 

experimental error. Given the long-lived charge transfer excitons observed in 

vertical heterostructures of WS2/MoS2, a shift to longer decay constants was 

sought to potentially signify the appearance of interfacial charge transfer. 

Observing no significant variation in the dynamics may signify an issue with 

observing signals from a 1D interface with a spatially 2D technique. The size of 

the laser spot of ~0.6 um radius is sampling an area of 1.1 μm2, corresponding to 

about 1.14x107 unit cells of MoS2 contributing to the total transient reflectivity 

signal. Detecting lateral dynamics requires effectively sampling the 1D subset of 

unit cells along the WS2/MoS2 interface along the 0.6 um beam radius, about 

6.0x103 unit cells, resulting in a significant fractional mismatch between the 

interface and non-interface sample, effectively making the interfacial charge 

transfer exciton signal 10,000 times smaller than the surrounding signal, 

assuming an unchanged transition dipole moment.  Additionally, estimates of 

exciton diffusion length in monolayer TMDs ranges from ~10 nm50 to 400 nm115 

within the exciton lifetime, meaning most of the excitons in this experiment are 

not able to diffuse from the spot size within their lifetime to sample the interface. 

One way to address this problem in dimensional mismatch is to apply a 
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combination of near-field techniques such as scanning near-field optical 

microscopy (SNOM) and ultrafast time resolved studies to drastically reduce the 

difference between the spot size and interface sample area.  

 Applications of SNOM have demonstrated that incident light focused onto 

a sharp metal tip apex can act as an optical near-field antenna, localizing the 

electric field on light re-emission in the tip-sample region by both driving the 

metal plasmon resonance, causing the oscillating electrons to re-emit light, and 

the electrostatic lightning rod effect116-118 (Figure 4.19a). Contrast in nano-

focusing may also be achieved by using the same sort of metal tips as a 

geometric waveguide instead, by applying incident light to the shaft of the tip 

where it is coupled to surface plasmon polariton (SPP) modes, which then 

propagate to the tip singularity and are re-emitted as light (Figure 4.19b).  

 

Figure 4.19. Far-field incident light optical antenna SNOM b.) optical waveguide 

SNOM by nano-patterned surface plasmon propagation. Reproduced figure with 

permission from Berweger S, Atkin J M, Olmon R L and Raschke M B 2012 Light 

on the Tip of a Needle: Plasmonic Nanofocusing for Spectroscopy on the 
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Nanoscale The Journal of Physical Chemistry Letters 3 945-52119. Copyright 

2012 the American Chemical Society. 

The electric field enhancement factor varies exponentially with tip-sample 

separation, allowing periodic tip modulation and lock-in detection to significantly 

suppress any diffuse scatter or far-field background. Image contrast in this 

plasmonic nano-focusing SNOM configuration is entirely provided by light 

emanating from the tip, as the rest of the incident light does not impinge on the 

sample at all, effectively resulting in complete background suppression. 

Plasmonic nano-focusing SNOM with the proper tip coupled to ultrafast laser 

pulses (~10 fs) can achieve spatial resolutions around ~10 nm while retaining 

ultrafast pulse durations after being emitted from the tip apex119, 120 thereby 

achieving both nanometer spatial resolution and femtosecond temporal 

resolution simultaneously. Applying a technique such as SNOM to the problem of 

resolving a lateral charge transfer exciton in the lateral WS2/MoS2 junction would 

significantly improve the ratio of “bulk” and “interface” sampling by reducing the 

excitation spot. Using previously reported field enhanced spot sizes in the SNOM 

literature of about 10 nm would result in a much more comparable factor of 100 

difference between the two, making the signal to noise challenge much more 

achievable using a sub-diffraction limited spot. 

2H-1T’ MoTe2 Homojunction Dynamics 

  The planar, homojunction interface between CVD grown semiconducting 

(2H) and semimetallic (1T’) phases was investigated in a similar fashion to the 
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WS2/MoS2 heterojunctions. The few-layer 2H and 1T’ regions are distinguishable 

by their corresponding light and darker contrast, respectively (Figure 4.20) the 

blackened line demonstrates a laser-damaged region. 

 

Figure 4.20. Few-layer 2H (light contrast circles) and 1T’ (darker contrast 

background) MoTe2 with a darkened, laser-damaged line shown across the 

boundary 

The two materials are also distinguishable by their transient reflectivity dynamics, 

with the semimetallic 1T’ showing only a rapid, pulse overlap limited relaxation 

(Figure 4.21a) and the 2H showing the emergence of a longer-lived relaxation of 

the same time-scale as the previously hypothesized interface-limited defect 

trapping observed in 2H MoTe2 thin films (Figure 4.21b). The 2H dynamics are 

best fit with the biexponential decay (Equation 4.1) using 2 ps and 45 ps decay 

constants for τ1 and τ2, respectively. 
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Figure 4.21. Representative samples of a.) 1T’ and b.) 2H MoTe2 ultrafast 

transient reflectivity dynamics 

The transient reflectivity was then measured while the pump and probe beams 

were scanned over two lateral interfaces of the 2H-1T’ homojunction occurring 

first at 7 μm and then at 19 μm in 1 μm steps (Figure 4.22). 

 

Figure 4.22. Schematic of 2H-1T’ lateral homojunction scan 
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Dynamics were fit according to the previous biexponential function with constant 

offset to extract the two decay time constants, τ1 (Figure 4.23a) and τ2 (Figure 

4.23b) with associated 95% confidence intervals. 

 

Figure 4.23. MoTe2 dynamics over two 1T’-2H interfaces in 1 μm steps a.) τ1 and 

b.) τ2 

The large degree of fit uncertainty arises in these measurements due to the low 

number of points sampled for each temporal scan. Qualitatively, the short time 

constant, τ1, grows in as the beam passes from 1T’ to the 2H phase at each 

interface, increasing from the rapid sub-ps decay to approximately 2.5 ps. The 

long time constant, τ2, is especially erratic on either 1T’ end of the sample, 

competing with the constant offset to describe the background. Only after 

passing onto the 2H around 7 μm does the decay time settle to the expected 

~100 ps. In both cases the change occurs faster than the 1 μm step from one 

material to the other, suggesting any associated interfacial charge transfer might 

be occurring nearer to the interface than the scan resolution allowed. Another 
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complicating factor which may have prevented observing a dynamical interface 

shift was the appearance of laser-induced sample damage. After performing the 

spatial scan, a darkened line the width of the laser spot appeared on the sample 

(Figure 4.24).  

 

Figure 4.24. Optical image of post-microscopy scan across the 1T-2H interface 

showing two discolored lines, one from the initial scan, the other from tracing the 

beams to the starting location on the left side 

Previous reports have stated that moderate laser intensities are capable of 

affecting a transition from the 2H to 1T’ phase of MoTe2 in few-layer samples121, 

but if this were the case the contrast would appear lighter than the observed line, 

and the dynamics would shift to the more rapid, sub-ps decay of the semi 

metallic 1T’ throughout. Raman microscopy was used to identify the phases of 

the previously identified 2H and 1T’ regions by noting the prominent 2H E2g peak 

at 235 cm-1
 (Figure 4.25a) and the 1T’ A1g peak at 260 cm-1 (Figure 4.25b), as 
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demonstrated in  a previous study from our lab77. 

 

Figure 4.25. Comparison of damaged region to nearby a.) 2H and b.) 1T’ regions. 

Intensity was normalized to the magnitude of the substrate Si peak at 520 cm-1 

Neither the 2H nor the 1T’ Raman spectra match the spectrum taken on the 

darkened region after normalizing the intensity to the silicon substrate peak at 

520 cm-1. The defining Raman features of both the 2H and 1T’ disappear on the 

darkened region including the 1T’ Bg (165 cm-1) and A1g (260 cm-1), as well as the 

2H A1g (175 cm-1) and E2g (235 cm-1), ruling out the laser-induced conversion of 

2H to 1T’ MoTe2. However, neither does the spectrum of the blackened region 

resemble bare silicon due to the appearance of broad Raman features in the 

region below 200 cm-1. The spatial distribution of 2H and 1T’ was imaged by 

fitting the 2H E2g (Figure 4.26) and the 1T’ A1g peak (Figure 4.27) with a 

Lorentzian function, plotting the each peak amplitude versus position, further 
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confirming the absence of both 2H and 1T’ defining Raman features across the 

entire dark region.  

 

Figure 4.26. 2H phase MoTe2 E2g peak amplitude from Lorentzian fit at 235 cm-1 
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Figure 4.27. 1T’ phase MoTe2 A1g peak amplitude from Lorentzian fit at 260 cm-1 

 

The broad Raman features in the damaged spectra from 100-150 cm-1
 

bear resemblance to previous studies on photooxidation of trigonal Tellurium 

using a range of visible wavelengths from 440-520 nm122. Vasileiadis and 

Yannopoulos found the appearance of a broad Raman feature centered between 

100-150 cm-1 corresponded to the light-driven, irreversible formation of TeO2. 

The transformation in the Vasileiadis paper was observed at power densities of 

104 W/cm2, which was approximately equal to power densities used in this 

experiment. MoTe2 may undergo a similar, light induced transition to form TeO2, 

as is suggested by the similar Raman features in (Figure 4.25). Part of the 

reason for high power density used in the MoTe2 homojunction project was the 
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use of the entire white continuum as a probe, rather than a selected, amplified 

wavelength as in the WS2/MoS2 heterojunction studies. The continuum was 

utilized as a probe because there was interest in finding if the shape of the 

excited state peaks or the appearance of a unique charge transfer peak could be 

used to gain additional information. However, no convincing evidence from either 

the peak shape or other transient features was observed. Extensive filtering still 

permitted a portion of the fundamental 1030 nm beam, which became significant 

for the high magnification ultrafast microscopy measurements using the 50x 

objective, which was far less problematic at the larger spot sizes of the 2H MoTe2 

dynamical studies but severely damaged the sample under these circumstances.  

As with the WS2/MoS2 heterojunction study, a similar case can be made 

for the lack of observable signal except perhaps that the observation of signal is 

even more challenging in this case than in the semiconductor/semiconductor 

junction. The observable signal in a transfer event across the 

semiconductor/metal junction would appear as a more rapid decay of the exciton 

peak, due to the interfacial states irreversibly dissociating the electron-hole pairs, 

and hence relies even more heavily on the resolution of interfaces and diffusion-

related processes which are indistinguishable with a large, even diffraction-

limited excitation spot size. Understanding of the optical exciton dynamics near 

these 2H/1T’ interfaces could be similarly advanced through application of means 

to reduce the excitation spot size such as SNOM, as discussed previously in the 

context of the WS2/MoS2 heterojunctions. 
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Conclusion 

 The exciton decay dynamics of CVD monolayer MoS2 and WS2 and were 

shown to not significantly vary with pump excitation fluence, nor show significant 

valley-polarization dependent dynamics. Exciton dynamics across two types of 

in-plane, CVD-grown TMD junctions, a WS2-MoS2 type-II semiconductor junction, 

and an MoTe2 2H-1T’ semiconductor-metal junction were measured by ultrafast 

transient microscopy. While no evidence of charge transfer was observed in 

either structure due to experimental signal limitations, the measurements of 

decay dynamics in each material establish a baseline for measurement with 

more advanced, non-diffraction limited optical scanning techniques such as 

SNOM. 
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5. Rubrene Vibrational Spectroscopy 
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Abstract 

Raman and absorption spectroscopy were used to optically characterize different 

rubrene derivatives, including isotopically 13C rubrene (heavy rubrene) and 

chemically modified fm-rubrene. Fm-rubrene showed a similar vibronic 

absorption progression to unsubstituted rubrene and its Raman spectra at both 

low and high wavenumber regions were compared to a DFT simulated vibrational 

spectrum of a single fm-rubrene molecule. Agreement was found to be 

significantly better at high, intramolecular vibrational energies above 200 cm-1, 

but became worse at low wavenumbers where intermolecular Van der Waals 

coupling is thought to contribute. In addition, 13C rubrene Raman spectra were 

compared to native rubrene, revealing a persistent 3.5% shift to lower frequency 

vibrations, attributed to the increased mass slowing intermolecular oscillations.  

Introduction 

Organic electronics are another promising alternative to conventional 

electronics. Composed predominantly of carbon, organic semiconductors are 

significantly more flexible than silicon and have the potential to be very light and 

inexpensive to manufacture, both due to the abundance of carbon and the lower 

temperature necessary for processing and manipulating organic molecules, 

which opens the possibility of roll-to-roll processing and inkjet printing. In addition 

to these inherent benefits, the electronic and optical properties of organic 

electronics can be easily modified by chemical substitution and doping to tune 
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absorption, emission, and charge carrier mobility. While the ease of processing in 

thin film forms and solution processing is very attractive, charge carrier mobility is 

limited by the presence of grain-boundaries and defects. Investigation of single 

crystals minimizes the influence of grain boundaries, defects and disorder which 

tend to trap carriers and degrade performance, allowing the intrinsic upper 

bounds of material properties to be investigated123-125. The most intensely studied 

single crystal organic semiconductors share the fused acene ring motif present in 

tetracene, pentacene and rubrene (Figure 5.1). 

 

Figure 5.1.Common small-molecule organic semiconductors, a. tetracene b. 

pentacene c. rubrene 

Much of the investigation into organic semiconductor performance is 

centered on the achievable charge carrier mobility for either holes or electrons. 

The charge carrier mobility, 𝜇, describes how quickly a charge carrier moves 

under an applied electric field, defined as the proportionality, 
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 𝑣𝑑 = 𝜇𝐸 (1.14) 

With 𝑣𝑑 representing the carrier drift velocity and 𝐸 the applied electric field, with 

typical units given as 𝑐𝑚2/𝑉 ∙ 𝑠𝑒𝑐. Mobility is an important material parameter 

because it influences performance of semiconductor devices, including transistor 

switching rates and the efficiency of charge transfer and extraction in 

photovoltaics126, 127. Of all the organic semiconductors, rubrene holds the record 

for the highest charge carrier mobility at ~40 𝑐𝑚2/𝑉 ∙ 𝑠𝑒𝑐 in a single crystal 

FET128. Its desirable status as highest mobility organic semiconductor has led to 

considerable efforts to understand why it performs better than similar molecular 

crystals such as tetracene with ~1 𝑐𝑚2/𝑉 ∙ 𝑠𝑒𝑐129. Previous investigations 

suggest that the large hole mobility in crystalline rubrene can be attributed mainly 

to the large intermolecular transfer integral, resulting from the nearly co-planar 

acene backbone π-π orbital overlap along the a crystallographic axis130.  The 

charge carrier mobility in organic semiconductors like rubrene and its relation to 

the intermolecular transfer integral can be modelled by the semiclassical dynamic 

disorder model (DDM). The physical picture of DDM refers to the deviations from 

the perfect crystalline arrangement due to slow, intermolecular vibrations 

changing the degree of adjacent molecular π-π orbital overlap. The variation in 

crystal separation can induce a localization of electronic wavefunctions, causing 

charge carriers to move in a pseudo-hopping behavior dependent on the 

frequency of the intermolecular oscillations. DDM predicts mobility based on the 

following expression, 
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 𝜇 =
𝑒

𝑘𝐵𝑇
𝑙𝑙𝑜𝑐

2𝜔 (1.15) 

Where the carrier transient localization length, 𝑙𝑙𝑜𝑐, and the propagation rate, 𝜔, 

are determined by the competing factors of intermolecular electronic coupling 

and charge-phonon interaction131. In this sense, 𝜔−1 can be viewed as the 

characteristic time that a charge carrier is localized due to low-frequency 

intermolecular modes. Thus, it is expected that increasing the intermolecular 

vibrational frequency results in carriers remaining localized for shorter periods of 

time, resulting in an approximately proportional increase in mobility to the change 

in vibrational frequency. 

Efforts to modify rubrene packing by adding electron withdrawing groups 

such as chlorine and fluorine onto rubrene to change its electron density and 

consequently its packing arrangement hold promise for further improving device 

characteristics by modifying the intermolecular transfer integral. One such 

example of a modified rubrene structure, fm-rubrene (Figure 5.2), demonstrated 

the best charge carrier mobilities in a set of rubrene derivatives modified by 

addition of either methyl (-CH3) or perfluoromethyl (-CF3) to the phenyl rings 

bound to the central tetracene core as either steric or electron withdrawing 

substituents, respectively132. Subsequent studies by Mullenbach et al. found the 

increased molecular packing separation of fm-rubrene result in suppression of 

non-radiative recombination which limits the exciton diffusion length in rubrene, 

resulting in an almost 2x increase in exciton diffusion length133. Molecular 
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packing control of exciton diffusion length holds promise for more efficient, 

deterministic control of charge extraction and light emission in organic devices. 

 

Figure 5.2. Chemical structure of rubrene derivative fm-rubrene, synthesized by 

McGarry et al.132 

In this study, optical, vibrational, and structural aspects of rubrene derivatives are 

investigated as they pertain to intermolecular packing to gain insight into rubrene 

structure-function relationships governing exciton transport. Raman spectra of 

fm-rubrene including the very low-wavenumber region are collected for the first 

time and compared to DFT simulations. In addition, the low-wavenumber Raman 

spectra of native rubrene crystals are compared with heavy rubrene, synthesized 

with exclusive 13C substitution. 

Experimental 
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Fm-rubrene single crystals were grown from powder source by physical 

vapor transport (PVT). The two-zone glass tube furnace uses a temperature 

gradient and carrier gas (Ar) to sublimate fm-rubrene and form single crystals on 

the tube walls down-stream. The powder sample was placed in the sublimation 

zone and heated to 285 C under 20 sccm Ar flow rate for 2 hours. The 

temperature gradient for the deposition zone is created by loosely coiled heating 

tape extending the remaining length of the tube with a temperature setpoint lower 

than the sublimation zone temperature. Large, several mm2 planar crystals were 

formed using a 250 C deposition zone set point. Absorption spectra of rubrene 

and fm-rubrene were acquired by transferring crystals to a fused silica substrate 

and transmitting white light (Thorlabs) using a 4x objective lens (Olympus) and 

comparing the substrate and crystal transmitted intensity in spectrometer 

(Princeton instruments). Rubrene crystals mounted on fused silica were secured 

in a circular, copper mount attached to a water-cooled, helium refrigerator 

cryostat cold-head (Air products) for low temperature absorption measurements. 

Raman spectroscopy of 13C rubrene was accomplished using a 633 nm 

(Thorlabs) He-Ne laser and spectrometer (Princeton instruments) with a lowpass 

filter to block the Raleigh peak (Newport) for most measurements and three 

successive Bragg filters (Newlight photonics) for low wavenumber 

measurements. Laser power was kept below 1 mW to minimize risk of laser 

damage to the sample. 

Results and Discussion 
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Fm-rubrene 

Rubrene structural analog fm-rubrene powder was synthesized by a 

collaborator by a previously published method132, from which single crystals were 

grown by PVT (Figure 5.3). 

 

Figure 5.3. Fm-Rubrene single crystals grown by physical vapor transport from 

source powder 

Crystal platelets were selected for subsequent optical absorption and Raman 

spectroscopy measurements. Rubrene grown as a planar crystal is known to 

present the b-c plane as the flat crystal face134, and it is that the fm-rubrene 

planar crystals present the analogous a-b face132. The absorption spectrum of 

fm-rubrene demonstrates similar absorption features previously observed in 

rubrene135, showing three evident peaks between and 450-550 nm (Figure 5.4). 

The sets of absorption peaks represent a vibronic progression between the 

highest occupied molecular orbital (HOMO) singlet electronic ground state (S0) 

and lowest unoccupied molecular orbital (LUMO) first electronic excited state 

(S1). The first peak in the vibronic progression represents the lowest energy 
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allowed vibronic transition, denoted by the phonon vibrational levels in the 

HOMO and LUMO, respectively, as 0-0, 0-1 and so on (Figure 5.4). 

 

Figure 5.4. a.) fm-rubrene Absorbance Spectrum b.) schematic vibronic energy 

level progression for fm-rubrene excited state transitions with assignment to 

observed absorption peaks 

The Raman spectrum of a single molecule of fm-rubrene was simulated using a 

Hartree-Fock structural optimization density functional theory (DFT) RB3LYP 

method in Gaussian 03 136. Raman frequencies were calculated using 6-31G(d,p) 

basis set. Computed peak frequencies were collected and compared to 

experimentally measured spectra fit to Lorentzian functions in both the high-

energy vibrational region from 1100-1700 cm-1 (Figure 5.5,  

Table 5-1) and the low-energy region near the Raleigh line, spanning 200 cm-1 

on either side of the fundamental beam ( 

Figure 5.6, Table 5-2). Crystals were randomly oriented on the substrate, 

resulting in slight amplitude variations between some as the alignment of the 
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linear laser polarization causes some small changes in relative peak intensities 

between different crystals, but the peak locations were consistent throughout the 

observed crystallites. Single crystalline rubrene is known to undergo surface 

reaction to form surface peroxides under light and oxygen exposure137. While 

measurements of fm-rubrene were taken shortly after synthesis, the crystals 

were under ambient conditions and exposed to light, which may have contributed 

to the formation of surface contaminants. The calculated Raman modes are 

expected to become less reliable at the low-energy region where intermolecular 

Van der Waals coupling between adjacent molecules becomes influential, which 

was not modelled in the single molecule computation. Indeed, previous in 

analogy to previous studies of low wavenumber rubrene modes134, 138, the 

average difference between computed and experimental modes in the high 

wavenumber region shows significantly better agreement, differing by just 0.17%, 
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whereas the influence of intermolecular phonon modes results in a more drastic 

average difference of 3.47% in the low- wavenumber region. 

 

Figure 5.5. Raman spectrum of high wavenumber region of fm-rubrene 

Table 5-1. High wavenumber fm-rubrene peak positions compared to calculation  

Peak # Observed Peaks (cm-1) Calculated Peaks (cm-1) Δ % 

1 1167.5 ± 0.1 1166.8 0.06 

 

2 1201.3 ± 0.4 1198.9 0.20 

1202.7 -0.12 

3 1213.0 ± 1 1214.1 -0.09 

4 1273 ± 1 1250.7 1.78 

5 1303.5 ± 0.1 1300.3 0.25 

6 1311.6 ± 0.5 1322.5 -0.82 
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7 1330.5 ± 0.6 1328.2 0.17 

8 1434.3 ± 0.1 1425 0.62 

9 1520.2 ± 0.1 1535.6 -1.00 

10 1543.0 ± 0.1 1547.3 -0.28 

11 1616.1 ± 0.1 1614.2 0.12 

1620.6 -0.28 

12 1664.0 ± 3 1666.4 -0.14 

13 1700.0 ± 1 1674.4 1.53 

 

 

Figure 5.6. Raman spectrum of low wavenumber region of fm-rubrene 

Table 5-2. Low wavenumber fm-rubrene peak positions compared to calculated 

values 

Peak # Observed Peaks (cm-1) Calculated Peaks (cm-1) Δ% 

Difference 
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1 15.80 ± 0.04 15.25 3.61 

2 28.74 ± 0.08 29.46 -2.44 

3 44.10 ± 1 43.41 1.59 

4 68.16 ± 0.3 64.50 5.67 

71.42 -4.56 

5 82.27 ± 0.2 71.4 -15.19 

6 90.16 ± 0.6 95.82 -5.91 

7 115.8 ± 0.3 112.46 2.97 

118.93 -2.63 

8 122.3 ± 0.6 127.22 -3.87 

9 139.0 ± 0.5 135.38 2.67 

 149.0 ± 2 152.47 -2.28 

 

C13-Native Rubrene Isotope Effects1 

Isotopically substituted 13C rubrene, or heavy rubrene, and native rubrene 

were synthesized and grown by a collaborator139 and optical properties including 

low-wavenumber Raman spectroscopy and optical absorption were utilized to 

investigate the effect of 13C isotopic substitution. The primary difference between 

native and heavy rubrene is the difference in molecular mass due to isotopic 

substitution of 12C for the heavier 13C atoms. The molecular mass of native 

rubrene increases from 532.7 g mol-1 to 574 g mol-1, resulting in an ~8% 

molecular mass increase. The increased mass was thought to reduce the 

frequency of intermolecular vibrations and result in a comparable magnitude 

 
1 This section describes the outcome of a collaborative research project carried out by Xinglong 
Ren, Matthew J. Bruzek, David A. Hanifi, Aaron Schulzetenberg, Yanfei Wu, Chang-Hyun Kim, 
Zhuoran Zhang, James E. Johns, Alberto Salleo and Simone Fratini (and advised by Alessandro 
Troisi, Christopher J. Douglas, and C. Daniel Frisbie). A report on this research project has been 
published. 
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decrease in charge carrier mobility by localizing charge on individual rubrene 

molecules for longer periods of time. The absorption spectra of heavy rubrene 

and native rubrene were collected by transmission of white light through crystals 

mounted on polished, fused silica substrates. The absorption spectrum of native 

rubrene closely matches previously measured spectra135, demonstrating the 

vibronic progression typical of polyacene organic semiconductors, with the heavy 

rubrene spectrum showing largely the same absorption features. Similarity in the 

absorption spectra is expected, given the identical electronic structure of the two 

isotopes which dominates optical absorption. The position of absorption features 

is partially determined by the molecular vibrational modes, which are predicted to 

change with the molecular mass of the 13C isotope rubrene, but the difference is 

not significant to observe in the optical absorption spectra below.  

 

Figure 5.7. Heavy and native rubrene absorption spectra 
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Low-wavenumber Raman modes with significant inter-molecular 

vibrational contributions showed a significant isotopic shift to lower energies from 

native to heavy rubrene. The Raman peak shift occurred to a nearly identical 

extent in both the anti-Stokes (Figure 5.8) and Stokes (Figure 5.9) regimes, 

demonstrating an average isotopic shift towards the Raleigh line at 0 cm-1. 

Raman peaks in native and heavy rubrene spectra were each fit using Lorentzian 

functions with an overall linear offset and gaussian background. Peak locations 

with associated 95% confidence intervals are given in Table 5-3. Spectra were fit 

using a Matlab fitting script, given in the appendix (A-4). 

 

Figure 5.8. 13C and native rubrene Raman anti-Stokes side comparison. 
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Figure 5.9. 13C and native rubrene Raman Stokes side comparison  

Table 5-3. Peak position comparison between comparative native rubrene (top) 

and heavy rubrene (bottom) peaks, numbered according to Figure 5.8 and Figure 

5.9 

Peak # Anti-Stokes (cm-1) Δ% Peak # Stokes (cm-1) Δ% 

1 

-46.55±0.11 

3.37 5 

48.20±0.10 

3.73 

-45.01±0.16 46.38±0.14 

2 -74.31±0.26 3.47 6 75.64±0.21 3.73 
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-71.77±0.33 72.80±0.24 

3 

-92.64±0.99 

2.82 7 

93.71±0.58 

2.85 

-90.07±1.06 90.98±0.67 

4 

-122.01±0.88 

3.51 8 

122.86±0.69 

3.89 

-117.86±1.11 118.01±0.81 

 

The reduction of vibrational energy is consistent with reduced intermolecular 

oscillation frequency. The magnitude of the observed shift is roughly 3.5%, which 

is nearly identical to the expected frequency difference due to the ~8% increased 

mass from 13C substitution. The low energy, intermolecular vibrational modes are 

thought to play a crucial role in modulating the intermolecular coupling and 

dynamic disorder described by the DDM, responsible for reduced charge carrier 

mobility in small molecule, single-crystalline organic semiconductors. 

Conclusion 

 Raman spectra of both fm-rubrene and 13C isotopically substituted rubrene 

were collected for the first time. Fm-rubrene vibrational modes were 

quantitatively compared to computed vibrational modes. Correspondence to the 

calculated values was better than 0.5% at high wavenumber but became poor at 

low wavenumbers due to emergence of intermolecular Van der Waals coupling. 
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The shift of low-wavenumber vibrational modes of 13C rubrene relative to native 

rubrene of roughly 3.5% across all modes was associated with a corresponding 

negative isotope effect, resulting in a reduced charge carrier mobility in single 

crystal devices made by a collaborator. 
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6. Conclusion 
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The work I present here demonstrates a significant contribution to the 

understanding of ultrafast exciton dynamics in CVD-grown TMDs and their 

heterostructures. I showed that the optical properties of MoTe2 were constant 

over a period of more than 6 months being stored in air. I have used temperature 

and exciton density controlled by pump excitation fluence to determine few-layer, 

CVD-grown MoTe2 relaxes with two characteristic time scales. The shorter time 

scale shows a strong, increasing relationship with exciton density, but no change 

with sample temperature, suggesting the saturation of bulk defect states largely 

controls the early, few ps decay. The longer time scale shows no significant 

dependence on exciton density or temperature, implying it involves non-radiative 

decay by surface or interface defects. Additional insight into the nature of the 

chemical defects controlling the decay pathways would be an enlightening follow-

up study. CVD growth parameters could be modified to introduce additional 

defects or chalcogen substitution (Se or S, in favor of Te) both could modify the 

density of defects available for exciton interaction. The density and type of 

defects could be characterized by high-resolution TEM and correlated to the 

ultrafast exciton decay rate. 

 I have also identified a unique transient feature appearing on the MoTe2 

A’ exciton shoulder at low temperatures which calls for further investigation. 

Biaxial strain-dependent measurements like those performed by Carrascoso et 

al. on bilayer MoS2 may be used to distinguish if the feature is due to an exciton 

extended vertically between MoTe2 layers by observing peak shift rate with 
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substrate strain140. If the feature is an interlayer exciton, the oriented dipole 

would allow for electrical modification by an external electric field, which could 

drive exciton dissociation. Additionally, repeated application of controlled surface 

oxidation by ozone reaction could thin the semiconducting MoTe2 allowing for 

fine-turning of the surrounding dielectric environment63. 

The dynamics near the proximity of different TMD heterostructures, 

including a type 2 semiconductor heterojunction formed by MoS2/WS2, and a 

metal/semiconductor junction formed by few-layer MoTe2 in the 1T’ and 2H 

phases, respectively, were measured by transient reflectivity microscopy. While 

the MoS2/WS2 junction showed no resolvable difference suggestive of lateral 

interfacial charge transfer, speculation on additional experimental techniques and 

procedures are suggested to overcome the signal to noise issues in observing 

lateral interface signals, including super-resolution, tip-enhanced spectroscopic 

techniques. The 2H-1T’ interface showed no appreciable interfacial signal for 

similar reasons to the semiconductor heterojunction, but additionally suffered 

laser damage at the lowest usable fluences under broadband white light probing, 

preventing reliable association of observed signal to intrinsic properties of MoTe2. 

Further investigation into the dynamics of exciton dissociation at lateral metal-

semiconductor and semiconductor-semiconductor junctions will allow for better 

integration of TMDs into atomically thin sensors and photovoltaics. While a 

challenging experiment, time-resolved, tip-enhanced spectroscopy could reveal 
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the effect of geometry and defect distribution on electron-hole separation 

dynamics. 

Two collaborative projects involving the optical characterization of the 

rubrene provided new information on critical low-wavenumber intermolecular 

vibrations thought to control charge carrier mobility by dynamic disorder. The 

Raman spectrum of the structural analog of rubrene, fm-rubrene, was measured 

for the first time and simulated by DFT calculation. Correspondence of the 

experimental crystalline Raman modes were made to the single-molecule 

calculation, showing significant deviation only at vibrational modes below 200 cm-

1, due to intermolecular coupling not accounted for in the calculation. Another 

collaboration investigated the change in low-wavenumber intermolecular 

vibrations due to 13C isotopic substitution. The isotopic substitution resulted in a 

uniform shift to lower energy vibrations, which was later correlated to a negative 

isotope effect, reducing mobility in 13C rubrene due to increased charge 

localization and dynamic disorder. Confirmation of some of the key elements of 

the DDM as it relates to rubrene provides a useful predictive framework for 

mobility. Considering this, the low-wavenumber vibrational modes of fm-rubrene 

could serve to improve electronic modelling in fm-rubrene devices, and to drive 

effective small-molecule crystal engineering. 

 Understanding of characteristic exciton lifetimes in CVD-grown TMDs and 

TMD heterostructures serves to establish upper bounds on exciton diffusion and 

mobility when such materials are used in next-generation, non-silicon devices 
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such as solar cells, photodiodes, and sensors. Additionally, the characterization 

of rubrene derivative low wavenumber vibrational modes provides critical 

information for charge carrier mobility prediction by DDM. Together, my results 

contribute necessary groundwork for application of these alternative materials in 

new applications. It is my hope that future work builds on this understanding to 

drive innovation in the field of flexible and 2D electronics. 
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Appendix A 

A.1 Line Scan Camera X-Axis Calibration MatLAB Script 

%Sets up x axis for raw data(Pixel) and desired filters being used 
CenterWavelengths=[580;620;680;720;780;820;880]; 
Error=[2;2;2;2;2;2;2]; 
HighBound=CenterWavelengths+Error; 
LowBound=CenterWavelengths-Error; 
CalNum=size(CenterWavelengths,1); 
CenterWavelengths=1./CenterWavelengths*1239.8; 
HighBound_eV=1./HighBound*1239.8; 
LowBound_eV=1./LowBound*1239.8; 
Uncertainty=LowBound_eV-HighBound_eV; 
Pixel=1:1:1024; 
Cal580=csvread('Filter_580.csv'); 
Cal620=csvread('Filter_620.csv'); 
Cal680=csvread('Filter_680.csv'); 
Cal720=csvread('Filter_720.csv'); 
Cal780=csvread('Filter_780.csv'); 
Cal820=csvread('Filter_820.csv'); 
Cal880=csvread('Filter_880.csv'); 
Calibration(1,:)=Cal580; 
Calibration(2,:)=Cal620; 
Calibration(3,:)=Cal680; 
Calibration(4,:)=Cal720; 
Calibration(5,:)=Cal780; 
Calibration(6,:)=Cal820; 
Calibration(7,:)=Cal880; 

  
%Normalize the spectra. 'Calibration' matrix, each row is the 

normalized 
%trace of a given bandpass filter 
Calibration(1,:)=Calibration(1,:)./max(Calibration(1,:)); 
Calibration(2,:)=Calibration(2,:)./max(Calibration(2,:)); 
Calibration(3,:)=Calibration(3,:)./max(Calibration(3,:)); 
Calibration(4,:)=Calibration(4,:)./max(Calibration(4,:)); 
Calibration(5,:)=Calibration(5,:)./max(Calibration(5,:)); 
Calibration(6,:)=Calibration(6,:)./max(Calibration(6,:)); 
Calibration(7,:)=Calibration(7,:)./max(Calibration(7,:)); 

  

  

 Coeffs_Upper=[ 1E2,   1E2,  1E1,  1024,        1E5,     1E2]; 
 Coeffs_Lower=[  -1E2,  -1E2,  -1E1,  1,      1E-3,        0]; 
 Guess=[           0, 0,  0, 800,          1,       15]; 
%Loop below fits each normalized row in 'Calibration' to the fit 

function 
%f(x)=a*x.^2+b*x+c+G_amp1*exp(-(x-x01).^2/(2*c1^2)) 
%Loop takes ginput from user to select center position of each gaussian 
%from the raw data before performing the fit. These fit positions are 
%recorded in the 'PeakPositions' column vector 



 

169 
 

for i=1:CalNum 
 %startx01=find( Calibration(i,:)==1); 
 plot(Pixel,Calibration(i,:)); 
 startx01=ginput; 
 Coeffs_Upper=[ 1E1,   1E1,  1E4,  1024,        1E5,     40]; 
 Coeffs_Lower=[  -1E1,  -1E1,  -1E4,  1,     6E-1,     0]; 
 Guess=[           1E-4, 0.05, 1E1, 600,       1,     15]; 
 Guess(1,4)=startx01(1,1); 
 Coeffs_Upper(1,4)= startx01(1,1)+50; 
 Coeffs_Lower(1,4)= startx01(1,1)-50; 
 modelFun=@(a, b, c, x01, G_amp1, c1,x) a*x.^2+b*x+c+G_amp1*exp(-(x-

x01).^2/(2*c1^2)); 

  
[Coeffs, gof, out]=fit(Pixel', Calibration(i,:)', modelFun, 'Lower', 

Coeffs_Lower,'Upper', Coeffs_Upper,'StartPoint',Guess, 'Robust', 'on', 

'MaxIter', 1200, 'MaxFunEvals', 1e8); 
 figure(i) 
plot(Coeffs,Pixel,Calibration(i,:)) 
PeakPositions(i,1)=Coeffs.x01; 
pause(2) 
Coeffs 
end 
%Closes all fitting-related figures 
close all 
%Fit below calculates polynomial fit to the PeakPosition(Pixel) vs 

filter 
%center wavelength (nm), f(x)=a*x+b 

  
 Coeffs_Upper2=[ 1,   5]; 
 Coeffs_Lower2=[  1E-4,  0.1]; 
 Guess2=[          0.0018,     0.5  ]; 
 modelFun=@(a, b,x) a*x+b; 
   [Coeffs2, gof, out]=fit(PeakPositions(1:CalNum), CenterWavelengths, 

modelFun, 'Lower', Coeffs_Lower2,'Upper', 

Coeffs_Upper2,'StartPoint',Guess2, 'Robust', 'on', 'MaxIter', 1200, 

'MaxFunEvals', 1e8); 
 FitLine=coeffvalues(Coeffs2); 
figure(1) 
plot(Coeffs2,PeakPositions(1:CalNum),CenterWavelengths); 
hold on 
errorbar(PeakPositions(1:CalNum),CenterWavelengths,Uncertainty,'.') 
xlabel('Camera Pixel'); 
ylabel('Filter Center Wavelength (eV)'); 
a=Coeffs2.a; 
b=Coeffs2.b; 

  
XCal_CI=confint(Coeffs2,0.90); 
SlopeUncert=XCal_CI(2,1)-XCal_CI(1,1); 
YIntUncert=XCal_CI(2,2)-XCal_CI(1,2); 
plot(Pixel,Pixel*XCal_CI(1,1)+XCal_CI(1,2),'--') 
hold on 
plot(Pixel,Pixel*XCal_CI(2,1)+XCal_CI(2,2),'--') 
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%substitute x values into  

  
for i=1:1024 
   Wav(1,i)=a*(i)+b; 
   WavUncert(1,i)=(sqrt((SlopeUncert*(i))^2+(YIntUncert)^2)); 
end 
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A.2 Broadband transient reflectivity LabVIEW code 
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A.3. Bootstrap Dynamics MATLAB Fitting Script 

%Bootstrap exponential fitting script for estimating fit parameter 
%uncertainty. 
%Specify order which Tests are to be fit in 
%Allows one to place in increasing/decreasing pump fluence, for example 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
Test_Lett=['K','Q','O','P','L','M','N']; 
OrderPowers_LT=[0.75;0.6;0.5;0.4;0.25;0.15;0.1]; %Given as incident mW 
DataSets=size(Test_Lett); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
for m=1:DataSets(2) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%%     
%Run individual plotting scripts to construct data vectors to 

manipulate 
%with fitting script. Total data matrix is 'Ovr', Y axis (Pump Delay)  
% is 'Steps'. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
 run(strcat('PlotCameraData_Test_',Test_Lett(m),'.m')) 
close all 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
%Change these bounds to fit different peak features 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 
LowBound=350; 
HighBound=500; 
OvrSize=size(Ovr); 
for i=1:OvrSize(1) 
[val,idx]=max(Ovr(i,LowBound:HighBound)); 
PeakVal(i)=val; 
PeakIndex(i)=idx; 
end 
contourf(X(300:750),Steps,Ovr(:,300:750),40); 
hold on 
plot(PeakIndex+X(LowBound),Steps,'r') 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
run('FitOnlyExp.m') 
close all 
Len=size(time); 

  
 NumSteps=25; %Equal increments to divide high/low bounds into 
 Straps=50; %Number of times to fit data with randomly selected fit 

parameters 
            %from within the step range established in NumSteps 
 Coeffs_Upper2=[  5, 2000,   5,    25,       0,   10, 5e0]; 
 Coeffs_Lower2=[  0, 50,    0,     0.1,        0, 0.1, 0]; 
 Step=(Coeffs_Upper2-Coeffs_Lower2)/NumSteps; 
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 for i=1:7 
 Sample(:,i)=linspace(Coeffs_Upper2(i),Coeffs_Lower2(i),NumSteps);  
 end 

  
 for j=1:Straps 
     for k=1:7 
         p(k)=Sample(randi(NumSteps),k); 
     end 
     Fit(j,:)=FitOnlyExp_Fxn(p,time',X',Coeffs_Upper2,Coeffs_Lower2); 
     

Curve=modelFun_Linear(Fit(j,1),Fit(j,2),Fit(j,3),Fit(j,4),Fit(j,5),Fit(

j,6),Fit(j,7),time); 
     SOS(j)=sum((X-Curve).^2); 
  %   FitOutcome(j)=output.exitflag; 
 end 
AvgSOS=mean(SOS);  
Avg=mean(Fit); 
StDev=std(Fit); 

  
for l=1:7 
    CI_Low(l)=Avg(l)-(1.96*StDev(l)); 
    CI_High(l)=Avg(l)+(1.96*StDev(l)); 
end 

  
 CI=vertcat(CI_High,CI_Low); 

  
 clear Sample 

  
plot(time,X,time,Curve) 
 xlabel('Pump Delay (ps)') 
 ylabel('Norm. \DeltaR/R') 
% AvgSOS=mean(SOS); 
% AvgFit=mean(Fit); 
%%%%%%%%%%%%%%%%%%%%%%%%%SAVE THE DATA IN THE RIGHT 

VARIABLES%%%%%%%%%%% 
FinalFits_Avg_LT{m}=Avg; 
FinalFits_UB_LT{m}=CI_High; 
FinalFits_LB_LT{m}=CI_Low; 
FinalFits_X_LT{m}=X; 
FinalFits_time_LT{m}=time; 
FinalFits_Curve_LT{m}=Curve; 
FinalFits_ZSlice_LT{m}=ZSlice(1:t0_guess_position); 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% 
 end 
% plot(Fit(:,2)) 
% plot(Fit(:,4)) 

 
 
 



 

176 
 

A.4. Rubrene Low-Wavenumber Raman Fitting Script 

%FitHeavyRubrene.m 
%fname='RR6_1sec100avg.csv'; 
fname='HR4_2sec200avg.csv'; 
Data=csvread(fname); 
Wav=Data(:,1); 
Int=Data(:,2); 
roi=find(Wav>18|Wav<-18); 
%%Model Function 12 lorentzians + a baseline 
 modelFun=@(slope, offset, x01, G_amp1, c1, x02, G_amp2, c2, amp1, x1, 

FWHM1, amp2, x2, FWHM2, amp3, x3, FWHM3, amp4, x4, FWHM4, amp5, x5, 

FWHM5,amp6, x6, FWHM6, amp7, x7, FWHM7,  amp8, x8, FWHM8, amp9, x9, 

FWHM9, amp10, x10, FWHM10, amp11, x11, FWHM11,amp12, x12, FWHM12, ... 
     amp13, x13, FWHM13, amp14, x14, FWHM14, amp15, x15, FWHM15, amp16, 

x16, FWHM16, amp17, x17, FWHM17, amp18, x18, FWHM18,x) 

lorentz(x,amp1,x1,FWHM1) + lorentz(x,amp2,x2,FWHM2)... 
     + offset + slope*x + G_amp1*exp(-(x-x01).^2/(2*c1^2))+ 

G_amp2*exp(-(x-x02).^2/(2*c2^2))+ 

lorentz(x,amp3,x3,FWHM3)+lorentz(x,amp4,x4,FWHM4)+lorentz(x,amp5,x5,FWH

M5) +lorentz(x,amp6,x6,FWHM6)+lorentz(x,amp7,x7,FWHM7) 

+lorentz(x,amp8,x8,FWHM8)... 
     + lorentz(x,amp9,x9,FWHM9) + lorentz(x,amp10,x10,FWHM10)+ 

lorentz(x,amp11,x11,FWHM11)+lorentz(x,amp12,x12,FWHM12) 

+lorentz(x,amp13,x13,FWHM13)+lorentz(x,amp14,x14,FWHM14)+lorentz(x,amp1

5,x15,FWHM15)+lorentz(x,amp16,x16,FWHM16)... 
     + lorentz(x,amp17,x17,FWHM17) + lorentz(x,amp18,x18,FWHM18) 
 %peaklist=find(DFT_Intens > 1.0); 
 %%Prune peak list 
 %s=size(peaklist);s=s(1); 

  

  

      
 Coeffs_Upper=[1e2, 1e5, 5e3, 1e6, 1e3, 5e3, 1e6, 1e3, 1e6, 52, 20, 

1e6, 80, 20, 1e6, 100, 20, 1e6, 125, 25, 1e6, 210, 20, 1e6, 274, 12, 

1e6, 350, 8, 1e6, 410, 10, 1e6, -43, 20, 1e6, -70, 20, 1e6, -89, 15, 

1e6, -115, 22, ... 
    1e6, -190, 10, 1e6, -260, 15, 1e6, -327.2, 5, 1e6, -380, 6, 1e6, 

100, 20, 1e6, -90, 20]; 
 Coeffs_Lower=[-5e5, -1e6, 0.1, 100, 0.1, 0.1, 100, 0.1, 1, 45, 0.1, 1, 

72, 0.1, 1, 90, 0.1, 1, 117, 0.1, 1, 115, 0.1, 1, 270, 0.1, 1, 328, 

0.1, 1, 380, 0.1, 4, -52, 0.1, 4, -80, 0.1, 1, -93, 0.1, 1, -130, 0.1, 

... 
    1, -200, 0.1, 1, -280, 0.1, 1, -330, 0.1, 1, -397.5, 0.1, 1, 80, 

0.1, 1, -100, 0.1]; 
 Guess=[10, 1e4, 10, 1e3, 250, 200, 1e3, 250, 1e5, 48, 5, 1e5, 76, 5, 

1e5, 95, 5, 1e5, 122, 5, 1e5, 202, 5, 1e5, 273, 5, 1e5, 328, 5, 1e5, 

386, 5, 1e4, -48, 15, 1e5, -76, 5, 1e5, -92, 5, 1e5, -122, 5, ... 
    1e5, -193.9, 5, 1e5, -273, 5, 1e5, -327, 510, 1e5, -383.9, 5, 1e5, 

95, 10, 1e5, -95, 10]; 
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 %[Coeffs, gof, out]=fit(X(roi), mean(Y(:,roi))',modelFun,'Lower', 

Coeffs_Lower,'Upper', Coeffs_Upper,'StartPoint',Guess, 'Robust', 'on', 

'MaxIter', 1e6, 'MaxFunEvals', 1e6) 
 %figure(5); plot(X(roi), mean(Y(:,roi))' - Coeffs.slope* X(roi)-

Coeffs.offset, X(roi), Coeffs(X(roi))- X(roi)*Coeffs.slope - 

Coeffs.offset) 
 %figure(6);plot(X(roi),Y(1,roi)',X(roi),Coeffs(X(roi))) 

  
 [Coeffs, gof, out]=fit(Wav(roi), Int(roi), modelFun, 'Lower', 

Coeffs_Lower,'Upper', Coeffs_Upper,'StartPoint',Guess, 'Robust', 'on', 

'MaxIter', 1e6, 'MaxFunEvals', 1e6); 
 Background=Coeffs.slope*Wav(roi)+Coeffs.offset+Coeffs.G_amp1*exp((-

(Wav(roi)-Coeffs.x01).^2)./(2*(Coeffs.c1)^2))+Coeffs.G_amp2*exp((-

(Wav(roi)-Coeffs.x02).^2)./(2*(Coeffs.c2)^2)); 
 %figure(5); plot(Wavelength(roi), Intensity(roi)') %    - 

Coeffs.slope* X(roi)-Coeffs.offset, X(roi), Coeffs(X(roi))- 

X(roi)*Coeffs.slope - Coeffs.offset) 

  
 

figure(1);plot(Wav(roi),Int(roi)',Wav(roi),Coeffs(Wav(roi)),Wav(roi),Ba

ckground); 
 hold on 

  
 set(gca,'fontsize',28) 
 plot(Wav(roi),Background,'g'); 
 legend('Data','Fit','Background'); 
 xlabel('Raman Shift (cm^-^1)'); 
 ylabel('Intensity (counts)'); 
 title(fname); 
 %SvFile=strrep(fname,'.csv',''); 
 A=coeffvalues(Coeffs); 
 %csvwrite(strcat(SvFile,'Coeffs.csv'),A); 
 hold off 
 SubBackInt=Int(roi)-Background; 
 SubBackIntFit=Coeffs(Wav(roi))-Background; 

  
 figure(2);plot(Wav(roi),SubBackInt,Wav(roi),SubBackIntFit); 
 hold on 
 set(gca,'fontsize',28) 
 plot(Wav(roi),Background,'g'); 
 legend('Data','Fit','Background'); 
 xlabel('Raman Shift (cm^-^1)'); 
 ylabel('Intensity (counts)'); 
 title(fname); 
 hold off 

  
 RR1Fit=SubBackIntFit; 
 RR1Data=SubBackInt; 

  

 


