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Abstract

Nonlinear optical properties of two-dimensional (2D) materials, such as transition

metal dichalcogenides (TMDs), graphene, black phosphorus, and so on, play a key role

of understanding nanoscale light-matter interactions, as well as developing nanopho-

tonics applications from solar cells to quantum computation. With ultrafast lasers, we

experimentally study nonlinear optical properties of 2D materials.

Employing transient absorption microscopy, we study several members of 2D mate-

rials, such as WSe2, TiS3 and ReS2. The dynamical saturable absorption process of

2D excitons is spatiotemporally resolved. Intrinsic parameters of these 2D materials,

such as exciton lifetime, exciton diffusion coefficient, and exciton mobility, are effec-

tively measured. Especially, in-plane anisotropy of transient absorption and diffusive

transport is observed for 2D excitons in monolayer ReS2, demonstrating the in-plane

degree of freedom. Furthermore, with quantum interference and control nanoscopy,

we all-optically inject, detect and manipulate nanoscale ballistic charge currents in a

ReS2 thin film. By tuning the phase difference between one photon absorption and

two photon absorption transition paths, sub-picosecond timescale of ballistic currents

is coherently controlled for the first time in TMDs. In addition, the spatial resolution is

two-order of magnitude smaller than optical diffraction limit. The second-order optical

nonlinearity of 2D monolayers is resolved by second harmonic generation (SHG) mi-

croscopy. We measure the second-order susceptibility of monolayer MoS2. The angu-

lar dependence of SHG in monolayer MoS2 shows strong symmetry dependence on its

crystal lattice structure. Hence, second harmonic generation microscopy can serve as a

powerful tool to noninvasively determine the crystalline directions of 2D monolayers.
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The real and imaginary parts of third-order optical nonlinearity of 2D monolayers are

resolved by third harmonic generation (THG) microscopy and two-photon transient

absorption microscopy, respectively. With third harmonic generation microscopy, we

observe strong and anisotropic THG in monolayer and multilayer ReS2. Comparing

with 2D materials with hexagonal lattice, such as MoS2, the third-order susceptibility

is higher by one order of magnitude in ReS2 with a distorted 1T structure. The in-plane

anisotropy of THG is attributed to the lattice distortion in ReS2 after comparing with

a symmetry analysis. With two-photon transient absorption microscopy, we observe a

giant two-photon absorption coefficient of monolayer WS2.
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Chapter 1

Introduction

1.1 Scope of the dissertation

The early explorations of graphene [1–4] have started a new era of condensed matter physics in

the past decade [5–7]. Novel two-dimensional (2D) physics based on this one-atom layer material

leads to great interest ranging from fundamental to applications [6, 8, 9]. As a promising solution

of future electronics, unfortunately, graphene does not inherently process a band gap, which plays

a key role for modern logic electronic devices based on semiconducting materials. Inspired by

graphene, with the discovery of a direct band gap 2D material-monolayer MoS2 in 2010 [10, 11],

road maps towards future electronics based on 2D materials become bright again [12–15]. More

importantly, people start to realize that there are a large family of 2D materials with similar van

der Waals structures and various properties ranging from superconductors to insulators, that can

be exfoliated to one atomic layer [16–19]. The experimental investigations of these 2D materials

have greatly boosted our understanding of 2D physics [20–27]. Although it is still a young research

field, the family of 2D materials has been significantly expanded so far.

Extraordinary thin, flexible, excitonic and linear optical properties of 2D materials are ap-

pealing natures, that have been motivating people to develop novel applications in nanophoton-

ics. However, nonlinear optical properties of 2D materials have been still largely unexplored,

which are very important for determining the nonlinear optical performance limit and further de-
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signing nanophotonics devices. To explore nonlinear optical properties, this dissertation focuses

on nonlinear light-matter interaction phenomena and their underlying physics in 2D materials by

employing nonlinear optical spectroscopy with ultrafast lasers. Nonlinear optical spectroscopy

has been established as a powerful tool to evaluate and understand intrinsic physical properties

of nano-materials [28], which can provide valuable information on nanoscale light-matter interac-

tions that are inaccessible to conventional linear optical measurements. The ultrafast lasers possess

high spatiotemporal resolution, high peak intensity, strong coherence, quantum interference ability,

high polarization contrast, and so on. These are unique advantages for investigating 2D materials.

In this dissertation, by presenting our experimental results that provide valuable information of

nonlinear optical properties of 2D materials, we will demonstrate our recent studies and illustrate

nonlinear optical spectroscopy we have developed in recent years with ultrafast lasers.

First of all, atomic sheets in 2D materials, such as transition metal dichalcogenides (TMDs), are

bonded by van der Waals forces [29]. Unlike gapless graphene, TMD monolayers, such as MoS2,

usually possess a direct band gap. Especially, stable 2D excitons with large binding energies at

room temperature dominate the linear and nonlinear optical responses of these monolayers [30].

Understanding the 2D excitonic dynamics of these materials is crucial to develop various optoelec-

tronics applications, such as solar cells, light detectors, transistors and sensors [31]. With ultrafast

lasers, we have developed a technique named as transient absorption microscopy. This nonlinear

spectroscopy has unique advantages for 2D materials. Comparing with electrical measurements,

ultrafast lasers can realize noninvasive measurements with extremely high temporal and spatial

resolution to obtain intrinsic properties of 2D materials. In addition, since excitons have zero net

charge, the electrical measurements are unable to effectively resolve the transport of excitons in 2D

materials. Ultrafast lasers not only can inject excitons, but also directly detect the exciton density

evolution by the transient absorption. Hence, the parameters obtained from ultrafast laser transient

absorption microscopy are expected to be more accurate comparing with electrical techniques.

Heat dissipation due to diffusive transport in a semiconductor has been a critical problem for

modern electronics. When the size of a silicon transistor gets smaller and smaller, overwhelming
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heat generation will severely limit the performance of a computer chip. Hence, significant efforts

have been devoted to search new materials for next generation electronics [32]. The emergence

of 2D materials has led to new hope of fabricating next generation nano-electronics devices. On

the one hand, spintronics and valleytronics based on 2D monolayers have been investigated ex-

tensively in recent years [33, 34], with the hope that spin and valley degrees of freedom can be

utilized in information processing without generating heat. On the other hand, ballistic transport,

the scattering free carrier transport process, can also realize zero heat dissipation [35]. Therefore,

it is important to study the ballistic transport of 2D materials. Regards this, we have developed a

nonlinear optical technique-quantum interference and control. All-optical injection, detection, and

manipulation of nanoscale ballistic currents has been successfully realized in semiconducting 2D

material-ReS2 for the first time [36].

Last but not the least, ultrafast lasers with extremely high peak intensity can effectively induce

nonlinear optical responses, such as second harmonic generation (SHG), third harmonic generation

(THG) and two-photon absorption (TPA), in 2D materials. Comparing with linear optical meth-

ods, these nonlinear optical phenomena are more effective to reveal valuable information of 2D

materials. With ultrafast laser, SHG microscopy can effectively reveal the crystalline direction as

well as the second-order susceptibility of 2D monolayers. Besides the measurement of third-order

susceptibility, THG can reveal the lattice distortion existing in special 2D materials. TPA mea-

surements with ultrafast laser can quantify nonlinear optical parameters of 2D materials, such as

TPA coefficient, that will boost many useful applications based on 2D materials, such as saturable

absorber for passive Q-switching [37].

In summary, this dissertation aims to present nonlinear optical spectroscopy we have developed

for 2D materials in recent years, with the hope of stimulating nonlinear optical studies of 2D

materials from fundamentals to applications. The organization of the dissertation is as follow:

In the first chapter, we make an introduction to the 2D materials. The concept of 2D excitons

in monolayers is explained by comparing with 3D excitons in a bulk semiconducting flake. The

relaxation processes of 2D excitons are further discussed. Then, we illustrate the mechanism of
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probing 2D excitons of 2D materials with ultrafast lasers.

In the second chapter, we discuss the nonlinear light-matter interaction in 2D materials. The

nonlinear optical responses of 2D materials are derived by convolution theory and interpreted in

the frequency domain up to third-order. The pump-probe mechanism is explained by a dynamical

saturable absorption process. The principles of temporal and spatial scan with ultrafast lasers are

illustrated in details. The observed diffusive transport of excitons are further illustrated by a 2D

diffusion model.

In the third chapter, we present our experimental results regarding excitonic dynamics in sev-

eral different 2D materials investigated by transient absorption microscopy. Explicitly, we measure

intrinsic parameters of excitons in monolayer and bulk WSe2 and discuss their differences. Simi-

larly, we also measure TiS3 nanorribbons. At last ,we present measurements of in-plane anisotropy

of 2D excitons in monolayer ReS2.

In the fourth chapter, we present the quantum interference and control nanoscopy. With this

technique taking advantage of quantum interference between one-photon and two-photon transition

paths, for the first time, we realize the injection, detection and manipulation of nanoscale ballistic

currents in TMDs-ReS2.

In the fifth chapter, we focus on the second-order nonlinearity of 2D materials by second har-

monic generation (SHG) microscopy. Experimentally, we illustrate SHG microscopy of monolayer

MoS2, and discuss the calculation of second-order susceptibility and characterization of lattice ori-

entation. For comparison, we present experimental results of SHG observed in monolayer ReS2.

In the sixth chapter, we investigate third-order nonlinearity of 2D materials. Experimentally, we

present third-harmonic generation (THG) microscopy of monolayer and multilayer ReS2. Strong

and anisotropic THG are observed in this anomalous 2D material with a stable distorted 1T lattice

structure. The third-order susceptibility is calculated. The anisotropic THG is compared with a

theoretical simulation, then attributed to the lattice distortion.

In the seventh chapter, we discuss two-photon transient absorption microscopy. Experimen-

tally, we present the two-photon transient absorption measurements of monolayer WS2 and calcu-
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late its two-photon absorption coefficient.

1.2 2D materials

1.2.1 The family of 2D materials

2D materials are a family of nano-materials with layered van der Waals structure, that have been

widely explored in the near decade. Graphene has created numerous opportunities for novel

physics since 2004, when Geim’s group for the first time made monolayer graphene with scotch

tapes and revealed novel properties in graphene [1, 2]. So far, almost a million papers related

to graphene have been published according to Google Scholar. However, the lack of a bandgap

limited its application in optoelectronics. Although opening a band gap in graphene can be ac-

complished, the obtained band gap is usually too small for modern optoelectronics applications in

visible and near infrared ranges [38, 39]. In 2010, monolayer MoS2 was confirmed to have a direct

band gap [10, 11], which greatly expanded the family of 2D materials. Various members of tran-

sition metal dichalcogenides (TMDs) has been extensively investigated. With band gaps in visible

range and outstanding excitonic properties, the family of TMDs have become a hot candidate of

next-generation optoelectronics [40].

TMDs typically form in a formula of MX2, where M is a transition metal atom and X is a

chalcogen atom. There are 16 different M elements in group 4, 5, 6, 7, 9, and 10, while there are

only 3 different X elements [41]. About 40 different TMDs exist. Bulk TMDs show diverse prop-

erties. For example, there are insulators such as HfS2, semiconductors such as MoSe2 and WSe2,

semimetals such as WTe2 and TiSe2, metals such as NbS2 and VSe2, and even superconductors at

low temperatures such as NbSe2 and TaS2. The property differences are mainly determined by the

bonding coordination of transition metal atom and its d-orbital electrons. A detailed description

of crystal growing, stacking and crystal phases could be found in [41]. TMD monolayers process

different properties comparing with bulk, due to the quantum confinement effects and 2D crystal

symmetry [40, 41]. For example, it has been shown that monolayer MoS2 is direct band gap while
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bulk MoS2 is indirect [10, 11]. Strong second harmonic generation in monolayer MoS2 presents

anisotropic dependence of in-plane symmetry, which has become a powerful method of nonlin-

ear imaging [42]. In addition, large exciton binding energy and strong excitonic effects can also

been found in TMD monolayers such as WS2 and WSe2 [43]. Most importantly, TMD mono-

layers introduce a new quantum degree of freedom-the valleys, which are inequivalently located

at K points [44]. TMD monolayers have became a new platform of coupled spin-valley physics.

Beyond TMDs and graphene, other members of 2D materials, such as h-BN [45, 46] and black

phosphorus [47–49], have also gained tremendous attentions in recent years. Very recently, the

concept of van der Waals heterostructures has been introduced in [50], which will extend the fam-

ily of 2D materials from natural existing to artificially designed in the near future.

1.2.2 Synthesis of 2D materials

Due to the attractive properties of 2D materials, synthesis of 2D monolayers has become an im-

portant mission for this rapidly growing research field. So far, various synthesis methods of 2D

materials have been developed. In general, synthesis techniques of 2D materials can be classified

into three different types: exfoliations, vapor depositions, and alternative fabrication.

To simply obtain a sample for lab research, exfoliation is the most common method. This

method usually requires a bulk flake to begin with. Individual layers are separated from the bulk

flake by exfoliations. Specifically, mechanical, chemical, and thermal exfoliations taking advan-

tage of weak van der Waals forces among layers of 2D materials have been widely employed.

Chemical and thermal exfoliations [51, 52] involving liquid suspensions or heat treatments can

yield monolayers and few layers, but will often introduce defects. Mechanical exfoliation can

yield a sample of high quality with less defects comparing with chemical and thermal exfoliations.

It has been named as "Scotch tape" method due to the fabrication of the first graphene a decade ago

[1]. An adhesive tape was used to peel off layers a few times from a bulk flake. Then, monolayers

can be produced and left on these tapes. Next, all of residuals on the tape would be transferred to

a substrate. At last, monolayers on the substrate could be identified by characterization methods,
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such as optical contrast, optical path length, atomic force microscopy, and Raman spectroscopy.

Although the quality of samples by mechanical exfoliation are satisfactory, the yield is very limited

and the sizes are usually small (on the order of micrometers). To increase the yield and sample

size without introducing defects from any liquid chemical, a technique called "all-dry viscoelastic

stamping" has been brought up recently [53]. A stamp made of polydimethylsiloxane (PMDS)

serves as a transitional substrate for mechanical exfoliation of a bulk flake. The viscoelastic prop-

erties of the stamp facilitate the exfoliation and lead to relatively high yield of monolayers and few

layers. In addition, the transparent stamp can be easily integrated into an optical imaging system

to transfer the exfoliated sample to a desired position of another substrate. PDMS viscoelastic

stamping has become an effective top-down method to fabricate van der Waals heterostructures.

Although the exfoliation methods serve well for fundamental studies, practical applications

needs massive and stable production. To solve this problem, bottom-up methods based on vapor

depositions, such as chemical vapor deposition (CVD) and physical vapor deposition (PVD), be-

came a very promising solution and attracted a lot of efforts. CVD method provides a solution

of growing large scale of 2D materials for industrial applications, such as integrated electronics

[54, 55]. CVD usually requires high temperature and certain vacuum conditions, where mono-

layers are deposited on a substrate via chemical reactions. So far, 2D materials fabricated by

CVD have still been limited by defects, resulting in low electronic transport performances [56].

However, CVD is capable of fabricating complicated heterostructures [57, 58]. This will not only

lead to unconventional heterostructures that exfoliation methods could not reach, but also provide

new route to develop novel materials and devices. Similar to CVD, PVD needs high temperature

treatment, but does not involve any chemical reaction towards the formation of 2D materials on

substrate [59]. There are also some alternative fabrication methods to produce 2D materials. For

instance, laser-thinning of MoS2 has been demonstrated that one can use laser machining tech-

niques to fabricate large-area MoS2 monolayer [60].
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Figure 1.1: Exciton band structure in a direct-gap semiconductor.

1.3 2D excitons

1.3.1 Excitons in 3D semiconductors

For a typical direct-gap semiconductor, electron dispersion (that is, energy-momentum relation)

near the edges of the conduction and valence bands can be simplified to a parabolic shape. If

the photon energy of a laser is higher than the semiconductor band gap, under the illumination of

this laser, electrons in the valence band will absorb the photon energy and can be excited into the

conduction band. Instantaneously, a hole will be created in the valence band. Under this picture

of interband transition, Coulomb interactions between the injected electron-hole pairs can form

quasiparticles, that is, the excitons. There are usually two types of excitons: Frenkel excitons and

Wannier excitons [61]. Frenkel excitons have a relatively smaller radius and large binding energy,

while Wannier excitons have relatively large radius and small binding energy [61].

As shown in Figure 1.1, the energy levels of excitons are similar to a hydrogen atom, which
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is formed by highly bound proton-electron pair. The exciton has no net charge, but a mass. The

reduced mass of an exciton (m∗ex) can be considered in the center-of-mass coordinate, according to

the effective mass of the electron in the conduction band and the hole in the valence band [62],

1
m∗ex

=
1

m∗e
+

1
m∗h

, (1.1)

where m∗e and m∗h are the effective mass of electron in the conduction band and the effective mass

of hole in the valence band, respectively. Hence, such a two-body problem can be equivalently

simplified to a one-body problem. In analogy with hydrogen atom, the energy of excitons can be

described as [63],

E(n) =−Eb

n2 , (1.2)

where n and Eb are quantum number and 1s-exciton binding energy, respectively. Exciton binding

energy is an important parameter to characterize the optical responses of a semiconductor material.

Especially when the exciton binding energy is higher than the thermal energy kbT , excitons will

dominate the optical properties of semiconductor at that temperature.

In the real space, exciton can be interpreted as a bound electron-hole pair, occupying a certain

space of crystal lattice. According to quantum mechanics, define the Bohr radius of an exciton as

[62],

rex =
ε h̄2

m∗exe2 , (1.3)

where ε and h̄ are environment dielectric constant and Planck constant, respectively. Due to the

Coulomb interaction, the exciton binding energy (energy of its ionisation) is,

Eb =
h̄2

2m∗exr2
ex
. (1.4)

The exciton binding energy for a bulk semiconductor is usually small. For instance, the exciton
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Figure 1.2: (a) 3D exciton in the bulk semiconductor. (b) 2D exciton in the monolayer semicon-
ductor.

binding energy of bulk GaAs is only a few meV, much smaller than the thermal energy at room

temperature [61]. Hence, excitons of bulk semiconductors are not stable at room temperature.

1.3.2 Excitons in 2D semiconductors

When the thickness of a semiconductor is as thin as only one atomic layer, quantum confinement

will change the wavefunction of excitons. The real space occupation of 2D excitons will be con-

fined to a certain area. More importantly, the significantly reduced coulomb screening, due to the

extension of field lines in the surrounding vacuum, will greatly influence the exciton binding en-

ergy. In general, the exciton binding energy in 2D monolayers can reach as high as a few hundred

meV at room temperature. Comparing with 3D case, the Bohr radius of 2D exciton becomes [64],

r2D(n) = (n− 1
2
)

ε h̄2

m∗exe2 . (1.5)
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The energy levels of 2D exciton [64],

E2D(n) =−
Eb

(n− 1
2)

2
. (1.6)

The binding energy of 2D exciton [64],

E2Db(n) =
h̄2

2m∗exr2D(n)
2 =

m∗exe4

2h̄2
ε2(n− 1

2)
2
. (1.7)

From the expression of 2D exciton , the binding energy of different quantum numbers is al-

tered. When n = 1, the 1s-exciton in 2D has a factor of 4 enhancement, in comparison with 3D

case. Beyond formula expression, Coulomb screening effects will influence the binding energy.

Therefore, in 2D monolayers, the reduced dielectric constant must be taken into consideration. It

can be easily understood from the Figure 1.2. In 3D semiconductor, the dielectric environment

is dominated by the bulk semiconductor. Hence, the dielectric constant determining the binding

energy can be simply taken as the dielectric constant of the semiconductor material, as shown in

Figure 1.2 (a). However, in a 2D monolayer indicated in Figure 1.2 (b), the dielectric constant

term will be reduced by the weak .Coulomb screening from the environment or the substrate, since

the electrical lines between electron and hole are leaking into the air or substrate. In this scenario,

a nonlocal screening model is required [65]. In addition, for 2s-exciton in 2D, the Bohr radius

is larger than 1s-exciton. Hence, the Coulomb screening for 2s-exciton is expected stronger. An

experimental study in monolayer WS2 has been established in [64], where a large exciton binding

energy of 320 meV has been observed.

Semiconducting members of TMDs are ideal platforms to study 2D excitons. They are usually

formed with a formula of MX2, where M is a transition atom (Mo and W) and X is a chalcogenide

atom (S, Se and Te). Similar to graphene, the crystal lattice of monolayer MX2 is hexagonal,

as shown in Figure 1.3 (a). Different from graphene, there are three layers of atoms for MX2

monolayer. The M atoms are sandwiched by two layers of X atoms, as shown in Figure 1.3 (b).

The primitive unite cell is indicated by the diamond of dashed lines. a0 is the lattice constant
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Figure 1.3: (a) Top view of lattice structure of MX2 monolayers. The diamond of dashed lines is
the primitive unit cell. Lattice constant a0 ≈ 0.32 nm. (b) Side view. M atoms are sandwiched by
two layers of X atoms.

indicated by the double arrow along the zigzag direction. The basis vectors then can be written as,

~a1 = (a0,0), ~a2 = (1
2a0,−

√
3

2 a0). (1.8)

In reciprocal space, the corresponding vectors are,

~b1 = (2π

a0
,− 2π√

3a0
), ~b2 = (0, 4π√

3a0
). (1.9)

As dominating carriers in semiconducting members of TMDs, light-2D exciton interactions

highly depend on corresponding electronic structures. A variety of theoretical models have been

developed to describe the electronic structures of TMD monolayers, such as tight binding models

[66, 67] and k · p models [33, 68]. For illustration, a simple two-band k · p model by Xiao etal. in

2012 [33] is presented here. Considering the strong spin-orbit coupling originating from d orbitals

of transition metal atoms, the Hamiltonian is given by [33],
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Figure 1.4: Optical selection rule for coupled spin-valley physics in TMD monolayers.

Ĥ = a0t(τkxσ̂x + kyσ̂y)+
∆

2
σ̂z−λτ

σ̂z−1
2

ŝz, (1.10)

where a0 is the lattice constant, t is the effective hopping integral, ∆ is the energy gap, 2λ is the

spin splitting at the top of valence band, τ = ±1 is the valley index, σ̂ is Pauli matrices for basis

functions, and ŝz is Pauli matrices for spin. The spin splitting at different valleys must be opposite

because of time-reversal symmetry.

The coupled spin-valley band structure of TMD monolayers (MX2) is depicted in Figure 1.4.

The strong spin-orbit coupling induces a large splitting of valence bands in K and -K valley. The

energy difference of splitting valence band top, ∆V B, is typically a few hundred meV for MX2

monolayers. Corresponding optical selection rules can be evaluated by considering the interband

transition from valence band top to conduction band bottom. The coupling strength of circular

polarized light σ± with the TMD monolayers would be [33],

P̂±(k) = P̂x(k)+ iP̂y(k), (1.11)
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where P̂α(k) is the interband matrix element of the canonical momentum operator [69]. Approxi-

mately, near K points, the interband transition probability has been calculated as [33],

|P̂±(k)|2 =
m2

0a0
2t2

h̄2 (1± τ
∆′√

∆′2 +4a02t2k2
)2, (1.12)

where ∆′ is the spin-dependent band gap and m0 is the free electron mass. Due to ∆′� atk, the

interband transition probability can be simplified to [33],

|P̂±(k)|2 ≈
m2

0a0
2t2

h̄2 (1± τ)2. (1.13)

Therefore, when coupling with K valley, that is, τ = +1, the interband transition probability

will be zero for circular polarization σ−. Only circular polarization σ+ will realize the interband

transition in K valley, as show in Figure 1.4. Similarly, for τ = -1, only circular polarization σ−

will realize the interband transition in -K valley.

1.3.3 Energy relaxations in 2D semiconductors

Followed by an ultrafast laser pulse excitation from thermodynamic equilibrium, a semiconductor

will go through several energy relaxation processes to reach thermodynamic equilibrium again.

These processes are occurring in four temporally overlapped regimes, including coherent relax-

ation, non-thermal relaxation, hot-carrier relaxation and isothermal relaxation, which have been

well discussed for a traditional semiconductor in [70]. The coherent relaxation, generally called

decoherence, starts immediately after the excitation of the ultrafast laser pulse, the electromagnetic

field of which creates a well-defined phase relation with the injected carrier ensemble. In 2D semi-

conductors, the established coherence will be destroyed by scattering within a sub-picosecond

timescale. After decoherence, the distribution of injected excitons and free e− h pairs is very

likely non-thermal. That is, the distribution function cannot be described by a temperature. The

non-thermal relaxation is within a timescale of picosecond. The temperature of thermalized dis-

tribution is usually higher than the lattice temperature [70]. For 2D semiconductors, the timescale

14



of hot-carrier is within a few picoseconds. 2D excitons are likely formed after hot-carrier relax-

ation processes. When the temperature of excitation ensemble, such as excitons, free e−h carriers

and phonons, reduces to the same as the temperature of lattice, the isothermal relaxation will start

[70]. The isothermal relaxation will finally lead 2D semiconductors to thermodynamics equilib-

rium through radiative or non-radiative recombination. The timescale of isothermal relaxation can

range from a few picoseconds to a few nanoseconds, depending on quite a few conditions, such as

defects, temperature, carrier density, et al [70].

Employing the nonlinear optical spectroscopy, one can study all these four relaxations in 2D

semiconductors. First of all, the population of stable 2D excitons at room temperature likely

reaches a maximal value after the hot-carrier relaxation. The isothermal relaxation will account

for the lifetime of excitons in a 2D semiconductors. Hence, the process of isothermal relaxation

has been of particular interest so far for the majority of ultrafast laser spectroscopy. In a non-

degenerate pump-probe measurement, the isothermal relaxation can be resolved, together with

faster mechanism such as hot-carrier relaxation. The discussion of transient absorption measure-

ments for excitonic dynamics will be presented in Chapter 3 at low carrier density from 1011 to

1012 cm−2. Secondly, in the coherent regime, the 2D semiconductors have been predicted to be a

novel platform of all-optical coherent control. Experimentally, with quantum interference between

one-photon absorption and two-photon absorption transition paths, we also study the coherent car-

rier dynamics. Corresponding discussion will be presented in Chapter 4.
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Chapter 2

Nonlinear light-matter interactions

2.1 Light-matter interaction in 2D materials

Light-matter interaction is an important phenomenon when investigating the physical properties

of 2D materials. Based on Maxwell’s equations, one can derive wave equation of light-matter

interaction [71],

∇
2~E = µ0ε0

∂ 2~E
∂ t2 +µ0

∂ 2~P
∂ t2 , (2.1)

where ~P is the polarization. This equation indicates that when a time-varying polarization exists,

electromagnetic radiation will be generated. Therefore, the polarization is important for interpret-

ing the nonlinear light-matter interaction when the light is in the form of ultrafast laser pulses.

Intuitively, time-dependent polarizations can be treated as an intermediate source generating the

output of electromagnetic radiations [71]. In a dielectric material, the optical polarization, ~P(t) is

induced by the electrical field of the illuminating light ~E(t). The induced polarization takes the

form of convolution [72],

~P(t) = ε0

ˆ
∞

−∞

R(τ)~E(t− τ)dτ, (2.2)
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where R(τ) is the intrinsic response function of the dielectric material, which is equivalent to a

Green’s function, since it yields the response of polarization from a delta function input of light

electric field. In the temporal domain, causality requires that the effect should be always generated

after the cause. Then, in the above convolution, when t < t− τ , ~E(t− τ) cannot contribute to the

polarization ~P(t). As a result, the response function R(τ) needs to be zero for τ < 0. Based on the

analysis of causality, the convolution will be zero for negative time. To reveal the physical nature

of a convolution, Fourier transform is usually carried out. The conversion from the time domain to

the frequency domain will point to the following form of product [72],

~P(ω) = ε0χ(ω)~E(ω), (2.3)

where χ(ω) is the electric susceptibility of the dielectric material, which is an intrinsic parameter.

Based on the above discussion, χ(ω) is the Fourier transform of the response function R(t) [72],

χ(ω) =

ˆ
∞

−∞

R(τ)e−2πiωτdτ. (2.4)

Under the illumination of ultrafast laser, the responses of a dielectric material are usually non-

linear, since the electric field of the laser is very high. In nonlinear optics, the corresponding

polarization is usually expanded to an infinite series with respect to the electric field in the time

domain [72],

~P(t) = ~P(1)
i (t)+~P(2)

i j (t)+~P(3)
i jk (t)+ · · · · · ·+~P(n)

i jk···(t). (2.5)

Apply the convolution formalism for each scalar term [72],
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P(1)
i (t) = ε0

´
∞

−∞
R(1)

i j (τ1)E j(t− τ1)dτ1,

P(2)
i j (t) = ε0

´
∞

−∞

´
∞

−∞
R(2)

i jk (τ1,τ2)E j(t− τ1)Ek(t− τ2)dτ1dτ2,

P(3)
i jk (t) = ε0

´
∞

−∞

´
∞

−∞

´
∞

−∞
R(3)

i jkl(τ1,τ2,τ2)E j(t− τ1)Ek(t− τ2)El(t− τ3)dτ1dτ2dτ2,

...

P(n)
i jk···(t) = ε0

´
∞

−∞
· · ·
´

∞

−∞
R(n)

i jk···n+1(τ1, · · · ,τn)E j(t− τ1) · · ·En(t− τn)dτ1 · · ·dτn,

(2.6)

where the symbols, j,k, l, are the tensor elements of χ along different directions. After Fourier

transform of the above terms of P(t), the scalar form of the induced polarization can be obtained

in the frequency domain as [72],

P(ω)= ε0{χ
(1)
i j E(ω1)+χ

(2)
i jk E(ω1)E(ω2)+χ

(3)
i jklE(ω1)E(ω2)E(ω3)+· · ·+χ

(n)
i jk···n+1E(ω1) . . .E(ωn)}.

(2.7)

It should be emphasized that the nth susceptibility χ
(n)
i jk···n+1 is a tensor of rank n+ 1. For a

material with isotropic crystal lattice structure, the tensor elements can be greatly simplified by

symmetry. Hence, scalar notation can be effectively employed for hexagonal 2D materials. For

anisotropic crystal lattice, the symmetry will be reduced and the tensor notation is necessary. In

addition, the induced polarization is a vector, because of the vector nature of applied electric fields.

It would be also necessary to employ the vector notation.

In 2D materials, especially the 2D monolayers, nonlinear optical responses up to the third-

order are of interest. Next, we will discuss the first, second, and third-order susceptibility in details

together with physical impacts of them towards various linear and nonlinear optical phenomena

induced by ultrafast lasers in 2D materials.
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2.1.1 First-order susceptibility

In an isotropic medium, the first-order susceptibility χ(1)(ω) is a dimensionless parameter that is

related to the linear electric relative permittivity ε(ω) by [73],

ε(ω) = 1+χ
(1)(ω), (2.8)

and χ(1)(ω) takes a complex form [73]:

χ
(1)(ω) = χ

(1)
R (ω)+ iχ(1)

I (ω). (2.9)

The linear electric relative permittivity ε(ω) is also complex and can be generalized as [73],

√
ε(ω) = n(ω)+ iκ(ω) = n(ω)+ iα(ω)

λ

4π
, (2.10)

where n(ω) and α(ω) are the linear refractive index and linear absorption coefficient of the

isotropic medium at the frequency of ω , respectively. Under such formalism, we can further obtain

in SI units [73],

n(ω) =

√
1+χ

(1)
R (ω),

α(ω) =
ωχ

(1)
I (ω)

n(ω)c .
(2.11)

From the above results, it is clear that linear refractive index and linear absorption coefficient

are not independent to each other. As a result, in linear optics, a general dispersion relation has

been given by the linear Kramers-Kronig relation [72],

n(ω)−1 =
c
π

P
ˆ

∞

0

α(ω ′)dω ′

ω ′2−ω2
, (2.12)

where P stands for the Cauchy principle value. Therefore, based on the above discussion, a further

understanding of linear optics can be established that the macroscopic behaviors and observables

in linear optics, such as refraction and absorption, are intrinsically determined by the first-order
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susceptibility in an isotropic medium. For an anisotropic medium, the linear dielectric constant

becomes a symmetric tensor and an explicit derivation can be found elsewhere [73].

2.1.2 Second-order susceptibility

The second-order nonlinearity of a dielectric material can be characterized by the second-order

susceptibility χ(2), which is a rank 3 tensor [71]. Consider an incoming electrical field with two

different frequency components in the following form[71],

~E(t) = E1e−iω1t +E2e−iω2t + c.c. (2.13)

The complex amplitude of second-order nonlinear polarization will be induced with various fre-

quency mixing terms as [71],

~P(2)(ω) = P(2ω1)+P(2ω2)+P(ω1 +ω2)+P(ω1−ω2)+P(0)+ c.c. (2.14)

Specificly, four complex amplitudes of nonlinear polarization components can be expressed in

terms of χ(2) as [71],

P(2ω1) = ε0χ(2)E2
1 =⇒ (SHG)

P(2ω2) = ε0χ(2)E2
2 =⇒ (SHG)

P(ω1 +ω2) = 2ε0χ(2)E1E2 =⇒ (SFG)

P(ω1−ω2) = 2ε0χ(2)E1E∗2 =⇒ (DFG)

P(0) = 2ε0χ(2)(E1E∗1 +E2E∗2) =⇒ (OR)

(2.15)

where SHG is second harmonic generation, SFG is sum frequency generation, DFG is difference

frequency generation, and OR is optical rectification. In real experiments, certain phase-matching

conditions usually require no more than one polarization component can be significant [71].
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2.1.3 Third-order susceptibility

The third-order nonlinearity of a dielectric material, can be characterized by the third-order sus-

ceptibility χ(3), which is a rank 4 tensor [71]. Hence, third-order nonlinear phenomena are much

more richer. Consider an incoming electrical field with three different frequency components in

the following form [71],

~E(t) = E1e−iω1t +E2e−iω2t +E3e−iω3t + c.c. (2.16)

The third-order nonlinear polarization will be induced with various frequency mixing terms in

scalar form as [71],

~P(3)(ω) = P(ω1)+P(ω2)+P(ω3)+P(3ω1)+P(3ω2)+P(3ω3)

+ P(ω1 +ω2 +ω3)+P(ω1 +ω2−ω3)+P(2ω1 +ω2)+ c.c.
(2.17)

There will be three polarization components with the same frequency as the the incoming light,

complex amplitudes of which are [71],

P(ω1) = ε0χ(3)(3E1E∗1 +6E2E∗2 +6E3E∗3)E1

P(ω2) = ε0χ(3)(6E1E∗1 +3E2E∗2 +6E3E∗3)E2 =⇒ (PM)

P(ω3) = ε0χ(3)(6E1E∗1 +6E2E∗2 +3E3E∗3)E3

(2.18)

where PM is phase modulation. Phase modulation includes two types: self-phase modulation

(SPM) and cross-phase modulation (XPM). In addition, there will be three polarization compo-

nents with triple frequencies of the incoming light, complex amplitudes of which are [71],

P(3ω1) = ε0χ(3)E3
1

P(3ω2) = ε0χ(3)E3
2 =⇒ (T HG)

P(3ω3) = ε0χ(3)E3
3

(2.19)
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where T HG is third harmonic generation. Furthermore, complex amplitudes of frequency-mixing

polarization components will be listed a few as [71],

P(ω1 +ω2 +ω3) = 6ε0χ(3)E1E2E3

P(ω1 +ω2−ω3) = 6ε0χ(3)E1E2E∗3 =⇒ (FWM)

P(2ω1 +ω2) = 3ε0χ(3)E2
1 E2

...

(2.20)

where FWM is four wave mixing. Comparing with the second-order susceptibility, the third-order

susceptibility of a dielectric is a few order of magnitude smaller. As a result, much higher light in-

tensity is required for the observation of third-order nonlinear effects. From another point of view,

the third-order nonlinear effects are much more sensitive. In terms of nonlinearity measurements

with ultrafast lasers, both magnitude and in-plane symmetry of nonlinear susceptibility will pro-

vide valuable information for the evaluation of the 2D materials. The experimental measurements

of the second-order and third-order nonlinear susceptibility will be illustrated from Chapter 5 to

Chapter 7.

2.2 Transient absorption: a dynamical process of saturable absorption

In semiconductors, when an ultrafast laser pulse excites electrons from valence band (VB) to con-

duction band (CB), electronic states in the CB are occupied. As a result, the absorption coefficients

of materials will change. This phenomenon is usually named as saturable absorption. As time goes

by, the injected electrons will gradually decay back to VB. Hence, saturable absorption in semi-

conductors is a dynamical process.

The dynamical process is depicted in Figure 2.1, where a simplified band structure is used. As-

suming a femtosecond laser pulse with the frequency of ω , the photon energy of which is higher

than the band gap, illuminates the semiconductor material, electrons will be excited into CB. Ini-

tially, as shown in Figure 2.1(a), excited electrons are in a high energy level of CB. Then, due to

intraband transition facilitated by phonons, excited electrons will transit to the bottom of CB and
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Figure 2.1: (a) Electrons are excited from valence band to conduction band by a femtosecond laser
pulse; (b) States close to the bottom of CB will be gradually occupied and linear absorption is
maintained; (c) All states are occupied and Pauli blocking occurs.

accumulate till available electronic states for lower states of CB are occupied, as shown in Figure

2.1(b). The states corresponding to ω , are still empty in this stage so that the absorption coefficient

of incoming femtosecond laser is not affected. The absorption is still linear. As energy level of

occupied states gets as high as the femtosecond laser photon energy, Pauli blocking occurs [74],

indicated in Figure 2.1(c). That is because electron is a fermion. Lack of available states in CB will

reduce the absorption of incoming femtosecond laser pulses, accounting for saturable absorption.

The saturable absorption discussed above is a degenerate case. In the majority of pump-probe

(also called transient absorption) measurements of 2D semiconductors, the probe laser wavelength

is usually different from the pump wavelength. Figure 2.2 illustrates the situation of the nonde-

generate transient absorption. In this nondegenerate case, photon energy of probe laser pulse is

chosen to match with the band gap while the photon energy of pump laser pulse is higher than

the band gap. When t = 0, electrons in VB are excited to high energy level of CB, as shown in

Figure 2.2(a). In the meantime, if the probe laser pulses illuminate the sample, the absorption of

probe laser will not be affected since the bottom of CB is still empty. When t = 0+ t0, because of

intraband transition, electrons will accumulate and electronic states will be occupied in the bottom
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Figure 2.2: (a) Electrons are excited from VB to CB by a pump laser pulse. A probe laser pulse
with photon energy close to band gap is used to detect the carrier density accumulated in the bottom
of CB. (b) After some time, Pauli blocking induces the change of probe laser absorption, which is
a transient effect as a function of time.

of CB, as shown in Figure 2.2(b). The absorption of incoming probe laser will be affected due

to Pauli blocking. Eventually, as the electrons recombine with holes in the VB, the absorption of

probe laser will recover to the situation of t = 0.

2.3 Probe the 2D excitons via transient absorption

Transient absorption has been a widely employed technique to resolve the temporal dynamics of

injected free carriers in semiconducting materials. In 2D semiconducting monolayers, 2D excitons

will be the dominating carriers instead of free carriers. Therefore, it is necessary to show the prob-

ing mechanism and probing efficiency of 2D excitons by transient absorption. Transient probing

2D excitons in quantum well structure has been well discussed by Miller et al [75].

In a bulk semiconductor, the linear susceptibility χ(1) is [75],
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χ
(1) = ∑

n

fn

ω−ωn + iγn
, (2.21)

where the index n sums over all exciton states, fn is the oscillator strength of the transition, ωn is

the energy of each state, and γn is the width of each state.

For 1s-exciton, only keep the resonance term [75],

χ
(1) =

f1s

ω−ω1s + iγ1s
. (2.22)

To evaluate the change of linear susceptibility induced by the renormalization of the exciton

oscillator strength [75],

δ f1s

f1s
=− N

Ns
, (2.23)

where Ns is the saturation density of exciton. There are two contributions to the change of f1s: the

phase-state filling effect due to the Pauli exclusion, and exciton orbital wave function renormaliza-

tion.

In the dilute limit, the carrier distributions can be described by the Boltzmann distribution[75],

fi(k) =
Nh̄2

π

mikbT
e−

h̄2k2
2mikbT , (2.24)

where mi, i = e or h, are the electron or hole effective masses, and T is the temperature.

To evaluate the case of excitons, the resonant generation of excitons yields a distribution [75],

fi(k) =
N
2
|U1s(k)|2, (2.25)

where U1s(k) is the Fourier transform of the relative-motion orbital wave function U1s(r). Since an

exciton is built up from a linear combination of single-particle fermion states distributed according

to U1s(k), the creation of one exciton corresponds to an occupation probability in the fermion phase

space |U1s(k)|2 that is equally shared between the spin-up and spin-down states, hence the factor
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1
2 .

In the case of 2D excitons, the wave function is [75],

U1s(r) = ( 2
π
)

1
2 1

a0
e−2r/a0,

U1s(k) =
√

2π
a0

(1+(a0k/2)2)
3
2
.

(2.26)

The relative change of the exciton oscillator strength accounting for phase-space filling (PSF) is

[75],

δ f1s

f1s
|PSF =−∑

k
[ fe(k)+ fh(k)]

U1s(k)
U1s(r = 0)

. (2.27)

For an exciton gas [75],

1
Ns
|PSF,ex =

32
7

πa2
2D. (2.28)

For an e−h plasma, two limits of interest [75],

1
Ns
|PSF,pl = 8πa2

2D,
kbT
E1s
� 1,

1
Ns
|PSF,pl = 8πa2

2D
E1s
kbT ,

kbT
E1s
� 1.

(2.29)

It shows that at low temperatures, phase-space filling effects due to free e− h pairs are larger

than those due to excitons (7/4 times larger), but as temperature increases free e− h pairs effects

become weaker and eventually tend to zero. Above a temperature of about kbT = 7E1s/4, free

e−h pairs effects are smaller than exciton effects.

Next, considering the contribution of the renormalization of the exciton orbital wave function

(short range exchange effects), for exciton [75],

1
Ns
|EXCH,ex =

4832
1225

πa2
2D. (2.30)

For an e−h plasma, two corresponding limits of interest [75],
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1
Ns
|EXCH,pl = 4(π−2/3)a2

2D,
kbT
E1s
� 1,

1
Ns
|EXCH,pl = 16πa2

2D
E1s
kbT ,

kbT
E1s
� 1.

(2.31)

Last but not the least, it should further be noticed that the refractive index and absorption

coefficient of a 2D semiconductor are related by nonlinear Kramers-Kronig formalism [72],

∆n(ω) =
c
π

P
ˆ

∞

0

∆α(ω ′)dω ′

ω ′2−ω2
, (2.32)

where P stands for the Cauchy principle value.

2.3.1 Temporal scan

To obtain the temporal information of injected carrier density, the relative delay time between the

pump pulse and probe pulse needs to be controlled. It is realized by precisely changing optical

length of probe path, while the optical length of the pump path is fixed. Since the light speed in the

air is a constant, the time of propagation of an ultrafast laser pulse can be calculated with a given

optical path. Experimentally, the optical length of probe path is controlled by scanning a linear

delay stage, on which a retro-mirror enables a round trip of the probe laser. The change of optical

length of probe path will be twice of the change of delay stage movement. A schematic illustration

of temporal scan is shown in Figure 2.3.

It needs to be noticed that the repetition frequency of our ultrafast laser cavity is about 80

MHz. Hence, the time interval of the output pulse train is about 13 ns. When a series of pump

laser pulses illuminate the sample, each pulse will induce equal carrier density assuming each

pulse has same energy and temporal width. A maximal carrier density is achieved within about

100 fs, which is the temporal width of pump pulses. Once the maximal carrier density is injected,

the initial pump pulse will not affect the behavior of carriers until the next pump pulse arrives.

The 13 ns time interval between the initial pump pulse and the next pump pulse is much longer

than the carrier decay time of most 2D semiconducting materials. It means that the carrier density

indeed will decrease to zero before the next pump pulse arrives. When the optical length of probe
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Figure 2.3: Schematic illustration of the temporal scan. The pump pulse is fixed at zero delay.
Probe pulse is tuned to (a) 600 fs before zero delay; (b) 200 fs; and (c) 600 fs after the zero delay.

path is shorter than that of pump path, the probe pulse will arrive at the sample before the pump

pulse. That is, in time the probe pulse is before the zero delay with respect to the pump pulse, as

shown in Figure 2.3 (a). In this case, the pump pulse at zero delay has not arrived at the sample,

and the carrier density induced by the previous pulse has dropped to zero. Hence, the reflection

or transmission of the probe laser will not be changed. The measured differential reflection or

differential transmission, which is defined as the normalized reflection or transmission of probe

laser, will be zero. Now, if we increase the optical length of the probe pulse to be longer than that

of pump laser, the probe pulse will arrive at the sample right after the pump pulse, as shown in

Figure 2.3 (b). In this case, a carrier density has been injected by the pump pulse fixed at the zero

delay. The reflection or transmission of the probe laser will be changed by the carrier density. A

signal of differential reflection or differential transmission can be detected. If we keep increasing

the optical length of probe pulse, indicated in Figure 2.3 (c), we will be able to measure the signal

of differential reflection or differential transmission as a function of the delay time.

2.3.2 Spatial scan

To obtain the spatial information of injected carrier density, the relative position between the pump

spot and the probe spot needs to be controlled. In a pump-probe measurement, pump and probe

beams are collimated by two different beam splitters. Reflected pump and probe beams are then
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Figure 2.4: Schematic illustration of the spatial scan. The pump spot is fixed at the origin of x-y
plane in the lab coordinate. The tilting angle of the probe beam before the objective lens is altered
along the horizontal direction. (a) Probe spot is moved to the left of the pump spot; (b) Probe spot
overlaps with pump spot; (c) Probe spot is moved to the right of the pump spot.

together focused by an objective lens on the sample. The beamsplitters change the direction of

pump and probe beams by 90 degree. Hence, when tilting the beamsplitters, the reflection angle

will be changed and the corresponding pump and probe spots on the sample will move as well.

Using small angle approximation, when the tilting angle is small, the spatial movement of spot

position will be proportional to the tilting angle. Based on this analysis, the spatial scan can be

realized by tilting the beamsplitter of probe beam, while the beamsplitter of pump beam is fixed.

To better illustrate the spatial-scanning process, a schematic illustration is presented in Figure

2.4. The beam splitter of pump spot will be fixed so that the pump spot remains at the same position

of the sample. The beamsplitter of the probe beam is mounted with a picomotor, which controls the

tilting angle along the horizontal direction in the lab coordinate. Hence, when the picomotor moves

multiple steps, the probe spot on the sample will move along the horizontal direction accordingly.

The spatial-scanning system usually needs to be calibrated in order to convert moving steps of

picomotor to the real spatial distance of probe spot movement. The calibration is facilitated by a

CCD imaging system in our experiments.

First, the pump and probe spots are perfectly overlapped with each other to ensure the efficiency

of detection. That is, the center of pump spot should be overlapped with the center of probe spot

on the sample. By tilting a small angle of the probe beamsplitter, the probe spot is moved to the
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left of the pump spot, indicated in Figure 2.4 (a). Then, oppositely tilting the probe beamsplitter

will scan the probe spot horizontally across the pump spot. Figure 2.4(b) shows the probe spot is

overlapped with pump spot. In this way, the spatial scan is accomplished until the probe spot is

moved to the right of pump spot as shown in Figure 2.4(c). The signal of differential reflection or

differential transmission can be measured as a function of space.

2.3.3 Diffusion model

Assume N(r, t) is the exciton density in 2D space at position r and time t. Then, the flux can be

expressed as,

~J =−D∇N. (2.33)

For 2D material with in-plane anisotropic transport property, diffusion tensor D is a 2 by 2 matrix,

the flux ~J will be a vector which shows the gradient of exciton density as a function of space. Due

to the conservation of mass, we will get,

∂N
∂ t

=−∇ · ~J, (2.34)

where ∇ · ~J is the divergence of the flux, which is,

∇ · ~J =
∂Jx

∂x
+

∂Jy

∂y
. (2.35)

Therefore, 2D anisotropic exciton diffusion equation can be given as,

∂N
∂ t

= ∇ · (D∇N). (2.36)

The fundamental solution in 2D can be derived by the transition probability with n-dimensional

Gaussian kernel function [76],
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N(r, t) =
1

4πt
√

detD
exp−

1
4t rT D−1r. (2.37)

Since D is symmetric matrix, the eigenvalues of D could be obtained by its diagonal matrix.

The level sets of carrier density function can be given by [76]: rT D−1r = constant. Therefore, the

equal exciton density in 2D space will form an ellipse. Assume λ1 and λ2 are the eigenvalues of

D, the structure of the diffusion tensor can be visualized by: x2

λ1
+ y2

λ2
= constant.

For 2D materials with in-plane isotropic transport property, diffusion tensor D reduces to a

scalar. In the meantime, the total exciton density will decrease due to exciton recombination. As a

result, 2D isotropic exciton diffusion equation changes to,

∂N
∂ t

= D∇
2N− N

τ
, (2.38)

where τ is lifetime of injected excitons.

The macroscopic nature of a laser is Gaussian beam. Gaussian function will still be Gaussian

after Fourier transformation, which is the focusing process by a lens in optics. Therefore, the

fluence distribution of the pump spot in the sample should be also a 2D Gaussian distribution. In

a linear absorption regime, the initial condition: injected exciton density by the pump when t = 0,

will be a 2D Gaussian distribution,

N(r,0) = N0e
− r2

σ(0)2 , (2.39)

where r2 = x2 + y2 and σ(0) is the 1/e half width of the spatial profile for the 2D isotropic ex-

citon density when t = 0. It is straightforward to interpret the diffusion process with the example

presented in Figure 2.5. Initially, at 0 ps, a Gaussian distribution of exciton density is injected as

shown in Figure 2.5 (a). At 100 ps, due to diffusion, the exciton density is expanded in space, as

shown in Figure 2.5 (c). To be clear, cross-sections of spatial profiles of exciton density along hor-

izontal direction at 0 ps and 100 ps are indicated in Figure 2.5 (b). With Gaussian kernel function,

the solution of 2D isotropic diffusion equation can be easily given as,
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Figure 2.5: (a) Spatial distribution of injected carrier density in x− y when t = 0 ps. (b) Horizon-
tal cross-section of spatial distribution of injected carrier when t = 0 ps and 100 ps. (c) Spatial
distribution of injected carrier density in x− y when t = 100 ps.

N(r, t) =
N0σ(0)2

4Dt +σ(0)2 e
− r2

4Dt+σ(0)2
− t

τ . (2.40)

From the above solution, it can be concluded that the spatial profile of 2D exciton density

will remain a 2-dimensional Gaussian distribution during the process of diffusion. What’s more,

although the total exciton density is no longer conserved because of the exciton recombination, the

spatial width of 2D exciton density will not be affected by the following relation,

σ(t)2 = σ(0)2 +4Dt. (2.41)

In conclusion, employing the spatial and the temporal scan techniques discussed, the distribu-

tion of injected exciton density can be resolved in both space and time. With the temporal scan

data, the decay time, τ , of exciton density can be directly fitted by the model of exponential decay

function. Furthermore, by fitting the spatial profiles of exciton density with a Gaussian function,

the squared 1/e half width at various time delay σ(t)2 can be obtained. Finally, by plotting the

σ(t)2 at various delay time t, the slope, the diffusion coefficient D, that is related to the slope, can

be further fitted with a linear function.

Diffusion coefficient D and exciton lifetime τ are intrinsic parameters of 2D semiconductors.

Other important parameters can also be derived. The exciton diffusion length lex is calculated as,
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lex =
√

D · τ. (2.42)

With the Einstein relation, the mobility of exciton µ can be derived by,

D
µ

=
kBT

e
, (2.43)

where e is elemental charge.
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Chapter 3

Transient absorption microscopy

3.1 Spatiotemporal scan in transient absorption microscopy

To resolve the 2D excitons in both time and space, we have implemented a nonlinear optical spec-

troscopy named as transient absorption microcopy. One typical experimental setup of transient

absorption microscopy from the ultrafast laser lab of KU is shown in Figure 3.1, which detects

the differential reflections of the probe laser. In a regular setup, mode-locking of a Ti: sapphire

oscillator will yield a train of femtosecond laser pulses with a repetition frequency f ≈ 80 MHz.

The output power of Ti: sapphire oscillator is about 2 W and the pulse width is about 100 fs with

a tunable wavelength range from 750 nm to 850 nm. A small part of the output beam from Ti:

sapphire oscillator is picked up by a beamsplitter placed between the Ti: sapphire oscillator and

an optical parametric oscillator (OPO), which is sent to the probe path. The majority of the output

beam from Ti: sapphire oscillator is delivered to the OPO, which generates a signal output in the

wavelength range from 1000 nm to 1600 nm, with the same repetition frequency as the Ti output

and a pulse width of about 150 fs. The output power of OPO is smaller than 300 mW. A β -Barium

borate (BBO) crystal converts the signal output of OPO by second harmonic generation to the

wavelength range from 500 nm to 800 nm, which will be sent to the pump path.

Pump and probe paths are constructed on a stable optical-table by various optical-components,

such as silver mirrors, pinholes, lens, mechanical mounts and so on. By two beamsplitters, pump
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Figure 3.1: Layout of transient absorption microscopy.

and probe beams are finally combined and sent to an objective lens (OB). Tightly focusing con-

ditions of both pump and probe beams on the sample are maintained by choosing an OB with

relatively high numerical aperture. The reflected probe beam from the sample surface will be recol-

lected by the OB and sent to a silicon detector, which will convert the optical power of probe beam

to electrical signals. To cancel the fluctuations of probe path, balanced detection is employed.

To increase the signal-to-noise ratio, lock-in detection technique is applied. The modulation of

lock-in detection is accomplished by chopping the pump beam with a mechanical chopper with

a frequency range from 1 kHz to 3 kHz. The time interval of pump (probe) pulse train can be

calculated as: tint = 1/ f ≈ 12.5 ns. Hence, the distance interval of pump (probe) pulse train is

∆L = c · tint= 3.75 m. The optical lengths of both pump and probe paths are constructed to be rea-

sonably close, enabling pump and probe pulses reach the sample approximately at the same time.

The optical length of probe path is controlled by a linearly mechanical delay stage. The probe

beam makes a round trip by a retro-mirror fixed on the delay stage. By scanning the retro-mirror,

the time delay between pump and probe pulses can be controlled.

The photon energy of pump laser is usually higher than the band gap so that electron will

be excited from valence band to conduction band through one-photon absorption. Excitons can be

accordingly formed in sub-picosecond timescale followed by the pump pulse. To resolve dynamics
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of injected excitons, the photon energy of probe laser is tuned to be close to the band gap of

excitons. Since the reflection coefficient of probe laser depends on the injected exciton density, the

temporal dynamics of excitons can be resolved by measuring ∆R/R0. The differential reflection is

defined as the normalized change of the probe reflection induced by the pumps, ∆R/R0 = [R(N)−

R0]/R0, where R(N) and R0 are the reflectance of the probe by the sample with and without the

presence of the pump pulse, respectively.

To observe the spatial dynamics of injected excitons, we scan the probe laser spot across the

pump spot on the sample by tilting the beamsplitter before the objective lens (OB), as shown in

Figure 3.1. This is facilitated by a picomotor system. The injected density of excitons on the

sample plane will be Gaussian. Soon after injection, the excitons will diffuse so that the size of the

measured profile of injected excitons will expand in the real space as a function of time. Combining

with the temporal scan, spatiotemporal dynamics of injected excitons can be resolved. As we have

showed in Chapter 2, this process can be modeled with the diffusion equation and simplified to

the solution: σ2(t) = σ2(0)+4Dt, where D and σ(0) are the diffusion coefficient of excitons and

the 1/e half width of the initial spatial profile at t = 0. In addition, according to Einstein relation

D = µkBT/e, where kB and T are Boltzmann constant and temperature, we can further calculate

the exciton mobility µ and other intrinsic parameters of the 2D material.

3.2 Exciton dynamics in bulk and monolayer WSe2

Tungsten diselenide (WSe2) is an important member of transition metal dichalcogenides, with

layered crystal structure and stable chemical properties in ambient conditions. Monolayer WSe2

has a hexagonal lattice structure. Photoluminescence measurements have confirmed an indirect-to-

direct band gap transition in monolayers [77]. Its optical responses are dominated by two exciton

transitions at 1.71 and 2.30 eV, known as A nd B excitons [78–80], respectively.

WSe2 has been widely used as electrodes in photoelectrochemical solar cells [81–83] and hy-

drogen evolution [84], due to its high optical absorption coefficients in visible range and its re-

sistance to photocorrosion. With the layered crystal structure, WSe2 is flexible and has very low
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Figure 3.2: (a) Differential reflection of a 750 nm probe as a function of the probe delay in mono-
layer WSe2 measured with a 405 nm pump of energy fluences of (from bottom) 0.11, 0.22, 0.44,
0.66, 0.88, 1.10, 1.31, 1.54, and 1.66 µJ cm−2. The inset shows the signal at early probe delays.
(b) The exciton lifetime (red squares, left axis) and the magnitude of the signal at a probe delay of
5 ps (blue circles, right axis) as a function of pump fluence. Data from Cui et al [97].

surface trap density, making it a promising candidate for flexible electronics. Actually, ultrathin

films containing only two layers of WSe2 have been successfully produced by mechanical exfolia-

tion in 1970, and the thickness effect on the exciton transitions has been revealed [85]. In a recent

study, field effect transistors based on single crystal WSe2 have been demonstrated, and carrier

mobilities were found to be comparable to silicon at room temperature [86]. First-principles cal-

culations predicted giant spin-orbital-induced spin splittings in monolayer WSe2 of more than 400

meV [87], which has been experimentally determined to be about 370 meV[43], suggesting po-

tential applications of WSe2 in spintronics [88–90]. Electric manipulation of spin-valley-coupled

photogalvanic current in WSe2 has been experimentally realized [91]. More interesting, it has been

reported that WSe2 has ultralow thermal conductivity, 100000 times smaller than the best thermal

conductor diamond [92].

Besides being a novel 2D material itself, WSe2 can play important roles in developing van

der Waals heterostructures and crystals [50, 93–96]. Therefore, it is important to understand the

intrinsic properties of WSe2. We study the excitonic dynamics in monolayer and bulk WSe2 by

transient absorption microscopy.
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The samples (monolayer and bulk WSe2) are fabricated by mechanical exfoliation onto a sil-

icon substrate with a 280 nm oxide layer. Monolayer sample is identified by the optical contrast

under a commercial optical microscope and further confirmed by photoluminescence spectroscopy.

In the transient absorption measurements, a 10 W and 532 nm continous laser is used to pump a

passively mode-locked Ti: sapphire oscillator that generates 100 fs pulses with a central wave-

length of 810 nm at 80 MHz. A small portion of this bean is focused into a beta barium borate

(BBO) crystal to obtain 405 nm pulses through efficient second harmonic generation, which is used

as the pump laser in the transient absorption. The rest of the 810 nm beam is sent to an optical

parametric oscillator to generate a signal output in the range of 1400-1580 nm. Second harmonic

of the signal output is used as the probe laser. Both pump and probe lasers are tightly focused

on the samples by an objective lens. The reflected probe laser is delivered to a detector. Balance

detection and lock-in detection techniques are employed to increase the signal-to-noise ratio. A

modulation frequency of about 2 kHz is applied by chopping the pump beam with a mechanical

chopper.

In our experiments, the excitons in WSe2 are injected by a 100 fs pump laser pulse and are

detected by measuring the differential reflection of a probe laser pulse, which is the relative change

of the probe reflection induced by the pump pulse. To obtain the spatiotemporal dynamics of exci-

tons, the differential reflection is measured as a function of the probe delay time, probe wavelength,

and the spatial overlap between the probe and the pump laser spots focusing on samples. All mea-

surements are taken in ambient conditions with no signs of sample variation observed during the

whole investigation.

To obtain the lifetime of injected excitons in the monolayer WSe2, we carry out temporal scans

of differential reflection. The probe laser is fixed at 750 nm, which is close to 1s resonance of

the A-excitons. Figure 3.2 (a) shows the differential reflection signal of the monolayer sample

as a function of pump pulse fluence. The inset shows the short range scans with respect to the

relatively long range scans in Figure 3.2 (a). The decay curves are consist of a fast and a low

decay components. From the short range scans in the inset, the fast decay component is shorter
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Figure 3.3: Differential reflection of the 750 nm probe as a function of the probe delay in bulk
WSe2 measured with a 405 nm pump fluence of 0.3 µJ cm−2. The red line is an exponential fit.
The inset provides a closer view over the early probe delays. Data from Cui et al [97].

than 5 ps, which can be attributed to hot carrier relaxation, since the photon energy of our pump

pulse is much higher than the band gap, and hence carriers are injected with large kinetic energies.

To obtained the lifetime of excitons, we fit the slow decay component after 5 ps with a single

exponential model, as shown with the gray curves in Figure 3.2 (a). The slow decay of differential

reflection signals can be attributed to the loss of exciton population due to their recombination.

The fitted lifetimes of excitons (red squares) are plotted in Figure 3.2 (b), indicating the lifetime is

independent of pump fluence. To convert the pump fluence to the injected exciton density, we use

bulk absorption coefficient of 0.5× 1011 cm−1, as previously reported [78], and assume that every

pump photon absorbed excites one exciton. We find that the largest pump fluence used (1.66 µJ

cm−2) corresponds to an areal exciton density of about 1.0 × 1011 cm−2, or an average distance

between excitons of about 31 nm. In such a low density regime, it is reasonable that exciton-

exciton interaction does not influence the exciton dynamics. An averaged value of the lifetime of

18 ± 1 ps is obtained as shown in Figure 3.2 (b). A linear dependence of differential reflection

signals at 5 ps as a function of pump fluence is shown in Figure 3.2 (b), which further confirms the

validity of using the differential reflection signal to monitor the exciton density. For comparison,

we study a thick flake on the same substrate that is fabricated from the same crystal. Its thickness
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Figure 3.4: Differential reflection signals as a function of the probe wavelength measured in the
monolayer (red circles) and bulk (blue triangles, multiplied by 8) WSe2 samples. The 405 nm
pulse has a fluence of 0.7 µJ cm−2 and arrives 5 ps before the probe pulse. The gray line shows
the PL spectrum of the monolayer sample (in arbitrary units). Data from Cui et al [97].

is not accurately determined; however, it is not transparent for visible light. Hence, it is at least

several 10 nm thick and can be treated as a bulk sample. Under the same experimental conditions,

the temporal dynamic of the bulk sample with a pump fluence of 0.3 µJ cm−2 is shown in Figure

3.3. A similar fast decay component is observed, followed by a much slower decay component.

An exponential fit (red line) gives a decay constant of 160 ± 10 ps, which is a factor of 8 longer

than monolayer. The enhanced exciton recombination in monolayer here is consistent with recent

PL measurements that showed much higher PL yield in monolayer WSe2 than few-layer and bulk

samples [77, 98, 99].

With a fixed 405 nm pump fluence of 0.7 µJ cm−2, we measure the differential reflection of

the monolayer sample as a function of the probe delay with various probe wavelengths. The same

temporal dynamics are observed. The red circles in Figure 3.4 show the magnitude of differential

signal at a fixed probe delay of 5 ps, together with a PL spectrum of the monolayer sample (the

gray line) measured under the excitation of a 632.8 nm He-Ne laser beam. We find that on the long-

wavelength side of the PL peak, the differential reflection spectrum agrees very well with the PL

line shape, which reflects the A-exciton resonance. However, on the short-wavelength side, there
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Figure 3.5: Spatiotemporal dynamics of exciton in monolayer (a) and bulk (c) WSe2. The deduced
squared width of each differential reflection spatial profile as a function of the probe delay in
monolayer (b) and bulk (d) WSe2. The red lines indicate linear fits. Data from Cui et al [97].

appears to be negative component that is superimposed to the resonance. In a small wavelength

range around 730 nm, the signal becomes negative. In general, the transient absorption on exciton

resonances in semiconductors can be induced by several mechanisms, such as phase-space state

filling [75], screening of the Coulomb interaction [75], and band gap renormalization [100]. The

phase-space state filling effect reduces the exciton transition strength, while the other two effects

cause the exciton transition to shift and broaden. Our results indicate that on the long-wavelength

side the effect is predominately phase-space state filling, while on the short-wavelength side, other

mechanisms are also involved. We also measure the transient absorption spectrum of the bulk

sample under the same conditions. The results are shown as the blue triangles in Figure 3.4.

Compared to the PL of monolayer, the peak is broader and is slightly shifted to longer wavelength.

The negative component in the short-wavelength side is not seen.

To evaluate the diffusive transport properties of excitons in WSe2, we spatially and temporally

resolve the differential reflection signal. The data of spatiotemporal dynamics in monolayer and

bulk WSe2 is shown in Figure 3.5 (a) and (c), respectively. We fit the spatial profiles at various

delay time with Gaussian functions. With the diffusion model discussed in Chapter 2, we fit
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the squared widths as a function of time with a linear function as shown in Figure 3.5 (b) and

(d) for monolayer and bulk sample respectively, so that the exciton diffusion coefficients can be

deduced by the slopes. With the diffusion coefficients, the corresponding mobility is obtained.

In monolayer WSe2, the exciton diffusion coefficient and mobility are about 15 cm2s−1 and 600

cm2V−1s−1, respectively. In bulk WSe2, the exciton diffusion coefficient and mobility is about 9

cm2s−1 and 350 cm2V−1s−1, respectively. Larger mobility in monolayer WSe2 indicates better

transport property than bulk WSe2.

For electronic applications, charge transport, instead of exciton transport, dominates device

performances. Previously, charge transport was studies in field-effect transistors made of ultra-thin

WSe2 films. An electron mobility of 200 cm2V−1s−1 and a hole mobility of 250 cm2V−1s−1 of

monolayer WSe2 were deduced from these measurements [101, 102]. Since excitons are neutral

particles, their interactions with charged impurities and piezoelectric types of phonons are expected

to be weaker than the charge carriers. Hence, it is reasonable that exciton mobility is larger than the

charge mobilities. We note that the all-optical approach used here is free of device fabrication and,

hence, avoids any potential complications caused by the quality of the devices and the contacts.

3.3 Transient absorption study of TiS3 nanoribbons

The measuring ability of transient absorption microscopy is not limited to visible region and

TMDs. For 2D semiconducting materials with near-infrared excitonic resonances such as tran-

sition metal trichalcogenides, transient absorption microscopy can still be employed as a powerful

tool to resolve the spatiotemporal dynamics of excitons. Transition metal trichalcogenides (TMTs),

MX3 (where M=Ti, Zr, Hf, Nb, Ta and X=S, Se, Te), can offer complementary electronic and op-

tical properties of TMDs but are still largely unexplored [103]. TiS3 is one of the first members

of TMTs that started gaining attention due to its low cost production from earth abundant ele-

ments. A TiS3 crystal is composed of parallel sheets of chains of stacked triangular prisms that are

held by van der Waals forces. Abinitio calculations show that the TiS3 monolayer is a direct-gap

semiconductor with a band gap of 1.02 eV [104, 105] and with an exceptionally high in-plane
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Figure 3.6: Synthesis and characterization of TiS3 crystals. (a) A picture of TiS3 single crystals
formed on the walls of a quartz ampule. (b) Powder X-ray diffraction pattern for TiS3 phase (blue).
(c) Scanning electron microscopy image of a mechanically exfoliated TiS3 crystal on the Si/SiO2
substrate. The crystal structure of TiS3 and the principal crystallographic directions are shown in
the inset. (d) Optical microscopy image of a TiS3 nanoribbon along the b direction. Data from Cui
et al [113].

electron mobility of about 10000 cm2V−1s−1 [104, 106]. Experimentally, TiS3 nanoribbons have

been synthesized [107–110] and used to fabricate field-effect transistors with room temperature

electron mobilities in the range of 1-40 cm2V−1s−1 [107–109] and ultrahigh photoresponse in the

entire visible range [109]. Higher electron mobilities of about 70 cm2V−1s−1 was achieved in TiS3

nanosheets, too [107]. Scanning tunneling spectroscopy and photoelectrochemical measurements

showed that TiS3 nanoribbons have a band gap of 1.2 eV and an exciton binding energy of 0.13

eV, respectively [110]. Applications of TiS3 as an electrode material for Li batteries [111] and for

hydrogen generation [112] have been investigated.

Due to the large binding energy, excitons are the primary form of photoexcitations and are sta-

ble at room temperature. Hence, they are expected to dominate optical responses of TiS3 nanorib-

bons. Understanding their properties, especially dynamical properties, is necessary for developing

novel optoelectronic applications based on this material.
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TiS3 nanoribbon samples were provided by our collaborators from University of Nebraska-

Lincoln [108]. These nanoribbons were grown by using a combination of titanium foil of about

0.2 g with excess elemental sulfur of about 0.5 g. The mixture was sealed in a quartz ampule

at a pressure of about 200 mTorr and annealed in a furnace at 500 ◦C for 4 days. Figure 3.6

summarizes material characterization of TiS3 samples. Shiny black TiS3 whiskers were formed

both on Ti foil and on the walls of the ampule, see Figure 3.6 (a). The crystals grown on the walls

were isolated and characterized by powder X-ray diffraction, as shown in Figure 3.6 (b). Cell

parameters of TiS3 phase, extracted from the X-ray diffraction pattern, are consistent with those

reported earlier (a = 0.4969, b = 0.3397, c = 0.8797 nm, and β= 97.23◦). The lattice structure and

the three principal crystalline directions are illustrated in the inset of Figure 3.6 (c). No signatures

from additional phases, such as TiS2 and TiO2, were observed from the X-ray diffraction, which

confirms the purity of the sample. For scanning electron microscopy (SEM) characterization, the

samples were mechanically exfoliated onto a Si/SiO2 substrate. A representative SEM image of an

exfoliated TiS3 nanoribbon, which is less than 1 µm wide, is shown in Figure 3.6 (c). For optical

measurements, we typically used wider nanoribbons to avoid possible edge effects.

In the transient absorption setup, the 532 nm output of a diode laser was used to pump a Ti:

sapphire laser, which generate 150 fs pulses with a central wavelength of 790 nm. A beamsplitter

was used separate it to two beams. By focusing one of the beams to a BBO crystal, we gener-

ated its second harmonic at 395 nm, which was used as a pump. The other 790 nm beam was

coupled to a photonic crystal fiber to generate supercontinuum. A bandpass filter with a passing

wavelength of 950 nm and a bandwidth of 10 nm was employed to select a 950 nm pulse from the

supercontinuum, which serve as the probe. A half-wave plate and a polarizer were used to control

the polarization and power of each beam. The pump and probe were linearly polarized along per-

pendicular directions. A dichroic beamsplitter was used to combine the pump and probe beams,

which were both focused to the sample by a microscope objective lens. The reflected probe pulse

from the sample was sent to a silicon photodetector, which was connected to a lock-in amplifier.

The pump pulse was modulated by a mechanical chopper at about 2.2 kHz. The sample was fixed
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Figure 3.7: Differential reflection signal of a 950 nm probe pulse as a function of the probe delay
after the samples is excited by a 395 nm pump pulse. The red curve is a single-exponential fit with
a time constant of 140 ps. The inset shows the signal at early delays. The gray curve is the integral
of a Gaussian function with a width of 0.47 ps. Data from Cui et al [113].

on a 3-dimensional translation stage. With the assistance of an imaging system, the laser spots

were located at the central regions of TiS3 nanoribbons to avoid edge effects. All measurements

were performed at room temperature.

Transient absorption measurements were performed on a number of TiS3 nanoribbon samples,

with similar results obtained. Here, we will present results from one sample shown in Figure 3.6

(d). The thickness of this sample is about 3 µm, determined by atomic force microscopy measure-

ments. Electron-hole pairs are excited by a 395 nm (3.14 eV) pump pulse with a time duration

of about 200 fs. The dynamics of these photocarriers are monitored by measuring differential

reflection of a probe pulse of 950 nm and 300 fs.

Figure 3.7 shows the measured differential reflection signal as a function of the probe delay. In

this measurement, the pump pulse with an energy fluence of 4 µJ cm−2 injects a peak photocarrier

density (at the center of the pump spot) near the sample surface of about 8×1017cm−3, which is

estimated by using an absorption coefficient of 1 × 107 m−1 and a reflectance of 0.1 at the pump

wavelength [114]. As shown in the inset of Figure 3.7, the differential reflection signal rapidly

reaches a peak after the excitation of the pump pulse. The gray curve is the integral of a Gaussian
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Figure 3.8: Normalized differential reflection signal of a 950 nm probe pulse as a function of the
probe delay after the sample is excited y a 395 nm pump pulse. The values of the pump fluence
are indicated in the label. The inset shows the magnitude of the signal, reflected by the signal at a
probe delay of 10 ps, as a function of the pump fluence .The red line shows a linear fit. Data from
Cui et al [113].

function with a width of 0.47 ps (full width at half-maximum). This is close to the response time

of the setup. After a sub-picosecond drop, the signal decays single-exponentially, with a time

constant of 140 ± 5 ps, as indicated by the red curve in the main panel of Figure 3.7.

To understand the observed dynamics, we note that with a band gap of 1.2 eV [110], the 3.14

eV pump injects electron-hole pairs with excess energies of about 1 eV, while the 1.3 eV probe

predominately senses carrier populating states that are about 50 meV above the bandedges and

excitons. The electrons and holes are injected with a narrow Gaussian energy distribution, dictated

by the spectrum of the pump pulse. This distribution evolves to a Fermi-Dirac distribution in

a thermalization process, achieved by exchange of energy among the carrier via carrier-carrier

scattering. Then, the hot carriers will relax their energy to reach quasi-equilibrium with the lattice

at 300 K. This energy relaxation is achieved by emission of phonons. Both the thermalization and

energy relaxation involve movement of carriers into the probing window and hence should cause

an increase in the differential reflection signal. The lack of a resolvable rising part suggests that

these processes are completed on a time scale faster than 0.5 ps.

The thermalized and cooled electron-hole pairs are expected to form excitons. Since the exciton
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Figure 3.9: When the probe spot is scanned along b: (a) Differential reflection signal as a function
of both the probe delay and the probe position. (b) Spatial profiles at the probe delay of 0, 62, and
124 ps. (c) Squared width of spatial profile as a function of probe delay. The red line is a linear
fit. When the scanning direction of probe spot is perpendicular to b, results are illustrated in (d),
(e) and (f) in the same fashion. Data from Cui et al [113].

binding energy [110] of 0.13 eV is much larger than thermal energy at 300 K, once formed, excitons

are expected to be stable and decay due to radiative or nonradiative recombination. The small

drop right after the peak observed in the inset of Figure 3.7 could be associated with the exciton

formation, since in this process the carriers are moving out of the probing window. The excitons

can induce a differential reflection signal for the probe tuned above the band edge due to the

phase-space state filling effect, since the exciton states are formed by superposition of all free

carrier states [75]. Hence, the occupation of an exciton state influences excitation of other free

carrier states. However, if the excitons are less efficient in including the signal than free carriers of

the same density, the signal is expected to decrease as the free carriers form excitons.

Next, we repeat the measurement with various values of the pump fluence, that is, injected

carrier density. As shown in Figure 3.8, the decay of the signal is independent of the pump flu-

ence. The magnitude of the signal is proportional to the pump fluence, as indicated in the inset.

Therefore, exciton-exciton annihilation is absent under the experimental conditions we applied.
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Otherwise, the decay is expected to be faster at higher densities [115–119].

To study the in-plane transport property of excitons, we perform spatial scans of probe focus

spot over the pump spot on the sample at various probe delay time. Figure 3.9 (a) shows the

differential reflection signal as a function of both the probe delay and the probe position (the

distance between the centers of the pump and probe spot). Here, the probe spot was scanned along

the vertical direction in lab coordinate, while the sample is oriented such that the b direction is

vertical. At each probe delay, the spatial profile of the differential reflection is proportional to the

spatial profile of the excitons along b. Figure 3.9 (b) shows a few examples these profiles obtained

at several different probe delays. By fitting these profiles with a Gaussian function, we deduce the

squared width (full width at half-maximum), which is plotted as a function of the probe delay in

Figure 3.9 (c).

The broadening of the profile observed in Figure 3.9 (c) originates from the diffusion of ex-

citons along b. As shown in Figure 3.8, decay of the differential reflection signal is independent

of the exciton density. Hence, different parts of the profile decay at the same rate, and the exci-

ton recombination only causes reduction of the height of the spatial profile, without changing the

width. On the other hand, diffusion of excitons would broaden the profiles. From a linear fit (red

line) based on the diffusion model discussed previously, we obtain a diffusion coefficient of 1.2

± 0.2 cm2s−1. To study the exciton diffusion perpendicular to the b direction, the measurement

was repeated by scanning the probe spot along the horizontal direction. The results are summa-

rized in Figure 3.9 (d), (e) and (f). A similar exciton diffusion coefficient of 1.0 ± 0.3 cm2s−1

was obtained. For a thermalized particle system, the diffusion coefficient is related to the mobility,

µ , by the Einstein relation, D/kbT = µ/e, where e, kb and T are elementary charge, Boltzmann

constant, and the temperature of the distribution, repectively. The measured diffusion coefficient

corresponds to an exciton mobility of about 50 cm2V−1s−1. Recently, charge mobilities in the

range of 20 to 70 cm2V−1s−1 were deduced from transport measurements [107–109]. Although

excitons and change carriers interact with their environments differently, the order-of-magnitude

agreement of these mobilities is satisfactory. Furthermore, by using the measured exciton lifetime
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of τ = 140 ps, we deduce an exciton diffusion length of
√

Dτ = 130 nm.

3.4 Anisotropic exciton transport in monolayer ReS2

The four mainly studied TMD monolayers, MoS2, MoSe2, WS2 and WSe2, belong to 1H symme-

try, which makes the transport properties of them all in-plane isotropic. To develop van der Waals

heterostructures with anisotropic properties, a TMD monolayer with large in-plane anisotropy is

highly desirable. Hence, we cast the light to monolayer ReS2, which is a rarely explored TMDs

member. Bulk ReS2 is a semiconducting TMD with a room-temperature band gap of about 1.5

eV, an absorption coefficient of about 8×106 cm−1 in visible range, an exciton binding energy of

about 30 meV, and room-temperature charge mobilities of about 20 cm2V−1s−1 [120–125]. Un-

like other TMDs, ReS2 forms a stable distorted 1T structure with triclinic symmetry [126–129].

Due to the lower lattice symmetry, bulk ReS2 processes in-plane anisotropic optical [124, 130]and

transport properties [129]. Hence, monolayer ReS2 can potentially offer anisotropic optical and

transport properties to TMD family. In recent years, monolayer ReS2 samples have been fabri-

cated by mechanical exfoliation [126, 131], liquid exfoliation [132] and CVD [133, 134]. It has

been shown that monolayers and bulk ReS2 have similar bandstructures due to the weak inter-

layer coupling [126]. However, the electronic and optical properties of monolayer ReS2 have been

largely unexplored.

With transient absorption microscopy, we experimentally measure the spatiotemporal dynamics

of charge carriers and excitons in monolayer ReS2. In our measurements, electron-hole pairs are

injected by interband absorption of a pump pulse. Excitons are formed from injected electron-

hole pairs and are detected by measuring the differential reflection of a time-delayed and spatially

scanned probe pulse. We find that the magnitude of the transient absorption signal depends on the

crystalline direction of the sample with respect to the polarization directions of the pump and probe

pulses. Both the pump absorption and the probing efficiency were anisotropic. By performing

spatially resolved measurements, we find that the exciton diffusion coefficient is also anisotropic.

These results establish monolayer ReS2 as an anisotropic 2D material.
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Figure 3.10: (a) The monolayer ReS2 sample fabricated by mechanical exfoliation. The x−y coor-
dinates represent the laboratory frame. The orientation of the sample with respect to the laboratory
is described by the angle θ . (b) The side view of crystal structure of monolayer ReS2, which
contains one Re atomic layer (dark) and two S atomic layers (light). (c) The top view showing
the a and b lattice vectors. Zigzag chains of Re atoms are formed along b. (d) Complex dielec-
tric function of the bulk ReS2 crystal obtained by spectroscopic ellipsometry. The inset shows a
photoluminescence spectrum of the monolayer sample. Data from Cui et al [135].

A large ReS2 monolayer, as shown in Figure 3.10 (a), is obtained by mechanical exfoliation.

From AFM measurements, the flake has a thickness of about 1 nm, indicating its monolayer nature.

Figure 3.10 (b) and (c) show the side and top views of the crystal structure of monolayer ReS2. The

stable crystal structure of monolayer ReS2 is a distorted 1T structure. Its unit cell contains 4 Re and

8 S atoms. Along the b lattice vector direction, Re atoms form zigzag chains, as indicated by the

black dashed line in Figure 3.10 (c), due to the Peierls transition. These Re atomic chains break the

in-plane hexagonal symmetry, which is expected to introduce in-plane anisotropy. Spectroscopic

ellipsometry was used to determine the complex dielectric function of the bulk ReS2 crystal that

was used to fabricate the monolayer. The results are shown in Figure 3.10 (d). The imaginary part

shows a pronounced excitonic transition at 820 nm, with a width of about 17 nm. Due to the limited

size of the monolayer sample, spectroscopic ellipsometry was not carried out here. Alternatively,

we measured the photoluminescense of the monolayer under the excitation of a 405 nm laser. As

shown in the inset of Figure 3.10 (d), we observed a peak centered at 800 nm with a width of about
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Figure 3.11: (a) Differential reflection signal as a function of the probe delay measured with both
pump and probe pulses being polarized along x, and with the angle θ being 0◦ (squares) and
90◦(circles), respectively. The red lines are biexponential functions with two time constants of 10
and 40 ps. (b) Same as (a) except a y-polarized probe is used. (c) Magnitude of the differential
reflection signal (represented by the signal measured with a probe delay of 3 ps) as a function of
the pump pulse fluence. The pump and probe pulses are both x-polarized and θ = 0◦. The red line
is a linear fit. (d) Same as (c) except a y-polarized probe is used. Data from Cui et al [135].

80 nm, which is similar to a previously reported result [126].

In our transient absorption measurements, we use a 100 fs and 730 nm pump pulse to excite

the sample. The photon energy of the pump pulse is about 150 meV above the photoluminescence

peak of the sample. Hence, we expect that the pump pulse excites electron-hole pairs with a large

excess energy. It has been well established that the reduced dielectric screening in monolayer

TMDs results in significantly enhanced exciton binding energies [136]. Since the exciton binding

energy in bulk ReS2 is about 30 meV, which is above the thermal energy at room temperature, it is

reasonable to assume that in ReS2 monolayers excitons will form from the injected electron-hole

pairs, which will be stable at room temperature. The dynamics of the photocarriers and excitons is

detected by measuring differential reflection of a time-delayed and spatially scanned probe pulse
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of 810 nm, which is near the center of the photoluminescence peak. In all measurements, the pump

pulse is linearly polarized along the horizontal direction in the laboratory frame, defined as x in

Figure 3.10 (a). The probe polarization is either horizontal or vertical (y). We use the angle (θ )

from the +x direction to one of the edges of the flake, indicated as the red arrow in Figure 3.10 (a),

to describe the crystalline orientation with respect to the polarizations. By mounting the sample on

a rotation stage, θ can be varied with an accuracy of better than 1◦.

We first present time-resolved differential reflection with x-polarized pump and probe pulses,

and with the sample orientation of θ = 0◦, as shown as the black squares in Figure 3.11 (a). Here,

the pump fluence is 25 µJ cm−2. By using an absorption coefficient of 8 × 106 m−1 (bulk value)

[120] and assuming that each pump photon absorbed generates one electron-hole pair, we estimate

that an area carrier density of 5 × 1011 cm−2 is injected at the center of the pump spot. We found

that the signal reaches a peak slightly after zero probe delay, indicating immediate response of the

probe to the injected carriers. The decay of the signal can be fitted by a biexponential function (red

line), with two time constants of 10 ± 1 and 40 ± 2 ps, respectively. Next, we rotate the sample

to θ = 90◦ and repeated the measurements. As shown as the blue circles in Figure 3.11 (a), the

magnitude of the signal is decreased by about a factor of 7, while the bi-exponential function with

the same time constants (red line) can satisfactorily describe the decay of the signal. These two

measurements were repeated with a y-polarized probe. The results are shown in Figure 3.11 (b).

We found that these two curves have similar magnitudes, both being smaller than θ = 0◦ but large

than θ = 90◦ in the x− x pump-probe configuration. Furthermore, the decay of both curves can

also be described by the biexponential function with time constants of 10 and 40 ps (red lines).

By repeating the measurements with different values of the pump fluence, and the magnitude of

the signal increases linearly with the fluence, as shown in Figure 3.11 (c), (d) for x− x and x− y

configurations, respectively.

From these measurements, we conclude that the exciton dynamics observed is independent of

the probe polarization and sample orientation. Upon injection, the hot carriers relax their energy

and form excitons. In this process, even without carrier and exciton recombination, the differential
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Figure 3.12: Differential reflection signals at a probe delay of 3 ps measured with pump-probe
polarizations of x− x (squares) and x− y (circles). The angle θ is defined in Figure 3.10 (a). The
red solid line is a fit (Acos2θ +B). Data from Cui et al [135].

reflection signal is expected to decrease since free carriers are more efficient than excitons in

changing the absorption coefficient at the exciton resonance. Based on this argument, we assign

the short time constant of 10 ps to energy relaxation of hot carriers and exciton formation. The

long time constant of 40 ps can then be assigned to the lifetime of excitons. Given the extremely

low photoluminescence yield of monolayer ReS2, such a short lifetime is limited by nonradiative

recombination of excitons.

To systematically study the anisotropic properties of the differential reflection signal, we re-

peated these measurements as we varied the angle θ . In these measurements, the pump fluence

was kept at 25 µJ cm−2. Figure 3.12 shows the signal with a probe delay of 3 ps as a function

of θ for x− x (black squares) and x− y (blue circles) pump-probe polarizations, respectively. A

rather large anisotropy was observed on the x− x configuration, where the data can be fitted with

Acos2θ +B with A = 1.0×10−3 and B = 0.63×10−4. The variation of the data in x− y configu-

ration is smaller.

The angular dependence of the differential reflection can be induced by anisotropic interactions
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Figure 3.13: (a) Differential reflection signal as a function of probe delay and probe position, as
the probe spot is scanned along the b direction. The pump and probe polarizations are also along
b. (b) Spatial profiles of the differential reflections signal at probe delays of 0 (black squares), 10
(red circles), and 20 ps (blue triangles). The solid lines are Gaussian fits. (c) Squared width of the
profiles as a function of probe delay. The blue and red lines are linear fits for the time ranges of 0
to 10 ps and 10 to 50 ps, respectively. Panels (d)-(f) are the same as (a)-(c), but with the probe spot
scan direction and probe polarization being perpendicular to b. Data from Cui et al [135].

of the sample with both the pump and the probe. To consider the effect of pump, we compare

the differential reflection at θ = 0◦ of x− x and θ = 90◦ of x− y configurations, as shown as

the purple double arrow in Figure 3.12. In both cases, the probe polarization is parallel to the

direction indicated by the red arrow in Figure 3.10 (a). The only difference is that the pump

polarization is parallel (x− x, θ = 0◦) or perpendicular (x− y, θ = 90◦) to that direction. From the

two signal values of 1.06 × 10−3 and 0.42 × 10−3, we conclude that the pump polarized along the

direction indicated by the red arrow in Figure 3.10 (a) injects a factor of 2.5 higher carrier density

than that the pump polarized perpendicular to that direction. That indicates that the absorption

coefficient of the sample is anisotropic by that factor, with the maximal absorption occurring when

the polarization is along that direction. Early studies have shown that in bulk ReS2, the absorption

coefficient is maximal when the polarization is along the b direction. Based on this, we can assign

the sample direction indicated by the red arrow in Figure 3.10 (a) as the b direction, that is, the

direction of the Re atomic chains.
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To understand the anisotropic effects of the probe, we compare the results of x− x and x− y

configurations both at θ = 0◦, as shown as the orange double arrow in Figure 3.12. In this case,

the pump polarization are both parallel to b. Hence, they inject the same (and maximal) carrier

density. With the signal values of 1.06 × 10−3 (x-probe) and 0.38 × 10−3 (y-probe), we conclude

that the probe polarized along b is a factor of 2.8 more efficient in sensing carriers and excitons

than that polarized perpendicular to b. We note that the anisotropic effects pump and probe have

similar magnitudes (2.5 and 2.8, respectively), which is reasonable since they both originate from

the interband transition matrix element. The fact that the pump and probe effects both peak along

b with similar magnitudes of anisotropy suggests that the variation of signal in x− y configuration

should be smaller than x− x, as observed in Figure 3.12. Finally, the magnitude of anisotropic

effects of pump and probe suggest that in the x− x configuration, the signal at θ = 0◦ (where both

effects are maximal) should be a factor of 7 larger than θ = 90◦ (where both effects are minimal).

This is reasonably consistent with the results shown in Figure 3.11 (a) and 3.12.

To measure the diffusion coefficient along the b direction, we rotate the sample so that b is

along x, and measure the differential reflection signal as a function of probe delay as we scan the

probe spot along x. The pump and probe are both polarized along x, too, with a pump fluence of 36

µJ cm−2. The result of this spatiotemporal scan is shown in Figure 3.12 (a). At each probe delay,

the profile is a Gaussian function. A few examples of the profiles are shown in Figure 3.12 (b),

with probe delays of 0 (black squares), 10 (red circles), and 20 ps (blue triangles), respectively.

By fitting each profile with a Gaussian function, we deduce its 1/e half width σ . σ2 is plotted as a

function of probe delay in Figure 3.12 (c). Despite the rather large uncertainties, an expansion of

the profile is clearly seen. By fitting the data in the range of 10 - 50 ps (the red solid line), we find

a diffusion coefficient of 16 ± 4 cm2s−1.

Next, we study diffusion of excitons along the direction perpendicular to b by rotating the

sample by 90◦ so that b is along y direction. The pump polarization is also changed to y in order to

inject the same carrier density. We repeat the measurements described above under otherwise same

conditions. The results are plotted in panels (d), (e), and (f) of Figure 3.12 in a similar fashion as
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(a), (b), and (c). We find that the diffusion coefficient along this direction is 5 ± 2 cm2s−1, about

a factor of 3 smaller than along the b direction.

Based on the diffusion coefficients obtained from these measurements, we can deduce the cor-

responding exciton mobilities, µ , from the Einstein relation D = µkBT/e. Where kB, T , and e are

Boltzmann constant, the temperature, and elementary charge, respectively. We find the mobili-

ties of about 620 cm2V−1s−1 along b and about 200 cm2V−1s−1 perpendicular to b, respectively.

Furthermore, we deduce the exciton diffusion lengths (L =
√

Dτ) of about 250 nm along b and

about 80 nm when moving perpendicular to b, by using the measured exciton lifetime of τ = 40

ps. Similar to the lifetime, this diffusion length is limited by fast nonradiative recombination of

excitions. Nevertheless, we find that the value is similar to other TMD monolayers, such as WSe2

(160 nm) [97], MoSe2 (400 nm) [137], and WS2 (350 nm) [138].
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Chapter 4

Quantum interference and control

nanoscopy

In semiconductors, net flow of carriers is called carrier transport, which can be induced by either

carrier density gradients or applied electrical fields. In general, collective motions of carriers, such

as diffusion and drift, are two basic carrier transport mechanisms [139, 140]. During the transport

processes, carriers usually will be scattered by the lattice and impurities of semiconducting materi-

als. As a result, the energy of carriers will be dissipated [140]. However, when the size of a device

becomes smaller than the mean free path, the carriers will travel without scattering [141, 142].

This is the ballistic transport. Due to the absence of scattering, ballistic transport of carriers will

almost create no heat. In such cases, the carriers will flow like the photons in vaccum. As the size

of transistor on a microchip gets extremely small, the performances of electronics devices will be

dominated by ballistic transport properties of carriers.

The ballistic transport length is expected to be smaller than the mean free path. The mean free

path of carriers in TMDs, such as MoS2, has been predicted to be about 15 nm at room temperature

[143]. Therefore, an ordinary optical measurement is not feasible in the ballistic regime since the

spatial resolution is not enough. To solve this problem, a nonlinear optical spectroscopy called

quantum interference and control nanoscopy has been developed with a spatial resolution as small
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Figure 4.1: (a) The quantum interference between one-photon absorption of the 2ω pulse and two-
photon absorption of the ω pulse allows control of the average velocities of the injected electrons
and holes. (b) Differential pump-probe scheme to detect nanoscale transport. The initial electron
density profile [N(0), solid Gaussian curve] and the profile at a later time [N(τ), dashed Gaussian
curve] are separated by a small distance d. Their difference has a derivative-like profile (∆N), with
a height h that is proportional to d. Data from Cui et al [36].

as 1 nm [144], that is capable of detecting motions of carriers as small as 1 nm. With quantum

interference and control nanoscopy, for the first time in TMDs-ReS2, we have realized the injection,

detection and coherent control of nanoscale ballistic currents.

4.1 Quantum interference and control

In our experiment, we use a coherence control technique to inject ballistic currents. This current

injection process has been demonstrated in conventional semiconductors, such as Si and GaAs,

as well as nanomaterials of carbon nanotubes and graphene. As shown in Figure 4.1(a), a ReS2

thin film sample is simultaneously illuminated by two 100 fs laser pulses with central wavelengths

of 1500 nm (ω) and 750 nm (2ω), respectively. With a photon energy (1.65 eV) higher than

the band gap of ReS2 (about 1.5 eV), the 2ω pulse injects electrons and holes via one-photon
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interband absorption (green vertical arrow). Usually, the transition amplitude of this one-photon

absorption process, A1(~k), is an even function of~k, the wavevector of the electrons. Hence, along

any direction, an equal number of electrons are injected with opposite~k values, resulting in no net

current. The ω pulse has a photon energy lower than the band gap and can inject carriers only by

two-photon absorption (red vertical arrows). Although the transition amplitude of this two-photon

process, A2, is approximately and odd function of~k, the corresponding transition probability, P2 =

|A2|2, is still an even function of ~k. Such a ~k-space symmetry can be broken by utilizing the

quantum interference effect: When the two transition pathways exist simultaneously, the overall

transition probability is,

P1+2 = |A1 +A2|2 = |A1|2 + |A2|2 +A∗1A2 +A1A∗2. (4.1)

The last two terms on the right-hand side are the interference terms and are odd functions of

~k. Therefore, in most cases, P1+2(k) 6= P1+2(−k), making coherent control of current injection

possible. Specifically, when both pulses are linearly polarized along the same direction, defined as

x̂, electrons are injected in the conduction band with an average velocity of,

~vav = ηvsin(∆φ)x̂, (4.2)

where v is the speed of each electron determined by the excitation excess energy and ∆φ = φ2ω −

2φω is the relative phase of the two transition amplitude. η is a parameter describing the efficiency

of the current injection process. Owing to the crystal momentum conservation, holes are injected in

the valence band with an opposite crystal momentum. Once injected, the electrons and holes move

oppositely along x̂. Without a driving force, this ballistic current is expected to decay quickly, due

to phonon and carrier scattering. In addition, the Coulomb force also decelerates the electrons and

the holes and eventually pulls them back toward the origin.
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Figure 4.2: Experimental setup of quantum interference and control in ReS2 thin film

4.2 Differential pump-probe to resolve nanoscale transport

To study ballistic transport, the µm resolution is not enough. We use a new approach, the differen-

tial pump-probe technique to solve this problem. As shown in Figure 4.1(b), N(0) is the electron

density profile at t=0, with a width W of about 1 µm and a height H. At a later time, the profile N(τ)

moves a small distance d. Such a small distance is hard to measure optically. However, we directly

measure the difference between the two profiles, ∆N. It can be viewed as electron accumulation

due to the ballistic transport. It has a derivative-like profile, with a height h with respect to the

width W. This model can be described by the formula,

L
W

= 0.707
h
H
. (4.3)

By measuring h, we can accurately determine the transport length d. To measure a distance

that is three orders of magnitude smaller than the laser spot, we have to detect a signal three order

of magnitude smaller than that in an normal transient absorption measurement. Hence, we are

converting a resolution problem to a signal-to-noise ratio (SNR) problem. The smallest ballistic

transport distance we can measure will be limited by the SNR.

60



Figure 4.3: The photo of interferometer established for QUIC.

4.3 Experimental setup

Figure 4.2 shows the experimental setup of quantum interference and control (QUIC) in ReS2 thin

film. The probe laser wavelength is 810 nm, which is very close to the band gap of ReS2. To get

the quantum interference, we need two pump laser paths. One path is ω with a wavelength 1500

nm and the other path is 2ω with a wavelength 750 nm, which is generated by second harmonic

generation of 1500 nm by a BBO crystal. ω and 2ω are first separated by a beamsplitter and

then combined to the objective lens (OB). These two paths, ω and 2ω , form an interferometer,

a real photo of which is presented in Figure 4.3. We can precisely control the phase difference

of the two paths by a piezo-motor. The high signal-to-noise ratio is obtained by the electrical-

optical modulator (EO) and the balanced detection technique. After careful calibrations of the

interferometer, all these three ultrafast pulses will be able to overlap precisely in both time and

space on the sample.
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Figure 4.4: Differential reflection (left panel) of the 810 nm probe pulse and spatial profiles (right
panel) of the carrier densities induced by the 2ω pump only (black squares), the ω pump only (red
circles), and both pumps (blue triangles). Here x = 0 is defined as where the centers of the pump
and probe spots overlap with a fixed probe delay of 0.35 ps. Data from Cui et al [36].

4.4 Coherent injection, detection and control of ballistic charge currents in

ReS2

We choose ReS2, a relatively less studied TMD, in our experiments for several considerations.

First, unlike most TMDs, which crystallize in hexagonal phase, ReS2 forms a stable distorted 1T

structure with triclinic symmetry [126]. As a consequence, the interlayer coupling in ReS2 is much

weaker than other TMDs, with the adjacent monolayers largely decoupled. Hence, a multilayer

ReS2 behaves like a collection of noninteracting monolayers. This allows us to study multilayer

thin film samples, which yield larger signals and still reveal ballistic transport properties of mono-

layers. Second, the exciton binding energy in ReS2 is about 30 meV [121], much smaller than other

TMDs. This facilitates free carrier transport. Third, due to the unique lattice structure, ReS2 pos-

sesses different properties from other TMDs, such as in-plane anisotropic optical responses [145].

Hence, it can be used to complement other TMDs in various applications, as we have discussed in

Chapter 3.

We investigated two ReS2 samples with thickness of 15 nm and 18 nm, respectively. Similar

results were obtained. Here, we only present the results from the 15 nm sample [36]. First, we

carry out the differential reflection measurements to confirm all three laser pulses can overlap in

time, after calibrating the interferometer with GaAs. A peak pump fluence dependence with only
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Figure 4.5: Transport-induced electron accumulation (right axis) deduced from the measured dif-
ference between the differential reflection signals (left axis) with ∆φ = π/2 and ∆φ = 0. The probe
delay is 0.35 ps. Data from Cui et al [36].

2ω is then performed to ensure the one-photon absorption induced carrier density by the desired

peak pump fluence is in linear range. Hence, the peak energy fluence of 2ω is set at 18 µJ cm−2,

induced carrier density of which is estimated to be about 7×1018 cm−3 at the sample surface. Next

we try to match the two-photon absorption induced carrier density with one-photon absorption.

The peak pump fluence of ω is 2 mJ cm−2. From the results in Figure 4.4, ∆R/R0 with both ω

and 2ω pump pulses simultaneously present is slightly smaller than the sum of two other signals,

which can be attributed to the saturation of the ∆R/R0 at high carrier densities. To maximize the

quantum interference effect between ω and 2ω spots focused on the sample, we also make sure the

size of ω spot matches with that of 2ω spot. It can be confirmed by measuring the spatial profiles

of ∆R/R0 with a fixed probe delay of 0.35 ps. Spatial profiles in Figure 4.4 can be fitted well with

Gaussian functions, with a width of W = 2.8 µm.

To measure the ballistic current, we modulate ∆φ between π/2 and 0. A derivative-like signal

as shown in Figure 4.5, is then observed. Then, we further confirm it with a fit. Based on equation

4.3, we calculated a transport distance of about 0.3 nm. We note that although the process of

deducing the ∆N and N individually from the measured differential reflection relies on knowledge

of the absorption coefficient and pump fluence and is subject to the influence of saturation, only the
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Figure 4.6: Electron accumulation due to transport as a function of ∆φ measured at probe positions
of 1.4 µm (a) and -1.4 µm (b), respectively. The probe delay is 0.35 ps. Data from Cui et al [36].

ratio ∆N/N is used in obtaining the transport length. This ratio is not influenced by any of these

factors. In the optically injected ballistic currents, the electrons and the holes move oppositely

since they have opposite crystal momenta. The signal plotted in Figure 4.5 mainly originates from

the electrons since the electron effective mass is a few times smaller than the holes, according

to the calculated band structure of ReS2 [126]. With a smaller effective mass, the electrons are

more efficient in inducing a transient absorption signal via phase-space state filling [146]. More

importantly, electrons are injected with a higher average velocity and hence move a larger distance

than the holes. On the basis of these two factors, we attribute the observed ∆N to the electron

density, and the transport length to be the electron transport length.

To demonstrate coherent control of the injected ballistic current, we measure ∆N as a function

of ∆φ at a probe delay of 0.35 ps and a probe position of x= 1.4 µm. This is achieved by measuring

the quantity [∆R(∆φ)−∆R(∆φ = 0)]/R0, as ∆φ is varied. The results plotted in Figure 4.6(a)

show a clear sinusoidal dependence, as confirmed by a fit (solid line). When the probe spot is

moved to x = −1.4 µm, the signal changes sign, as shown in Figure 4.6(b). This is consistent

with the fact that accumulation of electrons on one side of the profile, due to the transport, is
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Figure 4.7: Time evolution of the transport length of electrons. Data from Cui et al [36].

always accompanied by a depletion on the other side, as illustrated in Figure 4.5. Since ∆N (and

d) is proportional to the initial velocity of electrons and the thus the injected current density, this

measurement demonstrates the phase control of the current injection process.

These measurements performed at a fixed probe delay of 0.35 ps demonstrate optical injection

and coherent control of ballistic currents in ReS2. To reveal the dynamics of the injected ballistic

currents, we attempt to time resolve the transport process. The measurement is performed by

repeating the scan shown in Figure 4.5 at various probe delays. The deduced d as a function of

probe delay is shown in Figure 4.7. Despite the rather large error bars due to the laser intensity

noise, we can draw a few conclusions. First, the transport distance reaches a peak right after

zero probe delay. This indicates that the velocity of the electrons in the injected ballistic currents

drops to zero within our time resolution of about 200 fs. Both phonon scattering and electron-hole

scattering can contribute to such a fast momentum relaxation process. Considering the high carrier

density used in this experiment, we expect the latter to make a bigger contribution. Second, the d

decreases to about 20% of its peak value in about 1 ps. This indicates that once the electrons reach

their maximal displacement, the Coulomb force from the oppositely moving holes pull them back
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toward their original position. Third, the d maintains a value slightly larger than zero for the rest

of the time, indicating the electrons do not return to their original position. Since the electrons can

rest only when they overlap with the holes, this nonzero final transport length indicates that there

is a small center-of-mass motion of the electron-hole system. Since the electron-hole system in

the injected ballistic current has no net crystal momentum, such a center-of-mass motion indicates

that the carrier system has gained momentum from the lattice during the transport. This can occur

because electrons and holes both interact with phonons during their transport and transfer part of

their momenta to phonons. Since they have different effective masses and densities of state, their

phonon scattering rates are expected to be different. This imbalance of momentum relaxation of

electrons and holes due to phonon scattering causes a nonzero net momentum of the electron-hole

system and a center-of-mass movement.
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Chapter 5

Second harmonic generation microscopy

Second harmonic generation (SHG) is a special effect of second-order nonlinearity. Two photons

of the same frequency ω coherently generate one photon of 2ω . In history, observation of SHG

with laser in 1961 is widely considered as the birth of nonlinear optics [147]. Due to the giant

peak intensity, ultrafast laser is an ideal tool to study SHG in materials. Symmetry properties of

a material play an important role for the nonlinear optical phenomenon-SHG. Lack of inversion

symmetry of a material is required for SHG. Hence, in 2D monolayers, such as MoS2, the lack

of inversion symmetry usually leads to efficient SHG of an ultrafast laser. In addition, in-plane

lattice symmetry of a monolayer is directly related to the tensor structure of SHG. The angular

distribution of SHG will provide information of monolayer lattice structure. By measuring the

angular dependence of SHG form monolayers, the crystal orientation can be revealed. In the

following discussion, we will present the SHG microscopy of MoS2.

5.1 SHG in 1H monolayer

5.1.1 In-plane SHG of MoS2

A reflection experimental setup is employed, as shown in Figure 5.1 (a). Fundamental pulse (200

fs) with an angular frequency of ω and a central wavelength of 810 nm is generated from a Ti:
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Figure 5.1: 1H lattice MoS2 in-plane SHG distribution. Data from Kumar et al [148].

sapphire laser. It is tightly focused on the sample by an objective lens with a numerical aperture of

0.42. The FWHM of the spot is about 2 µm. Generated second harmonic (SH) is collected by the

same objective lens and sent to a spectrometer. Filters before the spectrometer are used to isolate

SH signals. A MoS2 sample fabricated by mechanical exfoliation is fabricated on a 90 nm SiO2/Si

substrate, indicated in Figure 5.1 (b). The monolayer, labeled as 1L, is characterized by its optical

contrast and strong PL. The other fewlayer regions are confirmed by their relative optical contrasts

with respect to the monolayer optical contrast.

The lattice structure of monolayer MoS2 is depicted in Figure 5.1 (c). Mo and S atoms are in

blue and yellow, respectively. Monolayer MoS2 lattice belongs to D3h symmetry. The tensor of

second-order susceptibility has nonzero elements of χ
(2)
y′y′y′ =−χ

(2)
y′x′x′ =−χ

(2)
x′x′y′ =−χ

(2)
x′y′x′ ≡ χ(2),

where x′y′z′ are crystalline coordinates. x′ is along the armchair direction, which is 30◦ from the

zigzag direction, along which the mirror symmetry is broken. The polarization of fundamental

beam is linearly along the horizontal direction (x) of lab coordinate. Normal incidence of funda-

mental beam is along z′. It is straightforward to show that horizontal (x) and vertical (y) compo-

nents of SH fields are proportional to sin(3θ) and cos(3θ), where θ is angle between x and x′. The

horizontal and vertical power components of SH are,

Px = P0 sin2(3θ),

Py = P0 cos2(3θ),
(5.1)
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Figure 5.2: Second harmonic generation measured from a mechanically exfoliated MoS2 sam-
ple.(a) The fundamental power dependence of SHG of the monolayer MoS2. The solid line is a
quadratic fitting. The upper inset indicates the spectra of SHG from monolayer MoS2 (blue), the
substrate (multiplied by 100, grey), and the fundamental beams (red). The lower inset is the layer
dependence of SHG. (b) Measured power components of SHG in monolayer MoS2 along the hor-
izontal (blue squares) and vertical direction (black circles) in the lab coordinate as a function of θ .
The blue and black solid lines are fitting expected by sin2(3θ) and cos2(3θ), respectively. Data
from Kumar et al [148].

where P0 the total power of SH (Px+Py). P0 is independent of θ .

By fixing the power of fundamental beam at 4 mW, we directly measured the SHG spectra of

monolayer MoS2 centered at 405 nm (blue), as shown in the upper inset of Figure 5.2 (a), where the

fundamental beams are at 810 nm (red). To evaluate the contribution of SHG from the substrate, we

also measure the spectra of substrate by focusing the fundamental beam on the substrate under the

same experimental conditions. From the spectra of bare substrate, the grey line in the upper inset

of Figure 5.2 (a), no distinguishable SHG can be observed. This result rules out the contribution of

substrate. Next, we carry out the fundamental power dependence of SHG in the monolayer MoS2.

The results (blue squares) match well with a quadratic fitting (solid line), as shown in Figure 5.2

(a), which is the expected behavior of SHG.

To evaluate the SHG from samples of different thicknesses, we carried out thickness depen-

dence of SHG in monolayer, bilayer, trilayer, and quadralayer under the same experimental con-

ditions (the fundamental powers are fixed at 4 mW). The results are shown in the lower inset of
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Figure 5.2 (a). SHG power of trilayer is about a factor of seven smaller than the monolayer, while

those of the bilayer and quadralayer are about two orders of magnitude smaller than the mono-

layer. The inversion symmetry should be absent for even atomic layers. Therefore, a nonzero SH

response is attributed to the surface and interface effects for SHG results in even atomic layers.

At last, to resolve the in-plane distribution of SHG from monolayer, we focus the fundamental

beam on the monolayer MoS2 sample and a polarizer is placed in front of the spectrometer. Px and

Py of SHG are measured by rotating the sample around z′, that is changing θ , the angle between x

and x′. This is facilitated by placing the substrate of the sample on a high precision rotation stage

and the rotation center of monolayer sample has been calibrated to overlap with the rotation center

of the stage. The corresponding results are in Figure 5.2 (b). We fit the experimental results of

SHG by the symmetry analysis model. The angular dependence model as a function of θ agrees

with our experimental results. Although the Px and Py show strong in-plane angular dependence,

the total SHG power remain a constant. Therefore, the SH response of monolayer MoS2 is in-plane

isotropic.

5.1.2 Second-order susceptibility of monolayer MoS2

Since the SHG of monolayer MoS2 is in-plane isotropic, we can further extract the magnitude of

the second-order susceptibility from the experimental results measured in Figure 5.2 (b). Here, the

monolayer MoS2 is modeled as a bulk medium. In a bulk model, the amplitude of SH field of the

horizontal component can be derived as,

εx =
1
4

i2ω

2n2ωc
dχ

(2)
ε

2
ω sin(3θ), (5.2)

where c is the speed of light, εω is the amplitude of fundamental field and n2ω the refractive

index of MoS2 at the frequency of SH. Each amplitude of field is related the laser irradiance under

the relation: I = 1
2nε0cεε∗. By using the FWHM of fundamental spot W = 2 µm, fundamental

pulse repetition frequency f = 81 MHz, fundamental pulse width τ = 200 fs, and n2ω ≈ 6.0, the
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magnitude of χ(2) is estimated to be about 10−8 m/V. The large value of χ(2) confirms the large

second-order nonlinearity in monolayer MoS2.

5.2 SHG in a distorted 1T monolayer

Unlike the 1H monolayer, such as monolayer MoS2, monolayer ReS2 which has a distorted 1T

lattice structure, has inversion symmetry. In fact, inversion is the only preserved symmetry by

the lattice distortions. Ideally, SHG should be absent in monolayer ReS2. However, SHG could

still be possible when fabricating monolayer ReS2 on a substrate and carrying our a measurement.

Therefore, it is interesting for us to evaluate the SHG of monolayer ReS2, which is an anomalous

member of 2D semiconducting materials. In this section, we will first present a theoretical cal-

culation of SHG by considering the substrate contributions. Then, we will show the experimental

results of SHG in monolayer ReS2.

5.2.1 Symmetry analysis: SHG of monolayer ReS2 on a substrate

A model describing SHG of monolayer ReS2 based on symmetry analysis was developed by our

collaborators: Rodrigo A. Muniz and John E. Sipe from University of Toronto [149], which is out-

lined in the following. The lattice distortions of monolayer ReS2 will only preserve the inversion

symmetry. For a theoretical analysis, here we choose the point group of the 1T lattice assuming

there is no lattice distortions. 1T monolayer has a point group D3d , which consists of the inversion

operation (i), sixfold improper rotations around the ẑ axis (Sz
6), threefold rotations around the ẑ axis

(Cz
3), twofold rotations around three different horizontal axes (C

′
2)-or equivalently reflections along

those axes (σd) since σd = iC
′
2, where one of the reflection axes is the ŷ axis. In the representation

of matrices acting on the basis (x,y,z)T , the symmetry operations correspond to,
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i =−


1 0 0

0 1 0

0 0 1

 ,Sz
6 =


1
2 −

√
3

2 0
√

3
2

1
2 0

0 0 −1

 ,Cz
3 =


−1

2 −
√

3
2 0

√
3

2 −1
2 0

0 0 1

 ,σ y
d =


1 0 0

0 −1 0

0 0 1

 ,
(5.3)

where the other two reflections were ignored here.

In the presence of a substrate, the transformations that change the ẑ axis are broken. For the

point group D3d , the broken symmetries are the inversion (i), the sixfold improper rotations around

the ẑ axis (Sz
6), and the twofold rotations around three different horizontal axes (C

′
2). The preserved

symmetries from the point group C3v that consists of threefold rotations around the ẑ axis (Cz
3), and

reflections along three horizontal axes (σd), which includes σ
y
d . In the representation of matrices

acting on the basis (x,y,z)T , the symmetry operations correspond to,

Cz
3 =


−1

2 −
√

3
2 0

√
3

2 −1
2 0

0 0 1

 ,σ y
d =


1 0 0

0 −1 0

0 0 1

 , (5.4)

where the other two reflections were ignored again. Since we are only interested on electric fields

in the x̂− ŷ plane, here we will focus only on the relations obtained for the tensor components

excluding the ẑ axis direction.

The second order susceptibility χabc(ω,ω) is a rank-3 tensor, so it is non-zero only if inversion

symmetry is broken. Therefore, a 1T lattice will only have a non-zero χabc(ω,ω) in the presence

of a substrate, as even the distortions from the 1T lattice of monolayer ReS2 preserve inversion

symmetry. However, in the presence of a substrate the distortions affect the angular dependence

of the SHG, although it is expected that these changes are small since the distortions are usually

not large. Here we focus on the effect induced by the substrate for an undistorted 1T lattice,

which has the point group C3v, as discussed above. For second harmonic generation, the last

indices of the susceptibility are taken equal, and χabc(ω,ω) describes the polarization along the
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Figure 5.3: In-plane SHG intensities of monolayer ReS2 along the horizontal (red) and vertical
(black) directions and the total intensity (blue), deduced from symmetry analysis.

direction â = x̂cosα + ŷsinα , that is generated by the incident filed polarized along the direction

b̂ = x̂cosβ + ŷsinβ . For rank-3 tensors, the induced polarization is,

P(2ω) · â = χxxx(ω,ω)cos(α +2β )|E(ω)|2. (5.5)

Hence, the horizontal α = 0 and α = π

2 components are,

Px(2ω) = χxxx(ω,ω)cos(2β )|E(ω)|2,

Py(2ω) =−χxxx(ω,ω)sin(2β )|E(ω)|2,
(5.6)

and the intensities of the SHG fields will have angular dependence as,

Ix(2ω) = I2 cos2(2β ) = 1
2 I2[1+ cos(4β )],

Iy(2ω) = I2 sin2(2β ) = 1
2 I2[1− cos(4β )],

I(2ω) = Ix(2ω)+ Iy(2ω) = I2.

(5.7)

The corresponding results are plotted in Figure 5.3. It is clear that the horizontal and vertical

intensity components of SHG fields have a fourfold symmetry while the total intensity is isotropic.
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Figure 5.4: In-plane SHG intensities of monolayer ReS2 along the horizontal (red) and vertical
(black) directions and the total intensity (blue), observed in experiments with a fundamental wave-
length of 1515 nm.

5.2.2 Experimental results: SHG of monolayer ReS2 on BK7 substrate

For comparison, we carried out an experiment with femtosecond laser. The monolayer ReS2 sam-

ple is the same one on a BK7 substrate we used for THG study as shown in Figure 6.2. In addition,

the experimental conditions are also the same. By rotating the polarization of fundamental pulses

with respect to the b-axis direction of the lattice, we obtained the in-plane SHG intensities as a

function of θ , which is defined as the angle between the x axis of lab coordinate and b-axis, as

shown in Figure 5.4.

The obtained experimental results show strong deviation from the theoretical prediction as

shown in Figure 5.3. In the theoretical calculations, we have assumed there is no lattice distortions

for monolayer ReS2. Therefore, it can be seen that the role of lattice distortions in this specific

material should not be neglected. To explicitly extract SHG of the distorted 1T lattice, a first

principle calculation is highly desired in the future. Our experimental results prove that although
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inversion symmetry is preserved in monolayer ReS2, lattice distortions play an important role for

SHG when monolayer ReS2 is on a substrate. At last, noticing that recently giant anisotropic SHG

has been observed in Weyl semimetals [150], which are also 2D materials, we want to point out

that SHG is a powerful nonlinear optical spectroscopy for 2D materials.
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Chapter 6

Third harmonic generation microscopy

Transition metal dichalcogenides (TMDs) constitute a new generation of semiconducting materi-

als. Understanding light-matter interactions in TMD monolayers is essential for developing appli-

cations in electronics, photonics, and optoelectronics. So far, ultrafast excitonic dynamics [151],

coupled spin-valley physics [152, 153], large exciton binding energies [154, 155], and nonlinear

optical responses [148, 156–158] in TMD monolayers have been widely explored. It has been

also shown that van der Waals heterostructures with different TMD monolayers can be constructed

[159] to realize devices with multiple functionalities.

Unlike the TMD monolayers based on Mo and W, which form in a hexagonal lattice, monolayer

ReS2 has a stable distorted 1T crystal lattice [160]. Re atomic chains formed by Re-Re bonding run

along the direction of the b-axis, enabling the in-plane anisotropy of electrical and optical response.

As a result, ReS2 has been identified as an anomalous member of the TMD family. In 2014,

few-layer and bulk samples of ReS2 were reported to display monolayer behavior [161]. Since

then the optical and electrical properties of ReS2 have been intensively investigated. Coherent

control of nanoscale ballistic transport has been realized in ReS2 thin films [162]. The in-plane

anisotropic optical and electrical properties of monolayer ReS2 have also been experimentally

studied [163, 164]. A recent work has shown that stacking orders can be resolved by Raman

spectroscopy, due to the unique crystal structure of ReS2 [165]. Based on these novel properties,
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a wide spectrum of applications using ReS2 has been proposed. Among them are energy storage

devices [166, 167], integrated digital converters [168], and sensitive photodetectors [169–172].

However, to date there have been no reports of the nonlinear optical properties of ReS2. Since

nonlinear optical properties are known to be extremely sensitive to lattice symmetry [173, 174], it

is important to determine to what extent the lattice distortions of ReS2 affect its nonlinear optical

properties.

In this chapter, we present experimental results of third harmonic generation (THG) in mono-

layer and multilayer ReS2. We determine the third-order susceptibility of monolayer ReS2 and find

that its magnitude is about one order of magnitude larger than those of hexagonal TMDs such as

MoS2 [156]. We also find that the third-order nonlinear response has strong in-plane anisotropies

incompatible with an undistorted 1T lattice.

6.1 1T distorted lattice structure of ReS2

We use 250 fs pulses generated from an optical parametric oscillator pumped by a Ti:sapphire

near-infrared laser. As shown in Figure 6.1(a), a half wave plate (HW) and a Glan prism (GP) are

used to adjust the power and the polarization direction of the fundamental pulses. The fundamental

pulses at ω are tightly focused on the sample by an objective lens (OB1) with a numerical aperture

(NA) of 0.42. The generated third harmonic pulses are collected by another objective lens (OB2)

with the same NA. A spectrometer (SM) is employed to directly measure the power of the third

harmonic pulses at 3ω , and a polarizer (P) before the spectrometer is used to resolve the horizontal

and vertical components of the third harmonic pulses. A charge-coupled device (CCD), a beam-

splitter (BS), and the OB1 serve as a microscope to monitor the focusing position on the sample

by collecting the reflected light at 3ω .

Figure 6.1(b) shows a diagram of THG in monolayer ReS2 with a simplified band structure,

where three photons at ω generate one photon at 3ω . The fundamental photon energy is about

h̄ω = 0.82 eV (1515 nm), while the energy of the generated photons is about 3h̄ω = 2.46 eV (505

nm). Since the band gap of monolayer ReS2 is about 1.53 eV (810 nm), the fundamental pulse can
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Figure 6.1: (a) Experimental setup: the infrared femtosecond laser (red pulse) is tightly focused on
the sample by an objective lens (OB1). The induced THG signal (green pulse) is directly measured
by a spectrometer(SM). HW is a half wave plate, GP represents a Glan prism, and P is a polarizer.
(b) The diagram illustrates the THG due to the fundamental pulse ω and the monolayer ReS2
bandstructure.

not be absorbed by monolayer ReS2 via one-photon absorption. The ReS2 samples are fabricated

on the surface of PDMS by mechanical exfoliation and transferred to a BK7 glass substrate about

0.48 mm thick [175]. All measurements are carried out in ambient conditions.

An optical microscope image of the monolayer ReS2 sample is shown in Figure 6.2(a), where

the monolayer flake is attached to a multilayer. The red dots 1 and 2 in the same figure indicate

the focused fundamental laser spots on the monolayer and multilayer, respectively. The figure also

shows laboratory axes x and y, as well as the angle θ between the fundamental pulse polarization

and the x-axis. The lattice structure of ReS2 monolayer is depicted in Figure 6.2(b); Re atom chains

are formed along the b-axis direction, which is depicted by the blue arrow and experimentally

determined by transient absorption measurement (see Supplemental Material). As shown in Figure

6.2(a), the b-axis direction is along one of the two cracked edges of the flake.
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Figure 6.2: (a) Microscope image of monolayer ReS2 and attached multilayer ReS2. The red dots
1 and 2 are the laser focusing positions for monolayer and multilayer measurements respectively.
The blue arrow indicates the b-axis direction, which is the direction of the Re atom chains in
the lattice. The x and y axes define the lab coordinates, and θ denotes the angle between the
polarization direction of the fundamental pulse (red arrow) and the x-axis. (b) The distorted 1T
lattice structure of ReS2, showing the Re atom chain along the b-axis (blue arrow).

An optical contrast technique [176] is employed to determine the thickness of the samples. In

Figure 6.3(a), the black line indicates a cross section of our monolayer and multilayer samples. As

shown in Figure 6.3(b), the normalized optical contrast of the monolayer (1 L, 0.73 nm thick) and

multilayer samples in the green channel are about 7.6 % and 100 %, respectively. Since each layer

increases the optical contrast by roughly 7.6 %, the multilayer sample is identified as 13 L, which

is about 9.5 nm thick. Similarly, the transition region with an optical contrast of 92.4 % is about 1

µm wide and identified as 12 L.

In order to determine the crystal orientation of our monolayer ReS2 sample, we measured the

angular dependence of differential transmission by pump-probe femtosecond laser pulses. A sim-

plified experimental setup is shown in Figure 6.4. The femtosecond laser pulses with a wavelength

of 810 nm are generated by a Ti: Sapphire oscillator, which is pumped by a CW laser with a

wavelength of 532 nm. Part of the 810 nm power is picked up by a beam splitter to serve as the
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Figure 6.3: (a) Zoom in of the sample region used for optical contrast calculations. (b) Normalized
optical contrast of green channel along the black line indicated in (a).

probe for our sample. The rest of the 810 nm power is sent to an optical parametric oscillator

(OPO). The signal of the OPO with a frequency corresponding to 1464 nm is focused on a BBO

crystal to generate a 732 nm beam, which is used as the pump. The duration of the 732 nm and

810 nm pulses are respectively about 250 fs and 150 fs. Before the beams reach the OB1, a Glan

prism is used to ensure the same polarization of the pump and probe pulses when focusing on the

sample. The OB2 collects and collimates the transmitted 810 nm probe pulses, which is sent to

a silicon detector. Lock-in detection is employed to measure the differential transmission of the

probe induced by the pump. The chopping frequency is 2.2 kHz.

The lab coordinate system in this measurement is the same as in the THG measurement. The

polarization directions of the pump and probe lasers are the same, even as the Glan prism is rotated.

For each polarization angle of the Glan prism, equal pump and probe fluences are maintained by

tuning the two half-wave plates (HW). Under this configuration, we measure ∆T/T0 as a function

of the polarization angle of the pump and probe lasers with respect to the sample lattice orientation.

Figure 6.5(a) shows the temporal dynamics of the monolayer sample when the polarization
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Figure 6.4: Simplified experimental setup for the transient absorption measurement.

angle is 20◦ with respect to the horizontal direction in the lab coordinate system. This is the

angle for which maximum ∆T/T0 is observed. Figure 6.5(b) shows a polar plot of the angular

dependence of ∆T/T0 for a fixed probe delay time of about 3 ps. It was known through previous

studies that the transient absorption signal is strongest when polarizations of pump and probe are

both along b-axis direction. Therefore, after fitting it with a cosine square function (blue solid line

in (b)), the b-axis of our monolayer sample corresponds to 20◦, which is indicated by blue arrows

in Figure 2 of the main text.

6.2 Symmetry analysis of THG in an undistorted 1T lattice

In this section we carry out a point group symmetry analysis for the THG of undistorted 1T layered

materials; we use the lab coordinates shown in Figure 6.2(a). A model describing THG of mono-

layer ReS2 based on symmetry analysis was developed by our collaborators: Rodrigo A. Muniz

and John E. Sipe from University of Toronto [149], which is outlined in the following.

The polarization associated with THG is determined by the third order susceptibility χ
(3)
abcd (ω,ω,ω),

which is a rank-4 tensor that respects the symmetries of the point group of the lattice, and the ap-
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Figure 6.5: (a) Temporal dynamics of monolayer ReS2. (b) Angular dependence of the differential
transmission in monolayer ReS2 at 3 ps.

plied electric field E(t) = E(ω)e−iωt + c.c., through

Pa (3ω) = ε0χ
(3)
abcd (ω,ω,ω)Eb (ω)Ec (ω)Ed (ω) . (6.1)

The electric field associated with the generated radiation is proportional to the polarization P(3ω),

so the intensity of the generated radiation is proportional to |P(3ω)|2.

The point group of an undistorted 1T lattice is D3d (3̄ 2
m ), but in the presence of a substrate

the symmetry operations that act on the perpendicular axis are broken, and the point group is

C3v (3m). Only the planar components of χ
(3)
abcd are relevant for normal incidence, and there are

only 3 such independent components for both point groups D3d and C3v, namely χ
(3)
xxxx, χ

(3)
xxyy and

χ
(3)
xyyx. Consequently, the THG has the same angular dependence regardless of the presence of

the substrate. Describing the incident field as E(ω) = E (ω)(x̂cosθ + ŷsinθ), the polarization

associated with the THG field is given by

Px (3ω) = ε0χ
(3)
xxxx [E (ω)]3 cos(θ) ,

Py (3ω) = ε0χ
(3)
xxxx [E (ω)]3 sin(θ) ,

(6.2)
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Figure 6.6: The intensities of the different polarizations of the THG field are shown as a function
of the angle of polarization of the incident field. The red line corresponds to the horizontal (x-
axis) polarization, the black line corresponds to vertical (y-axis) polarization, and the blue line
corresponds to the total intensity of the THG field.

and the intensities of the THG fields horizontally and vertically polarized are

Ix (3ω) = 1
2 Imax [1+ cos(2θ)] ,

Iy (3ω) = 1
2 Imax [1− cos(2θ)] .

(6.3)

Thus the total intensity Ix + Iy is independent of the polarization direction of the incident fields.

The above expressions are plotted in Figure 6.6, which shows the isotropy of the total intensity of

the THG from an undistorted 1T lattice. Thus any anisotropy in the experimental results of the

total THG for ReS2 is due to its lattice distortions.

6.3 Optical fields in the atomic layer of monolayer ReS2

We model the system by a sample (s) slab of thickness d on top of a glass (g) substrate of thickness

L = 0.48 mm. Since L is much larger than the photon wavelengths, and the light that reaches

the bottom glass-air interface is diverging, we can neglect multiple reflections and assume the
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Figure 6.7: Diagram of the fundamental and third harmonic fields in the different regions of the
structure. Only the fields used in the calculations are labeled.

transmission is direct at the lowest interface. Fig. 6.7 shows a diagram of the structure. The

fundamental field is incident from air (a) above the sample, and our goal in this subsection is

to find the fundamental field at sample. For normal incidence, the transmission and reflection

coefficients for a single interface are

t12 =
2n1

n1+n2
, r12 =

n1−n2
n1+n2

. (6.4)

The Fresnel coefficients give

E−g (ω) =
einsω̃dtastsg

1−e2insω̃drsarsg
E−in (ω) ,

E+
s (ω;z) = einsω̃(d+z)tasrsg

1−e2insω̃drsarsg
E−in (ω) ,

E−s (ω;z) = einsω̃(d−z)tas
1−e2insω̃drsarsg

E−in (ω) ,

(6.5)
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where ω̃ = ω/c. The total field at the sample is

Es (ω;z) = E+
s +E−s =

einsω̃dtas
(
e−insω̃z + einsω̃zrsg

)
1− e2insω̃drsarsg

E−in (ω) . (6.6)

Since d � λ such that ω̃d � 1, the field is approximately uniform inside the slab, and we

approximate the field everywhere in the slab by its value at the center of the slab Es (ω;z) '

Es (ω;z = d/2) = Es (ω), which gives

Es (ω)'
tas (1+ rsg)

1− rsarsg
E−in (ω) =

2na

na +ng
E−in (ω) . (6.7)

Now that the fundamental field at the sample is determined, we can determine the THG field.

6.3.1 Third harmonic field

The THG field can be obtained from the polarization in the sample region, as referenced in the

main text. We assume ω̃d � 1 again, such that the third harmonic fields are also approximately

uniform in the slab, which gives

E−s (3ω) =
[

1
1−rsgrsa

+ rsa
1−rsgrsa

]
i 3ω̃d

2ε0ns
P(3ω) ,

E+
s (3ω) =

[
rsg

1−rsgrsa
+ 1

1−rsgrsa

]
i 3ω̃d

2ε0ns
P(3ω) .

(6.8)

The field that is transmitted to the glass is

E−g (3ω) = tsgE−s (3ω) =
2ns

na +ng
i
(

3ω̃d
2ε0ns

)
P(3ω) , (6.9)

which, in terms of the incident field, is

E−g (3ω) = i
3ω̃d

na +ng
χ
(3) [Es (ω)]3 , (6.10)

where P(3ω) = ε0χ(3) [Es (ω)]3 was used.
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The THG field then passes through the glass substrate in the region 0> z>−L, being transmit-

ted directly (the roughness of the bottom surface renders the reflections dispersive) at the bottom

interface such that

E−a (3ω) = tgaE−g (3ω) = ieingω̃L 2ng

(na +ng)
2 (3ω̃d)χ

(3)Es (ω)3 . (6.11)

The next step is to determine the power collected by the detector.

6.3.2 Power of the THG field

The irradiance of the third harmonic field propagating downwards in the air is

I−a (3ω) = 2cε0na |E−a (3ω)|2

=
8cε0nan2

g

(na+ng)
4 (3ω̃d)2

∣∣∣χ(3)
∣∣∣2 |Es (ω)|6 ,

(6.12)

in terms of the incident field it is

I−a (3ω) =
29n7

an2
g

(na+ng)
10 cε0 (3ω̃d)2

∣∣∣χ(3)
∣∣∣2 ∣∣E−in (ω)

∣∣6
=

26n4
an2

g

(na+ng)
10

(3ω̃d)2

(cε0)
2

∣∣∣χ(3)
∣∣∣2 Iin (ω)3 .

(6.13)

For an incident beam that is Gaussian in both space and time, the irradiance is

Iin (ω;r, t) = I0
in (ω)e− ln2( 2r

W )
2

e− ln2( 2t
τ )

2

, (6.14)

where W and τ are respectively the spot size width and the pulse duration measured at full width

at half maximum. The maximal irradiance I0
in (ω) is related to the average laser power by

P̄in (ω) = frep

(
π

ln2

) 3
2 τ

2

(
W
2

)2

I0
in (ω) , (6.15)
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where frep is the laser repetition rate. Following Eq. (6.13), the third harmonic irradiance is

I−a (3ω;r, t) = I0
a (3ω)e−3ln2( 2r

W )
2

e−3ln2( 2t
τ )

2

, (6.16)

where

I0
a (3ω) =

26n4
an2

g

(na +ng)
10
(3ω̃d)2

(cε0)
2

∣∣∣χ(3)
∣∣∣2 I0

in (ω)3 , (6.17)

and its average power is

P̄a (3ω) = frep

(
π

ln2

) 3
2 τ

2
√

3

(
W

2
√

3

)2

I0
a (3ω) . (6.18)

The susceptibility
∣∣∣χ(3)

∣∣∣ can then be determined by

∣∣∣χ(3)
∣∣∣= (na +ng)

5

8n2
ang

cε0

3ω̃d

√
I0
a (3ω)

I0
in (ω)3 , (6.19)

and since √
I0
a (3ω)

I0
in (ω)3 = frep

(
π

ln2

) 3
2 τ

2

(
W
2

)2
√

3
√

3P̄a (3ω)

P̄in (ω)3 , (6.20)

we finally have

∣∣∣χ(3)
∣∣∣= (na +ng)

5

8n2
ang

cε0

3ω̃d
frep

(
π

ln2

) 3
2 τ

2

(
W
2

)2
√

3
√

3P̄a (3ω)

P̄in (ω)3 , (6.21)

where in the experiment na = 1 and ng = 1.521, W = 3.5 µm, τ = 250fs and frep = 80.54MHz.

We note the final result is independent of the index of the sample ns = 4.17. We also note

that even though the calculation of the power that is absorbed by the detector assumes that the

beam width is maintained throughout the entire apparatus, it still gives the correct result for the

power transmitted as the factor due to the different areas compensates the factors for the fields or

irradiance.
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6.4 Results and analysis: strong and anisotropic THG

Figure 6.8: (a) THG power (black rectangles) of monolayer ReS2 as a function of fundamental
power. The red line is a cubic fitting. The inset illustrates the third harmonic spectrum from the
monolayer ReS2 sample (red) and the BK7 glass substrate (blue) under the same experimental
conditions. (b) Angular dependence of THG (blue triangles) in BK7 glass substrate when the
fundamental pulse power is fixed at 23 mW. The green line is an isotropic fitting.

We study THG of monolayer ReS2 by focusing the fundamental field on the red dot 1 as shown

in Figure 6.2(a). The THG spectrum is shown as the red curve in the inset of Figure 6.8(a), which

corresponds to θ = 310◦ and a fundamental fluence of 12.6 mJ/cm2. In our experiments, third

harmonic frequencies can also be generated from the BK7 glass substrate. The blue curve in the

inset of Figure 6.8(a), which is about 5 % of the red curve, shows the third harmonic spectrum of
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the BK7 glass substrate under the same experimental conditions as the monolayer ReS2 sample.

In addition, we notice that THG from BK7 glass substrate becomes maximal when moving the ω

beam focus away from the surface and into the BK7 glass substrate. Thus we study THG from

the BK7 glass substrate by moving the focus of the fundamental beam into the substrate by a few

µm. There is no angular dependence of THG power from the BK7 glass substrate when the power

of the fundamental beam is fixed at 23 mW, as shown in Figure 6.8(b). What’s more, since the

contribution from the BK7 glass substrate is much smaller than the THG from ReS2 samples, it

has no effect in our analysis. The fundamental power dependence of THG in monolayer ReS2 is

shown in Figure 6.8(a) for θ = 310◦. The cubic power fit (red line) matches well with the data

(black rectangles), as expected for a THG process.

By tuning the HW and the GP we measure THG in monolayer ReS2 as a function of θ , under

the same fundamental fluence of 16.5 mJ/cm2. Horizontal and vertical polarizations of the THG

field are resolved by the polarizer before the spectrometer. The results are plotted in Figure 6.9(a),

where the lines corresponding to the horizontal and vertical polarizations have the shape of a

twisted dumbbell, and the total power (i.e. the sum of the horizontal and vertical components) of

the THG field from monolayer ReS2 is anisotropic as a function of θ .

In order to quantify the THG in monolayer ReS2, we deduce the magnitude of the third-order

susceptibility
∣∣∣χ(3)

∣∣∣ from the power of the THG field that reaches the detector P̄a (3ω) and that of

the fundamental incident field P̄in (ω). Here we extract an estimate for the magnitude of the largest

component of χ(3), which we denote by
∣∣∣χ(3)

∣∣∣. The fundamental field at the sample is related

to the incident field by Fresnel equations. The induced polarization is related to the fundamental

field at the sample by Eq. (6.2). The THG field at the sample can then be determined from the

polarization [174], which in turn determines the field that is transmitted through the glass substrate

and collected by the detector. Considering pulses that are Gaussian in both space and time, the

final expression is

|χ(3)|=
(

π

ln2

) 3
2 (na +ng)

5

8n2
ang

c2ε0

3ωd
frep

τ

2

(
W
2

)2
√

3
√

3P̄a (3ω)

P̄in (ω)3 , (6.22)
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where d is the thickness of the sample, na≈ 1 and ng = 1.521 are respectively the indices of refrac-

tion of air and the BK7 glass substrate (which are both independent of the frequencies involved,

ω and 3ω); W and τ are respectively the spot size width and the pulse duration measured at full

width at half maximum, and frep = 80.54 MHz is the laser repetition rate. See the Supplemental

Material for details on the derivation of this equation. By using the parameters measured in our

experiment (d = 0.73 nm, τ = 250 fs, W = 3.5 µm, and λ = 1515 nm), we extract the maximal

value of
∣∣∣χ(3)

20◦

∣∣∣∼ 5.3×10−18 m2/V2 for θ = 20◦. The maximal THG is confirmed to occur when

the polarization of the fundamental field is along the b-axis, as determined by angular dependent

transient absorption. Thus, THG measurements can be also used to determine the lattice orien-

tation of ReS2. When θ = 70◦, the THG field power reduces to about one third of the maximal

value, so
∣∣∣χ(3)

70◦

∣∣∣∼ 3.5×10−18 m2/V2 is the minimal value of the susceptibility.

To confirm the procedure used to extract the
∣∣∣χ(3)

∣∣∣ of the monolayer ReS2 sample, we move

the fundamental pulse focus spot to the BK7 glass substrate, which allows us to measure the THG

from the BK7 glass substrate under the same conditions. The angular dependence of THG in the

BK7 glass substrate is isotropic, as shown in Figure 6.8(b). We extract a
∣∣∣χ(3)

BK7

∣∣∣ ∼ 2.27× 10−22

m2/V2 for the BK7 substrate, which is in good agreement with the reported values of
∣∣∣χ(3)

BK7

∣∣∣ =
2.98×10−22 m2/V2 for a fundamental wavelength of 1064 nm and

∣∣∣χ(3)
BK7

∣∣∣= 2.38×10−22 m2/V2

for 1907 nm [177]. The power of the THG due to the substrate is more than 20 times smaller than

that of the ReS2, as shown in the inset of Fig. 6.8 (a). Thus, even the heterodyne contribution of

the substrate to the total power of the THG is at least 10 times smaller than that due exclusively to

the ReS2 sample, which lies within the experimental precision. So the contribution of THG from

the BK7 glass substrate is ignored in our analysis.

We also use the method described above to study the THG from multilayer ReS2 by focusing

the fundamental laser on the attached multilayer part of the sample, as indicated by the red dot 2 in

Fig. 6.2(a). The observed THG from the attached multilayer (13 L) shows an angular dependence

very similar to that of monolayer ReS2. This is a reasonable result, since the attached multilayer

should have the same crystal orientation of the monolayer, resulting in the same in-plane symme-
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Figure 6.9: Angular dependence of THG power in monolayer ReS2 (a) and attached multilayer
ReS2 (b). Horizontal, vertical components of total THG power (blue) are in red and black, respec-
tively. The fundamental pulse power is fixed at 30.2 mW.

try of THG. In addition, the THG signal in the multilayer sample is significantly larger than that

from the monolayer. Due to the weak interlayer coupling in ReS2, the THG field from a multilayer

sample can be considered as the addition of THG fields generated in each individual layer, and

the THG induced power would be simply expected to be proportional to the square of the sample

thickness d – see Eq. 6.22. Thus, the THG power from the 13 L sample would be expected to in-

crease by a factor of 169, relative to the monolayer, for each θ . However, since the photon energy

of THG is higher than the band gap of ReS2, the induced THG will be absorbed via one-photon

absorption when propagating in the multilayer sample. It has been well-known that linear absorp-

tion in ReS2 is in-plane anisotropic. A maximum (minimum) absorption coefficient is expected
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when light polarization is along (perpendicular to) the b-axis, which is clearly revealed by our

experimental results: Fig. 6.9 shows that when compared to the monolayer THG, the multilayer

THG is mostly suppressed by absorption when the polarization of the induced THG is along the

b-axis (θ = 20◦).

Finally, the distorted dumbbell shapes for the horizontal and vertical polarizations of the THG

field are consistent with the predictions from the point group symmetry analysis. Since we have

used BK7 glass substrate as a reference material, we rule out any anisotropic artifact from the

measurements, and we can safely attribute the anisotropic THG to the lattice distortions of ReS2.
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Chapter 7

Two-photon transient absorption

microscopy

The two-photon absorption coefficient is an important parameter [178–182] for various nonlinear

applications of semiconducting materials, such as saturable absorber for ultrafast pulse lasing [183,

184]. As novel materials, significant efforts have been made to utilize 2D materials as saturable

absorbers or laser gain media in laser industry. So far, it has been shown that TMD monolayers,

such as MoS2, have giant two-photon absorption coefficients [185, 186]. Many reports have been

announced that various lasers based on 2D materials have been successfully fabricated [187–190].

Comparing with traditional saturable absorbers, 2D materials are as thin as a few atomic layers and

can be easily integrated into nano-devices. Due to the promising optoelectronics applications, it is

important to measure the two-photon absorption coefficients of 2D materials.

Two-photon absorption is a third-order nonlinear optical effect, which is related to the imag-

inary part of third-order susceptibility. Two photons are simultaneously absorbed via interband

transition in a semiconductor. Typically, the two photons have the same energy. Nondegener-

ate two-photon absorption is also possible in a semiconductor, but will not be discussed in this

dissertation.

Transient absorption can be employed as an effective tool to observe two-photon absorption
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in 2D materials. The pump photon energy used in transient absorption is usually higher than the

band gap. Hence, one-photon process dominate the absorption, where a carrier density related to

the one-photon absorption coefficient will be injected. If we decrease the photon energy of pump

laser to be lower than the band gap, two-photon absorption will dominate. With enough power of

pump laser, a high carrier density can also be injected.

In the following, we show a new approach to measure two-photon absorption coefficient of

2D materials based on transient absorption measurements. By performing one-photon pumped

differential transmission measurements, we establish a relation between the injected carrier density

and the magnitude of the differential transmission signal. Then, by measuring the relation between

the incident two-photon pump power and the differential transmission signal, we can relate the

incident power to the injected carrier density, which is used to calculate the two-photon absorption

coefficient.

7.1 Carrier density injected by one-photon absorption

OPA is a linear optical process related to χ(1). In general, linear absorption coefficient (relation to

χ(1)) is used to characterize the one-photon absorption ability of a material.

According to Beer’s Law, when laser goes through a thin film sample with a thickness of L,

dI
dz

=−αI. (7.1)

Solving the equation, we find,

I(z) = I0e−αz, (7.2)

where I(z) and I0 are the light intensity inside the film at a distance z from the surface and incident

light intensity just into the surface, respectively. The absorptance of the sample is:

Iab

I0
= 1− e−αL. (7.3)
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In OPA transient absorption, the differential transmission is directly measured. The absorptance

of the sample can be used to convert the energy fluence of the pump pulse to the injected carrier

density.

7.2 Carrier density injected by two-photon absorption

Similarly, for TPA, Beer’s Law becomes,

dI
dz

=−β I2. (7.4)

The solution is,

I(z) =
I0

1+β I0z
. (7.5)

The absorbtance of the sample is,

Iab

I0
=

β I0L
1+β I0L

≈ β I0L, (7.6)

since Iab� I0 and β I0L� 1.

In OPA transient absorption, the differential transmission is directly measured. The absorp-

tance of the sample can be used to convert the energy fluence of the pump pulse to the injected

carrier density. The only unknown parameter will be the TPA coefficient. Hence, it can be calcu-

lated.

7.3 Measurement of two-photon absorption coefficient in monolayer WS2

7.3.1 TPA coefficients of WS2 monolayer

A monolayer WS2 sample is mechanically exfoliated from a bulk flake and transferred to a BK7

glass substrate, as indicated in Figure 7.2 (a). The PL peak is centered at about 620 nm, indicating
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Figure 7.1: Schematic diagram of experimental setup for two-photon transient absorption mi-
croscopy.

its monolayer nature, as shown in Figure 7.2 (b). A differential transmission setup is employed

to carry out the transient absorption measurements. To enable the ability of measuring OPA and

TPA at the same time, three optical paths, including an OPA pump path, a TPA pump path and a

probe path, are constructed. The optical lengths of the OPA pump path and the TPA pump path

are adjusted to be approximately equal to each other. A Ti: sapphire oscillator generates 776 nm

femtosecond pulses with a repetition frequency of 80.48 MHz. With a beamsplitter, one part of

776 nm pulses is focused into a BBO crystal. The induced SHG is sent to the OPA pump path

and the residual of 776 nm is sent to TPA pump path. The other part of 776 nm from Ti: sapphire

oscillator is used to pump a optical parameter oscillator, signal of which is centered at 1240 nm.

Another BBO crystal is used to generate SHG of 1240 nm. The induced SHG centered at 620 nm

is sent to the probe path. The optical length of the probe path is controlled by a linear delay stage

to match with the pump optical lengths. All three beams are combined by three beamsplitters and

focused tightly on the monolayer WS2 sample by an objective lens with a numerical aperture (NA)

of 0.42. The transmitted probe beam is collected by another objective lens with the same NA and

delivered to a detector. Balanced and lock-in detections are used to increase signal-to-noise ratio.

In the experiments, we first investigate the differential transmission of the probe under the 388

nm pump only, by blocking the TPA pump path. To control the pump power, a combination of
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Figure 7.2: (a) Microscope image of mechanically exfoliated monolayer WS2 sample on a BK7
glass substrate. (b) PL spectrum of the monolayer WS2 sample.

half-wave plate and polarizer is inserted in the OPA pump path. At various pump powers, temporal

scans of probe pulse with respective to pump pulse are obtained, as shown in Figure 7.3 (a). At

each OPA pump power, we fit the decay curve by a bi-exponential function. The fast and slow

decay components are found to constant, which are 1.5 ± 0.5 ps and 18 ± 1 ps, respectively. At

0 ps, we plot the differential transmission signals as a function of OPA pump powers, as shown in

Figure 7.3 (b). When the OPA power is smaller than 0.6 µW, the differential transmission signals

present a linear dependence on the OPA pump powers. A saturation behavior can be observed

when the OPA pump power gets larger than 0.6 µW. Overall, the OPA pump power dependence is

sublinear, indicated by the redline in Figure 7.3 (b).

To make the injected carrier density comparable to TPA measurement, we use the data when

OPA pump power is 1.0 µW, which falls in the linear range of OPA pump power dependence.

The thickness of monolayer WS2, L = 0.75 nm has been measured elsewhere [191]. Assuming

one 388 nm photon absorbed will excite one electron to the conduction band, and using the linear

absorption coefficient α = 2.3×108 m−1 [77, 192], the absorptance at 0 ps can be calcuated by

Equation 7.3 as: Iab
I0

= 1− e−αL = 15.8%.

Next, we block the 388 nm optical path and investigate the TPA with 776 nm beam as the

pump. Every other conditions are kept the same as OPA measurements. The pump power of

776 nm beam is also adjusted by a combination of half-wave plate and polarizer. Similarly, at

various pump powers, temporal scans of probe pulse with respective to pump pulse are obtained,
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Figure 7.3: (a) OPA pump power dependence of temporal scan in the monolayer WS2 sample. The
pump powers of 388 nm beam (from bottom to top) are 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0,
1.3, 1.5 and 1.7 µW. (b) At 0 ps, the differential transmission signals (black suqares) as a function
of TPA pump power. The redline is a sublinear fitting.

as shown in Figure 7.4 (a). Before the zero delay, a set of negative dips can be clearly observed,

which are different from OPA results. These negative dips are induced by nondegenerate two-

photon absorption. One 776 nm photon from the pump and one 620 nm photon from the probe

are simultaneously absorbed. The negative dip is a direct measurement of the depletion of probe

power, that is the differential probe power loss caused by absorption before zero delay. It should

be emphasized that the negative dips are Gaussian because they are the convolution of pump and

probe pulse in the time domain and will not affect the shape of decay curves after zero delay. On

the other hand, it should be noticed that nondegenerate two-photon absorption channel can also

inject electrons to conduction band and induce a carrier density after zero delay. However, in

our measurement, the probe power is about three order of magnitude smaller than the TPA pump

powers. Therefore, the contribution to total carrier density can be neglected, comparing with the

degenerate TPA.

At 0 ps, the differential transmission signals are plotted as a function of TPA pump powers, as

shown in Figure 7.4 (b). The red line is a quadratic fitting, which agrees well with the experimental

data. Hence, it can be confirmed that the differential transmission signal is induced by TPA.

The sample will have no memory of what pump laser is used. The physical processes after

zero delay should be the same for OPA and TPA. Hence, the injected carrier density is a parameter
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Figure 7.4: (a) TPA pump power dependence of temporal scan in the monolayer WS2 sample.
The pump powers of 776 nm beam (from bottom to top) are 0.23, 0.39, 0.62, 0.78, 1.17, 1.40,
1.56, 1.95, 2.18, 2.34, 2.73, and 2.96 mW. (b) At 0 ps, the differential transmission signals (black
squares) as a function of TPA pump power. The red line is a square fitting.

that is equivalent for both OPA and TPA measurements. By the injected carrier density obtained

in OPA measurement, we can get the injected carrier density in TPA measurement, by scaling the

two 0 ps transient absorptance in OPA and TPA. According to,

Iab

I0
= 1− e−αL, (7.7)

in the linear regime, the absorptance will remain a constant, about 15.8 %, which should not be

confused with the transient absorption of the probe. The probing is described by:

∆T
T0

= A
N
N0

. (7.8)

At 0 ps and OPA pump power 1.0 µW, the ∆T
T0

= 5.5× 10−4 is proportional to the injected

carrier density, where the absorbed power is, P1 = 1 µW×15.8 % = 0.158 µW.

Since the TPA pump powers are about three order of magnitude higher than OPA pump powers,

thermal effects can also induce a signal after zero delay. It is very clear if we compare the OPA

temporal scan with the TPA temporal scan, as shown in Figure 7.5 (a) and (b), respectively. When

OPA pump power is 1.0 µW, we fit the decay curve with a bi-exponential function, resulting in

a fast decay time of about 1.4 ps and a slow decay time of about 18 ps. These two decay time
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Figure 7.5: (a) Temporal decay of differential transmission signal when OPA pump power is 1.0
µW. The red line is a bi-exponential fitting. (b) Temporal decay of differential transmission signal
when TPA pump power is 2.96 mW. The red line is a tri-exponential fitting. The blow arrow is a
mark to indicate the thermal contribution after 50 ps.

agree well with previously reported results in monolayer WS2. However, in TPA measurements,

the thermal effects will lead to a residual in the temporal decay curve. From Figure 7.5 (b), after

50 ps indicated by the blue arrow, the differential transmission signal does not reach zero, but still

remain about 33 % of the peak at 0 ps. To reveal the thermal component of the temporal decay, we

fit the TPA temporal-scanning curve with a tri-exponential function. The first and second decay

time are set the same as obtained results from Figure 7.5 (a). The decay time of thermal effects is

found to be 620 ps.

At 0 ps and TPA pump power P2 = 2.96 mW, ∆T
T0

= 3.3× 10−4. The contribution of thermal

effects is about 33 % as discussed above. Hence, the contribution of injected carrier density will

be 0.66∆T
T0

= 2.2× 10−4. By scaling the TPA differential transmission by the OPA differential

transmission at 0 ps, the absorptance of 776 nm can be calculated as: IT PA
ab

IT PA
0

= 2.2
5.5 ×

0.158µW
2.96mW ≈

2.14×10−5. The peak intensity of the 776 nm pump pulse can be calculated as,

I0 =
P2

τ f πw2 , (7.9)

where the temporal width of the 776 nm pump pulse τ ≈ 200 fs, pulse repetition frequency f ≈

80.48 MHz, and laser spot size w ≈ 2.7 µm, pointing to I0 ≈ 0.835 GW cm−2. Finally, according
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to Equation 7.6, we further calculate the two-photon absorption coefficient of our monolayer WS2

sample, β ≈ 340 ± 30 cm/GW.

7.3.2 Discussion

High TPA coefficient is desired for the application of saturable absorbers. TPA coefficient of

monolayer WS2 we measured is about two order of magnitude higher that of traditional semicon-

ductors, such as Si: 1.5 cm/GW [181], ZnO: 5 cm/GW [193], and GaAs: 26 cm/GW [194, 195].

Our results confirm that monolayer WS2 processes giant two-photon absorption coefficient, which

can serve as an outstanding material for saturable absorber applications, for instance Q-switching.

Furthermore, we notice that z-scan has been used to measure the two-photon absorption coefficient

of WS2 by Jun Wang’s group in Shanghai Institute of Optics and Fine Mechanics. With 800nm,

1 kHz, 40 fs ultrafast laser, they reported β = 525 ± 205 cm/GW for 1-3 L WS2 [191]. Their

results are consistent with our results, since our pump laser wavelength is at 776 nm. In addition,

we point out that z-scan measurements need large and uniform samples, which are not required

by the two-photon transient absorption microscopy we have illustrated. Therefore, we conclude

that two-photon transient absorption microscopy is an effective nonlinear optical spectroscopy to

evaluate the two-photon absorption process of 2D materials.

101



Chapter 8

Conclusion

In conclusion, I have comprehensively investigated nonlinear optical properties and their underly-

ing physics of 2D materials, by carrying out experiments and addressing five kinds of nonlinear

optical spectroscopy with ultrafast lasers. My experimental results not only provide valuable infor-

mation of nonlinear optical properties of 2D materials ranging from spatiotemporal dynamics to

third-order nonlinearity, but also reveal novel 2D physics, such as in-plane anisotropic third-order

susceptibility of monolayer ReS2 induced by lattice distortion.

By transient absorption microscopy, I first resolve the saturable absorption of 2D excitons in

both time and space. By comparing the excitonic dynamics of monolayer and bulk WSe2, I show

the lifetime of 2D excitons is shorter than that of 3D excitons. Diffusive transport properties

of 2D excitons in WSe2, such as mobility, are comparable to traditional semiconductor silicon.

Furthermore, 2D excitons in a special TMD monolayer ReS2 with a distorted 1T lattice structure,

possess anisotropic diffusive transport properties. The in-plane anisotropic factor of 2D exciton

diffusion is directly measured to be about 3, which adds a new in-plane anisotropic degree of

freedom for 2D semiconducting materials.

By quantum interference and control nanoscopy, I illustrate the coherent control of nanoscale

ballistic current in a ReS2 thin film, taking advantage of quantum interference between one-photon

absorption and two-photon absorption transition paths. The ballistic transport length of electrons
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in ReS2 is smaller than 1 nm, indicating 2D materials are promising to realize novel nanoscale-

devices with ultralow heat dissipation.

By second harmonic generation microscopy, we investigate the second-order nonlinearity of

monolayer MoS2. The second-order susceptibility is effectively measured. More importantly, the

in-plane angular dependence of SHG depends on the hexagonal lattice structure and presents a

six-fold symmetry, indicating SHG microscopy can serve as a powerful tool to characterize the

crystalline direction of TMD monolayers.

By third harmonic generation microscopy, I investigate the third-order nonlinearity of ReS2.

Strong and anisotropic third harmonic generation is observed in monolayer and multilayer ReS2.

The third-order susceptibility is about one-order of magnitude higher than of the hexagonal mono-

layers, such as, MoS2. The anisotropic third harmonic generation is attributed to the lattice distor-

tion of ReS2 by a symmetry analysis of an undistorted 1T lattice and using the BK7 glass substrate

as a reference material.

By two-photon transient absorption microscopy, we measure the two-photon absorption coef-

ficient of monolayer WS2, which is about two-order of magnitude higher than that of traditional

semiconducting materials, such as silicon. The observed giant two-photon absorption coefficient

demonstrates 2D materials, such as monolayer WS2, can be utilized as ideal saturable absorbers

for nanophotonics applications.

My experimental results will play important roles of developing nanophotonics applications

with 2D materials, especially 2D flexible devices as thin as a few atomic layers. One research area

in which nonlinear optical responses of 2D layers realizing bio-sensing functions, such as blood

pressure and heartbeat rate, has been recently brought up. What’s more, we point out that our

techniques are not only limited to presented 2D materials, but also effective for complicated 2D

systems. For example, to obtain information of indirect excitons, the nonlinear optical properties

of van der Waals heterostructures formed by combining different 2D materials will be another

interesting research area to explore. At last, we hope our techniques stimulate more nonlinear

optical studies of 2D materials in the future, as the horizon of 2D physics keeps expanding.
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