
ABSTRACT 

MAI, CONG. Ultrafast Transient Absorption Spectroscopy of Valley Carrier Dynamics in 
Atomically Thin Transition Metal Dichalcogenides. (Under the direction of Dr. Kenan 
Gundogdu). 
 

Atomically thin material is a new class of materiel first experimentally discovered around 

2005. These two-dimensional material exhibits exotic properties compared to their bulk 

counterpart thus they are ideal candidates for a wide range of device applications in 

electronics and optoelectronics. Among these, one novel application that attracts tremendous 

attention is to manipulate the valley degree of freedom of carriers. Such control of valleys 

can be used in information processing and storage, in analogue to well-studied electronics 

and spintronics. Specifically, K and K’ valleys in atomically thin hexagonal materials such as 

graphene and monolayer transition metal dichalcogenides (TMDCs) open up possibilities for 

such manipulations. Due to absence of bandgap as well as preserved inversion symmetry, 

valleys in graphene are hard to control. In contrast, valley population in monolayer TMDCs 

such as monolayer MoS2 and WS2 can be easily injected by circular polarization light thanks 

to a large bandgap and broken inversion symmetry.  

 

While valley injection in monolayer TMDCs has been demonstrated, valley relaxations in 

these materials, which are central to valleytronic application, are unknown. In this thesis, we 

present first direct measurement of valley relaxations in monolayer TMDCs enabled by our 

homebuilt robust ultrafast transient absorption system. Our results show that single particle 

valley relaxation mechanisms are not primary relaxation channels. Rather, the many-body 

interaction, especially exchange interactions, leads to fast valley relaxations in these 

materials. Thanks to unique sensitivity of transient absorptions to non-emissive features, we 



also find that dark excitons and/or biexcitons play a role in valley relaxations. These findings 

have influenced both theoretical and experimental efforts in valleytronics development.  
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CHAPTER 1 Introduction and background 

1.1 Introduction 

In nature, there are many bulk crystal solids organized in layers. These bulk layered crystals 

have high anisotropy in their bond strength. Along the directions in the layer, the bonds are 

strong (covalent or iconic). Across different layers, the bonds are weak (van der Waals 

force). If an individual layer can be isolated from a bulk layered crystal, we call such single 

layers atomically thin two-dimensional (2D) materials [1]. 

 

Recently, researchers find that properties of atomically thin 2D material are drastically 

different from their bulk counterparts, which opens countless opportunities both in device 

applications and in fundamental understanding of their physics [2], [3]. For instance, 

monolayer MoS2 is found to be a direct-gap semiconductor that has high promise in 

application of optoelectronics, in sharp contrast to its bulk counterpart, which is an indirect-

gap semiconductor [4], [5]. 

 

While much progress has been made in studying atomically thin 2D material, fundamental 

knowledge of atomically thin 2D material, which is crucial to device development, is still 

lacking. For example, one of the most important device applications in hexagonal 2D 

material is to make use of its spin and valley degrees of freedoms for the next generation 

electronic device. To achieve this goal, the knowledge of valley and spin dynamics of 

carriers must be known. Unfortunately, most of this crucial knowledge domain has remained 

unexplored [6]. 
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In this thesis, I performed direct measurement of ultrafast spin and valley dynamics in 

atomically thin 2D transition metal dichalcogenides (TMDCs) using ultrafast transient 

absorption spectroscopy. Atomically thin 2D TMDC materials such as monolayer MoS2 and 

WS2 have been hailed as the most promising candidate in spintronic and valleytronic 

applications [7]–[15]. In addition, they also exhibit high potential in other nanoeletronic and 

optoelectronic devices [3], [6], [16]–[32]. Hence, the result of this thesis will improve our 

fundamental understanding of atomically thin 2D TMDCs dynamics and will guide the effort 

of spintronic and valleytronic device development. 

 

1.2 Valley and spin physics of atomically thin transition metal dichalcogenides 

In semiconductor physics, valleys refer to extrema of band structure. In this section, I will 

summarize prior knowledge on valley and spin physics on atomically thin transition metal 

dichalcogenides (TMDC).  

 

Spin degeneracy (E(k, ↑)=E(k, ↓), where E is the energy of carrier, direction of arrow 

represents spin direction and k is momentum vector) is commonly seen in band structure. 

Typically, such spin degeneracy results from both time-reversal symmetry and space-

inversion symmetry. Time-reversal symmetry dictates that E(k, ↑)=E(-k, ↓) and that E(k, 

↓)=E(-k, ↑) whereas space-inversion symmetry demands that E(k, ↑)=E(-k, ↓) and that E(k, 

↓)=E(-k, ↑). Combining these two symmetries, we yield the degeneracy of spins (E(k, 

↑)=E(k, ↓)). In summary, without external magnetic field, spin degeneracy is always 

preserved in centro-symmetric material.  
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In contrast to spin degeneracy in centro-symmetric material, in monolayer transition metal 

dichalcogenides (TMDC) MX2 (M is transition metal, X is chalcogen), broken inversion 

symmetry opens up the possibility of lifting spin degeneracy. The magnitude of actual spin 

splitting insides monolayer TMDCs depends on spin-orbit coupling of the specific bands. At 

K/K’ valley, the spin-splitting of conduction band is minimal whereas spin-splitting of 

valence band is at the order of hundreds of meV [6], [33]. 

 

Time-reversal symmetry (E(k, ↑)=E(-k, ↓) and E(k, ↓)=E(-k, ↑)) is still preserved in 

monolayer transition metal dichalcogenides and K (K’) valley is the time-reversal image of 

K’ (K) valley. In other words, carriers in K valley will have the opposite spins of their 

counterparts in K’ valley. Such valley-contrast is crucial in valleytronic device development. 

 

In monolayer TMDCs, the dielectric screening is greatly reduced compared to 3D material 

due to confinement of charges and the fact that electric lines connecting the charges 

encounter a much smaller fraction of induced dipoles inside the sample [6], [34]. Such 

reduction in dielectric screening, combined with large effective mass of carriers inside 

monolayer TMDCs, greatly enhances Coulomb interactions between carriers. Consequently, 

optical and optoelectronic properties of monolayer TMDCs are dominated by exciton and its 

derivatives (trions, biexcitons, etc) [6],[35]–[40]. 

 

At the direct band gap of K (K’) valleys, the aforementioned large spin-splitting in valance 

bands results in exciton A and exciton B with significant energy separation between the two. 
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Because of preserved time-reversal symmetry and broken space inversion symmetry, in K 

(K’) valley, exciton A is composed of spin up (down) electron and spin down (up) hole 

whereas exciton B is composed of spin down (up) electron and spin up (down) hole [34]. 

 

1.3 Optical selection rules in monolayer transition metal dichalcogenides 

In this section, we will use point group symmetry to discuss the nature of conduction band 

and valance band in K (K’) valley in monolayer TMDCs. Such discussion of bands will 

eventually lead to the important optical selection rule in monolayer.  

 

To the first order, the lowest conduction band and the top valance band of monolayer 

TMDCs MX2 at K (K’) valley are dominated by d orbital of the M (metal) atom [34], [41]. 

Specifically, 𝑌"# orbital of M contributes to conduction band of both K and K’ valley whereas 

the 𝑌"$"	orbital (𝑌"$"	orbital) contributes to valance band at K (K’) valley (𝑌"& is sphere 

harmonic functions of d orbitals). 

 

The atomic orbital mentioned above should be understood through the context of tight 

binding model in solid. Hence, the above atomic orbital assignment of specific bands is 

equivalent to the following mathematical expressions of Bloch functions of bands, as shown 

in Equation 1 to Equation 3. 

|𝑐) )* (𝒌, 𝒓) >	=
2
3

exp	(𝑖𝒌 ∙ 𝑹𝒏; + 𝑖𝒌𝒕𝑴)𝑌"#(𝒓 − 𝑹𝒏 − 𝒕𝑴) Equation 1 

|𝑣)(𝒌, 𝒓) >	=
2
3

exp	(𝑖𝒌 ∙ 𝑹𝒏; + 𝑖𝒌𝒕𝑴)𝑌"$"(𝒓 − 𝑹𝒏 − 𝒕𝑴)	    Equation 2 
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|𝑣)*(𝒌, 𝒓) >	=
2
3

exp	(𝑖𝒌 ∙ 𝑹𝒏; + 𝑖𝒌𝒕𝑴)𝑌""(𝒓 − 𝑹𝒏 − 𝒕𝑴)	 Equation 3 

In Equation 1 to Equation 3, the sum runs over all possible space translational vector Rn, and 

𝒕𝑴 is the position of M atom relative to origin. |cK (K’) (k, r)> represents the Bloch function of 

conduction band at K (K’) valley whereas |vK (K’) (k, r)> the Bloch function of valance band. 

 

With expressions in Equation 1 to Equation 3, we are now ready to explore the characters of 

bands that are related to rotation symmetry. Especially, we employ a point group rotation C3, 

which means rotating material in counter-clock wise fashion along z axis by 2π/3 (equivalent 

to rotating the coordinating system along z axis by -2π/3). The z axis is perpendicular to the 

plane of monolayer. 

 

To fully exploit the inherent rotation symmetry of lattice of monolayer TMDCs, the origin 

(which is the rotation center of C3) should not be randomly chosen. It is natural to choose 

either center of hexagon of M and X atoms or the site of M atoms or X atoms [41]. We 

should comment that choosing the latter over the former will result in different azimuthal 

number of specific bands. However, the difference between conduction band’s azimuthal 

number and valance band’s azimuthal number is invariant. Hence, one will deduce exactly 

the same optical selection rule regardless of whether choosing M atom or center of hexagon 

as the center of rotation [41]. Here we use the site of M atom as center of rotation operation 

C3 for convenience in calculation. 
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Given the choice of center of C3 rotation as M atom (𝒕𝑴 = 𝟎), one can easily sees that C3 

acting on a lattice position vector will result in another lattice position vector. Consequently, 

given our choice of origin, the azimuthal quantum numbers of bands are the azimuthal 

quantum numbers of their corresponding atomic orbitals. From Equation 1, we conclude that 

the azimuthal quantum numbers of lowest conduction bands at both K and K’ valleys are 

zero.  From Equation 2 and Equation 3, we conclude that the azimuthal quantum number of 

top valance bands at  K (K’) valleys is -2 (+2) [41]. 

 

For an isolated atom, the optical selection rule is Δ𝑚 = 𝑚D −𝑚E = 0,±1 where 𝑚D is the 

azimuthal quantum number of final state and the 𝑚E is the azimuthal quantum number of 

initial state. For a crystal of n-fold rotation symmetry, the above selection rule should be 

understood in the context of modulo n, the degree of rotation symmetry. In TMDCs, we have 

3-fold rotational symmetry. Therefore, the optical selection rule in K valley is Δ𝑚 = 𝑚D −

𝑚E = 0 − −2 = 2 ≡ −1 	(𝑚𝑜𝑑𝑢𝑙𝑢𝑠	3) and the optical selection rule in K’ valley is 

Δ𝑚 = 𝑚D −𝑚E = 0 − 2 = −2 ≡ 1	(𝑚𝑜𝑑𝑢𝑙𝑢𝑠	3). In other words, the direct inter-band 

transition in K valley exclusively couples with right circular polarized (σ −) light whereas 

direct inter-band transition in K’ valley exclusively couples with left circular polarized (σ +) 

light. 
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1.4 Remarks on previous steady-state photoluminescence of valley polarization in 

monolayer TMDCs 

The optical selection rule established in previous section gives us the opportunity to control 

valley of carriers inside monolayer TMDCs via circular polarized light. Such control is first 

demonstrated in the steady-state photoluminescence (PL) measurement of monolayer 

TMDCs with valley contrast [42]–[44].  

 

In steady-state photoluminescence (PL) with valley contrast, monolayer TMDCs are excited 

by a circular polarized beam 𝜎 −. Such circular polarization beam will initially create a 

valley polarization in K valley inside monolayer TMDCs, consistent with optical selection 

rule described in the previous section. The excited monolayer TMDCs will emit 

photoluminescence that has both circular polarizations. By measuring the relative fraction of 

𝜎 − contribution in the total photoluminescence emitted by sample, researchers gained some 

understanding of robustness of the injected valley polarizations [42]–[44].  

 

Valley-contrast steady-state PL is a convenient tool to obtain rough information of valley 

depolarization inside monolayer TMDCs. Nonetheless, as an indirect measurement method, 

it has several issues. Firstly, PL measurement only measures the carriers that are scattered to 

radiant state. The carriers that are scattered to non-radiant state are all ignored. Secondly, 

valley-contrast steady-state PL does not directly measure the radiant valley exciton lifetime. 

Rather it only gives an average estimate of ratio between radiant exciton lifetime and valley 

exciton radiant lifetime. Finally, because of time-integration nature of steady-state 
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measurement, details of valley polarizations are lost. We note that all these drawbacks of 

valley-contrast steady-state PL measurement can be overcome by performing an ultrafast 

valley-dependent transient absorption measurement. 

 

1.5 Remarks on previous ultrafast dynamics studies in monolayer TMDCs 

Prior to the publication of our valley-contrast ultrafast transient absorptions studies on Nano 

Letters, several other research groups had used ultrafast transient absorption to study exciton 

dynamics on monolayer TMDCs [45]–[47]. In these ultrafast transient absorption studies, a 

linear polarized beam with relative large photon energy (typically 3.2eV) is used to excite 

monolayer TMDCs. To detect the transient absorption due to the above excitation, either a 

linear polarized white light continuum or a linear polarized monochromatic beam is used as 

probe. While these ultrafast transient absorption measurements provide some useful 

information about how the higher-lying excited state is scattered into lower-lying A and B 

exciton state, they cannot be used to determine valley dynamics. Firstly, the aforementioned 

ultrafast transient absorption measurements have no valley contrast due to their use of linear 

polarized beam. Secondly, as steady-state valley-contrasting PL measurement shows, off-

resonance excitation, even with circular polarization, will equally populate both K and K’ 

valleys [44]. 

 

Hence, a meaningful ultrafast transient absorption that can be used to study valley dynamics 

must have two characteristics. One, it must have valley contrast in its pump-probe setup. In 

other words, both pump beam and probe beam should be circular polarized. Two, its 
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excitation energy should be on-resonance with A exciton, which is the lowest lying exciton. 

We will see later that our transient absorption measurement on monolayer TMDCs satisfies 

both requirements and yields satisfactory results. 

 

1.6 Remarks on previous demonstrations of valleytronics in monolayer TMDCs 

In this section, we are going to discuss the previous important demonstrations of valleytronic 

devices in the literature. Here we define valleytronic devices as devices that use valley 

indexes (K and K’) as information carriers. Helicity-resolved steady-state photoluminescence 

mentioned in section 1.4 can be consider as demonstrations of valleytronics in the context of 

classical computing [42]–[44]. The on-resonant circular polarized beams can be considered 

as a convenient way of injecting of classical bits. The helicity-resolved steady-state 

photoluminescence detections can be considered as an effective way of reading out of these 

bits injected previously. 

 

Besides these demonstrations of valleytronics in the context of classical bits, polarization-

resolved steady-state photoluminescence can also be used as demonstration of valleytronics 

in the context of quantum computing [7]. In these experiments, an arbitrary linear polarized 

beam was used to inject a coherent state between opposite valleys, in analogous of a quantum 

bit. Initially there is no phase difference between the two valleys at the instant of injection.  

In the read-out scheme, the coherent relative phase differences between the two opposite 

valleys manifest as rotations in angular distribution of emission. In [7], the authors observed 
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that there is no rotations in polarization angle of emission, suggesting that the quantum bit is 

readout with high fidelity within exciton radiative lifetime. 

 

It is important to note that in both types of demonstrations mentioned in the previous two 

paragraphs only shows that valley index is robust within radiative lifetime of exciton, which 

was unknown prior to our ultrafast measurements of valley lifetime and exction radiative 

lifetime of monolayer TMDCs.  

 

Quantum bit manipulation are also demonstrated in valleytronics of monolayer TMDCs. 

Specifically, an external manipulation field is required to break energy degeneracy between 

two valleys. The energy difference between the non-degenerate valleys will accumulate into 

controllable phase difference between opposite valleys, which is equivalent to rotation of 

coherent state in Bloch sphere. In [48], [49], the static magnetic field ranged from 9T to 30T 

along the +z (-z) direction has been applied to make slightly blue shift only K (K’) valley, 

which further results in counter-clockwise (clockwise) rotation in angular distribution of 

emission in terms of analyzer angles. Similarly, in [50]–[52], a right (left) circular polarized 

ultrafast control pulse that is slightly lower than the bandgap is deployed to create counter-

clockwise (clockwise) rotation in angular distribution of emission. As mentioned previously, 

rotation in angular distribution of emission in terms of analyzer angles demonstrates the 

rotation of coherent state in Bloch sphere. Hence, these experiments successfully that 

opposite control fields such as static magnetic fields along opposite directions or ultrafast 
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below-gap of opposite circular polarizations, can rotate the valley state clockwise or counter-

clockwise in Bloch sphere. 

 

It worth examining the limitations of these valleytronic demonstrations in monolayer 

TMDCs. First, all the read-out schemes in these demonstrations are steady-state 

photoluminescence detection, which is a relative measurement. Specifically, the high-fidelity 

of valley index as well as effectiveness of bit operations are only robust within the limit of 

exciton radiative lifetime, which are examined in our studies. Second, all the quantum bit 

manipulations in these studies are only single operation. In contrast, a realistic computing 

device such a quantum computer requires 104-105 bit operations due to correction schemes in 

quantum computer protocol [53]. The valley lifetime and exciton radiative lifetime impose a 

hard up-bound limit on how many operations we can perform. Third, all these all the 

quantum bit manipulations in these studies show that it is easy to control the direction of 

rotation in Bloch sphere but it is hard to very precisely pre-program the magnitude of rotation 

in Bloch sphere. The reason is that the valley coherence lifetime, the valley population 

lifetime and exciton radiative lifetime are only estimated afterwards. In summary, the 

limitations of these demonstrations highlight the importance of our direct measurement of 

valley lifetime, valley relaxation and exciton radiative lifetime. 

 

1.7 Concluding remarks 

In the previous sections, we go over the fundamentals of valley physics in monolayer 

TMDCs. Particularly, we point out the coupling of spins and valleys and establish optical 
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selection rule in monolayer TMDCs. We then go over the prior results on valley control as 

well as progress of ultrafast transient absorption on monolayer TMDCs. Such review of prior 

results reveals that a direct ultrafast transient absorption measurement with valley contrast is 

essential and that it is missing from current research efforts. This observation is the 

motivation of our own studies of direct measurement of valley dynamics using valley-

contrasting ultrafast transient absorption. 
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CHAPTER 2 Ultrafast transient absorption spectroscopy 

2.1 Introduction to ultrafast transient absorption spectroscopy 

Ultrafast transient absorption spectroscopy, also called pump probe spectroscopy, is arguably 

the most common method to characterize the dynamics in the material [54]–[59]. An ultrafast 

pump pulse first excites the material. After a variable delay t2, another ultrafast probe pulse 

measures the resulting change in transmission due to pump. A formal definition is given in 

the following formula Equation 4 [54]–[59]. 
ST(UV,WXYZ[\)
](UV,WXYZ[\)

= TX^_X	Z` UV,WXYZ[\ $TX^_X	Zaa UV,WXYZ[\
TX^_X	Zaa UV,WXYZ[\

																Equation 4 

 

To interpret transient absorption spectra, one need to know about details of systems such as 

linear absorbance (ground state absorption) or allowed optical transition. Typically, there are 

three different types of spectroscopic signatures in broadband transient absorption 

measurement. They are ground state bleaching (GSB), stimulated emission (SE) and photo-

induced absorption (PIA) [54]–[59]. The first two types of signatures manifest themselves as 

positive ST
]
		 signal whereas the third type of signatures give a negative contribution to 

ST
]
		signal. In other words, GSB and SE signify a decrease in absorbance due to pump beam 

whereas PIA suggests an increase in absorbance due to pump beam.  

 

Such increase and decrease can be easily explained if we consider the fact that pump beam 

promotes systems from ground state to excited state, resulting in deficiency in ground state 

population and gain in excited state population. In the case of GSB, decrease in absorbance 
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simply results from less ground state population than that in equilibrium.  For the case of SE, 

extra particles lying in excited state give rise to extra photons emission. Those same extra 

particles can also be further promoted to higher excited state, resulting in additional new 

absorbance (PIA)	[54]–[59].  

 

The delay between pump pulse and probe pulse t2 can be changed via motorized stage. The 

important concept of ‘zero delay’ (t2=0) is referred to situation where pump beam and probe 

beam excite the system at the same time. 

 

2.2 Detection of radiation from nonlinear polarization 

The central goal of nonlinear ultrafast optical spectroscopy is to measure the polarization	𝑃 in 

the material arising from excitation and to extract information of important dynamic process 

from this measurement.  

 

Such polarization 𝑃 scales with strength of incident electric fields that drive the material.  

Mathematically speaking, this scaling relation between 𝑃 and driving electric field 𝐸 can be 

expressed in following formula Equation 5 [60].   

P
=χ(1)

E
+χ(2)

E
2 +χ(3)

E
3 +….																																															Equation 5 

 

Nonlinear optical phenomena are classified by the orders of driving electric field in Equation 

5.  For instance, the first, second and third terms in Equation 5 are associated with first, 
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second, and third order nonlinear optical phenomena, respectively. Ultrafast transient 

absorption, which is the central topic of this thesis, is a third order nonlinear optical 

phenomenon. 

 

It will be useful to determine the temporal frequency component of 𝑃. One can write the 

driving electric field as 𝐸 = 𝐸2 exp −𝑖𝜔2𝑡 + 𝐸" exp −𝑖𝜔"𝑡 + 𝐸g exp −𝑖𝜔g𝑡 + 𝑐. 𝑐, and 

then by simple polynomial expansion, one can easily find in 3rd order nonlinear terms χ(3)
E

3, 

there are many different frequency components e.g. 3𝜔g,  2𝜔g − 𝜔", 𝜔g − 𝜔" + 𝜔2, etc.  

   

The measurement of the polarization 𝑃 inside material is done via measuring its associating 

signal electric field 𝐸hij. One can measure 𝐸hij in either homodyne (i.e. we measure |𝐸hij|" 

alone) detection or heterodyne detection (i.e. we measure 𝐸hij on top of a local oscillator 

field 𝐸kl. In others words, we measured |𝐸hij + 𝐸kl|"). Heterodyne detection is a preferred 

method since it is more sensitive than homodyne and it also retains the phase information in 

the signal electric field. In ultrafast transient absorption, we use heterodyne detection method 

and transmitted probe beam is acting as a local oscillator field. 

 

The mathematical relationship between polarization 𝑃 and its associating signal electric field 

𝐸hij can be easily formulated in following fashion. Assume the sample is of thickness L. We 

also limit ourselves to 1 dimensional case. We shall write the signal electric field as 𝐸hEj =

𝐸h z ∗ exp 𝑖𝑘hEj ∗ 𝑧 − 𝑖𝜔hEj𝑡 + 𝑐. 𝑐.	 
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To begin, we utilize the following equation: 

																																								∇"𝐸hij −
2
rV

sV

sUV
𝐸hij =

tu
vV

sV

sUV
𝑃                                           Equation 6 

In Equation 6, v=c/n is the velocity of free waves propagating through the sample, where n is 

real part of refractive index of sample. 

 

First, we would like to calculate the left-hand side of formula Equation 6, using above 

expression of 𝐸hEj.  Given that		Wwxy
V

rV
= 𝑘hEj

" as well as the slowly varying amplitude 

approximation	 zV

z{V
𝐸h ≪ 𝑘hEj

z
z{
(𝐸h(𝑧)) , the left-hand side can be simplified to 2 ∗ 𝑘hEj ∗

z
z{
(𝐸h z ) ∗ exp 𝑖 ∗ 𝑘hEj ∗ 𝑧 − 𝑖𝜔hEj𝑡 +c.c. 

 

Now if we write 𝑃 = 𝑃 t ∗ exp 𝑖𝑘′hEj ∗ 𝑧 − 𝑖𝜔hEj𝑡 + 𝑐. 𝑐.	and we denote phase mismatch 

Δk as 𝑘′hEj − 𝑘hEj, Equation 6 becomes formula below. 

   z
z{
(𝐸h) = 𝑖 "u

vV
WwxyV

�wxy
𝑃 t ∗ exp 𝑖𝛥𝑘 ∗ 𝑧 																																							Equation 7 

 

Integration from 0 to L with respect to z in Equation 7 yields the following formula. 

𝐸h 𝐿 − 𝐸h 0 = 𝐸h 𝐿 − 0 = 2𝜋 WwxyV

�wxy��
𝑃 t ∗ (exp 𝑖𝛥𝑘 ∗ 𝐿 − 1) Equation 8 

 
When phase mismatch	Δk approaches zero, Equation 8 becomes the following formula. 

                      
	𝐸h 𝐿 = "u

vV
EWwxyV

�wxy
𝐿𝑃 𝑡 = E"uWwxy

;v
𝐿𝑃 𝑡                                 Equation 9                    
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The significance of formula Equation 9 is that signal electric field 𝐸hij linearly scales with 

polarization 𝑃 with a very important π/2 phase shift. Also, the magnitude of signal electric 

field 𝐸hij also scales with thickness of sample L.  

 

2.3 Diagrammatic perturbation treatment of transient absorption spectroscopy 

In section 2.1, we give a simple description of transient absorption spectroscopy. While such 

simple description is very convenient to use, a more rigorous and detailed treatment of 

transient absorption signal is necessary. Considering this, such treatment is given in the 

following. 

 

To start, we first examine the Equation 4 in the language of polarization and its associating 

radiating signal electric field. As mentioned before, transient absorption is third order 

nonlinear optic measurement utilizing heterodyne detection where signal is emitted along 

probe beam direction and it is detected on top of local oscillator. The phase matching 

condition reads, 𝜔hEj;�� = 𝜔��&� − 𝜔��&� + 𝜔�����, 	𝑘hEj;�� = 𝑘��&� − 𝑘��&� + 𝑘�����. 

In other words, the radiated signal field has the same frequency as the probe beam. 

Therefore, increase or decrease in absorbance is simply the consequence of the phase 

difference between radiated signal field and local oscillating probe field, as shown below. 

We rewrite Equation 4 as Equation 10. 

S] UV,WXYZ[\
] UV,WXYZ[\

= |�w�y����|V$|���|V

|���|V
= 	 �w�y���

∗
�v.v

|���|V
																											Equation 10 
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In writing Equation 10 we utilize the fact that change in transmission due to pump is 

relatively small, thus square of radiating signal field |𝐸hij|"can be thrown away. Now we 

plug Equation 9 into Equation 10 and get Equation 11. 

 
S](�V,������)
](UV,WXYZ[\)

= "uWwxyk
;v

E����
∗
�v.v

|���|V
																																																				Equation 11 

 
To evaluate polarization	𝑃, we introduce density matrix approach. Density matrix 𝜌 is 

formally defined as 𝑃�|𝜓� >< 𝜓�| where 𝑃� is the statistical average over an ensemble. The 

expectation value of polarization 𝑃 can then be calculated by taking the trace of matrix 𝜌𝜇 as 

shown in Equation 12. 

 

< 𝑃 >= 𝑃� < 𝜓�|𝜇|𝜓� > = < 𝑘 𝜇 𝜓� > 𝑃� < 𝜓�|𝑘 >= 𝑡𝑟 𝜌𝜇     Equation 12 

 
What we need to do next is to find out evolution of density matrix 𝜌 under influence of 

system Hamiltonian H0 and light-matter interaction 𝑉 = −𝜇 · 𝐸. System-bath interaction can 

be introduced as a fluctuation in H0 later. 

 

Since the evolution of wave function |𝜓� > follows Schrödinger equation
s|¡¢£
sU

=

− E
ℏ
𝐻|𝜓� >, one can easily deduce that the evolution of density matrix 𝜌 follows the below 

Liouville-Von Neumann equation s¦
sU
= − E

ℏ
𝐻, 𝜌 . 
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We can now describe a third order nonlinear ultrafast spectroscopy experiment [61]. In 

ultrafast spectroscopy, light-matter interaction is realized by short duration pulse. Thus, it is 

valid to treat light field as a Dirac delta function in time. At t’=-∞, the system is at thermal 

equilibrium. At t’=0, the first light field V1 interacts with the system. The system then 

evolves under H0 for duration of τ. Then at t’= τ, the second light field V2 interacts with the 

system. The system then evolves again under H0 for duration of T until the third light field 

with V3 with the system. The system then evolves under duration of t until it finally radiates 

energy and falls back to ground state. 

   

Transient absorption measurement is a special case of the third order nonlinear ultrafast 

experiment class described above where τ=0. In below, we will first examine a general third 

order nonlinear ultrafast experiment, and then we will apply the unique phase matching 

condition in transient absorption to simplify pathway calculation. Finally, we will set τ=0 to 

yield a rigorous expression of transient absorption signal and interpret its physical 

significance based on that expression. 

 

To have a quantitative understanding of final density matrix, we would like to first evaluate 

how each element	𝜌&�	evolves under H.   

z¦_¨
zU

= − E
ℏ
𝐻, 𝜌 &� = − E

ℏ
[(𝐻𝜌)&� − 𝜌𝐻 &�] = − E

ℏ
( 𝐻&;𝜌;� −; 𝜌&;𝐻;�)		Equation 13 

 
Considering that H0 is diagonal, Equation 13 becomes Equation 14. 

                z¦_¨
zU

= − E
ℏ
(𝐻&&𝜌&� −	𝜌&�𝐻��)                                             Equation 14 
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For diagonal element, Equation 14 will yield,		z¦__
zU

= 0. We call such diagonal element in 

density matrix ‘population’. There is no evolution in population under H0 if we do not 

introduce system-bath interaction. In real experiment, there are always system-bath 

interaction and ultrafast transient absorption will reveal the population dynamics driven by 

multiple system-bath interaction processes. 

 

For off-diagonal element, Equation 14 will yield,		z¦_¨
zU

= − E
ℏ
(𝐻&& − 𝐻��)𝜌&� = −𝑖 ∗ 𝜌&� ∗

𝜔&�. We call such off-diagonal element in density matrix ‘coherence’. One can easily finds 

out that under H0, coherence term 𝜌&� oscillates in exp(-𝑖𝑡𝜔&�) fashion. 

 

To simplify, we introduce super-operator	𝐺 to represent evolution of 𝜌 (that is, 𝐺	 𝑡 𝜌 𝑡# =

𝜌 𝑡 + 𝑡# 	)	under H0.  The form of 𝐺 is summarized in Equation 15. 

           𝐺 𝑡 𝜌 𝑡#
&�
= 𝜌&� 𝑡#)																														(𝑤ℎ𝑒𝑛	𝑚 = 𝑙

𝜌&� 𝑡#) ∗ exp	(−𝑖𝜔&�𝑡)	(𝑤ℎ𝑒𝑛	𝑚 ≠ 𝑙     Equation 15 

 

Now we would like to examine how density matrix evolves under light-mater interaction V. 

We take advantage of the fact that V is Dirac delta function in time. Equation 13 then 

becomes Equation 16. 

	𝜌&� 𝑡± = 𝑡#� − 𝜌&� 𝑡± = 𝑡#$ = E
ℏ
𝐸#( 𝜇&;𝜌;� −; 	𝜌&;𝜇;�)	Equation 16 

 

There are several important physical significances in Equation 16.   
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First, we notice that 𝜌&� 𝑡± = 𝑡#$  part will not contribute to the third order polarization 𝑃(g) 

we are interested in since it does not interact with V and it has no dependence on electric 

field 𝐸#. Rather, 𝜌&� 𝑡± = 𝑡#$  will only shows up in lower order polarization. 

 

Second, we find that there are two different ways to transfer to element	𝜌&� 𝑡± = 𝑡#� . One 

way is to start with 𝜌;�. In this case, the light field V acts on the ket side of density matrix, 

converting |𝑛 > to |𝑚 >, while keeping the bra side intact. The other way is to start with 

𝜌&;. In this case, the light field V acts on the bra side of density matrix, converting < 𝑛| to <

𝑙|,	while keeping the ket side intact. Such two ways represent two different pathways. We 

also notice when light V acts on the bra side, there is an additional negative sign contributed 

into the factors associating with the pathway. 

 

Third, and most importantly, let us not forget that in third order nonlinear spectroscopy there 

is conversation of temporal frequency component, as well as phase matching.  Namely, we 

should have,  

𝜔hEj;�� = ±𝜔2 ± 𝜔" ± 𝜔g				𝑎𝑛𝑑	𝑘hEj;�� = ±𝑘2 ± 𝑘" ± 𝑘g						Equation 17 

 

It turns out to be straight forward in determining whether each light interaction V should take 

the positive sign or negative sign in Equation 17. We shall remember that signal radiation 

results from last coherence after final light interaction V. Thus, 𝜔hEj;�� is the oscillating 

frequency 𝜔��	of last coherence |𝑎 >< 𝑏|. Consequently, both an absorption event on the 
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ket side and an emission event on the bra side will contribute (+𝑘,+𝜔) to 	(𝑘hEj;��, 𝜔hEj;��) 

whereas both an emission event on the ket side and an absorption event on the bra side will 

contribute (−𝑘,−𝜔) to	(𝑘hEj;��, 𝜔hEj;��). 

  

All the above combined, we have the rules of writing down different pathways that will 

contribute to third order nonlinear polarization 𝑃(g). Explicit details of such rules, also 

termed as rules of drawing double-sided Feynman diagram, have been described extensively 

in lots of lecture notes, such as, in the lecture notes by Prof. Tokmakoff [62]. Since our above 

discussion has already addresses the origins and the physical significance of those rules in 

depth, we will not repeat them here. Rather, we will be interested in applying those rules to 

calculating pathways in transient absorption spectroscopy.  

 

In discussion below, we label ground state, first excited state and higher excited state as state 

0, state1 and state 2 respectively. We also assume that our pump light only corresponds to 0 

to 1 transition and our broadband probe covers all the possible transition frequencies. We 

will make use of the fact that in pump probe spectroscopy, 𝜔hEj;�� = 𝜔��&� − 𝜔��&� +

𝜔�����, 	𝑘hEj;�� = 𝑘��&� − 𝑘��&� + 𝑘�����. 

 

We first keep delay between two pump pulses τ in the expression and then make τ=0 to 

match conditions of transient absorption spectroscopy. We will not introduce broadening due 

to bath here. 
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Ultrafast optics communities categorized third order nonlinear optics pathways into 4 major 

types, namely, R1, R2, R3 and R4, which correspond to ket/ket/ket, bra/ket/bra, bra/bra/ket 

and ket/bra/bra interactions respectively. These 4 major pathways and their complex 

conjugates cover all the possible pathways in third-order ultrafast spectroscopy. Here we will 

follow the above convention. 

 

Given the restriction of phase matching, there is only one possible pathway of R1 

(ket/ket/ket), namely, 𝜌##
��U,�W´µ 𝜌2#

¶	�;z��	·µ 𝜌2#
��U,$W´µ 𝜌##

T	�;z��	·µ 𝜌##
��U,�W´µ 𝜌2# 	

U	�;z��	·µ		 𝜌2# 	
��zE�U�h	hEj;��

𝜌##. 

 

Now we can write down the form of 𝑃(g). In R1, we would like to break down this writing 

process into two steps so that the correspondence between this rigorous treatment and less-

rigorous discussion in section 2.1 will be clear to readers.  

 

In the first step we will write down the mathematical expression of 𝜌##
��U,�W´µ 𝜌2# 	

¶	�;z��	·µ 𝜌2#
��U,$W´µ 𝜌##, as show in Equation 18. 

      𝜌## 𝑡± = 𝜏� = E
ℏ
∗ 𝜇2# ∗ 𝜌2# 𝑡± = 𝜏$ = E

ℏ
∗ 𝜇2# ∗ exp −𝑖𝜔2#𝜏 ∗

exp −𝑖𝜔2#𝜏 𝜌2# 𝑡± = 0� = exp −𝑖𝜔2#𝜏 ∗ − 2
ℏV
∗ 𝜇2#" 𝜌## 𝑡± = 0�  Equation 18 

 

The expression of Equation 18 has very clear meanings in the dynamics. In a typical transient 

absorption, the phase factor		exp −𝑖𝜔2#𝜏  becomes unity due to 𝜏 = 0 whereas the other 
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factor − 2
ℏV
∗ 𝜇2#" is not only negative but also scales with square of 𝜇2#. In other words, 

Equation 18 suggests that the transient absorption signal in R1 pathway results from a 

depletion in ground state population created by pump pulses. Thus, we call pathway R1 is a 

ground state bleaching (GSB) pathway. With the same strength of pump field, transient 

absorption signal depends on oscillator strength of transition dipole moment. 

 

Now we can finish writing down the mathematical expression of the pathway R1. 

  𝑃¹2
g = 𝑡𝑟 𝜌𝜇 = 𝜇2# ∗ 𝜌2# 𝑡± = 𝜏 + 𝑇 + 𝑡 = 𝜇2#exp −𝑖𝜔2#𝑡 𝜌2# 𝑡± = 𝜏 + 𝑇 = E

ℏ
∗

𝜇2#" exp −𝑖𝜔2#𝑡 𝜌## 𝑡± = 𝜏 + 𝑇 = E
ℏ
∗ 𝜇2#" exp −𝑖𝜔2#𝑡 exp −Γ##T 𝜌## 𝑡± = 𝜏 =

− E
ℏ½
∗ 𝜇2#t exp −𝑖𝜔2#𝑡 − 𝑖𝜔2#𝜏 exp −Γ##T 𝜌## 𝑡± = 0� 																												Equation 19 

 

In Equation 19, we introduce a phenomenological decay rate in depletion of ground state Γ##, 

but we will restrain from introducing more relaxation and dephasing in this section. We also 

notice that in phase factor exp −𝑖𝜔2#𝑡 − 𝑖𝜔2#𝜏 , both phase accumulated during 𝜏 and that 

accumulated during t are of the same signs. We thus call this pathway R1 ‘non-rephasing’. 

 

Now we can evaluate the impact of R1 in S]
]
	signal. We let delay between pair of pump pulse 

𝜏	equals to zero. 𝑃¹2
g  is then proportional to − E

ℏ½
∗ 𝜇2#t exp −𝑖𝜔2#𝑡 exp −Γ##T .  By 

plugging the expression into Equation 11, one will easily find that R1 has a positive 

contribution in S]
]
	signal, as expected in a ground state bleaching pathway. 
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There is also only one possible pathway of R2 (bra/ket/bra), namely, 𝜌##
���,$W´µ 𝜌#2 	

¶	�;z��	·µ 𝜌#2
��U,�W´µ 𝜌22 	

T	�;z��	·µ 𝜌22
���,�W´µ 𝜌2# 	

U	�;z��	·µ		 𝜌2# 	
��zE�U�h	hEj;��

𝜌##. In 

contrast to R1, in R2 we have the population (𝜌22) is in excited state rather than in ground 

state. 

 

To understand whether it is depletion or gain in excited state population, we perform a 

similar analysis on the first part of R2. The mathematical expression of 𝜌##
���,$W´µ 𝜌#2 	

¶	�;z��	·µ 𝜌#2
��U,�W´µ 𝜌22 is, 

 𝜌22 𝑡± = 𝜏� = exp 𝑖𝜔2#𝜏 ∗ 2
ℏV
∗ 𝜇2#" 𝜌## 𝑡± = 0�              Equation 20 

 
It is important to note that the negative sign in Equation 18 is now gone due to its 

cancellation with an additional negative sign resulting from the first bra interaction. 

Equation 20 suggests that light field of pump pulses create a gain in excited state population.  

 

The complete mathematical expression of R2 is shown in Equation 21. 

𝑃¹"
g = 𝑡𝑟 𝜌𝜇 = − E

ℏ½
∗ 𝜇2#t exp −𝑖𝜔2#𝑡 + 𝑖𝜔2#𝜏 exp −Γ22T 𝜌## 𝑡± = 0�  Equation 21 

 
Inside the phase factor of R2, phase accumulated in 𝜏 duration and phase accumulated in 𝑡 

duration have opposite signs. Thus, we call pathway R2 a ‘rephasing’ pathway. We also 

introduce the decay rate in excited state population Γ22.  
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In the case of transient absorption (𝜏 = 0), it is obvious that R2 will also give a positive 

contribution to ST
]
	signal, despite the sign differences between Equation 18 and Equation 20. 

This happens because the bra interaction has shown up twice in R2. Consequently, the 

additional negative signs resulting from bra interactions have no net impact in R2. 

Therefore, we label R2 as a stimulated emission pathway, given that the population is in 

excited state and that last coherence is between state 1 and state 0. 

 

The pathway in R3 (bra/bra/ket) is, 𝜌##
���,$W´µ 𝜌#2 	

¶	�;z��	·µ 𝜌#2
���,�W´µ 𝜌## 	

T	�;z��	·µ 𝜌##

��U,�W´µ 𝜌2# 	
U	�;z��	·µ		 𝜌2# 	

��zE�U�h	hEj;��
𝜌##.		 

 

The mathematical expression of 𝜌##
���,$W´µ 𝜌#2 	

¶	�;z��	·µ 𝜌#2
���,�W´µ 𝜌## is shown in 

Equation 22. 

 𝜌## 𝑡± = 𝜏� = exp 𝑖𝜔2#𝜏 ∗ − 2
ℏV
∗ 𝜇2#" 𝜌## 𝑡± = 0� 													Equation 22 

 

At 𝜏 = 0, Equation 22 is identical to Equation 18. Thus, in R3, pump field creates depletion 

in ground state population. 

 

The complete mathematical expression of R3 is, 

𝑃¹g
g = 𝑡𝑟 𝜌𝜇 = − E

ℏ½
𝜇2#t exp −𝑖𝜔2#𝑡 + 𝑖𝜔2#𝜏 exp −Γ##T 𝜌## 𝑡± = 0� 					Equation 23 
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Equation 23 demonstrates clearly that R3 is a rephrasing ground state bleaching pathway 

that will give positive contribution in ST
]
	signal. 

 

The pathway in R4 (ket/bra/bra) is, 𝜌##
��U,�W´µ 𝜌2# 	

¶	�;z��	·µ 𝜌2#
���,$W´µ 𝜌22

T	�;z��	·µ 𝜌22

���,�W´µ 𝜌2# 	
U	�;z��	·µ		 𝜌2# 	

��zE�U�h	hEj;��
𝜌##.  

 

The mathematical expression of 𝜌##
��U,�W´µ 𝜌2# 	

¶	�;z��	·µ 𝜌2#
���,$W´µ 𝜌22 is shown in 

Equation 24. 

 𝜌22 𝑡± = 𝜏� = exp −𝑖𝜔2#𝜏 ∗ 2
ℏV
∗ 𝜇2#" 𝜌## 𝑡± = 0� 													Equation 24 

 

At 𝜏 = 0, Equation 24 is identical to Equation 20. Thus, in R4, pump field creates gain in 

excited state population. 

 

The complete mathematical expression of R4 is shown in Equation 25. 

𝑃¹t
g = 𝑡𝑟 𝜌𝜇 = − E

ℏ½
𝜇2#t exp −𝑖𝜔2#𝑡 − 𝑖𝜔2#𝜏 exp −Γ22T 𝜌## 𝑡± = 0� 				Equation 25				 

 

In summary, R4 is a non-rephasing stimulated emission pathway. 
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From the calculation of R1-R4, we find that they cannot contribute to negative ST
]
	signal 

since the number of bra interactions are all even in R1-R4. To have a negative	ST
]
	signal, one 

must search it in the complex conjugates of R1-R4. 

 

It is not possible to have 	𝜔hEj;�� = 𝜔��&� − 𝜔��&� + 𝜔�����, 𝑘hEj;�� = 𝑘��&� − 𝑘��&� +

𝑘����� type of signal in either R1* (bra/bra/bra) or R3* (ket/ket/bra). This happens because 

both bra/bra/ and ket/ket/ will create a ground state population. The (+𝜔�����, +𝑘�����) bra 

interaction is of emission nature thus it cannot act on ground state population. 

 

The pathway in R2* (ket/bra/ket) is 𝜌##
��U,�W´µ 𝜌2# 	

¶	�;z��	·µ 𝜌2#
���,$W´µ 𝜌22 	

T	�;z��	·µ 𝜌22

��U,�WV´ 𝜌"2 	
U	�;z��	·µ		 𝜌"2 	

��zE�U�h	hEj;��
𝜌22. Its corresponding mathematical expression is 

shown in Equation 26. 

𝑃¹"∗
g = 𝑡𝑟 𝜌𝜇 = E

ℏ½
𝜇2#" 𝜇"2"exp −𝑖𝜔"2𝑡 − 𝑖𝜔2#𝜏 exp −Γ22T 𝜌## 𝑡± = 0�  Equation 26 

 

We notice that Equation 26 shows that R2* is a ‘non-rephasing like’ pathway of photo-

induced absorption. By plugging Equation 26 into Equation 11 and setting 𝜏 = 0, we find 

that the pathway of R2* gives a negative contribution to ST
]
	signal. 

 

The pathway in R4* (bra/ket/ket) is 𝜌##
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The complete mathematical expression of R4* is shown in Equation. 

𝑃¹t∗
g = 𝑡𝑟 𝜌𝜇 = E

ℏ½
𝜇2#" 𝜇"2"exp −𝑖𝜔"2𝑡 + 𝑖𝜔2#𝜏 exp −Γ22T 𝜌## 𝑡± = 0� 	 Equation 27 

 
Equation 27 shows that R4* is a ‘rephasing like’ pathway of photo-induced absorption, that 

gives rise to negative ST
]
	signal. 

 

In summary, we give a rigorous treatment to pump probe signal by calculating all the 

possible pathways using diagrammatic perturbation method. Such rigorous treatment will 

enable us understand the physical origins of the three types of signal in transient absorption 

in depth.  

 

2.4 Concluding remarks 

In this chapter, we discuss ultrafast transient absorption spectroscopy in details. Especially 

we focus our attentions on three types of signal in transient absorption spectra, namely, 

ground state bleaching, stimulated emissions and photo-induced absorptions. To illustrate the 

origins of these signals, we also introduce diagrammatic perturbation treatment of transient 

absorption spectroscopy. We need to be very careful on what assumptions we make about the 

system-bath interactions when we analyze transient absorptions spectra. To overcome this 

challenge, it is very common practice to contrast and compare transient absorptions under 

different excitations at the same pump-probe delays. 
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CHAPTER 3 Instrumentation of broadband transient absorption spectroscopy 

3.1 Overview of the broadband transient absorption spectroscopy system 

A 60fs, 800nm, 1kHz pulse is generated using Ti:Sapphire laser (Quantronix Integra-C).  The 

pulse is then spilt into two paths using a beam splitter.  

 

In one path (pump), the 800nm beam is fed into a two-stage optical parametric amplifier 

(Quantronix Palitra) to generate a tunable pump beam. The pump beam is then guided into a 

variable mechanical delay stage. To increase sensitivity of our system, the pump beam is 

further guided into an acoustic-optic programmable pulse shaper (Fastlite Dazzler) [63]–[67]. 

We then focus the pulse-shaped beam on the sample using a lens. The spot size of pump 

beam is about 200um.  

 

In the other path (probe), the 800nm beam is focused on a 2mm sapphire plate to generate a 

white light continuum in visible range. After collimation, the white light continuum is 

focused on the sample. We use reflective spherical mirrors to focus and to collimate the 

white light continuum so that the chirp can be minimized. We then guide the white light 

continuum that transmits through sample into a spectrometer (Princeton Instrument, SP2300) 

and collected by a CCD camera (Princeton Instrument, Pixis100). 

 

Once the optical alignment is done, we will start an automatic data collection process 

implemented by Labview program. In this process, the Labview program will first move the 

delay stage using ESP controller. After that, the camera system will be opened and it will be 



 

31 

set ready for the upcoming data stream. Particularly it will wait for the trigger signal from 

pulse shaper. The pulse shaper can be triggered using a rising edge TTL signal. When the 

pulse shaper is triggered, it will burst out a sequence of prewritten pulse waveforms. 

 

Accordingly, the signal of different waveforms will be saved in different frames in the flash 

memory of camera. After each sequence, the camera transfers data in its own flash memory 

back to computer. The computer then writes data into .dat file in a matrix format after 

averaging the data of 200 sequences. The nominal delay is also saved as part of a file name. 

After saving data in hard drive of computer, the Labview program then move the delay stage 

again and repeat above process. 

 

  
Figure 1 Details of optical scheme.  

 
In Figure 1, we show the Femtosecond Ti: Sapphire laser creates the 800nm, 1Khz, 60fs 

pulse (red line). The 800nm pulse is split into two paths by beam splitter (BS). ND represents 

for a variable neutral density filter. QWP represents a quarter wave plate that enables circular 
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polarization control. S1, S2 and S3 are all concave spherical mirrors. L1, L2 and L3 are lens. 

In the pump paths, two mirrors inside the dashed box are mounted on a translational stage 

(TS). The 2mm sapphire plate we use to create white light continuum is labeled as WLC. The 

purple line represents broadband white light beam (probe) and the orange line represents 

pump light. 

 
When we process data, we will usually time-correct the data using the chirp information we 

collect independently. After such time correction, the effects of chirp are removed. We use 

the cross-phase modulation of our continuum to 60fs, 800nm pulse which is direct output of 

Ti:Sapphire laser to characterize our chirp. 

 
3.2 Generation of white light continuum 

Broadband continuum is very useful in transient absorption spectroscopy given that many 

important materials such as polymers have very broad inhomogeneous width in their optical 

transition. One of simplest methods to generate white light continuum is to focus an 

ultrashort pulse (femtosecond or picosecond duration) onto a transparent material such as 

sapphire window or calcium fluoride. While such phenomena are well known to 

experimentalists, the complex nature of this light-matter interaction hasn’t been fully 

understood and it is still hard to model. Self-focusing and self-phase modulation are cited as 

important factors in the continuum generation [68]. 
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In a white light continuum generation, the component with frequency lower than 

fundamental frequency is called Stokes wings whereas the other component with frequency 

higher than fundamental frequency is called anti-Stokes wings. The broadening effect is 

much stronger in anti-Stokes wings than that in Stokes wings. In our white light generation, 

our anti-Stokes wings can extend up to 450nm but our Stokes wings is already weak in 1um.  

 

Most transient absorption measurement use modulation technique to increase sensitivity. Our 

system is no exception to that. Given that we are using a relatively low repetition rate system 

(1khz), our modulation rate can only be even lower than that. Thus, the stability of white 

light continuum is crucial. 

 

Both self-focusing and self-phase modulation are related to intensity-dependent refractive 

index (Kerr effect). Consequently, the white light continuum we generated is very sensitive 

to the input power of the fundamental beam. On one hand, when the power is below critical 

threshold to generate continuum, the output we get from transparent material is an unstable 

beam that has very limited broadening from the fundamental frequency. On the other hand, 

when the power is above the damage threshold, we get the rainbow-like pattern in white light 

continuum (conical emission) due to large angular divergence. Neither case is desired for 

transient absorption spectroscopy. In the former case, the instability of white light will 

severely limit the sensitivity of the system. In the latter case, conical emission will create the 

interference patterns that is hard to remove in data processing and that will distort the real 

response from the material we studied. 
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To avoid those two unwanted situations, we place an iris and a variable ND filter before the 

focusing mirror to carefully control the amount of 800nm beam focused on to sapphire 

window. It is very crucial that the sapphire window is right at the focusing point of the 

spherical mirror. We put the sapphire window on a micrometer mechanical stage to ensure 

that we can fine-tune the position of sapphire window. 

 

It worth mentioning that a curve spherical mirror with 5cm focal length is used to focus the 

fundamental beam on sapphire and another curved mirror with 7.5cm focal length is used to 

collimate the beam and that a thin Ti:Sapphire mirror is placed after collimating mirror to 

remove fundamental beam. After implementing all the aforementioned measures, the white 

light continuum is stable at the order of 10-5 without rings or interference. 

 

3.3 Chirp effect management in white light continuum 

The origin of chirp can be easily explained in the context of normal dispersion. In glass or 

other transparent medium, the refractive index is a function of wavelength. Specifically, the 

refractive index is larger for blue side (shorter wavelengths) and smaller for red side (longer 

wavelengths). Consequently, group velocity is smaller for blue side (shorter wavelengths) 

and larger for red side (longer wavelengths). In our setup, the path length of probe beam is 

fixed and we vary the path length of pump beam. Thus, at delays where the blue side of 

probe coincides with pump temporally, the red side of probe precedes both pump beam and 

blue side of probe beam. Given that the pump probe delay is defined as how much pump 

precedes probe, the blue side is at ‘zero delay’ when the red side is at ‘negative delay’. 
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Similarly, at delays where red side of probe coincides with pump beam, the blue side 

succeeds both pump beam and red side of probe beam. In the convention of transient 

absorption, this means that the blue side is at ‘positive delay’ when the red side is at ‘zero 

delay’. 

 

The proper treatment of above chirp effect in white light continuum is important in ultrafast 

broadband transient absorption. As mentioned before, the key to minimize the chirp is to 

replace lens made of glasses with spherical mirrors. Such measures will reduce spanning of 

chirp in white light continuum from picosecond to few hundreds of femtoseconds. 

 

It will be hard to further reduce the chirp from hundreds of femtoseconds. Some possible 

measure will involve using multilayer dielectric mirror to correct the chirp. We do not adopt 

that approach. Rather, we will first measure the chirp using cross-phase modulation between 

800nm pulse and white light continuum in a quartz slide and then we will correct the chirp in 

the data processing stage [69][70]. 

 

In the cross-phase modulation measurement, we use the 60fs, 800nm pulse from Ti:Sapphire 

laser and white light continuum as pump beam and probe beam respectively. The difference 

between a cross-phase modulation and a normal transient absorption is that the former 

measures the non-resonant response and the latter is usually of resonant nature. In other 

words, cross-phase modulation does not create a long-lasting excited state population in the 

material as the usual pump probe does. Rather, the non-resonant signal in cross-phase 
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modulation reflects the short-lived pulse overlap effects between the pump beam and probe 

beam. Thus, by tracing shift of non-resonant signal among different frequencies, we have a 

direct measurement of chirp information of our white light continuum. 

 

 

Figure 2 Chirp information extracted from cross-phase measurement. (a) typical            

cross-phase modulation response (b) chirp information extracted from cross-phase 

modulation 

 

In Figure 2 (a), we show such shift of non-resonant signal at three different probe photon 

energies. For the higher energy side of continuum (probe energy=2.326eV, blue empty 

circle), the position of negative peak, which signals the zero delay (the overlap between 

pump and probe) is at around 0.5ps. In contrast, for the lower energy side of continuum 

(probe energy=1.828eV, red solid square), the position of negative peak is at around 0.75ps. 

For some other photon of which energy falls in the range between 1.828eV and 2.326eV 

(green cross, photon energy =2.160eV), the zero delay is small than that of 1.828eV but 

slightly bigger than that of 2.326eV. The above result matches our previous analysis based on 
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normal dispersion model. It also gives a rough estimation of our chirp. Namely, there is 

roughly 250fs difference in time between 1.828eV photons and 2.326eV photons in our 

continuum. 

 

To have a more accurate estimation of chirp, we perform a global analysis with respect to all 

wavelengths in our continuum. The resulting chirp information is plotted in Figure 2 (b). 

Please note that we define zero fs at the location where our shortest wavelength (bluest 

component) coincides with our 800nm pump pulse. 

 

With chirp information extracted from cross-phase modulation measurement, we can now 

correct the effect of chirp in transient absorption spectroscopy.   

 

Essentially, we first perform time correction with respect to each individual frequency since 

each individual frequency has different chirped delay. Assume that we collect transient 

absorption signal S(T, ωprobe) on a series of nominal pump probe delay (Tj,nominal where j is 

the index of nominal delay, j=0,1,2,…). We argue that signal shown up at Tj,nominal in a 

chirped measurement should have shown up at Tj,actual =Tj,nominal-chirp delay(ωprobe) at a no-

chirp measurement.  

 

The next step will require us to put all the different frequency components back to construct a 

meaningful broad band transient absorption. To do that, we construct a series of delays 

Tk,desired where k is the index of desired delays where we want to construct spectra. For each 
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individual frequency component ωprobe, we perform the following interpolation using interp1 

method in Matlab. The associative command is “S(T desired[],ωprobe)=interp1(S(T 

actual[],ωprobe),T actual[], T desired[]); “ where T actual[] refers to a one-dimensional array of delays 

where signal should have shown up in a no-chirp measurement and T desired[] refers to also a 

one-dimensional array of delays where we want to reconstruct our spectra. 

 

We would also like to give two additional comments on the reconstruction step in time 

correction process. First, we always refrain from doing extrapolation. If some delays in 

Tdesired[] is outside the range between minimum and maximum of T actual[], we assign blank 

value or NaN to signals at those delays.  

 

Now that we have comprehensively resolved issue of generating and managing white light 

continuum, we will move on to implementation of modulation as well as synchronization 

between camera, pulse shaper, computer and ultrafast laser. Both aspects play very important 

roles in transient absorption instrumentation. 

 

3.4 Details of camera setup 

Fast modulation techniques such as lock-in detection play in a very significant role in modern 

detection of small signals, thanks to prevalence of 1/f noise in nature [71]. In the 1/f noise 

model, the power spectral signal intensity is approximately inversely proportional to the 

frequency of noise. Consequently, when we increase our modulation rate, the noise level we 
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encounter will drop dramatically. Transient absorption signal is usually at 10^-4 level, 

therefore a fast modulation rate is highly desired.  

However, the modulation rate is inherently limited by several factors such as repetition rate 

of laser as well as how fast instruments can respond and communicate with each other. In the 

current and following sessions, we will address all these issues one by one. 

 

In the two-color or one-color narrow-band transient absorption, lock-in detection is one of 

the most frequently used methods. Such method will only for a single photon detector. To 

extend lock-in detection from narrow band transient absorption to broadband transient 

absorption, one needs to use a monochromator and to let monochromator scan the entire 

range of probe frequency one by one. 

 

We will not adopt the above approach. Rather, we would like to collect all the spectra 

simultaneously at the repetition rate of our laser (1Khz). Such set up, if successful, will not 

only enable us to collect high quality pump probe data, but also will pave the way to sensitive 

multi-dimension Fourier transform spectra detection. 

 

One of major difference between modern scientific cameras than a single photo detector is 

that the former has a charge-shifting process and analog to digital conversion process 

whereas the latter has neither of those two processes. Such difference creates a lot of 

obstacles in improving spectral rate of camera compared to single detector. For example, 

conventionally, to keep charge-shifting process between different pixels intact, a shutter is 
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used to prevent contamination from the light. The opening/closing of mechanical shutter 

typically take at least 8-10ms, severely limiting spectral rate of the cameras. 

Consequently, to achieve 1Khz spectral rate, we must replace the conventional setups in the 

camera with some novel setups.  

 

Firstly, the mechanical shutter must be put in the ‘disabled open’ status so that the 8-10 ms 

shutter operation time will not interfere with our 1Khz data detection.   

 

Secondly, the major steps in CCD read out process, including both charge shifting process 

and analog-to-digital conversion process, need to be customized to reach their peak capacity. 

Several measures have been taken. 

 

To begin, we find that we cannot afford shifting and digitalizing each pixel separately.   

Rather, we customize our CCD chips and bundle the top 20 rows into 1 row. By doing this 

hardware bundle, we make both shifting rate and digitalized rate 20 times faster. Such 

measures will not compromise the spectral resolution since rows correspond to the height 

dimension that is not important to spectroscopy. Indeed, after hardware bundle, we still have 

1339 columns which correspond to 1339 different wavelengths, enough to give high spectral 

resolution. 

 

But hardware bundle alone still cannot accomplish 1Khz spectral rate. Several other 

customizations also need to be done. We take advantage of the fast 2Mhz analog-to-digital 
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conversion mode in our Pixis camera. The time of charge shifting per row is also carefully 

chosen to be 15.2us so that the shifting is fast enough to be compatible with 1Khz and 

sufficient to support shifting significant portion of charges. 

 

Thirdly, given that we now disable the operation of shutter, the impact of unwanted light on 

charge shifting needs to be addressed carefully. Combining fast CCD read out which is 

detailed above and focusing our probe beam only on top 20 rows will resolve this issue 

nicely. We also would like to mention that impact of the very weak ambient light in the 

environment is negligible due to very short exposure/read out time. Even if there is presence 

of any weak ambient light, it will be perfectly canceled out because we employ full phase 

cycling and that we are measuring the relative difference in number of photons in successive 

frames in the image rather than absolute number of photons. 

 

Finally, we need to recognize that true 1Khz spectral rate requires the camera continuously 

taking at least several hundreds of 1ms exposure spectra without any interruption. 

Transferring data from camera to computer as well as saving data into the hard drive into the 

computer are normal routines in usual camera data collection. Unfortunately, both of them 

fall into the category of the interruption that will destroy our 1Khz continuous data 

collection. 

 

To solve this problem, we need to implement the fast mode of Pixis100 camera. In the fast 

mode, the computer first configures the setup in the camera and then releases the control of 
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camera. The camera then run on its own and will not communicate with computer before 

completion of data collection. Upon receiving the triggering TTL signal from pulse shaper 

which synchronizes with pulse in Ti:Sapphire laser, the camera will start the intensive data 

collection and save the data into its own memory. After data collection is complete, the 

camera then will transfer the data from its memory to computer hard drive.   

 

 
Figure 3 Implementing fast mode of Pixis camera in Labview.  

 
We show how we implement fast mode of Pixis camera as a Labview snippet in Figure 3. 

Figure 3 (a) shows allocation of a series of images before data collection and an array of 

image handle numbers is return and later be used in Figure 3 (b). Figure 3 (b) shows the part 

of data collection. The essential idea of fast mode is that saving data to pre-allocated images 

(the for loop to the left of CameraStop.vi) and converting those images into a SPE format file 

(the for loop to the right of CameraStop.vi) must be separated to accomplish 1Khz spectra 
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rate. The array of image handle is a key component to make sure that the data for successive 

pulses are saved in the right order.  

 

Winspec is a software provided by Princeton Instrument to control the camera. In Winspec, 

we can simply choose fast mode in the tab of ‘camera setup’. However, in order to coordinate 

with ESP controller and pulse shaper, we must implement our own software using Labview. 

Our data collection software is based on the camera driver SITK toolkit provided by R Cubed 

Software. The key in implementing fast mode in Labview is to create a series of images 

instead of only one image using ImageCreate.vi in SITK toolkit, as shown in Figure 3 (a). 

For each image, we will have a different image handle number. When we collect data (Figure 

3 (b)), we load data stream into these pre-allocated images using CameraGetData.vi. Once 

the data collection is completed, the FileSaveData.vi will convert the saved images to a SPE 

format file. 

 

One last comment on synchronization between camera and laser should be added to this 

section before we move on to pulse shaping part of modulation. To perfectly synchronize 

camera with laser, one simply need to connect both laser triggering pulse and camera TTL 

output (set at “Not Scan”) to an oscilloscope. If the laser triggering pulse and TTL output 

coincide with each other, then camera and laser is synchronized. Otherwise, one need to 

adjust setting in camera such as switching triggering edge from positive to negative to 

achieve synchronization. 
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In summary, we have extensively discussed how to configure camera so that it can reach 

1Khz spectral rate as well as how to synchronize it with our ultrafast laser. Besides its use in 

diagnosis of synchronization, the logic output of camera can also use to trigger the pulse 

shape sequence burst. We will discuss this in details in section of pulse shaper. 

 

In the next section, we will proceed to discussing the pulse shaper and how we will use it to 

achieve phase-cycling. 

 

3.5 Removal of pump scattering 

In pulse shaping, one manipulates spectral phase as well as power intensity of each 

individual frequency component. Thus, group delay of pulse, which is the first order 

derivative of spectral phase, can be precisely controlled. Pulse shaper will also enable us 

create a variable phase difference between the pair of pump pulse. 

 

We use a commercial acoustic-optical programmable dispersive filter (Dazzler, Fastlite) to 

implement the pulse shaping. In our pulse shaper, our radio-frequency wave generator writes 

acoustic waveforms into a birefringent crystal TeO2. When the incident optical beam with 

ordinary polarization propagates inside TeO2, the acoustical-optical interaction will create a 

new optical beam (shaped beam) with extraordinary polarization. Due to phase matching, the 

frequency of this newly created optical beam is identical to the original incident optical beam 

(The frequency of acoustic wave is negligible compared to optical frequency). In addition, 

once the direction of incident ordinary polarized beam and the direction of acoustic wave are 
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fixed, there is only one specific acoustic frequency that can satisfy phase matching condition. 

In other words, if we write different spatial frequencies on different locations inside crystal, 

then we can control at which locations the individual frequency components are diffracted. In 

effect, this control on diffracting location gives us the precise control on group delay for each 

frequency component. The phase and amplitude of each frequency in shaped beam can also 

be manipulated through adjusting acoustic wave patterns [72], [73].  

 

To further remove the undesired spontaneous emission such as scattering from pump or 

fluorescence, we deploy a two-step phase cycling scheme as shown in Equation 28. We also 

collect the probe light without any pump for reference and normalization purpose.  

 

To control the on and off status of probe light, we put an optical chopper in probe path. The 

chopping frequency is 500hz (half of the repetition rate of the laser) and the phase of chopper 

is carefully chosen to synchronize with laser pulse by observing the time response on an 

oscilloscope.  

 

To collect transient absorption signal, one simply use the Equation 28 to remove the effects 

of scattering.  

 

            				ST
]
= ¾´´$¾µ´$¾´µ�¾µµ

¾µ´
																																																Equation 28 
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In Equation 28, 𝐼22 (𝐼##) represents the detector intensity when both pump and probe beams 

are on (off) and 𝐼2# (𝐼#2) represents the detector intensity when only pump (probe) beam is 

on and probe (pump) beam is off. 

 

3.6 Synchronization and triggering in data collection 

In the previous sections, we have discussed how to enable our camera collect spectra at 1Khz 

rate. In this section, we will focus on how to synchronize the camera and the pulse shaper. 

 

Firstly, we configure our pulse shaper and upload the waveforms to the memory of pulse 

shaper. Secondly, our Labview program configures the Pixis camera into a fast mode. After 

such configuring process, the camera is ready for data. Thirdly, we then use the output TTL 

of camera to trigger the “auxiliary” terminal of pulse shaper (the pulse shaper also has a main 

trigger terminal to receive triggering signal from laser). When the pulse shaper receives such 

triggering signal from camera TTL output, a sequence of preloaded waveforms will be burst. 

When pulse shaper burst each waveform in the prewritten sequence, it will also send a 

triggering signal to camera. Finally, after bursting the sequence, the data has been saved into 

memory of camera and it is now ready to be transferred to computer. 

 

3.7 Comparison with other implementations of transient absorption system 

In this section, we will briefly compare our novel design choice with other implementations 

of broad band transient absorption system. The main constraint in regular broad band 

transient absorption implementation is that CCD cameras cannot be used with lock-in 
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detectors and that lock-in detectors only have a few channels [74], [75]. One mainstream 

implementation is to use lock-in detectors and sweeping the probe wavelengths. This method 

has high sensitivity in detection of individual wavelength but the data collection time is very 

long. And because the data collection time is too long, the overall data quality will suffer 

from long term instability of ultrafast lasers [74]. The other mainstream implementation is to 

use CCD cameras with reference beams. This method has relatively high data collection 

speed but it suffers from low sensitivity due to lack of modulation process. Additionally, the 

reference beam put a large burden on re-alignment and re-calibration if we want to slightly 

modify the optics. Our novel implementation avoids all these issues. It has high data 

collection speed and high sensitivity. It is also very easy to maintain and modify. 

 

3.8 Concluding Remarks 

In the previous sections, we have discussed extensively how we implement a robust 

broadband ultrafast transient absorption spectroscopy system. In the subsequent chapters, we 

will discuss the details of our experimental choices such as excitation energy as well as 

methods of sample preparation and thickness identifications. We left these discussions to 

subsequent chapters because they are very specific to properties of monolayer TMDCs. After 

that, we will discuss the main results and analysis.  
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CHAPTER 4 Monolayer MoS2 valley dynamics 

4.1 Summary of sample preparation and thickness identification 

Preparation as well as thickness identification monolayer MoS2 are performed by our 

collaborator Yifei Yu in research group Prof. Linyou Cao. The techniques used in sample 

preparation as well as thickness identification are beyond the scope of this thesis. The details 

of sample preparation and thickness identification can be found in the method section and 

supplementary material of our Nano Letter paper [76] (see Appendix A) as well as the paper 

published by our collaborator [77]. In this section, we only give a brief overview. 

 

We use a unique chemical vapor deposition with high temperature and low pressure to 

synthesize monolayer MoS2 thin films [77] (see Appendix A). The resulting films have high 

uniformity over area of centimeters as well as high crystal quality [77] (see Appendix A). 

The gaseous MoS2 was produced by reaction between vapor of MoCl5 and vapor of sulfur 

placed at upstream of a tube furnace. Receiving substrates (sapphire) placed in downstream 

in the tube. The MoS2 in gas form was precipitated on the substrate and form MoS2 thin 

films. The precise control of thickness of MoS2 thin films can be achieved by varying the 

amount of MoCl5. 

 

The thickness identification as well as the crystal quality characterization of few-layer MoS2 

thin films was also detailed in our collaborator’s paper [77]. Using exfoliated few-layer MoS2 

thin films as a guiding reference and benchmark, our collaborator use signature from atomic 

force microscopy (AFM), Raman spectroscopy, and photoluminescence (PL) to determine 
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layer thickness of synthesized few-layer MoS2 thin films. The AFM height profiles of 

synthesized few-layer MoS2 thin films are similar with those of exfoliated few-layer MoS2 

thin films, with thickness of around 0.68nm per layer. In Raman spectroscopy, the layer-

thickness dependent frequency shift of A1g and E2g has been used to reliably identify the 

thickness of few-layer MoS2 thin films [77]–[80]. Finally, monolayer MoS2 has extraordinary 

photoluminescence compared to more-than-one-layer MoS2 due to direct gap transition. The 

photoluminescence in our synthesized monolayer MoS2 thin films is slightly higher than 

exfoliated monolayer MoS2 thin film with the same shape [77]. In summary, the results in 

AFM, Raman spectroscopy and PL measurement collectively give a very reliable thickness 

identification of our synthesized few-layer MoS2 thin films. 

 

In conclusion, the high crystalline quality and uniform monolayer MoS2 thin films as well as 

the reliable assurance of thickness identification provide a very strong foundation for our 

valley dynamics research. 

 

4.2 Choice of our excitation energy and absorbance 

As mentioned in the first chapter, it is crucial to choose excitation energy on-resonance with 

exciton A in studying valley dynamics since off-resonance excitation will result in loss of 

valley selectivity. To make such choice, we use Varian 50 (UV/Vis) spectrometer to collect 

the absorbance spectra of monolayer MoS2 at 74K (see Figure 12 in Appendix A) [76]. We 

choose 660nm (1.878eV) right circular polarized light 𝜎 − as our excitation. From our 
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absorbance spectra at 74K, we are confident that such excitation is indeed on-resonance with 

exciton A with K valley. 

 

The details of our valley-contrasting ultrafast transient absorption measurement methods are 

comprehensively described in the instrumentation chapter in this thesis. In this section, we 

only give a summary of our valley-contrast ultrafast measurement method.  

 

All the valley-contrasting ultrafast transient absorption measurements are conducted in 74K. 

As mentioned in instrumentation chapter, we use the output of optical parametric amplifier as 

our pump beam. The pulses of this pump beam have energy of 3nJ per pulse and durations of 

60fs. The pump beam has a 𝜎 − polarization and it is centered at 660nm (1.878eV). As 

mentioned before, we make such choice to make sure that the exciton A at K valley is 

exclusively excited. The pump beam is modulated by an acoustic pulse shaper (Dazzler) so 

that the phase cycling detailed in instrumentation chapter can be implemented. 

 

We use white light continuum with 𝜎 ± polarization as our probe beam. Note that such 

circular polarized probe give us the valley contrast. Specifically, the 𝜎 − polarized probe will 

reveal dynamic of the carriers residing in K (K’) valley. The white light continuum is 

generated by focusing 800nm pulses on a 2mm thick sapphire plate and it has 200fs chirp 

between 1.9eV to 2.32 eV. We use a non-resonant cross correlation method to characterize 

the chirp in our probe pulse. The details of chirp measurement and chirp information are 

described comprehensively in instrumentation chapter. 
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A combination of charge-coupled device (CCD) camera triggered at laser repetition rate 

(1Khz) and spectrometer is used to detect probe beam. Full cycle of phase cycling is 

implemented to achieve high sensitivity and to avoid influence of scattering. The details of 

camera triggering and implementation of phase cycling are also fully described in chapter 3. 

 

In this section, we briefly summarized the methods involved with our studies of valley 

dynamics of monolayer MoS2, including sample preparation, thickness identification, 

absorbance and ultrafast measurement. More specific details of these methods can be found 

in chapter 3 and in papers published by our group and our collaborators [76], [77]. 

 

4.3 Overview of signature evolution in our transient absorption data 

In this section, we focus on identifying the evolution of ground state bleaching (GSB), photo-

induced absorption (PIA) and stimulated emission (SE) in our ultrafast transient absorption 

spectra. 

 

We use right circular polarized beam σ −, which resonates to exciton A at K valley, to excite 

monolayer MoS2. We use both σ + and	σ − white light continuum as probe beams. We 

assign transient absorption spectra using	σ − polarized probe as same circular polarized 

(SCP) spectra whereas transient absorption spectra using	σ + polarized probe as opposite 

circular polarized (OCP) spectra. Pump probe delays in our transient absorption measurement 

ranges from 0ps, where initial polarization is measured, to 20ps, where difference in SCP and 
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OCP spectra cannot be seen. 

 

Figure 4 Transient absorption spectra of monolayer MoS2 at 74 K 

 

These spectra are shown in both Figure 4 as well as Figure 13 and Figure 14 in Appendix B 

(reproduced from [76]). In Figure 4, SCP are shown in red lines and OCP are shown in blue 

lines. 

 

The broad bandwidth of probe beam enables us to collect all the transient absorption 

signatures including ground state bleaching (GSB), photo induced absorption (PIA) and 

stimulated emission (SE). The assignment of GSB, PIA and SE signatures in transient 

absorption spectra can be found 0ps spectrum in Figure 4. Such assignment is based on the 

sign of signatures as well as the ground state absorbance of monolayer MoS2. We should also 

note that GSB, PIA and SE signatures overlapped with each other in the spectra. Hence, the 



 

53 

contrast between these signatures of SCP and OCP spectra is more important than the 

signatures per se in either SCP or OCP spectra alone. 

 

We shall begin our summary of evolution of these signatures with SE. In SCP spectra, while 

SE resonating with exciton A transition has an intense intensity compared to GSB signature 

at 0ps, it only persists no longer than 200fs. In OCP spectra, such SE peak of A exciton 

transition does not exist. At later delays, a small positive peak at low energy (~1.75eV) 

occurs in both SCP and OCP spectra with equal intensity and the same shapes. Such feature 

has no polarization contrast and it is assigned as SE of localized exciton [44], [81].  

 

Strikingly, the GSB features in both SCP spectra and OCP spectra are almost identical to 

each other after 200fs. We will discuss the implications of such GSB signatures in 

subsequent sections. Note that here the positive GSB features are distorted by the PIA 

features (dips at 1.87eV and 1.98eV). 

 

PIA features manifest as dips at 1.87eV and 1.98eV. At 1.87eV, dip of OCP spectra is deeper 

(more negative) than that in SCP spectra. At 1.98eV, dip of SCP spectra is deeper (more 

negative) than that in OCP spectra. Such contrast between SCP dips and OCP dips persists 

until 20ps.  

 

In summary, we briefly review the evolution of SE, GSB and PIA signatures in our SCP and 

OCP spectra in this section. We find that both SE and GSB signatures have no polarization 
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contrast between SCP and OCP spectra after 400fs. The polarization contrast in PIA persists 

for 20ps. When contrast in PIA disappears at 20ps, we can’t find visible difference between 

SCP and OCP spectra. We discuss the implication of above signatures on valley dynamics in 

the next section. 

 

4.4 Mapping transient absorption signature to valley dynamics 

We have summarized the evolution of transient absorption signatures in the previous section. 

In this section, we focus on mapping these signatures to valley dynamics. In the previous 

section, we already notice that evolution of SE and GSB signatures are very different from 

the evolution of PIA signatures. Specifically, polarization-contrast in the former is short-

lived whereas polarization-contrast in the latter persists for a much longer time. Accordingly, 

we shall first examine the implication of SE and GSB signatures on valley dynamics and then 

we will focus our attentions on implication of PIA signatures.  

 

There are several striking features worth mentioning in GSB features. Firstly, at 0fs, we 

observe GSB signatures of both A and B excitons in OCP spectra. This implies that an 

efficient channel of inter-valley scattering exists and that significant number of carriers are 

scattered from K to K’ valley within the time resolution of our instrumentation (200fs). 

Secondly, we notice that at SCP spectra, GSB peak of B exciton also arises at 0fs. This 

means that intra-valley scattering within K valley is also very efficient and it occurs within 

200fs. Note that intra-valley scattering of hole is forbidden due to large spin split in valance 

band [82]. Hence such intra-valley scattering must come from spin-flip in electron in 
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conduction band. Such spin-flip is enabled by minimal spin-split in conduction band and it is 

also experimentally supported by quick rise in A exciton in OCP spectra. We should 

comment that such intra-valley scattering is related to dark exciton and no 

photoluminescence measurement, even the ultrafast photoluminescence measurement, will be 

able to reveal that. It can only be revealed in ultrafast transient absorption measurement [82]. 

The peak of SE of A exciton in SCP spectra disappears within a few hundred of 

femtoseconds. This reveals that radiative lifetime of exciton is short. In addition, intensities 

of GSB decay to its 10% of its peak values within 20ps. This means that exciton non-radiant 

lifetime is also shorter than 20ps.  

 

While evolution of GSB and SE peaks reveal the fast spin-flip of electron part, the total 

valley relaxation is reflected in evolution of PIA features. Interestingly, at energy of 1.87eV, 

the PIA of OCP spectra forms immediately at zero delay whereas no significant PIA features 

forms in SCP spectra until 7ps (see Figure 13 and Figure 14 in Appendix B). At that photon 

energy, OCP has a deeper dip than SCP until 20ps.  

 

These phenomena can be well explained by the transition from single exciton to biexciton, as 

shown in Figure 5, which is reproduced from [76]. In Figure 5, the hole spin orientations are 

shown as direction of up/down of arrows inside ket symbols.  

As mentioned in introduction chapter, the 𝜎 − polarized pump beam creates A exciton in K 

valley. In biexciton formation, the parallel spin of the carriers will have large repulsive 

exchange interactions, which curtails of stability of biexciton. Hence, in the light of spin 
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considerations, biexcitons composed of two A excitons at the opposite valleys is preferable 

whereas biexcitons composed of two A excitons at the same valleys might not be stable. 

Similarly, biexcitons composed of an A exciton and a B exciton at the same valleys is 

preferable whereas biexcitons composed of an A exciton and a B exciton at the opposite 

valleys might not be stable.  

 

 

Figure 5 Biexciton transitions in monolayer MoS2. 

 
Consequently, at the energy of 1.87eV, the PIA dip of OCP spectra corresponds to the 

transition of A exciton at K valley (|A>) to an inter-valley biexciton (|AA’>) whereas the PIA 

dip of SCP spectra corresponds to the transition of A exciton at K’ valley (|A’>) to an inter-

valley biexciton (|AA’>). In other words, at this photon energy (1.87eV), the intensity of PIA 

dip of OCP spectra reflects the population of A exciton at K valley (|A>) whereas the 

intensity of PIA dip of SCP spectra reflects the population of A exciton at K’ valley (|A’>). 
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Similarly, at energy of 1.98eV, the PIA dip of SCP spectra corresponds to the transition of A 

exciton at K valley (|A>) to an intra-valley biexciton (|AB>) whereas the PIA dip of OCP 

spectra corresponds to the transition of A exciton at K’ valley (|A’>) to an inter-valley 

biexciton (|A’B’>). In other words, at this photon energy (1.98eV), the intensity of PIA dip 

of SCP spectra also reflects the population of A exciton at K valley (|A>) whereas the 

intensity of PIA dip of OCP spectra reflects the population of A exciton at K’ valley (|A’>). 

 

Hence, by looking at polarization contrast in PIA dips, we then can estimate the time of 

valley scattering of hole part of exciton. As mentioned above, the PIA dips of 1.87eV in SCP 

spectra occurs between 5-7ps and it doesn’t reach equal intensity of OCP PIA dips until 20ps. 

This means that hole part of exciton is not scattered to the opposite valley until 5-7ps and the 

total valley depolarization completes within around 20ps. 

 

In summary, in this section, we have successfully extract valley dynamics from evolution of 

GSB, SE and PIA signatures in transient absorption spectra. Specifically, quick rise of both 

GSB peak of B exciton in SCP spectra and GSB peak of A exciton in OCP spectra signifies 

the fast intra-valley and inter-valley scattering of electron part of exciton whereas the valley 

contrast in PIA dips reveals that total/hole valley depolarization completes within 20ps. We 

will further explore the physical significance of these results in the next section. 
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4.5 Concluding remarks of monolayer MoS2 valley dynamics 

We conclude this chapter by summarizing the implication and significance of our results on 

monolayer MoS2. 

 

First and foremost, we directly measure the valley dynamics of monolayer MoS2. The total 

valley depolarization finishes within 20ps. This is a surprising result given that a large 

momentum transfer is necessary to change valley and to flip the spin. Indeed, most single 

particle intervalley scattering mechanisms such as D’yakonov-Perel’ (DP) and Elliott-Yafet 

(EY) mechanisms will result in valley lifetime at the order of nanoseconds [82]–[89]. Our 

measurement of valley lifetime therefore suggests that dominant intervalley scattering 

mechanism is not a single-particle scattering mechanism. Rather, intervalley scattering 

results from many-body interaction such as electron-hole exchange mechanism in excitons 

[82]. Such electron-hole exchange mechanism is very efficient in intervalley scattering of 

exciton with non-zero center-of-mass momentum [82]. While detuning is minimal in our 

excitation, a significant portion of our optically generated excitons still has a non-zero center-

of-mass momentum due to finite bandwidth in 60fs pump pulse. 

 

Second, our transient absorption shows that biexciton formation is stable in monolayer 

TMDCs. Such direct experimental observation of biexciton in monolayer TMDCs is 

unprecedented due to limited availability of tools that can enable two-photo process. We also 

determine the biexciton binding energy in monolayer MoS2 as 70meV, which is unusually 

high compared to conventional semiconductors. 
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Finally, we also discover that both radiative and non-radiative lifetime of exciton in 

monolayer TMDCs are short.  

 

In summary, our direct measurement of valley dynamics, formation of biexciton and exciton 

dynamics provides significant new insights in valleytronics and optoelectornics of monolayer 

TMDCs. These new insights will be very useful in guiding the future device development 

effort. 
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CHAPTER 5 Monolayer WS2 valley dynamics 

5.1 Summary of methods in our study of valley dynamics of monolayer WS2 

Our study of valley dynamics of monolayer WS2 was published in the July 31th, 2014 issue of 

Physical Review B [90]. In this chapter, I will briefly summarize our results in the Physical 

Review B paper [90]. Note the background of this research has already been summarized in 

details in the chapter of introduction. 

 

We prepare our monolayer WS2 using chemical vapor deposition method in tube furnace 

similar with that described in the previous chapter. Instead of using vapor of MoCl5, we use 

vapor of WO3. Details of parameters used in growth process can be found in Appendix C. 

 

We used the same ultrafast measurement system described in previous chapters. Specifically, 

we use a 60fs pulse with	σ − polarization from optical parametric amplifier as pump and 

broadband 200fs-chirped white light of both σ − (same circular polarization, SCP) and	σ + 

polarizations (opposite circular polarization, OCP) as probe. Just as in ultrafast measurement 

of monolayer MoS2, σ − polarized pump will exclusively excite A excitons at K valley in 

monolayer WS2 and the evolution of contrast between SCP and OCP spectra reveals valley 

dynamics. 

 

We preform valley-contrasting ultrafast transient absorption measurement on monolayer WS2 

at 5 different temperatures: 74K, 110K, 150K, 210K and 300K. At each temperature, we tune 

the probe energy to lower energy tail of A exciton and reduce the power to minimal amount. 
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Specifically, our pump energy is 1.98eV for 74K to 210K. For 300K, A exciton is centered at 

1.95eV, hence we choose 1.92eV as pump energy at that temperature. We also try to 

minimize bimolecular effect by minimize the pump power. The actual choice of power 

however is related to A exciton transition envelope at different temperatures. Specifically, the 

pump power is 5nJ per pulse for 74K to 150K. At 210K, the pump energy is closer to center 

of A exciton, hence we tune down the pump power to 3nJ per pulse. At 300K, the pump 

energy is near to low-energy edge of A exciton, we hence adjust the pump power to 6nJ per 

pulse. We should comment that in an ideal situation, one should move the central pump 

energy to maintain a perfectly constant detuning. However, the output of optical parametric 

amplifier is not arbitrarily tunable in the region of 1.92eV to 1.98eV. Hence, we can only try 

to maintain detuning and exciton density as uniform as possible across different 

temperatures. 

 

5.2 Summary of transient absorption spectra of monolayer WS2 at 110K  

We will summarize of transient absorption spectra of monolayer WS2 in this section.  

 

Figure 6 (reproduced from [90]) shows the valley dynamics of A exciton in monolayer WS2 

at 110K. In early delays, at A exciton transition of SCP spectra, the transient transmission 

exhibits as a positive and strong low-energy tail and the relatively weak and negative tail at 

high-energy with dispersive line shape. After 7.6ps, the dispersive line shape disappeared in 

SCP spectra and line shape become purely absorptive. The A exciton signature in OCP 

spectra has a similar shape to SCP A exciton but its strength is smaller. At later delays (after 



 

62 

100ps), the polarization contrast between SCP and OCP vanishes and there is a dip occurs at 

2.04eV. 

 

 

Figure 6 Monolayer WS2 valley dynamic of A exciton at 110K. 

 
The positive, low-energy tail of A exciton can be ascribed to ground state bleaching and 

stimulated emission of A exciton. The dispersive line shape we observe at higher energy tail 

of A exciton can be ascribed to shifting of exciton resonance due to exciton-exciton 

interactions that is prevalent in tight-confinement systems. It should be commented that 

similar blue shifts of excitonic resonances have been observed in both quantum-well 

structure [91] and other members of monolayer TMDCs [46]. The dip at 2.04eV appearing at 

late delays might be due to spectral overlapping of ground state bleaching and photo induced 

absorption. Further investigation however is needed to clarify origin of this dip. 
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Figure 7 (reproduced from [90]) shows the valley dynamics of B-exciton of monolayer WS2 

at 110K. We notice at zero delay ground state bleaching of B exciton appears in both SCP 

and OCP spectra and the corresponding peak intensities are identical to each other. Such very 

quick rises of ground state bleaching of B exciton in both SCP and OCP spectra indicate that 

both electron spin relaxation within K valley and intervalley relaxation/coupling of electrons 

(see Figure 7 (d)) are very efficient process which complete within time resolution of our 

system (200fs). The short-lived difference in shape between SCP B exciton and OCP B 

exciton (see Figure 7) might be related to 5meV spin-split in conduction band of monolayer 

WS2 [92].  

 

 

Figure 7 Monolayer WS2 valley dynamic of B exciton at 110K. 

 
We notice that this very quick intervalley and spin relaxation of electrons does not 

necessarily mean that the total valley relaxation is short. In Figure 8, we show the raw data of 

SCP-OCP peak intensity evolution of monolayer A exciton at 110 K. From Figure 8, we can 

find that valley contrast represented by SCP-OCP at A exciton does not totally goes to 
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minimal until 100-150ps. This long-lasting valley contrast reveals that hole part of exciton 

intervalley scattering is much slower than electron valley scattering. This is due to the 

unusually large spin-split in valance band that forbids intervalley scattering of holes [33], 

[43], [92]. 

 

 

Figure 8 Dynamics of SCP − OCP in A exciton in monolayer WS2 at 110K. 

 

In summary of valley dynamics of monolayer WS2 at 110K, we find that spin and valley 

relaxation of electrons is very quick and it finishes within 200fs. However, the total valley 

relaxation is not completed until 100ps. Such results suggest that monolayer WS2 has a much 

longer valley polarization lifetime than that in monolayer MoS2. In upcoming section, we 

will try to examine the temperature dependence of valley lifetime in monolayer WS2. 

 

5.3 Summary of temperature dependence of monolayer WS2 valley dynamics 

We will summarize temperature-dependence of valley dynamics in monolayer WS2 in this 

section. As we observe from the valley-contrasting transient absorption of monolayer WS2 at 

110K, the persisting valley polarization manifest in difference of A exciton between SCP and 
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OCP spectra. Accordingly, we use SCP-OCP at A exciton as our signature of valley 

polarization at each temperature, akin to early study of electron-spin relaxation in super 

lattice [93]. To extract the temperature dependence of valley lifetime, we use multiple 

exponential model (see Table 1).  

 

In Table 1, the model we employed is	𝐴 𝑡 = 𝐴1 ∗ 𝑒$U/¶´ + 𝐴2 ∗ 𝑒$U/¶V + 𝐴3 ∗ 𝑒$U/¶½. Here 

𝜏1,	𝜏2,	𝜏3 refer to three different time constants in decay of valley polarization respectively. 

We also list the relative contribution of these three different components. The error refers to 

standard error. 

 

Figure 9 Temperature dependence of the slowest valley time constant of SCP-OCP in A 
exciton of monolayer WS2 at 110K. 

 
A three-exponential model is chosen since we found that both one-exponential model and 

two-exponential model cannot successfully capture the actual evolution of SCP-OCP. The 

SCP-OCP versus delay data as well as valley lifetime and other parameters we extract from 

fitting can be found in Table 1 and Figure 15 and Figure 16 in Appendix D. Among the three 
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valley lifetime constants, we find that only the longest valley lifetime constant has significant 

temperature dependence. 

 

We will discuss possible valley relaxation mechanisms that are consistent with our 

previously mentioned monolayer WS2 valley dynamics. 

 

To begin, we should note that spins and valleys are coupled in monolayer WS2 and that spin-

split in valance band is very large. Hence, spin and valley relaxation of holes are highly 

unlikely. Intravalley scattering is suppressed by large spin-split in valance band whereas 

intervalley scattering requires simultaneous spin-flip and large momentum transfer, which is 

also rare.  

 

Table 1 Triple exponential fitting of SCP-OCP of monolayer WS2. 

Temp. (K) 𝜏1(ps) 𝜏2(ps) 𝜏3(ps) A1 (%) A2 (%) A3 (%) 
74 0.3±0.1  2.6±0.8 88±20  57 27 16 

110 0.2±0.1  3.1±0.6 57±11 54 30 15 
150 0.3±0.1  3.3±1.1 68±23 54 30 15 
210 0.2±0.1 3.1±0.9  43±15 55 31 14 
300 0.1±0.0 1.6±1.4  8±5 83 9 8 

       
 

Indeed, several first-principle calculations predict that single carrier mechanism such as 

Elliot-Yafet and Dyakonov-Perel processes will result in valley polarization time at the order 

of nanosecond or even tens of nanoseconds [44], [82], [94]. Our longest (total) valley 

lifetime at different temperatures is at the order of tens of picoseconds. Hence, we find that 
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the dominant valley relaxation mechanism in monolayer WS2 cannot be any single particle 

relaxation mechanism. 

 

Based on the range of valley lifetime in monolayer WS2 and its temperature dependence, we 

propose that the dominant valley relaxation mechanism would be long-range electron-hole 

exchange mechanism. We note that efficiency of such mechanism scales to probability of 

spatial overlap of optically created electron-hole pair and that it dominates spin relaxation in 

tight-confinement system such as in semiconducting quantum well [95]. Accordingly, the 

electron-hole exchange mechanism will be highly efficient in monolayer WS2, which is ultra-

tight confinement system. Indeed, many ab initio calculations and theoretical estimations 

argue that electron-hole exchange mechanism will results in valley lifetime in monolayer 

TMDCs at the order of tens of picosecond, which are highly consistent with our results on 

monolayer WS2 [82], [94]. 

  

In below, we will further examine how exchange-induced depolarization mechanism 

manifest as temperature dependence of valley polarization observed in monolayer WS2. The 

exchange interaction can be written as ℏ
"
Ω 𝑘 ∙ σ [82], [94]. Here	σ	is Pauli matrix where 

valley index is treated as pseudo spin index and	Ω 𝑘  is the effective exchange field as a 

function of center-of-mass wave vector  𝑘 = 𝑘 (cos 𝜗 𝑥 + sin 𝜗 𝑦). Specifically, the 

function Ω 𝑘  is written as	Ω 𝑘 = 𝛼 𝑘 (cos 2𝜗 𝑥 + sin 2𝜗 𝑦) where coupling constant 𝛼 

scales to radiative decay rate of exciton [82], [94]. We should note that the second harmonic 
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of angle of 𝑘 enables the transition between exciton at K valley and exciton at K’ valley with 

conversation of angular momentum.  

 

Pseudo spin (valley index) thus precesses around effective exchange field	Ω 𝑘  and it also 

subject to momentum scattering due to phonon. Similar with Dyakonov-Perel processes, the 

depolarization of valley index depends on both strength of exchange field	Ω 𝑘  as well as 

momentum scattering/relaxation time 𝜏"	[82], [94], [95]. In strong scattering regime 

(<Ω 𝑘 >	𝜏" <1), valley scattering rate scales to <Ω" 𝑘 >	𝜏" whereas in weak scattering 

regime (<Ω 𝑘 >𝜏"	>1), valley scattering rate scales to 𝜏". Accordingly, we should rely on 

temperature dependence of	Ω 𝑘  and 𝜏". Specifically, <Ω" 𝑘 > is usually approximated as 

being linearly proportional to temperature T given its k2 dependence [94]–[96]. Momentum 

scattering rate 1/𝜏" can be separated into temperature-independent part and temperature-

dependent part. The former is related to scattering from impurity and the latter is related to 

electron-phonon scattering. Typically, the former is model as a constant whereas the latter is 

linearly proportional to temperature T [94], [97]. Hence, in strong-scattering regime, the 

valley scattering rate <Ω" 𝑘 >	𝜏" will scale to 𝐴(1 − 2
2�ÌT

), which will show little, if any, 

temperature dependence. In the weak-scattering regime, the valley scattering rate 1/𝜏" will 

be scale to linear form of temperature, 𝐴(1 + 𝐵𝑇). 

 

We notice that the valley scattering rate of our data from 74K to 210K has a linear 

dependence of temperature rather than weak or little dependence. Therefore, we use linear 
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function of temperature in weak-scattering regime to model our data. We also notice that the 

high temperature data cannot be described with linear model mentioned above. Thus, we 

introduce a carrier scattering through Γ point as our secondary valley relaxation mechanism 

to capture the high temperature data.  

 

We should also comment on limitations of using temperature dependence to understand 

details of valley scattering mechanism in monolayer system. Given that the detailed 

temperature dependence of lots of important parameters such as <Ω" 𝑘 >	or	𝜏" are hard to 

directly be measured experimentally, the temperature dependence sometimes will leave lots 

of ambiguities in determining regime or details of mechanism. For example, the temperature 

dependence of valley polarization in monolayer WSe2 are somewhat similar with our 

observation [96]. However, the authors argued that the dependence is in strong scattering 

regime by enforcing the momentum scattering time	𝜏" being constant from 30K to 125K. 

Such ambiguity will not be resolved until more comprehensive studies on impacts of 

environment and substrate on valley polarization, which is beyond the scope of this thesis. 
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CHAPTER 6 Summary and future work 

6.1 Summary of results 

In this section, we will give a summary of highlights in our study on valley dynamics of 

monolayer MoS2 and WS2.  

 

We are the first to experimentally observe biexciton in monolayer transition metal 

dichalcogenides (TMDCs). In particular, we find that binding energy of biexciton in 

monolayer MoS2 is 70meV from photo-induced absorption in transient absorption, which is 

unusually strong compared to semiconducting quantum wells. This suggests that biexciton 

can be stably formed in monolayer TMDCs and that they might be observed also in time-

integrated measurement such as photoluminescence. Indeed, several groups observed 

biexciton with binding energy around 45meV to 52meV in other monolayer TMDCs in 

photoluminescence measurement [98], [99]. In summary, our observation of biexciton in 

monolayer MoS2 and frequency shifting in exciton in monolayer WS2 highlights the 

dominating importance of many-body interaction in optoelectronic properties in monolayer 

TMDCs. 

 

As mentioned in previous chapters, we find that in sharp contrast to previous expectation of 

nanosecond valley polarization time, the valley polarization times in both monolayer MoS2 

and monolayer WS2 are at the order of tens of picoseconds. Such seemingly contradiction has 

inspired several theory groups to turn their attention from single particle scattering 
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mechanism to electron-hole exchange mechanisms in modeling valley depolarization process 

[82], [94], [100]. 

 

As observed in our results, the electron-hole exchange mechanism enables a fast intervally 

relaxation in monolayer TMDCs. Accordingly, our results have also inspired many 

experimental groups to think creatively and overcome such limitation. Very recently, some 

group has find that while exciton in monolayer TMDCs has a very fast valley relaxation, the 

trion can have a long valley polarization time which is at the order of nanosecond [96]. Some 

other group has also find that, after a quick valley depolarization due to electron-hole 

recombination, the resident carriers can have a nanosecond spin/valley polarization in doped 

monolayer TMDCs [101]. Intriguingly, in both results, both exchanged-induced fast valley 

scattering of exciton as well as long single particle valley polarization time of either trion or 

resident carrier have been observed [96], [101]. In conclusion, by pointing out the 

fundamental limits of using neutral exciton in valleytronic device, we have inspired many 

experimental groups to think outside of the box and look at other possibilities that are not 

subject by electron-hole exchange interactions [96], [101]. 

 

6.2 Future work 

In this section, we will discuss future work that we can do in valleytronics of monolayer 

TMDCs. 
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Very few study on valley dynamics have explored the impacts of environment and substrates 

[6]. We note that extrinsic factors such as defect intensity and substrate might play a 

significant role in exchange induced valley depolarization through carrier-phonon interaction 

as well as subtle differences in quantum confinement. Specifically, different environmental 

factors might result into different strength of exchange field as well as momentum scattering 

time, which might further result into dramatically different valley lifetime. One possible 

important investigation of environmental factors on valley lifetime can be the comparison 

between supported monolayer TMDCs and suspended monolayer TMDCs [101]. Another 

important comparison of valley lifetime can also be made across different processing 

methods. In addition, it will also be very interesting to evaluate how environmental factors 

influence valley lifetime by applying strain in the monolayer TMDCs. 

 

While charged particles have been studied in both steady-state and time-resolved 

photoluminescence ([96], [98], [99], [101]) , the transient absorption measurement of these 

systems are still lacking. We note that photoluminescence methods rely on emission of 

photons. Consequently, dynamics of dark states cannot be measured in photoluminescence. 

Hence, it is essential to perform transient absorption measurement of these charged particles. 

The density of charges can either be statically controlled by doping or dynamically controlled 

by gate voltage in device. 
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Appendix A Sample preparation and characterizations of atomically thin MoS2 films 

This part is reproduced from our Nano letter publication [76].  

 

The synthesis of monolayer and bilayer MoS2 films is done by following a unique chemical 

vapor deposition process that we have recently developed. Briefly, we used MoCl5 (1–25 

mg) and sulfur (∼1 g) as precursor materials and performed the synthesis in a tube furnace 

with flowing Ar gas (50 sccm). Key experimental parameters include high temperature (>800 

°C) and low pressure (2–3 Torr). The precursor materials were separately placed at upstream 

in the tube and subjected to sublimation at elevated temperatures. The vapor of the precursor 

materials reacted to produce gaseous MoS2, which subsequently precipitated onto receiving 

substrates downstream in the tube to yield MoS2 films. The amount of MoCl5 used in 

experiments determines the number of layers in a MoS2 thin film.  

 

 

Figure 10 (a) and (b) AFM height profiles for typical MoS2 bilayer and monolayer films 
grown on sapphire, respectively. The insets show the AFM images from which the height 
profiles are extracted. (c) Raman spectra of the MoS2 monolayer (1 L) and bilayer (2 L) 
films grown on sapphire.  
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Our thorough characterizations with atomic force microscopy (AFM), Raman, and 

photoluminescence, which are shown in Figure A1 and Figure A2, have demonstrated that 

the synthesized film shows remarkable uniformity over an area in the scale of centimeters 

[77]. 

 

 

Figure 11 Photoluminescence spectra obtained from mono and bilayer MoS2 at room 
temperature.  

The transition to direct gap in monolayer leads to enhanced PL intensity. 

 

Figure 12 Absorption spectra of monolayer MoS2 at 74K.  

The A and B excitons are labeled. The arrow refers to pump energy. 
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Appendix B Detailed transient absorption spectra of monolayer MoS2 films 

This part is reproduced from our Nano letter publication [76].

 

Figure 13 Detailed Valley dynamics of monolayer MoS2 at 74K (0-2.0ps).  

Red lines correspond to same circular polarized (SCP) spectra and blue lines correspond to 
opposite circular polarized (OCP) spectra. 
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Figure 14 Detailed valley dynamics of monolayer MoS2 at 74K (2.5-20.0ps).  
 
Red lines correspond to same circular polarized (SCP) spectra and blue lines correspond to 
opposite circular polarized (OCP) spectra. 
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Appendix C Sample growth method of monolayer WS2 films 

This part is reproduced from our Physical Review B publication [90]. 
 

Samples were grown by chemical vapor deposition (CVD) in a tube furnace (Lindberg/Blue 

MTM 1100 ◦C Tube Furnaces from Thermo Scientific, Inc). An Al2O3 crucible with sulfur 

powder was loaded at the upstream (outside of the furnace heating zone) and WO3 source 

material was placed on a Si substrate at the center of the furnace. Several double polished 

sapphire substrates were placed at the downstream (close to the source materials) in the 

quartz tube. The temperature was ramped to 550 ◦C in 30 min, then gradually increased to 

900 ◦C in 80 min and kept for 10 min. The whole process was under an atmosphere of 

forming gas (5% H2, 95% Ar) with a flux rate of 100 sccm. After that, it was cooled down to 

room temperature naturally. 
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Appendix D Detailed valley dynamics of monolayer WS2 films 

This part is reproduced from our Physical Review B publication [90]. 
 

 

Figure 15 SCP-OCP dynamics of monolayer WS2 at various temperatures.  

Red solid lines are triple exponential fits to the data. 

 

Figure 16 Temperature dependence of valley lifetime of monolayer WS2.  

t1, t2, t3 refer to time constants in triple exponential fitting. In particular, t1 (left panel) refers 
to fastest decay, t3 refers to slowest decay and t2 refers to intermediate decay. 
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Appendix E Details of Pixis camera setup 

The spectral rate is reciprocal of the sum of exposure time, shutter close delay and readout 
time. To maximize the spectral rate, we set both the exposure time in the Experiment Setup 
and the shutter close delay in the Hardware Setup to be 0. The spectral rate is then reciprocal 
of the readout time.  
 
Here are the details of parameters that we set up in the Princeton Instrument softwares such 
as Winspec or SITK. 
 
Hardware Setup: 
   Controller/Camera: 
     Shutter Type: Custom, 0 ms 
     Readout Mode: Full Frame 
   Custom Timing:  
     Shift per Row:  15.2 us 
   Custom Chip: 
     Rows Parallel to shift register: 
       Active: 20 (leaving all other values at the defaults). 
     Skip serial register clean: checked 
 
 Experiment Setup: 
   Main: 
     Exposure Time: 0 
     CCD Readout: Use Full Chip 
   ADC: 
     Rate: 2 MHz (FAST mode) 
   Timing: 
     Fast Mode 
     Timing Mode: External Sync. 
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Appendix F Publications authored by Cong Mai related to this work 

In this appendix, we attached the publications lead-authored or co-authored by Cong Mai 
during his PhD study.  
 
The first paper we attach is Mai, C., Barrette, A., Yu, Y., Semenov, Y. G., Kim, K. W., Cao, 
L., & Gundogdu, K. (2013). Many-body effects in valleytronics: Direct measurement of 
valley lifetimes in single-layer MoS2. Nano letters, 14(1), 202-206. 
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The second paper we attach is Mai, C., Semenov, Y.G., Barrette, A., Yu, Y., Jin, Z., Cao, L., 
Kim, K.W. and Gundogdu, K., 2014. Exciton valley relaxation in a single layer of WS 2 
measured by ultrafast spectroscopy. Physical Review B, 90(4), p.041414. 
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The third paper we attach is Gautam, Bhoj R., Andy Barrette, Cong Mai, Liang Yan, 
Qianqian Zhang, Evgeny Danilov, Wei You, Harald Ade, and Kenan Gundogdu. "Direct 
Optical Observation of Stimulated Emission from Hot Charge Transfer Excitons in Bulk 
Heterojunction Polymer Solar Cells." The Journal of Physical Chemistry C 119, no. 34 
(2015): 19697-19702. 
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