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SUMMARY

Monolayer (ML) and bulk Molybdenum Disulfide (MoS;) are very interest-
ing materials for applications in valleytronics, spintronics, transistor, optoelectron-
ics, and memory devices. Hence, it is important to study carrier dynamics in all the
exciton states in ML and bulk MoS, to understand the carrier behaviors at different
excitation conditions such as excitation and probing energy, excitation density, band
structure, etc. Since A-exciton is the lowest excitonic transition energy, it has been
studied rigorously to understand the carrier dynamics at this resonance energy for
its application in future technologies. So, in this thesis work, carrier dynamics at the
A-exciton transition energy is studied at the pump fluences where it is not under-
stood well. For better understanding of the physical processes that happen in the
material, pump fluence studies have been performed. Besides this, since ML MoS,
possesses three excitons in the visible regime named A, B, and C, it is important to
study the carrier behaviors at all these excitonic transition energies. Hence, pump
fluence dependent carrier dynamics measurements at these exciton resonance ener-
gies are studied in the same excitation density range where it is not well studied.
These carrier dynamics measurements are compared with each other and explana-
tion for the different behaviors are given. Further, pump fluence dependent carrier
dynamics of a bulk MoS, sample is studied at the A-exciton transition energy in the
same pump fluence range. The findings from these studies are compared with that
of the ML MoS; sample. All these measurements are performed in the pump fluence
range 1.2 mJcm 2 to 12.2 mJem 2 which corresponding to 6.6 x 10 cm ™2 to 6.7 x

1014 cm—2.

Moreover, since all these experiments are performed using a 35 fs Oscillator-
Amplifier-OPA system operating at 1 kHz, the standard detection schemes that are
used for a high-repetition rate laser will not work. Hence, a highly sensitive detec-
tion scheme is developed using the combination of boxcar and lock-in amplifier and

demonstrated. A theoretical model also developed which gives same result as that



X

of the experimental results. Further, chopper frequency dependent measurements
are carried out to find out the best chopping frequency for the transient measure-

ments while working in a low-repetition rate laser.
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Chapter 1

Introduction

The rapid growth in semiconductor industry as predicted by the Moore’s
Law is projected to approach its limit soon. The traditional microelectronic devices
are now facing many challenges mainly in excessive energy consumption and the
quantum limit. The demand for materials with distinctive physical and chemical
characteristics as well as the technological requirements in semiconductor materi-
als, have opened up new pathways in materials research. There are lots of research
going on right now to create materials for new applications and to improve the effi-
ciency of the existing devices. Materials for such applications must meet a number
of conflicting conditions that are not satisfied by existing materials. Development
of new materials of desired properties may be accomplished by reducing the size
of the material and mixing different types of materials. Such reduction of dimen-
sionality of the materials provide varieties of intriguing characteristics which can
also be controlled by varying the size, shape, and arrangement. These nanostruc-
tured devices would be smaller, consume less power, and have a lower total cost of
manufacture. These desires prompted the development of layered materials such as
graphene, which has a wide range of intriguing characteristics. However, graphene
is a semi-metal [1, 2] with no band gap and this issue had led scientists to look to-

ward transition metal dichalcogenides (TMDCs) as a superior alternative.

TMDCs have risen in popularity as one of the most significant groups of ma-
terials for optoelectronic applications in recent years [3-5]. TMDCs are a group of

1



Chapter 1. Introduction 2

II-VI semiconductors having the chemical formula MX;, where M stands for a metal
atom (Mo, W, and so on) and X stands for a chalcogen atom (S, Se, or Te). These ma-
terials are made up of several layers bonded by a weak Van der Waals force between
the layers [3, 4]. A single layer of TMDC material can be obtained easily from the
bulk TMDC via mechanical exfoliation [6]. A monolayer (ML) can also be grown di-
rectly by the chemical vapor deposition (CVD) technique. Many of the bulk TMDCs
have an indirect bandgap, but in their ML form, they change to a direct gap material
with a plethora of interesting properties for various applications [3]. The shift in
their electronic density of states is the most evident distinction. ML TMDCs have a

semiconducting gap in the range 1-2 eV [3, 7].

Among the various TMDCs, Molybdenum Disulfide (MoS;) has piqued the
interest of the scientific community due to its stability, availability, and usage in a
wide range of applications [8-10]. MoS; has the potential to play a key role in the de-
velopment of future 2D electronics, valleytronics, spintronics, and bio-sensor appli-
cations [11-16]. The bulk MoS; is an indirect bandgap material of 1.29 eV bandgap
energy [3, 4]. The bulk MoS, possesses its valence band maximum at the I" point and
conduction band minimum between K and I points [3, 4]. However, in its ML form,
it acquires properties that aren’t present in its bulk form. The ML MoS; is a direct
bandgap material with 1.82 eV bandgap energy. The minimum of the conduction
band and maximum of the valence band is located at the K point of the Brillouin

zone in a ML MoS, (Fig.1.1(d)) [3, 4].

The two-dimensional (2D) MoS; is made up of one layer of Molybdenum (M)
atoms sandwiched between two layers of Sulfur (S) atoms. These atoms are stacked
in a hexagonal honeycomb lattice with a trigonal prismatic unit cell with D}, point
symmetry group and P6m?2 space group [17]. The unit cell and lattice structure of a
ML MoS, are shown in Fig.1.1(a) and Fig.1.1(b), respectively. Furthermore, because
it is composed of heavy Mo-atoms, the outer electronic structure of the material re-
ceives the greatest contribution from the d-orbital of Mo-atom, which lead to high
spin-orbit coupling [12]. This coupling is strong enough to eliminate the spin de-
generacy both in the conduction band and valence band by establishing a strong

energy difference between the spin-up and spin-down states. The splitting of the
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valence band and conduction band in ML MoS, are around 130 meV and 3 meV, re-
spectively [18, 19]. In addition, parity symmetry is also broken in ML MoS,. Due to
this, K point in the 2D Brillouin zone is not equivalent in all directions. As a result, it
has two inequivalent K valleys in momentum space, namely K and K. Fig.1.1(c) de-
picts the electronic band structure of a ML MoS;. The time-reversal operator can be
used to transform from one valley to another. As a result, valley-dependent optical
selection rules are developed in ML MoS, where K valleys can be addressed individ-
ually using polarized lights. Left circularly polarized light (LCP) is used to address
K’ while right circularly polarized light (RCP) is used for addressing K valley [12].
This new degree of freedom opens up a new field like spintronics for information
technology known as valleytronics where a specific polarized light can be used to
excite carriers at a specific valley with a specific spin. Furthermore, these materials
also show a significant quantum confinement effect and a strong Coulomb interac-
tion due to its two-dimensional structure [20-22]. This leads to strong light-matter
interaction in the visible region and exhibits three significant transitions owing to
A, B, and C-excitons. Furthermore, strong Coulomb interaction and quantum con-
finement result in a high exciton binding energy of the order of 0.5 eV at ambient
temperature [20-22] which resulted in greater absorption of light in the visible re-
gion, up to 20% in a ML itself [23]. The lifetime of radiative transition varies from a
few hundred femtoseconds to many picoseconds. In ML MoS;, a lot of optically pro-
hibited states such as p-exciton with non-zero angular momentum, spin-forbidden
intravalley exciton, exciton with a non-zero center of mass momentum beyond light
cone, and intervalley excitons where electron and hole are positioned at separate
symmetry locations are accessible in addition to the optically allowed bright exci-
tons [24-26]. Apart from that, layered MoS; has a high degree of physical tunability
like bandgap that can be changed by changing number of layers which bodes well

for future optoelectronic applications.

Due to these special properties, it is reported to have many applications of

MoS; in optoelectronic devices. Thus, it is important to understand the behavior of



Chapter 1. Introduction 4

|,f‘1 “\ 2’
P Y
00
-
" .
L L ’,’
K K'
-1/2 1/2
-3/2 3/2
CcB cB

(c)

-1/2
1/2

1/2
-1/2

FIGURE 1.1: (a) Unit cell of ML MoS, showing the prismatic structure where one

Mo-atom is sandwiched between two S-atoms. (b) Top view of a two-dimensional

crystal structure of ML MoS;. (c) Electronic band structure of a ML MoS, near K

and K’ points of the Brillouin zone showing band splitting. (4) Shows the hexagonal
Brillouin zone of ML MoS.

the carriers in MoS; under various excitation conditions. Besides static optical prop-
erties like absorption and emission properties [3, 4], it is also important to under-
stand the dynamics of the carriers in this material. Several groups have examined
the ultrafast carrier dynamics in ML MoS, under various excitation conditions. Ex-
citon relaxation via defect states [27, 28], exciton-exciton annihilation [29-33], Auger
recombination, defect states assisted Auger recombination [34-37], and carrier cool-
ing by phonon emission [38—42] are all examples of relaxation and scattering mech-

anisms observed in MoS,.

The optical response of the material is strongly influenced by many given
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physical processes which in turn strongly depends on the excited carrier density
[27-42]. For a thorough knowledge on the material, it is necessary to measure the
dependence of various time constants on excitation densities and comprehend the
related physical processes. Fluence-dependent studies can also provide information
about the underlining physical processes. In the case of M0S;, such ultrafast carrier
dynamics investigations at high excitation densities are relevant for its usability in
devices that handle high carrier densities [43—46]. At present most of the carrier
dynamics studies performed in ML MoS, are in the regime of low excitation density
in the range (Ny) ~ 1019 cm =2 to ~ 10 cm 2, [47-49]. However, there are relatively
few studies in the regime above Mott density and all are limited to a maximum of
2x10™ ecm~2, [50]. Hence, it is important to know the carrier dynamics at carrier
excitation densities well above the Mott density for the usability and applicability
of ML MoS; as a component in lasers [43], compact OPAs [44], and high power

detectors [45, 46] where high excitation densities are involved.

1.1 Ultrafast Processes During Carrier Dynamics Mea-

surements

When an unperturbed material is excited by an ultrashort laser pulse, carri-
ers are excited from the valance band to the conduction band or exciton states. Al-
though initial carrier distribution can be non-thermal, soon various subsystems like
electrons, holes, and phonons will reach an individual thermal equilibrium at their
own time. In this situation, the carriers among the semiconductor subsystems may
not be in thermal equilibrium with each other. Hence, from the excitation by an opti-
cal pulse, the materials will undergo several phases of relaxation and recombination
overtime before reverting to a condition that is comparable to the initial thermal
equilibrium state. The study of these relaxation phases and their temporal devel-
opment will provide the full picture of carrier dynamics in a given material. These

relaxation and recombination processes may be split into many time-overlapping
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regimes: (i) coherent regime, (ii) non-thermal regime, (iii) hot-carrier regime, and

(iv) isothermal regime.

During ultrafast excitation of the carriers, when a pump pulse arrives, the
charge carriers in the semiconductors are driven by the electromagnetic field and
are forced to oscillate with the same phase. When light interacts with electrons in a
material, it creates new photon-dressed states, or Floquet states, with different en-
ergy levels than before. After excitation, an effective state is reached, resulting in a
clear phase correlation between the produced polarization and the incoming light.
This is called coherent regime. The quasi-particles that arise have a well-defined
amplitude and energy. This is equivalent to a forced harmonic oscillation, in which
the interaction energy between electrons and photons is transferred between each
other on a periodic basis inside the material without any energy loss. When res-
onance light is absorbed, energy is lost by incoherent scattering processes, which
are mediated by scattering channels. This coherent state can last up to hundreds of
femtoseconds, after which various scattering mechanisms can kick in, resulting in a
non-thermal state. These scattering mechanisms are carrier-carrier scattering, inter-
valley scattering, momentum scattering, and carrier-phonon scattering. Due to the
short pulse-width of the laser, just after excitation, carrier distribution does not fol-
low Fermi-Dirac distribution. Such non-thermal state is defined by the lack of a fixed
temperature that may be used to characterize the carrier distribution. Over time var-
ious scattering processes will redistribute the energy among the carriers. Individual
subsystems will attain a thermalized condition after the extra energy is dispersed
among the carriers. The temperature of the individual subsystems, however, may
differ. A hot-carrier regime usually refers to a thermalized condition inside a sub-
system but not a thermalization among various subsystems in the material. When
compared to the initial state of the sample, which was at a considerably lower tem-
perature, there are electrons and holes in higher excited state at the end of the hot-
carrier regime. These excited hot carriers will recombine over time in the isothermal
regime via radiative or non-radiative process. The excitation condition and material
property will determine all of these regimes. Various ultrafast processes are likely

to occur under all of these regimes.
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FIGURE 1.2: Typical time line of various processes that occur in a material upon
photoexcitation. Note that, time line of all the processes depends on excitation den-
sity and material.
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FIGURE 1.3: Photoexcitation density dependent ultrafast processes that happenin a
ML MoS; that are dominant in the specific carrier density regime. Note that, these
processes depend on material, pump fluence, and pump wavelengths.

Time line for all these processes and photoexcitation density dependency are
shown in Fig.1.2 and Fig.1.3, respectively. Note that, all time and density depen-
dency are material, pump fluence, and pump wavelength dependent [27-43, 50-55].
Let us look at some of the ultrafast events that occur after photoexcitation using an

ultrashort laser pulse in details before we look at the carrier dynamics in ML MoS,.
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1.1.1 Thermalization of Photoexcited Carriers

As mentioned before, upon photoexcitation of the carriers from the valence
band to the conduction band and the thermalization of carriers, the temperature of
electrons, holes, and phonons can be different from each other. As a result, they will
undergo various scattering processes and tend to thermalize among themselves and
with the lattice. This is also affected by the band structure and excitation energy.
The phonon spectrum and spin-orbit coupling of electrons also play a big role in the
thermalization of photoexcited carriers, specifically in TMDC materials. For exam-
ple, the split spin degeneracy in the valence band slows down the hole scattering
through acoustic phonon interaction [56]. This leads to slower hole thermalization

than electrons.

1.1.2 Exciton Formation

When an electron and a hole are created in the valence and conduction band
after photoexcitation, they can interact via Coulomb interaction. If conditions are fa-
vorable, such interaction can produce an exciton. Such exciton formation is expected
to be different in low-dimensional materials when compared to that of its bulk coun-
terpart. Since 2D material like ML MoS; is atomically thin, electronic excitation will
be confined within the 2D structure which is similar to a very thin quantum well.
These properties will differentiate the excitons in bulk from that of ML. Due to the
quantum confinement effect, there will be a stronger spatial overlap between elec-
tron and hole orbitals in the Z direction (perpendicular to the layer surface) in a 2D
material. Furthermore, since screening is not available in Z direction, the electric
tield line between electron and hole will penetrate through air (Fig.1.4) [21]. These
effects will increase the Coulomb interaction and hence the exciton binding energy.

Indeed, the exciton binding energy can be as large as 0.5 eV in TMDC materials.
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FIGURE 1.4: Exciton formation in (a) bulk semiconductor and (b) 2D semiconductor.

1.1.3 Carrier Trapping into Defect States

Defect energy states are created as a result of various defects in the material,
such as point defects, vacancy states, stoichiometry defects, Frankel defects, Schot-
tky defects, etc. In the case of ML M0S;, these defect states can be formed during the
growth or exfoliation processes. Most of the defect states are caused by S-vacancies.
In its natural form, ML MoS, can also include additional S-atoms, which also cause
defect states. After photoexcitation, some of the electrons and holes will be trapped
in the defect states present in the material. The rate of carrier recombination in these
defect states is proportional to the energy separation from the band edges. There
are two types of defect states reported in ML MoS;, termed (1) fast-defect states and
(2) slow-defect states [36, 37]. When carriers are thermalized after photoexcitation,
most of the holes which are then followed by electrons are caught in the fast-defect
states within the first few picoseconds. During this time, a small number of holes
are also trapped in the slow-defect states. When all of the holes have been captured
and all of the fast-defect states have been filled by electrons, the remaining electrons
will be trapped by the slow-defect states. Carrier trapping by fast and slow-defect

states after thermalization is schematically shown in Fig.1.5.
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FIGURE 1.5: (a) The thermalization of carriers upon excitation by an ultrashort
pulse, (b) fast trapping of holes and electrons by fast-defect states, and (c) slow cap-
ture of carriers by slow-defect states.

1.1.4 Auger Scattering & Defect-assisted Auger Scattering

Auger scattering is a type of non-radiative recombination wherein an electron
and a hole recombine and transmit their energy to a third carrier, which then gets
excited to a higher energy state. At high excitation carrier densities, this scattering
process has a strong impact on the carrier lifetime, the recombination processes in
a material, and the radiative efficiency. In the case of TMDC materials, the defect
states also play a critical role in the Auger scattering processes giving rise to defect-
assisted Auger recombination. In this process, electron and hole recombination is
aided by defect states [36, 37]. A pictorial representation of defect-assisted Auger
processes is shown in Fig.1.6. Auger and defect-assisted Auger is stronger in a ML

MoS; due to the strong Coulomb interaction [36].
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FIGURE 1.6: (a) An electron or (b) a hole is captured by the defect states. In each,
three different capture processes are shown.

1.1.5 Exciton-Exciton Annihilation (EEA) and Defect-assisted EEA

In some materials where the Coulomb interaction is strong, electrons and
holes couple to produce excitons. These excitons will dominate the relaxation pro-
cess after excitation as long as the excited carrier density is less than the Mott density.
A Auger like scattering is predicted to occur between two excitons rather than three
free particles in this situation. As a result, EEA, a four-body process where one pair
of electron-hole transmits their energy and momentum to the other pair, will hap-
pen [29, 33]. This process is extremely efficient in low-dimensional materials such as
quantum dots [57, 58], graphene nanoribbons [59], polymer chains [60, 61], carbon
nanotubes [62], etc. A schematic of the EEA process in ML MoS; is shown in Fig.1.7.
EEA can occur in two ways: direct Fdster resonance energy transfer (FRET) and mul-
tistep diffusion. For ML MoS,, EEA for the A and B-exciton happens via FRET, and
EEA of C-exciton occurs via diffusion [29]. EEA can also occur with the assistance

of defect states where an exciton is annihilated by Auger recombination [36, 63].
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FIGURE 1.7: Exciton-exciton annihilation in a ML MoS; showing two excitons par-
ticipating in the recombination process. One exciton will recombine and transfer its
energy to another exciton taking the electron and hole to higher excited states.

This mechanism is influenced by the density of excitons and becomes efficient when
exciton density is more than ~ 10'2 em—2 [33]. According to recent research, the
EEA rate in single layer TMDC is higher than its multilayer equivalent [33, 64]. This
EEA process has a strong impact on the performance of optoelectronic devices. It
is responsible for the unwanted efficiency loss in photoluminescence (PL), whereas
energy conversion necessitates the formation of electron-hole pairs upon exciton

annihilation [64, 65]. EEA can also be employed for optical up-conversion in 2D

TMDCs [66].
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1.1.6 Hot-Carrier Cooling

Hot carriers are those with kinetic energy kpT greater than the conduction
band or the valence band energies and it follows a Boltzmann distribution. They are
formed as a result of photoexcited non-equilibrium carriers being thermalized by
carrier-carrier scattering, the EEA process, Auger, and defect-assisted Auger scat-
tering processes. They eventually reach equilibrium with the lattice due to carrier-
phonon scattering and Auger scattering. Hot-carrier cooling is a complex process
involving carrier—carrier, carrier—phonon, and phonon—-phonon interactions, all of
which are influenced by the band structure of the semiconductor. In every mate-
rial, the dynamics of the hot carriers are critical for its applications. In ML MoS,,
this process is crucial as, during the cooling and thermalization of the hot carriers, a
large number of non-equilibrium hot-phonons are generated [38, 39, 51]. These hot-
phonons will create a bottleneck process where hot-phonons are reabsorbed by the
carriers and excited to higher energy states prolonging the carrier cooling process

[54, 67]. In Fig.1.8(c), a schematic representation of hot-carrier cooling is shown.

1.2 Ultrafast Modification of Optical Response of Ma-

terials

Following carrier excitation, the band structure of the material will change
based on the photoexcited carrier density and the distribution of carriers in the ex-
cited state. Such carrier redistribution compared to ground state leads to change in
the optical response of the material through band bleaching, bandgap renormaliza-

tion (BGR), and exciton state modifications.

1.2.1 Band Filling and Band Bleaching

Due to the fermionic nature of the carriers, once an energy level is occupied

by a carrier, no other carrier can occupy that same energy level. As a result, further
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FIGURE 1.8: (a) Band filling effect at the edge of the conduction band and valence
band due to photoexcitation. In this case, the original bandgap (E;) is lower than
the new bandgap (E EF ). (b) The BGR effect at the band edge when excitation density

is high. In this case, E; > EEGR.

excitation of carriers to the same level will be prevented. Under thermalized condi-
tion, the excited electrons will occupy states near the edge of the conduction band
(bottom), while the holes will occupy states near the band edge of the valence band
(top). Now if the material is illuminated with a light of a wavelength that corre-
sponds to the bandgap, the absorption at these wavelengths will be less. The filling
of the band that leads to a decrease in the absorption coefficient is referred to as the
"band-filling effect". As a result, the bandgap of the material is effectively assumed
to have increased as schematically shown in Fig.1.8(a). Similarly reduction of elec-
trons in the valance band due to its excitation to other excited states by a pump pulse
will also reduce absorption at an excitonic state called as band bleaching. The band

filling and band bleaching effect play a strong role in modifying the optical response
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when excited carrier densities are lower than the Mott density [31, 68, 69].

1.2.2 Bandgap Renormalization (BGR)

When electrons are excited from valence band to conduction band, they ther-
malize and occupy the bottom of the conduction band. During this process, their
wave functions will overlap if the excited carrier density is high enough. Further-
more, due to the Coulomb interaction, the same charges will repel each other, and
the same spins avoid each other due to Pauli’s exclusion principle. This lowers the
energy of the conduction band edge by forming tails of the density of states at the
band edge. Due to holes, a similar effect will also occur at the valence band maxima.
These changes will decrease in band gap resulting in the bandgap renormalization
effect (Fig.1.8(b)). Due to the strong many-body Coulomb interaction in MoS, sam-
ples, the BGR effect is large [69].

1.2.3 Exciton Peak Shift and it’s Broadening

Depending on the excited carrier density, band filling, band bleaching or
BGR will occur whilst carriers are excited from valence band to conduction band.
Hence the linewidth of the exciton broadens, and the peak of the exciton shifts due
to Coulomb interaction, Pauli’s exclusion principle, and wave function overlapping
[70-73]. Bera et al. [70] and Katsch et al. [72] showed that BGR can lead to exciton
peak shift and linewidth broadening. The linewidth broadening is found to be dom-
inant in presence of exciton-exciton and exciton-phonon interactions [72, 73], while
peak shift of the exciton will occur when excitation density is higher than Mott den-

sity due to the electron-hole plasma [70].
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1.3 Applications of Monolayer MoS,

As discussed earlier, TMDCs feature an adjustable bandgap, high exciton
binding energy, and strong PL, making them a viable candidate for solar cells, pho-
todetectors, light-emitting diodes, and photo-transistors [3, 4, 20]. For example, the
direct bandgap (~ 1.82 eV), high optical absorption coefficient (~ 5 x 10’ m~! in the
visible range) which is an order greater than that of GaAs and Si [74] (when normal-
ized to corresponding thickness). The ML MoS; shows a strong mobility (~200-400
cm? V-1s71) [75], high current on/off ratio (~107-108) [7], and strong PL emission
efficiency [3, 4]. Thus ML have all been widely investigated for various electronics
and optoelectronic applications. In this section, some of the these applications of ML
MoS; are discussed. These studies that are carried out and reported in this thesis are

useful for all these applications.

¢ Valleytronics: It is a technology that uses the valley degrees of freedom to
store, alter, and transport data. Different quantum manipulation technologies,
such as quantum computation employing valley qubits, can also be achieved
via valleytronics. The most essential motive for valleytronics is its applicabil-
ity in low-energy information storage and processing, such as data transfer
without Ohmic heating owing to charge transfer. Valleytronics can be accom-
plished in materials with multivalley in the first Brillouin zone. Since ML MoS;

has these qualities, it can be employed in this technology [11, 76].

* Spintronics: Internal degrees of freedom, such as carrier spin, are employed
in this technology to store, alter, and transfer data. Less energy is lost in this
technology, resulting in low power usage. Spin-orbit coupling is a fundamen-
tal pre-requisite for spintronics because it allows spin degrees of freedom to
adapt to their orbital surroundings. As a result, spin splitting occurs in the
electronic band structure where inversion asymmetry exists. All of these fea-
tures are possessed by 2D MoS,, making this an excellent choice for spintronics

applications [12].
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¢ Electronics: The difficulties that are faced by the semiconductor industries to
overcome the limit of Moore’s law, can be resolved by employing 2D TMDCs,
which can confine carriers to a physical limit of 1 nm. These materials also
have a high carrier mobility and are very easy to manufacture. As a result,
these materials can be employed to create transistors that can transcend phys-
ical restrictions [9, 77]. Since transistors are the basic building blocks of the
memory devices, ML materials can be used to make high storage in a compact
form. A 2D semiconductor (MoS;) microprocessor has also been proposed re-
cently [13]. This device is built up of 115 transistors, which comprises all of the

fundamental microprocessor building components.

* Supercapacitor: Energy storage technologies based on superconductors play
an important role in traditional energy domains. They are all confronted with
technological challenges that must be overcome fast to meet the growing de-
mand for superior clean energy technology. 2D MoS, may assist in improving
various properties of these energy storage devices due to its thin structure,
wide surface area, and high surface stability, making it a promising material

for building a supercapacitor [15, 16].

¢ Solar Cells: One of the most significant milestones for the future of energy
harvesting is the development of low-cost, printable, high-performance, and
stable solar cells. 2D MoS; is one such material that meets all of the criteria for
a viable alternative to silicon-based solar cells due to its increased photovoltaic
performance and stability in its original form or heterostructure with other 2D

TMDCs [78, 79].

* Biomedical Applications: Due to the adjustable optical and electrical prop-
erties of TMDCs, high surface-to-volume ratio, and outstanding biocompati-
bility [80], these materials can also be employed in biomedical applications.
Extensive research is being conducted to improve these materials for many
biomedical applications. These materials have applications in cancer therapy,

tissue engineering, drug delivery, wound repair, antimicrobial, bioimaging,
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and other fields [80-82]. It is anticipated that these materials will have a strong

basis and will play a key role in next-generation biomedicine.

¢ Sensors: As with biomedical applications, 2D TMDCs are also usable in sen-
sors. (1) Electrochemical sensors: These sensors detect glucose, hydrogen,
DNAs, proteins, and other molecules [7]. (2) Fluorescence Sensor: These sen-
sors can also detect viruses, proteins, metal ions, and DNA. Here, fluorescence
is employed as a probing approach in these sensors [83, 84]. Besides these, ML

MoS; can also be used in various optoelectronic applications [85, 86].

* Optoelectronic application: 2D TMDCs have transformed laser technology
in recent years. Saturable absorbers for ultrafast lasers can be created using
these materials that are efficient and cost-effective. This is because of their
broad absorption spectrum, low fluence saturation, and quick recovery pe-
riod. The first TMDC material utilized as a saturable absorber is MoS,. The
tirst mode-locked laser operated utilizing TMDC was also demonstrated us-

ing MoS; [14].

(1) Mode locker: Wang et al. demonstrated a broadband saturable absorber us-
ing MoS; and achieved Q-switching with a pulse-width of 410 ns [87]. Besides
this, a heterostructure of MoS, showed better Q-switching and mode-locking
when compared to bulk MoS; [43].

(2) Optical parametric amplification: An OPA was also demonstrated using
a single layer MoS, where amplification was achieved by bypassing phase
matching conditions where a ultrabroad amplification bandwidth was achieved
[44].

(3) Photodetector: photodetectors based on MoS; hybrid structures were also
demonstrated [46]. Here, it was shown that the MoS, hybrid could be a better
option for photodetectors and optoelectronic building block with high respon-
sivity, faster response time with better stability under room temperature when

exposed to atmosphere.
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1.4 Organization of the Thesis

In this thesis, ultrafast dynamics of the photoexcited charge carriers
were studied at A and B-exciton as well as at C-exciton states of a ML MoS,.
These studies are carried out in a degenerate pump-probe configuration which
involves pumping and probing the carriers at the individual excitonic states.
All these studies are carried out at carrier densities above Mott density where
charge carrier dynamics have not been well understood. The excitation carrier
density used in these studies is in between ~ 6.6 x 103 cm~2 to ~ 6.7 x 104
cm 2. In Chapter 2, various characterizations of a ML MoS; and bulk MoS,
that is useful for understanding their transient optical response are described.
Chapter 3 focuses on several transient detection techniques used to evaluate
changes in the optical response of the sample as well as various noises that
can affect the signal detection. This chapter also describes a highly sensitive
detection technique that can be employed when transient measurements were
performed using a low-repetition rate laser system. In Chapter 4, carrier dy-
namics studies performed near A-exciton have been presented. In Chapter
5, a comparative study of the carrier dynamics near A, B, and C-excitons is
reported under similar excitation densities. Chapter 6 reports a comparative
study of the transient carrier dynamics of a multilayer and ML MoS, under
similar excitation densities at A-exciton. Finally, in the Chapter 7, summary of

the study, conclusion, and future scopes are presented.



Chapter 2

Experimental Technique and Basic

Characterization of 2D Samples

MoS; is widely available in nature in the form of Molybdenite ore. A sin-
gle layer MoS; can be separated from the bulk MoS, using different methods like
mechanical exfoliation using scotch tape [6], chemical exfoliation by using different
chemicals [88]. This also can be done through chemical vapor deposition (CVD) [89],
sulfurization of Mo and Mo-based oxides [89], thermal decomposition of (NH4),MoSy
[90], vapor-solid growth from MoS; powder [91], etc. Among these preparation
methods, using CVD, a large area single thickness sample can be prepared. Be-
sides these, using CVD method contamination can be avoided which is not possible
during exfoliation and other preparation methods. The monolayer and multilayer
under-study in this thesis were grown by CVD technique [92]. The microscopic op-
tical image of the sample shows several well-separated as well as conjoined flakes
with well-defined grain boundaries. Few multilayer flakes are also observed at some

areas of the substrate which are well separated from other flakes.
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FIGURE 2.1: (a) Absorbance spectrum of ML MoS, sample recorded using a UV-Vis

spectrometer and fitted with four Lorentzian peaks corresponding to transition en-

ergy of A, B, C-excitons, and a higher energy transition peak. Green line represents

the best fit to the absorbance spectrum and the magenta lines represent individual

contributions. (b) The measured microscopic absorption spectrum of the flake used
for transient measurements.

2.1 Optical Characterization

Before performing the transient optical response measurements, it is essen-
tial to study the linear optical properties of the sample. The large area absorption
spectrum is shown in the Fig.2.1(a). The spectrum was measured with a UV-Vis-
NIR spectrometer (Shimadzu UV-3101PC). This spectrum shows three distinct peaks
which correspond to the A, B, and C-excitonic transitions. Among them, the A and
B-excitonic peaks are due to exciton formed between the conduction band and the
dual valance band caused by splitting of the bands near the band edge [3]. C-exciton
peak is due to the transition between the valance band and the conduction band in
the band nesting region [30]. Fig.2.1(a) also shows the best fit to the absorption data

with four Lorentzian peaks. The peak photon energies of these A, B, and C-exciton
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are 1.83 eV, 1.98 eV, and 2.86 eV, respectively. The corresponding spectral widths
are 0.11 eV, 0.18 eV, and 0.68 eV, respectively. Note that the absorption coefficient at
the peak of B-exciton and C-exciton is ~ 1.24 times and ~ 4.28 times than that of at
A-exciton. The average spectrum of the flakes is most likely to give the spectrum
of a ML since most of the substrate is covered with ML except at few places where

multilayered flakes were observed.
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FIGURE 2.2: Schematic of the microscopic absorption spectrometer setup developed
for the measurement on samples smaller than 100 ym. BS: Beam Splitter, C: CCD
camera, L: Lens, M: Mirror, O: Objective, SM: Spectrometer.

To measure the absorption spectrum of a single ML sample, a microscopic
setup was developed using a 50X objective, a white light source, collection optics,
and a fiber spectrometer which is shown in Fig.2.2. In this setup, transmission of
the bare substrate was recorded which act as background transmission. Then, us-
ing a CCD camera, white light is focused on the monolayer flake to measure its
transmission. Subtracting the background from the transmitted light through the
flake and substrate, transmission only through the flake is calculated from which ab-
sorbance is determined using Beer-Lambert law. The measured absorption spectrum
of a single ML flake on which transient measurements were performed is shown in
Fig.2.1(b). The absorption spectrum shows three excitonic peaks, A, B, and C at 1.84
eV, 1.98 eV, and 2.87 eV, respectively.
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2.2 Stability Measurements
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FIGURE 2.3: AFM topography images of few monolayer flakes after being exposed

to 672 nm femtosecond laser beam at different fluences: (a) before exposure, (b)

exposure to 50 mJem 2 and (c) 100 mjem 2. Dotted ellipses show the regime where
structural modifications were observed.
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FIGURE 2.4: Damage threshold measurements of the ML MoS, flake: (2) AFM line
profile of the flake before and after exposure to 50 mJem~2, and (b) Raman scattering
of the same flake before and after exposure to 50 mJecm~2 pump fluence.

Before carrier dynamics measurements, it is also essential to confirm that the
sample is stable even at much higher excitation conditions than that used in the
transient experiments. Changji Pan ef al. investigated the impact of high-density
laser irradiation on the MoS, flakes [53]. They have shown that structural changes
in MoS, occur when exposed to fluences of the order of 150 mJem 2. Exposure to

even higher fluences, like 400 mJcm~? resulted in the development of nanoridges
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and nanocracks in the MoS, flakes [53]. In order to check the stability of the present
sample to 672 nm irradiation, we have exposed the ML MoS; flakes to different
increasing fluences for about 10 min at each fluence. Following each exposure, the
AFM image of the same flake was recorded. Fig.2.3 shows the AFM topographic
images of few of these ML MoS, flakes after being exposed to different fluences.
The topography of the flake remained the same even after exposing the sample to
fluences up to 100 mJcm 2. These structural characterizations as well as Raman
measurements before and after exposure clearly show that the sample is stable for
exposure to even higher fluences than that used in the transient measurements. Only
when exposed to about 100 mJcm 2, the AFM image showed a widening of the gap
near the grain boundaries of the flakes. Still topography of the ML MoS, away from
the edges and grain boundaries remained the same. Thus even at 100 mJcm 2, the
damage is occurring at the edges and grain boundaries of the flake. Hence from
the measurements in ML MoS, flake, it can be safely said that the flakes are intact
at the maximum pump fluence used in the current studies. In the current transient
measurements, the used maximum pump fluence is 12.2 mJcm~2 which is almost ten
times less than the pump fluence at which only the grain boundary of the samples
damages. Moreover, the experiments were also performed at a location well away

from the edges and grain boundaries (Fig.2.5(a) and Fig.2.5(b)).

Further, stability study on the ML MoS, sample is verified using AFM line
profile and Raman scattering measurements. To establish that the flakes were stable
even at much higher fluences, AFM and Raman measurements before exposure and
after exposure to 50 mJcm 2 fluence were performed. Both the thickness as well as
the Raman features are found to remain nearly the same. Hence, the stability of the

ML flake is confirmed.

2.3 Selection of Flakes and AFM Images

To perform measurements on a selected MoS, flake, we use a 50X long work-

ing distance objective, a white light source, and a CCD camera. Using this optical
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FIGURE 2.5: Optical image of (2) ML MoS, flake and (b) multilayer MoS; flake cap-
tured in a microscopic setup developed in the pump-probe setup.

10.0 nm 20.0 nm

FIGURE 2.6: AFM topographic image of (@) ML MoS; flake and (b) multilayer MoS;
flake. These AFM scans are taken at one corner of the flakes.

microscope arrangement in the pump-probe setup, the MoS; flakes were viewed.
Among the various flakes, a specific ML and multilayer flake were selected for the
transient measurements which are shown in Fig.2.5(a) and Fig.2.5(b), respectively.
The dotted circle in both the images shows the area where pump-probe measure-
ments were performed. The AFM topographic image of the ML and multilayer
MoS; flakes across one edge are shown in Fig.2.6(a) and Fig.2.6(b), respectively.

To confirm that the used flake for the measurements is a ML, AFM and Ra-

man measurements were performed. The thickness of the flake was estimated by
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FIGURE 2.7: (a) AFM line profile of the ML flake at one edge for the thickness mea-
surement with the AFM topography of the flake in the inset and (b) Raman spectrum
of the ML MoS; flake used in the transient transmission measurement.
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FIGURE 2.8: AFM line profile of the bulk MoS, flakes used in carrier dynamics
studies for thickness measurement.

performing AFM topography scanning measurements at several locations. A rep-
resentative topography scan of the same is shown in the inset of Fig.2.7(a), which
shows the thickness variation across an edge of the flake. This measurement con-
firms that the sample used for the transient measurements is a ML with thickness

~ 0.8 nm [3, 54]. Raman spectrum of this flake has been recorded and shown in
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Fig.2.7(b) which shows two peaks at 384 cm~! and 404.5 cm ! corresponding to in-
plane mode (E%g) and out-of-plane mode (A1) peaks, respectively. The wavenum-
ber difference between these two peaks is 20.5 cm~!. These Raman data confirm that
the flake used in the transient measurement is a ML MoS; flake [41, 93]. To confirm
the number of layers present in the bulk MoS; sample, the AFM line profile of the
flake is shown in Fig.2.8 which was also measured at one edge of it. From this line
profile, the thickness of the bulk flake is found to be ~ 8.9 nm. When compared to
the thickness of ML MoS,, it is an 11 layers flake.

2.4 Summary

In this chapter, various optical and physical properties of the used flakes have
been presented. From the absorption profile of the ML MoS, flake, three excitonic
peaks has been confirmed. These excitonic peaks are found to remain the same when
measurements were carried out on a single flake as well as over a large area average
spectrum. This indicates that most of the flakes were monolayer in the sample. From
AFM line profile and Raman scattering, the flake on which transient measurements
were carried out was confirmed to be a monolayer. Further, damage threshold mea-
surements are performed using AFM topography scanning and Raman scattering
which confirm that the sample is stable within the fluence range used in the experi-

ment.



Chapter 3

Augmentation of Experimental Setup

Ultrafast optical pump-probe spectroscopy is a powerful tool to explore car-
rier dynamics in materials. The simplest version of this approach involves changing
the carrier distribution in the sample with an intense laser pulse, known as pump,
with a temporal pulse-width much less than the material’s response time that is of
interest. Excitation with such laser pulse modifies the optical response of the mate-
rial [94-97]. On the other hand, a less intense pulsed laser, known as probe, is used
to measure the changes induced by the pump pulse in the sample. By adjusting
the delay between the pump and probe pulses, the carrier dynamics in the sample
is studied. Due to the availability of optical pulses of temporal width as small as
a few tens of attoseconds, any process in the material longer than this pulse-width
can be studied. A key benefit of this technique is that we do not require any fast

photodetector for measuring the ultrafast response.

In this chapter, various pump-probe techniques that are employed during
the measurements are discussed. Furthermore, different types of noises that can
affect the signal are discussed. A lock-in amplifier based phase-sensitive detection

technique is described. In addition®, certain noises that can affect the signal-to-noise

*This work is published by the author of this thesis as "Filtering noise in time and frequency
domain for ultrafast pump—probe performed using low-repetition rate lasers", Durga Prasad Khatua,
Sabina Gurung, Asha Singh, Salahuddin Khan, Tarun Kumar Sharma, and ]. Jayabalan, Review of
Scientific Instruments 91, 103901 (2020) and reproduced with the permission of AIP publishing.
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(S/N) ratio when the same detection technique is used with a low-repetition rate

laser system, is discussed.

3.1 Transient Pump-Probe Setup

Optical Delay
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FIGURE 3.1: Schematic of a typical transient pump-probe setup. BS: Beam splitter,
M: Mirror, P: Polarizer, L: Lens, S: Sample, PD: Photodetector, WP: Wave plate, and
PC: Personal Computer.

The ultrafast optical response investigations are generally made with a beam
from a pulsed laser with a pulse-width smaller than the reaction time of the material
under study. The schematic of a typical transient transmission setup is shown in
Fig.3.1. First, the beam is divided into two parts using a beam splitter (BS). The
beam splitting ratio is chosen such that one of the beams has much higher power
than the other beam. The stronger pump beam is employed to disturb the sample’s
state, while the weaker beam probes the altered states. Typically, a pump to probe
intensity ratio of at least 10:1 is maintained. By utilizing mirrors, both beams are
directed to travel through distinct optical pathways. The total optical path length
traveled by these beams is adjusted such that they reach the sample at the same time.
Using a lens, these beams are then focused on the same spatial point on the sample.
The probe spot diameter should be smaller than the pump diameter at the sample
so that the probed regime is uniformly modified by the pump pulse. One of the
beams is made to travel through a prism or recto-reflector deployed on a translation
stage that serves as an optical delay line before overlapping at the sample place. The

time delay between the pump and probe pulses can be controlled by adjusting the
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stage location. During the transient measurements, the transmitted pump beam is

dumped using a beam block.

To find out zero delay and to confirm spatial overlap between the pump and
probe pulses, autocorrelation technique is used using second harmonic generation
in a BBO crystal. Using this autocorrelation technique, the pulse-width of the laser
and also the instrument response function can be measured. After the interaction
of the probe pulse with sample, it is detected using a photodetector. Depending on
the sample properties, the reflected or transmitted probe beam is used for carrier
dynamics studies. The change in the optical response of the sample measured as a
function of the pump-probe delay gives information on the evolution of the photo-

generated carriers excited in the sample.

Transient transmission measurements can be performed on materials that
transmit a detectable probe beam. The transmitted probe beam is detected using
a photodetector. The schematic shown in Fig.3.1 is a transient transmission or tran-

sient absorption setup.

FIGURE 3.2: Schematic of the detection portion of a typical transient reflectivity
setup.

For materials through which laser beam can’t be transmitted, transient reflec-

tion setup is used for the carrier dynamics measurements. Fig.3.2 shows the section
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of the pump-probe setup which is utilized for the detection of the change in reflectiv-
ity of the sample. To reduce scattered pump beam entering the detector, the pump
and probe beams are modified to have orthogonal polarization using appropriate
waveplates and polarizers. After reflection, a polarizer that passes the probe beam
is also used. This polarizer will improve the S/N ratio in case of degenerate pump-
probe by blocking reflected scattered pump light from the sample. For transient spin
measurements, additional waveplates and polarizers can be introduced in this same
setup for measuring the transient spin dynamics by changing the polarization of the

laser pulse.

3.2 Phase-Sensitive Detection Technique

When a material is irradiated with a light pulse, it will absorb part of the light
leading to excitation of carriers to their higher energy states. Excited carriers will re-
lax to the ground state through various scattering and recombination processes. Due
to the absorption of intense short pulsed light, the absorption coefficient and refrac-
tive index of the material gets modified thus the optical properties of the material
are different in the excited state from that of the ground state. When the probe pulse
falls on the same spot as that of the pump, its reflected or transmitted energy will
change depending on the changes in the optical response of the material. To cor-
rectly understand the carrier dynamics, it is essential to keep the change induced by
the pump to be as minimum as possible [96]. So that, it will not change the property
of the sample permanently or damage the material. Due to this, the typical change
in transmission or reflectivity of the sample is expected to be very small (~ 1073%
to ~ 1077%). Hence, such measurements need a high S/N ratio [98, 99]. During
measurements, different types of noises can contribute to and reduce the S/N ra-
tio. Typical sources of optical noise in such measurements are the fluctuations in
the average power of the laser used in the measurement and any other background
light which is being detected by the photodetector [100, 101]. In addition to these
optical noises, the photodetector or the electronics used for the detection can pickup

electrical noises from various sources [102-104]. Since the AC power supply has
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a frequency of 50 Hz, electronic noise in that frequency will also be generated in
the signal. Further ordinary laboratory light sources would produce light at a fre-
quency of 100 Hz (double of 50 Hz). The 1/ f electrical noise will dominate at low
frequencies. High-frequency switches and RF sources will produce electrical pickup
noise at high-frequencies. Although such noises can cause random fluctuations in
the signal at any given instant of time, a spectral analysis of the noise would show
that most of the noise sources will contribute at different frequencies and their har-
monics. Hence, it is necessary to handle these noise sources while measuring the

transient processes in a material.

One of the commonly used technique for achieving a high S/N ratio in the
pump-probe measurement is the phase-sensitive detection technique which uses a
lock-in amplifier [105, 106]. The first step in this technique is to choose a frequency
where noise is minimum. In most of the laboratories, such low-noise regime can
be found in the kHz range. The main idea of phase-sensitive detection is achieved
by modulating the pump beam at the frequency where noise is the lowest. The
signal is then measured at the modulation frequency, thus separating extraneous
disturbances at various frequencies, resulting in an excellent S/N ratio [106, 107].
Most of the femtosecond oscillators operate at high-repetition rates (for example ~
80 MHz). Mechanical choppers or electro-optic modulators operating at a few kHz
or tens of kHz can be employed in such instances to get a satisfactory S/N ratio
in the measurements. The output per pulse energy of most femtosecond oscillators
is very low, and the pulse-to-pulse spacing is likewise quite short (12.5 ns for a 80
MHz system). A phase-sensitive detection technique can easily give a S/N ratio of

the order of 10° to 107.

A schematic of the setup with phase-sensitive detection scheme is shown in
Fig.3.3. In this technique, the pump beam is time modulated by up to a few kHz
using a mechanical chopper or a few tens of kHz using electro-optic modulators.
The reflected or transmitted probe beam is then detected by a photodetector and
lock-in amplifier combination. The reference signal is sent by the chopper to the
lock-in amplifier for detection at the chopper frequency. The changes in the probe

beam cause by the pump beam will be at the chopper frequency. As mentioned
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FIGURE 3.3: Schematic of a typical transient absorption setup with phase-sensitive

detection scheme. BS: Beam splitter, M: Mirror, P: Polarizer, L: Lens, S: Sample,

PD: Photodetector, WP: Wave plate, C: Chopper, LIA: Lock-in amplifier, and PC:
Personal Computer.

before, the other electrical and optical noises will have different frequencies since at
the beginning of the experiments, the chopper frequency is chosen where noise is
low. Now the lock-in amplifier detects the amplitude and phase of the signal at the
chopper frequency thus isolating the signal from noise. Once again, the signal from
the lock-in amplifier is detected with respect to the delay between the pump and the

probe pulse to measure the transient response of the sample.

3.2.1 Theoretical Background: Phase-Sensitive Detection at High-

Repetition Rate Laser

Let’s consider a standard transient pump-probe measurement performed on
a sample using time-synchronized pump and probe pulses (Fig.3.3). In such mea-
surements, the change in the absorption/reflectivity of the sample is first measured
at a given delay between the pump and probe pulses and this measurement is then
repeated at several other delays to obtain the complete temporal response of the
material [101, 108]. Let us consider a situation in which the laser source used in
the measurement is highly stable and has a sufficiently high pulse repetition rate. If
the response time of the photodetector being used is slow compared to the pulse-

to-pulse separation, then the output voltage of the photodetector will be a constant
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which is proportional to the average power of the laser beam being detected. Let P;,
be the average power of the probe beam falling on the front side of the sample (for
simplicity reflection losses are neglected in this analysis). The output voltage of the

photodetector detecting the transmitted power through the sample can be written

as,

Vo(t) = CTPy 4+ Re | )| VN(wN)e_i“’Nt] , (3.1)

WN

where C is a constant which depends on the sensitivity of the photodetector and
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FIGURE 3.4: (a) Output voltage of a photodetector when only the probe beam is
transmitting through the sample and under no pump condition. (b) Output voltage
of a photodetector when both pump and probe are transmitting through the sam-
ple. (c) Output voltage of a 1 kHz pulsed laser system and triggering of the boxcar
showing the gate voltage where the transient signal will be measured.

filters that are being used, T is the transmission of the sample. The second term
accounts for the systematic and random electrical and optical noises in the mea-
surement expressed in the frequency domain. Vy(wy) is the amplitude of the noise
at frequency wy. If there was no noise, the detected signal should be a constant
as shown in Fig.3.4(a). When the sample is excited by the pump pulse, its opti-

cal response changes. For sufficiently small excitation conditions, the change in the
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absorption coefficient will be proportional to the third-order nonlinear absorption
coefficient [95, 109]. Considering an instantaneously responding sample having a
relaxation time much longer than the pulse-width, the absorption coefficient after

excitation by the pump pulse can be written as,
a(Ep,T) = ao + B(T)Ep, (3.2)

where « is the linear absorption coefficient, Ep is the energy of the pump pulse, B is
related to the third-order nonlinear absorption coefficient with a dimension of a/Ep,
and 7 is the time between the excitation of the pump pulse and arrival of the probe
pulse. It is the temporal evolution of g which finally reveals the carrier dynamics in
the sample. For a sufficiently small induced change in the optical response (g >>

BEp), the transmission of the sample in presence of the pump pulse is given by,

T=e* (3.3)
~ To[1— B(T)Epd], (3:4)

where Tj is the linear transmission of the sample having thickness d and is equal to
exp(—aod). The change in the transmission of the sample (AT = T — Tp) induced by
the pump pulse is given by,

AT(T) = —To,B(T)Epd. (35)

If the pump beam is modulated at a frequency (), the transmission of the sample
will also change at that frequency between Ty(1 — BEpd) (when the pump pulse is
falling on the sample) and Ty (when the pump is blocked). To get a good S/N ratio,
the (), has to be chosen such that the electrical and optical noises in the lab are least
at this frequency. Thus, the output voltage of the photodetector when the pump

beam is modulated is given by,

Vo(i') = CTy [1 — ‘B(T)Epg(t)d] P, + Re

y VN(wN)e_i“’Nt] : (3.6)

WN
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Here, G(t) is the pump beam modulating function. This output voltage is
the same as shown in Fig.3.4(b). Assuming a square wave modulation of the pump
pulse, which is typical for the mechanical chopping of the pump beam, the modu-
lating function G(t) can be expressed as a sum of infinite sinusoidal waves given by
[110],

4 &osin[(2k — 1)t
G(t) = ;k; k1 : (3.7)

In a phase-sensitive detection technique, the output of the photodetector is con-
nected to the input of a lock-in amplifier. Using the chopper frequency as the ref-
erence signal, the lock-in amplifier will measure the amplitude of the voltage at ().
Substituting Eq.3.7 in Eq.3.6, the output of the lock-in amplifier, V7, at the frequency

() can be obtained and is given by,

Vi) = STy (1) EpPad. (3.5)

As mentioned earlier, (), is chosen such that there is negligible noise at that fre-
quency, hence Vx(Q) ~ 0. Using Eq.3.5 and Eq.3.8, the transient transmission at
the delay, 7, can be written as,

AT(t) 7 V(1)

_ T , 3.9
To 4C P, T, (39)

A direct measurement of transmitted probe power through the sample using the
same photodetector under similar conditions by blocking the pump beam would
produce a constant voltage, V) = CTyP;,, at the output of the photodetector. Using

this, Eq.3.9 can now be written as,

AT(t)  mVi(T)
T 1 v (3.10)

Thus, by using the output of the lock-in amplifier (V1) at various delays and V),
the transient transmission through the sample could be measured with a high S/N

ratio.
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3.3 Low-Repetition Rate Laser System: Noises and High

Sensitive Detection Technique

When working with pulsed laser systems with high-repetition rates for ex-
ample 80 MHz, conventional photodetectors with microsecond response time will
give a DC output. An excellent S/N ratio for the transient measurements can then
be obtained by chopping the pump beam at a few kHz, which is well away from
the laser repetition rate and most of the other sources of noise [109, 111]. However,
many samples require greater pump pulse energies to generate adequate probing
change, as well as a long pulse-to-pulse separation to allow enough time for the

sample to relax.

Femtosecond amplifier systems can deliver much higher energies and usu-
ally operate at 1 kHz, corresponding to a pulse-to-pulse separation of 1 ms. When
a pump-probe measurement is performed with such beams, the difference between
the chopper frequency and laser repetition rate is very small. Further, when the
chopper frequency is less than 1 kHz, additional 1/ f noise, as well as other un-
desired electrical and optical noises add up reducing the S/N ratio. When low-
repetition rate lasers are used for pump-probe measurements, the true signal arrives
at the photodetector for a very short duration, while the photodetector generates an
unwanted signal from dark current, stray light, and other electrical noises for the
rest of the time (much longer than the signal duration). The undesired build up of
noise can be reduced by measuring the signal just during the moment of pulse ar-
rival and discarding the remaining of the signal from the detector. In such cases, a
boxcar could be used for the isolation of signal from noise in time domain. Boxcar
is an electrical instrument that can detect the signal from the photodetector at a de-
sired time and create a similar DC voltage at its output for a set period of time. The
boxcar can be triggered with a voltage pulse, and a delay between the trigger and
signal measurement duration can be controlled by modifying the signal detection
duration, the time at which the signal has to be detected from the trigger pulse as

shown in Fig.3.4(c). The signal measured by boxcar can also be averaged.
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Here, a new detection approach that takes the advantages of both the boxcar
and lock-in amplifier equipment strengths is discussed, and it is demonstrated to
be particularly beneficial in pump-probe experiments using a low-repetition rate (1

kHz) laser system.

3.3.1 Experimental Details
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("R PD2
= \fariable Filter
__ """"
/ BS PD1
BBO
Trigger
Boxcar Averager
Channel-1 —

Channel-2

FIGURE 3.5: Schematic of the pump-probe setup along with the high sensitive detec-
tion system which combines the advantages both of boxcar and lock-in amplifier. M:
Mirror, BS: Beam Splitter, BBO:Beta Barium Borate crystal, and PD:Photodetector.

For the demonstration of this detection technique, pump-probe measurement
was carried out on a silver nanoparticle film by exciting at 400 nm and probing at
408 nm. Fig.3.5 shows the schematic diagram of the experimental setup along with
the details of the detection scheme. The schematic of the pump-probe setup remains

the same as that shown in Fig.3.3 except for the detection of reference, but with a
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very different detection scheme which also incorporates a boxcar. The femtosec-
ond oscillator-amplifier system delivers 35 femtosecond, 800 nm pulses at 1 kHz
repetition rate. Using a BBO crystal, a portion of the 800 nm amplifier output was
frequency-doubled to produce the 400 nm pump pulse. An OPA was pumped using
another portion of the amplifier output. The typical standard deviation of the laser
pulse-to-pulse energy fluctuation normalized to the average is nearly 3.4%. The out-
put of the OPA when operated at 408 nm was used as the probe beam. The pump
and probe pulses were spatially overlapped on the sample using a lens. The tem-
poral delay between the pump and probe pulses is controlled by passing the probe
beam through a optical delay line. The transmitted probe power is measured using
a normal photodetector (PD;). The peak change in the voltage pulse generated by
the photodetector is proportional to the pulse energy. Due to the design of the PD;,
this voltage pulse decays nearly exponentially with a time constant of ~ 20 us. Us-
ing the trigger from the laser timing circuit and by suitably choosing the delay and
width of the gate pulse, a boxcar (Stanford Research System SR200 Series) is made
to detect nearly the peak change in the photodetector voltage. All the measurements
were carried out by operating the boxcar without any amplification and under no
averaging condition (which will spoil the signal while being used with a chopper).
The output of the boxcar generates a corresponding constant voltage which is now
proportional to the laser pulse power. This output is then connected to the input of a
lock-in amplifier (Signal Recovery Model 7265). Under no averaging condition, the
boxcar output will be a constant voltage that changes at every 1 ms due to the 1 kHz
repetition rate of the laser. If the laser pulse-to-pulse energy fluctuation is negligible,
the output of the boxcar will be a constant which is now nearly independent of the
repetition rate of the laser. Thus by inserting a boxcar in between the output of the
PD; and lock-in amplifier an experiment performed using a low-repetition rate laser
has been converted to a situation which is similar to the constant output obtained
from a slow photodetector when exposed to a high-repetition rate laser. In addition,
the boxcar can also remove any noise that is time-shifted with respect to the pulse
arrival, the sharp electrical pickup noise which occurs due to the pulse switch out
process in the laser amplifier. Further, the response time of the photodetector itself

would not matter since the boxcar can be made to pick up the signal at a specific
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FIGURE 3.6: Measured transient transmission signal of a Ag thin particulate film.

(a) The output of PD; is detected by boxcar and the output of boxcar is then sensed

with lock-in amplifier at chopper frequency, 405 Hz and (b) similar to (a) except

that the fluctuation in the signal is further reduced by subtracting a reference probe
signal (see the text for details).

time on the output of the photodetector signal.

The pump beam is now chopped mechanically at a certain frequency (€). If
the laser pulse arrives at the chopper when the chopper blade is partially blocking
the beam path, the pulse will get cut spatially creating unwanted changes in the
pump pulse energy and random beam profile changes. To reduce such noise, the
chopper is placed at a location where the diameter of the beam is least. The output
of the boxcar is connected to channel-A of the lock-in amplifier. The pump-induced
change in the transmission of the sample will modulate the boxcar output at the
chopper frequency which can now be detected by the lock-in amplifier as described

in section 3.2.

The observed transient transmission of the Ag thin film sample conducted
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using the current detection configuration is shown in Fig.3.6(a). The chopper fre-
quency was chosen to be 405 Hz. With the arrival of the pump pulse, the trans-
mission through the sample increases. In Ag nanoparticles, the change in the trans-
mission which is caused by the electron-phonon thermalization recovers in the next
few picoseconds [109, 112, 113]. A single exponential fit to the decay part of the sig-
nal gives a decay time of 3.3 &= 0.2 ps. Such transient response is typical for metal

nanoparticles.

In order to study the statistical variation in the signal among various pump-
probe detection parameters, the signal at the peak of the transient transmission (~
0.5 ps) was recorded repeatedly. Then an estimation for the statistical variation (Sp)

in percentage is calculated using,

1Y s ?
Sp =100 x | = ——=1), 3.11
g vE (1) @1
where N is the number of data points, S; represents the individual measured data

and S, is the average defined by,

1 N
Sav = N l; S;. (3.12)

Since the data is normalized to the average, a lower value of Sp implies a good
S/N ratio. The Sp estimated for the signal measured at the peak of AT/T shown in
Fig.3.6(a) is 27 (N = 100).

If the pulse-to-pulse power fluctuation in the laser is negligible, the collected
data can be considered similar to that of a standard transient transmission measure-
ment performed using a high-repetition rate laser. In general, femtosecond ampli-
tier systems have much lower pulse-to-pulse energy stability than oscillators. Thus,
the transient signal measured using this low-repetition rate oscillator-amplifier-OPA
system will have additional noise due to pulse-to-pulse energy fluctuation. In the
following, we show, first theoretically and then experimentally the effect of such

pulse-to-pulse energy variation on the S/N ratio and a method to counter it.
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Let the average pulse energy of the probe pulse at the input of the sample be
E;, with a random pulse-to-pulse energy fluctuation, AE;,. The value of AE;;, would
change at every 1 ms in a 1 kHz repetition rate system. The distribution of AE;,, for
an ensemble of pulses would be a Gaussian, which is typical for the type of laser
used in the present measurement. The voltage output of the boxcar channel which

is detecting the transmitted probe pulse through the sample using PD; is,

VE(t) = CBT |Eyy + AE™ ()| + Re

WN

Y Vﬁ(wN)e—iWNf] , (3.13)

where CB is a constant which depends on the sensitivity of the PD; and gain in the
boxcar. V2 is the amplitude of electrical and optical noise at frequency wy. Once
again, for small change in the transmission of the sample in presence of the pump

pulse (Ep) modulated by a function G(t), the output of the boxcar can be written as,

VS(t) = CPTy [1 — B(7)EpG (t)d] [Ein + AEiH(1)]

Y Vi(wn)e ient

WN

+ Re (3.14)

Here, H(t) is a unit step function which repeats with the arrival of probe the pulse.

Boxcar output voltage

L

voltage

» time

FIGURE 3.7: Output voltage of boxcar when the gated laser pulse is measured.

Since AE;;, varies randomly depending on the energy of each probe pulse, the prod-
uct of AE;, and #H(t) will be composed of several frequencies and can also have
a component at the chopper frequency. The output voltage of a typical boxcar is

shown in Fig.3.7.
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For sufficiently small fluctuations in the probe energy AE;,, << E;;,, the term
containing the product of f and AE;,, in Eq.3.14 can be neglected when compared to
the other terms. Thus the output of the lock-in amplifier which is now detecting the
boxcar output in channel-A can be written as,

4CB
VE(7) = = —EnTop(1)Epd + AE F (£)C Ty, (3.15)

where F(t) is the amplitude of Fourier transform of AE;,(t) at the chopping fre-
quency and it depends on time because of the slow variations in laser pulse energy.
Note that the second term in the Eq.3.15 does not depend on the B(7) of the sample,
however, depends directly on the pulse-to-pulse fluctuation. Thus, due to shot-to-
shot energy fluctuation in the probe, additional noise (given by the second term in
Eq.3.15) will get added to the required signal, the first term. The AT /T presented in

Fig.3.6 will have fluctuations caused by the random probe energy variation.

For removing this noise a small part of the probe beam can be reflected before
it enters the sample and can be detected using another photodetector (PD,). The
output of this reference photodetector can also be processed by another channel of

the boxcar. The output of the boxcar can then be written as,

VB2 (t) = CP2T¢R [Eiy + AEiyH(t)] + Re

WN

Y. Vﬁ,z(wN)e—"WNf] , (3.16)

where CP2 is a constant which depends on the sensitivity of the second reference
photodetector, PD», and gain of the boxcar. R is the reflectance of the beam splitter
used for obtaining the reference beam and Ty is the transmission of the filter used
before PD,. Using a variable filter, Ty was chosen such that CBZRTf = CBTy (one
can also change the gain in the boxcar channel by detecting the output of PD,). This
can be easily done directly by monitoring the boxcar outputs V5 (¢) and V5?(¢) in an
oscilloscope and making them almost equal. This voltage V5?(t) is then subtracted
from the boxcar output of PD; (V5(t)) electronically before feeding into the lock-
in amplifier. Most of the commercial lock-in amplifiers do come with a provision

for such subtraction (channel B) of voltage which could be directly used for this
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subtraction purpose. The output voltage after subtraction (A-B) can be written as,

VG (t) = —CPTop(T)EpG (t)d [Ein + AEuH ()]

Y (V= V)i

WN

+Re (3.17)

The output of the lock-in amplifier which is now detecting the V5 (¢) using the chop-
per frequency as a reference will be,

VE(1) =— ‘%EinTOﬁ(r)Epd. (3.18)

A direct measurement of transmitted probe pulse energy through the sample using
PD; under similar conditions through the boxcar by blocking the pump beam would
produce a constant voltage, V5 = CBTyE;,, at the output of the boxcar. Now using

Eq.3.5 and the measured V5, the transient transmission through the sample can be

estimated by,
AT(t) nVE(1)
- L 7 1
T G19)

It is important to note that in the present technique, usage of an identical balanced
detector is not essential as done in several earlier reports. Normal photodetectors
can be used for measuring the reference and signal to reduce the noise due to probe

energy fluctuations. Only the DC output of the boxcar needs to be made equal

(V5 (8) = VB2 (1),

Fig.3.6(b) shows the measured transient transmission signal of the metal thin
film sample performed by the A-B configuration. A single exponential fit to the
decay part of this signal gives a decay time of 3.5 = 0.1 ps. The Sp of the signal
measured at the peak change in the present case is 10, which is nearly one-third of
that when the signal measured without subtraction of the boxcar output of PD; from

that of PD;.
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TABLE 3.1: The dependence of Sp and peak-to-peak variation in the signal at dif-
ferent chopper frequencies (). around 333 Hz.

Q¢ Sp (%) Peak-to-Peak fluctuation (%)

230 15.5 95.3

280 13.9 56.6

333 2.9 14.5

380 11.5 44 .6

420 11.6 61.2
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FIGURE 3.8: The dependence of the fluctuations in the normalized signal measured

at peak position in A-B configuration on the chopping frequencies around 333 Hz.

The height of the rectangular box represents the Sp and the maximum and mini-
mum signal values in the data set are also shown as bar.

To further reduce the statistical fluctuations in the measurements, chopper
frequency dependent studies were carried out on the same sample. The transient
signal at the delay where the peak occurs is recorded repeatedly in the A-B config-
uration (N is ~ 100) at various chopper frequencies. The statistical variations in the
peak signal as given by Eq.3.11 was estimated at each chopper frequency and are
given in Table.3.1. Further apart from Sp, it is also important to know about the

maximum and the minimum signal obtained of the measured data to understand
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TABLE 3.2: The dependence of Sp and peak-to-peak variation in the signal at differ-
ent chopper frequencies which are factors of 1 kHz.

Q¢ Sp (%) Peak-to-Peak fluctuation (%)

200 12.0 52.8
250 9.8 46.2
333 29 14.5
500 12.0 58.0

the stability in the measured signal. Fig.3.8 shows the variation of Sp on the chop-
ping frequencies as a solid rectangle. Fig.3.8 also shows the measured maximum
and minimum signal values among the data set at each chopper frequency as bars.
Clearly, the Sp is least for the chopper frequency 333 Hz. As the chopper frequency
deviates away from 333 Hz, we find that the Sp and the peak-to-peak variation in

the signal also increase.
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FIGURE 3.9: Output voltage of the boxcar measured at different chopper frequencies
close to 333 Hz. The time in the horizontal axis at each chopper frequency is chosen
such that there are 30 chopping cycles in view.

When the laser pulse repetition rate is very large compared to the chopper
frequency, the number of laser pulses blocked or unblocked in each cycle would
remain nearly the same. On the other hand, when the laser repetition rate and

the chopper frequency are close, an temporal aliasing process can lead to frequent
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FIGURE 3.10: Output voltage of the boxcar measured at chopper frequencies which
are harmonics of 1 kHz. The time in the horizontal axis at each chopper frequency
is chosen such that there are 30 chopping cycles in view.
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changes in the number of pump pulses that are getting passed through the chopper.
To measure the effect of chopper on the pump pulses, we have directly measured
the energy of the pump pulses after passing through the chopper. Fig.3.9 shows the
output of the boxcar measuring the output of the photodetector detecting the mod-
ulated pump pulses passing through the chopper for 30 cycles. Here zero amplitude
means that the chopper had blocked the pulse while the higher amplitudes corre-
spond to the energy of the pulses passing through the chopper. Clearly, the pump
pulses are getting partially blocked by the chopper at frequencies other than 333 Hz.
These phenomena can also be explained as follows. Chopper frequency 333 Hz is
nearly a factor of the laser repetition rate, 1 kHz. Thus in each chopper cycle, two
pulses are passed and one pulse is blocked and the process repeats (the reverse, two
pulses are blocked and one pulse is passed is also possible depending on the starting
time of the chopper). On the other hand, if the chopper frequency is such that it is
not a factor of laser repetition rate then frequently the chopper blade would be in
a partially closed or partially open condition during the pulse arrival. Such partial

cutting of pump pulse would lead to strong changes in the pump energy as well
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as spatial shape distortion of the beam profile at the sample place. Since the tran-
sient signal is proportional to the pump pulse energy (see Eq.3.18), these variations
would cause the signal to fluctuate. Thus, 333 Hz is one of the possible factors of 1
kHz which can have the least fluctuation in the signal as well as the least variation
in peak-to-peak energy. Hence, to avoid such chopping generated modulations in
the pump pulse, it is essential to choose a chopper frequency which is a factor of the

laser repetition rate.
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FIGURE 3.11: The dependence of the fluctuations in the normalized signal mea-

sured at peak position in A-B configuration on the chopping frequencies which are

factors of 1 kHz. The height of the rectangular box represents the Sp and the maxi-
mum and minimum signal values in the data set are also shown as bar.

We have also performed similar measurements at all the chopper frequencies
which are factors of 1 kHz in the A-B configuration. The statistical variation in the
peak signal is given in Table.3.2. Fig.3.11 shows the dependence of Sp and the mea-
sured maximum and minimum signal values on the harmonic chopping frequencies
which are factors of 1 kHz. Fig.3.10 shows the output of the boxcar voltage at chop-
per frequencies which are harmonics of 1 kHz repetition rate of the laser. Once

again, the Sp at the chopper frequency 333 Hz is the least. Although the chopper
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FIGURE 3.12: A typical transient absorption signal measured with 333 Hz chopping.
Inset shows the same curve in log-log scale.

frequencies, 200 Hz, 250 Hz, and 500 Hz are factors of 1 kHz still the noise at these
frequencies are much higher than that of 333 Hz. The pump-probe measurements
performed at very low chopper frequencies like 50 or 100 Hz (factors of 1 kHz) will
result in increasing the shot-to-shot fluctuations leading to an even lower S/N ratio.
The AC power supply frequency which is being used in the experiment is 50 Hz
and the on-off frequency of most of the laboratory light sources driven by this AC
power supply is 100 Hz. Thus, because of any kind of stray light present in the lab,
it is well known that 50 Hz, 100 Hz, and their higher harmonics are all not suitable
for chopping frequencies. When chopped at these frequencies, the lock-in amplifier
will sense these electronic noises or the other light which are being detected by the
photodetectors. Since the chopping frequencies 200 Hz, 250 Hz, and 500 Hz are all
higher harmonics of 50 Hz and 100 Hz, the signal detected at these frequencies will
have higher noise compared to that at 333 Hz. Several earlier reports used 500 Hz
or various other chopping frequencies for the measurement of pump-probe signal
with 1 kHz system [114]. Our result suggests that when 1 kHz laser system is used,
for the best S/N ratio, the pump should be chopped at 333 Hz.
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Further, even in the case where only a lock-in amplifier is used in the mea-
surement, the chopping has to be done at 333 Hz. Although the technique reported
here takes care of the fluctuations in data caused by the probe energy variation, still
the variations in pump energy would cause the signal to vary (Eq.3.18). Fig.3.12
shows the transient absorption signal measured on a silver nanoparticle sample un-
der fully optimized conditions and averaged over 8 measurements at each delay.
In such a long delay range, a second slow decay in the transient signal which is
due to the phonon-phonon interaction can also be clearly identified (see the inset of
Fig.3.12) [109, 112]. Further, we also find that the gain in the boxcar could also be

used to increase the signal without much change in the S/N ratio.

3.4 Pump-Probe Setup Developed for Transient Mea-

surements in 2D MoS,

Optical Delay

—————————— A

FIGURE 3.13: Schematic of the pump-probe setup developed for the transient mea-
surements in the 2D MoS; samples. BS: Beam Splitter, C: CCD camera, L: Lens, M:
Mirror, O: Objective, PD: Photodiode, PM: Parabolic Mirror, and VF: Variable Filter.
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The above discussed pump-probe setup was developed for the measurements
on large samples (more than hundreds of micrometer size) using the Oscillator-
Amplifier-OPA system with a lens as the focusing element. Since we have to work
with a single-layer MoS; flake which has dimensions in between 20 ym to 100 ym,
we have to develop a setup which can measure the transient signal of such small
ML MoS, flakes. Again, there are some physical processes that can happen within
100 fs time scale for which the pulse-width of the pulses have to be reduced at the
sample location. For this purpose, we have developed a pump-probe setup with
mostly reflective optics. Fig.3.13 shows the schematic of the setup developed for the
transient measurements in 2D MoS,. In this setup, two parabolic mirrors are used
to focus the pump and probe beams on the sample. The full width at half maximum
(FWHM) of the pump and probe beams at the sample place were measured to be
nearly 24 ym and 72 um, respectively. The pulse-width at the sample place was
measured using the second-harmonic autocorrelation technique and is ~ 60 fs. Be-
sides this, another setup was developed using a 50X objective, a CCD camera, and a
white light source to view and identify the flakes for performing the transient mea-
surements. This setup was used to identify whether the pump and probe beams are
focused on the correct MoS, flake. This pump-probe setup along with the detection
scheme developed for low-repetition rate laser was used for the measurement of the

transient response of the 2D MoS, samples.

3.5 Summary

In this chapter, various pump-probe setups that can be used in a typical car-
rier dynamics measurement along with the types of noises that can affect the mea-
surements were discussed. A phase-sensitive detection technique which is com-
monly used in the detection of small changes in a sample induced by pump pulse
with a high S/N ratio along with suitable theoretical background is described. Ad-
ditional sources of noise that reduce the S/N ratio during the pump-probe measure-

ment with low-repetition rate laser system are discussed. A high sensitive detection
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technique has been demonstrated which can be used for high S/N ratio with low-
repetition rate laser. In this detection scheme, advantages of both boxcar and lock-in
amplifier are combined for improving the S/N ratio. A theoretical model was devel-
oped to explain the process of signal detection. The pump-probe setup developed

for the transient measurements in the small MoS, samples is also discussed.



Chapter 4

Ultrafast Carrier Dynamics in a
Two-Dimensional MoS, Monolayer

near A-exciton

Understanding the behavior of the carriers in ML MoS, under various exci-
tation conditions is essential for utilizing it in further applications. As discussed in
the chapter 1, ML MoS; possesses three excitonic transition energies corresponding
to A, B, and C-excitons in the visible region. Among these, A-exciton has the lowest
transition energy. As a result, any carriers excited in the ML MoS, will relax to the
A-exciton state and finally recombine with the holes resulting an intense photolumi-
nescence [4, 54]. Thus, studies carried out to understand the formation, dissociation,
and carrier dynamics at A-exciton state are crucial for the optoelectronic applications

of ML MoS,.

While studying the transient response, the relaxation process that happens
during the first few picoseconds of an excited carrier is essential to understand the
subsequent evolution of carrier dynamics and the properties of materials. Several
groups have measured the initial ultrafast response of MoS; at excited charge den-
sity (Ney) in the range of ~ 101Y cm ™2 to ~ 101* cm 2

ranging from ~ 0.3 y]cm_2 to ~ 1.5 mJem—2, [27-33, 3542, 50-55, 63]. Although,

or equivalently pump fluence

53
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there are overlaps among the regimes in which various processes are anticipated
to occur, the relaxation in the initial few picoseconds of time can be categorized
roughly into three regimes. For N,y in the range of 101 cm~2 to ~ 10!! em ™2, the
initial rapid decline of the observed optical response is ascribed to the relaxation of
excitons via defect states [27, 28] and Auger-based recombination assisted by defect
states [34-37]. At excitation densities in the range, ~ 10" em™2 to ~ 101 cm~?,
exciton-exciton annihilation [29-33], defect recombination [54], and carrier cooling
through the emission of phonons [38—42] are found to play a strong role in the relax-

0'3 cm~2 known as the Mott density of

ation. At excitation densities higher than ~ 1
ML MoS; [39, 54], the interaction between carriers becomes weaker due to screen-
ing of Coulomb interaction and repulsive interaction. Hence, the exciton-exciton
annihilation process becomes insignificant [21, 32, 51, 54, 115]. There are relatively
few studies carried out at this high excitation regime [41, 52, 53], but limited to a
maximum of 2 x 10'% em™2, [50]. These studies reveal that the relaxation of the

carrier occurs via carrier-capture by defect states [27, 28, 54], defect-assisted Auger

excitation [36, 37], and by hot-photon emission [38, 39].

The contribution of any given physical process to the optical response de-
pends strongly on the excited carrier density. For a thorough knowledge of the
material, it is necessary to measure the dependence of various time constants on
excitation densities and comprehend the related physical processes. Hence, such ul-
trafast carrier dynamics studies at high excitation densities are relevant in the case

of ML MoS; for its applicability in devices that handle high carrier densities [43—46].

In this chapter, we report the work carried out to understand the ultrafast
carrier dynamics in a single ML MoS, by exciting carriers at A-exciton wavelength
at carrier density in the range of ~ 0.66 x 104 cm=2 to 4 x 10* cm~2. At this
experimental condition, though the carriers are excited to the A-exciton state, still
the fluence and time dependence of transient absorption show that the excitons are
getting dissociated forming hot carriers. It will be shown that an initial fast bandgap

renormalization (BGR) is observed which swiftly changes to bleaching within the
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first few picoseconds’. This BGR effect is ascribed to the free carrier creation by
exciton dissociation. When a significant percentage of the carriers recombine and
the remaining carriers produce excitons, bleaching of this state takes over changing
the sign of the observed transient response. Further, it will also be shown that at later
times these carriers relax to form longer lived A-excitons at high excitation fluences
indicating a bottlenecking processS. The carrier dynamics of ML MoS; are split into
two time frames in this chapter. The first is a short time scale, in which the initial
BGR, the transition from BGR to band bleaching, and the time scale for the entire
process are explained. The second is the long-time scale, in which detailed fitting
of the data to uncover the action of BGR, the build-up of band bleaching, and the

pump fluence dependence of decay constants are discussed.

4.1 Transient Transmission near A-exciton

The transient transmission response (AT /T) of the ML MoS; sample near A-
exciton wavelength was measured at various pump fluences and is shown in Fig.4.1
(note that we have plotted —AT /T in the y-axis). With the arrival of the pump pulse,
the transmission through the sample reduces reaching its maximum change within
the duration of the pump beam. As the delay between the pump and the probe
pulse increases, the magnitude of change in AT/ T (|AT/T|) reduces. With a further
increase in delay, the change in transmission starts recovering. For a fluence of 1.2
mJcm ™2, the transmission through the sample recovers fully (AT /T = 0) within the
first few picoseconds. As the pump fluence increases the magnitude of the initial
negative peak also increases. At higher fluences, although the AT/T recovers to
zero, it changes sign and becomes positive, reaching a maximum near about 3 ps.

At later times, this positive signal also decays nearly exponentially to zero in tens

*This work is published by the author of this thesis as "Ultrafast carrier dynamics in a mono-
layer MoS; at carrier densities well above Mott density”, Durga Prasad Khatua, Asha Singh, Sabina
Gurung, Salahuddin Khan, Manushree Tanwar, Rajesh Kumar, and J. Jayabalan, Journal of Physics
Condensed Matter 34, 155401 (2022).

SThis work is published by the author of this thesis as "Excitation density dependent carrier
dynamics in a monolayer MoS;: exciton dissociation, formation and bottlenecking", Durga Prasad
Khatua, Asha Singh, Sabina Gurung, and J. Jayabalan, Micro and Nanostructures 165, 207205 (2022).
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—ATIT (x1073)

FIGURE 4.1: Fluence dependent transient transmission signal of the selected ML

MoS; flake at A-exciton peak (note the negative sign of the y-axis). Inset shows the

same plot zoomed over the first few picosecond time scale. The corresponding solid
color lines are the best fit to the data using Eq.4.2.

of picoseconds time scale. It is evident from this transient data that when carriers
are excited near A-exciton, they go through a series of processes before returning to
their initial state. Within 1 ps, they respond differently, and physical processes in the
sample are altered between 2 ps and 30 ps. As a result, understanding the transient
properties requires a close investigation of the carrier’s activity in the sample. As
a consequence, we split the entire time scale into two categories. The first one will
address transient properties that occur within the first few picoseconds. Later, the

processes that occur over a long period of time will be discussed.

4.1.1 Transient Transmission of ML MoS, within First 5 ps

In Fig.4.2(a), transient response of the ML MoS; at first few picoseconds time
scale is shown. At lower pump fluences, i.e. < ~ 4 mJem~?2, the |AT/T| nearly re-

covers to zero by about a few picoseconds. With the increase in the pump fluence,
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FIGURE 4.2: Transient transmission signal measured on the ML MoS; flake at its

A-exciton peak at various pump fluences (note the negative sign of the AT/T in

the plot): (a) 2D pseudocolor image of the transient transmission data expressed in

AT/T as a function of both pump fluence and delay time, (b) some representative

plots of transient transmission signals at few fluences. The legend shows the pump

fluences in mJcm 2, and (c) the same transient signal in log scale zoomed at the first
one picosecond delay regime.

the maximum change in |AT/T| also increases. At higher fluences (>4 mJecm2), the
AT /T recovers and becomes zero by about 1.2 ps (Fig.4.2(b)). However, with further
delay, the sign of AT /T changes. This positive AT /T recovers in tens of picoseconds
time scales. Fig.4.2(c) shows the variation of AT /T in the first one picosecond delay
time in log scale. The linear variation of the logarithm of AT /T with delay clearly
indicates that the decay could well be approximated to a single exponential in this
temporal regime. At 1.2 mJcm ™2, the decay time of this fast initial recovery (Tf)
was estimated to be nearly 0.4 ps. To quantitatively understand the dependence of
AT /T on fluence, the variation of the peak change in the magnitude of transmission
((AT/T),x) and 7 were estimated from the time dependence (Fig.4.2(a)). Fig.4.3(a)
shows the dependence of (AT /T), on the pump fluence. We find that the (AT/T)
increases linearly with the pump fluence indicating that contribution from higher-
order nonlinearities or saturation of signal are negligible. Fig.4.3(b) shows the flu-
ence dependence of the 7, which is nearly constant and independent of the pump

fluence in the present fluence range.

When excited by an ultrafast pulse of photon energy higher than the bandgap,
carriers are excited from the filled valence band to the conduction band of MoS,.
As discussed earlier, several groups have studied the initial recovery of the change

in the ultrafast optical response of MoS; and demonstrated the physical processes
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FIGURE 4.3: (a) Variation of the peak change in the magnitude of AT /T with pump

fluence extracted from the 2D plot shown in Fig.4.2(a). The linear fit to the experi-

mental points is also shown as a solid line. (b) Shows the fluence dependence of the
initial fast decay time. The average decay time is shown as a dotted line.

which produce the observed changes [27—42, 50-55]. Various processes like car-
rier decay to defect states [27, 28, 54], defect-assisted Auger recombination [34-37],
excited-state absorption [51], exciton formation [40—42], exciton-exciton annihilation
[29-33], hot-carrier cooling [38, 39], etc. are expected to follow after the excitation
of carriers. These processes will lead to band filling [67], bleaching [116], bandgap
renormalization [67, 69], valence band broadening [55], exciton peak shift and its
broadening [30, 51, 117], etc. These processes modify the optical response of the
material at the probe wavelength. The contribution of each of these processes in a
given measurement for a given material depends on the wavelength of the pump

and probe and also on the pump fluence.

In the present case, we have excited the ML MoS, with a wavelength tuned to
the A-exciton, thus the pump pulse will directly create primarily A-excitons [51, 69].
Further, N, is much above the Mott density, hence exciton-exciton annihilation pro-
cess cannot explain the observed relaxation of the signal [29, 31, 32]. The density of
defects in ML MoS; is expected to be of the order of 1083 em=2 - 10 em~2, [118-

120]. Thus, a portion of the excitons will relax via defect states causing the initial
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decay in the signal [27, 54, 67]. However, at the maximum excited carrier densities

0'4 cm™2), defect states should have been sat-

used in the present experiment (4 x 1
urated. Further, if the carriers excited to the conduction band are further getting
excited by the pump, it should have shown a nonlinear variation in the fluence de-
pendence of (AT/T),. Wang et al. and Brasington et al. observed excitation of
carriers from defect states to deep into the conduction band [36, 121]. However,
at the maximum excited carrier densities used in the present experiment (4 x 10
cm~2), defect states should have been saturated increasing the life time of carri-
ers. This is due to the fact that the number of defects in the sample is expected
to be lower than that of the excited carriers at these fluences. On the other hand,
the linear relation between fluence and (AT/T), in the experiment, as shown in
Fig.4.3(a), clearly shows that there is no saturation or any higher-order nonlinear
process. Hence excited-state absorption or further absorption from defect states can-
not fully explain the observed transient signal. Moreover, since carriers are directly
excited to A-exciton, further relaxation of carriers by intraband carrier decay cannot
also happen in the present case. At high densities, excitons are shown to dissociate
to form free carriers [38, 39, 52, 54]. Following such dissociation, the presence of
a large number of carriers will lead to the BGR process [55, 116]. This process re-
duces the bandgap and will increase the absorption at lower wavelengths [55, 116].
In few-layer MoS;, such dissociation of excitons happens within tens of femtosec-
onds [52]. Further, in presence of the large number of carriers, once again Auger
and defect-assisted Auger process can lift carriers deep into their respective bands,
thus creating hot carriers [51]. It is well known that defect-assisted Auger process is

expected to show a strong Ny dependence [51]. The time dependence of the density

of carriers in the MoS, following excitation by a pump pulse is given by [36, 37],

No
)y = —2 4.1
afn?
h = —— 4
where ang + rig

N(t) is the remaining excited carrier density in the sample at any time f, N is the
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initial injected carrier density, « and p are the Auger recombination rates for the elec-
trons and holes respectively and n, is the defect density in the sample. This relation
is shown to hold good even when the excited carrier density is more than that of the
defects [36, 37]. Using the earlier reported values of « and B and assuming a defect
density of 5 x 1013 cm~2 in ML MoS, [118-120], we find that the defect-assisted
Auger-based recombination should happen in few tens of femtoseconds time scales.
Since the pulse-width of the pump is nearly 60 fs, the exciton dissociation as well as
the subsequent excitation of carriers deeper into the conduction band via the Auger
process should also be happening within the duration of the pump pulse. Thus,
we propose that by the end of the pump pulse, the BGR, some carriers are relaxed,
and some amount of hot carriers are also present in the sample. A schematic of the

proposed process is shown in Fig.4.4(a).

7
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FIGURE 4.4: Schematic of the proposed processes: (a) Exciton dissociation leads to

BGR and creation of hot-carrier by Auger and defect-assisted Auger scattering. (b)

Cooling of hot carriers leading to formation of exciton and relaxation of carries to

defect states which causes the relaxation of the measured AT/T. (c) Filling of A-
excitonic state leading to bleaching.

Over time, the hot carriers present in the ML will relax to the edge of their

respective band extrema by emission of phonons. Although such relaxation time
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FIGURE 4.5: Fluence dependence of the magnitude of the initial negative peak (Blue

dots) with best linear fit to the data represented as a blue solid line. Pump fluence

dependency of the positive peak which occurs near three picoseconds delay (Red

dots) with a quadratic best fit represented as a red solid line in the time dependence
of AT /T with fluence (Fig.4.1) (see text for details).

depends on how deep the carriers are excited into their respective bands, such hot-
carrier cooling time is reported to be in the order of few hundreds of femtoseconds
[52]. Furthermore, the relaxation of carriers to the defect state is also expected to
happen at similar time scales [27, 54]. Due to Auger scattering as well as the re-
laxation of carriers to the defect states, the overall N,, present in the ML would
eventually reduce, and hence, the probability for the formation of exciton will in-
crease gradually. Thus, it is expected that over time, A-excitons will form leading to
the bleaching of this state. Such bleaching will give a positive contribution to AT /T
at the probe wavelength reducing the effect of BGR. Thus, as the delay between the
pump and probe increases, the initial observed negative AT /T will start recover-
ing over time. The relaxation time for hot carriers, formation time for exciton, and
relaxation to defect states are all expected to show fluence independent relaxations
similar to that observed here (Fig.4.3(b)) [36-39]. Fig.4.4(b) shows a schematic of the

processes of the initial relaxation of carriers proposed above.
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4.1.2 Transient Transmission of ML MoS, in Full-Time Scale

To investigate the carrier dynamics further, variation of the negative peak and
positive peak with pump fluence is compared. As discussed before, the variation
of the measured magnitude of the initial negative peak, |AT/T|;eg, is linear with
pump fluence. On the other hand, the pump fluence dependence of the magnitude
of the later positive peak in AT/T, |AT/ T|Pos, which occurs nearly at 3 ps delay,
shows very different behavior. The |AT/T|,s remains nearly negligible at lower
fluences but starts to increase quite rapidly with increasing fluence. The best fit to
the data with a quadratic function, given by y = ax?, with a as a fitting parameter,
is also shown in Fig.4.5. Clearly, |AT/T|pos has a strong quadratic dependence on
fluence. Based on these observations, we find that there are two different processes
which contribute to the overall temporal variations in the observed time dependence
of AT/T. First, an instantaneous process which contributes negatively to AT/T
and it depends linearly on the excitation density. A second delayed process also
contributes positively to the AT/T and it depends quadratically on the excitation
density.

To further understand the time dependence of AT /T, let us look at each time
scale separately, such as the relaxation of the first negative peak, the build up time
of the positive peak, and the relaxation of the positive peak. For this, we fit the

experimental data to an empirical function,

o Ap t _i
7= e (@) e ()
+By {1 —exp <t ; tdﬂ exp (—t ;Ltd), 4.2)

where £ is the Gaussian error function, ¢y is related to the pulse-width of the laser.

Ap and 15 are the amplitude and decay time of the initial negative contribution re-
spectively. By is the amplitude of the delayed (by t;) positive peak, with a rise time
of T, and decay time of 7;. The above equation is derived based on the present ex-
perimental conditions and observations. The temporal shape of our laser pulse is

nearly a Gaussian function. The change in the signal during pump pulse is expected
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FIGURE 4.6: (a) The fluence dependence of the estimated 7; (decay time of the initial

negative signal) and 7, (the rise time of the later positive signal). (b) The fluence

dependence of the decay time of the positive amplitude, 7,. The solid line is the
linear fit to the 1 /7, data.

to depend on the number of carriers present in the excited state. This number at a
given time depends on the time-integrated intensity of the pump pulse, which is an
error function. At the end of the pump pulse, the signal is found to decay nearly
exponentially. Based on these two observations, an error function multiplied with
an exponential decay function is used to model the initial negative change in trans-
mission. On the other hand, the form of the increase and decay of the later positive
change in transmission, suggests an exponentially increasing and decaying function
with different time constants for fitting the positive contribution to the AT /T sig-
nal. This constitutes the second part of Eq.4.2. This function F, given by the Eq.4.2
was used to fit the experimental data for each fluence. The obtained best fit to the

experimental data at each fluence is also shown in Fig.4.1.

Fig.4.6(a) shows the fluence dependence of the estimated 7;. At lower flu-
ences, the decay time of the initial negative peak, 75, remains nearly at 0.45 ps. As
the pump fluence increases, it starts reducing quickly and eventually saturating to
about 0.2 ps at higher fluences. We find that the later positive contribution is always

time-shifted (¢;) by about 1.1 &= 0.1 ps. Fig.4.6(a) also shows the fluence dependence
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of the estimated rise time of the positive peak, 7,. Further, since the positive con-
tribution does not appear at lower fluences, 7, could only be estimated at higher
fluences. Clearly, the 7, remains more or less constant around 1 ps. It is important
to note that only with the appearance of the positive contribution to the AT /T at

higher pump fluences, the 7; starts reducing, indicating that they are related.

Let us first look at the origin of the fast recovery of the observed initial neg-
ative contribution, which has a response time of 7;. At low excitation densities, it
has been shown earlier that the recovery of the initial change in the optical response
can be attributed to the relaxation of carriers to the defect states [27, 28, 54]. The
decay time of such relaxations is reported to be in the order of 0.2 ps to 0.6 ps and
is also expected to be fluence independent [27, 28, 54, 67]. In the present case, the
recovery time observed at low excitation fluences, i.e., below 3 mJcm 2, shows a
nearly constant recovery time of around 0.45 ps. The density of defects in ML MoS;
is expected to be of the order of 1013 em—2, [118-120]. As discussed earlier, at higher
fluence densities, the number of carriers excited in the ML MoS, is expected to be
larger than the number of available defect states. Thus, recovery to the defect states
would not fully explain the observed recovery of optical response at higher fluences.
Further, if the defect states are saturating at higher excitation densities, we should
have observed an increase in the recovery time due to the non-availability of states
for carriers to decay. This is the opposite of that was observed in the experiment
(Fig.4.6). The presence of a large number of excited carriers can lead to Auger-based
recombination either directly to the valence band recombination or through defect-
assisted process [37, 51]. Such Auger-based recombination can lift the carriers deep
into their respective bands [51]. As the number of excited carriers reduces in the con-
duction band due to Auger, the effect of BGR will reduce, leading to the reduction
in the observed AT /T. It is well known that the auger process is more efficient at
higher excitation densities. The reduction in the recovery time, 7, at higher fluences
indicates that Auger-based relaxation is contributing to the reduction of signal. A
schematic for explaining these processes which contribute to the initial negative con-

tribution in AT /T is shown in Fig.4.7(a) and Fig.4.4(a). As mentioned earlier, in the
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FIGURE 4.7: Schematic of the proposed processes: (1) Excitation of A-excitons (A-
ex) by pump, exciton dissociation leads to BGR, and creation of hot-carrier by Auger
scattering (CB-Conduction band and VB-Valance band). (b) Cooling of hot carriers
leading to the formation of exciton and relaxation of carries to the defect states (DS).

range of excitation densities used in the present case, excitons are expected to dis-
sociate within the pulse-width duration and form free-carriers [38, 39, 49]. Thus, by
the end of the pulse, the abundance of carriers in the conduction band would have

led to the BGR reducing the transmission at the probing photon energy.

Let us now discuss the origin of the second positive increase in transient
transmission. As discussed earlier, the recovery of the initial negative peak is caused
by the Auger and defect-assisted Auger processes. These processes excite carriers
deep into the conduction band. As these carriers relax to the band edge, eventu-
ally excitons will start forming again due to lesser carrier density as compared to
the initial excitation conditions [52]. Thus, the number of carriers relax back will di-
rectly depend on the number of carriers excited by Auger process. It has been shown
earlier by various groups that the number of carriers excited by Auger depends non-
linearly on the excitation carrier density which is also proportional to the energy in
the pump pulse [36, 37]. This explains why the observed peak change in the positive
|AT /T|pos increases quadratically with pump-fluence. Such formation of A-exciton

would lead to bleaching of available states for absorption of the probe leading to an
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increase in transmission. The band bleaching will give a positive contribution to the
AT /T canceling the negative effect of BGR. Thus, the action of Auger should also be
coupled with the bleaching of states at later time. This explains why the reduction
of T; is associated with increase of positive AT /T signal (Fig.4.1 and Fig.4.6). Exci-
ton formation time and hot-carrier relaxation time in ML MoS, are reported to be
of the order of few hundreds of femtoseconds to about a picosecond [52]. Since the
build up of carriers which corresponds to the 7, is happening at 1 ps time scale, we

attribute this to the exciton formation time in the present case.

Defect states present in the MoS; provides a fast relaxation pathway for the
A-excitons [31, 67]. Thus, the life time of A-excitons will depend also on the number
of defect states available for them to relax. If the excitation carrier density is much
lower than the defect density, then the relaxation time will remain independent of
excitation fluence [36, 41]. On the other hand, if the excited carrier density is higher
than this density of defect states, these states will get filled up reducing the relax-
ation rate of excitons [54, 67]. This bottlenecking process will lead to an increase
in the life time of A-excitons. Further, if the excitation density is high enough, a
large number of phonons will be emitted by the cooling of hot carriers produced
by Auger [51]. These phonons will be reabsorbed by the carriers in defect states
bringing them back to the A-exciton state (Fig.4.7(b)). This will lead to increase
the life time of carriers in the A-exciton state which is also called as bottleneck ef-
fect [51, 67]. Similar bottlenecking process is also reported in monolayer WS,, WSe;,
MoSe;, MoTe, /WTe; heterostructure [121-123]. The reported maximum defect state
density in a CVD-grown ML MoS; is in the order of ~ 1013 ecm~2, [119, 120]. In the
present case, the excitation carrier densities used are higher than the defect state
density. Therefore, defect states will eventually saturate increasing the life time of
A-excitons [67]. Further, the phonon reabsorption will also contribute to the increase
in the life time of carriers in A-exciton. Thus the relaxation time, 1; will increase as
the excitation fluence increases (Fig.4.6(b)). We find that 1/7; depends linearly on
the fluence which is also shown in Fig.4.6(b). Thus the scattering process involved
depends directly on the number of excited carriers. A schematic of the origin of the

later positive contribution to AT/T is shown in Fig.4.7(b). Such bottleneck effect
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will not occur when probed at a higher photon energies. This is due to the fact that

carriers at higher energy states will eventually decay to A-exciton [54, 117].
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FIGURE 4.8: Degenerate transient transmission signal measured on the same ML
MoS; flake at its A-exciton (A-Ex) and B-exciton (B-Ex) peaks. Only the measure-
ment at A-excitonic wavelength shows bleaching effect.

A transient measurement at a different wavelength well above the A-exciton
like that close to B-exciton can confirm the proposed process. Fig.4.8 shows the nor-
malized transient transmission signal measured on the same MoS, flake but at B-
exciton wavelength. For comparison, the transient transmission signal measured at
A-exciton is also shown along with that of B-excitonic response. The measurement
at B-exciton wavelength also showed a negative AT /T which is what expected when
BGR is in action [55, 116]. Even at double the fluence than that used for A-exciton
measurement, we find that the AT /T measured at B-exciton did not show any posi-
tive signal. This indicates that at these fluences, only BGR dominates and bleaching
effect does not show up as the carriers are relaxing to the lower most exciton, the

A-exciton. Thus, the measurements at B-exciton confirms our proposed model.
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4.2 Summary

In this chapter, the ultrafast optical response of ML MoS; is investigated at

0¥ em2to~4 x

the least studied excitation densities in the range of ~ 0.66 x 1
10'* cm~?2 using carrier dynamics measurements. We have shown that the tempo-
ral response is considerably different from that seen at lower excitation densities.
We have provided a comprehensive analysis of the ultrafast optical response of ML
MoS; at higher excitation densities near the A-exciton transition level. In ultrafast
transient studies, it was discovered that excited carriers create an initial BGR effect,
which quickly switches to bleaching. This BGR effect is caused by the generation of
free carriers by exciton dissociation, which is subsequently followed by Auger and
defect-assisted Auger scattering. During this transition period, the majority of the
charge carriers recombine, while the remaining form excitons, allowing the forma-
tion of A-excitons. The formation of A-excitons leads to bleaching of this state. A
longer relaxation process with increasing decay time suggests a bottlenecking pro-

cess caused by defect state saturation and reabsorption of available phonons. These

studies are crucial for the use of MoS; at high-excitation densities.



Chapter 5

Comparison of Ultrafast Carrier
Dynamics near A, B, and C-excitons in

Two-Dimensional MoS,

As discussed in the chapter 1, due to quantum confinement, low dimension-
ality, and high Coulomb interaction, ML MoS, possesses three well distinguishable
exciton peaks, A, B, and C, in the visible region with a high binding energy of the
order 0.5 eV [20-22]. Due to these excitons, absorption of light in the visible region
is up to 20% in a ML [23]. These excitons greatly influence the relaxation and scat-
tering processes in a ML MoS;. Hence, it is important to study the dynamics of the

carriers at the individual excitonic transition energies for its future applications.

As we discussed earlier, several groups have examined the ultrafast carrier
dynamics in ML MoS; under various excitation conditions. Exciton relaxation via
defect states [27, 28], exciton-exciton annihilation [29-33], Auger recombination and
defect-assisted Auger recombination [34-37], and carrier cooling by phonon emis-
sion [38—42] are all examples of relaxation and scattering mechanisms. The optical
response is strongly influenced by these physical processes which in turn strongly
depends on the excited carrier density. It is vital to assess the influence on vari-

ous time constants of excitation densities and to understand the related physical

69



Chapter 5. Comparison of Ultrafast Carrier Dynamics near A, B, and C-excitons in
Two-Dimensional MoS, 70

processes in order to gain a complete understanding of the material. In the case
of MoS;, such ultrafast carrier dynamics investigations at high excitation densities
are relevant for its usability in devices that manage high carrier densities [43—46].
However, most of the studies are at A/B-exciton transition energies. Only a few
studies have been carried out at the C-exciton transition energy [28, 51, 69]. Futher,
all these studies are performed at low excitation densities. Hence, it is important to
understand the carrier dynamics at the individual exciton peaks at similar excita-
tion densities. Such comparative study will be helpful in the application of MoS; in

lasers, OPAs, LED, sensors, etc. [43—46].

In this chapter, carrier dynamics at A, B, and C-excitons of the same flake
were examined above Mott density by pumping and probing at the correspond-
ing excitonic states”. In this work, the transient measurements are carried out at
excitation densities in the range ~ 6 X 108 cm=2 to ~ 6.7 x 10% cm™2, [48, 49].
It is shown that the excited carriers behave differently at different exciton levels.
Bandgap renormalization (BGR) causes an initial negative change in the transient
transmission signal at A and B-exciton while only band bleaching was observed at
C-exciton. In comparison to the A and B-excitonic cases, the transient signal at C-
exciton was found to recover slowly. Although, the transient behavior at A-exciton
is presented in detail in the earlier chapter, for comparison with other excitons, the

transient response at A-exciton is discussed in brief at appropriate places.

5.1 Transient Transmission of ML MoS; near A, B, and
C-excitons at Equal Photoexcitation Density
The absorption spectrum (Fig.2.1) of the selected ML MoS; flake has its ex-

citonic peaks at photon energies 1.83 eV, 1.98 eV, and 2.86 eV corresponding to A,
B, and C-excitons, respectively. The corresponding spectral widths are 0.11 eV, 0.18

*This work is published by the author of this thesis as "A comparative study of ultrafast carrier
dynamics near A, B, and C-excitons in a monolayer MoS; at high excitation densities", Durga Prasad
Khatua, Asha Singh, Sabina Gurung, Manushree Tanwar, Rajesh Kumar and ]. Jayabalan, Optical
Materials, 126, 112224 (2022).
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eV, and 0.68 eV, respectively. Note that, the absorption coefficient at the peak of B-
exciton and C-exciton is ~ 1.24 times and ~ 4.28 times when compared to that of
at A-exciton, respectively. Hence, at each wavelength, the fluence was chosen such
that the excitation density remains in the similar order depending on the absorption

cross-section at that exciton peak.
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FIGURE 5.1: Transient transmission signal measured on a ML MoS, by exciting at

1.83 eV, 1.98 eV, and 3.09 eV which are within the peaks of (2) A-exciton, (b) B-

exciton, and (c) C-exciton, respectively. Normalized signals of the same transient
transmission signals are shown in the corresponding inset.

Fig.5.1 shows that the transient transmission signal measured on the ML
MoS; by exciting and probing at three photon energies, 1.83 eV, 1.98 eV, and 3.09
eV which are within the peaks of A, B, and C-excitons, respectively. The carrier den-
sity in all the three cases is nearly the same and is ~ 3 x 10'* cm~2. The measure-
ment at 1.83 eV (A-exciton) shows that with the arrival of the pump, transmission
through the sample decreases reaching an initial negative peak in AT /T, within the
pump pulse duration. With a further delay between the pump and probe pulses,
the change in AT /T starts recovering reaching zero near about a picosecond. How-
ever, at later times AT/T becomes positive which eventually recovers at tens of
picoseconds time scale. The measurement at the B-exciton peak shows a slightly

different behavior compared to that performed at the A-exciton peak (Fig.5.1). As



Chapter 5. Comparison of Ultrafast Carrier Dynamics near A, B, and C-excitons in
Two-Dimensional MoS, 72

in the case of A-exciton, transmission through the sample decreases with the arrival
of the pump pulse which also reaches a maximum within the pump pulse dura-
tion. With increasing delay time, this peak also recovers to become zero. However,
the positive AT /T observed in the case of A-exciton measurement is not present in
the B-exciton case. Fig.5.1 also shows the transient transmission signal measured
near the C-exciton case (3.09 eV). When compared to the A and B-exciton cases, the
AT /T measured at C-exciton shows a completely different behavior. It is observed
that with the arrival of the pump pulse, the transmission through the sample starts
increasing (AT /T is positive) reaching a maximum by about ~ 500 fs. Over time,
this change in transmission starts recovering eventually reaching zero at a later time.
Further, the build up time, as well as the recovery time are found to be much longer

when compared to that of the other two cases.

5.2 Fluence Dependent Transient Transmission

Having looked at the behavior of the AT /T at each excitonic state at a given
excitation density, let us now look at the fluence-dependence at each of these three
photon energies. Fig.5.2(a) shows the fluence-dependence at 1.83 eV photon energy
which is at the peak of A-exciton. We find that the magnitude of the peak change
inthe AT/ T (|AT/T|max) increases linearly with the fluence (see Table.5.1) [49]. The
maximum change in the positive AT /T which occur nearly at 3.5 ps also increases
with fluence. However, the rate of increase in the positive peak magnitude, which
occurs nearly at 3.5 ps was found to vary non-linearly with the fluence. The AT/T
normalized to the negative peak magnitude shows that the recovery time for the
initial peak remains nearly the same. To estimate the decay time of the initial fast

decay, we use a single exponential decay function given by,
F=Qexp(—t/T)+ TR, (5.1)

to fit the first 3.5 ps transient transmission data of A-exciton. Here Q is the peak

amplitude, 7 is the decay time and R is a constant. Table.5.1 also shows the best fit
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FIGURE 5.2: Pump fluence dependent transient transmission signal measured on

ML MoS; near (a) A-exciton, (b) B-exciton, and (c) C-exciton. Normalized signals

of the same transient transmission signals are shown in the corresponding insets.
Legends show the pump fluences used for these measurements.

parameters of decay time as a function of fluence. Clearly, the decay time remains
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more or less the same, independent of the fluence. Fluence-dependent transient

transmission measurement of the ML MoS; sample at B-exciton transition energy is

shown in Fig.5.2(b). In B-exciton case, the peak change in the magnitude of AT/T

also increases with the increase in fluence (Table.5.1). Further, the recovery time
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TABLE 5.1: Pump fluence dependent |AT/T|;qy and decay time of the transient
measurements performed at the excitonic peaks.

Excitons Fluence (mJcm 2)  |AT/T|max (xX1073) T £ AT (ps)

4.1 2.00 0.37 £0.04
A 52 3.28 0.36 £ 0.02
6.5 4.00 0.37 = 0.02
51 1.37 1.11 £0.14
B 10.8 1.47 0.95 £ 0.12
12.2 1.59 0.93 £ 0.10
0.9 1.73 5.45 +0.25
C 1.0 1.50 5.55 £ 0.19
1.1 1.28 499 £+ 0.20

of AT/T also remains almost constant with fluence. This can be confirmed from
the normalized AT /T shown in the inset of Fig.5.2(b). Fig.5.2(c) shows the fluence-
dependent AT /T measurement of ML MoS; near C-exciton by pumping and prob-
ing at the same photon energy, 3.09 eV. Unlike the other two cases, we find that the
maximum magnitude achieved by the AT /T reduces with the increase in fluence
in the C-exciton case. In Table.5.1, we also show the variation of |AT/T|.x as a
function of fluence. The normalized transient data shows that the relaxation time
period remains the same, independent of fluence, similar to that of the other two
cases (Fig.5.2(c)). The function given by Eq.5.1 was also used to fit the decay part of
the AT /T data of B and C-exciton cases. Here in both these cases, the constant R is

chosen to be zero. The best fit data for the T are also given in Table.5.1.

5.3 Model and Explanation of the Processes

Let us now look at the physical processes that can explain the observed tran-
sient changes in the transmission. When illuminated by a photon having energy
higher than the bandgap of MoS;, electrons are excited from the valance band to
the conduction band. As mentioned in the introduction, several groups explored
the recovery of the changes that introduce an alteration in the optical property of
a ML MoS; at A and B-excitonic states following excitation by an ultrashort pulse

[27-33, 35-42, 50-55, 63]. While carriers are excited to higher energy levels such as
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FIGURE 5.3: Schematic of the proposed processes that happen at each exciton pho-

ton energy: (a) Processes at A-exciton where exciton dissociation and Auger scatter-

ing dominate. (b) Processes at B-exciton, here also exciton dissociation and Auger

scattering dominate. (c) Processes at C-exciton where upon excitation carriers move

in the opposite direction to achieve minimum energy states. At this excitation en-
ergy level, hot phonon reabsorption dominates.

C-exciton, some processes like bottlenecking effect and Auger heating effect are also
expected to play a role [40, 51]. These processes will lead to a slower carrier cooling

at the C-exciton state [30, 124].

When the pump and probe photon energies are tuned to 1.83 eV, carriers are
directly excited to the lowest A-exciton state. The excitation density, N,y, in the
present case is higher than Mott density, which is about ~ 10'® ecm~2, [39, 49, 54].
At high excitation densities, it has been shown that the excitons can dissociate to
form free carriers due to the large exciton density in the material. The generated
carriers will create a BGR effect which leads to a reduction in the bandgap causing
a decrease in the transmission at this probing wavelength [38, 39, 48, 49]. Further,
the presence of the large number of free carriers will also create hot carriers through
Auger scattering and defect-assisted Auger scattering [36, 37, 51]. As the density of

carriers in the conduction band decreases as a result of Auger scattering, relaxation
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to defect states, and BGR, AT /T recovers. At later time, the A-excitons will once
again form which will eventually lead to the observed bleaching, the positive AT /T
[48]. A schematic of the proposed processes is shown in Fig.5.3(a). When carriers
are excited to the B-exciton, the situation is expected to remain nearly the same. The
pump pulse would form B-excitons and due to the large density, once again carriers
will dissociate leading to the BGR and the negative AT /T [52]. Similar to the case
of A-exciton, the initial negative change in AT /T will eventually recover over time
due to relaxations. However, the carriers would eventually relax to A-excitonic state
rather than staying in the B-excitonic state. Thus, the delayed positive AT /T that is
observed in the case of A-exciton measurement would not be observed in the present

B-exciton case. Fig.5.3(b) shows the proposed processes [48].

As mentioned before, unlike the A-exciton and B-exciton where the excitons
are formed by the holes in the valence bands and electrons in the conduction band,
the C-exciton peak is formed in a different way. This peak is due to the transitions
between valance band and conduction band in between the I' and K points at the
band nesting region [30, 31]. In this region, conduction band is parallel to that of va-
lence band with a finite slope [30, 31]. Hence, after photo-excitation, both electrons
and holes move in opposite directions in the momentum space to achieve a min-
imum energy state by moving towards the nearest valleys in the conduction and
valance bands [30, 31]. Besides this, C-exciton has a higher photon energy when
compared to that of A and B-excitons. In this experiment, the excited carrier density
is higher than the Mott density. Due to the high availability of vacancy energy states
and all the discussed reasons, electrons and holes will form excitons and hence, band
bleaching will take place. However, with increasing carrier density, BGR effect will
strengthen. Therefore, there will be a competition between the band bleaching and
the BGR effect which will eventually lead to decrease in the peak height of the tran-
sient transmission signal. At this excitation energy and density, kinetic energy of the
carriers is high and hence, relaxation and thermalization of the carriers will happen
through the interaction of the carriers with lattice via releasing a large number of
hot phonons (Fig.5.3(c)). This non-thermal and high energetic phonons will be re-

absorbed by the carriers creating a bottlenecking effect which prolongs the carrier
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relaxation time [30, 51].

54 Summary

Studies on TMDC materials at various excitonic states is crucial due to the
increase in its demand in optoelectronic applications. In this chapter, with the tran-
sient transmission measurements tuned to each of the three primary absorption
peaks in the visible regime, we have shown that the ultrafast carrier dynamics in
ML MoS,; at higher carrier density is completely different from the carrier dynamics
studied at lower excitation density. At A and B-exciton states, an initial BGR effect
is observed due to the exciton dissociation. At A-exciton level, a change of sign in
the transient signal is observed due to band bleaching but, not seen at the B-exciton
level even if at higher pump fluence. Ultrafast carrier dynamics at the C-exciton
state is completely different from A and B-exciton case where only band bleaching
is observed. The rising and relaxation times of the signal at the C-exciton level are

also found to be much slower than the other excitons.



Chapter 6

Comparison of Carrier Dynamics in

Monolayer and Bulk MoS,

The usage of bulk and ML MoS, in optoelectronics and sensor devices re-
quires a detailed study of the basic of carrier behaviors in the materials. Measure-
ment of carrier relaxation dynamics will give an insight into the transient optical
and electronic properties of these samples. As discussed in Chapter 1, MoS; has an
indirect bandgap in bulk form whereas it is a direct bandgap material in ML form
[3, 4]. However, the spin and valley properties of the MoS; remain the same in its
ML and bulk form specifically at the K point of the Brillouin zone [3, 4, 52]. Along
with this, the direct bandgap nature at the K point is not much affected in bulk and
ML case [3, 4, 52]. Different groups have studied the carrier dynamics in bulk and
ML MoS, sample earlier to understand the carrier behavior in the materials with
different excitation and probing conditions [27—42, 50-55]. Nearly all these studies
are carried out at low excitation density conditions, which show that the optical and

relaxation times are very different in bulk when compared to that of ML.

In this chapter’, we present the results of the carrier dynamics studied in a

ML and a bulk MoS; flake in a pump fluence range from 1.2 mJcm 2 to 7.5 mJem 2

TThis work is under preparation by the author of this thesis as "Pump fluence dependent carrier
dynamics at the A-exciton of MoS,: Monolayer Vs Bulk", Durga Prasad Khatua, Asha Singh, Sabina
Gurung, and J. Jayabalan.
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by exciting and probing the carriers at A-exciton. AFM measurements were car-
ried out to estimate the number of layers in the selected bulk MoS, flake and was
identified to contain approximately 11 layers (Fig.2.8). We show that both in ML
and bulk cases, a BGR occurs due to exciton dissociation. The initial relaxation time
of the transient signal decreases both in bulk and monolayer case with increasing
pump fluence. The decrease in relaxation time in the ML is due to the Auger and
defect-assisted Auger processes while in the bulk, intervalley scattering also plays
an important role along with the Auger and defect-assisted Auger processes. In-
tervalley scattering will not a play an important role in ML MoS; as this process is
weaker when carriers are excited to the lowest transition energy level (A-exciton).
Furthermore, the peak height of the transient signal gets saturated in bulk at higher
pump fluences where it remains linear in ML MoS;. These studies will be helpful

for the application of MoS; in various optoelectronic device applications [43—46].

6.1 Transient Measurements near A-exciton
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FIGURE 6.1: Pump fluence dependent transient transmission signal recorded by
pumping and probing at 672 nm pulsed laser: (a) Bulk MoS; flake. In the inset, the
|AT/T| is shown in a short time scale with y-axis in natural log scale. () ML MoS;
flake. Inset shows the normalized |AT/T| in short time scale. In both these cases,

the legend shows the pump fluence which is in mJem 2.

The transient measurements on the bulk were also carried out in the degener-

ate pump-probe setup which uses the Oscillator-Amplifier-OPA femtosecond laser
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system operating at 1 kHz repetition rate. The 672 nm laser beam (A-exciton res-
onance energy) was selected at the OPA output for these measurements. The mi-
croscopic arrangement was used to view the bulk flake and overlap the pump and
probe beams on it. Both these pump and probe beams are focused on the samples
by using two parabolic mirrors such that the pump pulse fully illuminate the bulk
flake while the probe beam is well within it (Fig.3.13). The pulse-width of the pump
and probe beams are ~ 60 fs. The detection scheme that was developed for low-

repetition rate laser is used to record the transient signals of the flakes [47, 49].

Pump fluence dependent transient transmission signal (AT/T) of the bulk
MoS; flake is shown in Fig.6.1(a). The transient signal of the sample reduces at
the arrival of the pump pulse and attains a negative peak nearly by the end of the
pump pulse. This change in the transmission then starts recovering as the delay
between the pump and probe beam increases and returns to its original unperturbed
transmission value by about 5 ps. As the pump fluence increases, the magnitude of
the peak change in the transmission also increases. At higher fluence, the recovery
of transmission was found to be faster than that at lower pump fluences. Further,
when pump fluence is < 6.5 mJem 2, the transient signal recovers completely to
zero level by about 5 ps. However, as the fluence is increased beyond 6.5 mJcm 2,
AT /T was found to change its sign from negative to positive after about 4 ps. With
further delay between the pump and probe pulse, this positive change in transient
transmission also reduces back to zero in tens of picoseconds time scales. In the inset
of Fig.6.1(a), we show the same transient signal of the bulk MoS; flake in the first
few picoseconds time scale, while Y-axis is in log scale. The solid lines in the plot

are the best linear fit to the data in the 0.3 ps to 2.5 ps range.

In Fig.6.1(b), the transient transmission signal of a ML MoS; recorded at the
A-exciton state is shown for the same pump fluence range as that of the bulk. As in
the bulk case, AT /T signal of the ML MoS; starts decreasing with the arrival of the
pump pulse showing a negative peak within the laser pulse-width. This peak starts
recovering with increasing time. As the fluence increases, the negative peak height
of the AT /T also increases. Up to pump fluence, < 4.1 mJcm~2, the transient signal

recovers completely within the first 2 ps (much faster than that of the corresponding



Chapter 6. Comparison of Carrier Dynamics in Monolayer and Bulk MoS, 81

bulk case). However, at higher pump fluences, AT /T changes sign from negative
to positive. This positive signal builds up slowly and attains a peak by about 3
ps which is also shorter when compared to that of the bulk case. In the inset of
Fig.6.1(b), modulus of the same AT /T signal of ML MoS; is shown in short time
scale with normalization. From this plot, it can be seen that the relaxation time of
the initial negative transient signal decreases at higher pump fluences. Further, it
should be noted that in case of the bulk MoS,, the later positive change in AT/T

appears at higher pump fluences when compared to that of the ML MoS,.

6.2 Fluence Dependence of Peak AT /T and Time Con-
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FIGURE 6.2: Pump fluence dependent variation of magnitude of the initial negative

peak of AT/ T of bulk MoS; (red dots) and ML MoS, (blue dots). The solid red line

is the best fit to the |AT/T|pes of bulk MoS; with Eq.6.1 and the solid blue line is
the linear fit to the |AT/ T|peax of ML MoS;.

Fig.6.2 shows the variation of the magnitude of the initial negative peak

height of AT/T (|AT/T|peqar) with pump fluence for the bulk MoS;, (red dots) and
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ML MoS; (blue dots). In case of bulk MoS;, initially, the peak height increases
rapidly with pump fluence up to 4 mjcm 2. As pump fluence increases beyond
4 mJem ™2, the transient signal starts showing saturation. Whereas, variation of the
initial peak height of AT/T in ML MoS; with pump fluence is different from the
bulk and it does not show any saturation in the range of pump fluence used in the
measurement. As discussed in the earlier chapters, the peak change in AT /T in the
case of ML MoS, increases linearly with pump fluence. The solid lines represent the
linear fit to the |AT/T|peq data of ML MoS,. In bulk case, the data is fitted with a

saturation function,

. Mx
Y= Nx+ 0O

where y is the peak of the transient signal, x is the pump fluence, and M, N, and O

6.1)

are constants.
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FIGURE 6.3: Pump fluence dependent initial relaxation time of the bulk (red dots)
and ML MoS, (blue dots) flakes.

In Fig.6.3, pump fluence dependent relaxation time of the initial negative
peak of the transient transmission signal of bulk MoS;, (red dots) is shown. These

relaxation times of the initial peak is extracted by fitting the transient data in the
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range of 0.3 ps to 2.5 ps after converting to logarithm scale with the equation,
In (AT/T) = —t/70 + const., (6.2)
which is equivalent to a straight line equation,
y =ax—+c.

Here, 1{ is the decay time period of the initial negative peak and slope a = —1/7_.
This 7 decreases rapidly with increase in pump fluence as shown in inset of Fig.6.1(a).
These data points are fitted with an exponential function ¥ = exp(—kf), where, k

is a constant and f is the pump fluence which is shown as a solid red line.

To further understand the time dependence of AT /T in ML MoS,, we fit the

experimental data to an empirical function,

Poafee (@) e

For comparison of the initial relaxation time of ML MoS, with that of bulk MoS,,
the fast relaxation time, 7", is also plotted (blue dots) along the fast relaxation time
of the bulk MoS,, st, which is shown in Fig.6.3. This shows that initially at lower
pump fluences up to 2.7 mJcm 2, the initial relaxation time remains almost constant
at 0.4 ps. As the pump fluence increases beyond 2.7 mJcm 2, the relaxation time

decreases rapidly showing the same trend as that of bulk MoS; flake.

6.3 Model and Explanation of the Processes

The band structure of a bulk MoS, sample is very different form that of a ML
MoS; (please see Fig.6.4 for a schematic of the band structure). The bandgap of a ML
is 1.83 eV and happens to be at the K valley [3, 4]. If there are two layers of MoS,,
the conduction band in between I' and K valley (Q point) starts reducing, reaching

an energy value which is lower than that of at K point [3]. Such lowering of energy
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makes the two-layer MoS; itself an indirect bandgap material. The photolumines-
cence efficiency of double-layer MoS; thus gets reduced by about a factor of ~ 40
when compared to that of a ML MoS; [3]. With increasing layer number, the con-
duction band energy in between I' and K point reduces even more [3, 37, 125]. After
5 to 6 layers, the changes in bandgap stabilizes resulting in a band structure which is
independent of the number of layers. Thus a flake having more than 6 layers can be
called a bulk [3, 37]. The flake used in the recent study has about 11 layers. Hence,
it is an indirect gap bulk semiconductor flake. It has been shown earlier that in bulk
MoS,, excitonic resonance energy remains nearly the same at the K point as that of
ML MoS, which is 1.83 eV [3, 52]. Further, in case of a bulk sample, the binding
energy of A-exciton is around ~ 45 meV making exciton dissociation in bulk a lot

easier when compared to a ML MoS; flake [52, 126].

(a)
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FIGURE 6.4: Schematic of the proposed processes that follow after excitation of car-
riers at A-exciton transition energy in bulk MoS;: (a) exciton dissociation, Auger
processes, (b) hot-carrier cooling, intervalley scattering.

Now let us look at the physical processes that drive the transient changes in
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optical response of the ML and bulk flakes after excitation by a short-pulse. Different
groups have earlier studied carrier dynamics in bulk and ML MoS; flakes at the A-
exciton transition energy and reported various physical phenomena that dominate
for few hundreds of picoseconds after an ultrafast pulse excitation [27-42, 51-54].
The ultrafast optical response of the bulk and ML MoS, flakes are also expected to
be different from each other due to the difference in the physical processes that are
observed. The observed physical phenomena are highly dependent on the excitation
photon energy, probing photon energy as well as the type of samples, excitation
density, and delay time. Various processes like exciton formation [40—42], exciton
dissociation [38, 39, 48, 49], exciton-exciton annihilation [29-33], carrier-capture to
defect and trap states [27, 28, 54], Auger and defect-assisted Auger scattering [34—
37], hot-phonon reabsorption [51, 67], and intervalley scattering [127, 128] are likely
to happen in both bulk and ML MoS, flakes. These processes will lead to band
bleaching [116], BGR [67, 69], exciton peak shift and broadening [30, 51, 117], etc.
Due to these changes, the optical properties of the material will change which will

lead to a change in the transmission of the probe beam.

In the present study, carriers are excited directly at the A-exciton transition
energy. Thus in both the cases, the carriers will be excited at the K point. However,
the absorption coefficient of a ML MoS; is higher than that of bulk MoS; by 40%,
[129]. Hence, the excited number density will be different in ML sample than that
of bulk MoS, by about 40%. Thus, it is expected that the excited carrier density in
the ML is much higher than that of the bulk. Due to higher excited carrier density,
the ML is expected to show a higher AT/T. This is opposite to that observed in
the experiment. Since the binding energy of excitons in case of bulk is much lower
than that of ML, it is expected that exciton dissociation can occur at a much higher
rate in bulk when compared to that of ML [38, 39, 52]. Such exciton dissociation
will create more free carriers in bulk flake when compared to that of a ML. Thus,
a larger BGR is expected in case of bulk when compared to that of ML MoS; flake
for the same excitation density. The observed higher |AT/T|p..x, when compared
to that of ML, as shown in Fig.6.2 could be attributed to such difference in the dis-

sociation ability of excitons. Similar to the case of ML, over time the free carriers in
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bulk are expected to decay to defect states and also form hot carriers via Auger and
defect-assisted Auger processes [27, 28, 37, 54]. However, in addition to that, a large
number of electrons are expected to decay to Q valley leaving holes at K valley in
tens of femtoseconds time scale [127]. The life time of electrons transported to Q val-
ley is expected to be the order of several picoseconds [127, 128]. Thus, even though
there are relaxations to defect states, a large amount of carriers will get retained in
the conduction band as free carriers in the case of bulk when compared to that of
ML. Further, since carriers are also now at different valleys, the Auger and defect-
assisted Auger processes are also expected to be much less efficient. In addition, in
bulk MoS; due to its higher thickness compared to ML, screening of the dielectric
is stronger and quantum confinement becomes weaker. This leads to decrease in
the strength of Coulomb interaction which in turn leads to weaker Auger scattering
process [70, 130]. Hence, the recovery of the transient change in the transmission
is expected to be much longer in bulk when compared to that of ML. This explains
why the recovery in bulk takes much longer time as observed in the experiment
(Fig.6.3). For example, at 2.5 mJcm 2, the decay time of bulk is ~ 4.8 ps while in the
case of ML, it is 0.4 ps. Similarly, at about 7 mJem~2 pump fluence, decay time of
bulk is about 1 ps while for the case of ML, it is 0.2 ps. Further, intervalley scattering
and relaxation of carriers from there would reduce the possibility of formation of A-
excitons. This is the reason why the bleaching of AT/T in bulk MoS; case is much

weaker and observed only at much larger excitation fluence.

6.4 Summary

The bulk MoS; is an indirect bandgap in nature while ML is a direct bandgap
material, still both show the same exciton energy and similar spin and valley prop-
ertied at the K point of the Brillouin zone. In this chapter, we showed that although,
ultrafast response are similar in case of bulk and ML MoS;, the magnitude of the
observed changes in the optical response, as well as the relaxation times, are found
to be very different from each other. These studies were carried out in the pump

fluence range 1.2 mJem 2 to 7.5 mJem 2 which corresponds to the photoexcitation
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density ~ 6.6 x 10'® cm~2 to ~ 4.1 x 10 cm~2 range. In spite of the fact that
the bulk has a lower excitation density as compared to ML, it still showed a higher
change in |AT/T|pex when compared to that of ML MoS, since the dissociation
of excitons is much easier in bulk due to the lower exciton binding energy. Both
bulk and ML show Auger and defect-assisted Auger recombination and a positive
change in AT /T at later times, the bulk shows a much longer recovery time and a
very low positive change. Both of these changes are attributed to the carriers scat-
tered to other valleys in the conduction band which increases the carrier lifetime by

reducing exciton formation and reducing the Auger scattering process.



Chapter 7

Conclusions and Future Scope

Monolayer and bulk MoS; are very interesting materials for their applica-
tions in valleytronics, spintronics, 2D-electronics, optoelectronics, memory devices,
and in bio-detection. Due to the two-dimensional nature and quantum confinement,
the exciton binding energy in ML MoS; is large which leads to strong light-matter
interaction at those excitonic wavelengths. Thus, it is important to study carrier dy-
namics at the excitonic states in ML and bulk MoS, to understand the behavior of
carriers at different excitation conditions. This thesis provides a detailed measure-
ment and analysis of carrier dynamics in ML MoS; sample at excitation energy of A,
B, and C-excitons when excited above Mott density. The dynamics in a ML is also
compared with the bulk MoS, at excitation density well above Mott density. The
ultrafast optical response of 2D MoS,; is specifically investigated at its least studied
excitation densities in the range of 1.2 mJem =2 to 12.2 mJcm 2 using transient trans-
mission measurements which transferred to excited carrier density in the range ~
6.6 x 10> em™2 to ~ 6.7 x 10 cm™2 which is well above Mott density of a ML
MoS,. These studies will be helpful in application of MoS, in various optoelectronic

devices that handles high excitation densities.

In this thesis, all carrier dynamics measurements were performed using a 35
fs Oscillator-Amplifier-OPA system operating at 1 kHz and centered at 800 nm. The
standard detection schemes that are typically used in high rep-rate lasers (80 MHz)
are expected to give a low signal-to-noise ratio. Hence a high-sensitive detection
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scheme is developed using a boxcar and a lock-in amplifier which demonstrated
to show a better signal-to-noise ratio. A theoretical model has been developed
for explaining the experimental observations. Furthermore, a chopper frequency-
dependent measurement shows that 333 Hz is best suited for the carrier dynamics
measurements while using a 1 kHz rep-rate laser. For performing transient mea-
surements on a single flake, a pump-probe setup is developed such that the probe
beam size at the sample is much smaller than the size of a single flake as well as
the pump beam for homogeneous probing. The detection scheme developed for the
low-repetition rate laser and pump-probe setup are then used to study the transient
properties of the 2D MoS,. Furthermore, to perform the carrier dynamics measure-
ments on a selected ML MoS; flake, it is necessary to view and identify the flakes
before the measurements. For this purpose, a microscope was developed using a
50X objective, a CCD camera, and a white light source in the pump-probe setup.
Using this microscope, the absorption spectrum of the selected ML MoS; flake was
also measured and compared with the averaged absorption spectrum which showed

that mostly MoS, flakes on the sapphire substrate understudy are monolayer flakes.

Before performing the transient measurements, the thickness of the selected
MoS, flake was measured using AFM topography image and is found to be ~ 0.8
nm showing that it is a monolayer. This is also confirmed by Raman scattering
measurements. The thickness of the selected multilayer MoS, flake is measured to
be ~ 8.9 nm indicating that there are approximately 11 layers in the sample. From
the damaged threshold measurements, it is found that the ML MoS; flake is stable

up to a fluence of 50 mJem 2.

In this work, all these measurements were performed at excitation densities
above the Mott density of the ML MoS,, where carrier dynamics is not well under-
stood as this is very important for its applicability in devices that handles higher
carrier density. Among the three excitonic states, being the lower most energy level,
the A-exciton is known to show the strongest photoluminescence. Hence, it has been
studied rigorously to understand the carrier dynamics at this resonance energy for
its application in future devices. It has been shown that at A-exciton, carrier dy-

namics of the ML MoS; show an initial bandgap renormalization. This is due to the
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lowering of the bandgap energy when excitons are dissociated to form free carri-
ers. During this process, direct recombination, trapping, and defect-assisted Auger
are also observed. Due to defect-assisted Auger, some carriers are also excited to
higher energy states. Eventually, these hot carriers relax to the band edge to form
excitons at later pump-probe delay, leading to band bleaching. At this point, the re-
laxation time of the carriers increases with the pump fluence due to the hot-phonon

reabsorption creating a bottlenecking effect.

The carrier dynamics at B-exciton shows that an initial bandgap renormal-
ization occurs similar to that of A-exciton which is due to the exciton dissociation.
However, the later band bleaching that is observed at A-exciton does not appear in
the case of B-exciton. This is due to the fact that at these transient temperatures,
carriers do not live longer in the B-excitonic state and they relax to lower energy
levels i.e., the A-excitonic state. Carrier dynamics measurements at C-exciton show
a completely different behavior when compared to that of A and B-excitons. In this
case, an initial band bleaching appears which is due to the fact that the valance and
conduction bands are parallel to each other and the density of states is higher at this
transition energy. Besides this, carrier dynamics measurements at C-exciton shows
a prolonged relaxation time when compared to that of A and B-exciton case due to
the bottlenecking effect. Furthermore, the peak height of the transient signal at C-
exciton decreases with pump fluence whereas it increases at A and B-exciton cases.
This is explained by the fact that with increasing pump fluence, there is a competi-

tion between band bleaching and bandgap renormalization effects.

The carrier dynamics of the ML and bulk MoS; sample are also measured at
A-exciton transition energy and compared at the excitation densities above the Mott
density. It has been shown that as in the case of ML, carrier dynamics in the bulk
MoS, also shows an initial bandgap renormalization. The peak height of the bulk
sample saturates at higher fluences while it remains linear in the case of ML MoS,.
It has also been observed that the initial relaxation time of the transient signal in
ML MoS, and bulk MoS, flakes decreases sharply with increase in pump fluence.
However, the relaxation time of the transient signal in bulk is slower as compared to

that of a ML flake at the same pump fluence. The main difference in their behavior
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could be attributed to the fact that the bulk MoS; is an indirect bandgap material
whereas ML MoS, has a direct bandgap. Further, intervalley scattering is expected

to play a dominant role in the case of bulk when compared to that of ML.

To conclude, this thesis provides a detailed understanding of transient opti-
cal properties of 2D MoS; at carrier densities well above Mott density at the three
excitonic resonance energies for its use in optoelectronic devices that work at higher
carrier densities. Although A, B, and C excitons were well investigated using probe-
wavelength-dependent pump-probe spectroscopy, a full broadband probing would
shine more light into the carrier dynamics process. Along with this, a transient sig-
nal detection scheme which can provide a high signal-to-noise ratio while working
with a low-repetition rate laser system is also reported. All these results obtained
through carrier dynamics measurements in ML and bulk MoS; samples will be use-

ful for the future use of these samples in OPAs, lasers, LEDs, sensors, and detectors.



Appendix A

Calculation of Carrier Density

Generated in the Sample

Consider a laser with repetition rate R. Let the average power of the laser

beam at the sample place to be P, then the energy of a single pulse is,
E = P/R. (A1)

For a Gaussian spatial profile beam, fluence of the beam at the sample place is,

_ 4EIn(2)

F 5 ,
TTrEWHM

(A.2)

where rrypy is the full width at half maximum of the pump beam. Let the trans-
mittance and reflectance of the sample be a2 and b, respectively, at laser wavelength

A. Then the effective pump fluence that absorbed by the sample is given by,
Fus =1 —a—b) x F. (A.3)

Assuming all the absorbed photon generates a single electron-hole pair, the excited

number density of electrons or holes per unit area is given by,

N = Fups/Ep. (A4)
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Here E, is the energy of a single photon of the pump. The average laser power,
P, was measured using powermeter at the sample place, ¥y measured using a
CCD camera at the sample place, 2 and b measured using the spectrometer. We have
estimated the excited number density of each carriers to be 6.6 x 103 cm~?2 for an

average power of 1.2 mJem 2.



Appendix B

Calculation of Auger recombination

rate

When photoexcited carrier density is much larger than defect density, the
rate equation of Auger recombination process for MoS, monolayer sample can be
written as [36, 37],

dn ~ dp ~ _—ocﬁné np. (B.1)
Here, « and B are Auger scattering rates of electrons and holes, n; is the defect
density, and n and p are photoexcited electron and hole densities. Considering same

number of electrons and holes are created in the sample after photoexcitation i.e, n

= p, above equation can be written as,

d afn?
an o _L 2 (B.2)
dt ang + Bny

Considering the initial photoexcited carrier density is Ny and remaining car-
rier density in the sample is N(t) at any time ¢, by simple integration, eq.B.2 can be

written as,

N,
N(t) = ———, B.
(*) 1+ tNoy (B:3)
afn?
h = —d
where 7y Ty
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FIGURE B.1: Calculated time dependence of excited carrier density using Eq.B.3.
The red line is the fit to the calculated carrier density with double exponential decay
function.

Now, by considering the defect density 5 x 10! cm~2 and values of a and 8
which are of the order of 1014 cm*/s [36, 37], and initial photoexcited carrier density

is of the order 104 cm—2

, we calculate the time dependence of carriers in the excited
state using Eq.B.3 and is shown in Fig.B.1. To estimate the decay rate, we fit the

numerically calculated N (t) with a double exponential decay function,
D(t) = Aexp(—t/Ta) + Bexp(—t/1p). (B.4)

The best fit time constants are found to be ~ 10 fs and ~ 60 fs, implying that the

Auger processes leads to a faster decay.
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