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Abstract

Since the discovery of monolayer graphene in 2004, there have been growing interest on two
dimensional (2D) layered materials, motivated by their outstanding optical, electrical, and
mechanical properties. These materials are blessed with many unique characteristics like, high
charge carrier mobility, large surface area, strong light-matter interactions, tunable electronic band
structure, large quasiparticle binding energy etc. The evolution of these layered entities has
revolutionized the condensed matter opto-electronic field, owing to their potential in many
exquisite applications like lasers, light emitting diodes (LED), photodetectors, displays, optical
sensors, as well as in energy harvesting devices. The efficiencies of these optical devices would
be primarily dependent on the material itself. Following the absorption of an electromagnetic
radiation, the material gets excited and follow many radiative and non-radiative pathways to relax
back to the ground state. So, in order to utilize the material better in an optical device, we need to
study those excited state photophysical processes inside the material. These processes are ultrafast
in nature and to monitor them we need a technique which can probe very short time scale processes.
Transient absorption spectroscopy (TAS) is one such technique; it can study ultrashort processes
occurring in picosecond (ps), femtosecond (fs) or even attosecond (as) time scales. In my thesis
work, we have employed Femtosecond Transient Absorption Spectroscopy (FTAS) to study the
excited state charge carrier dynamics in different 2D metal chalcogenides and their doped or
heterostructured counterparts.

The first work deals with the formation and relaxation dynamics of exciton and trionic features in
CVD (Chemical vapour deposition) synthesized monolayer MoS; flakes. Steady state
photoluminescence (PL) measurements confirmed the presence of Characteristic A and B exciton
of MoS;, as well as negatively charged A" trion in the system. Large exciton and trion binding
energy made it possible, to observe these features even at room temperature. From the FTAS
measurements, the exciton and trion formation time was calculated to be ~ 0.5 ps and ~ 1.2 ps,
respectively. Subsequently, these quasiparticles decay with exciton-exciton annihilation or auger
recombination processes. Further, we drop-casted Au nanoparticles (NPs) on top of monolayer
MoS: in order to fabricate a metal-semiconductor (Au-MoS>) heterojunction, where Au NPs act
as a sink of electrons. With the illumination of pump, photoexcited electrons migrate from MoS>

to Au with ~ 0.6 ps time scale, dissociating both the exciton and trions. In the next work, we have
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studied four different excitonic features in a few layer WS». The WS, nanosheets were synthesized
using liquid exfoliation technique, which were having 5-6 layers. Steady state absorption
spectroscopy and FTAS study revealed the formation of A, B, C and D excitons in this layered
material, irrespective of the excitation energy. Among which, A, B originate at the K/K’ region
and C, D form at the A-I" region of the electronic band structure. This decides their formation and
relaxation dynamics and influence the optical properties of this material. C, D excitons decay in a
much slower manner than that of A, B, mainly because of Pauli blocking effect at the K valley and
subsequent A-I" indirect recombination channel. This slower decay of high energy excitons
provides us a unique opportunity to extract these hot charge carriers for the betterment of an opto-
electronic device. My next project is based on a ternary chalcogenide system, Cu2MoSs4 (CMS),
which showed great potential towards photovoltaic as well as photocatalytic applications lately.
However, optical properties of this material are almost unexplored. Raman spectroscopy unveils
the presence of very strong electron-phonon (e-ph) coupling in this material. The PL spectrum is
comprised of two broad peaks, originated from the radiative recombinations associated with the
band edge and near band edge trap states, respectively. In FTAS, we probed the band edge excitons
and found that they are strongly influenced by both the trap mediated recombination and the Auger
recombination. The saturation density of the material lies in the range of 5.3 + 0.7 x 10%
photons/cm?, beyond which Auger like processes dominate. The e-ph coupling strength reaches
maximum at around 100K, which was emphasized in faster decay dynamics of the CMS exciton
in this temperature region. The band gap as well becomes larger as we approach lower
temperatures. This detailed spectroscopic investigation would be helpful in implementing CMS
like ternary chalcogenides in diverse photonic applications. Finally, we have employed FTAS in
studying two modified 2D systems, a CdS/MoS: heterojunction and non-metal doped ZnIn,Ss
(Z1S) nanosheets. CdS/MoS: is a unique heterojunction, where 1D CdS nanorods are in close
contact with 2D MoS: sheets. Here, MoS> works as a hot electron extractor. Upon photoexcitation,
CdS hot charge carriers preferentially move towards the MoS; region. The hot carrier transfer rate
was found to be much higher than the band edge transfer. This high probability of hot carrier
transfer is a great sign for any opto-electronic device. In the other system, thin ZIS nanosheets are
separately doped with ‘O’ and ‘N’ and their H2 evolution efficiencies were correlated with the
modulated charge carrier dynamics. The doped nanosheets proved to be better photocatalysts,

owing to their modified energy band structure and enhanced charge carrier separation. FTAS
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unveiled that, the H» evolution reaction in ZIS takes place in the near band edge trap states, not in
the conduction band. This study will help in comprehending the H> evolution process and
designing more photocatalytic materials like ZIS. In summary, we have explored the intrinsic
photo-physical behaviours in some very important metal chalcogenide systems, which will be
beneficiary in the study of these kind of materials and would guide the growing field of two-

dimensional optical devices.
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Chapter 1: Introduction

The journey of two-dimensional (2D) materials started with the discovery of monolayer
graphene sheets in 2004.> Since then, numerous 2D materials are being formulated and
synthesized, motivated by their outstanding optical, electrical, and mechanical properties.> 3
Thin 2D materials possess extremely high charge carrier mobility,®* large specific surface
area,® strong light-matter interactions,® tunable electronic band structure,*® large quasiparticle
binding energy®’ etc. The evolution of these layered entities has revolutionized the condensed
matter opto-electronic field, owing to their potential in many exquisite applications like lasers,
light emitting diodes (LED), photodetectors, displays, optical sensors, as well as in energy
harvesting devices.>1%1218-23 The efficiencies of these optical devices would be primarily
dependent on the material itself. Following the absorption of an electromagnetic radiation, the
material gets excited and follow many radiative and non-radiative pathways to relax back to
the ground state. So, in order to utilize the material better in an optical device, we need to study
those excited state photophysical processes inside the material.>* These processes are ultrafast
in nature and to monitor them we need a technique which can probe very short time scale
processes. Transient absorption spectroscopy (TAS) is one such technique; it can study
ultrashort processes occurring in picosecond (ps), femtosecond (fs) or even attosecond (as)
time scales. In this thesis, we have employed Femtosecond Transient Absorption Spectroscopy
(FTAS) to study excited state charge carrier dynamics in different 2D metal chalcogenides and
their doped or heterostructured counterparts. We have also established direct correlation
between the efficiency a real optical application and the excited state charge carrier behaviour
in few cases, which again proved the efficacy of the FTAS instrument.

In this chapter, we will give a brief introduction about the electronic and optical properties of
2D metal chalcogenides, along with the discussion on the prospect of FTAS measurements in
the implementation of these materials in real opto-electronic devices.

1.1. The journey of 2D chalcogenide materials

Layered materials were there for the last few decades around us. But, the true potential of these
architectures was first realised when Novoselov and Geim exfoliated graphene nanoflakes in
2004, simply by peeling out flakes using a scotch tape.! This started a new area of research
named as ‘2D materials.” Monolayer graphene is blessed with extremely high charge carrier
mobility (~ 10° cm? V1 s71) even at room temperature.?® Along with that, these materials
possess large surface to volume ratio,® very high mechanical strength and stability,” lower

scattering of charge carriers,?® high thermal conductivity® etc., which are ideal for any opto-
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electronic or energy storage device. But unfortunately, these were not enough. Graphene lacks
a critical property to be used in an electronic device; it lacks a band gap. The conduction band
(CB) and valence band (\VB) touches in a particular point (Dirac point) and graphene act as a
semimetal.?”-? This leads to very low ON/Off ratio and extremely high stand-by power loss in
a graphene-based device.?® Chemical doping, functionalization or electrical gating might open
a band gap in graphene, but these affect the charge carrier mobility.32 Henceforth, the
scientific community started looking for graphene like layered materials with semiconducting
properties. This created a revolution in the 2D materials field. Several 2D structures were
discovered and developed, including transition metal dichalcogenides (TMDC), transition
metal chalcogenides (TMC), transition metal oxides (TMO), boron nitrides, black phosphorous
(BP) etc.3**! Like graphene, these materials have layered structures; these layers are bonded
with weak van der Waal’s interactions and can be separated out very easily to form monolayer
or few layer entities. In my thesis, we have mainly focussed on TMDC and TMC materials.
Though the charge carrier mobility of these is not as high as graphene, they possess many
extraordinary properties like, tunable band gap in the visible range, high absorption coefficient
in the visible range for monolayer and few layer case, strong light-matter interactions, large
quasiparticle binding energy, strong photoluminescence in monolayer, strong spin-orbit
coupling, valley polarization etc.!"420 These electronic and optical properties are layer
dependent and easily tunable with the modulation of layer numbers. These chalcogen based 2D
semiconductors are aspired to replace silicon from the electronics industry.

1.2. Quantum confinement effect

Quantum confinement is basically a spatial confinement of electron, hole or electron-hole pair
wave functions in one, two or three dimensions inside a material,®® thereby inducing
extraordinary electrical, optical, and mechanical properties in the system. It can be achieved by
reducing the particle size in nanometre (nm) range, exact size varies in material to material. As
we lower the particle size, the confinement becomes stronger and the energy levels become
more discrete in nature (Figure 1.1). Confinement effect divides the materials in three different
groups,

(i) Quantum well (2D) — Confinement in only one direction,

(if) Quantum wire (1D) — Confinement in two direction, and

(iii) Quantum dot (OD) — Confinement in all three directions.
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These low dimensional materials act as a bridge between the bulk systems around us and the

basic molecular entities inside those systems.
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Figure 1.1: Quantum confinement effect and resultant energy band structure of a nanomaterial,

as compared to an atom and a bulk material.

Now, we will try to understand the origin of quantum confinement effect in a material.

1.2.1. Particle in a sphere model

To comprehend, the effect of confinement, quantum dots (QDs) are our best model, where
charge carriers are bond in all three directions. The quantum phenomena inside a QD can be
realised through a particle-in-a-sphere model.>2-%*
If a particle having mass ‘m’, is bound inside a spherical potential wall of radius ‘a’, where
potential energy of the particle v (r) follows the following condition,
V(ry=0forr<aand
V (r) = oo forr> a;

then the particle wave function resulted in,

¢ (r,0,¢) = ¢ 1l r)ryl ©.9)
Here, C is the normalization constant, j; (ky, 7) is the spherical Bessel function of 1" order

and Y7 (6, ) is the spherical harmonics function.

From this, the particle energy can be deduced into,
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n2kZ,  hlal,
En,l = =

2m 2ma?

So, energy of the particle is inversely proportional to its mass (m) and the square of the sphere
radius (a?).

Here, the eigen functions have atomic like properties and noted using different quantum
numbers (n, I, m). As the particle potential energy is zero inside the sphere, this energy refers
only to the kinetic energy of free electrons.

Now, the drawback of this model is that, it has not considered any perturbation, assuming an
empty sphere. This not a real scenario. In a real semiconductor lattice, there are several atoms,
resulting in several particles. So, we need to modify this energy equation. We will now apply
an Effective mass approximation theory.

1.2.2. Effective mass approximation (EMA) theory

In EMA, the VB and CB of a bulk semiconductor are approximated as parabolic isotopic bands.
From the Bloch’s theorem, the electron wave function in this bulk semiconductor can be
expressed as,

Yk (1) = Uyi(r). exp(ik.r)
Here, u,,;(r) is the lattice periodicity function, n is the band index (c for CB and v for VB) and
k represents the wave vector. By plotting energy ‘E’ vs ‘k’, we will get energy level diagram
of this electron.

Now, the energies of CB and VB can be written as,

2.1,2
E(CB)=Ef=,—+Eg
eff
h2-k?
E(VB)=EV=-_
(VB) 2m?,,

Here, E is the band gap of this semiconductor, which is defined by the energy difference
between VB maxima and CB minima. mg, and mg are the free particle effective mass in
CB and VB. The particles are considered to be free here, ignoring the crystal periodicity.
This equation is true for a bulk material only. To be considered for single particles like electron,
hole or an electron-hole pair this model is modified using envelope function approximation.
According to this theory, the single particle wave function can be written as,

Yo, () =X¥ cup uni (1) exp(ik.7)
where, ¢, represents the expansion coefficient, satisfying the boundary conditions of the
sphere.
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Now, if we consider the weak dependence of the u,,, (1) parameter on the wave vector ‘K’, this
equation will be simplified into,
¥sp (1) = Uno (1) Xk Crie X PIK.T) = Uppe (1) f 5 (T)
Here, fs,(r) is called the single particle function and can be determined as,
fsp(r) = Xk Cni exp(ik.T)
So, now the bulk equation is converted into a single particle equation. The electron-hole pair
wave function will be the combination of electron wave function and the hole wave function.

The energy of this electron-hole pair (ehp) can be expressed as,

k2 k2
E,.,=E, + h? ( + )
ehp 9 ngff ngff

h2 a? a?
—E, +12 (— + )
9 2a? ngff Zmsz

This is the energy of an electron-hole pair in a confined structure. The second term in the

equation represents the confinement energy.
When an ehp is formed, an intense columbic interaction works between electron and hole,
which try to break this pair. Considering this columbic interaction, the energy equation can be

written as,

hZ 2 2 182
=y ()

2mery - 2mg)  a

where, ¢ is the dielectric constant.

This is the final equation of electron-hole pair energy in the EMA model. It depends on three
terms, band gap of the material, confinement energy and the coulombic interaction. As we
decrease the particle size the confinement energy term becomes more dominant, stabilising the
electron-hole pair.

The band gap of the QD nanocrystal can be written as,

n2m? a? a? 1.8¢2
2m,pa?

E; (QD)=E, +

ZmEff Zm’e’ff ca

Here, m,,, represents the reduced mass of the electron-hole pair,

_ Mefr (e). megy ()
Mesr (€) + megy ()

eh

So, EMA model successfully explains the discreteness of energy levels and increment of band
gap with reduced particle size. It also reasons with the stable electron-hole pair formation in

the nanocrystals.

1.2.3. Density of states (DOS) in different type of quantum confinement
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DOS is a very important factor for a material; it decides the transitions within the energy bands,
thereby influencing the absorption and PL spectra of the system. It is defined as the number of
energy states present in an energy level.

For a bulk 3D semiconducting material, DOS can be expressed as,

v2Em3
9B =S5

So, in case of bulk, DOS is proportional to the square root of the particle energy ‘E’ and
represents as a continuous curve.

DOS 2D materials do not depend on the energy,

m

2p _ ™M
In 1D case, DOS decreases with the increment of energy,

ip_m [Zm
g(E)" =1 |7

For OD materials, extensive confinement in all three directions results in discrete energy states.
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Figure 1.2: Schematic illustration of different quantum confinement in nanomaterials and

corresponding DOS functions with energy.

1.2.4. Exciton formation

An exciton is a combination of negative electron and positive hole in the CB and VB of a
semiconductor. It is a quasiparticle. The net charge of this system is zero and it moves freely

within the system. The idea of an exciton was first given by Y. Frenkel in 1931.%
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When a semiconducting system absorbs a photon higher than its electronic band gap, an
electron and a hole generated in its CB and VB respectively. These electron and hole come
together to form a pair named exciton. The stability of this pair rides on the repulsive coulombic
interaction between the excited electron in CB and the ground state electrons in the VB.
Attractive force within the electron-hole pair and repulsive interactions work simultaneously
on this pair and the exciton possess a lower energy than an unbound pair electron and hole.
There are mainly two types of excitons,*

Frenkel exciton — For materials of low dielectric constant, the electron and hole experience
very strong coulombic interaction. These excitons are small in size and possess very strong
binding energy (0.1-1 eV). Frenkel excitons are observed in molecular systems, alkali halides,
transition metal compounds with empty d-shells etc.

Wannier- Mott exciton — For materials of large dielectric constant, the coulombic interaction
between electron and hole decreases due to strong electric field screening, resulting in
Wannier- Mott excitons. These excitons are large in size and possess low binding energy (~

0.01 eV). These excitons are observed in small band gap semiconducting materials.

1.2.5. Exciton Bohr radius and quantum confinement regime

The exciton Bohr radius is the spatial separation between the electron and hole inside the
quasiparticle. It is characteristic to a particular semiconducting material. The quantum size
effect influences the properties of a material only when the particle size is equal or less than

the Bohr radius. Bohr radius (ag) is expressed as,®’

a —s(m)a
B— = meh. H

where, £ is the dielectric constant of the semiconductor medium, m is the rest mass of electron,

m,, is the reduced mass of the electron-hole pair and ay presents the Bohr radius of a
Hydrogen atom, which is around 0.05 nm.

For a low dimensional nanomaterial, this exciton Bohr radius is different for electron (a,), hole
(ap), and the exciton (a.,). These values decide the intensity of quantum confinement in a
nanoparticle (particle radius ‘r’).

There are three different confinement regime,®

(i) Strong confinement: r < a., ay, a,,. Here both electron and hole are confined inside the

potential energy barrier of the nanoparticle.
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(if) Moderate confinement: a, <r < ap, @., OFr ap <1 < a,, A,y Either electron or hole is

confined here. One of these charge carriers is strongly confined, not the other.

(iii) Weak confinement: a,, a, <r < a,,. Here only exciton is confined.

1.3. Exciton and charge carrier dynamics

Illuminating a nanomaterial with an electromagnetic radiation of sufficient photon energy,
leads to the formation of excited electron and holes in the high energy states of CB and VB.
These charge carriers relax to the band edge and form excitons, as discussed earlier. The
stability of these excitons would depend on the material and the charge carrier population.
These charge carriers would return to their ground state, either being individual carriers or
being electron-hole pair (exciton), depending upon the stability and lifetime of those excitons.
In general, the photo-physical processes involved in the relaxation and recombination of
excited charge carriers in a low dimensional material are, thermalization, hot carrier relaxation,
exciton formation, charge carrier trapping, Auger recombination, bi-exciton and trion
formation etc. These processes decide the merit of the material in its usability in an opto-

electronic device.
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Figure 1.3: Different photo-physical processes in a semiconducting system, following

absorption of an electromagnetic radiation.

1.3.1. Thermalization and hot carrier relaxation or cooling

When a quantum material is excited with higher energy photons than its electronic band gap, a
non-thermal gaussian distribution electron and holes are created in the higher energy states of

CB and VB.* These charge carriers interact among each other (carrier- carrier scattering) to
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produce a thermal distribution (same temperature for all carriers). This process is named as
thermalization.®® It follows non-Markovian quantum kinetics and the carriers now enjoy a
Fermi-Dirac distribution. Since the dielectric screening is very low in thin 2D materials, this
carrier-carrier scattering phenomenon occurs at extremely fast time scale (10- 20 fs). The
carrier temperature of these thermalized carriers is still higher than the lattice temperature and
can be termed as hot carriers. Following that, these hot charge carriers relax down to the band
edge states, via relaxation or cooling process. Subsequently the carrier temperatures are
decreased and comparable to the lattice temperature now. This cooling process is associated
with the emissions of hot phonons. In a few layer MoS; system, this cooling process was found
to be occurring at ~ 500 fs time scale.®® These time scales found in thermalization and cooling
of 2D TMDC materials are much lower than conventional 2D architectures like GaAs®! or
similar QD systems, which indicates greater probability of carrier-carrier scattering and carrier-

phonon scattering in mono and few layer TMDC.

_——

N(E) -
Excitation Thermalization Cooling Exciton formation Decay

Figure 1.4: Evolution of charge carrier distribution following a high energy interband

photoexcitation.

Phonon-bottleneck effect- In the cooling process the hot carriers relax into the band edge via

transferring excess energy to the phonons. When the confinement is very strong, the energy
difference between intraband states (Both in CB and VB, depending upon the effective mass
of electron and hole, respectively) becomes so large that relaxation cannot proceed in emitting
one phonon. Multi-phonon emission is observed in such cases, which is a very slow process.

This slow down the hot carrier relaxation and this phenomenon is called phonon bottleneck
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effect. If we consider that, the hot carrier relaxation is dominated by the Fréhlich interaction
between charge carrier and longitudinal optical (LO) phonons, the charge carrier relaxation

time can be written as,
1 AE

wLol kBT
where, w is the frequency of the LO phonon, AE is the energy spacing in the intraband states
and keT represents thermal energy (Where, kg is Boltzmann constant and T is absolute

temperature). With the increment in the intraband energy spacing, the relaxation time increases.

(a) (b)
Phonon N Multi-Phonon
emission % Emission
| e
Phonon “ Multi-Phonon
emission ié Emission

required

Figure 1.5: Hot exciton relaxation (a) without phono bottleneck, and (b) with phono

bottleneck.

1.3.2. Exciton formation

As the hot charge carriers arrive at the band edges of the CB and VB, they feel strong coulombic
attraction towards each other and form excitons. Usually, this exciton formation takes place in
a very rapid manner and it is very difficult to differentiate cooling process and the exciton
formation phenomenon. But atomically thin 2D TMDC materials are different. They possess
exceptionally strong coulombic interaction between those electron-hole pairs and have very
large exciton binding energy (Few hundreds of meV) even at room temperature.®?% As a result,
the exciton formation process can be separately observed in the transient decay dynamics. The
exciton formation time was found to be 0.3- 0.5 ps in monolayer MoS2, WS, MoSe; and
WSe,.>°
These excitons decay via formation of unpaired electron and holes or as an exciton itself,
depending upon the material and conditions. The recombination could be either radiative or
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non-radiative or both. Non-radiative processes are usually rate-determining step for the
recombination of excited charge carriers in a condensed matter and they occur at very short
time scale, which can only be monitored through a high resolution TAS technique. Here, we

are going to discuss few such non-radiative processes.

1.3.2.1. Exciton-exciton annihilation (EEA) and Auger recombination (AR)

Exciton-exciton annihilation (EEA) and auger recombination (AR) works on the same
principle. In case of EEA, two exciton interacts among each other, where one exciton
recombines and transfer its energy to the other. This extra energy ionizes this exciton into
separated electron and holes. The ionization energy comes from the exciton binding energy
and later it is divided between those electron and holes, which are further excited into the higher
energy states of CB and VB respectively.54%% EEA take place in high exciton density and in
materials where exciton-exciton interaction is very high, like organic molecules,®® Carbon
nanotubes (CNT),%” TMDC® etc.

(a) (b) (c)

Eézens

Excitons 1?\/

-
-
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*

Figure 1.6: (a) Exciton-exciton annihilation process, (b) Auger recombination with electron

heating and (c) Auger recombination with hole heating.

On the other hand, AR takes place when a photoexcited electron and hole recombines to
transfer its energy to another carrier (either electron or hole), which further excites to the high
energy states.%8"% Also, when a hot carrier relaxes to the band edge, it can transfer its electron
to a ground state electron or hole to be excited further. This auger mediated energy transfer

leads to fast relaxation of hot charge carriers, diminishing the phonon bottleneck effect.”>"? In
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small nanoparticles, electron and holes are strongly coupled among each other (substantial
overlap of electron and hole wave function). This helps in easy transfer of hot electron
relaxation energy to the hole, which is excited further. AR process is also favoured in high

charge carrier concentrations.

1.3.2.2. Recombination via charge carrier trapping

Defects play very important role in nanomaterials. As we decrease down the particle size,
surface to volume ratio increases and more atoms are exposed to the atmosphere (It is more
pronounced in 2D materials). This enhances defects in the system and results in shallow and/or
deep trap states in the energy band structure of the material. These trap centres act as a sink for
the photoexcited charge carriers. This trapping process is a non-radiative phenomenon and it
has a negative effect on the radiative lifetime and quantum vyield of the material. Charge
trapping is usually very fast process and it can accelerate the hot carrier cooling and the
subsequent recombination processes. Usually, when a system possesses inter band gap trap
states, the photoexcited electron and holes first get trapped in the trap states and then recombine
with each other. Once trapped, these charge carriers get decoupled and follow very slow

recombination process.

(a) (b) (c)

E Trap !
states Recombination

———

Figure 1.7: Different trapping mediated recombination processes: (a) electron trapping, (b)
hole trapping and (c) both electron and hole trapping.

1.3.3. Bi-exciton and trion formation

When the photoexcitation energy is much higher (at least two times) than the band gap of the
material, the relaxation energy released by the electron might produce another exciton,
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resulting in bi-exciton.””* This auger mediated process is known as impact ionization or multi
exciton generation (MEG) process. MEG is usually observed in low band gap materials like,
PbS, PbSe etc. and it is extremely beneficial in improving the efficiency of solar cell like
applications.”

Trions are formed when, two electron and one hole (negative trion), or one electron and two
holes (positive trion) binds together to form a three-particle quasiparticle system.””’® They are
either formed from an exciton or from the dissociation of a bi-exciton. Both bi-exciton and
trions usually decay through auger process. 80

(a) \] / \ / (b)

Pump Probe
induced induced
Bi-exciton Bi-exciton

=

AN /N

Figure 1.8: Different bi-exciton and trion formation processes: (a) Pump and probe induced

bi-exciton, and (b) Positive and negative trion formation.

1.4. External tuning of the material properties

Sometimes pristine material system is not enough for an opto-electronic device to be efficient.
The intrinsic properties of this material need to be improved, and it can be done via appropriate
external manipulations, like doping, size modulation, surface passivation, heterojunction
formation etc. In my thesis, we have used doping and heterojunction formation for the

modulation of the opto-electronic properties of 2D chalcogenides.

1.4.1. Doping

Doping is an efficient strategy to modify the energy band structure and correspondingly
improve the optical and electrical properties of a semiconducting material 8 This technique not
only improves the existing properties of the material, it can induce new functionality in the
system depending upon the type of dopant, doping concentration, interaction between the host
material and the dopants etc.82 2D materials are highly susceptible to doping due to their layered
structures and high concentration of exposed surface area. There have been several instances

where metal and non-metal elements are doped in a 2D material in order to improve their
15| Page



Chapter 1: Introduction

efficiency in an optical application.®38® In my thesis also, we have doped ‘O’ and ‘N’ elements
in ZnlIn2S4 (Z1S) nanosheets and observed an enhanced photocatalytic activity.8” While doping,
the CB and VB of ZIS were uplifted, which facilitates the reduction probability of proton
(producing H). Also, the concentration and lifetime of the charge carriers were highly

improved in the doped systems, which proved to be beneficial for the photocatalytic efficiency.

1.4.2. Heterojunction formation

An efficient material to be used in an opto-electronic device should be empowered with many
unique properties, like effective absorption of electromagnetic radiation, high charge carrier
lifetime, complimentary energy band structure, optimum concentration of trap states, smooth
diffusion of charge carriers etc.®® So, it is always difficult to find a material with all these
properties. Fabrication of a heterojunction can solve this problem.?* There are many different
types of semiconductor heterojunctions are reported corresponding to 2D materials, like
2D/0D, 2D/1D, 2D/2D, 2D/3D etc.8%°4 Metal-semiconductors are also fabricated and used in
many photovoltaic and photocatalytic applications.*>*® In my thesis work, we have synthesized
a 2D/1D composite where CdS nanorods were in contact with the MoS; sheets.®” We observed
highly efficient hot electron migration from CdS to MoS,. We have also fabricated a MoS;-Au
heterojunction, where photoexcited electrons from MoS; were instantaneously transferred to

Au 98

1.5. Electron transfer theory

Electron transfer is a simple chemical reaction, where the charge moves from one spatial region
to another inside a material or within two materials. The theory of this process was first
explained by R. A Marcus in 1956.%° Since then, there have many modifications and
adjustments associated with this theory according to the conditions.’®® Here, we are going
discuss only the basics of Marcus model for electron transfer. To describe this model a
displaced harmonic oscillator approximation can be used, where a weakly coupled donor-
acceptor complex (Reactant, D-A) is transformed into charge separated complex (Product, D*-
A-) via transition state complexes (D---A).

This reaction is guided through a nuclear coordinate. In solution, a solvent coordinate is
considered, where the solvent reorganizes itself to stabilize the extra positive and negative
charges on donor and acceptor cites (Figure 1.9). The respective potential energy surface of

reactant and product are shown in figure 1.10.
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Figure 1.9: Outer sphere electron transfer between a donor and an acceptor, in a solution.

According to the semiclassical model of Marcus, the electron transfer rate is given by,

1 kgT AGE,
ker =k - exp( *aT

where, the Arrhenius activation energy function can be expressed as,

—(A+A62T)2

#
AGgr = “

Here, k is the adiabaticity parameter, kg is the Boltzmann constant, T is the absolute
temperature, h is the plank constant, A is the solvent reorganisation energy, AGY; is the Gibbs

free energy change between reactant and product (Driving force of this reaction).

Reactant

Product

Transition

Potential energy

Nuclear coordinate

Figure 1.10: Potential energy vs. nuclear coordinate plot for an electron transfer reaction
between a donor and an acceptor, where the reactant is donor-acceptor complex and the product

is the charge separated complex.
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Figure 1.11: Plot of potential energy vs. nuclear coordinate for three different Marcus regions.

Based on the values of AGY; and A, three regions can be recognized in a non-adiabatic

scenario’®®:

(i) Normal region: - AG%; < A; Electron transfer rate increases with the increment of - AGY;.
(i) Barrierless region: - AG%; = A; Electron transfer activation energy AGYy is zero here.

(iii) Inverted region: - AG%; > A; Electron transfer rate decreases with the increment of - AG2,.

Barrierless

Electron transfer rate

Figure 1.12: Dependence of electron transfer rate on the Gibbs free energy change of a

reaction.

In adiabatic scenario, Marcus-Hush equation in utilized in place of simple Marcus equation,

2
_ 20 10 1 (A+463y)
ker = h |HDA| JaikgT €XP kgt
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Here, Hp 4 is the electronic coupling of the donor and acceptor wave functions. This Hpa value

decides whether the reaction will be adiabatic (|Hp4|>> ksT) or non-adiabatic (|Hp,4|< ksT).
1.6. Thesis overview

In the present thesis, we have studied different 2D metal chalcogenide systems with the help
of TAS, in order to investigate the intrinsic photophysical characteristics in these materials. We
have further extended our study on the modulated charge carrier behaviour of these 2D
materials, while being doped with novel elements or in contact with a metal or some other
semiconductor. For the preparation of these materials many different synthetic approaches
were adopted, like chemical vapour deposition (CVD), liquid exfoliation, solvothermal
method, hot injection etc. These synthesized materials were characterized using many different
techniques, like X-ray diffraction (XRD), Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS), used in case-to-case basis. Transmission electron microscopy (TEM) and
High-resolution TEM (HRTEM) were employed to realise the morphology of these materials,
and for establishing the existence of any intimate contact between two systems in a hetero-
composite. Atomic force microscopy (AFM) helped in determining the thickness of these 2D
architectures. The ground state optical behaviour of these materials was explored using steady
state absorption and photoluminescence (PL) spectroscopy. Finally, detailed exploration of
ultrafast photophysical processes were monitored through TAS. The first chapter gives the
glimpses of these works discussing the background and possibilities of these materials, as well
as TAS technique. In the second chapter, we have discussed synthesis and instrumental
techniques in detail.

The third chapter is consisted with the formation and relaxation dynamics of exciton and trionic
features in CVD synthesized monolayer MoS: flakes, at room temperature. Steady state PL
measurements confirmed the presence of Characteristic A and B exciton of MoS;, as well as
negatively charged A" trion in the system. Large exciton and trion binding energy made it
possible, to observe these features even at room temperature. From the FTAS measurements,
the exciton and trion formation time was calculated to be ~ 0.5 ps and ~ 1.2 ps, respectively.
Subsequently, these quasiparticles decay with exciton-exciton annihilation or auger
recombination processes. Further, we drop-casted Au nanoparticles (NPs) on top of monolater
MoS: in order to fabricate a metal-semiconductor (Au-MoS>) heterojunction. Au NPs act as a

sink of electrons, as the Au fermi level reside way below the MoS; conduction band level.
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In the fourth chapter, we have discussed the study of four different non-hydrogenic excitonic
features in few layer WS,. The WS> nanosheets were synthesized using liquid exfoliation
technique, which were having 5-6 layers. Steady state absorption spectroscopy and FTAS study
revealed the formation of A, B, C and D excitons in this layered material, irrespective of the
excitation energy. Among which, A, B originate at the K/K’ region and C, D form at the A-I"
region of the electronic band structure. This decides their formation and relaxation dynamics
and influence the optical properties of this material. C, D excitons decay in a much slower
manner than that of A, B, mainly because of Pauli blocking effect at the K valley and
Subsequent A-I" indirect recombination channel. This slower decay of high energy excitons
provides us a unique opportunity to extract these hot charge carriers for the betterment of an

opto-electronic device.

The fifth chapter is based on a ternary chalcogenide system, CuzMoSs (CMS), which showed
great potential towards photovoltaic as well as photocatalytic applications lately. However,
optical properties of this material are almost unexplored. Raman spectroscopy unveils the
presence of very strong electron-phonon (e-ph) coupling in this material. The PL spectrum is
comprised of two broad peaks, origination from the radiative recombinations from the  band
edge and near band edge trap states, respectively. In FTAS, we probed the band edge excitons
and found that they are strongly influenced by both the trap mediated recombination and the
Auger recombination. The saturation density of the material lies in the range of 5.3 + 0.7 x 10
photons/cm?, beyond which Auger process predominates. The e-ph coupling strength reaches
maximum at around 100K, which was emphasized in faster decay dynamics of the CMS
exciton in this temperature region. The band gap as well jumps as we approach lower
temperature. This detailed spectroscopic investigation would be helpful in implementing CMS

like ternary chalcogenides in diverse photonic applications.

Finally, in the sixth and seventh chapter, we have employed FTAS in studying two modified
2D systems, a CdS/MoS; heterojunction and non-metal doped ZIS nanosheets. CdS/MoS: s a
unique heterojunction, where 1D CdS nanorods are in close contact with 2D MoS; sheets. Here,
MoS. works as a hot electron extractor. Upon photoexcitation, CdS hot charge carriers
preferentially move toward the MoS; region. The hot carrier transfer rate was found to be much
higher than the band edge transfer. This superiority of hot carrier transfer is a great sign for an
opto-electronic device. In the other system, thin ZIS nanosheets are separately doped with ‘O’

and ‘N’ and their H> evolution efficiencies were correlated with the modulated charge carrier
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dynamics. The doped nanosheets proved to be better photocatalysts, owing their modified

energy band structure and enhanced charge carrier separation. FTAS unveiled that, the H>

evolution reaction in ZIS takes place in the near band edge trap states, not in the conduction

band. This study will help in understanding the H> evolution process and designing more

photocatalytic materials like ZIS.

In the last chapter we have added a summarized discussion of all these studies with a detailed

future perspective.
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Chapter 2: Synthesis and instrumentation

This chapter comprises all the synthetic procedures adopted and instrumental techniques
utilized to carry out my thesis work. Special attention was given to transient absorption
spectroscopy technique. We have employed a wide variety of synthesis procedures for the
preparation of 2D materials and their heterojunctions, like chemical vapour deposition (CVD),
liquid exfoliation, solvothermal method, hot injection synthesis etc. Detailed mechanisms of
these procedures are discussed in the Introduction chapter. The basic characterisation of these
materials was carried out employing X-ray diffraction (XRD), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS), used in case-to-case basis. Transmission electron
microscopy (TEM) was employed to realise the morphology of these materials, also for
establishing the existence of any intimate contact between two systems in a hetero-composite.
Atomic force microscopy (AFM) helped in elucidating thickness of these 2D architectures. The
ground state optical behaviour of these materials was explored using steady state absorption
and photoluminescence (PL) spectroscopy. Finally, detailed exploration of ultrafast

photophysical processes were investigated using TA spectroscopy.
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2.1. Synthesis techniques

2.1.1. Chemicals used in different synthesis procedures

Cadmium acetate dihydrate (Cd(ac)..2H20), bulk MoS> powder, Ascorbic acid, Sulphur (S)
powder, bulk WS, powder, N-Methyl-2-Pyrrolidone (NMP), Zinc chloride (ZnCl.), indium
chloride (InCls), thioacetamide (TAA), polyvinyl pyrrolidine (PVP), N, N-dimethyl formamide
(DMF), Di-Methyl Sulphoxide (DMSQO), Copper (I1) chloride (CuCl2), sodium molybdate
(Na2M00s.2H20), thioacetamide (C2HsNS) (TAA), and ethylene glycol were purchased from
Sigma Aldrich, India. MoOz powder was bought from Alfa Aesar. Thiourea was purchased
from CDH, India. Ethylenediamine (EN) was purchased from Chemigeno, India. Triethanol
amine was purchased from SRL, India. Analytical grade methanol, toluene, and inorganic acids
(HCI, HNO3) were purchased from Rankem for cleaning purpose. The deionized water

(resistivity of 18 MQ.cm) was collected from a Millipore Milli-Q system.

2.1.2. Chemical vapour deposition

Chemical vapour deposition (CVD) is a thin film coating technique where the deposition
initiates with the succession of few chemical reactions.*? It is very different from the physical
vapor deposition (PVD) techniques like, thermal evaporation, e-beam deposition, sputtering
etc., where atoms or molecules are condensed on top of substrates following being evaporated,
bombarded, or sputtered.®>* In case of CVD, the deposition completely relies on the chemical
reactions, which obviously depend on many factors like pressure, temperature, mass flow etc.
This brings in a clear advantage over the PVD techniques, as now we can control the deposition
processes more efficiently.>® CVD offers extensive tuning in the structure and properties of the
deposited materials. Presently, it is considered to be one of the finest techniques available for
the coating of highly crystalline materials on top of a heated substrate, via gaseous phase
reaction of precursor substances. It is being widely used in the deposition of enormous low-
dimensional materials like, graphene, TMDC, carbon nanotubes (CNT) etc.®°

The basic principle of a CVD process stands on the gas phase chemical reactions at high
temperature.? It is comprised of few elementary steps occurring inside the reaction tube, which
is made of Quartz or Alumina in most cases.

(i) Reactant. At first, reactant gas molecules (precursor) are introduced into the tube. This is
usually done with the help of an inert gas. In some cases, inert gas is used only for the mass
flow. Reactant gas molecules are stemmed from the heating of solid or liquid reactants inside

the chamber.
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(ii) Diffusion and Adsorption. These reactant molecules can undergo gas phase reactions in
order to produce reactive intermediates, which would eventually diffuse and adsorbed on the
substrate. On another way, the reactant molecules might be diffused directly to the substrate
and being adsorbed.

(iii) Heterogeneous reaction. Subsequently, a heterogeneous reaction takes place at the
interface of gas and solid depositing a thin film on top of the substrate, via nucleation, growth,
and coalescence phenomena. These reactions give rise to many by-products as well.

(iv) Desorption. Next the unreacted molecules and the by-products are desorbed away from
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Figure 2.1: (a) Simple schematic representation of CVD technique using a quartz tube. (b)
Stepwise representation of the chemical processes in a typical CVD deposition process.

These processes take place in a particular temperature, pressure, and mass flow. Any
modification with these parameters will lead into different type of depositions. This will affect
the crystallinity, shape, size, and purity of the deposited thin films. Also, the cleaning of the
chamber is very important. Usually, before flowing reactant gas molecules into the chamber,
the air inside the tube is suctioned out using a vacuum pump. All these parameters discussed

here, would be different for the deposition of different materials.
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2.1.2.1. Synthesis of monolayer MoS: flakes using CVD

During my thesis work, we have used this CVD technique to deposit monolayer MoS; flakes
on top of SiO2/Si substrate, using a two-zone thermal CVD.'° MoO3 and S powders were used
as precursors, which were kept at different temperature zones inside the quartz tube. The mass
flow was maintained by a continuous flow of Ar. Before initiating the deposition, the whole
chamber was vacuumed using a rotary pump. The MoO3z powders were poured in an alumina
crucible and placed at the centre of the tube, where the temperature was fixed at 680 °C. The S
powder was placed at the upstream of the tube maintaining temperature of 200 °C. For the
deposition, 300 nm SiO»/Si substrates were kept on top of the MoO3s powders, upside down.
Both the temperature zones were programmed in such way that those temperatures could be
achieved at the exact same time. At this temperature, both MoOgz and S powders are evaporated
and form gaseous reactants. S reduces these oxides and form many reactive intermediates to
finally obtain MoS; flakes on top of the substrate. Ar gas flow facilitates the diffusion of these
reactants without interrupting in any chemical reaction. Our synthetic route produced
monolayer flakes of MoS with triangular shapes, which is the most common occurrence in
such techniques owing to lowest edge formation energy of the triangular shape. These flakes

were characterized using Raman and AFM, discussed in chapter 3.

2.1.3. Liquid phase exfoliation

Layered materials are comprised of 2D layers stacked upon each other through weak van der
Waal interaction and appear as three-dimensional (3D) bulk structures.!'? Owing to this weak
inter-layer interaction, it is very easy to break these bonds and produce individual layers. This
production of segregated thin layers from a bulk layered material is usually termed as
exfoliation or delamination.® There are mainly two types of exfoliation techniques, mechanical
exfoliation, and liquid phase exfoliation (LPE). In mechanical one, the layers are peeled from
the bulk system using scotch tape and highly crystalline thin layers are formed.'* However, this
method is suffered from very poor yield and wastage of the bulk material. On the other hand,
LPE has the potential for easy production of mono- to few layered sheets, with highly scalable
production in different solvent mixtures,'?1°
LPE can be categorised into four different types,
(i) Oxidation. In this method layered materials having low reduction potentials are oxidised
using a suitable acid and subsequently dispersed in a solvent. It is widely used for exfoliating
graphite into graphene.
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Figure 2.2: Liquid exfoliation process in a probe sonication method.

(i) lon intercalation. In this case, different ions are inducted between the layers of the material
in a solution, which further weakens the van der Waal interactions. Subsequently, little
agitation in form of heat, sonication etc. open all the layers. Layered materials are very prone
adsorb alien molecules in between layers, which increases interlayer distance and brings down
the interaction within layers. Although this method has the ability to decrease the exfoliation
energy, it is not very stable at ambient conditions.

(iii) lon exchange. This method is applicable in some special cases, where ions exist in
between layers in order to balance the surface charge of the overall crystal. For exfoliations,
these ions are chemically exchanged with larger ions to lower the interlayer interaction and
subsequently agitated to form thin layer solutions. It is similar to intercalation process and
sensitive in normal condition.

(iv) Sonication in a solvent. This is the most recent technique. Here, bulk layered particles are
added to a suitable solvent and the solution is treated with ultrasonic waves for a particular
time period. These waves produce cavitation bubbles in the solvent, which are transformed into
very high energy jets, hitting in between the layers to yield segregated layers.** To prevent any
reaggregation of these layers, the surface energy of the solvent must be similar to that of the
material, so that there would be very little energy difference between the exfoliated and

aggregated layers. So, it is very important to choose the solvent for a particular material.
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2.1.3.1. Synthesis of few layered WS>

In my thesis work, we have synthesised few layered WS, solution in NMP solvent® using
ultrasonic treatment (Figure 2.2). At first, 80 mg bulk WS, powder was taken in a mortar and
pestle and grinded for 30 mins. This would break the larger particles into smaller ones and
would facilitate the exfoliation process. These crushed particles were taken in 15 mL NMP and
sonicated in an ultrasonic bath sonicator for 30 mins, to make a fine solution. This black
solution was further sonicated in a probe sonicator for 1h using an ice bath. Following the
sonication, the colour of the solution was turned into greenish-black. Now the solution would
contain both exfoliated and unexfoliated materials. To remove the unexfoliated particles, this
mixture was centrifuged at 4000 rpm for 30 mins. The supernatant of this solution now contains
exfoliated WS, nanosheets. It was carefully pipetted out and characterized. Raman and AFM

measurements confirm the few layer nature of the sheets (Discussed in chapter 4).
2.1.4. Solvothermal synthesis

Solvothermal synthetic route is a bottom-up approach like CVD. It is a wet chemical synthesis
process, where precursors are added to a suitable solvent and poured in closed Teflon autoclave
(Figure 2.3).1"18 The reaction takes place at an elevated temperature under high pressure
(Usually much greater than 1 atm). The typical synthetic route is described in figure 2.3. At
first precursors are carefully mixed in a suitable solvent to make a proper solution. Then this
mixture is gently added in the Teflon lined reaction chamber and the chamber was closed inside
a stainless-steel autoclave. This autoclave is kept in an oven and heated at a certain temperature
for a particular time period. After that, the solution is cooled down naturally, which is now
comprised with both product and unreacted precursors. This solution is washed, centrifuged,
and dried to obtain desired nanomaterials. There are many factors, which decides the fate of
the produced materials, like, concentration of the precursor solutions, oven temperature,
heating time, the amount of the solution in the reaction chamber etc.*®

When water is used as a solvent, this procedure is termed as hydrothermal synthesis. The
advantage of this technique lies in the flexibility in controlling surface morphology, doping,
composite fabrications, mass production etc., which are highly desired in photocatalytic, photo-
electrocatalytic, gas sensing or energy storage applications.!” Though the crystallinity of the
solvothermal produced nanosheets are not that great, it would not be a problem for an
application like photocatalysis. Nowadays, this method is most widely used protocol for
synthesizing 2D nanosheets in industrial level applications.
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Precursor 1 Precursor 2 Solvothermal autoclave
The mixture of the precursor solutions were poured in 1. Heated
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Figure 2.3: Simple schematic presentation of a solvothermal synthesis process.

2.1.4.1. Synthesis of O- and N-doped ZnIn2Ss nanosheets

We have opted hydrothermal synthetic procedure to synthesise thin ZnIn,Ss (ZIS)
nanosheets.?’ At first, 1. mmol ZnCl,, 2 mmol InCls, and 8 mmol TAA were added to 30 mL
DI water and sonicated for 15 mins for homogeneous mixing. This is our precursor mixture
solution. TAA acts as a reducing agent, as well as source of S?" ions. Then this mixture was
added to a Teflon lined stainless steel autoclave and heated in an oven at 180 °C for 20 h.
Following that the autoclave was cooled naturally. The yellowish solution was then washed
with absolute ethanol and DI water separately for 3-4 times each. Finally, the product was
precipitated using a centrifuge machine (8000 rpm, 10 mins) and dried in a vacuum oven at 80
°C for 6 h.

O-doping: For the introduction of O atoms in the ZIS structure, we used PVP. In a typical
process, 1 mmol ZnClz, 2 mmol InClz, 8 mmol TAA and 0.2 g PVVP were added in 30 ml water-
ethanol (1:1) mixture solvent and mixed with vigorous stirring for several mins. This precursor

mixture was then decanted into a 50 mL Teflon lined stainless-steel autoclave system and
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heated in an oven at 180 °C for 20 h, just like ZIS. The cooled product solution was of pale-
yellow colour. It was washed, precipitated, and dried in a in a similar manner as of ZIS.

N-doping: In case of ‘N’, DMF was used. At first, I mmol ZnCl> 2 mmol InCls and 8 mmol
TAA were added in 30 ml DMF-water (3:1) mixture. The precursor solution was prepared with
vigorous stirring for several mins. This solution was transferred into a 50 mL Teflon-lined
stainless-steel autoclave and heated in an oven at 180 °C for 20 h. Then, the system was cooled

down naturally. Finally, the product was obtained in similar way as discussed earlier.

2.1.4.2. Synthesis of CdS nanorods and CdS/MoS2 composites

For synthesizing CdS nanorods (NRs) we opted a modified solvothermal route.?! At first,
0.427g Cd(ac)2.2H20 and 0.6089 g thiourea were mixed in 12 mL EN and properly dissolved
by magnetic stirring for 30 mins. Then this homogeneous mixture was poured in a 25 mL
Teflon lined stainless-steel autoclave and then heated at 180°C for 24h. After the reaction, the
bright yellow solution was cooled naturally. In order to remove impurities, the product was
washed several times with ethanol and finally dried in a vacuum oven at 60 °C.

For the synthesis of CdS/MoS. nanocomposite pristine MoS: sheets (0.2 g) were added to the
as mentioned CdS precursor solution before transferring into the autoclave. All other conditions

were kept same. The resultant composite was of greenish colour.

2.1.4.3. Synthesis of CuzMo0S4 nanosheets

Cu2MoS4 (CMS) is ternary metal chalcogenide system. It was prepared in two steps. First Cu,0O
was made using a room temperature synthetic route. First, 3.333g PVP was dispersed in 100
mL distilled water taken in a beaker and mixed properly by continuous stirring. Then 1.12
mmol CuCl, powder was added to this mixture while stirring. It will form a homogeneous clear
solution. 2M NaOH solution was prepared separately in 10 mL DI water. NaOH solution was
added drop by drop to the main solution with continuous stirring. After that, an aqueous
solution of ascorbic acid (10 mL, 0.6M) was added in the solution mixture drop by drop while
stirring. This solution was kept at magnetic stirring for 1h. The colour of the final solution was
turbid yellow. It was washed three times with 1:1 ratio of ethanol and water. The final
precipitate was dried in a vacuum oven at 60 °C for 6h.

Next, solvothermal method was applied for the preparation of CMS. 30 mg sodium molybdate
was properly dissolved in ethylene glycol solvent using ultrasonic treatment in an ultrasonic

bath sonicator for 5 mins. Subsequently, 60 mg TAA and 20 mg as prepared Cu2O powder was
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added to this solution one by one and mixed in ultrasonication. After 5 mins, a greenish-brown
colour was observed. This solution was poured into 50 mL Teflon-lined autoclave and heated
at 200 °C for 24h. The obtained product solution was cooled naturally and washed with DI
water and distilled ethanol, four times each. Finally, the product was precipitated and dried at

60 °C for 6h under vacuum condition.

2.1.5. Synthesis of gold nanoparticles via chemical reduction process

We have employed citrate reduction process for the synthesis of gold nanoparticles (Au NPs).
It is a well-established technique for the synthesis of metal NPs.?>%® At first 12 mL 1mM
HAUCIs and 2 mL 2% trisodium citrate solution were separately prepared in DI water, which
were preheated to 75 °C. Then the citrate solution was dropwise added to the Au precursor
solution under vigorous stirring maintaining temperature at 75 °C. Followed by that the heating
was continued for another 10 mins, when the colour of the solution changed from yellow to

red. The heating was continued for another 20 mins for proper growth of the NPs.

2.2. Characterisation techniques

2.2.1. X-ray Diffraction (XRD)

X-ray diffraction (XRD) is one of the most widely used characterizing tool for the identification of
the crystallite phase and unit cell parameters of a material.?*?° It is the most basic characterization

of any unknown material.

Incident X-ray beam gi\°°
&2
_____ 0\
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will take place when Bragg’s
equationnA = 2d sinfQ is
fulfilled

Figure 2.4: Basic principle of XRD measurement. Diffraction of X-ray beams are shown from

different crystal planes, constituted with many atoms.

Principle: XRD is based on the constructive interference of a beam of monochromatic X-ray

radiation and the crystalline material (Figure 2.4). When an X-ray beam falls upon a crystalline
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material, it is diffracted by the crystalline planes within the material, at different angles following
Bragg’s law,?®
nA = 2dSiné

where, n is the diffraction order, A is the incident X-ray wavelength, d is the interplanar distance
for a particular crystal plane and 0 is the angle of diffraction. These diffracted X-ray beams are
detected and counted for further analysis. The connected computer system records a series of
peaks arising at different angles (20), which corresponds to different planes. From the
analysation of the diffraction angles for different crystal planes, we will get an idea of the
periodic arrangement of atoms inside that material. Usually, the acquired data is matched with
a standard database to confirm the material. The average particle size can also be calculated

from the XRD peak width using Scherrer’s equation,

r= KA
- PcosO

where, r is average particle size in A, K is the shape factor (usually close to 1), 8 is FWHM of

Single crystal \
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the peak and @ is the diffraction angle.

X-ray source

Solar
slits

Divergence slit

KB

N

Figure 2.5: Basic structure of a XRD setup.

Instrumentation: The basic schematics of a XRD instrument is shown in figure 2.5, it is
comprised with three basic components, X-ray source, X-ray detector and a sample holder.
Inside the source, a cathode tube is heated to produce electrons, which are accelerated to hit
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the target material via applying sufficient voltage. Electrons with enough energy (specific to
the target material) removes inner shell electrons from the material and produces X-ray. This
X-ray would be consisting of many wavelengths and appear as a spectrum, characteristic to the
target material. Foils or crystal monochromators are used to filter this X-ray spectrum,
generating monochromatic X-ray beam to bombard the material. The reflected X-ray beams
are focussed at the detector via perfectly placed optics and a monochromator. The detector
collects and process the signal to a count rate and send to the computer. When the bombarding
X-ray beams satisfy Bragg’s law, a constructive interference take place and a peak appears in
the output data. During measurement, the sample and the X-ray source maintains an angle 6,
whereas the detector maintains an angle 26. In my thesis work, we have used Bruker D8
ADVANCE PXRD set up with Cu Ka radiation (A= 1.5418 A), operating at an accelerating
voltage of 40 kV and 25 mA current. The obtained XRD patters were matched with Joint
Committee on Powder Diffraction Standards (JCPDS) or International Centre for Diffraction
Data (ICDD) database.

2.2.2. Raman Spectroscopy

Raman spectroscopy is an inelastic scattering phenomenon, where incident photons interact
with the vibrating molecules inside a material.?’ It is named after its inventor Dr. C. V. Raman,
who demonstrated this scattering effect in 1928 along with his research partner Dr. K. S.
Krishnan.?® Today, this technique has emerged as one of the most important tools in all
scientific sectors, physics, chemistry, material science, even in medicine and biology.?"?° Even
though raman spectroscopy is far less sensitive than absorption or PL spectroscopy, it is
extensively used for its few unique advantages like, freedom to choose incident laser
wavelength (No need to excite optical band gap), more relaxed selection rules (can monitor
optically forbidden transitions), requirement of very little amount of sample etc.?” Raman
scattering is a very important characterizing tool for 2D materials; it can unambiguously

confirm the material as well as predict its layer numbers.303!

Principle: When a beam of light falls upon a material, it is either absorbed, transmitted,
reflected, or scattered. Raman spectroscopy is the study of this scattered light. In most cases,
the energy of the scattered photons is the same as that of the incident monochromatic light. It

is called Rayleigh scattering, which is an elastic phenomenon. However, in some rare cases the
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energy of the scattered photons is not same as of the incident light source, which is known as

the Raman scattering.
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Figure 2.6: (a) Possible elastic and inelastic scattering processes when light falls on a

molecule. (b) Emergence of different scattered lights and PL in a raman experiment.

If the scattered photon energy is lower than the incident one, the molecule gains energy from
the photons and named as the Stokes Raman scattering. When the molecule loses its energy
and the scattered photons possess higher energy than the incident photons, then that process is
called Anti-stokes Raman scattering. We have shown these phenomena in figure 2.6a. In
classical sense, raman scattering takes place when the oscillating electric field of the
electromagnetic radiation induces a polarization in the molecule.?” The electric field distorts
the electron cloud and gives rise to a virtual state (Quantum theory). This state is very unstable
and the system immediately returns to the ground state releasing scattered photons. Depending
upon the energy of these transitions, we observe Stokes or Anti-Stokes Raman scattering, as
described in figure 2.6b.

Instrumentation: A typical raman instrument is comprised of four basic components, (i)
incident laser source, (ii) Objective microscope and the sample stage, (iii) filters, and (iv) the
Spectrometer. The schematic of the apparatus is shown in figure 2.7. A modern-day laser set-
up uses solid state lasers as source, with popular wavelengths of 514, 532, 633, 785, 830 and
1064 nm. Shorter wavelength lasers induce larger raman scattering cross-section and results in
pronounced raman peaks. However, they are often associated with large scattering or PL

induced broadening.
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Figure 2.7: Outline of a Raman spectrometer.

Higher wavelengths produce more clearer spectra, although peak intensity gets affected. The
resolution of the collected spectra depends on the bandwidth of the laser used. In most cases,
the laser is a continuous wave. Pulsed lasers are used for time-dependent raman spectroscopy.
Starting from the source, the laser falls upon objective microscope lens reflecting on a dichroic
mirror. The microscope focusses the laser on the sample kept in a motorized stage, capable of
lateral translation. Usually, one instrument uses many different microscopes of different
resolution for focussing different type of samples. Once the light falls upon the sample, it gives
rise to both Rayleigh and Raman scattered photons. Rayleigh photons are mostly reflected from
the dichroic mirror, but Raman photons pass through. These scattered photons are directed
toward the spectrometer with the help of few accurately placed mirrors. Before entering the
spectrometer, a Notch filter is placed in the path of the laser to cut off any Rayleigh scattered
stray photon. Spectrometer primarily consists of a monochromator and a detector. Inside the
monochromator, a diffraction grating is placed, which disperses the scattered light into
different components by their wavelengths. This wavelength range can be changed manually,
according to our requirements. The resolution of the raman spectrum depends on the grating,

specifically on the distance between the grooves on the grating. The dispersed light falls on a
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cooled CCD (Charge-coupled device) detector, which records the signal and passes to the
computer. In my thesis work, we have used a WITec alpha 300R Confocal Raman Microscope,
with upright optical Microscope (Zeiss) and two laser sources of Nd-YAG 532 nm and He-
Neon 633 nm, respectively.

2.2.3. X-ray Photo-electron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a unique surface characterising tool where soft X-
ray beams are used to study the material 323 It was first developed by Kai Siegbahn and his

group in the mid-1960s, which lead to his Nobel prize in 1981.
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Figure 2.8: Basic principle of XPS.

Principle: XPS works on the principle of photoelectric effect. When monochromatic X-ray
beams hit the sample surface, it releases electrons from the inner orbital of the atoms present
in that material (Figure 2.8). These emitted electrons will have certain kinetic energy, which
can be calculated from the Einstein’s equation,
hv=BE + KE + ¢

where, hv represents the energy of the of the X-ray radiation (h- Planck constant, v- Frequency
of the X-ray used), BE stands for binding energy of the emitted electron, KE is the kinetic
energy of that electron and ¢ is the spectrometer work function. XPS primarily measures the
KE of the electron, which gives us the binding energy of that electron, as other two parameters
are known. Different electrons from orbitals and from different atoms would be having
different BE. The XPS spectrum presents an intensity vs BE plot and provide us a quantitative
idea about the material. The BE of the electrons also depend on the chemical environment of
the atom, different bonding result in different BE for the same electron. So, the peak position

in XPS spectrum also changes according to that, this is known as chemical shifting. Detailed
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study of chemical shifting of peak positions gives lot of information about the bonding and

structure of the material.®*
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Figure 2.9: Basic outline of a XPS set up.

Instrumentation: A XPS setup is consisted with many important components (Figure 2.9),

(i) Ultrahigh vacuum chamber — In XPS, X-ray beams are bombarded on the sample to emit
inner shell electrons, which will be having very low energy. Subsequently, they would have
very small mean free Path in a presence of air particles. Hence, to monitor those electrons we
need to suck out air from the chamber. Usually, 107 —10° mbar pressure is maintained while
carrying out a XPS measurement.

(if) X-ray source and monochromator — Generally, Al K, (1486.6 eV) or Mg K, (1253.6 eV)
X-rays are used in XPS to excite the samples. Al or Mg plates are used as an anode inside the
X-ray source, which is hit with an electron gun to produce characteristic X-rays. These X-ray
beams are passes through a monochromator which allow only a particular energy of X-rays to
fall on the sample.

(iii) Sample stage — The samples are placed on a motorized stage which is connected to the
preparation chamber.

(iv) Electron energy analyser — The emitted electrons pass through few lenses and apertures

to enter the Concentric Hemispherical Analyser (CHA), which separate out electrons with
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different kinetic energy. These hemispheres are kept in a certain voltage, outer sphere being
the more negative. This voltage can be modulated to control the passage of the electrons. The
resolution of the analyser depends on its size, larger the size better the resolution.

(iv) Multi-channel detector plate — The detectors used in XPS are electron multipliers. Often
multiple electron multipliers are employed to collect maximum number of electrons. These
detectors send the data to a computer, which converts the electronic signal into a XPS spectra.
(v) Arion gun — It is used to remove the contaminations from the surface of the material before
bombarding X-ray.

(vi) Electron flood gun — It is employed to minimize the effect of surface charging on the
material while bombarded with X-ray beams.

In my thesis, we have used a Thermo Fisher Scientific made K-alpha XPS system, with Al K,
X-ray source having 1486.6 eV energy. The CHA pass energy was maintained at 200 eV and
500 eV for attaining a survey spectrum and a narrow scan, respectively. One rotary and two

turbo ion pumps were used to maintain the ultrahigh vacuum.

2.2.4. Transmission Electron Microscopy (TEM)

An electron microscope (EM) is very similar to normal optical microscope, which is normally
used to magnify the image of a small specimen. The major difference lies on the
instrumentation and extremely high resolution of EM. It uses electron beam as light source and
these are focussed on the sample with the help of electromagnets (lenses are used to focus
visible light in optical microscope). As electrons possess extremely low effective wavelength,
we can see very small objects (like atoms) using EM.® There are mainly three different EM
techniques, Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM)
and Scanning Tunnelling Microscopy (STM). They all operate in different ways. Here we are
going to discuss only about TEM.

TEM is the most powerful electron microscopy technique still known, having resolution close
to 1 nm. First experimental TEM setup was built by two German scientists Ernst Ruska and
Max Knoll in the year 1931.%¢ Ernst Ruska is hailed as the pioneer of electron microscopy and
went on to win the Nobel prize in 1986. Nowadays, TEM is extensively used in the all the

scientific sectors to visualise structure, morphology, defects etc. in any material.%’

Principle and instrumentation: The principle of TEM is very similar to an optical Microscope.
Electron beams released from the source is focussed on the sample with help of electromagnets,
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transmitted through and fall on a fluorescence screen to produce an image. TEM setup is

comprised with many different components (Figure 2.10),

Electron gun

i

First condenser lens

Second condenser lens
Condenser aperture N [

Sample

Objective lens
iacti I [
Objective aperture — —

First intermediate lens

Second intermediate lens

Projector lens

Projector screen

Figure 2.10: Simple schematic layout of a TEM instrument.

(i) Electron gun — It is the source of electrons and placed at the top of the TEM column. A
filament is used as the cathode, which is connected to a voltage source. Usually, 50,000 to a
few million volts of voltage is applied to the cathode in order to generate and accelerate the
electrons from the cathode. The speed of the electrons is very important for this instrument,
faster the electrons move, smaller the wavelengths they offer and the resolution is improved.
Achieving the top speed, these electron beams are released from the gun via an anode plate and
travel towards the lower side of the instrument.

(i1) Electromagnetic coil — It act as the lens for the electron beam and focusses the electrons.

Mainly, three electromagnetic coils are used in the TEM column. The first lens (condenser
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lens) focusses the parallel beam of electrons from the gun into a concentrated beam. Another
condenser lens focusses the electrons on the sample as required. The second and third lens
(objective and projector lens) help the transmitted electron beams to focus on the fluorescence
screen.

(iii) Aperture — Apertures are small metallic plates, which help in excluding scattered or
diffracted electrons from reaching the projector. With the help of these, the intensity of the
electron beams can be controlled.

(iv) Sample stage — The samples are placed on a copper (usually) grid and inserted in between
condenser and objective lens. It is equipped with an airlock system, so that the vacuum of the
system does not break.

(v) Vacuum system — A TEM setup works only in high vacuum. Electrons cannot travel much
in air. A proper vacuum will ensure less scattering between the electrons and the air particles.
(vi) Imaging — The transmitted electron beams are projected on a fluorescence plate, which
produces the image of the sample area focussed during the measurement. A CCD camera is
placed underneath this plate, which record the images and send it to the computer as
micrographs. This bright field image is obtained purely due to the transmitted electrons only.
Today, TEM is not limited to imaging of samples, it is being used to quantitative analysis of
the material as well. Energy dispersive X-ray Spectroscopy (EDS) studies the ejected X-ray
beams from the material while bombarded with the electron beam and provide relative
percentage of the elements present in the material. Selected area electron diffraction (SAED)
technique uses diffracted electrons to monitor the crystal and phase structure of the material.
In our thesis work, the TEM and HRTEM measurements were carried out using a JEOL model

2100 instrument with an operating voltage of 200 kV.

2.2.5. Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is one of the best-known techniques to study the morphology
and topography of a material surface in nanoscale.®“° It is a special type of Scanning Probe
Microscopy (SPM) with much higher resolution. IBM researchers Gerd Binnig, Christoph
Gerber and Calvin Quate first demonstrated the imaging with AFM in 1986.%! They received
the prestigious Nobel prize in the same year along with Ernst Ruska. The Advantage of AFM
imaging over STM like techniques is its ability to probe any material, be it metal,

semiconductor, or any biological sample at extremely high resolution.*>43
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Figure 2.11: Outline of the AFM instrument.

Principle and instrumentation: AFM work on the principle of surface sensing with help of a
sharp tip placed on a cantilever. This tip scans throughout the material surface and produce
images. Though the operation of an AFM set up is different in case to case, it is primarily
comprised of four components (Figure 2.11), (i) a laser source, (ii) cantilever with a sharp tip,
(iii) sample stage and (iv) a photo-diode detector. The backside of the cantilever is coated with
a highly reflective material, so the reflected beams from the laser source fall on the detector.
This detector is extremely sensitive to the precise position of the laser on the cantilever and
known as position sensitive photo-diode (PSPD). The cantilever works as a force sensor, it is
stretched and compressed depending upon the type and amount of the force present. The
detector tracks the movement of the cantilever and process it into an electronic signal. There
are many kinds of forces inside the material, which influences the AFM process and can be
detected. Some of these forces are chemical bond induced forces, mechanical forces, van der
Waal forces, magnetic forces, electrostatic forces etc. When the force is attractive in nature it

bends the AFM tip towards the surface, whereas a repulsive force bends it backwards.

(a) (b) (c)

Tip Tip Tip

Sample Sample Sample

Figure 2.12: AFM working principle in three different modes, (a) contact mode, (b) tapping

mode, and (¢) non-contact mode.
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AFM works on three different modes mainly (Figure 2.12),

(i) Static mode (Contact mode) — In this mode, the tip is placed on the material surface and
dragged over the surface while scanning. Though this mode is very effective, it damages both
the tip and the sample. It is only used to image hard samples.

(i) Dynamic mode (Tapping mode) — In tapping mode, the tip touches the sample surface in
a periodic manner. With the oscillation of the cantilever, the AFM tip encounters the surface
frequently. This mode is widely used for different variety of samples owing to its minimal
damaging.

(i) Dynamic mode (non-contact mode) — In non-contact mode, the tip oscillates on top of the
sample just like a sinusoidal motion, but never touches the surface. It is either driven by
frequency or amplitude, applied to the cantilever. This mode is helpful in imaging soft
materials, which are very prone to damage.

Today, AFM is not limited to only the study and imaging of a material surface. It is being
employed in probing electrical, mechanical, thermal, magnetic, ferroelectric, and piezoelectric
properties of certain materials by moulding the basic operational technique. Along with
exceptional advantages of AFM technique, it is also having few drawbacks, like, small scan
area, slow scan speed, sample damage etc.

We have done all our AFM measurements in tapping mode using Bruker Multimode 8 AFM

with silicon cantilever from Bruker and Budget sensors (Tap 150Al-G).

2.3. Steady state optical instruments

Steady state optical measurement deals with the study of absorption or luminescence processes
in a material recorded in a long-term average time scale. It gives us an overall idea about the
electronic transitions inside the material on absorption of an optical radiation. These techniques
are used to characterize the material as well. From the absorption or luminescence peak
position, we also get a vague idea on the particle size of the material.

2.3.1. Absorption Spectroscopy

Absorption is a photo-physical phenomenon, which take place when a material absorbs an
electromagnetic radiation and undergo an electronic transition to move from the ground state
(GS) to the higher excited states (ES). It is one of the key results of light-matter interaction. If

an incident monochromatic light of intensity Io passes through the material and have intensity
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[ (Transmitted intensity), the absorbance (A) and transmittance (T) of the material can be

defined by (Figure 2.13),

A=log(17°) andT=é

From the Beer-Lambert’s law, this absorbance (A) depends on the concentration of the material
(c) and the optical path length (L), as,

A=¢(A)cL
Here, £ (1) is the molar absorptivity, which depends on the wavelength (1) of the radiation and

the material itself. This equation is true for only low concentration solutions.

I, L I
— —
A A

Figure 2.13: Absorption phenomenon.

Instrumentation: The basic set up of an absorption spectrometer is consisted with four major
parts, light source, monochromator, sample stage and a detector (Figure 2.14). These parts are
modulated according to the required wavelength range. Typically, Xenon lamps are capable of
generating radiations throughout UV-Vis region. But they are very expensive and have stability
issues. So, nowadays Deuterium arc lamps are used as the UV light source, coupled with
tungsten or halogen lamps for the vis region. Next, a monochromator is placed in the path of
this light to separate out different colours with the help of prisms and/or diffraction gratings.
These selected wavelengths are splitted into two beams, which passes through sample solution
and reference solvent, to avoid any solvent effect. These beams fall on a detector, which
converts the absorption change in presence of the sample into an electronic signal and send it
to a computer. The collected data shows a graph of absorbance (A) vs wavelength (1), known
as absorption spectrum.

In my thesis, we have used a Shimadzu made UV-2600 spectrometer having two set of lamps,
Deuterium arc lamp and halogen lamp. It is capable of measuring 200-900 nm region (UV-
Vis).
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Figure 2.14: Basic components of an absorption spectrometer.

2.3.2. Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) Spectroscopy is a complimentary technique of the absorption
spectroscopy. Following the absorption of electromagnetic radiation, the excited charge
carriers inside the material tend to relax down to the ground state. In course of that, they release
their energy in form of light or heat, which are the results of radiative or non-radiative paths
respectively. The study of these radiative phenomena is accomplished by PL spectroscopy
(Figure 2.15). This technique reveals many important information related to the material, like,
particle size, size distribution, band gap, charge transfer, defect concentration etc.***® Based
on the type of photoluminescence, PL spectroscopy is termed as Fluorescence or
Phosphorescence spectroscopy.

ES Non-radiative
__L__. N emission

Radiative PL

Absorption

GS -

Figure 2.15: Principle of PL phenomenon and the PL spectroscopy.

Instrumentation: The instrument components of PL spectrometer is very similar to an
absorption spectrometer. The basic layout of a PL spectrometer is shown in figure 2.16.

Usually, Xenon lamps are used as the light source, as its spectra is spread over a wide region,
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UV to NIR. This radiation is first passed through an ‘excitation monochromator’ to select out
wavelengths for particular excitations. Inside the monochromator, diffraction gratings are
placed, which rotates according to the passage of a specific wavelength of light. The output of
this monochromator acts as the excitation wavelength and causes radiative emission from the
sample. This emission beam is directed into another monochromator (emission
monochromator), which again separate out different wavelength before passing into the
detector. The detector is usually a photomultiplier tube (PMT), which converts the optical
changes in electronic signal and send to the computer. Unlike absorption spectrometer, the
detector and the excitation source are not place in the same line here, in order to protect the
detector from the intense excitation radiation. This could be possible in PL spectroscopy, as PL

occurs in all directions. The collected data projects a graph of PL intensity vs wavelength.
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Figure 2.16: Basic components of a PL spectrometer.

In my thesis, we have used a Horiba Scientific made Fluorolog 3-221 spectrophotometer
having 450W Xenon lamp and multi alkali PMT detector (200 — 800 nm).

2.4. Time-resolved optical instruments

The progression of scientific discoveries is intimately dependent on the advancement of
instrumental techniques to comprehend the natural processes around us. In spectroscopy, the
interaction of light and matter give rise to many photophysical processes inside the material,
which decides the fate of this material in a light-based application. Most of these processes
occur at very fast time scale, microsecond (us), nanosecond (ns), picosecond (ps) or even
femtosecond (fs) and attosecond (as). This is way beyond our visual limit of the eye, which is
~ 50 ms. So, to understand those processes we need some time resolved techniques, which will
freeze the motion of the particles responsible for those photophysical phenomena, and give us
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a clear idea about the material. From the discovery of a pump-probe technique in 1899,*" the
time resolved techniques have shown tremendous growth. Modern day time-resolved
techniques have breached the barrier of attosecond and we are very close witness the dynamics
of electronic motion. Time resolved techniques are mainly of two types based on the
phenomenon these are structured, absorption or emission. There are two such widely popular
techniques, Time resolved photoluminescence (TRPL) study or Time Correlated Single Photon
Counting (TCSPC) and Transient Absorption Spectroscopy (TAS) for probing PL and
absorption related photophysical processes in very short time scale. In my thesis work, we have
deployed a Femtosecond Transient Absorption Spectroscopy (FTAS) set up in order to probe

ultrashort photophysical processes in a 2D material.

2.4.1. Femtosecond Transient Absorption Spectroscopy (FTAS)

The journey of modern transient absorption spectroscopy started with the discovery of flash
photolysis in the year 1949, when two British chemists R. G. W. Norrish and G. Porter
monitored reaction intermediates in the ps time range with the help of two light flashes
(mercury vapour lamps). It leaded to their Nobel prize in 1967. Their work was based on the
principle of ‘pump-probe technique,” established by Abraham and Lemoine in 1899.%" Since
then, this area has been substantially developed over the years, thanks to the invention of state-
of-the-art light sources. More shorter laser pulses are being developed and faster dynamical
processes could be captured. D. R. Herschbach, Y. T. Lee, and J. C. Polanyi studied chemical
dynamics in a reaction mixture applying ‘ns’ laser pulses and won the Nobel prize in the year
1986.%° In 1988, Ahmed Zewail used “ps’ and ‘fs’ laser pulses to study the real time reaction
dynamics and monitored the transition states, winning the Nobel prize in 1999.%° This work
started revolution in the pump-probe spectroscopy field. TAS is now being used to study the
charge carrier dynamics and comprehend the inner photophysics of wide variety of materials.
In my thesis work, we have employed short fs laser pulses (pulse width of 50-100 fs) to monitor

ultrafast photophysical processes in various 2D materials.

2.4.1.1. Basic principle of TAS

TAS refers to the study of excited state photophysical processes on application of two ultrashort
(mechanically or electronically delayed) laser pulses in atoms, molecules, and solid materials.
These two pulses are named as pump and probe pulses, according their functions. Pump pulse

create population in the excited state of the system and the dynamic evolution of that population
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is monitored by the probe pulse, varying the delay line between pump and probe. In ideal case,
a tunable pump pulse is employed in order to monitor different kind of transitions inside the
material. On the other hand, probe pulses are broadband in nature so that all different processes
can be traced. A simple schematic description of pump-probe TAS technique is shown in figure
2.17a.

7}.
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Figure 2.17: (a) Basic outline of a TAS experiment. (b) Different photophysical processes

inside a material, on application of delayed pump and probe pulses.

Probe pulses are delayed from that of the pump pulses in time scale. Once the intense pump
laser falls on the material, the ground state charge carriers are excited to higher energy states
and delayed probe pulse monitor the dynamics of these excited charge carriers (Figure 2.17b).
With the application of broadband pulses, a broad transient spectrum can be recorded, which
will monitor many different phenomena simultaneously. Depending upon the monitoring
transition, the absorption of probe can be either bleached or enhanced, resulting in negative

and positive differential absorption (AA) signal in the transient spectra.

2.4.1.2. Instrumentation of a FTAS Setup

A FTAS setup is comprised of three primary components, a. Main laser, b. Optical parametric

Amplifier (OPA) and c. Spectrometer.

a. Main laser: This is the most important component of any transient instrument, which
generates requisite laser pulses to carry out a pump-probe phenomenon. In my thesis, we have
used a Coherent Astrella laser system, having output of 800 nm laser pulses with ~ 50 fs pulse
width, 1 kHz repetition rate and ~ 5 mJ/pulse energy. The basic parts of this laser system are

TiS oscillator, multipass TiS amplifier and a Nd-YLF pump laser (Figure 2.18).

(i) Ti-Sapphire (TiS) oscillator — The oscillator in a modern-day laser setup consisted with
Ti** doped Sapphire (Al.03) gain medium, which is a well-known solid-state laser. Starting
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from the invention in 1986, this laser system is being widely used for the generation of tunable
and short pulsed lasers. TiS lasers have successfully replaced the Dye lasers, which were very
common earlier. The properties which make these laser systems unique are, good thermal
conductivity (can sustain high laser power), large gain bandwidth (helps in the generation of

short laser pulses), tunable emission wavelength etc.

/ Pump laser Amplifier \
527 nm

w 1kHz Tis
Nd-YLF Gain medium
~200ns
laser ~ 40 W ; ;
Pockel cells

/

o A A / \
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Nd-YAG / 800 nm 5\1@ ((\Q‘
laser < TiS cavity 80 MHz Coo /

- ~20fs
Oscillator ~500 mW

800 nm, 1 kHz, ~ 50 fs, ~ 5 mJ/pulse Output
Figure 2.18: Basic outline scheme of the main laser setup.

The doping concentration of Ti* in sapphire is kept very low (0.15 — 0.25 %) in general, to
maintain the crystallinity. TiS absorbs in the region of 400 to 600 nm and emits in broad regime
of 650 to 1100 nm. The lifetime of TiS is quite short (3.2 ps), but the saturation power density
is usually very high in these crystals. Hence, in order to pump TiS crystal we need a high
intensity focussed laser beam. Earlier these crystals were pumped with Argon ion lasers (514
nm), which were large, expensive, and inefficient. So, later these were replaced by diode
pumped solid-state lasers (DPSS). In our instrument, diodes are used to generate 532 nm
continuous green laser from a Nd-YAG gain medium and this DPSS laser pump the TiS crystal.
The basic alignment of the oscillator is shown in figure 2.19.

For the generation of ultrashort laser pulses, the TiS gain medium is placed inside a cavity (in
between two or more mirrors) where the laser can be trapped for a requisite amount of time.
Kerr lens mode-locking technique is employed in order to produce ‘fs’ or ‘ps’ laser pulses.
When a highly intense laser beam propagates through a non-linear medium (Here TiS), the
refractive index of the system is changed non-linearly, based on the following equation,
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nv) =no(v) +n2(v)!
where, no(v) is the refraction index of the medium in the normal condition, which is a function
of frequency (v), n,(v) is the non-linear coefficient deciding the coupling strength between the
refraction index and the electric field of light.

In the laser cavity, the beam propagates as a gaussian distribution and the intensity of the
passing electric field can be expressed as a function of distance (r) from the centre of the beam,
I(r) = exp(-gr?)

where, g is the shape factor.
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Figure 2.19: Basic components of the TiS oscillator.

So, upon illumination with a laser beam, the refractive index does not get distributed
homogeneously. It is maximum at the centre of the beam and decreases toward the
circumference. This phenomenon is known as ‘Kerr effect’ and the medium is called ‘Kerr
medium.’ Due to this effect, only higher intense beams are able to transmit through the media.
This intensity dependent loss of the radiation is repeated with every round trip of the laser beam
through the Kerr medium. This process of producing pulsed laser is known as ‘Kerr lens mode-
locking’ or ‘Self mode-locking’ as the medium itself takes part in the focussing process. Owing
to large PL bandwidth of the gain media, TiS crystal is capable of generating extremely short
pulses (< 6 fs). As the laser beam repeatedly travels inside the cavity, it will experience group
velocity dispersion (GVD), which is neutralized by placing two prisms inside the cavity. Also,
the polarisation of the laser gets hampered owing to bi-refringent property of the TiS medium.
This is corrected by placing the crystal at Brewster angle.

In our main laser setup (Astrella, Coherent) a TiS oscillator (Vitara-T) is used to produce ‘fs’
laser pulses. The gain medium is pumped with DPSS laser (Verdi-G series), which is a
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continuous wave of 532 nm wavelength and ~ 5 W average power. This green laser is generated
from a Nd-YAG crystal which was pumped with a diode laser (808 nm). The oscillator
produces < 20 fs laser pulses with 800 nm wavelength, 80 MHz repetition rate and ~ 500 mW
average power. This output is known as the ‘Seed laser,” which will be further amplified in the

multipass amplifier system.

(if) Multipass Ti-Sapphire amplifier — The seed laser produced from the oscillator has very
low intensity to carry out any pump-probe experiment. So, this intensity of these laser pulses
needs to be amplified. In our instrument, a multipass TiS amplifier is used for enhancing the
seed laser pulse intensity in several order of magnitudes. The components of this amplifier
setup are, pulse stretcher, pulse picker, TiS amplifier, pulse compressor and synchronization
electronics. This amplification process works on the principle of chirped pulse amplification
(CPA), shown in figure 2.20.

Seed laser Output laser

\1 Chirped Pulse Amplification (CPA)
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Pulse Amplifier ‘
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Figure 2.20: Basic principle of the CPA process.

Pulse stretcher

The seed laser first passes through a pulse stretcher box, which stretches the fs laser pulses into
ps pulses, thereby diminishing the intensity of the pulses. This stretching of the pulses is very
crucial for the overall amplification process. As the gain medium in the amplifier uses Kerr
lens mode-locking principle, the TiS crystal tend to self-focus the laser beam. In the process of
amplification, the average power of the laser reaches extremely high value and damages the
crystal. To avoid this damage, pulses are temporally stretched before amplification, so that the

peak pulse energy stay below the threshold limit of the TiS crystal while amplifying. The
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schematics of the pulse stretcher is shown in figure 2.21. It is consisted with diffraction grating,
spherical mirror, and plane mirrors. The stretching procedure works on the principle of GVD.
The diffraction grating spread the pulse spectrum and the mirrors organize the beam path in
such a way that bluer light components travel longer distance than the others. As a are result
red beams leave the stretcher early than the blue ones and the pulses are stretched. A vertical
retroreflector sends back the stretched pulses inside the stretcher and four passes are made to

spatially reconstruct the stretched beam.

Figure 2.21: Basic outline of the femtosecond pulse stretcher.

Pulse Picker and Synchronization electronics

The stretched pulses pass through the pulse picker before hitting the amplifier, where the
repetition rate of the pulses was decreased down from MHz to kHz. It works on the electro-
optical pockel cell effect. When there is no voltage applied to the pockel cell, horizontal
stretched pulses pass through the pulse picker as it is and dumped. But, on application of
voltage the polarization of the pulses is changed to vertical and the pulses are now authorized
to pass through the polariser, to be used for further amplification. The basic working principle
of these pockel cells are shown in figure 2.22. In our system two pockel cells are placed, which
act as quarter wave plates (effecting polarization change of A/4) on application of voltage.
These pockel cells act as the entry and exit gates of seed pulse trains to attain desired
amplification. There are Synchronization electronics in place to control the application of
voltage on the pockel cells, so that only requisite pulses can be picked from the whole pulse

train and amplified further. These electronics are controlled by the SDG (Synchronisation and
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Delay Generator) Elite unit, which maintains proper delay between the pockel cells by

adjusting the applied voltage.

L
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it can pass through the
polarizer
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Figure 2.22: Basic working principle of a pockel cell.

TiS amplifier

The 1 kHz stretched seed pulse enters the amplifier arena where a TiS crystal is placed at the
focal point of two concave mirrors. The basic outline of the amplifier is shown in figure 2.23.
The TiS gain medium is pumped with a highly intense pump laser beam having the same
repetition rate. This pump laser (Revolution, Diode pumped Q-switched laser) is made of a Nd-
YLF crystal, which produces 527 nm pulsed laser with 1 kHz repetition rate, ~ 200 ns pulse
width and ~ 40 W average power. The pump laser maintains the population inversion in the
gain medium and enhance the stimulated emission. The concave mirrors construct a telescopic
configuration and allow the seed pulse to pass inside the cavity several (six, eight or ten) times,
focussing on the gain medium. The number passes are fixed according to the amplification
requirement and damage threshold of the TiS crystal. With every pass, the laser beam intensity
is amplified and falls close to the centre of the mirror (where exit slit present), finally comes
out of the amplifier with completion of passes. The pump laser is focussed at the same spot on

the crystal, as that of the seed laser.

Pulse compressor

Once the amplification is complete the pulses are compressed in order to get ‘fs’ laser output.

The pulse compressor is comprised with two gratings, which are arranged in such a way that
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redder components travel longer as compared to bluer ones (Opposite to that of the stretcher,

shown in figure 2.24).
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Figure 2.23: Basic outline of the TiS amplifier.

Varying the distance within those two gratings, the compressor unit is capable of generating

similar pulse width as that of the initial seed pulse before stretching. Following the

compression, the fs laser pulses come out of the main laser and used in pump probe

spectroscopy. Our main laser setup produces 800 nm laser pulses with ~ 50 fs pulse width, 1

kHz repetition rate and ~ 5 mJ/pulse energy.

Figure 2.24: Basic outline of the femtosecond pulse compressor.

b. Optical parametric Amplifier (OPA): The output pulses from the main laser are splitted

into two components using a beam splitter (65:35). The higher and lower energy components

are named as pump and probe laser pulses. Pump laser is tuned into desired excitation

wavelengths for exciting different transitions of a material, implying optical parametric
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amplification (OPA) technigue. OPA is the process of amplifying (or frequency modulating)
an optical signal by means of parametric non-linearity and a pump laser. This method is widely
popular for the generation of many wavelengths, which are usually not accessible due to lack
of the appropriate gain mediums.

In my thesis, we have used an OPERA-SOLO setup which is a two-stage amplification system.
At the first stage of amplification, the pump laser beam is splitted into two components using
a beam splitter. The low energy beam passes through a sapphire crystal and generate white
light continuum (WLC). This WLC and the other component (act as a pump) are focussed on

a non-linear crystal, which are non-collinearly overlapped, spatially and temporally.

p Residual Pump

u >
% OPA
ﬁ Signal

— WLC (Non-linear
Crystal) —  Idler

Figure 2.25: Basic principle of the OPA process.

This results in the signal and Idler beams. The frequency of the signal (vs), Idler (vi) and the
pump (vp) beam is related as,
Vp = Vs + Vi

The residual pump beam and the Idler beam is blocked to only pass the signal beam into the
second stage. This signal beam collinearly overlaps with a second pump pulse on another non-
linear crystal, which again results in an amplified signal and Idler beams. These outputs give
rise to our desired colour. According to the requirement of the output, the signal and pump
beams are used applying requisite mirrors in their path. A general laser path in the OPERA-
SOLO is shown in figure 2.26. The wavelength of the first signal pulse is modulated by
adjusting the delay-1 line (delay between WLC and the first pump pulse) and the angle of the
first crystal. The wavelength of the second signal and Idler pulses are adjusted by fine tuning
first signal wavelength, delay-2 (delay between first signal beam and the second pump pulse)
and the second crystal angle. All these adjustments can be done with the help of a software,
synchronized with the OPERA-SOLO.
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Figure 2.26: Basic outline of an OPERA-SOLO setup, where path of the pump laser is shown
according to the generation of a Sum Frequency Idler (SFI) wavelength.

The frequency output from the OPA is further extended using frequency mixers (Mixer 1 in
figure 2.26), which take part in second harmonic generation (SHG), sum frequency generation
(SFG) and difference frequency generation (DFG) according to the wavelength requirement.
These mixers are made up of several non-linear crystals cut at specific angles and placed in a
rotation stage controlled by the software. These crystals are rotated with the software to a
particular phase matching angle for the generation of a particular frequencies. In our system
BBO crystal is installed in the mixers for converting signal and Idler pulses into their SHG
frequencies. For the SHG process, horizontal polarization is needed, which is achieved by
placing a Berek compensator before the mixer. The output pump laser beam is having vertical
polarization. A wavelength separator (WSM) is used just after the mixer to separate out our

desired frequency from the others (Figure 2.26).

c. Spectrometer (Helios-FIRE): Transient absorption spectrometer employs pump and probe
pulses (separated beams from the main laser output) to produce spectral and dynamical data
for the material under investigation. We have already discussed in the previous section how

desired excitation wavelength is generated from the pump pulse. The probe pulse on the other
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hand directly enters the spectrometer with the help of few properly placed mirrors. The basic

layout of the Helios-FIRE spectrometer is shown in figure 2.27.

Pump Probe (800 nm)

Chopper Delay ds ~ 7
Depolarizer Probe
(white light) Crystal |
\% e
Pump Computer
(Single wavelength) Camera
a N>
\ Sample
stage

Figure 2.27: Basic layout of the Helios-FIRE spectrometer of the TA instrument.

At first, the pump pulse passes through a mechanical chopper to reduce the repetition rate of
the laser to 500 Hz. Followed by that, a depolarizer is placed to depolarize the pump beam, in
order to avoid any dipole-dipole interaction with the probe pulses. For polarization dependent
experiments a half-wave plate and a polarizer is used in place of the depolarizer. On the other
hand, 800 nm probe light is directed into a delay set up (A set of retro-reflectors and mirrors
kept in a mechanical delay line) inside the spectrometer. This delayed probe pulse is focussed
on appropriate crystals to produce white light continuums of different wavelength range. In our
set up, CaFz, Sapphire, and Yttrium Aluminium Garnet (YAG) crystals are used for the
generation of UV-Vis, Vis and NIR probe pulses, respectively. The range of these three regions
are 350-750 nm, 450-800 nm, and 800-1600 nm. For monitoring requisite wavelength region,
those crystals are placed in the path of the probe with the help of the Helios-FIRE software. In
fact, all the motors inside the spectrometer are connected electronically and can be controlled
with the help of different softwares. The as produced white light passes through a filter and
focussed on the sample. Pump beam is focussed on the same position on the sample as that of
probe to attain spatial overlap. The sample stage is associated with optional rotation for the

film samples. In case of solution phase samples, a magnetic stirrer is used to avoid any charging
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effect. After transmitting through the sample, the pump beam is blocked and the probe beam is
directed to a detector, connected with the computer. For UV-Vis and Vis lights a
complementary metal-oxide semiconductor (CMQOS) sensor is used, whereas for NIR detection
INGaAs sensor is employed. Perfect spatial and temporal overlap of the pump and probe beam

would result in a TA signal for the sample, which can be collected in the Helios-FIRE software.

White light generation (WLG)

White light continuum or sometimes referred to as supercontinuum is generated when a very
short laser pulse is focussed on a transparent non-linear medium.> This phenomenon is
observed in many non-linear solid and gaseous materials. It was first observed by Alfano and
Shapiro in 1960s.> They focussed ps laser pulses on a glass substrate to observe a
supercontinuum of Vis-NIR radiation. Later, in 1983 Fork et al. demonstrated a fs
supercontinuum using an Ethylene Glycol film.>® In general, the characteristics produced
continuum depends on the medium and the input pulse properties. Also, there are many
different theories behind the observation of this phenomenon, among which Self focussing and
Self-phase modulation (SPM) is most widely accepted.®! SPM is based on temporal modulation
of the non-linear phase of a pulsed laser.>** When an electric field propagates through a non-

linear media along z-direction, it can be expressed as,
Ein= Eoei(knz—wot) — Eoei(d)o)

As the intense laser beam propagates through the medium, refractive index of the medium
modifies itself according to the self-focussing phenomenon (n = ny + n,l). If the laser pulse

propagates through a distance L in the medium, the output electric field is modified as,

Eout= Eoei(kn0L+kn21(t)L—w0t) — Eoei(¢NL+ dot)
Where ¢y is the phase distribution in the non-linear media and can be expressed as,
L
¢ (7) = fo n, I1(z,7) %dZ,

Here c is the speed of light.
The frequency of the laser pulses is changed with this time dependent phase modulation, the

rate of increase or decrease of phase along the laser pulse distance.

A(PnL+Po)

pulse frequency, w=—[ "
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This results in a broad spectra both in the lower (Stokes) and higher (Anti-Stokes) energy

regions of the incident laser frequency.

Origin of transient signal in the TA spectrometer

When a light passes through an absorbing medium, the absorbance can be expressed through

Beer-Lambert’s equation,

A=log (17°)= e(A)cL

Where, € is the molar absorption coefficient, which depends on the material and the wavelength
of the light. c is the molar concentration of the solution and L measures optical path length.

In TAS, two laser pulses (pump and probe) pass through the medium, maintaining a variable
delay time. At first, pump laser falls on the sample and excite the system into the higher energy
states. Probe laser monitor the subsequent relaxation and recombination processes take place
inside the system. Detector only evaluates the change in intensity in the probe beam, in

presence and in absence of the pump beam and results in a differential absorption (AA) signal.

AA is defined as,
AA = Auith pump = Awithout pump.

The intensity of the probe pulse in presence of pump can be given by,
I (), At) = Iy(A) 10~ sIN@AYL

Here, Io(A) is the intensity of probe pulse in absence of pump, and At refers to a certain delay
time between pump and probe. N(At) defines the excited state population in presence of pump,

which is equivalent to the concentration of the solution.

So,
AA (At) = g(A)N(ADL

Now, considering exponential decay of the transient population of the excited state N(At) can

be written as,

N(At) = Nye~4t/D
where, Ny is the initial population (maximum) and t refers to a time scale.

So, we have
In(AA (A1) = In(g3NaoL) - =
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With the determination of the differential absorption, we can actually monitor the time
dependent depletion of excited state population, for a particular wavelength A (particular
transition).

Now,

Io(2)

Ig (l))
1(2,At)

) and Awithout pump = log (_

Auwith pump = log ( 1(2)

Here, all the intensities are probe intensities. At is associated with the probe intensity in
presence of pump.
So,

AA = Auith pump — Awithout pump = log (1(1/1(2)1:))

This is the fundamental equation of TAS, which decides the appearance of any signal in a TAS
measurement. This AA value can be both negative and positive, resulting in negative and
positive signal in TAS, which are referred as ground state bleach (GSB) and photoinduced
absorption (PI1A) or excited state absorption (ESA) respectively. AA will be negative when,
I(A) <I(A At); i.e., probe has higher intensity in presence of pump or probe is less absorbed
in presence of pump. This is possible when there exists some ground state absorption or
stimulated emission (SE) for that transition. In case of a ground state absorption, pump pulse
excites the system to higher energy states and diminish the probe absorption in the similar
transition region. This results in lower absorption of probe pulse in presence of pump. On the
other hand, AA becomes positive when, I(A) > I (A, At). This occurs when pump helps in
enhanced absorption of probe pulse (PI1A case).

(a) 1 (b)
2nd excited state
PIA or ESA PIA
. / 1t excited state
sk \%round state

Figure 2.28: (a) Different types of signals in TAS and (b) their origins.
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In our set up, the collected data were analysed and fitted with the help of a Surface Explorer
(SX) software, which works via LabVIEW™ controls. SX is a simple and efficient data plotting
software, which can simultaneously analyse transient spectra and dynamics, as well as 3D
colour contour plot. This software is also associated with artifact correction tools like
background correction, scattered light subtraction, time zero correction, chirp correction etc.,
to obtain clear and actual data. SX is capable of advanced fitting techniques like singular value
decomposition (SVD) and global fitting. For fitting dynamic profiles, it uses a sum of

convoluted exponentials in the form of,

Here, IRF is the full width half maxima (FWHM) of instrument response function, which
decides the temporal resolution of the instrument. In our instrument, it varies between 50 — 100
fs, depending upon the excitation wavelength. tq is the time zero, which commence the
temporal overlap of pump and probe pulses. Starting from time zero, transient signal appears.
A; and t; are the amplitude and time components for the i exponential process. From the
iteration of these three components (i, 4; and t;), we can obtain a best fit for a dynamic profile,

associated with the lower standard deviation value.
2.5. Temperature dependent studies

The electrical and optical properties of any material are often temperature dependent, owing to
significant modulation of many parameters, like, dielectric constant, electronic band structure,
charge carrier distribution, band gap, quasiparticle binding energy, electron-phonon coupling,
phonon emission, defect density etc. with the variance of lattice temperature. So, in order to
properly investigate the inner photophysics of any system, it is very important carry out all the

measurements with the variance of lattice temperature.

In my thesis, we have used a closed cycle cryostat setup with the transient spectrometer in an
ad hoc manner to carry out the temperature dependent measurements whenever required. This
setup is capable of varying the temperature from 4K to 325K. The main workstation is made
of Cryo industries of America Inc., which is assembled with a temperature controller from

Lakeshore company (Model 335, 300mK- 1500K), an air-cooled Helium compressor from
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Sumitomo cryogenics (HC- 4A Zephyr series) and a TPS-compact Turbo pumping system from

Agilent Technologies.
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Chapter 3

Exciton and Trion Dynamics In
Monolayer MoS; Flakes and in the
Heterojunction of MoS./Au
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Adapted with permission from Goswami T., Rani R., Hazra K. S. and Ghosh H. N., Ultrafast
Carrier Dynamics of the Exciton and Trion in MoS2 Monolayers Followed by Dissociation

Dynamics in Au@MoS; 2D Heterointerfaces, J. Phys. Chem. Lett., 2019, 10, 3057-3063.
Copyright 2019 American Chemical Society.
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3.1. Introduction

2D TMDC materials are known to offer both fundamental and technological implications in
various advanced electronic, optoelectronic and gas sensing devices, energy storage systems,
photovoltaics and photo-catalysis'3. Among these, MoS; is most extensively studied, owing
to its high stability and easy synthesis routes and already showing promise in photo-
transistors*°, transistors with high current switching®, integrated circuits’8, sensing®, LED?,
battery!, solar cells'?!3, and catalysis'**°. On the other hand, Metal-2D hetero-structure based
devices have gained significant limelight, where interaction between plasmon and exciton in
metal-semiconductor (M-S) domain plays crucial role!®’. Metal nanoparticles are ideal light
acceptors, due to presence of surface plasmons, which can restrain and manipulate light at
nanoscale®'®. In this context, it is very important to study intrinsic physical properties of
semiconductor system and charge transfer processes in metal-semiconductor heterojunction.
Reduced dielectric constant in 2D monolayer semiconductor, results in strong interactions
between quasiparticles, allowing formation of several many body states like excitons?, bi-
excitons??, and trions?2. Excitons and trions are stable even at room temperature, owing to their
high coulombic interaction and large binding energies in the range of few hundred meV and
tens of meV respectively?®?22, Steady state luminescence studies and ultrafast pump probe
spectroscopy, have been carried out to monitor excitonic population in 2D materials?%??".
Unlike excitons, trions are not well reported for 2D materials, although they play a vital role in
their intrinsic properties. There have been only few luminescence experiments conducted,
where trions are reported at room temperature even in absence of any electrical or chemical
doping?>28-30, Mak et al reported formation of tightly bound trions in monolayer MoS; at room
temperature??. Lui et al. demonstrated separate contributions of photo-conductivity from the
trion and electron, which provide direct evidence of trion transport®l. Trion studies have
become very interesting for both scientific and technological pursuits due to its transport
properties, density and pseudo-spin which can be easily controlled by electric fields and
polarization. In a metal-2D hetero-structure, we should consider both plasmon-exciton and
plasmon-trion interaction, for better understanding its implications. To design and develop any
efficient device out of these 2D materials, it is utmost important to understand the energy
dissipation pathways, which includes formation and relaxation of free carriers, excitons, as well

as trions, where most of the processes take place in fast and ultrafast time scale. Ultrafast pump-
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probe spectroscopic study can play an important role in investigating these processes in very
short time scale.

In this chapter, we are going to discuss the formation and relaxation dynamics of both exciton
and trions in a monolayer MoS; system. We have monitored the carrier dynamics of monolayer
MoS: deposited on SiO»/Si substrate, before and after Au NP deposition, using broad band
femtosecond transient absorption spectroscopy. Luminescence measurements confirm the
presence of both exciton and trion in MoS: layers, which are drastically quenched after
deposition of Au NPs, indicating photo-excited electron migration from MoS; to Au. Transient
analysis revealed that, photogenerated free carriers form excitons and trions at an ultrafast time
scale of ~500 fs and ~1.2 ps, respectively. Further, these quasiparticles were found to be

dissociated in presence of Au, with time scale of ~600 fs and ~3.7 ps respectively.

3.2. Synthesis and experimental techniques

Monolayer MoS, was prepared on 300 nm SiO,/Si substrate by CVD method, at 680 °C, using
MoO3z and Sulphur powder as precursor. Raman and PL characterization were carried out with
532 nm laser line by using WITEC alpha 300 R Raman spectrometer, having 600-line mm*
grating. Bruker Multimode 8 AFM system was used for AFM imaging of MoS: in tapping
mode, under ambient condition. Au NPs were synthesized by established citrate reduction
method. HAUCI, solution (ImM) of 12 mL was boiled while adding 2mL of trisodium citrate
(2%) under vigorous stirring. The colour of the solution turns yellow to red within 10 minutes,
which indicates the formation of AuNP. The stirring of the solution was continuously
maintained with heating, for another 20 min and then kept at room temperature under stirring

condition.

Ultrafast transient absorption measurements of MoS> monolayers were executed using Ti:
sapphire amplifier system (Astrella, Coherent, 800 nm, 2mJ/pulse energy, ~ 35 fs pulse width
and 1 kHz repetition rate) and Helios Fire pump-probe spectrometer, already discussed in our
previous article*®. A Beam splitter was used to split the laser into two beams, Pump and Probe
beam respectively. Frequency of the pump beam was converted into our desired excitation
frequency by passing it through an Optical Parametric Amplifier (Coherent). Probe beam
passes through a delay stage (designed to maintain perfect delay time between pump and probe
pulses) and focussed on a Sapphire crystal to generate white light pulses ranging 400-750 nm.
Pump beam passes through a mechanical chopper reducing its repetition rate to 500 Hz. Probe

beam reflected upon the sample was detected by InGaAs detectors.
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3.3. Results and discussion

3.3.1. Synthesis and characterisation of MoS: flakes and MoS2/Au heterojunction

For the synthesis of MoS2 monolayers, we have employed CVD method, which is known to be
the most prominent technique to fabricate highly crystalline 2D materials. The optical image
of the as grown MoS: is shown in Figure 3.1a, where monolayer flakes are abundant mostly
in triangular shape. To know the number layer of MoS: deposited on SiO>/Si substrate we have
carried out Raman spectroscopic measurements. From the Raman characteristics of the MoS>
flakes, it is found that the difference between two phonon vibration modes (in-plane E';4 and
out-of-plane Asg) is ~19.9 cm, which confirmed the monolayer structure of MoS; (Figure
3.1b)%,
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Figure 3.1: (a) Optical image of monolayer MoS; on SiO/Si substrate. (b) Raman
characteristics spectra of MoS, where two peaks are separated by 19.9 cm™ which confirms
the monolayer of MoS;; (¢) AFM height profile of monolayer MoS: and inset image shows the
AFM topography of monolayer MoS»; (d) AFM topography image of distributed AuNPs on
the surface of monolayer MoS;; (e) Extended view of highlighted with red dotted area in figure
(d) shows clear distribution of AUNPs on the MoS: flake.

To determine the thickness of the monolayer we have employed AFM technique, and thickness
through AFM height image determined to be ~ 0.72 nm suggesting monolayer (Figure 3.1c).

To make MoSz/Au hetero-structure freshly prepared Au NP solutions of ~ 0.6 puLL was drop-
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casted over MoS; flakes on SiO»/Si substrate and were put in vacuum for drying. The
distribution of the AuNPs on MoS; flakes was examined by AFM image, and shown in Figure
3.1d and 3.1e. It is observed that Au nanoparticles are spread in high concentration mainly on
the MoS: flake and not on the SiO> substrate, might be due to higher affinity of Au towards S.
Enlarge view of AFM topography image (Figure 3.1e) shows uniform distribution of AuNP
on the surface of MoS; flake. The size of the Au NPs was determined to be ~15 nm, from TEM
measurements, as shown in figure 3.2a. HRTEM study confirmed the formation of Au NPs,
with characteristic d-spacing of Au (111) lattice planes (Figure 3.2b). These metallic NPS

possess a sharp plasmonic absorption band at 522 nm (Figure 3.2c).
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Figure 3.2: (a) TEM image of as prepared Au NPs; and (b) HRTEM image of an Au
nanosphere; (c) UV-VIS absorption spectra of Au NPs.

3.3.2. Steady state optical investigation

Steady state photoluminescence study of pristine MoS2 monolayers shows broad luminescence
band with a peak at ~683 nm, with a hump at ~ 633 nm (Figure 3.3a), which can be attributed
to the exciton A and exciton B peaks respectively?®?’. The intense PL peaks are in accordance
with the direct band gap of monolayer MoS,. A and B excitonic peaks are generated due to
direct band gap transitions between spin splitted valence band maxima and conduction band
minima?%3, The splitting of the valence-band maximum in monolayer MoS, at the K point, is
entirely due to the spin-orbit effect and the absence of any inversion symmetry in monolayer
MoS,. Valence band splitting is higher compared to the conduction band, because of, larger

effective mass of holes, than electrons in the system3®

Besides excitons, trion formation is also favourable in 2D transition metal dichalcogenides
owing to their high coulombic interaction and large exciton and trion binding energy. Ideally a
trion can be formed when either an electron or hole binds with an exciton and termed as
negatively charged exciton or positively charge exciton respectively*.
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Figure 3.3: (a) Photoluminescence spectra of pristine MoS> monolayer, fitted with three
Lorentzian functions, which have been attributed to exciton B, exciton A and charged exciton
(trion) A"; (b) Simplified energy band diagram of MoSa, showing both B and A excitons and

trion formation in MoS,.

These extra charges, for the formation of trions, may come from defects, substrates or by
doping or applied gating®. Formation of both negative and positive trions for MoSez and WSe
are reported in literature®®%’. In MoS,, negative trions are usually observed, because of the
intrinsic large electron density in MoSz, doped unintentionally, which is too large to be
completely defused by electronic back-gating of substrates??. These excess electrons can
facilitate formation of trion after binding with excitons. As a result, a large number of trions
can be formed even at room temperature. Separate photoluminescence peak due to negative
trion (A" Trion) in addition to both B Exciton and A Exciton have been observed by many
authors?>?8-30_In the present investigation we have observed a broad luminesce band with a
hump which can be de-convoluted into three peaks at ~633 nm, ~683 nm and ~700 nm. We
can attribute these peaks as luminescence due to B exciton, A exciton and A" trion, respectively
as shown in figure 3.3a. A simplified energy band diagram of MoSz, manifesting exciton A

and B, and trion A", shown in figure 3.3b.
3.3.3. Transient investigation of monolayer MoS:

To understand the charge carrier dynamics of MoS2, we have carried out broad-band
femtosecond pump-probe spectroscopic measurements in pristine MoS, monolayer flakes.
Figure 3.4a shows differential absorption spectrum of MoS, monolayer after excitation of 420
nm laser pulse. Transient spectra show two distinct bleach features (negative absorption bands)

peaking at 620 nm and 675 nm.
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Figure 3.4: (a) Transient absorption spectra of monolayer MoS> on SiO- substrate, at different
time delay, after exciting the samples at 420 nm; (b) Normalized bleach recovery kinetics of B
and A exciton probing at 620 nm (B exciton) and 675 nm (A exciton) (bottom panel);

Normalized transient absorption Kinetics at 530 nm and 720 nm (top panel).

The negative absorption appeared at 620 nm and 675 nm can be attributed bleach due to B
exciton and A exciton respectively?®>8, Pogna et. al. described these spectral features as result
of renormalization of both exciton binding energy and band gap, as well as state filling effect°.
In addition to the bleach peaks due to B-exciton and A-exciton, positive absorption bands have
also been observed in both blue and red regions of the spectra. To understand the charge carrier
dynamics of photo-excited monolayer MoS; transient kinetics have been monitored at both A
and B excitonic bleach positions (675 nm and 620 nm) and shown in figure 3.4b (bottom
panel). Bleach kinetics for A and B excitons can be fitted multi-exponentially and the fitting
parameters are reported in Table 3.1. It is quite evident to see that the temporal evolution of
the transient kinetics of A and B excitonic transitions are very different from each other. The
growth of A-exciton is marginally slower as compared to B-exciton and initial decay of B-
exciton bleach is faster as compared to that of A-exciton. This can be explained as follows: on
photo-excitation high energy photon (420 nm, 2.95 eV) as compared to band gap (E¢™°5,= 1.99
eV) photo-excited excite charge carriers (both electrons and holes) are generated in upper
excitonic states of both conduction and valence band. Electrons very quickly (pulse width
limited time) relaxed to the conduction band edge. Similarly, hole also relaxes to the lower
valence band energy states and form B exciton. Within short time scale, these hot holes relaxed
to the lower valence band, with the formation of A-exciton, where the holes are thermalized.

This interesting observation can be attributed to “hole cooling” in single layer MoS.. Hole
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cooling process is clearly observed in the short time scale kinetics of A and B exciton (Figure

3.5a).

Table 3.1. Exponentially fitted parameters for the kinetics of monolayer MoS; at different

wavelengths after photoexcitation of 420 nm with 600 pJ/cm? fluence.

Probe Growth Recovery
(nm) T, T, T, T,
620 <0.1 ps 0.5 ps 34 ps >1ns
(42.4%) (37%) (20.6%)
675 0.2 ps 0.6 ps 3.9 ps >1ns
(55.9%) (20.6%) (24%)
530 0.3 ps 13.7 ps 131 ps >1ns
(63.8%) (28.5%) (7.7%)
720 1.2 ps 56.6 ps > 1 ns -
(72.7%) (27.3%)

The time scale for this growth is attributed to the hole cooling time from upper valence state to
lower valence state within the valence band, which was determined to be ~200 fs. The fastest
decay component with major contribution for both excitonic bleaches were found to be in the
range of 0.5-0.6 ps (Table 3.1). This time scale can be attributed mainly due to exciton
formation. It has been reported in the literature that exciton formation time for mono-layer 2D
materials like MoS;, MoSe2, WS,, WSe; etc. are in the range of 0.3 to 0.5 ps*.
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Figure 3.5: (a) Schematic representation of hole cooling before formation of A exciton upon
excitation 420 nm excitation; and (b) Normalized kinetics of exciton A and B showing longer

growth time for exciton A, confirming the hole cooling process.

To check whether the fast excitonic decay is due to exciton formation or any other decay
process we have carried out transient experiments with different pump photon energy, with
very high energy (420 nm), and with near band gap energy (580 nm). Large excitonic binding
energy of 2D materials, restricts immediate exciton formation of the photoexcited electrons.
When we excite with very high energy pump, electrons take longer time to come to the band
edge and form exciton compared to lower energy pumps. So, the time responsible for the
exciton formation should be very low, for near band gap excitation, as now we are injecting
electrons near the band edge. In our experiment, we observed a fast excitonic decay only in
case of 420 nm excitation, shown in figure 3.6a and 3.6b. This fast decay is not observed for
580 nm excitation. This study confirms that, this fast decay is associated with the exciton

formation process, not any auger recombination or trap mediated recovery phenomenon.
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Figure 3.6: (a) Transient absorption kinetics of B exciton; and (b) A exciton, in MoS2
monolayers upon high energy (420 nm) photoexcitation and near band gap (580 nm)

photoexcitation respectively.

The second component for both wavelengths (620 nm and 675 nm) in table 3.1 is generally
attributed to Auger recombination or exciton-exciton annihilation in the system?®. In our case,
it is quite evident that the second component for A-excitonic position is much faster, compared
to that of B-excitonic position. We attribute this difference to the presence of another decay

channel for exciton A, i.e., trion formation, making the decay much faster as compared to
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exciton B. The long components (> 1ns) are due to radiative/non-radiative recombination of

trapped carriers/excitons.

Further, we have monitored the positive absorption signal on the red- and blue-wavelength
region of the excitonic bleaches and plotted in Figure 3.4b. Positive signals at early time scale
have been attributed to the carrier induced peak broadening or pump induced exciton line width
broadening*'#2. In our study, longer lifetime of these features may indicate the presence of
free/trapped quasi-particles in the system. Both growth and decay dynamics of these two
features monitored at 530 nm and 720 nm and are found to be completely different. It clearly
suggests that nature of particles responsible for the formation of these features are very
different. Both positive bands are fitted with single-exponential growth and multi-exponential
recovery as shown in Table 3.1. The growth component for 720 nm (1.2 ps) is much longer
than that of 530 nm (0.3 ps). We attribute this slow growth, to the formation of trions. Kime et
al mentioned this photo-induced feature to the negative trions present in the system?. They
have reported much lower time scale than what we have observed, studying suspended MoS>
nanoflakes. We assume this difference is due to presence of SiO> substrate or may be due to
trapping of trions at the edges of MoS, monolayers. The longer decay components (56.6 ps, >
1 ns) are due to presence of radiative/non-radiative decay of trions and non-radiative decay of
trapped trions, respectively. For 530 nm, the growth component (0.3 ps) may be attributed to
the formation time for trapped carriers/trapped exciton and longer decay components (13.7 ps
and 131 ps) can be radiative/non-radiative exciton-exciton annihilation and > 1ns component

can be non-radiative decay of trapped excitons.
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Figure 3.7: Fluence dependence transient absorption kinetics of monolayer MoS; on SiO2/Si
substrate at (a) 530 and (b) 720 nm after 420 nm photo-excitation. Laser fluence were kept

100, 200 and 500 pJ/cm?,
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Table 3.2. Exponentially fitted parameters for the kinetics of 2D monolayer MoS; at 530 nm

after 420 nm photo-excitation with different laser intensity. Laser Intensity were kept 100

ud/cm?, 200 p/cm?and 500 pd/cm?,

Pump fluence Growth Recovery
(nJ/ecm?) Tg T, T, T,

100 <0.1ps 12.6 ps >1ns -
(-64.7%) (-35.3%)

200 <0.1 ps 2.32 ps 22.6 ps >1ns
(-28.5%) (-54.1%) (-17.4%)

500 0.38 ps 5.22 ps 63 ps >1ns
(-37.8%) (-47%) (-15.2%)

Table 3.3. Exponentially fitted parameters for the kinetics of 2D monolayer MoS; at 720 nm

after 420 nm photo-excitation with different laser intensity. Laser Intensity were kept 100

pd/cm?, 200 pd/cm?and 500 pd/cm?,

Pump Fluence Growth Recovery
(nd/cm?) Tg T, T,
100 0.48 ps 47.2 ps -
(100%)

200 0.66 ps 26 ps 390 ps
(-71.84%) (-28.16%)

500 1.23 ps 46.1 ps >1ns
(-77.68%) (-22.32%)

To ascertain whether these transient absorptions at 530 nm and 720 nm are due to trapped
carriers/trapped exciton and trions respectively, we have carried out fluence dependent
transient absorption studies, keeping the pump fluence at 100, 200 and 500 pJ/cm? and are
shown in Figure 3.7. Figure 3.7a indicates the transient growth and decay kinetics at 530 nm
at different laser fluence. It is clearly observed from our experiment that with increasing laser
fluence, transient signal increases. Kinetics are fitted multi-exponentially, shown in Table 3.2

and 3.3. Trion formation depends upon availability of free electrons in the system, increasing
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fluence should drastically enhance the trion signal, as now we are exciting more no of electrons
in the system. The growth time of 530 nm, transient signal changes from < 0.1 ps to 0.38 ps,
as we increase the laser fluence from 100 to 500 pJ/cm?, whereas, for 720 nm, the growth time
increases from 0.48 ps to 1.23 ps, in similar laser fluences. This drastic change in growth time,
for 720 nm positive feature, supports our claim. This positive signal is not due to formation of

trapped carriers or excitons, but because of presence of trions in the system.

3.3.4. Transient investigation of MoS2/Au heterojunction

One of our main aim of this present study is to investigate the ultrafast charge carrier dynamics
of MoS2 monolayers, following the deposition of Au NPs on top of it. Earlier Bhanu et. al.
discussed photoluminescence quenching in MoS2/Au hybrid nanoflakes, where they suggested
photo-excited electron transfer from MoS; to Au NP as the process is thermodynamically
viable®®. The conduction band level (EcgM; = - 4.46 eV)®# of MoS; is energetically higher,
compared to the Fermi level of Au (E-* = - 5.1 eV)*. However, the electron transfer dynamics
was never been reported in MoS2/Au interface. In the present investigation we have deposited
Au NPs (~ 15 nm) on the MoS2 monolayer flakes and recorded photoluminescence and shown
in figure 3.8a. It is clearly seen that in presence of Au NPs photoluminescence of MoS: is
completely quenched. We suggest this quenching of photoluminescence attributes to the
electron transfer from MoS, to Au region. To investigate this electron transfer process, in
ultrafast time scale and to monitor the excited-state properties in MoS,/Au hetero-interface, we
have carried out femtosecond transient absorption measurements, by exciting the samples with
a 420 nm laser pulse. Figure 3.8b shows transient absorption spectra of Au deposited MoS;
monolayers, at different time delay. This transient spectra of MoS2/Au are clearly different
compared to pure MoS> and signal intensity was drastically reduced here. A broad bleach is
observed, peaking at 620 nm (B-excitonic peak) with a hump around 550 nm and a small

intensity bleach peak at 675 nm (A-excitonic peak).

In addition to that, two low intensity positive absorption bands appear below 510 nm and above
710 nm. These absorptions are due to presence of free carriers/excitons and trions respectively,
as we have already discussed in case of pure MoSz. The negative absorption at 550 nm (hump)
can be attributed to the bleach due to Au Plasmon. At 420 nm excitation majority of the laser
light is absorbed by MoS, monolayer, however still some portion of the light can be absorbed
by the Au NPs, as a result Au plasmonic bleach at 550 nm has been observed. Also, MoS; to

Au electron migration could result in a plasmonic bleach. To find out, we carried separate
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transient studies, exciting only Au NPs deposited over SiO»/Si substrate, with 420 nm laser

pulse, where we observed a distinct bleach at 550 nm due to Au surface Plasmon (Figure 3.9a).
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Figure 3.8: (a) Photoluminescence spectra of MoS2 monolayer in absence and in presence of
Au NPs; (b) Transient absorption spectra of Au deposited MoS; monolayers; (c) Normalized
Kinetics of exciton B, probing at 620 nm, before and after Au deposition; (d) Normalized
kinetics of trion, before and after Au deposition, upon 420 nm photoexcitation, probing at 720
nm.

Comparative charge carrier dynamics of Au NPs over SiO2 and MoS; are plotted in figure
3.9b. Enhanced bleach intensity in case of MoS2/Au heterosystem confirms the increment in
electron population in the Au region. Now to understand charge carrier dynamics of excitons
and trions in photo-excited MoS2/Au, we have monitored the transient kinetics at different
wavelengths and compared with pure MoS, monolayer. Figure 3.8c represents the normalized
recovery Kkinetics B exciton at 620 nm, in absence and presence of Au NP. In presence of Au
NP, 620 nm bleach recovers very fast and can be fitted multi-exponentially with time constants
11 = 600 fs (96.8%) and 1.28 ps (3.2%) (Table 3.4). Here the fastest recovery time constant

(600 fs) can be ascribed to the electron transfer from MoS; exciton to Au NP. Drastic decrement
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of excitonic bleach intensity (7.5 times) for MoS2/Au system, can be accredited to the pulse-

width limited transfer of electrons (when they exist as free carriers) from MoSz to Au NP.
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Figure 3.9: (a) Transient absorption spectra Au solution deposited over SiO; and (b)

Comparative evolution of Au plasmonic bleach for Au solution deposited over bare SiO>

substrate and MoS2 monolayers respectively, probing at 550 nm upon 420 nm photoexcitation.

Table 3.4. Exponentially fitted parameters for the kinetics of 2D monolayer MoS; after

depositing Au NP at different wavelengths after exciting the samples at 420 nm.

Probe Wavelength Growth Recovery
(nm) Tg T, T,
620 <0.1 ps 0.6 ps 1.3 ps
(-96.8%) (-3.2%)
720 0.55 ps 3.7 ps -
(-100%)

Figure 3.8d shows the normalized transient absorption kinetics of pristine MoS2 monolayer
and Au deposited MoS; at 720 nm. It is clearly seen that, in presence of Au NPs, transient
signal decay much faster and can be fitted with single exponential growth time with 0.55 ps
and decays single exponentially with time constant of 3.7 ps (100%). This fast dissociation of
trion also supports, electron transfer from MoS; to Au region. Trion formation depends upon
the abundance of free electrons in the system. In presence of Au, free electrons are removed
from 2D MoS; monolayer. At lower free electron density, trion signal starts decaying very
early, and becomes zero within ~20 ps. We attribute this single exponential decay with time

constant of 3.7 ps to the trion dissociation time, in presence of Au NP.
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3.4. Conclusions

In summary, we have synthesized monolayer MoS> on SiO using CVD method and Au NPs
were drop-casted over it. Uniform distribution of Au NPs on monolayer MoS; was confirmed
by AFM topography. Steady state photoluminescence studies show formation of B-exciton, A-
exciton, and A™-trion (negatively charged exciton) in 2D monolayer MoS,. Luminescence of
MoS, monolayers was found to be completely quenched after depositing Au NPs, which has
been attributed due to photo-excited electron transfer from MoS, monolayer to Au NPs.
Femtosecond transient absorption spectroscopy unravel the ultrafast charge carrier dynamics
of photo-excited MoS, which suggests, with photo-excitation free carriers are generated in the
2D monolayer and within 500-600 fs both excitons are formed and finally after capturing an
electron, some of the excitons turned into trions, with a time scale of ~1.2 ps. After depositing
Au NPs on MoS; monolayer, majority of the free carriers are captured by Au NPs. As a result,
excitons and trions are dissociated in presence of Au NPs, with the timescale of ~600 fs and
~3.7 ps respectively. We expect this detailed study of exciton and trion dynamics in MoS3,
within ultrafast timescale, will be a great help to design and develop devices not only based on

MoS; but also other 2D materials.
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4.1. Introduction

Opto-electronic response of any material has profound reliance on the efficient absorption of
electromagnetic radiation and subsequent relaxation of the photogenerated hot carriers in the
system.>2 The efficacy of an quantum system in various opto-electronic applications like light-
emitting diodes,® photodetectors,*° opto-valleytronics®’ or energy harvesting devices® could
possibly be improved by slowing down the relaxation of hot carriers or by exploiting broader
absorption range®. Detailed understanding of the excitonic features generated in an extended
range of the radiation would be crucial for developing advanced photonic devices out of any

material.

Nowadays, layered TMDCs are being projected as semiconducting equivalent of Graphene®©
and they confer great potential towards ultrathin and flexible opto-electronic devices.11213 Ag
the 2D structure of TMDC approaches the monolayer limit, diverse electronic and optical
properties emerge in the system, like exceptionally strong coulombic interactions,* increment
in the electronic band gap,*>® strong spin-orbit coupling,'”'®° efficient light-matter
interactions, fascinating spin-valley physics?®2! etc. The optical absorption spectrum of mono-
and few layer TMDC materials are generally comprised of four excitonic signals usually
labelled as A, B, C, D in energetic order,?>?® where the spectrum is dominated by the C, D,
suggested to be formed in a parallel band structure arrangement in their density of states and
largely affected by band nesting phenomena.?*?® The oscillator strengths of these excitons are
surprisingly higher than those low energy ones, even greater than monolayer graphene®® yet,
the PL quantum efficiency was found to be very low.?* This indicates that the relaxation
processes associated with these high energy excitons must be very different from those of
fundamental excitons (A, B), which are well reported in the literature.?”-28:293031 Dominance of
phonon mediated hot carrier relaxation could be one of the key reasons behind this poor
quantum efficiency. D. Kozawa et al. reported that the photogenerated carriers (electron/hole)
in the band-nesting region exhibit fast intraband relaxation towards nearest excited states (A
valley/I" hill), followed by a relatively slow non-radiative decay to reach K/K' state in
monolayer MoS,.2* They attributed this fast relaxation to the spontaneous charge separation in
the momentum space (Band Nesting effect), which eventually restricts the quantum efficiency
of the C excitonic state. Moreover, as 2D systems undergo bulk to monolayer transition, the
relaxation processes are modified accordingly, attributing to the increased carrier interactions

in reduced coulombic environment, bandgap renormalization and indirect to direct band gap
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transition. Hence, it is very important to study these excitonic species in different
dimensionality. Earlier, N. Kumar et al. employed transient absorption microscopy in bulk
MoS; and observed efficient inter-valley carrier transfer (K to I') of K excitons due to weak
exciton binding energy in bulk (25 meV) and significant indirect gap effect in the energy band
structure.® In 2015, T. Borzda et al. reported for the very first time the relaxation dynamics of
C excitons along with A, B in case of few layer M0S,.2® Later on, few other articles surfaced
where C-exciton dynamics were studied and quantified in monolayer MoS,. L. Wang et al.
observed very slow C exciton relaxation in the parallel energy band arrangement and discussed
this behaviour as a consequence of excited state coulombic nature along K and T" space.® Y.
Li. et al. reported relatively faster C exciton dynamics in monolayer MoS; attributing to the
slow inter-valley carrier transfer.* However, the formation characteristics of C excitons has
never been discussed in femtosecond time scale. Also, there are no reports regarding D
excitonic behaviour in these layered materials. Despite, D exciton does have individual identity
in the steady state absorption of WS and should have independent effect over optical
behaviours in these materials. Henceforth, independent study toward the nature of these high
energy excited states and underlying photophysical processes in reduced dimensionality could
be of key importance towards better implications of these materials in broadband photonic

devices.

In this article, we present a spectroscopic overview of the high energy C, D excitons along with
A, B in few layer WSy, elucidating formation as well as relaxation dynamics ranging in a broad
UV-Visible region. We have observed low intensity high energy C, D excitonic bleach signals
along with A, B excitonic bleaches in the transient absorption spectra. We have explored the
excitonic behaviour of both C and D excitons and correlated with the A, B excitonic
behaviours. Detailed spectral analysis proposed a tentative position for D excitons, closer to I'
and not in a parallel band arrangement like C exciton. We elucidated that, in few layer WS, C,
D excitons follow A-T" indirect relaxation pathway, contrary to direct K-K recombination of A,
B excitons. Both C, D relaxations are much slower in nature due to the involvement of inter-

valley scattering process as well as state filling induced Pauli blocking effect in K and A valley.
4.2. Synthesis and experimental techniques

4.2.1. Synthesis
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Bulk WS; powder and NMP were purchased from Sigma-Aldrich. Liquid exfoliation technique
was employed to prepare few layer WS, nanosheets. First, 80 mg WS> powder was crushed
with the help of a mortar and pestle for 30 mins to make fine uniform powder. These crushed
powders were solvated in 15 ml of NMP and subsequently sonicated for 4h in an ultrasonic
bath sonicator. Then, dispersions were probe sonicated for 1h and centrifuged at 4000 rpm for
30 mins. The above three-fourth part of supernatant containing few layers of WS,, were

carefully pipetted off and collected for further studies.
4.2.2. Material characterisation

As prepared WS; sheets were characterised using Raman, AFM and TEM measurements.
Raman spectra were collected with a 532 nm laser line using a WITEC alpha 300 R Raman
spectrometer. A Bruker Multimode 8 AFM system was used for AFM imaging of WS; flakes
in tapping mode under ambient conditions. The morphological features of the WS; layers were
obtained using Transmission Electron Microscope (TEM, JEOL JEM 2100) at an accelerating
voltage of 200 kV. The steady state absorption spectra were collected with a Shimadzu UV-

2600 UV-vis spectrophotometer.
4.2.3. Femtosecond transient absorption spectroscopy

The ultrafast setup was comprised of a Ti: sapphire amplifier system (Astrella, Coherent, 800
nm, 3mJ/pulse energy, ~ 35 fs pulse width and 1 kHz repetition rate) and Helios Fire pump-
probe spectrometer.®> With the help of two beam splitters the output laser pulses were cleaved
into pump (95% of the output) and probe (remaining 5%) beams. Optical Parametric Amplifier
(OPerA-SOLO) was in place of pump beam to produce required wavelength for the photo-
excitation of the sample. A delay stage is operating in path of probe beam to maintain a perfect
delay between pump and probe in temporal sense throughout the experimental procedure.
Monochromatic probe light passes through a CaF: crystal generating UV-Visible probe pulses.
Probe beam passes through sample dispersion and falls upon fibre coupled CMOS detectors
connected with the computer system. The diameter of pump and probe beam spot sizes are ~
250 and ~ 60 um. The average power of the probe pulses (white light) was ~ 30 pW. WS, few
layer solutions in a 2 mm quartz cuvette were taken as sample. All the experimental
measurements were carried out at room temperature. The collected TA data were chirped and

fitted multi-exponentially using surface explorer software.

4.3. Results and discussion
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4.3.1. Basic characterisation

WS, few layers were exfoliated in NMP using Liquid exfoliation method, a simple,
inexpensive, and mass productive technique in comparison to the generally used CVD or
mechanical exfoliation methods. Raman spectra of few layer WSz are shown in Figure 4.1a,
b. Exfoliated WS> dispersions were extremely diluted to minimize aggregation of nanosheets
and spin coated over SiO2/Si substrate for carrying out Raman and AFM experiments. Figure
4.1a represents typical Raman spectrum of WS, nanosheets on top of a SiO-/Si substrate®®3738,
following excitation at 532 nm laser. The spectrum is dominated by sharp Elyg (') and A1g (T')
peaks of WS,, with the presence weak Si signal around 520 cm™. 3¢ Weak LA (M) peak is
observed at 178 cm™. In TMDC, El;y mode emerges from the in-plane opposite direction
oscillation of W and S atoms, whereas Aig mode generates from out of plane vibration of S
atoms®’. Multi-peak Lorentzian fitting reveals four distinct closely spaced peaks for WS;, 2LA
(M)- E%yq ('), 2LA (M), Eloq (I') and A1q(T") at 324.4, 351.7, 357.7 and 420.2 cm™ respectively
(Figure 4.1b)*°. 532 nm laser excitation induces strong electron-phonon coupling in the system
and results in many second-order and multi-photon peaks in the Raman spectrum?® *°. Intensity
of these second order peaks, specially 2LA (M) mode is amplified with decreasing layer
numbers in WS, system and reaches maximum in monolayer®®. Presence of 2LA mode very
close to E,q hinders precise determination of peak positions and it is very difficult to assess
the number of layers from the peak difference.

3.9nm
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Intensity (a.u.)
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Figure 4.1: (a) Room temperature Raman spectrum of few layer WS> deposited over SiO2/Si
substrate, using 532 nm laser excitation. Red dotted lines focus significant peaks of WS. (b)
Lorentzian fitting of WS, peaks, portraying both the characteristic raman modes, E,q (') and
Aig (1), along with 2LA (M) and 2LA (M)- E%yq ('), represented by red, green, brown, and blue
lines. (c) AFM topographic image of WS> nanosheets on top of SiO2/Si substrate, along with
cross-sectional height profile along the red lines in the image. (d) Low resolution TEM images
of WS, sheets. () HRTEM images of multilayer WS, showing 002 planes. (f) HRTEM images
representing 100 planes of WSo.

AFM images of WS> nanosheets are presented in figure 4.1c, which focuses upon two small
flakes. The thickness of these grains were determined along the red line marked in the image.
The thickness of the WS> nanosheets was found to be ~ 4.2 nm, which is analogous to 5-6
layers®®, considering monolayer thickness of ~ 0.7 nm*.. In figure 4.1d, e, f, we have
represented TEM and HRTEM images of layered WS,. Figure 4.1b confirms the multilayer
nature of the sheets and depicted loading of WS, (002) planes*, having interplanner spacing
of 0.62 nm. The approximate thickness of the nanosheets was calculated to be 4.4 nm from
figure 4.1b*, which corresponds to around 6 layers of WS,. This result well corroborates with
our AFM analysis. In planner orientation, characteristic (100) planes are observed, with

interplanner distance of 0.26 nm (figure 4.1c).
4.3.2. Steady state optical measurements and the generation of the excitons

The optical signature of a material reveals the basic features of their energy band structure.
Figure 4.2a displays the absorption spectra of few layer WS,, presenting all four excitonic
peaks, i.e., A, B, C, D at around 636, 530, 462 and 423 nm respectively (Peaks are labelled
following their usual convention®®#*). Quantum confinement with lower dimensionality and
strong coulomb interaction ensures dominance of excitonic features in the steady state
absorption spectra. Here, the spectrum is primarily dominated by strong absorptions from high

energy excitons (C, D), which is quite common in low-dimensional TMDC materials.

In Figure 4.2b we discussed a simplified optical band diagram for few layer WS, representing
A, B, C, D excitonic transitions. In layered TMDC systems, interlayer interaction plays
significant role in defining electronic band structures of the system. In monolayer, conduction
band minima (CBM) and valence band maxima (VBM) both lie in K/K' region of the Brillouin

zone. However, with increasing no of layers A valley shifts downwards and I' hill shifts
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upwards, leaving K/K' valley or hills almost unaltered, as a result of which CBM now resides
in A valley and VBM in T hill.*** A and B peaks originate from the excitonic transitions at

the K/K' spaces between conduction band minima and spin splitted valence band maxima.t®4’
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Figure 4.2: (a) Steady state absorption spectra of few layer WS.. (b) Quasiparticle optical band
structure of few layer WS, adapted from previous reports on TMDC.%* Eg and E'q represent

direct and indirect optical band gap (In few layer E¢g> E').

On the other hand, the high energy exciton (C) arises from nearly-degenerate excitonic states
associated with the van Hove singularity in the joint density of state (JDOS) diagram, between
A and T space.®**® The locally parallel band near A space gives rise to local minima in optical
band structure with the formation of C exciton.*® However, we could not find any specific
report regarding momentum space position for the D excitonic state. S. H. Aleithan et al.
suggested that the D excitonic state could be originating from a higher energy conduction band
valley close to C (A valley), or could be the result of another band nesting effect in JDOS.*°
They anticipated that, C and D excitonic states would also have bound states shifted by a
binding energy ~ 500 meV below conduction band minima in the optical band structure, just
like A and B excitons. Although, these assumptions were never been corroborated with any
experimental findings. Transient absorption spectroscopy can help us to find a closer look on
the formations of C, D excitons and might be able to make a concrete statement on those

assumptions.
4.3.3. Transient study

The transient responses were collected with non-resonant high energy excitation (370 nm, 3.35
eV) probing at different pump-probe delay time and displayed in figure 4.3a, b. There are four

photo-induced transient bleaches appeared in 2D colour contour plot peaking at around 636,
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532, 464 and 422 nm, corresponds to A, B, C and D excitonic transition, as discussed in steady
state absorption spectra in figure 4.2a. Herein 370 nm pump provides sufficient photon energy
to generate different excitonic states of WS> as shown in figure 4.3a and b. The intensity of C
and D excitonic bleach signal is significantly lower as compared to that of A and B excitonic
bleach signals, which is contrary to the fact that C, D possess higher oscillator strength than
that of A, B.?® The spectral amplitude (S) of a transient feature is necessarily proportional to
the product of injected carrier concentration / exciton density in a particular state (n) and

oscillator strength of the corresponding optical transition (f), i.e., S a n.f.*°
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Figure 4.3: (a, b) 2D colour contour plot of D, C, B, A excitonic features representing their
spectral and temporal evolution in few layer WSz, with 370 nm (3.35 eV) photoexcitation and
100 pl/cm? excitation fluence. Colour intensity represents the intensity of the respective
transient signal for a certain probe wavelength and pump-probe delay time. (c) Normalized
growth profiles of all four excitonic features probed at bleach maxima at 636 nm, 532 nm, 464
nm and 422 nm for D, C, B, A exciton respectively. (d) Simple energy diagram representing

probable thermalization of hot plasma into corresponding excitonic states. 1, 2, 3 are intra-
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valley thermalization associated with D, C and A excitons respectively. ‘i’ denotes inter-valley

electron transfer from C, D towards A, B states.

Hence, the reason behind this lower spectral intensity in the high energy regime could be due
to lower carrier density. Gradual enhancement of only C exciton intensity (when ‘A’ intensity
was nearly constant) with increment of carrier density in monolayer MoS2%* also justifies this
remark. We assume that, large proportion of the electron-hole plasma generated at this blue
regime (photo-excited with high energy 370 nm pump), would migrate to the lower energy
valleys (K, A) through inter-valley phonon scattering, and contributes towards the formation

of A, B excitons.

Figure 4.3c depicts the growth profiles of different transient excitonic bleaches. Exciton
dynamics are monitored by tuning the probe wavelength at the photoinduced bleach maxima,
i.e., band-edge of different excitonic states. We found that there exists a distinct time offset in
the growth dynamics of these four excitons, where high energy excitons appear at much faster
time scale (at least 0.45 ps) as compared to that of A, B. In addition to that, there is slight
difference in growth time scales within C and D also. Earlier, D. Kozawa et al. reported
independent inter-valley thermalization phenomena for A exciton emission in bilayer MoS;
and WS with excitation of the photo carriers at the band nesting region (C-resonant
excitation).?* In the present investigation we are exciting the system with much higher energy
as compared to this report. Henceforth we expect generation of hot electrons closer to I" plateau
in the optical band structure and we cannot neglect the possibility of inter-valley transfer in
A/B excitonic growth. So the slow rise time of the A/B excitonic signals would be resultant of
both intra-valley (within K-valley itself) and inter-valley thermalization process (from I states
as well as band nesting region to K space) (Figure 4.3d). Very low spectral amplitude of C, D
implies that inter-valley thermalization triumphs over the intra one, influencing this extended
growth time of A/B. Significant enhancement of A excitonic signal rise time with excitation
higher or close to C, D states, confirms immense dependence of A/B exciton formation over
I'-K inter-valley scattering (will be discussed later). For high energy excitons C, D, rise time
would refer to mainly intra-valley thermalization where photoexcited carriers form bound
pairs, followed by fast relaxation to the excitonic band edge lying in the similar valley or hill
as that of photoexcited carriers. As pump photon energy is very close to the C, D energy levels,

the contribution of the intra-valley scattering process would be minimal in thermalization
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towards the band edge. To further analyse different excitonic behaviours in WS, we employed

wide range of photon energy pumps to excite the system.
4.3.4. Pump dependent TA measurements

The intensity map plotted in figure 4.4a, b illustrates the evolution of the D, C, A exciton
respectively, for a range of pump excitation (1.95- 4.13 eV) (B exciton is excluded as it behaves
like A). The high energy excitons are still visible even on application of much lower excitation
photon energy. Significant overlap in between C excitonic states and K-space excited states
makes this up-conversion possible.®4° If we excite with a lower energy pump (below C
excitonic resonance), we inject photocarriers in the K-valley. These photocarriers undergo
probe induced photo-absorption to K high energy states and would subsequently be delocalised
into C-excitonic states for the formation of C excitons. The exciton intensities in all three cases
deplete with the decrement of photon energy. This behaviour correlates well with the fact that,
high photon energy is capable of populating with higher number of charge carriers influencing

the phase space filling, responsible for the excitonic bleach formation®L.
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Figure 4.4: 2D intensity map of transient absorption spectra at 0.25 ps, simulated from
different energy pump excitations for (a) C, D and (b) A exciton. The A, B, C, D notations in
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the colour map signifies the corresponding excitonic positions of these excitons. (c) Transient
absorption spectra of high energy C, D exciton at 0.25 ps delay time for pump energy 1.95,
2.14,2.34,3.35and 4.13 eV. The solid lines represent Gaussian fitting of the experimental data
points. (d) C/D intensity ratio plotted as a function of pump photon energy. Individual C, D

exciton intensity is also plotted for the reference.

Interestingly, the position of C excitonic bleach show anomalous behaviour with different
pump wavelength. Specifically, the position of C excitonic signal undergoes a red shift with
lowering of pump photon energy. This characteristic red shift indicates towards involvement
of different energy levels for the exciton formation on application of different pump energy.
Unlike other excitons, C exciton formation occurs within parallel band arrangement in between
A-T" space and is not involved with any extreme points in the conduction and valence band
structure. At the same time, the parallel bands pass through an emergence of local minima with
the formation of bound pairs in this region. With implication of higher energy photons mainly
higher order states get involved in order to create the minima with the formation of C excitons.
Whereas, for lower energy pump excitations photoexcited carriers near K-space travel through
A region to reach C, D excitonic states. Charge carriers ejected from the lower energy pump
can only place itself in the lower side of the energy levels and generate C excitons with a
significant red shift. On the other hand, the position of D excitonic signal does not necessarily
depend on pump photon energy. This observation indicates that, D excitons do not necessarily
form in a parallel band arrangement like C. They originate in a valley-hill arrangement like A,
B.

Figure 4.4c describes evolution of excitonic intensity and broadening of transient absorption
spectra of C, D excitons for pump energy 1.95, 2.14, 2.34, 3.35 and 4.13 eV. It is evident that
the shape of the transient spectra merely changes with pump photon energy. Although, with
decrement of photon energy, C excitonic peaks get broader while D gets narrower. This
broadening in case of C excitons reaches maximum at 1.95 eV excitation. We expect this as a
resultant of the involvement of lower energy states in the band nesting regime with the
formation of C bound pairs in low energy excitations. This again confirms the fact that energy
bands corresponding to the formation of C exciton formation strongly dependant on the applied
photon energy. The intensity of C and D excitons are extracted and plotted as a function of
pump photon energy in figure 4.4d. We used maximum bleach intensity as it directly correlates

maximum exciton population in the respective excitonic band edge. As we decrease the pump
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photon energy, intensity of the bleach signals decreases, where D exciton intensity decreases
at much faster rate than C. An almost linear increment of C/D bleach intensity ratio was
observed in our pump photon energy range. This indicates that, with lower pump energy, C
exciton formation probability is much higher than D exciton. The reason behind this could be
the incapability of lower energy pump in providing hot carriers into the D excitonic states.
Lower energy pump can easily promote charge carriers into C excitonic states, but the same

with D states is not that feasible.
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Figure 4.5: Transient growth profiles of (a) C and (b) D excitons with application of 4.13,
3.35, 2.14 and 1.95 eV pump energy.

To analyse pump photon energy induced effect on the formation of WS, excitons, we compared
transient growth signal of these excitonic features in different pump photon energy. Figure
4.5a, b presents growth features of C, D excitons respectively, with excitation of 4.13, 3.35,
2.14 and 1.95 eV pump photon energy, which will be further reffered as higher energy photons,
HEP (4.13 and 3.35 eV); and lower energy photons, LEP (2.14 and 1.95 eV). C, D bleach
maxima experience anomolous change in rise time much unlike A (Figure 4.6) with increasing
energy of photons. All the excitation energies are higher corresponding to the energitical
position of A exciton (1.95 eV). Hence, the growth fetaures in this figure picturize the
thermalization of photo-generated hot carriers corresponding to the A excitons following
different excitation photon energy. The instantateneous bleach signal growth in case of near
resonant excitation extends itself in a much slower phenomena with increasing photon energy
(Figure 4.6a). We observed a significant jump in the rise time for HEP compared to LEP. This
observation stands over the immense dependence of fundamental K-space excitons on high

energy exciton population, deterioration of C, D bound pairs generates enormous amount of
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hot excited carriers which will eventually accumulate in the band edge regions forming A, B

excitons.

On the other hand, for all the excitations, C exhibits almost identical rise time (except 1.95 eV),
while there is a distinct difference in the rise times for D at different pump photon energy. In
order to explain these events we need to understand how HEP and LEP excitations work for C,
D formation. In case of HEP, photocarriers are excited in the high energy levels, from where
they thermalize themselves at the excitonic band edges. Whereas in LEP scenario, C, D states
are populated from K excited state mediated tunneling. So, the growth time observed here
would be collective potrayal of excitation of carriers in the K space and subsequent tunneling.
Hence, the observed growth process of C excitonic signal in LEP would corresponds to the
probe mediated absorption of photocarriers into the C-hybridised K states from the lower

energy states in K-valley (considering there is no phonon mediated phenomenon involved).
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Figure 4.6: (a) Growth profiles of A with application of 4.13, 3.35, 2.34 and 2.14 eV pump
energy. (b) Plot of relative growth values for A, C and D exciton for different pump excitation

energy. C, D data points are rescaled (multiplied 4 times) to be comparable with A.

For HEP excitation, C exciton rise time is a compilation of of C exciton formation and opposite
propagation of electron and hole in the parallel band arrangement, as dicussed earlier. Identical
rise time for 3.35 and 4.13 eV excitation implies that band nesting propagation does not
necessarily depend on the energy of photons. Whereas, on increasing photoexcitation energy
from 3.35t0 4.13 eV, D exciton exhibits enhancemement in the signal rise time, in contrast to
the indifferent behaviour of C exciton. Similar observation was recorded for A, B excitons.
This proves that, D excitons are different than C excitons. In LEP scenario, D excitonic growth
is substantially enhanced. The growth time scales are even bigger than C excitons. This
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indicates that D excitons do not emerge in the similar energy levels as of C, because in that
case growth time scales of both the excitons would be similar in the LEP regime. We have
already discussed, how electron delocalisation from the K high energy states to C excitonic
states play important role for the formation of C excitons in LEP case. It is very clear that
similar phenomena are not sufficient to produce D excitons. And we can conclude that, there
is no excitonic overlap between D states and K high energy states and K-T" tunnelling to D
states is not viable. There must be some phonon mediated up-conversion process is involved
in the generation of D excitons, which slow down the growth as we decrease the pump photon

energy.
4.3.5. Recombination pathway

In figure 4.7a transient kinetic profile of exciton A is directly compared with that of high
energy excitonic features (C, D). These decay profiles were fitted with multi-exponential time
constants and are shown in table 4.1 where all the fitting parameters are listed. The decay time

components T2, 13, and 14 are also marked in three different background
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Figure 4.7: (a) Normalized kinetic traces of A, C, D probed at excitonic bleach maxima (636,
464 and 422 nm) following 3.35 eV photoexcitation. The solid lines are multiexponential fitting
results of the experimental data. (b) Schematic optical valley diagram of few layer WS, and
possible relaxation pathways for the excitons following 370 nm photoexcitation. Here, only I'
space excitations are considered for the sake of simplicity. Also, less-probable processes are
omitted here. Green arrows represent inter-valley electron transfer from D states, whereas blue
arrows symbolize electronic delocalisation of C excitons into A and K valley. C excitonic

propagation due to band nesting effect is shown with two antiparallel black arrows for electron
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and hole. Red arrows present subsequent migration of electrons (common for all the excitons),
where () inter-valley scattering of electrons from K to A valley, (IT) K-K direct recombination
and (IIT) A-T" indirect recombination. Red dotted lines are intra-valley thermalization processes

in K and A valley.

colours in figure 4.7a. B exciton dynamics is excluded from the discussion, as it is strongly
influenced by the surrounding photo-induced absorption signals. The decay dynamics of C and
D excitonic signals, are much slower as compared to A, despite having very low spectral
intensity. Previously few articles reported similar slow relaxation of C excitons compared to
A/B in monolayer MoS;, and elucidated that slow inter-valley electron transfer from A to K
valley would be responsible for the slow dynamical nature of C transient signal.®*34 However,
in few layer case the scenario would not be the same. Here, the electronic band structure
modifies itself with increasing layers, placing CBM at A valley and VBM in I' hill, in contrast
to the monolayer TMDC. This adversely affect the direct K-K transition, favouring indirect A-
I' and K-T" transitions. Now, in case of C excitons, following the formation of the bound pair,
the electron and hole start propagating in opposite direction towards A and I' respectively
(Band nesting effect). This migration of electrons could end up in A valley, owing to closer
proximity of C excitonic states with A valley compared to K and subsequently being
thermalized to the A valley edge. However, C electrons could also easily migrate towards the
K regime as C excitonic states and K excited states enjoy significant overlap,3*°2 as we have
shown in our previous discussion. Hot electrons in K valley would either be transferred into
the A valley through K-A inter-valley scattering or would undergo intra-valley thermalization
in K valley itself and help in formation of A/B excitons. In room temperature PL measurements
for different layers of WS>, Zhao et al. showed that indirect A-I" PL peaks are enhanced with
increasing layer numbers, however the PL spectrum is also comprised of PL peaks
corresponding to the direct K-K recombination®®. However, they failed to observe any indirect
PL peak corresponding to the K-I" recombination at room temperature. From this instance, we
can assume that A-I" indirect pathway may be the most feasible channel for the relaxation of
WS, excitons, although K-K direct recombination cannot be neglected. D excitons would also
end up in K valley rather in A, as I'-K inter-valley scattering would be much stronger than the
I'-A one, as K valley lies closer to I valley than that of A.*® Subsequently D excitons would
follow C relaxation pathway. In figure 4.7b we presented a simple energy valley schematics
of few layer WS portraying electronic transitions corresponding to all four excitonic features

following 370 nm photo-excitation (Check figure 4.8 for more clear representation).
112 |Page



Chapter 4: Excitons in few layer WS,

Figure 4.8: Graphical representation of different excitonic relaxations in few layer WS, for a
high energy (370 nm, 3.35 eV) excitation in case of (a) C, (b) D, (c) A and (d) B excitons.
Optical valleys are shown as per main paper discussion. Here, green, and red lines represent
photo-physical processes responsible in formation and decay of the respective excitons in terms
of electrons. Hole migrations are presented with black lines. Dotted lines are the representation

of less-plausible pathways.

From multi-exponential fitting, decay time components for the transient bleach signals were
found to be, 12 ~ 1.4 + 0.1 ps (62.2 %), 13 ~ 15.8 + 5.6 ps (18.6 %) and 14 > 1 ns (19.2 %) for
C excitons and 12 ~ 2.4 £ 0.2 ps (53.3 %), 13 ~ 46.6 £ 12.3 ps (27.8 %) and 14 > 1 ns (18.9 %)
in case of D. The final decay component (t4> 1 ns) resembles with slow dynamical nature of

indirect recombination processes observed in bulk samples.33%2

Table 4.1. Transient fitting components of different excitonic features for 3.35 eV pump
excitation. The kinetic profiles are fitted with surface explorer software as a summation of

convoluted exponentials.
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Probe Growth Decay
wavelength, T1,PS T2 ,PS T3 ,PS T4,NS
nm
636 (A) 0.15+0.1 1.8+£0.2 84142 0.15+0.1ns

(78.9 %) (15.3 %) (5.8 %)

532 (B) 0.14+0.1 1.0+£0.1 39112 >1ns
(83.1 %) (13.1 %) (3.8 %)

464 (C) <0.1 14+01 158+5.6 >1ns
(IRF limited) (62.2 %) (18.6 %) (19.2 %)

422 (D) <0.1 2.4+0.2 46.6 +12.3 >1ns
(IRF limited) (53.3 %) (27.8 %) (18.9 %)

Hence, we can consider A-I" indirect recombination channel to be the main recombination
pathway for C, D excitons, as compared to direct K-K recombination. Based on our previous
discussion we ascribe T2, 13 and 14 as inter-valley electron transfer (I'-K for D and K-A for C),
intra-valley thermalization in A and A-T" indirect recombination, respectively. t2 and t3 is much
slower in case of D excitons than that of C, mainly because of pauli blocking effect in K valley
in course of I'(D)-K inter-valley electron transfer and in intra-valley thermalization process, as
the states are already filled from either C or A/B electrons. Contrary to C and D, A exciton
exhibit very fast decay (t4 ~ 150 = 94 ps). This intrigues us to think that, K-K direct
recombination process is the significant contributor for the relaxation of A3 and defect states
are playing very important role in that. The possible reason would be the lower probability of
K-A inter-valley scattering for K band edge electrons, owing to less kinetic energy of band
edge electrons as compared to the high energy ones®. Although we could not analyse B exciton
dynamics separately, we expect relaxation of B would follow A excitons, as these two are

immensely dependent on each other.
4.4. Conclusions

In summary, we explained the formation and relaxation behaviours of high energy excitonic
features, in reference of their low energy counterparts for few layer WS, in room temperature.
Our ultrafast measurements reveal weak C, D excitonic bleach formation at the blue region of
the transient spectra along with A, B excitonic bleach signal at the red region irrespective of

the applied excitation photon energy. With high energy excitation, large number of photo-
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excited electrons generated in the I' space, undergo I'-K inter-valley transfer prior to the
formation of C, D bound pairs and greatly influence A, B exciton formation. D exciton emerges
in a valley-hill arrangement close to I', more like A, B and shows no effect of band nesting,
unlike C exciton. We elucidated that, C exciton formation strongly depends on pump photon
energy. In course of relaxation, C, D follow the bulk route, first inter-valley electron transfer
from I' to K valley and K to A valley, subsequently slower intra-valley thermalization in A
valley and finally indirect recombination in A-I" route. Involvement of inter-valley scattering
processes towards the filled states of K, A retard the relaxation of these high energy excitons.
Pauli blocking in intra-valley thermalization and slow indirect recombination channel also
serves as a bottleneck in C, D relaxation pathway and extends their charge separation. D
excitons are most severly affected from the pauli blocking in both K and A valley and results
in very slow relaxation. Contrary to these high energy excitons, the primary relaxation channel
for A, B was found to be direct K-K recombination. We expect that, our detailed analysis on
WS excitonic features in a broad range of the electromagnetic spectrum would inspire more
studies on valley based exciton formations in atomically thin TMDC systems. Large absorption
coefficient and slow relaxation behaviour of these high energy excitons would be of great help

in constructing hot carrier based broadband opto-electronic devices.
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5.1. Introduction

In recent times, the research on two-dimensional transition metal chalcogenides (2D TMCs)
have been established as one of the hottest research topics in the field of nanoscience and
nanotechnology, owing to many exotic physical, chemical, and optoelectronic properties, such
as, strong light-matter interaction, tunable crystal structure and band structures, suitable
birefringence value for nonlinear optoelectronics, high carrier mobility, high surface to volume
ratio in ultrathin sheet like morphology, large photo-responsivity etcl:234567 These layered
chalcogenide systems have already proven their candidature in many advanced photovoltaic
and photocatalytic applications like, photodetectors, solar cells, energy storage and conversion,
spintronics, lasers, catalysis, valleytronics and nonlinear optical devices.®9101112132 The
journey of these material started with binary systems like MoS2, WS;, MoSez, WSe; etc.!415:16,
which are extensively investigated over the years. Though these binary systems are blessed
with several advantages'*!’, they possess few shortcomings as well which are concerning for
an optical device fabrication. Like, it is very difficult to maintain appropriate band alignment
and restrict charge carrier recombination simultaneously in a single binary TMC8. Also, it is
not easy to tune the band gap of most of the binary TMCs'® These drawbacks can be easily
lifted if we introduce another element in the binary system. Henceforth, the 2D materials field
is gradually moving on towards ternary systems which offer many new optical and electronic
properties. The ternary transition metal chalcogenides (TTMCs) family blooming day by day
with materials like, Ta;NiSs, TazNiSes, CuFeSz, ZnIn;Ss and Mo(1-x)WyS: etc.20:21:12.22
Contrary to the binary systems, ternary compounds possess a new degree of freedom with the
addition of third element. In TMCs, the orbitals of transition metals mainly contribute in the
formation of conduction and valence bands?. So, the band structure of TTMCs can be tuned
by varying the elemental composition, which boost their optoelectronic performance. Song and
Yang observed the band gap increment with the higher order of Cu deficiency in CulnS;
system. CulnS,/ZnS heterosystem with Cu/In = ¥ ratio was found the best LED material with
luminous efficiency of 63.4 Im/W at a forward current of 20 mA among all compositions?*.
Also, the presence of third element helps in slowing down the electron-hole recombination
process'®, which makes them better photocatalyst than binary TMCs. Li et. al., investigated
that Zn1-xCdxS solid solutions with x=0.5 shows highest H, evolution rate of 7.42 mmolhg?
among all solid solution with different Zn/Cd molar ratios. The photocatalytic activity of
ZnosCdosS was found to be 24 and 54 times higher than pristine CdS and ZnS samples and

even much greater than Pt loaded CdS?°. Along with those advantages, some TTMCs possess
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no phase separation, good stability and low mixing free energy*®. Among different TTMCs,
AB2X4 (where A and B = transition metals, X = S, Se, and Te) family exhibits some unique
properties. Like, this class of compounds possesses tetragonal crystal structure which is
different from the conventional 2D materials with hexagonal lattice structure. Also, their
structural diversity, tunable band gap, smaller charge diffusion length and kinetic stability?2>2
make them ideal for optoelectronics applications, as well as in the photocatalytic applications.
Cu2MoSs (CMS) is one such a promising layered material, which is part of a comparatively
new family of TTMC, Cu:MX4 (M= Mo, W and X=S, Se)?’. It possesses an indirect band gap
and exhibits diverse electronic band structure and phonon dispersion?®. This family of materials
usually have two different types of allotropes with space groups of 142m (I-phase) and P42m
(P-phase)?’. Atomically, the single layer of CMS is encompassed by two closed square lattice
of transition metal atoms (Cu and Mo), which are tetrahedrally coordinated with the S atoms,
forming the square shaped layer of Cu and Mo atoms sandwiched between the layers of S
atom?®. Owing the visible region band gap, CMS has already shown its capability to harvest
the solar energy as a visible light driven photocatalyst.?62°303! | jang and Guo synthesized
Cu2MoS4 by the robust hydrothermal method at different reaction temperatures and reported
their photocatalytic activity for the first time.3? Along with photocatalysis, CMS is potent to
unleash breakthrough in many other photovoltaic, or biological applications****. In order to
achieve superior efficiency in those applications, it is very important to understand the inner
photophysics of the material. Appropriate understanding of the excited state charge carrier
dynamics would be utmost necessary for pursuing these materials in light related applications.
But for CMS like materials, it was never been explored properly. We found very few reports
of optical absorption and photoluminescence (PL) spectra of CMS in the literature30273°,
Recently, Qin et. al investigated the electron-phonon (e-ph) interaction in CMS nanoflakes with
the help of Raman spectroscopy and observed up to the fourth order of LO phonons under the
above band gap photoexcitation. This indicates the presence of strong e-ph coupling due to the
domination of Frohlich interactions between localized longitudinal optical (LO) phonons and
respective charge carriers?®. The energy exchange between carriers and quasi particles as well
as other photophysical processes is usually observed to be ultrafast to fast time scale in the
range of picosecond (ps) or sub-ps time scales. The femtosecond pump-probe spectroscopy is
a well-equipped spectroscopic tool to monitor the excited states charge carriers dynamics of
the photoexcited materials®®3’. To the best of our knowledge, the charge carrier dynamics in
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the CMS type TTMCs is never reported in the literature. Our first spectroscopic investigation
will boost the candidature of 2D TTMC based advanced optoelectronic and photonics devices.
In this work, we have synthesized a ternary chalcogenide material CMS using simple
hydrothermal technique. Steady state Raman analysis confirmed the existence of strong e-ph
coupling in the system. This material absorbs a broad region of the visible light, having
maximum peak at around 576 nm. The PL spectrum of the material is comprised of two
features, band gap emission and trap state mediated emission. Using TA spectroscopy, we
explored all the possible excitonic features emerging in this material following absorption of
visible light photons. Fluence dependent measurements revealed the influence of auger
phenomenon in the kinetics of excitonic features in this material at high charge carrier density.
With the lowering of external temperature, the band gap of the material was found to be
enhanced with accelerated the exciton dynamics, owing to strong e-ph coupling at lower
temperatures. The excited state charge carrier dynamics of CMS was found to be extremely

influenced by the e-ph interactions in the material, which is temperature dependent.

5.2. Synthesis and experimental techniques

5.2.1. Synthesis of Cu20

The primary precursor for the synthesis of CMS is Cu.O. We prepared Cu20 previously
reported method with slight modification at room temperature. PVP (3.333 g) was dispersed in
100 mL distilled water followed by continuous stirring. Then, CuCl> (1.12 mmole) was added
to the above solution followed by continuous stirring to form a homogeneous and clear
solution. Afterward, 10 ml of 2M aqueous solution of NaOH was added drop by drop followed
by continuous stirring. After that, 10 ml of 0.6 M aqueous solution of ascorbic acid were
prepared and added dropwise followed by stirring for 1h. Immediately, a turbid yellow liquid
is formed. The obtained product was collected by centrifugation followed by subsequently
washing with a 1:1 ratio of ethanol and water. The precipitate was kept in a vacuum for dried
at 60°C for 6h.

5.2.2. Synthesis of CuzMo0S4

Further, for the synthesis of CMS, 30 mg of sodium molybdate was dissolved in ethylene glycol
with ultrasonic treatment for 5 min. Then, 60 mg of TAA was added to the homogeneous
solution followed by continuous ultrasonic treatment. After that, 20 mg of the prepared Cu.O

yellow powder was dispersed in the above suspension, followed by ultrasonic treatment for 5
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min. The colour of the liquid changed from yellow to greenish-brown. The well-mixed solution
was kept for ultrasonic treatment for another 5 min. Then, the obtained suspension was
transferred to a 50 mL Teflon-lined autoclave and maintained at 200 °C for 24h. The product
was collected by centrifugation at 8000 rpm for 10 min followed by washing with deionized
water four times and then with distilled ethanol three times. Finally, the obtained product was

kept under vacuum for drying at 60 °C for 6 h.

5.3. Results and discussion

5.3.1. Characterisation and steady state optical measurements

Two-dimensional CMS nanoflakes were prepared using simple hydrothermal synthetic route.
hThe morphology of the as prepared CMS was investigated using transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images at different magnifications
(Figure 5.1a-c).
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Figure 5.1: (a, b) TEM micrographs of CMS system presenting random flake morphology. (c)
HRTEM image of a CMS flake showing characteristic d-spacing of the material. (d) PXRD
patterns CMS nanoflakes. (€) AFM topographic image of CMS flakes. (f) AFM height profile

of a nanoflake with thickness of 3.3 nm.

Figure 5.1a confirms the ‘sheet” morphology of the material. Figure 5.1b and c displays the
HRTEM image of these nanosheets. Further, figure 5.1c reveals the well-resolved lattice
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spacing 0.51 nm which corresponds to (002) plane of CMS3L. Moving on, powder X-ray
diffraction (XRD) technique was implied to analyse the phase and structure of material (Figure
5.1d). The XRD pattern of CMS is having diffraction peaks at 17.6, 18.5, 29.3, 31.8, 32.9, 37.8,
46.4, 47.6, 49.5, 51.1, 52.7, 55, 56.7, 58.1, 59.1, 59.7, 62.6, 65.5 and 69.2, corresponding to
(002), (011), (112), (013), (020), (022), (121), (123), (220), (024), (222), (221), (006), (132),
(003), (125), (116), (231), (026) and (040) lattice planes of CMS, respectively?’. The XRD
pattern confirmed the formation of the body-centred tetragonal phase of Cu>MoSs (space
group: 1-42m). In figure 5.1e, the AFM topographical image of CMS is presented. From the
height profile, the thickness of these nanosheets were acquired to be ~ 3.5 nm, which would
correspond to 2-3 layers (Figure 5.1f)%. Now, we will explore these atomically thin CMS

nanoflakes with the help of different steady state and time-resolved spectroscopic techniques.

Figure 5.2a represents the room temperature Raman spectra of CMS nanosheets on application
of 514 nm laser. This spectrum is comprised with bunch of intense peaks around 400 nm, with
most intense one at 433 cm™. This peak could be assigned to the longitudinal optical (LO)
phonon modes in this system?®. This LO mode was also accompanied by its second, third and
fourth order harmonics at 866, 1299 and 1732 cm™. Amongst these three, second order peak

signature is very strong, but third and fourth order is almost indistinguishable.

(@) | Aexc =514 nm o (b) Ak =532nm | (¢) Lo
LO 433 cm™) (1732 cm™Y) Lo
2L0

> >

:§' (866 cm™1) a0 E E

2 K c 3Lo c PL signature

g8 (1299 cm™') ] 210 2

£ [ £ £

A = 633 nm

B1 Si

14
200 400 600 8001000 1500 2000

600 900 1200 1500 1800
Raman Shift (em-1)

Raman shift (cm™)

600 900 1200 1500 1800 300

Raman Shift (cm-1)

300

Figure 5.2: Unpolarized Raman spectrum of CMS following (a) 514, (b) 532, and (c) 633 nm

laser excitations.

This spectrum is very similar to the earlier reports of CMS raman investigations?, Presence
of LO overtones in the Raman spectra indicates toward strong e-ph coupling in this material.
Further, we have recorded the Raman spectra with the implication of two other lesser energy
excitations, 532 nm, and 633 nm. For 532 nm excitation, the spectra possess LO, 2L.O and 3LO
peaks at the same position as that of 514 nm (Figure 5.2b). However, 633 nm excitation could

produce only LO signature at the same position (Figure 5.2c). Considering the band gap of
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CMS around ~ 2.03 eV?®, 514 and 532 nm pumps are both above band gap excitations and able
to produce n-LO signatures in the Raman spectrum. So, multi-phonon generation was only
possible when excited with above band gap photon energy. This observation agrees with earlier
reports?339, In application of band edge energy or lower, the energy difference between the
incident photon and the outgoing photon is very less, so the possibility of multi-phonon

generation diminishes.
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Figure 5.3: (a) Steady state absorption spectra of this system, comprising a strong peak at 576
nm and a group of few small peaks forming a hump at the higher energy region. (b) CMS PL

spectra for 514 nm laser excitation.

The optical UV-vis spectra of CMS nanosheets are presented in figure 5.3a. CMS possess a
wide absorption in the visible light region with absorption maxima around 576 nm. The
spectrum is quite broad in nature and extended toward the NIR region. This could be the result
of high density of defect induced energy states in the interband gap region of CMS. The lowest
energy transition is indirect in nature in this type of material, which might as well take part in
the broadening of the spectra. The peak maximum is arising with the direct transition from the
valence band at I" point to the conduction band minima (CBM) at the same point in the
electronic band structure of CMS?6. Along with this maximum peak, there are many other peak-
like signatures were found in the spectrum, mainly at the higher energy region. In fact, these
peaks are very close to each other and clubs into a broad hump around 420-450 nm region. So,
there is a possibility of many other direct transitions in this material, which possesses much
higher energy. These small peaks could be originating from these direct transitions. Existence
of several peaks of similar energy indicates that there are many close by energy states in this
region. The PL spectrum of this material is also very complex in nature and comprised of many

peaks. Figure 5.3b presents PL spectrum of CMS following 514 nm laser excitation. For, better
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understanding, we have fitted the spectrum with five gaussian functions, which are located at
523, 538, 556, 598 and 725 nm respectively.

These three small peaks at the high energy region cannot be attributed to PL signatures, rather
they might be originating from Raman scattering induced broadening. As PL spectrum of this
material was collected in a Raman spectrometer, both Raman and PL peaks would be present
in the spectra. The 598 nm PL feature must be originating from the recombination of electron
and hole at the direct band gap in I" position. The most significant peak of the spectra is located
at 725 nm, which could be originating from some inter band gap trap states. Till date, most of
the reports regarding the optical properties of this material were confined to steady state
absorption and PL spectra, which were not discussed properly. Our report aims for
comprehensive optical analysis of CMS, which is never reported in the literature. Also, we
could not find any time dependent studies of this material, which would be utmost beneficiary
in realizing full potential of this material in optical applications. In course of that, we have
employed transient absorption spectroscopy (TAS) technique, to explore time-resolved optical
processes, like the relaxation and recombination of photoexcited charge carriers at very short

time scale (ps or sub-ps).

5.3.2. TA measurements

Figure 5.4a represents 2D colour contour plot of CMS on application of 350 nm (3.5 eV)
pump. These pump photons possess very high energy and possibly excite the charge carriers
close to the continuum edge. Following that the photo-excited charge carriers would relax
down to the band gap edge and eventually get recombined. The contour diagram presents most
significant signal in the range of 500-600 nm, a negative and a positive signature dominates
the TA spectra. This could be more clearly realized in the TA spectra plotted in figure 5.4b.
The TA spectra are dominated by the photoinduced bleach signal and a sharp positive signal,
peaking at 573 and 542 nm respectively. Along with that, many weak bleach features appeared
in the TA spectra at the high energy region. These bleach features correspond to the small
humps as observed in the steady state absorption spectra, which could be stemming from the
state filling transitions of the high energy states.

The photoinduced bleach signal at 573 nm originates from the accumulation of charge carriers

at the direct band gap edge, which give rise to the peak maximum in the steady state absorption
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spectra. So, monitoring the dynamics of this feature one could explore the relaxation and

recombination processes of the photoexcited charge carries in this layered material.

JL

(a) { A, =350 nm : amoD (c) 14 " e 511nm
751001: i as

& ; 29

? 1.8

o 14 34 . . L .

a :: 4 " e 542nm

0.1 o {
400 450 500 550 600 9,
Wavelength (nm) g 0 \

oJd

(b) Aoy =350 nm
3 L Il 1 ’l'l 1
m 573 nm
0 -
o /
o) T e e L SR .
£
< 3| —04ps 50 ps -31
- —0.6 ps 100 ps
1 pS 600 ps
5ps ——2ns -6 -
-6 10 ps "
400 450 500 550 600 0o 2 4 500 1000
Wavelength (nm) Delay time (ps)

Figure 5.4: (a) 2D colour contour plot of CMS on application of 350 nm laser pulses. (b) TA
spectra of CMS system for few pump-probe delay times. (c) TA dynamic profiles of the intense

bleach feature at 573 nm, sharp positive signal at 542 nm and weak bleach at 511 nm.

The positive feature at 542 nm is not broad enough to be considered as the high-density defect
induced positive absorption. Rather, it is a very sharp feature and must be originating from the
high energy absorption from a localized state. In order to draw further conclusions, the dynamic
profiles of all these features were analysed. In figure 5.4c, we have presented dynamics of
three different transient features in three rows, weak bleach signal at 511 nm, sharp positive
signal at 542 nm and band edge bleach feature at 573 nm. We have presented the kinetics of
511 nm bleach only among all other small bleach signals; just to compare these with the band
edge bleach signal. We are not going discuss much about these features, as the intensity of
these signals is very less to draw any conclusion. These dynamic profiles are fitted with three-

exponential time scales and the fitting components were presented in table 5.1.
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We found that the dynamical nature of 573 nm bleach and 542 nm positive signal are very
similar and both the feature might be originating from the same set of energy states. As we
have already discussed the origin of this bleach signal to be the state filling of band edge states,
the positive one might be stemming from the transition of band edge charge carriers to the high
energy states. This again substantiates the presence of many high energy states in this system,
where viable optical transitions are possible. Both these features rise instantaneously, limited
to instrument response function (IRF). This indicates very fast relaxation of charge carriers
from the continuum edge towards the band edge. Following the emergence, these signals
undergo a very fast decay, which might be indicating the presence Auger recombination®® or
exciton-exciton annihilation®* or defect trapping® in this system. Also, there is a slight
possibility that this positive signal could be the signature of multi-exciton generation in the
system. To verify these possibilities and figure out the inherent photophysical processes
involved in the relaxation and recombination of charge carriers in this material, we have varied

the pump fluence in a certain range.

5.3.3. Fluence dependent TA measurements

Figure 5.5a shows pump fluence-dependent TA spectra at a particular pump-probe delay time
of 0.3 ps for 350 nm pump excitation. The spectra undergo substantial change with the variation
of pump fluence, both in peak intensity and broadening. The band edge bleach signal was found
to be most severely affected by the variation of pump fluence. This negative feature is
accompanied with significant red shift throughout the applied fluence range, which could be
the resultant of the charge carrier induced stark effect, change in the exciton binding energy or
band gap renormalization process*3#4. It is possible that all three processes are simultaneously
active in the high fluence range, generating this broad bleach signal. Broadened bleach signal
necessarily points toward the higher distribution of charge carrier density near the band gap
edge in injection of higher charge carrier population. Contrary to that, the positive signal holds
nearly constant peak position in different fluence. Slight blue shift in high energy fluence case
might be originating from the excessive broadening of the adjacent bleach signal. Hence, one
can assume that this positive feature is not influenced by any of stark effect, band filling effect
or band gap renormalization phenomena.

Figure 5.5b represents the increased peak amplitudes of the band edge bleach and the positive
signal as a function of excitation density. This excitation energy dependence can be fitted with

saturation absorber model*®*!,
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AT/To xn/ (n + ns)
where n and ns signify excitation density and corresponding saturation density of the material,
respectively. AT/To represents differential change in the transmission, which is inversely
proportional to AOD in TA data.
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Figure 5.5: (a) TA spectra of CMS on application of different pump fluence at a particular
pump-probe delay time (0.3 ps). Pump fluence was varied from 20 to 500 pJ/cm?. (b) Peak
amplitudes of the bleach and the positive signal as a function of excitation density. The data
points are fitted with a saturation absorber model, discussed in the text. Normalized dynamic
profiles of (c) the intense bleach feature and (d) the sharp positive signal for different pump

fluence. Pump wavelength was kept 350 nm in all cases.

From the fitting of this model, the saturation density was calculated to be 5.3 + 0.7 x 10'* and
1.8 + 0.3 x 10 photons/cm? for the bleach and positive signal respectively. This saturation of
the transient features could be prompted by approaching Mott density of the material and one
can assume that mott density of CMS would fall in the similar excitation region. It is very
evident that the positive signal approaches the saturation limit much faster than the bleach one.

So, the decay processes involved in these two signals must be different, so does the
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recombination channels. Hence, one cannot really be sure about the involvement of same set
of energy states for the generation of these two features, as we predicted earlier. As, the bleach
signal directly corresponds to the exciton density or band edge charge carrier population, we
can safely assume that the mott density would lie close to 5.3 + 0.7 x 10* photons/cm?.
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Figure 5.6: Auger fitting in case of the band edge bleach signature for (a) 200, (b) 300, (c) 400

and (d) 500 pJ/cm? applied pump fluence.

Similar conclusions can be drawn from the dynamical plot of these features in figures 5.5¢ and
d. All the decay curves were fitted with multiexponential functions, and the fitting parameters
are listed in Table 5.1. On increasing fluence, the bleach dynamic profiles were found to be
slower up to a certain excitation density (300 pJ/cm? or 5.3 x 104 photons/cm?). Beyond that,
the bleach signals show faster decay dynamics. Interestingly, these regions also fall beyond
saturation limit, where many body processes like auger recombination, bi-exciton formation,
two-photon absorption etc*®4¢4%47 dominate the recovery channels of the transient features. It
is possible that auger induced non-radiative decay play dominant role in the faster dynamics of
the bleach feature at high fluence regime. Figure 5.6 depicts the linear dependence of AA™
versus delay time, confirming involvement of Auger recombination phenomenon at early (up

to 25 ps) delay time scales.
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Table 5.1: Transient fitting parameters of the band edge bleach signature for different pump

fluences.
Pump Excitation Probe Growth Recovery
fluence density | Wavelength g (PS) 71 (pS) 72 (pS) 73 (ps)
(ud/cm?) (10%/ (nm)
cm?)
20 0.3 570 <0.1 0.3 15.1 > 1000
(75.5%) | (11.8%) | (12.7 %)
60 1.1 572.4 <0.1 0.3 12.6 > 1000
(69.5%) | (20.3%) @ (10.2 %)
100 1.8 571.2 <0.1 0.3 17.3 > 1000
(63.6 %) | (15.9%) | (20.5%)
200 3.5 574.1 <0.1 0.5 17.6 > 1000
(57.4%) @ (21.5%) @ (21.1 %)
300 53 575.3 <0.1 0.6 23.4 > 1000
(52.4%) | (20.9%) | (26.7 %)
400 7.0 576.5 <0.1 0.3 15.1 > 1000
(64.6 %) | (19.6 %) @ (15.8 %)
500 8.8 579.4 <0.1 0.3 12.4 > 1000
(57.1%) | (29.1%) | (13.8 %)

In case of the positive signal though, we did not find any auger induced acceleration in the
decay features. Rather, the signals are getting slower on increasing pump fluence. This
observation indicates toward the presence of surface trap induced decay channels in the
dynamics of the positive feature*?. As these defect states tend to get populated over increased
fluence, the recombination of the photoexcited carriers get blocked owing to pauli blocking®.
We believe that, both auger and trap mediated processes are involved in the decay of both the
features. In case of bleach signal, the auger phenomenon dominates, whereas positive signal
decay is only influenced by trap mediated recombinations. Henceforth, we assign the fast decay
time scale to the auger recombination and defect mediated recombination for the bleach and

positive signal respectively. In order to further investigate the charge carrier recombination
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processes, the TA experiments were performed at different lattice temperatures, ranging from
5K to 300K.

5.3.4. Temperature dependent TA measurements

Figure 5.7a, b represents TA spectra of CMS maintaining lattice temperature at 5K and 200K.
Pump wavelength and fluence were kept at 350 nm and 200 pJ/cm? respectively for all the
temperature dependent studies. TA spectra for all other temperatures are shown in figure 5.8.
We found the spectral shape and intensities were very different at 5K and 200K. At higher
temperatures, the TA spectra were much broader as compared to that of lower temperatures,
also the transient bleach is red-shifted in high temperatures. This type of shifting is very
common in temperature dependent studies, as observed in many PL and TA studies earlier®®,
At high temperatures, thermal excitations reduce the charge carrier population in the bound
states and defect/impurity mediated signatures dominate the spectra, resulting in a broad and
dispersive signature. Whereas, at low temperature a sharp bleach feature arises owing to the
optical transitions mainly from the bound states. In figure 5.7c, we have plotted the peak
positions of the bleach and positive feature at different temperatures. Interestingly, as we
increase temperature both the signals show red-shift up to 200K, and beyond that a marginal
blue shift was observed. As the bleach feature predominantly corresponds to the direct band
gap transitions in CMS, this shifting phenomenon could be associated with the variation of
band gap with temperature. So, one can assume that the direct band gap of the material
undergoes substantial downfall with increasing temperature. The band gap of a semiconducting
system primarily depends on two factors, e-ph interaction, and thermal expansion effect4-5%51,
Usually in conventional semiconductors, both these parameters possess negative value and
correspondingly band gaps are found to be decreased with the increase of temperature®®°2, But
that is not always true. There are many other reports where opposite trends were observed>3®:,
In our system, two different trends are observed at separate temperature regions, which possibly
indicates that both these factors influence the band gap renormalization of CMS, but with
opposite signs. In CMS, the e-ph coupling strength decreases with the increment of
temperature.

The Huang-Rhys factor (S, e-ph coupling strength parameter) in CMS was found to be

maximum around 100K and gradually decreases with temperature?,
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Figure 5.7: TA spectra of CMS collected at lattice temperature of (a) 5K and (b) 200K, on
application of 350 nm pump with 200 pJ/cm? fluency. Plots of respective (c) peak positions
and (d) amplitude values of the bleach and positive features for a range of lattice temperatures.
The lines are only guide to the eye. Normalized dynamic profiles of (e) the intense bleach
feature and (f) the sharp positive signal for different lattice temperatures, for 350 nm pump and
200 pJ/cm? applied fluence.
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So, it is possible that, the e-ph interaction parameter is the major contributor for the
renormalization of band gap at low temperatures (below 200K) and its contribution is negative
for this material. At very high temp (beyond 200K), e-ph interaction becomes negligible and
the thermal expansion factor decides the band gap. At this high temperature region, band gap
increases with temperature; means thermal expansion parameter possess a positive value. This
abnormal trend was earlier observed in many d-orbital based semiconductors like, copper
halides, metal halide pervoskites, silver chalcopyrites etc.>*>2

The signal intensities of the positive and negative features, also undergo a decreasing trend
with increasing temperature (Figure 5.7d). This is quite possible considering higher charge
carrier population in the bound states at lower temperatures, also responsible for the sharper
bands discussed earlier. The interesting part is that the positive features are now having higher
signal intensity than that of the bleach signals. In our previous discussion on fluence variance,
we found out that the dynamics of the positive signal is predominantly dependent on the trap
mediated recombination channels, then that of the bleach one. So, these signals would depend
on the defect density of the system. As, lower temperature induces less no of defect mediated
trap states in any material, the effect of these traps would have negligible effect on the transient
signal in the lower temperature region. This is resulting in higher signal intensity of positive

signals as compared to bleach features.
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Figure 5.8: TA spectra of CMS with 350 nm and 200 pJ/cm? pump excitation having lattice
temperature of (a) 300K, (b) 250K, (c) 150K, (d) 100K and (e) 50K. (f) Comparative TA
spectra of CMS for different lattice temperature case, at a particular pump-probe delay time
(0.4 ps).

Table 5.2: Transient fitting parameters of the band edge bleach signature for different lattice

temperatures.
Lattice Probe Growth Recovery

temperature | Wavelength 7 (PS) 71 (pSs) 72 (ps) 73 (ps)

(K) (nm)
5 567.0 <0.1 0.4 23.2 > 1000
(57.4 %) (10.7 %) (31.9 %)
50 568.8 <0.1 0.3 18.4 > 1000
(51.8 %) (16.7 %) (31.5 %)
100 574.1 <0.1 0.2 9.5 > 1000
(54.7 %) (24.3 %) (21.0 %)
150 582.9 <0.1 0.4 20.4 > 1000
(49.8 %) (21.4 %) (28.8 %)
200 587.1 <0.1 0.4 25.2 > 1000
(49.3 %) (21.4 %) (29.3 %)
250 582.4 <0.1 0.2 17.3 > 1000
(53.3 %) (20.9 %) (25.8 %)
300 577.0 <0.1 0.6 18.4 > 1000
(48.2 %) (16.9 %) (34.9 %)

The temperature dependent decay processes of these transient features were further explored
via detailed analysis of the time dependent dynamic profiles of the bleach and positive signals.
Figure 5.7e and f represent transient Kinetics of the respective bleach and positive signals.
These dynamic profiles were fitted with three-exponential decay parameters as well and listed
in Table 5.2. Both the features show almost similar trend with respect to temperature. At lower
temperature the decay processes were found to be accelerated, which could be due to very
strong e-ph coupling at low temperature. CMS is associated with lowering of dielectric constant

in the lattice with temperature decrement, which induces stronger e-ph interaction in the
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system. This leads into enhanced phonon emission and subsequent faster dissipation of phonon
energy to the surroundings®. These phenomena would result in faster dynamics and that is
what observed in our low temperature TA experiments. So, our study substantiates the
existence of stronger e-ph coupling in low temperature for CMS. Also, CMS possess an indirect
band gap and the direct band gap charge carriers would recombine via indirect band that
involves e-ph interaction. So, e-ph interaction must be the most influencing factor in the
recombination of photoexcited charge carriers in CMS. In figure 5.9, we have shown all the
possible relaxation and recombination processes in CMS with the help of an electronic energy
band diagram of CMS.

Excitation

Figure 5.9: Probable decay channels for the recombination CMS direct band gap exciton
emerged at the I space of electronic band structure. Five different relaxation and recombination
channels dictate the decay of charge carrier recombination in CMS, 1) Hot carrier relaxation,
2) Inter-hill hole cooling, 3) auger process 4) inter band gap trap state mediated recombination,
and 5) phonon mediated indirect recombination.

Following the high energy photoexcitation (350 nm, 3.5 eV), the charge carriers are placed at
higher energy levels as compared to the direct band gap excitation (close to 573 nm, 2.16 eV).
These charge carriers relax to the direct band edge within ultrafast time scale (< 0.1 ps).
Following that, these holes are further cooled the valence band maxima at ‘M’ space, as this
valley possess lowest energy. At this situation, there are three possibilities for the
recombination of those electron and holes; auger recombination, inter-band gap trap state
mediated recombination and normal photon mediated indirect recombination. Both the auger
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and trap mediated channels could also be influenced by phonons, as this material showed strong
e-ph coupling even at room temperature. From the transient measurement as well, we found
the effect of strong e-ph coupling in the temperature dependent charge carrier dynamics. Also,
the bleach dynamics is predominantly affected by auger recombination. So, we can postulate
that, the main recombination channel in this system would be phonon mediated auger process,
as observed earlier in indirect band gap semiconductors®®. This kind of experimental validation
regarding the existence of e-ph coupling in a material like CMS is rare in the literature. The
knowledge of the temperature dependence of the e-ph interaction in CMS and subsequent
variation of charge carrier dynamics would be beneficiary in CMS based optical device

fabrication.

5.4. Conclusions

In summary, we have successfully synthesized an exquisite ternary chalcogenide Cu>MoSs,
which is confined in only one direction (2D material). CMS flakes were found to be assembled
from the van der Waal stacking of 2-3 monolayers. These atomically thin 2D systems were
investigated in steady state Raman spectroscopy, revealing the presence of very strong e-ph
coupling. CMS was also found to absorb a broad region of the electromagnetic radiation. The
absorption maximum was located at 576 nm, corresponding to the direct transition at the I"
space of the electronic band structure. The PL spectra is comprised of two broad peaks,
corresponding to direct band gap emission and inter-band gap trap state mediated radiative
recombinations. Steady state optical studies confirmed the huge effect of intrinsic defect states
in the properties of these materials. Transient study further explored the excited state charge
carrier dynamics of CMS. The TA spectra primarily composed of a strong bleach signal and a
sharp PIA signature, corresponding to the state filling of the conduction band edge and excited
state absorption into the higher energy states. The spectra also feature many weak bleach
signatures at the high energy end, indicating the possibility of several closely spaced high
energy transitions in the CMS band structure. Pump fluence dependent measurements disclose
the saturation density of the material lies in the range of 5.3 + 0.7 x 10 photons/cm?, beyond
this limit auger recombination predominates. We found Auger recombination to be an integral
part of the photophysical processes involved in the decay of photoexcited charge carriers.
Whereas trap mediated recombinations play more dominant role in the decay dynamics of the
positive signal. These dynamical features are very much dependent on the lattice temperature.

At lower temperature e-ph coupling strength peaks, accelerating the decay of the TA signals.
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Stronger e-ph interaction at the at low temperature range might as well responsible for the

increment the optical band gap of the material. e-ph interaction was found to be most important

factor for the recombination of CMS excitons. Our measurements indicate toward the phonon

assisted auger recombination as the most feasible recombination channel in CMS. Overall, this

study aims to gain an exclusive insight of the optical properties of CMS, which was never been

reported in literature to the best of our knowledge. This detailed spectroscopic investigation

would draw more attention toward the unexplored optical properties of ternary 2D

chalcogenides and help in the construction of state-of-the-art optoelectronic devices.
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6.1. Introduction

Phonon bottleneck mediated slow relaxation of hot charge carriers provides extra boost toward
the device efficiency of a semiconducting material, owing to longer time range for the
extraction of those carriers. It is expected that efficient utilization of hot carriers would enhance
the efficiency of solar cells up to 66% under 1 sun illumination.! Among many other
techniques, a heterojunction formation is one of the best-known methods for the extraction of
hot carriers in a system.>3 In recent times, numerous heterojunctions are being fabricated and
designed to form state of the art optoelectronic devices.*>®789 The efficiency of these
heterosystem can possibly be improved from detailed knowledge of the excited state behaviour
of hot carriers, > 1% as well as the formation of important quasiparticles like exciton, bi-exciton,
trion!! etc. at the interface of those quantum materials. Hence, it is utmost important to explore
the charge carrier dynamics of all possible heterosystems suggested to have potential in
advancing the optoelectronic research.

Cadmium Sulfide (CdS) is a versatile I1-VI semiconductor? and a widely known
photocatalyst’® owing to its easy synthetic routes and outstanding optical and catalytic
properties. Some of its properties important for catalytic applications are like suitable direct
bandgap (~2.4 eV) for visible light harvesting, good chemical and thermal stability, appropriate
redox potential etc.!* 1> 16 Along with these fascinating properties, low dimensional CdS
nanostructures endows some fundamental properties like high charge carrier mobilities,
relatively low work function and large exciton binding energy.t” & CdS based nanostructures
hold great promise as a host material in high technology optoelectronic applications like
photovoltaics, transistors, light emitting diodes, photochemical devices, photodetectors, etc.®
19,20 Amid all nanostructures of CdS, 1D nanorods (NRs) is the hottest field of nanotechnology
in recent times due to their unique optoelectronic properties.'® 2! Now, for the fabrication of an
efficient device for the extraction of hot carriers, a thermodynamically suitable material has to
be integrated with CdS, so that hot carrier extraction (HCE) phenomena overpowers the hot
carrier cooling process.?? Usually, the hot carriers dissipate their energies non-radiatively in
form of heat, and can only be made useful by slowing down their relaxation process and
simultaneous extraction.? In this quest, MoS, could be a good choice as an absorbing
semiconductor of hot electrons due to their tunable band gap (1.3 eV to 1.8 eV) and layer
dependent electronic band structure.™ It is a 2D TMDC system and possess hexagonal crystal
structure just like CdS,*® which ensures an intimate interface between these two. Also, MoS:
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conduction band level lies such that CdS electrons can easily migrate into MoS2,2* which is
utmost important for efficient extraction of CdS hot carriers. On the other hand, MoS: itself a
very good photocatalyst owing to its band positions, very high charge carrier mobility and huge
number of active edge site in the 2D architecture.?® 2% 27:28 Hence the extracted charge carriers
from CdS system would join MoS; carriers in the active sites and take part in the catalysis
reactions enhancing the activity of overall heterosystem. In 2010, Zong et. al., reported that
calcined MoS»/CdS catalysts are capable of very high photocatalytic activity, even better than
Pt/CdS.?® Following that, many scientists around the globe have been trying to design a
heterojunction photocatalyst comprised of CdS and MoS 24 30 31:32.33. 34 Although, there have
been many attempts on device fabrication, the basic understanding of the charge carrier
dynamics is almost rare in the literature. There are very few examples in the literature where
the respective charge carrier dynamics was studied to get an insight of the mechanistic
pathways in a CdS-MoS, based architecture.®> 3 However, the detailed spectroscopic
investigation at the interface of these two exquisite nanomaterials are still absent in the
literature. Also, there have been no reports on the hot carrier dynamics in these kinds of
systems. In this scenario, we thought it would be very important to explore all possible optical
phenomena staging in this type of 1D-2D interface in a detailed manner, which are responsible

for the photocatalytic activity in these heterosystems.

In this chapter, we will be discussing a 1D-2D hetero-composite system, based on CdS
nanorods (1D) and MoS; flakes (2D). The composition provides a type-I heterojunction, such
that in photoexcitation of CdS, both the electron and holes can migrate toward MoS,. From the
steady state photoluminescence spectroscopy, we found that CdS charge carriers are effectively
transferred to MoS; following photoexcitation. Transient absorption (TA) studies revealed that
the heterosystem consists of both CdS and MoS: signatures, where MoS: signals are enhanced
but CdS bleach intensity was drastically decreased as compared to their pristine signatures. We
found that hot charge carrier migration is much more effective than band edge one here and
effectively enhance charge carrier population in the MoS> region. Pump energy dependent
measurements discloses the importance of photon energy on the migration process and the hot

carrier transfer.
6.2. Synthesis and experimental techniques

6.2.1. Synthesis of CdS Nanorods and CdS/MoS2 nanocomposite

152 |Page



Chapter 6: CdS/MoS; heterojunction

CdS nanorods were prepared through a simple solvothermal method.® 3" For synthesis of CdS
nanorods, Cd(ac)..2H.O (0.4269 g) and thiourea (0.6089 g) were dissolved in 12 mL
ethylenediamine followed by magnetic stirring. After stirring for 30 min, the mixture was
transferred to Teflon-lined stainless-steel autoclave with a capacity of 25 mL and then kept at
180°C for 24 h. After natural cooling the autoclave to room temperature, the obtained product
was collected by centrifugation and washed four to five times with ethanol, followed by drying
in an oven at 60°C. The preparation of CdS/MoS, nanocomposite was like that of CdS
nanorods, only MoS; sheets (0.2 g) were added to the CdS precursors before the reaction
procedure. The multilayer sheets were prepared by exfoliating bulk MoS; in DMSO using a

bath sonicator for 1h.
6.2.2. Basic characterisation and optical measurements

Powder X-ray diffraction (PXRD) patterns of the as-synthesized samples were collected on a
Bruker D8 ADVANCE X-ray diffractometer with a Cu Ka line of 1.542 A. TEM and HRTEM
measurements were conducted on (JEOL JEM 2100) operating at an accelerating voltage of
200 kV to get the morphologies and structures of the samples. UV-Vis absorption spectra were
recorded with a Shimadzu UV-2600 UV-vis spectrophotometer. PL spectra were recorded on
Fluorolog 3-221 fluorimeter in solid state.

6.2.3. Femtosecond transient absorption (TA) spectroscopy

TA measurements were executed with the help of a Ti: sapphire amplifier system (Astrella,
Coherent, 800 nm output wavelength, ~ 3W average power, pulse width of ~ 35 fs and 1 kHz
repetition rate) and a Helios Fire pump-probe spectrometer.®® The output laser beam was
splitted into pump and probe using an appropriate beam splitter. Pump beam passes through an
Optical Parametric Amplifier (Coherent) to produce desired wavelengths for pumping the
system. Probe beam generates white light passing thorough a Sapphire crystal. A mechanical
delay was placed in the pump beam path to maintain proper pump-probe delay throughout the

experiment. The experimental data were fitted using surface explorer software.
6.3. Results and discussion

6.3.1. Characterisation and basic optical measurements
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We have synthesized CdS and CdS/MoS2 nanocomposites using robust and cost-effective
solvothermal route. The basic idea was to fabricate a heterojunction between these two 1D and

2D systems, as shown in the schematics in figure 6.1a.
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Figure 6.1: (a) Graphical representation of an 1D/2D heterocomposite of CdS and MoS:. (b)
XRD patterns of pristine CdS nanorods. (¢) Comparative XRD patterns of pristine CdS, MoS:

and CdS/MoS; nanocomposites along with detailed lattice planes of (d) MoS2 nanosheets.

The PXRD pattern was used to distinguish the crystal structure and phase purity of pristine
CdsS, MoS; and CdS/MoS». The diffraction pattern of bare CdS, having lattice constants a =
4.14 A'and ¢ = 6.704 A, shows good agreement with the standard pattern of hexagonal wurtzite-
structured CdS*® (Figure 6.1b). Comparing with CdS nanorods, the nanocomposite XRD
patterns in figure 6.1c, shows additional reflections for MoS: as expected. The reflection peaks
at 20 values of 14.40°, 33.48°, and 58.34° are attributed to the reflection plane (002), (100) and
(110) of MoS; in the XRD pattern of CdS/MoS; heterostructure® (Figure 6.1d). No impurity
diffraction peaks related to Cd, S and Mo were observed in the composite, which confirms the

high purity of CdS/MoS; nanocomposite.?
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Figure 6.2: TEM and HRTEM images of (a) CdS and (b) CdS/MoS..

The surface morphology and microstructure of the prepared CdS and CdS/MoS;
nanocomposite were investigated using TEM and HRTEM shown in Figure 6.2a and b,
respectively. As can be seen from the TEM image (Figure 6.2a), the bare CdS exhibits rod-
like morphology. The average diameter and length of bare CdS has been calculated to be 50-
60 nm and 600-700 nm, respectively. Inset of figure 6.2a shows the crystal lattice planes of
CdS nanorods with interplanar spacing of 0.32 nm, which corresponds to (002) plane of
hexagonal CdS.® The above findings confirm the single-crystalline nature of CdS NRs. The
TEM image shown in figure 6.2b and inset, reveals the presence MoS; flakes at the end of
CdS nanorod in the synthesized nanocomposite. Inset of figure 6.2b shows the HRTEM image
of CdS/MoS2 nanocomposite. The HRTEM image of nanocomposite disclosed that the lattice
fringes of CdS nanorods ((002), 0.32nm) and MoS; nanosheet ((100), 0.26 nm)*® are closely

spaced which ensures a clear interface between MoSz nanosheets and CdS NRs.

Figure 6.3a depicts steady state optical absorption spectra of CdS nanorods and CdS/MoS>
composite systems. CdS absorption spectrum displays a broad absorption peak around 500 nm,
comprised with two closely spaced peaks, arising from 1% (loe—lon) and 2X (20e—20h)
excitonic transitions.®® Large diameter of the nanorods induces very little effect of quantum
confinement (behaves more like bulk), that the energy bands are very closely spaced (energy
difference ~ 0.07 eV). As a result, the peaks overlap each other and could not be deconvoluted
in the absorption spectrum. In the nanocomposite, CdS peaks appear at the same energetic
position, implies that nanorods maintain their usual size distribution in the heterosystem.

Although the overall absorption of the system is enhanced, particularly at the red region of the
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spectrum. Both A, B MoS: excitonic peaks are clearly visible in the nanocomposite spectrum
(Figure 6.3b).
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Figure 6.3: (a) Absorption spectra of CdS, MoS: and CdS/MoS2 nanocomposites. (b) Enlarged
absorption spectrum of MoS,, representing both A and B excitonic features at ~ 680 and ~ 620

nm respectively.

Next, to realise the charge carrier characteristics in CdS and CdS/MoS;, these systems were
investigated with the help of steady state PL spectroscopy. Figure 6.4a represents PL spectra
of these two materials following 400 nm photoexcitation. The PL spectrum of CdS exhibits a
broad peak around 530 nm, along with a strong signature extending beyond 730 nm. These two
features can be assigned to the radiative recombination of photoexcited charge carriers from

band edge and inter band gap trap states respectively.*°
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Figure 6.4: (a) Steady state photoluminescence spectra of CdS and CdS/MoS:
heterocomposites. Inset: De-convoluted PL spectra of CdS in the band edge regime (480 to 620

156 |Page



Chapter 6: CdS/MoS; heterojunction

nm). (b) Comparative band levels of CdS nanorods and MoS: sheets representing migration of

charge carriers from CdS to MoS..

Moreover, the peak around 530 nm is quite broad and cannot represent only band edge
recombinations. Recombinations from near band edge trap states are also contributing to this
signal. To further elucidate this broad band, we deconvoluted this feature using four gaussian
functions. Four different peaks were observed at 510, 524, 548 and 604 nm (Figure 6.4a
INSET). The 510 nm peak is necessarily arising from the radiative recombination phenomena
within CdS conduction and valence band. The other three and the strongest PL signature at 740
nm are associated with the inter band gap trap states of CdS. Following addition of MoSy, the
CdS PL intensity is substantially quenched (Figure 6.4a), pointing toward migration of charge
carriers from CdS to MoS; (Figure 6.4b). The respective band positions of CdS and MoS> were
calculated from Mott Schottky analysis and DRS spectra, giving rise to a type-1 band alignment
(Figure 6.5), which confirms the thermodynamic viability of CdS charge carrier migration

toward MoSo.
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Figure 6.5: (a) Mott Schottky plot and estimated conduction band edges for CdS nanorods and
MoS; nanosheets. (b) Band gap calculation of CdS from the respective DRS spectrum. (c)
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Band gap calculation of MoS: from the respective DRS spectrum. (d) Respective band level
positions of CdS and MoS;, calculated from Mott Schottky plot and optical band gap,
representing the possibility of charge carrier migration from CdS to MoS..

6.3.2. TA study of CdS nanorods

To elucidate the excited state characteristics of CdS NRs, femtosecond transient absorption
spectroscopy was employed for the nanorod solution in DMSO. Figure 6.6a, ¢ portrays
transient spectra of CdS NRs at different pump probe delay time, following photoexcitation
with 400 nm pump. The spectra display a strong photoinduced bleach at 499 nm with a hump
around 488 nm, which are assigned to the band edge 1X transition and weakly populated 2X

transition, respectively. The 2% signal is more pronounced at the early and longer time scale of
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Figure 6.6: (a) 2D colour contour plot of pristine CdS nanorods as a function of pump-probe
delay time with 400 nm photoexcitation. (b) Enlarged contour plot of low intensity signal at
the red wing of the spectra. (c, d) Corresponding TA spectra CdS NRs for certain pump probe
delay time scales.
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Possibly high intensity of the 1Z signal masks the 2% feature in other time regimes, owing to
high charge carrier population at the band edge states. In addition to these two, we observed a
strong photoinduced absorption signal at the blue wing, peaking around 460 nm and a broad as
well as weak bleach feature at the red side of the spectra, covering wide region of the
electromagnetic spectra. The intense 1%, 2¥ bleach features appear due to state filling effect in
1. band and dominated by electrons,*! owing to lighter effective mass of electrons and higher
degeneracy in valence band states in nanorod architecture of CdS.*? Hence, the broad range
(550-700 nm) negative feature in the spectra (Shown in figure 6.6b, d) must be arising from
filling of inter-band-gap states with photo-excited electrons in the system.*® Earlier, Yan et al.
observed Similar transient features in case of CdS nanorods.® There are also report of CdS
nanorods, where a weak photoinduced signature was observed instead of bleach.*® Although
those nanorods are much more quantum confined owing to their small sizes, prepared from
long chain ligand mediated hot injection method. To further elucidate the origins of different
transient features in our system, we have studied the dynamics at different wavelengths of the

spectra.
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Figure 6.7: (a) Transient decay profiles of CdS probing at 460, 488, 499 and 525 nm for the
blue wing photoinduced absorption, high energy excitonic bleach, band edge excitonic bleach
and trap mediated bleach signal respectively. (b) TA dynamics of the red region of the spectra

monitoring at 615 and 680 nm.

In figure 6.7a and 6.7b, we have presented the transient decay profiles of CdS nanorods
probing at blue and red region of the spectra, respectively, continuing from the above
discussion. The dynamic profiles are fitted with multi-exponential functions and the fitting
parameters are listed in table 6.1. The excitonic signals (1% and 2X) possess maximum intensity

amongst the bleach features, also associated with largest growth time scales, 0.55 ps and 0.44
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ps respectively. This infers the dominance of excitonic features in the TA signal of CdS NRs.
400 nm pump has sufficient energy to excite the charge carriers into higher energy states of
CdS, as compared to 1X and 2% excitonic states in the system. These high energy electrons
(well known as hot electrons) are quickly thermalized and cooled down to lower energy states.
The growth time scales of the transient bleach signal estimate these colling processes. The rate
constant Kint (Kinternal relaxation) corresponding to these hot carrier cooling processes for 1% and 2X
states was calculated to be 1.82 ps™ (tgrowth ~ 0.55 ps) and 2.27 ps™ (tgrowth ~ 0.44 ps) from the

following equation,**
Tgrowth = 1/Kint

Again, both the intensity and growth time scales are substantially higher in case of the band
edge exciton than that of the higher energy excitons. This is possible due to the spontaneous
cooling of photoexcited charge carriers from 2X states toward 1Z band edge. The dynamics of
the weak bleach signature is much faster than that of the 1X and 2X signals (Figure 6.7Db).
Earlier in the steady state experiments, we observed high concentration of inter-band-gap
defect states in the system, which will certainly take part in the TA spectra. In our previous
article as well, we observed similar defect mediated signals in ZnIn,Ss nanosheets and
established their role in the photocatalytic activity of this material.** These defect states are
necessarily shallow in nature and reside very close to the band edge and possess very fast
dynamics, owing to higher de-trapping nature of these states.*® Following the trapping of
charge carriers in these states, de-trapping phenomena comes into play and minimises the state
filling effect. As we go down to the higher wavelength region, the trap induced signal becomes
weaker, possessing shorter growth time scales as well as faster decay (Table 6.1). This is
possible because, lower energy states are more closely spaced to the band edge and charge

carriers are easily de-trapped from these states.

6.3.3. TA study of MoS2 and CdS/MoS2 nanocomposites

Next, in order to investigate the interfacial interaction in between CdS nanorods and MoS:
sheets, TA spectroscopy was employed in the CdS/MoS, nanocomposite. Figure 6.8a, ¢
portrays both CdS and MoS; excitonic features in the nanocomposite spectra following
photoexcitation of 400 nm, in a wide range of pump-probe delay time. The spectra are
comprised of pronounced 1X CdS excitonic bleach at 502 nm very similar to pristine CdS,

along with characteristic A, B excitonic peaks of MoS; at 680 and 620 nm, respectively (Figure
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6.8b, d). This is possible because, 400 nm pump can photoexcite both MoS; and CdS band

edge excitons.

The TA spectra in figure 6.8a and b monitors the changes in CdS and MoS: bleach signals
simultaneously. Interestingly, transient study of pristine MoS; produces very weak signatures
A, B excitonic peaks (Figure 6.9a, b) even with higher pump fluence (400 pJ/cm?), owing to
weak exciton binding energy and high defect concentration in multi-layered MoS; sheets.*5 47
On the other hand, in presence of CdS nanorods, stronger excitonic signals are visible in the
MoS; region (figure 6.8d) in much lower pump fluence (100 pJ/cm?). The intensity of A, B
excitonic signals are now enhanced in presence of CdS (Figure 6.9c, d), which infers increased
carrier population in the MoS; regime in the heterosystem. In figure 6.10a we have plotted the
dynamic profiles of CdS 1X excitonic bleach signal in absence and presence of MoS2 for 400
nm pump excitation. Interestingly, the bleach signal intensity is almost diminished (decreased
from 25 mOD to 5.6 mOD) in presence of MoS;.

Table 6.1. Fitting parameters corresponding to the dynamic profiles of the transient signal of

CdS nanorods, in different probe wavelengths for 400 nm photoexcitation.

Probe 71 (pPS) 72 (PS) 73 (PS) 74 (NS)
wavelength (Growth) (Decay) (Decay) (Decay)
(nm)
460 0.43 1.7 124 >1ns
(44.6%) (21.7%) (33.7%)
488 0.44 7.8 118 >1ns
(57%) (18.4%) (24.6%)
499 0.55 8.1 130 >1ns
(49.1%) (21.9%) (29%)
525 0.45 6.7 111 >1ns
(51.7%) (21.4%) (26.9%)
615 0.28 6.5 102 >1ns
(61.8%) (19.8%) (18.4%)
680 0.12 7.8 211 -
(68.2%) (21.4%)
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Figure 6.8: (a) 2D colour contour plot of pristine CdS/MoS, nanocomposites as a function of
pump-probe delay time with 400 nm photoexcitation. (b) Enlarged contour plot of low intensity
signal at the red wing of the spectra, representing emergence of A, B excitons of MoS.. (c, d)
TA spectra of CdS/MoS; nanocomposites and MoS: respectively as a function of few selected

pump-probe delay times with 400 nm photoexcitation.

This indicates decrement of electron population in the 1ce band edge. Also, there is possibility
of energy transfer from CdS to MoS», considering the overlap of CdS PL spectrum and MoS>
absorption spectrum. Here, we will focus on the migration of charge carriers only. In the
composite system, the relaxation of CdS hot electrons to the band edge gets hampered due to
the competition from another thermodynamically viable process, i.e., hot electron transfer into
the MoS; conduction band. The decrease in the probability of internal relaxation of CdS
electrons in the band edge leads to small intensity of the CdS signal in presence of MoSz. The
growth time scale of the 1Z excitonic bleach signal was found to be 0.15 ps here (Table 6.2),
which corresponds to the factor, 1/ (kint + knot). Hence, the time scale (thot = 1/Knot)

corresponding to the hot carrier transfer was calculated to be 0.21 ps (Knot ~ 4.85 ps™2).
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Figure 6.9: (a) TA spectra of pristine MoS; nanosheets as a function of pump-probe delay time
with 420 nm photoexcitation with 400 pJ/cm? pump fluence. (b) Transient decay profiles of
exciton A and B in MoS2, monitoring at 680 and 620 nm. Comparative decay profiles of (c)

exciton B and (d) A in MoS2 and CdS/MoS2, monitoring at 620 and 680 nm, respectively.
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Figure 6.10: (a) Evolution of transient dynamics probing at the band edge exciton of CdS NRs
in absence and presence of MoS.. (b) Normalized bleach recovery kinetics at the band edge
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from CdS to MoS,.

Table 6.2. Fitting parameters corresponding to the dynamic profiles of the transient signal of
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CdS/MoS: heterosystem, in different probe wavelengths for 400 nm photoexcitation.

Probe 71 (pPS) 72 (PS) 73 (PS) T4 (NS)
wavelength (Growth) (Decay) (Decay) (Decay)
(nm)

502 0.15 1.6 27.7 >1ns
(57.1%) (34.6%) (8.3%)

620 0.14 0.7 90.4 >1ns
(69.4%) (30.6%) (100%)

680 0.14 0.4 3.7 0.49 ns
(50%) (40%) (10%)

We found that, the signal in the heterosystem decays at a much faster rate as compared to the
pristine one (figure 6.10b), implying shorter lifetime of CdS 1ceelectrons in presence of MoSo.
The fast recovery of MoS; based CdS bleach confirms migration of photoexcited electrons
from CdS domain to MoS,. The decay of bare CdS bleach signal was found to be 8.1 ps (t2,
Table 6.1), which is significantly reduced to 1.6 ps in presence of MoSz (Table 6.2). This
difference would give rise to electron transfer time scale from CdS to MoS,.*® So, the band

edge electron transfer (BET) rate constant,
keet = (1.6 ps)™* — (8.1 ps)t = 0.49 ps!

Subsequently, the electron transfer time scale from the 1ce band edge can be calculated to be 2
ps.

A simplified picture of this competition of cooling and extraction processes of hot carriers are
shown in figure 6.11. The 400 nm pump excites the charge carriers at high energy states of
CdS, which are eventually cooled to the band edge by means of phonon emissions. In presence
of MoS, these hot carriers are extracted from CdS high energy states at very fast time scale
and can be used for further catalytic processes from MoS,. Hot carrier extraction (HCE) brings

down the waste of charge carriers and improves device efficiency of the heterosystem.
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Figure 6.11: Schematic illustration of excited state behaviour of photogenerated charge
carriers in (a) CdS and (b) CdS/MoS; on application of 400 nm pump. The scheme represents
how hot carrier extraction triumphs over hot carrier cooling of CdS in presence of MoSz. Only
electronic migrations are shown here for the sake of simplicity and little contribution of holes
in the TA signal of CdS.

6.3.4. Pump dependent TA study

To further elucidate the hot electron transfer process in CdS/MoS> nanocomposites, we
employed different pump photon energy to excite CdS and CdS/MoS; systems. The idea was
to probe the dependency of charge carrier migration at the CdS/MoS: interface on the energy
of pump photons. In figure 6.12a we have plotted the dynamic profiles of 1Z excitons in CdS
nanorods for 360, 400 and 450 nm pump excitations. The growth time scale of 450 signal was
found to be 0.34 ps (Table 6.3), lower than that of 400 nm. As, 450 nm pump can only excite
the electrons in the lower energy states than that of 400 nm, the electrons take shorter time to
reach thelX excitonic band edge from the higher energy states. The rise time of the 2X excitons
were extremely fast in this case, found to be IRF limited. The corresponding rate constant
corresponding to this cooling processes was calculated to be 2.94 ps? (tgrowth ~ 0.34 ps). In
presence of MoS; this 1% growth time is drastically decreased and found to be extremely fast
(< 0.1 ps, Table 6.4). However, the growth time scale of 360 nm excitation is very similar to
that of 400 nm (Figure 6.12a, Table 6.3). This is contradictory to what we generally observe
in a quantum material. Usually, higher energy pump enjoys longer signal rise time in transient
absorption spectroscopy.*® Unless we are exciting close to the continuum states of the system

and the cooling time is almost unchanged. This could be the result of poor quantum effect in
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these CdS nanorods, which is expectable from the large diameter of the rods. In case of
CdS/MoS;, the dynamical change of 1% exciton for different pumps is very similar to that of
the pristine CdS (Figure 6.12b). The rise time of 360 nm excitation is again similar to 400 nm.
So, one may interpret from these observations that the hot electron transfer would not depend
on the pump wavelengths, if we are exciting the materials with very high energy photons in
this type of CdS nanorods. In order confirm this statement, we probed A exciton dynamics in
the MoS: regime (Figure 6.12c). Very interestingly, the growth time scales are now very

different from each other for different pump excitations.
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Figure 6.12: Normalized decay profiles of CdS 1X excitons in (a) pristine CdS at 499 nm and
(b) CdS/MoS: composite system at 502 nm, on excitation of different pump wavelengths (360,
400 and 450 nm). (c) Normalized decay profiles of MoSz A excitons (at 680 nm) in CdS/MoS>
nanocomposite on excitation of similar pump wavelengths. (d) Simple schematic of the
CdS/MoS:; interface representing higher probability of electronic migration on application of

higher energy pump photons.
Figure 6.12c represents the dynamic profiles of MoSz A excitonic signal in CdS/MoS: for 360,

400 and 450 nm. The rise time of this excitonic feature maintains a steady increment with the

pump photon energy. The rise time for 450 nm (0.11 ps) is increased to 0.15 ps in 400 nm and
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further jumped into 0.28 ps in case 360 nm (Table 6.5). So, even the cooling time of CdS does
not offer any change and gets saturated above photon energy of 400 nm, it is not the case for
MoS:. The most plausible reason would be the transfer of CdS electrons into different energy
states of MoS; before being thermalized into the band edge forming A excitons. Higher energy
photon places the electrons in the higher energy states of MoS; and in turn increase the cooling
time corresponding to A excitons. This would be extra bonus for extraction of hot carriers from
this heterosystem. Not only that, the decay profiles are now much slower in high energy pump
photon case. This infers higher charge carrier population in MoS> region in presence of CdS

after exciting at higher energy pump photons.

Table 6.3. Fitting parameters corresponding to the dynamic profiles of the 1X excitonic bleach

signal of CdS nanorods, for different pump excitation.

Pump 71 (pPS) T2 (pS) 73 (PS) T4 (NS)
wavelength (Growth) (Decay) (Decay) (Decay)
(nm)

360 0.53 7.2 137 >1ns
(35.9%) (47.9%) (16.2%)

400 0.55 8.1 130 >1ns
(49.1%) (21.9%) (29%)

450 0.34 44.3 325.7 >1ns
(60.8%) (14.1%) (25.1%)

These instances strongly establish the fact that higher energy pumps are capable of stronger
charge carrier separation in CdS/MoS; hetero-interface and opens new avenue for optical
applications. We have discussed charge carrier migration phenomena in the interface of
CdS/MoS> composite system, on applications of pump photons from different regimes of the
electromagnetic spectra. This study would pave a unique journey in the research of

heterojunction based photocatalysts, particularly in a 1D-2D arrangement.

Table 6.4. Fitting parameters corresponding to the dynamic profiles of the 1% excitonic bleach

signal in CdS/MoS: heterosystem, for different pump excitation.
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Pump T1(pS) T2 (pS) T3 (PS) T4 (PS) 75 (NS)
wavelength (Growth) (Decay) (Decay) (Decay) (Decay)
(nm)
360 0.15 3.2 28 645 -
(78.3%) (15.6%) 6.1%)
400 0.15 1.6 21.7 >1ns -
(57.1%) (34.6%) (8.3%)
450 <0.1 0.7 4.4 62.1 >1ns
(31.7%) (30.1%) (20.6%) (17.6%)

Table 6.5. Fitting parameters corresponding to the dynamic profiles of the A excitonic bleach

signal (680 nm) in CdS/MoS: heterosystem, for different pump excitation.

Pump 71 (pS) T2(pS) T3 (pS) T4 (NS)
wavelength (Growth) (Decay) (Decay) (Decay)
(nm)
360 0.28 2.1 204 -
(73.2%) (26.8%)
400 0.15 0.4 3.7 0.49 ns
(50%) (40%) (10%)
450 0.11 1.2 15.7 -
(68.3%) (31.7%)

6.4. Conclusions

A 1D-2D heterocomposite, CdS/MoS; was fabricated using simple, inexpensive hydrothermal
synthetic route. HRTEM measurements show CdS nanorods are covered with small MoS;
flakes in the composite system. CdS/MoS; absorption spectrum is comprised of both the
signature of CdS 1%, 2X excitons and MoS; A, B excitons. The CdS PL spectrum is
substantially quenched in presence of MoS,, which indicate transfer of photoexcited charge
carriers from CdS to MoS,. Decrement of both band edge and defect mediated PL signals
testifies for the efficient charge migration in the heterosystem. Transient absorption

spectroscopy reveals a strong overlapped bleach signal corresponding to 1Z and 2 excitons,
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along with a weak defect induced bleach signal spread in a wide region of the spectra. The
lifetime of hot carrier relaxation for these two excitons were calculated from the rise time of
the transient signals and found to be 0.45 and 0.55 ps. CdS/MoS: spectra shows presence of
both the systems in the nanocomposite, CdS bleach appears at 502 nm and MoS; excitons
appear at 620 and 680 nm, similar to their pristine systems. But the intensity and rise time of
the CdS bleach signal is drastically decreased in the composite, indicating toward hot carrier
transfer in the system, which was confirmed from the enhanced intensity of MoS: bleach
signals. The hot carrier transfer time scale was calculated to be 0.21 ps (rate constant, Knot ~
4.85 ps?). The charge carriers are also get migrated from the CdS band edges and the
corresponding rate constant was found to be 0.49 ps™ (2.0 ps) which is much lower than the
hot carrier transfer one. Pump dependent analysis suggests that the charge migration process is
immensely dependent on the pump photon energy. Increment in photon energy directly result
in enhanced hot carrier injection in the MoS; high energy states. This detailed spectroscopic
analysis is unique and would be extremely impactful on fabricating a 1D-2D heterojunction

based optical devices, where efficient extraction of hot charge carriers plays pivotal role.
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Chapter 7
Transient Investigation of Enhanced
Photocatalytic Activity In ZnlIn,Sy

Nanosheets Following Elemental
Doping

Adapted with permission from Goswami T., Yadav D. K., Bhatt H., Kaur G., Shukla A., Babu
K. J. and Ghosh H. N., Defect-Mediated Slow Carrier Recombination and Broad
Photoluminescence in Non-Metal-Doped ZnIn,Ss4 Nanosheets for Enhanced Photocatalytic
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Society.
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7.1. Introduction

Photocatalytic H> evolution stands out to be the next possible alternative source of energy
ahead of the scientific community in course of replacing non-renewable and toxic energy
sources like coal, petroleum, etc.! Numerous semiconducting and metallic systems 2 are being
used to convert earth-abundant waters into chemical fuel H> using solar energy. Though these
materials show immense potential, we are far from the stage where we can commercialize this
energy. At this instant, proper knowledge of the photophysical processes, like photoinduced
behaviour of charge carriers and subsequent relaxation processes involved in the phenomena
of H> evolution would be extremely helpful in designing efficient and cost-effective

photocatalytic materials.

Currently, ZIS is considered to be one of the best photocatalysts due to its low cost, high
stability, low toxicity and tunable bandgap (2.06 eV-2.85 eV).* It offers a wide range of
applications like charge storage, solar cell, photodetectors, photo-electrochemical and
photocatalysis.”*? ZIS nanosheets usually exhibit in two crystal phases; cubic and hexagonal,
where hexagonal phase happens to show better photocatalytic performance as compared to its
cubic counterpart.®® In bulk ZIS systems, the photocatalytic activity is hampered due to both
surface and bulk recombination of photo-excited charge carriers.!* While in the atomically thin
system these bulk recombinations are diminished riding upon the emerging quantum
confinement phenomena.'>!* Particularly, in the few layer ZIS nanosheets, a large fraction of
surface Sulphur atoms are exposed in the sunlight and offer more active sites. Reduced
diffusion length of charge carriers helps in rapid transport towards the surface-active sites
before recombination. As a result, few layer ZIS shows much better photocatalytic activity than
bulk.t®” However, it is often observed that fast recombination of charge carriers limits the
photocatalytic performance even in few layer ZIS nanosheets.* In this scenario elemental
doping emerged to be an effective strategy to improve the photocatalytic activity by surface
modification and tuning the electronic structure.*® Various metallic cations like Cu?*, Ni?*
etc.1%-2! are being doped to enhance the light absorption range which helps in the improvement
of photocatalytic activity. However, there is a probability of trapping the photoinduced charge
carriers in the metal centers as well, which can diminish the photocatalytic yield.?? Contrary to
that, elemental (O, N, P, etc.) doping is more preferable for better photocatalytic performance.*®
Recently, O- and N-doped ZIS systems are reported to showcase much higher photocatalytic
activity than that of pristine ZIS systems. Yang et. al. reported that O-doped ZIS exhibit 4.5
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times higher photocatalytic activity than pristine Z1S.°> Furthermore, Du et. al., demonstrated
13.8 times improved photocatalytic hydrogen evolution rate (11086 pmolg2h?) in N-doped
ZIS as compared to that of pristine Z1S.1°

Now, to understand the emergence of photocatalytic activity in few layer ZIS and the effect of
doping, it is really important to study its charge carrier characteristics through spectroscopical
investigation. Though, ZIS is a widely used material in photocatalytic application, detailed
knowledge of charge carrier photo-physics is still unexplored. Ultrafast transient absorption
(TA) spectroscopy is a powerful technique to monitor the dynamics of charge carriers and their
ultrafast radiative and non-radiative recombination pathways in optically excited materials. To
date only a few reports are available, where TA spectroscopy is applied to study intrinsic optical
properties in ZIS nanosheets.?>>! They addressed the effect of defect states in the enhanced
photocatalytic activity of ZIS, which sits well with the reports where defect states help in
boosted photocatalysis.?*?® However, these reports discuss charge carrier dynamics only for a
particular wavelength, which is neither complete nor conclusive. To understand the
comprehensive charge carrier characteristics in a system, it is really important to monitor it in
a wide range of the electromagnetic spectrum. In fact, to make any rational comment on the
effect of inter bandgap states, a separate analysis should be carried out for band edge states and
inter bandgap states, which is completely missing in the literature. In this scenario, detailed TA
spectroscopy of ZIS is the need of the hour for a complete understanding of its charge carrier

characteristics and corresponding photocatalytic activity.

In this chapter, we have presented a comprehensive spectroscopic study of charge carrier
dynamics in pristine ZIS and its O- and N-doped counterparts using femtosecond broadband
pump-probe spectroscopy. The materials were successfully synthesized using an easy and
robust hydrothermal route. XPS measurements were carried out to analyse the effect of non-
metal doping in the pristine ZIS system. The photocatalytic activity was seen to be substantially
enhanced in doped ZIS nanosheets. Doped ZIS systems possess enhanced charge carrier
population and higher charge carrier lifetime to be used for Hz evolution, as probed by steady
state PL and ultrafast transient studies. Transient absorption spectroscopy demonstrated that
the reduction phenomenon corresponding to the H» evolution process occurs mainly from the

inter-bandgap defect states of ZIS, not from the conduction band edge.

7.2. Synthesis and experimental techniques
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7.2.1. Synthesis of ZIS nanosheets

The ZIS nanosheets were synthesized via typical hydrothermal route. Hydrothermal method is
a versatile and eco-friendly technique to synthesize photocatalytic materials. A solution of 30
mL H20 with stoichiometric amount of ZnCl; (1.0 mmol; 0.136g), InCl3 (2.0 mmol; 0.442g)
and excessive thioacetamide (TAA) (8.0 mmol; 0.601g) were sonicated for 15 min. Then, the
solution was poured into 50 mL Teflon-lined stainless-steel autoclave and kept in oven at 180
°C for 20 h. After 20 h, the autoclave was cooled down naturally. The yellow product was
obtained by centrifugation at 8000 rpm. The obtained precipitate was washed with absolute
ethanol and distilled water several times to remove unreacted impurities. Finally, the precipitate
was dried at 80 °C for 6 h in oven.

7.2.2. Synthesis of OZIS nanosheets (O-doping)

For the synthesis of OZIS, ZnCl> (1.0 mmol; 0.136g), InCls (2.0 mmol; 0.442g) and excessive
thioacetamide (TAA) (8.0 mmol; 0.601g) and 0.2 g PVP were mixed in 30 ml water-ethanol
(2:1) with vigorous stirring for 10 min. Then, the solution was poured into 50 mL Teflon-lined
stainless-steel autoclave and kept in oven at 180 °C for 20 h. After 20 h, the autoclave was
cooled down naturally. The pale-yellow product was obtained by centrifugation at 8000 rpm.
The obtained precipitate was washed with absolute ethanol and distilled water several times to

remove unreacted impurities. Finally, the precipitate was dried at 80 °C for 6 h in oven.
7.2.3. Synthesis of NZIS nanosheets (N-doping)

For synthesis of NZIS, ZnCl> (1.0 mmol; 0.136g), InCls (2.0 mmol; 0.442g) and excessive
thioacetamide (TAA) (8.0 mmol; 0.601g) were mixed in 30 ml DMF-water (3:1) with vigorous
stirring for 10 min. Then, the solution was poured into 50 mL Teflon-lined stainless-steel
autoclave and kept in oven at 180 °C for 20 h. After 20 h, the autoclave was cooled down
naturally. The yellow product was obtained by centrifugation at 8000 rpm. The obtained
precipitate was washed with absolute ethanol and distilled water several times to remove
unreacted impurities. Finally, the precipitate was dried at 80 °C for 6h in oven.

7.2.4. Characterization

The powder-XRD measurements of the samples were acquired on the BRUKER D8
ADVANCE with Cu-Ka radiation (A = 1.542 A). The morphology of the samples was
examined by using Transmission Electron Microscope (TEM, JEOL JEM 2100) operating at
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an accelerating voltage of 200 kV. XPS measurements were carried out on an ESCALAB 250
photoelectron spectrometer (Thermo Fisher Scientific) at 2.4 x 107 mbar using a
monochromatic Al Ka x-ray beam (1486.60 eV). The steady state absorption spectra were
recorded with Shimadzu UV-2600 UV-vis spectrophotometer. Photoluminescence

measurements were carried using Fluorolog 3-221 fluorimeter.

7.2.5. Evaluation of photocatalytic hydrogen evolution activity

Photocatalytic H. evolution was evaluated in a closed glass beaker under visible-light
irradiation using 395 nm cut-off filter with 400-W Xe lamp as a light source for 5h. In typical
process, 10 mg catalyst was suspended in 50 ml water-TEOA (9:1) solution. The solution was
sonicated for 30 min and N2 gas purged to remove the dissolved gas from solution. Again, at
the time of photocatalytic process, the reaction mixture was continuously stirred by magnetic

stirring. The evolved H2 gas was analysed by gas chromatography at certain time intervals.

7.2.6. Femtosecond transient absorption spectroscopy

The transient setup includes a Ti: sapphire amplifier system (Astrella, Coherent, 800 nm,
3mJ/pulse energy, ~ 35 fs pulse width and 1 kHz repetition rate) and Helios Fire pump-probe
spectrometer. The output laser pulses were cleaved into pump (95% of the output) and probe
(remaining 5%) laser pulses using requisite beam splitters. Optical Parametric Amplifier
(OPerA-SOLO) was used to produce different pump wavelengths. A delay stage is operating
in path of probe beam to maintain a perfect delay between pump and probe throughout the
experimental procedure. Monochromatic probe light was converted into UV-Visible probe
pulses passing through CaF> crystal. This Probe pulse transmits through sample dispersion and
falls upon fibre coupled CMOS detectors connected with the computer system. Surface

explorer software was used to fit the collected data.
7.3. Results and discussion

7.3.1. Basic characterisation and steady state optical measurements ZIS nanosheets and

its doped counterparts

Herein, ZIS nanosheets were synthesized using hydrothermal method, a simple, inexpensive,
and mass production technique for the synthesis of photocatalysts. Subsequently, these pristine
ZIS systems were doped with ‘O’ (OZIS) and ‘N’ (NZIS) to realize the effect of non-metal
doping on the intrinsic properties of ZIS semiconductor.
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XRD

Elemental doping modifies the crystal structure of any pristine material which will eventually
reconstruct its electronic structure!!. Thus, to study the phase and crystallographic features of
these nanosheets, powder XRD was employed. Figure 7.1a compares the XRD patterns of ZIS
nanosheets before and after non-metal doping. The diffraction peaks in ZIS XRD pattern
confirms its hexagonal crystal structure (JCPDS 01-089-3963) with P-3ml space group. The
diffraction peaks at 20 values of 21.6°, 27.5° 30.5° 37.8°, 47.2° 52.4° and 55.6° could be
assigned to (006), (102), (104), (108), (110), (112), and (022) planes of ZIS. No peaks
corresponding to ZnS and In>Ss were observed, which confirms the purity of the prepared
material. The XRD patterns of NZIS and OZIS suggest that doped ZIS still maintained its
hexagonal crystal structure even after doping, confirming that the solvents; ethanol- water and
DMF did not affect the crystal structure of ZIS®. The peak at 47.4 ° corresponding to (110)
plane of ZIS is shifted to higher angles in NZIS and OZIS, indicating the successful
incorporation of N and O dopant in ZIS. Here in smaller atomic size of N (0.71 A) and O (0.64
A) as compared to S (1.04 A) might be playing a significant role.*6:?
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Figure 7.1: (a) Powder XRD patterns and (b) steady state optical absorption spectra of ZIS
nanosheets, before and after N- and O-doping.

Steady state absorption spectroscopy

In Figure 7.1b we have presented steady state absorption spectra of ZIS, NZIS and OZIS.
Interestingly, all these systems display a significant absorption peak around 400 nm, with an

absorption tail extended up to 800 nm. The absorption spectrum of ZIS is in good accordance
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bandgap of these systems as 2.65, 2.53 and 2.70 eV for ZIS, NZIS and OZIS respectively, from
the Tauc plot (Figure 7.2). This means that the optical band edge must be lying in the 460-490
nm region of the electromagnetic spectra. Hence 400 nm hump must be originating from higher
energy excitonics transitions triumphing over the lower energy transitions, which is already
discussed in case of ZIS nanosheets.?® Following O doping the absorption of ZIS is greatly
enhanced, which indicates presence of larger number of defect states (active sites) in the

system. This is also observable for N-doping case, though the intensity is not that high.
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Figure 7.2: Tauc plot of ZIS, NZIS and OZIS for the calculation of optical band gap.

TEM and AFM study

Further to identify the morphology of the as prepared systems, TEM was employed. The TEM
morphological features of ZIS, OZIS and NZIS are shown in figure 7.3a, b, c respectively.
TEM images depict layered structure of ZIS and it retains nanosheet morphology in the doped
samples as well. HRTEM images (Figure 7.3d, e, f) of all samples displayed the lattice fringes
with a d-spacing of 0.32 nm corresponding to (102) plane of hexagonal ZIS. However, there is
numerous structural defects were observed in the surface of doped ZIS nanosheets (indicated
by red dashed circles in figure 7.3e, f). Furthermore, AFM studies were carried out to study
the thickness of the nanosheets. The thickness of ZIS, OZIS and NZIS was found be ca. 5.9
nm, 4.4 nm, and 6.3 nm, respectively (Figure 7.3g, h, i). The thickness of a monolayer ZIS is
reported to be ca.1.1-1.3 nm.*® According to that, ZIS OZIS and NZIS systems exhibit 5-6
layers, 3-4 layers and 5-6 layers, respectively. Capping agent PVP, used for OZIS synthesis,
might be playing a role in decreased thickness of these nanosheets, as it restricts the

agglomeration of particles.!
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Figure 7.3: TEM images of (a) ZIS, (b) OZIS and (c) NZIS nanosheets. HRTEM images of
(d) ZIS, (e) OZIS and (f) NZIS nanosheets representing (102) plane of ZIS. Red circles
represent the discontinuity in the lattice fringes. AFM topographic images of (g) ZIS, (h) NZIS
and (i) OZIS nanosheets on top of SiO2/Si substrate, together with the cross-sectional height
profiles along the red line in the AFM image. Three rows designate ZIS, OZIS and NZIS

characterizations respectively from the top.

XPS measurements and Hz evolution

Now, in pursuit of direct probing of O- and N-doping effect in ZIS crystals, XPS were carried
out. In general, XPS is used to analyse elemental oxidation states and corresponding chemical
compositions in any composite system. XPS analysis affirmed the presence of Zn, Inand S in
all three systems (figure 7.4). The high-resolution spectra of Zn present in ZIS nanosheet
display two peaks at binding energy 1021.7 eV and 1044.8 eV which can be assigned to Zn
2ps32and Zn 2pup, respectively. The energy difference between these two peaks is affirmed the
dominance of Zn?* in the ZIS nanosheet. However, the binding energy of Zn 2p for NZIS
nanosheet (1021.6 eV and 1044.7 eV) and OZIS nanosheet (1021.2 eV and 1044.2 eV) are
slightly lower than the ZIS. Binding energies of In 3d in ZIS nanosheet show a pair of peaks at
444.9 eV and 452.4 eV which correspond to In 3ds2 and In 3dsp, respectively. The high-
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resolution spectrum of S 2p in ZIS nanosheet clearly shows peaks at 161.7 eV and 162.7 eV,
which can be assigned to S 2p 312 and S 2pus, respectively and certified the (-2)-oxidation state
of S. The small changes in the binding energies of peaks can be observed in the NZIS and OZIS
samples after doping with high electronegative element N and O, which might be due to change
in the coordination environment due to displacement of S from the lattice.

In figure 7.4d the positions of the VBM were calculated from the tangent drawn at the onset
of the normalized XPS spectra. The VBM was found to be uplifted in case of non-metal doping

with respect to that of pristine ZIS system.
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Figure 7.4: XPS spectra of (a) O 1S in pristine ZIS and OZIS, (b) N 1S in NZIS, along with
(c) S 2P in ZIS, OZIS and NZIS. (d) Determination of valence band positions of ZIS, NZIS
and OZIS from the normalized XPS spectra.

In figure 7.5a we plotted the XPS spectra corresponding to both ZIS and OZIS, which show
two significant peaks at 531.6 eV and 532.4 eV, corresponding to the hydroxy oxygen and
adsorbed water.> Along with these two peaks, a new peak emerges at 530.9 eV in case of OZIS,
which can be attributed to the O% binding energy.3>% This illustrates the existence of lattice
oxygen in the OZIS nanosheet and confirms effective doping of oxygen atoms in the ZIS

structure. Similarly, in NZIS, there exist a doublet peak at 399.3 eV and 400.1 eV (Figure
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7.5b), resulting from the Zn-N or In-N bonds and N species. The content of N and O are
estimated to be approximately 7.3% and 5.3% in the NZIS and OZIS nanosheet from the XPS

characterization.
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Figure 7.5: XPS spectra of (a) O 1S in pristine ZIS and OZIS, along with (b) N 1S in NZIS.
(c) Hz evolution yield of ZIS, NZIS and OZIS after visible light irradiation, with cut off filter
at 395 nm. The figure includes error bar as well. (d) Respective energy level positions of ZIS,

before and after doping, calculated from both XPS spectra and tauc plot.

The photocatalytic activity of these systems in terms of efficient evolution of H, was being
monitored under the irradiation of visible light (A > 395 nm). In figure 7.5c the pristine ZIS
nanosheets demonstrated 40.5 umol. g™ H, generation over 5h illumination. This Hz evolution
activity is greatly enhanced following non-metal doping in the ZIS systems. OZIS and NZIS
systems undergo almost 3-fold increment in the photocatalytic activity, quite well
corroborating with the earlier reports.>'® We found O doped ZIS systems to be the best
photocatalyst among all three. In figure 7.5d we presented the relative band structure positions
of all the systems with the help of UV-Vis absorption and XPS spectra. The VBM position of
the ZIS, NZIS and OZIS nanosheets were found to be 1.24 eV, 0.96 eV and 1.06 eV in earlier
discussion (Figure 7.4d). The CBM of ZIS, NZIS and OZIS nanosheet was then calculated to
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be -1.41 eV, -1.54 eV and -1.69 eV, respectively combining optical bandgap and VBM
position. Therefore, N and O doping leads to the uplifting of the CBM of NZIS and OZIS
approximately 0.06 eV and 0.21 eV, respectively as compared to pristine ZIS, which is
schematically illustrated in figure 7.5d. This leads to the increment in the probability of
photoreduction for Hz evolution of ZIS system. Enhanced photoreduction potential might be

playing an important role in effective formation of H in the doped systems.

Photoluminescence (PL)

Now, we will try to understand the enhancement of photocatalytic activity with the help of
steady state spectroscopy, where the interaction of light and matter can be directly visualized.
PL spectra can be used to monitor the behaviour of photogenerated carriers, also it can
introspect the effect of dopant in the crystal structure of a system. Figure 7.6a represents the
PL spectra of ZIS, OZIS and NZIS following photoexcitation of 350 nm light. ZIS PL spectrum
comprises of a strong peak around 420 nm, along with a broad luminescence extended beyond
700 nm. Correlating with the UV-Vis absorption data of ZIS, we can conclude that 420 nm
peak must be originating from direct recombination of photogenerated electrons from the CBM
of ZIS towards its VBM.
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Figure 7.6: (a) Steady state PL spectra of ZIS, NZIS and OZIS after 350 nm excitation. Blue
and red background of the spectra separates the luminescence of these systems into two parts:
intrinsic ZIS PL and defect state induced PL. (b) The emergence of photoluminescence in ZIS
band structure in doped condition. Blue and yellow arrow represent photoluminescence arising

from CBM and defect states respectively.

This peak is very broad itself and can be deconvoluted into three peaks in 400-465 nm region

(figure 7.7). These three peaks correspond to the intrinsic photoluminescence of ZIS, along
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with two defect state mediated transitions. These bands correspond to the different transitions
in ZIS electronic band structure?®. Presence of broad PL spectrum in the red region indicates
towards closely spaced defect states in the inter-bandgap region of ZIS. With O-doping, the PL
spectrum undergoes almost 2-fold increment in the intensity, which is possibly the resultant of
enhancement of charge carriers in the system.
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Figure 7.7: Deconvoluted PL spectra of (a) ZIS, (b) OZIS and (c) NZIS. (d) Simple energy

band diagram of ZIS, representing probable transitions of pristine ZIS system for the
emergence of broad PL spectrum.

Interestingly, the OZIS spectrum shows the emergence of another strong peak around 583 nm.
This could be the direct evidence of O-doping induced defect states in the system. The
photogenerated carriers are being trapped in these newly originated defect states and
recombines with the valence band holes in order to generate this PL peak. Higher intensity of
defect mediated PL signal as compared to the pristine PL of the system indicates towards the
efficient trapping of photogenerated charge carriers in the O-doped systems. In NZIS, the PL
signal intensity also increases as compared to that of pristine ZIS. However, both the intrinsic
and defect induced PL signal show significant red shift in the NZIS PL spectrum. Hence in

both the cases, doping induces defect states in the ZIS inter-bandgap region can modulate the
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charge carrier population in the system, which can eventually influence photocatalytic activity

of the material.

7.3.2. Transient study of pristine ZIS

Charge carrier population and the lifetime of photo-excited charge carriers are the key factors
in evaluation of photocatalytic activity of any material. TA spectroscopy is known to be one of
the most powerful technique for monitoring real time charge carrier characteristics in any
condensed matter. In this work, ultrafast TA spectroscopy is utilized to study ultrafast charge
carrier dynamics of ZIS nanosheets, before and after non-metal doping, to visualize possible
mechanistic pathway involved for photocatalytic H> evolution in ZIS. In figure 7.8a, TA
spectra of pristine ZIS systems are represented over a wide range of pump-probe delay time,
after photo-excitation at 300 nm pump. The spectra include a strong photo-induced bleach
signal peaking around 411 nm which is far from the optical bandgap of ZIS (2.65 eV, 468 nm).
With the implication of non-resonant high energy pump photons (300 nm, 4.13eV), valence
band electrons are excited to higher order energy in the conduction band of ZIS. Here in TA
spectroscopy, the bleach signal corresponds to the phase space filling of energy band states and
the maximum bleach intensity usually originates from the band edge states. However, in the
present studies, the bleach peak signal originates from a higher energy band (411 nm, 3.02 eV).
Previously, I. G. Stamov et al. reported several optical signatures in ZIS polytypes for direct
transitions in " space of ZIS band structure.?® They found that the band edge transition
originating from VBM and CBM is not observable in room temperature. Rather, the 1% peak in
the absorption spectra corresponds to the transitions occurring within higher energy valence
band and CBM (figure 7.1b). This is also comparable to our bleach position (matches with
steady state absorption and PL as well). Hence, it is safe to assume that the bleach maxima
observed in our system does not correspond to the band edge excitons, rather originates from
higher energy excitonic transitions. Along with this bleach maxima, a weak and broad bleach
signal appear which extended up to 550 nm in the transient spectrum. This is possibly arising
from closely spaced defect states near the valence band or conduction band, which was also
visible as strong luminescence around 583 nm in PL spectra. We will further refer this signal
as defect induced bleach (DIB) signal. In ZIS systems, TA bleach is dominated by electrons as
effective mass of holes are much higher than electrons in the system.3* So, the DIB signals
must be originating from localized defect states near the conduction band (figure 7.8b). These
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defect states are placed well above the H> reduction potential (according to figure 7.5d) and
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Figure 7.8: (a) Transient absorption spectra of pristine ZIS nanosheets, spreading over visible
and near-UV region, plotted as a function of different pump probe delay time, upon
photoexcitation at 300 nm laser pulses with 200 pJ/cm? fluence. (b) Optical band structure of
Z1S nanosheets. (c) Transient decay dynamic profiles of ZIS nanosheets in different probe
wavelength: at 411 nm, 463 nm, and 539 nm. (d) Normalized decay dynamics of ZIS
nanosheets at 411 nm, 463 nm, and 539 nm.

To further study the characteristics of the charge carriers in different regions the spectrum we
choose three different wavelengths in the TA spectra, at 411 nm (bleach maxima), at 463 nm
(optical band edge calculated from the Tauc plot) and at 539 nm (DIB). The dynamic profiles
are fitted with multi-exponential functions and plotted in figure 7.8c. The fitting components
are listed in Table 7.1. The kinetic profiles of 411 and 463 nm follow similar route (figure
7.8d), whereas the 539 nm kinetics is comparatively faster. This again confirms that the charge

carriers involved with the DIB signal are very different from the charge carriers in the
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maximum bleach region. Faster decay channel for this bleach indicates that the signal

originates from charge carrier population in the native defect states of ZIS.

Table 7.1. Transient fitting components of ZIS for 300 nm pump excitation monitoring at

different wavelength of the spectra.

Probe Growth Decay
wavelength,

S S S ns
am T1,p T2 ,p T3P T4,
411 0.15 5.8 144 >1ns

(49.1 %) (42.9 %) (8 %)
463 0.13 4.7 159 >1ns

(46.6 %) (44.6 %) (8.8 %)
539 0.15 2.9 153 >1ns

(69.6 %) (21.5 %) (8.9 %)

7.3.3. Transient study of OZIS and NZIS

Now, to find out the effect of non-metal doping on charge carrier behaviour of ZIS, TA
spectroscopy is employed on both OZIS and NZIS. The TA spectra of OZIS and NZIS are
presented in figure 7.9a, b following 300 nm pump excitation. In OZIS, the signal intensity
has considerably increased (~ 2-fold increment) as compared pristine ZIS system. This
indicates towards increment in charge carrier population in the ZIS CBM with O-doping, also
observed from the steady state PL studies. Also, the ZIS bleach maxima undergoes a blue shift
(411 nm to 384 nm), plausibly due to lower thickness OZIS sheets (which would provide
stronger quantum confinement). In NZIS, the thickness is almost similar to pristine one and
both the bleach maxima resides very close to each other. However, the maximum bleach signal
intensity has been reasonably decreased in NZIS, without any alteration of DIB signal intensity
at the red region of the spectra. It looks like defect mediated signal dominates over the
characteristic bleach signal of ZIS in case of N-doping. In both OZIS and NZIS, the TA spectra
is primarily dominated by the photo-induced bleach signals, similar to the pristine system.
Figure 7.9c represents the comparative kinetic profiles of ZIS bleach signal before and after
doping. The kinetic profiles reflect the corresponding change in the signal intensity for a

particular wavelength. The transient signals are monitored at the bleach maxima as it
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corresponds to the maximum population of the charge carriers (here electrons) in the respective

band edge of the energy level being monitored. The kinetic profiles are fitted with multi-

exponential functions and fitting parameters are listed in Table 7.2 and 7.3.

Table 7.2. Transient fitting components of OZIS for 300 nm pump excitation monitoring at

different wavelength of the spectra.

Probe Growth Decay
wavelength,

nm T1,PS T2 ,PS T3 ,PS T4

384 <0.1 0.9 3.7 125 ps
(23.5 %) (50.9 %) (125.6 %)

482 0.14 2.0 74.9 >1ns
(39.5 %) (27.5 %) (33 %)

539 0.14 2.3 70.2 >1ns
(46.1 %) (31.4 %) (22.5 %)

Table 7.3. Transient fitting components of NZIS for 300 nm pump excitation monitoring at

different wavelength of the spectra.

Probe Growth Decay
wavelength,

nm T1,PS T2 ,PS T3, PS T4, NS

418 <0.1 2.1 16 >1ns
(77.8 %) (22.2 %) (100 %)

488 0.13 1.8 8.2 376 ps
(26.3 %) (51.9 %) (21.8 %)

539 0.14 6.6 355 >1ns
(72.6 %) (20.6 %) (6.8 %)
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Figure 7.9: Transient absorption spectra of (a) OZIS and (b) NZIS probed in similar
wavelength region as of pristine ZIS, plotted as a function of different pump probe delay time,
upon photoexcitation at 300 nm laser pulses with 200 pJ/cm? fluence. (c) Normalized decay
dynamic profiles of ZIS, OZIS and NZIS monitoring at corresponding bleach maxima (411,
384 and 418 nm respectively). (d) Kinetic profile of DIB signals at the red wing of the spectra

(539 nm). (e) Graphical scheme representing the higher probability of defect state mediated H>

evolution.

With the non-metal doping, the bleach signal recombines at a much faster rate as compared to

that of pristine ZIS, irrespective of the fact that OZIS possess the most intense signal. This
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indicates that, doping induces more defect states in the inter bandgap region of the ZIS system,
which traps the charge carriers. The growth time of the ZIS bleach signal also decreases in
doped samples (figure 7.10), pointing towards the instantaneous transfer of CBM electrons to
the defect states. In figure 7.9d, we have compared the DIB signal kinetics for all the three
systems probing at 539 nm. The signal intensity of NZIS system is almost comparable to the
pure one, however OZIS signal intensity has been enhanced significantly. Interestingly, the
decay profile is also slower in this case. This again indicates towards superior population of
charge carriers in the inter bandgap states of OZIS, as compared to other two systems. NZIS
also possess slower recovery kinetics than that of ZIS in shorter time scale. Hence, the charge

carrier lifetimes of defect states are being enhanced with non-metal doping in ZIS system.

1
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Figure 7.10: Normalized growth dynamic profiles of ZIS, OZIS and NZIS monitoring at the
respective bleach maxima (411, 384 and 418 nm).

As photocatalytic activity of these systems also replicates the similar trend, one can conclude
that the electrons involved in the Hz evolution in case of ZIS, and might not directly mediated
through conduction band of the system, rather use defect states in course of reduction of H'.
Here, defect states help in extended separation of charge carriers and efficient extraction of
electrons from ZIS for H> evolution. Non-metal doping contributes towards the defect state
density in the system. Enhanced charge carrier population and slower recombination both
synergistically contribute towards their superior photocatalytic activity for non-metal doped
ZIS.

7.4. Conclusions
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In summary, the present work deals with comprehensive discussion on steady state
photoluminescence and TA spectroscopy in ZIS nanosheets, to understand the optical
mechanism behind the photocatalytic H2 evolution process before and after non-metal (O and
N) doping. The estimated band level positions indicate that the higher reduction probability of
conduction band electrons in OZIS and NZIS could be one of the possible reasons for the
enhanced H> production. PL study revealed the presence of broad defect induced spectra along
with the intrinsic ZIS PL signatures. Moreover, enhanced photoluminescence in doped systems
indicates towards superior charge carrier population in ZIS. TA studies show a strong
photoinduced bleach signal at 411 nm in case of pristine ZIS, corresponding to the higher order
transitions in ZIS optical band structure. A defect induced bleach signal is also observed along
with the strong bleach, extended up to 550 nm, arising from the localized defect states close to
conduction band. Ultrafast TA spectroscopy confirms that the electrons involved in the H>
evolution, are not fed from the conduction band of the system, rather defect states are involved
towards the reduction of H*, The conduction band electrons are transferred to the inter bandgap
defect states in sub ps time scale. The enhanced charge carrier lifetime as well as higher charge
carrier population in doped ZIS results in 3-fold increase in the hydrogen evolution efficiency.
This study would provide a better understanding on charge carrier dynamics in pristine as well
as doped ZIS systems and will help in the advancement of 2D nanosheets-based photocatalytic

devices for superior H> production.
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8.1. Summary

This thesis aimed to establish a thorough correlation between the optical behaviours of novel
2D chalcogenides and their inherent charge carrier dynamics in order to properly utilize these
materials in the state-of-the-art photonic devices. We have used femtosecond transient
absorption spectroscopy (FTAS) to explore the inherent photophysical processes in different
chalcogenide based 2D materials, both in pristine and modified conditions. The first two
chapters of my thesis consist of detailed discussion of the ‘Introduction’ of my work and the
‘Synthesis and instrumentation’ used throughout my thesis work, respectively. Starting from
the third chapter, 1 have discussed my different projects where we have used FTAS to
disentangle complex optical behaviours of unique 2D systems like, MoSz, WSz, Cu2MoSa,
MoS2/Au, CdS/MoS: and ZnIn2Sa.

In my first project, we have investigated the formation and relaxation behaviours of both
excitonic and trionic features in monolayer MoS; flakes, which were synthesized via CVD
method. These flakes were comprised of both excitons (A, B) and trion (A") signatures in the
room temperature, owing to strong coulombic interactions in these kinds of thin 2D layers.
These quasiparticles were probed in the transient study and their formation time was calculated
to be ~ 0.5 and ~ 1.2 ps for A exciton and A" trion respectively. This trion formation time is
associated with binding of ‘A’ excitons with abundant free electrons in the system, which was
confirmed from the fluence dependent measurements. Further, we attached an Au NP interface
to these monolayer flakes of MoS; to extract the free electrons from the system. In the MoS2/Au
heterojunction the monolayer PL signal was drastically quenched, indicating electron transfer
from MoS; to Au. From the transient analysis, the electron transfer time was calculated to be
~ 0.6 ps. Both the exciton and trion signals were diminished in an ultrafast time scale in
presence of Au. This study established the importance of free carriers for the formation of
exciton and trions in a semiconducting system like MoSa.

In the next project, we have applied broadband transient spectroscopy to simultaneously
monitor all four excitonic features in few layer WS». Till now, the optical properties in these
types of materials were considered to be solely dependent on the band edge (A, B) excitons,
which are being extensively studied. The high energy (C, D) excitons were almost unexplored,
despite their immense influence in the optical behaviours of these materials. Our study
investigated the origin all these excitons and found a strong dependence among all these. We

have seen that, all four excitonic features emerge in the system irrespective of the excitation
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energy. This could be possible due the overlap of ‘K’ high energy states and the C excitonic
states in the complex electronic band structure of these materials. Also, we found strong
intervalley coupling in the system which induces a profound reliance of A, B exciton formation
on the C, D charge carriers. In this few layer system, high energy excitons relax through A-I"
indirect recombination channel, unlike K-K direct recombination of A, B. This results in slower
recovery in case of C, D excitons, which would be extremely beneficiary for a photonic device.
Pauli blocking in K and A valley also take part in slowing down this recombination process.
High oscillator strength and slower recombination of high energy excitons in WS> like TMDC

materials would be highly preferable for device fabrications.

In the following chapter, we have studied both the steady state and time resolved optical
properties of CuzMoS4 (CMS) and explored the effect of electron-phonon (e-ph) coupling. This
is the very first report of the complete optical analysis of this material. Raman spectroscopy
shows the existence of multi-phonon peaks which stands for the strong e-ph coupling inside
this material. The steady state PL signal is composed of band edge emission at ~ 600 nm and
interband gap trap state mediated emission at the redder region. The FTAS spectra is mainly
dominated by two contrasting features, exciton induced bleach at 573 nm and excited state
absorption induced sharp positive signal at 543 nm, which decides most the optical properties
of CMS. We found that the recombination of photoexcited charge carriers is influenced by
charge trapping at low charge carrier concentration, while Auger process takes over at high
fluence (above the saturation density of 5.3 + 0.7 x 10'* photons/cm?). When the lattice
temperature of the system goes down towards 5K, the optical band gap goes up and the charge
carrier recombination accelerates. This is due to the strong e-ph coupling of CMS at lower
temperature, which is very important for the optical properties of this material.

In the next chapter, we have explored the hot charge carrier migration in an 1D/2D
heterojunction, CdS/MoS,. The heterocomposite system was fabricated using simple
solvothermal synthesis route, where small flakes of MoS: covered the CdS nanorods. The PL
signature of CdS was substantially quenched in the presence of MoS,, indicating an
instantaneous transfer of charge carriers from CdS to MoS,. In transient study, CdS/MoS;
showed the presence of both the individual characteristics of CdS and MoS». Though the
intensity of the CdS signal was drastically decreased, which further substantiates the charge
migration phenomenon. Transient analysis suggests the dominance of hot carrier transfer in the

system, which occurs at much faster rate than that of the band edge one. The hot carrier transfer
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time was calculated to be ~ 0.2 ps. Efficient extraction of hot charge carriers in a unique
heterojunction like CdS/MoS; will be great news for the opto-electronic and photocatalytic

devices.

In the last project, we investigated a real photocatalytic material and correlated its activity with
the inherent charge carrier behaviours. We used hydrothermal method to synthesize pristine
and elemental (O, N) doped ZnIn,S4 (Z1S) nanosheets. The doped systems showed 3-4 times
higher photocatalytic efficiency than the pristine one. PL study indicates the enhancement of
charge carrier population and defect density in the system after doping. In the transient study,
two different kinds of signals appeared in ZIS, one was due to the conduction band population
and the other one was due to the inter band gap trap state population. Following doping, the
conduction band mediated signatures were found to be accelerated, indicating depopulation in
the conduction band. Whereas, the trap signals were slowed down after doping. This is the
direct evidence of the charge carrier migration from the conduction band to the trap states. As
doping induces a greater number of trap states, the charge trapping process becomes more
dominating. These trap states act as the active sites in this material and enhances the
photocatalytic activity. Our study re-establishes the importance of trap states in the

photocatalytic efficiency of a material.
8.2. Future perspective

Transient absorption spectroscopy has the capability of studying all different photophysical
processes inside a material, which are crucial for the performance of the material in an optical
device. Henceforth, this technique is now being widely used in case of many materials to realize
their full potential and figure out the controlling mechanism deciding their behaviour in
different devices. Our study explored many novel properties of few such 2D chalcogenide

materials and opened a lot of opportunities in this field.

We have investigated the possibility of these materials in different photovoltaic and
photocatalytic applications. Though these metal chalcogenide systems are extremely potent,
there is still a big gap lies in between these laboratory-made prototypes and commercially
usable products. Firstly, we must improve the synthesis routes of 2D chalcogenides. CVD made
monolayer TMDC systems are being successfully implemented in many state-of-the-art opto-
electronic devices in low scale for some time now. But this area has not yet reached its full

potential because of the absence of any synthesis method which can produce defect-free large
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area monolayer films in commercial scale. Secondly, we need to focus more on the modulation
of pristine properties via doping or fabrication of heterojunctions. Unique heterojunctions like
2D/2D, 2D/0D, 2D/1D etc. are already showing lots of promise in the opto-electronics arena.
Core-shell like heterostructures can also be very helpful, as this hetero-system not only
improves the efficiency, it protects the chalcogenide system from the inevitable photo-
corrosions. Doping and heterojunction fabrication will also induce new functionality in the 2D

material which would broaden the prospect of the system in any photonic application.

Lastly, there are still very few instances where TAS is directly implemented to investigate a
photocatalytic or photovoltaic process. It is very important to study the behaviour of the
reaction mixture while doing a reaction or a hetero-interface after applying voltage, just like in
the original device structure. Spectro-electrochemistry is one such technique, where TAS is
blended with a live electrochemical reaction. Also, TAS study with lowering the lattice
temperature would generate many interesting informations for a material. In summary, we need
to use the TAS technique in wide range of materials to fabricate more able systems and
eventually revolutionize the opto-electronic field.
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ABSTRACT: Many-body states like excitons, biescitons, and tdons play an
important role in optoelectronic and photovoltaic applications in 2D materials.
Herein, we studied camier dynamics of excitons and tnons in monoliyer MoS,
deposited on a 50y/50 substrate, before and after Au NP deposition, wsing
ferntosecond tramsient absorption spectroscopy. Luminescence measurements
confirn the presence of both an exciton and tdon in MoS; which are
drastically quenched after deposition of Au NP, indicating electron transer
from photoexcited MoS, to Aw Ultrafast study reveals that photo geneated free
carriers form excitons with a time scale of ~500 & and eventually tum into
trions within ~1.2 ps Disociation of excitons and tdons has been observed in

Maos mnnula‘y‘er

the presence of Auw, with ime scales of ~600 & and ~37 ps, respectively.
Understanding the formation and dissocation dynamics of the excton and tion in monalayer Mo S, & going to help immensely

to design and develop many new 20 devices.

eearch on two-dimensiona (2D) tramsiton metal

ichal cogenides (TMDCs) has gained incredible interest
and importance recently, attributable to ther fscnating
optical, electronie, and medhanical properties They alffer
both fendsmental and technological implications in various
advanced eectronic, optoelectronic, and passensng devices,
energy storage systems, photovoltaics, and photocatalysts."
Among TMDC materiaks, MoS,, owing to its high stability and
exy synthesis routes, fnds promising applications in tin-
tramsistors,”” trasistors with high cerrent switching,” inte-
grated circuits,”” sensing” Lght-emitiing diodes (LEDs),
batteries,”” solar cell,"™" and catdlyis' ™ Presently, metal-
ID heterogrecture-based devices have gained significant
limelight, where interaction between the plismon and excton
in the metal—semiconductor (M—5) domain plays a crucial
role. ™7 Metd manopatides (NPs) are ideal Lght acceptors
due to the presence of sudace plumons, which can restrain
and manipulate light at the nanoscale.”™” In this context, it is
very important to stedy intringic physical properties of
semiconductor systems amd charge transfer processes in M—
5 heterojunctions. A redeced didecric comstant in 2D
monolayes results n sdrong interactions between quatipar-
ticdes, allowing fmmation of several many-body dates like
excitony”” Mexatons,”' and trions.™ Excitons and trons are
stable even at room temperature, owing to ther lugh
Couddombic interaction and large binding energies in the
range of a few hundred meV and tens of meV,
respectively. " Photoheminescence (PL) and  ultrafast
pump—probe spectroscopic studies have been carded out to
monitor excitonic population in 2D matedals *** " Unlike

w ACS Publications = 2me e Oumicd seday

3057

excitons, trions are not well eplored for 2D materials,
athough they play a vital mle in their intrinsic properties.
There have been only a few luminescence experiments
conducted where trions ame reported 3t room temperatune
even in the absence of any electrical or chemical
doping =" Mak et al. reported the formation of tightly
bound trions in monolayer MoS, at room temperature ™ Lui
et al. demonstrated separate contributions of pho tocondisctiv-
ity from the tron and electron, which provided direct evidence
of thion transport.” Singh et al reported trion Brmation
dynamics in monoliyer MoSe, wing 2D spectroscopy, and
they reported the tdon binding energy and trion fmation
time to be 30 meV and ~2 ps, respectively.” Trions were
found to be an important part of negative teraheriz
photoconductivity, a8 observed in the MoS, monolyer™
Tron #udies have become very interesting for both sdentific
and technological pursuits due to their tramport properties,
density, and pievdospin, w}nd'l carn be easdy controlled by
elecine belds amd Pﬁ].ln:uhﬂn In a metal-2D heberostnse-
ture, it is very important to wndestand both plasmon—exeiton
and plhsmon—trion interaction, for better implications. To
design and develop any effident device out of these 2D
materals it & of ulmest importance to wnderstand the energy
disipation pathways, which inclede formation and relaation
af fee carderd, excitons, & well a3 triond, where most of the

Received: Aprl 10, 2019

Accepted: May X0, X019
Published: May 22, 2019

NN 10102 i iR 2 01 1R 2
1 Pl hem, bt 3019, 10, 30575081



Permissions

» ') ? = a &
bcc Home Help w Email Support Sign in Create Account
RightsLink

Ultrafast Carrier Dynamics of the Exciton and Trion in MoS2
Monolayers Followed by Dissociation Dynamics in Au@MoS2 2D
Heterointerfaces

. . Author: Tanmay Goswami, Renu Rani, Kiran Shankar Hazra, et al
ACSPublications Y &

R masiTusted mest Cied mestRezd,  PUblication: Journal of Physical Chemistry Letters
Publisher: American Chemical Society
Date: jun 1,2019

Copyright © 2015, American Chemical Soclety

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE

This type of permission/license, instead of the standard Terms and Conditions, is sent to you because no fee is being
charged for your order. Please note the following:

- Permission s granted for your request in both print and electronic formats, and translations.

- If figures and/or tables were requested, they may be adapted or used in part.

- Please print this page for your records and send a copy of it to your publisher/graduate school.

- Appropriate credit for the requested material should be given as follows: "Reprinted (adapted) with permission
from {COMPLETE REFERENCE CITATION}. Copyright {YEAR} American Chemical Society." Insert appropriate
information in place of the capitalized words.

- One-time permission Is granted only for the use specified in your RightsLink request. No additional uses are
granted (such as derivative works or other editions). For any uses, please submit a new request.

If credit is given to another source for the material you requested from RightsLink, permission must be obtained
from that source.

BACK CLOSE WINDOW

© 2022 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. |  Privacy statement |  Data Security and Privacy
| ForCalifornia Residents | Terms and ConditionsComments? We would like to hear from you, E-mall us at
customercare@copyright.com



THE JOURNAL OF

PHYSICAL CHEMISTRY
LETTERS

By dmaiimal. F Tl AeslFd LM il 4AL PadHITY

Permissions

pubsacs amyIPCL

Ultrafast Insights into High Energy (C and D) Excitons in Few Layer

WS,

Tanmay Goswami, Himanshu Bhatt, K. Justice Babu, Gurpreet Kaur, Nandan Ghorai,

E Read Online

and Hirendra N. Ghosh*

l':ite Thiz [ Phys Chem. Lefi. 2021, 12, 65266534

ACCESS|

|l Metrics & Mora I EE Asticle Recommendstions

€ Sugporing information

ABSTRACT: High energy (C and D) excitons posess estraordinary
infleence over the optical properties of atomically thin transiion metal
dichaleogenides (TMDCs ), and the comprehensve undestanding of thee
would play a pivotal role in advandng research on 2D optoelectronics
Hemein, we employed tramtient absorption spectroscopy to monitor the
undedying photophysical processes involved with diferent excitonic
features in few layer W35y modeled as 3 TMDC representative. We
observed a strong intervalley coupling acress the momemtum space and
proposed the most plisable relaation pathway for different excitons in few
layer scenaro. C and D exciton dymamics were significantly slower as
compared to canonical A and B excitong, a8 a consequence of the indirect
AT mhxtion in C and [ and direct K—K combination in A and B. Most
importantly, all four exctons emerge in the system and influence each

other irespective of the inddent photon energy, which would be edtremely impactiul in Gbocting wide range photonic devices.

he optoelectronic mspomse of amy material has 2
profound reliance on the efficent absorption of decro-
magnetic mdiation and subsequent reluation of the photo-
generated hot camiers in the system."” The eficacy of an
quantum sysem in vanows optoelectromic applications like
light-emitting diodes,” photodetectos,™ opto-valleytronics,™
or energy harvesting devices™ could posibly be improved by
slowing down the reaction of hot camiens or by exploiting 2
broader absorption range” Detaded enderstanding of the
excitonic fextures generted in an extended range of the
radiation would be crucial for developing advanced pliotonic
devices out of any material
MNowadays, layered tramgition metal dichaleogenides
(TMDCs) are being E:J-u:-jected a the semicondscting
equivalent of graphene™™ and they confer great potential
toward ulirathin and fexble optoslectronic devices "'~ As
the 2D strecture of TMDC approaches the monolayer limit,
diverse electronic and optical properties emerge in the system,
like esceptionally strong Coulombic interactions,™ an incre-
ment in the electromic band gap™® strong spin—orhit
coupling ™" efficent lght—matter intersctions, fscinating
spinvalley physics,”™™" ir. The optical absorption spectrum of
monolayer and few layer TMDC materiak are generally
comprised of four excitonic signals wsually labeled as A B, C,
and D in energetic order, ™™ where the spectrum i dominated
by the C and D, suggested to be formed in a parallel band
structure amrangement in ther density of states and Lagely
affected by band nesing phenomena ™" The osdllator
strengths of these exctons are surprisingly higher than those

& 201 American Charmical Seciany

< ACS Fublications
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low energy ones, even greater than monolyer graphens,™ yet
the PL quantum eficiency was found to be very low.™ This
indicates that the reluction processes asocited with these
high energy excitons muest be very different from those of
fundamen tal exctons (A and B), which are well reported in the
literature.” ™" The dominance of phonon-mediated hot
carder relaation could be ome of the key maons behind
this poor quantum efficency. Kozawa et al. meported that the
photogenerated carders (electron /hole) in the band-nesting
regon exhubit fast intaband elastion towand seaest excted
states (A walley/T” hill), Bllowed by a relatively slow
nonradiative decay to mach the KK state i monolayer
MaS,."* They attebuted this fast reliction to the spontaneous
change separation in the momentum space (band nesting
effect), which eventually restricts the quantum eficency of the
C excitonic state. Moreover, a5 2D systems undergo a bulk to
monokyer transtion, the relaation processes are modibed
accordingly, attnbuted to the incresed carder interactions in
the reduced Coulombic emdronment, bandgap renomaliza-
tion, and an indirect to direct band gap tamition. Hence, it i
very important to study these excitonic spedes in dilferent
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ABSTRACT

Efficient wtilization of hot charge carriers is of utmost benefit for a semiconductor-based optoelectronic device. Herein, a one-dimensional
(1DMtwo-dimensional (20 heterojunction was fabricated in the form of Cd5/MoS; nanored/nanoshest composite and migration of hot
charge carriers was being investigated with the help of transient absorption (TA) spectroscopy. The band alignment was such that both the
dectrons and holes in the CdS region tend to migrate into the MoS; region following photoexcitation. The composite system is composed of
optical signatures of both CdS and Mo5;, with the dominance of CdS nanorods. In addition, the TA signal of MoS5; is substantially enhanced
in the heterosystem at the cost of the diminished CdS signal, confirming the migration of charge carrier population from CdS to MoSz. This
migration phenomenon was dominated by the hot carrier transfer. The hot carriers in the high energy states of CdS are preferentially migrated
into the MoS5; states rather than being cooled to the band edge. The hot carrier transfer time for a 400 nm pump excitation was calculated
to be 0.21 ps. This is much faster than the band edge dectron transfer process, ecowrring at 2.0 ps time scale. We found that these migration
processes are very much dependent on the applied pump photon energy. Higher energy pump photons are more efficient in the hot carrier
transfer process and place these hot carriers in the higher energy states of MoS;, further extending charge carrier separation. This detailed
spectroscopic investigation would help in the fabrication of better 10721 heterojunctions and advance the optoelectronic field.

Published under an exclusive license by AIP Publishing. https:doiorg 10 1D63/5.0074155

L. INTRODUCTION heterosystems suggested to have potential in advancing optoelec-
tronic research.
Cadmium sulfide (CdS) is a versatile I1-V1 semiconductor'

and a widely known photocatalyst™” owing to its easy synthetic

Phonon bottleneck mediated slow relaxation of hot charge
carriers provides extra boost toward the device efficiency of a semi-

conducting material owing to the longer time range for the extrac-
tion of those carriers. It is expected that efficient wtilization of hot
carriers would enhance the efficiency of solar cells up to 66% under 1
sun illumination.” Among many other techniques, a heterojunc-
tion formation is one of the best-known methods for the extrac-
tion of hot carriers in a system.™ In recent times, numerous
heterojunctions have been fabricated and designed to form the
state-of-the-art optoelectronic devices.” * The efficiency of these
heterosystems can possibly be improved with the detailed knowledge
of the excited state behavior of hot carriers™ and the formation of
important quasiparticles, such as exciton, bi-exciton, and trion,

at the interface of those gquantum materials. Hence, it is of utmost
importance to explore the charge carrier dynamics of all possible

routes and cutstanding optical and catalytic properties. Some of its
properties important for catalytic applications are a suitable direct
bandgap (~2.4 &V) for visible light harvesting, good chemical and
thermal stability, appropriate redox potential, etc.” '° Along with
these fascinating properties, bow-dimensional CdS nanostructures
endow some fundamental properties such as high charge carrier
maobilities, refatively low work function, and large exciton bind-
ing energy. " CdS-based nanostructures hold great promise as a
host material in high technology optoelectronic applications, such
as photovoltaics, transistors, light emitting diodes, photochemical
devices, and photodetectors.” — Amid all nanostructures of CdS,
1D nanorods (WHRs) are the hottest fiekd of nanotechnology in
recent times due to their unique optoelectronic properties. ™' Now,

J. Chem. Phys. 156, 034704 [2022); doi- 10010635 0074155
Puiblished under an eeclusive icense by AIP Publishing

156, 0347021
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ABSTRACT: Elemental doping has already been established to be one of the
most effective approaches for band-gap engineerng and controlled material
response for improved photocatalytic activity. Herein atomically thin Znln, 5,
(Z15) manosheets were doped with O and N separately, and the effects of doping
were spectroscopically investigated for photocatalytic Hy evolution. Steady-state
photolumineicence studies revealed an enhanced charge-carrier population in the
doped systems along with a defect-sate-induced broad peak in the red region of
the spectra Transient absorption (TA) spectroscopy demonstrated that the
conduction-band-edge electrons are tansdemed on an ultrfat ime scale to the
inter-band-gap defect states. TA analysis suggests that O and N doping contrlbutes
to the defect state concentration and ensures an enhanced photocatalytic activity
of the system. This detailed spectroscopic analyss uncovers the role of inter-band-
gap defect states in the photocatalytic activity of ZIS and will open new avenues for

the construction of nanosheet-based optical devices.

hotocatalytic Hy evolution stands out a5 the next possible
alternative source of energy abead of the sdentific
community in the couse of replacing nonmenewable and
tode energy sources like coal, petroleum, and so on'
Mumerous semiconducting and metallic systems™ are being
wied to convert earth-abundant waters into the chemical fuel
H; wsing solar energy. Although these matenal show immense
potential, we are far Fom the sage where we can commenci-
alize this energy. At this instant, proper knowledge of the
photoplysical processes, like the photoinduced behavior of
charge carriers and the subsequent relaxation processes
involved in the phenomena of H, evoletion, would be
extremely helpful i designing efficent and cost-elfective
photocatalytic matedals
Currently, Znln, 8, (ZI5) i consdered to be one of the best
photocatalysts due to s low cost, high stability, low toxicity,
and tumable band gap (206 to 285 e VL™ It offers a wide
range of applications in charge storage, solar cell, to-
detectors, photoslectrochemistry, and photocatalysis.”™ ZIS
nanosheets are wsally exubited in two crystal phases, cubic
and hexagonal, where the hexagonal phase happens to show
better photocatalytic pedormance compared with its cubic
counterpart.”’ In bulk ZIS systems, the photocatalytic activity
is hampered due to both the surface and bulk recombination of
photoexcited change camiers.™ While i the atomically thin
system, these bulk recombinations are diminished, riding wpon
the emenging quantum confimement phenomena '™ Partic-

& 200 A iean (harmlcal Seciany

<7 ACS Publications

000

ulady, in the fewlayer ZIS manosheets, a large fraction of
surface sulfur atoms are exposed in the sunlight and offer mone
active sitex The reduced diffusion length of chage camien
helps in the mpid tramsport towand the surfice-active sites
before recombination. As a resull, few-lyper ZIS shows much
better photocatalytic activity than bulk; "5 however, it is often
observed that the bst recombination of charge camiers limits
the photocatalytic pedormance, even in few-liyer ZIS
manosheets.” In this scenario, elemental doping has emenged
to be an effective strategy to improve the photocxtalytic
activity by surbBice modification and tuning the electronic
drscture.'” Varows metalic cations like Co™, Ni*, and o0
on'" ™" are being doped to enhance the light absorption range,
which helps in the improvement of photocatalytic activity.
However, ther is a probability of trapping the photoinduced
charge camiers in the metal centers a8 well, which can diminish
the photocatalytic yidd™ Contrary to that, dementa (0, N,
P, etc) doping is preferable for better photocatalytic
performance.'® Recently, O- and Ne-doped 215 systems have
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