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Abstract

Srikrishnaa J

Ultrafast Charge Carrier Dynamics of Silver Nanostructures

Ultrafast charge carrier dynamics studies in several materials have given im-
portant insights into the relaxation dynamics of carriers and possible band
structure of the material. These studies have led to the effective utilization of
these materials in the real world. Nanostructures are ubiquitous in material
sciences due to a high degree of control in the structure during fabrication
and their vast scope of applications. At the nanoscale, the charge carrier
dynamics vary significantly from the bulk matter counterpart; hence it be-
comes important to study the ultrafast carrier dynamics of these structures
as well. Several studies on metal and semiconductor nanostructures have
shown that carrier dynamics are very sensitive to the nanostructure size and
shape. This results in a high degree of tunability in the nanostructures for
diverse applications. An attempt to study ultrafast carrier dynamics of silver
nanowires (AgNW) using pump probe spectroscopy is explained. Numer-
ical simulations of nanoparticle and nanorod pump probe behaviour based
on Mie theory and two temperature model were performed. The simula-
tions show that the value of the negative absorption maxima tends to in-
crease when the pump wavelength is decreased and the decay time of the
pump probe absorbance signal tends to decrease with pump fluence. Finally,
single beam transmitted light microscopy was performed on MoS; powder

sample.
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Chapter 1

Introduction

Lasers are a source of great fascination for all. A laser demonstration can
drum up crowds in science exhibitions and theme parks alike. In the time
leading up to the diamond jubilee of their discovery, lasers have had a plethora
of applications in human life - facilitating eye surgery, cooling atoms to a
screeching halt, and being set props in high grossing sci-fi films and be- ing
an alternative for a long stick during presentations. Lasers facilitate research
in STEM fields. They continue to be studied and improved upon even today
while enabling research in other fields. Lasers light can be emitted continu-
ously (CW) or in a pulsed fashion [1]. The pulse rate of a laser is like the shut-
ter speed of a camera. With faster pulse rates (or shorter pulse durations),
scientists have been able to improve the time resolution in their experiments
and have been able to observe phenomena that occur at very low timescales.
Lasers with pulse repetition rates in the order of megahertz that impinge on
a material enable scientists to probe atomic and molecular processes (such as
bond formation/breaking and carrier dynamics, to name a few), which take
place at very short timescales in the material. A whole new branch of physics
called Ultrafast Physics was born. To date, the lowest recorded pulse width
is 43 attoseconds [2].

Ultrafast pump probe spectroscopy, fluorescence spectroscopy, and photo-
luminescence spectroscopy studies were performed on several 2D materials
[3] [4], 1D nanowires [5] and 0D quantum dot [6] [7] samples to determine
the effects of dimension confinement on the electronic states and the carrier
dynamics in the system. These studies suggest that dimension restriction
does indeed change the carrier dynamics in the system. Theoretical studies
have shown that the deviations of optoelectric properties from bulk matter
counterparts were structure-dependent [8] [9]. Hence the morphology of the
nanomaterials can be altered to suit the application. As a result of the studies,
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several applications of nanowires have popped up in the field of nanopho-
tonics [10], biological sensing and imaging [11] [12] [13], thermoelectrics [14]
and nanoelectronics [15].

This thesis describes an attempt to study the ultrafast pump probe spec-
troscopy of silver nanowires. Chapter 2 describes the basic working of a
laser. Chapter 3 contains a description of nanowires and some character-
istics of silver nanowires. Chapter 4 describes the basic theory behind the
experimental procedure of pump probe spectroscopy. Chapter 5 contains the
detailed methods of the numerical simulation of ultrafast pump probe spec-
troscopy of silver nanoparticles and nanorods and the summary of results
from the simulations. Chapter 6 contains a brief description of transmitted
light microscopy and results of transmission microscopy performed on MoS;
powder. Chapter 7 concludes the thesis and suggests leads for future work

on nanowires.



Chapter 2

Basics

Laser light is produced through light-matter interaction and enables studies
in vast areas of research, including light-matter interaction. The study of
electrons and their interactions with electromagnetic radiation is essential for
applications in physics and chemistry. In order to understand light-matter

interaction, one must start from the basics.

2.1 Absorption, Spontaneous emission and Stim-

ulated emission

Light interaction with an orbital electron produces three types of processes
— absorption, spontaneous emission, and stimulated emission [1]. The elec-
trons revolving in atoms exist in different energy levels. For an electron to
jump from a lower (ground) level to a higher (excited) level, it must absorb a

light photon of frequency stipulated by the Bohr’s frequency condition:

AE = hv, 2.1)

where AE is the difference in energies between the levels. This process is
known as absorption. The excited electron will not stay in the excited state
forever. It will eventually try to return to its original state by losing energy.
Spontaneous emission is the reverse phenomenon where an electron existing
at the higher energy level spontaneously transitions to the ground state with-
out any external influence, followed by the emission of a photon of frequency

given by the same relation.
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Figure 2.1: Schematic diagrams of absorption, spontaneous emission and stimulated
emission respectively.

Stimulated emission is when an electron in the excited state returns to the
ground state in the presence of an external electromagnetic field whose fre-
quency corresponds to the energy difference between the states. The photon
thus emitted has the same frequency as the external field, phase, polarization,
and direction of travel. This process is in contrast to the case of spontaneous
emission, where the relaxation of an electron is a random event. Stimulated
emission occurs only during “population inversion” - where more atoms in
a system are in the excited state than the ground state. By definition, the
population inverted state is not the natural state of any system.

An external electromagnetic field can alter the quantum mechanical state of
the orbital electron without getting absorbed. As the electron transitions
from the excited state to the ground state (which are non-dipole states), it
goes through an intermediate dipole state which vibrates at a characteristic
frequency. The presence of an external field of the same frequency signif-
icantly increases the probability of the electron occupying the intermediate
dipole state. Hence, the rate of transition of electrons becomes higher than
that of spontaneous emission. Hence this leads to the production of an addi-
tional photon of the same frequency, phase, and direction of travel.

2.2 Coherent source of light

Two sources of light are perfectly coherent when they have the same wave-
form, wavelength, and phase difference between them, throughout [16]. It is
a measure of how correlated the waves are as quantified by a cross-correlation.
Correlation can be sought for the same wave(self-coherence) at different points

in space/time.

Coherence is an essential phenomenon in optics. Many phenomena in optics
such as interference, diffraction, holography would not be possible without

light coherence. Given the three phenomena mentioned above, stimulated
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emission seems to be the only method of coherent light production, and it is

indeed how a laser works.

2.3 Laser

2.3.1 Working

Lasers are ubiquitous in optics labs since they are a reliable source of coher-
ent, monochromatic, high-intensity light. A laser typically consists of a cav-
ity, a gain medium, and an energy source for the gain medium [1] as shown

in the figure below.

Nd:YAG solid-state laser

Highly Partially

reflective reflective
mirror Flashlamp (pump source) mirror

11
Laser
output
ND: YAG crystal (lazer medium)

\— Optical resonator 4

Figure 2.2: Schematic diagram showing the working of a laser. The gain medium
here is Nd:YAG which is pumped by a flash lamp so that population inversion is
achieved. The light thus produced by stimulated emission bounces back and forth
between the mirrors and finds its way out through the partially reflective mirror.

Coherent light in lasers is produced predominantly through the process of
stimulated emission. The ejection rate of the photons during stimulated
emission depends on the number of atoms in the excited state and the ra-
diation density of the external electromagnetic field. Population inversion
does not naturally occur in atomic systems since it is energetically unfavor-
able to have more atoms in the excited state. Hence, constant pumping of
the system that produces the coherent light is essential to ensure population
inversion throughout. The energy could be of any form — electrical, chemical,
mechanical, or even light from another laser depending on the gain medium.
The energy supplied is used to elevate the atoms in the gain medium to the

excited state to achieve population inversion.

The gain medium determines the wavelength of the resultant light and its
monochromaticity. Different gain media have different wavelengths and spec-
tral widths and hence also categorize lasers into different types - liquid (dye-
lasers), solid (Nd:YAG, Ti:Sapphire), gas (He-Ne, Ar) and semiconductor
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lasers - to name a few. The gain spectrum of a specific gain medium dic-
tates the wavelength of the output light. Since the light emitted is made to
bounce back and forth between the reflecting mirrors, only specific frequency
modes of light are allowed. In contrast, the others destructively interfere and
are wiped out of the emitted spectrum. These modes are called the cavity
modes, and they arise due to the boundary condition imposed by the cavity.

The cavity modes are given by:

nc
= — 2.2
Vn oL (2.2)
where 7 is an integer. The cavity modes which come under the laser en-
velope are called the laser modes. The emitted laser light will consist of a

superposition of all the laser modes.

o A . Laser gain ]
g " bandwidth 7
] (a)
1=

h Frequen
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i
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) Frequency
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=

Frequency

Figure 2.3: Laser modes. The gain spectrum envelope as shown in the first figure.
The allowed wavelengths are indicated by discrete, equidistant spikes in the second
graph. The spikes which come under the gain spectrum are the laser modes.

2.3.2 Mode Locking

The emitted laser light is a superposition of all the laser modes. These laser
modes do not have a well-defined phase relationship with each other. Hence
the superposition thus obtained will have beating effects with varying in-
tensity. The introduction of a constant phase relationship between the laser
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modes facilitates constructive interference periodically and boosts a specific
frequency mode after a short time (pulse repetition time). This process re-
sults in the pulsed emission of a bright, monochromatic laser beam. This
process is called mode-locking [17]. The number of laser modes governs the

pulse width.

1
NAv

The pulse shape determines the constant of proportionality.

At (2.3)



Chapter 3

Nanowires

3.1 Introduction

As the name suggests, nanowires are nano-sized wires with a diameter of
hundreds of nanometers and lengths in the order of ones or tens of mi-
crons. They are a subclass of nanostructures, which can also be nanoparticles,
nanorods, nanosheets, and nanoribbons. Metal (gold, silver) [18] and semi-
conductor nanowires (5i, ZnO) [5] have been synthesized and studied exten-
sively. Due to size effects, the nanowire’s dielectric constant is different from
its bulk counterpart, which leads to a variety of exciting, size, and shape-
dependent deviations in optical phenomena for the nanostructures [13]. Be-
fore getting into the how of these optical studies, it is vital to understand the
theoretical understanding of the difference between nanostructures and their

bulk counterparts at an atomic level.

EHT = 5.37kV Signal A = InL

WD = 33mm Mag= 841KX O

Figure 3.1: Scanning Electron Microscope (SEM) image of silver nanowires obtained
from Dr. G. V. Pavan Kumar, IISER Pune. The widths are around 300 nm while the
lengths range from 5-25 y m
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3.2 Band Theory

The atomic orbital theory stipulates that there are discrete energy levels an
atomic electron can occupy. At the same time, the Pauli Exclusion Principle
dictates that only one electron can occupy a given energy level (if we ig-
nore electron spins). In the case of pure solids, a similar theory exists where
atomic orbitals of similar energies combine to form continuous energy bands
[19] These may be distinguished from one another by gaps present in be-
tween them, called forbidden gaps. Electrons within a band roam about
freely. However, an electron can jump from a lower band to a higher (not
fully occupied) one if the energy supplied to the electron is greater than the
gap energy between the bands. The highest energy band that is either wholly
or partially occupied by electrons is called the valence band, which is similar
to valence shell in atoms.

Meanwhile, the lowest unoccupied band above the valence band is known
as the conduction band. The relative positions of the valence and conduction
bands in the energy spectrum determine whether the given solid is an insula-
tor, conductor, or a semiconductor. If the gap energy is non-existent, i.e., the
two bands overlap, resulting in a partially filled delocalized band, the solid
is a conductor. The slightest energy fluctuation can excite the electrons into
the conduction band, where they can migrate through the crystal. This may
suggest an increase in the conductivity of metals with temperature. In reality,
however, it is the opposite. This fact becomes apparent once we account for
the increased collision of the excited electrons with the nucleus of the metal
atoms. If the gap energy is too high (above 2 eV, say), the solid is an insulator
(or a wide band gap semiconductor), and if the gap energy is intermediate, it
is a semiconductor. For these materials, an increase in temperature does lead

to an increase in conductivity.

The continuous nature of the bulk solids bands results from the theory that
the number of resulting orbitals due to bond formation is equal to the the
number of atoms that form the bond. The more the number of atoms, the
more the number of orbitals of the same energy that combine. Therefore,
more the resulting molecular orbitals within a specific span of energy. If the
number of combining atoms is very high (=~ 10?? for bulk material), the den-
sity of resulting orbitals in a band becomes very high, and the energy gap
between orbitals in the same band becomes non-existent. Hence the band is
considered to be continuous. However, depending on the type of material,
there would be clear boundaries between the bands formed by orbitals of
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different energy. In the case of conductors, the boundary is non-existent and
the bands of different energies overlap. In the case of semiconductors and
insulators, the different energy bands have well defined boundaries and are
characterized by the forbidden gap energy.

It becomes evident from this explanation that for materials with consider-
ably fewer atoms, this continuous band approximation breaks down, which
is precisely the case in mesoscopic and quantum materials. The band struc-
ture of quantum dots and 1D /2D materials depends on their size and shape
[20] [21]. Naturally, there arises a need to study these unique band structures
by observing the trajectory of the electrons and holes throughout excitation
and subsequent relaxation processes.

In semiconductor nanowires, spatial confinement increases the direct bandgap
[21] [22] and introduces new surface states [23]. Surface plasmons — which
are light assisted electron cloud oscillations - were observed to be propa-
gating along the length of the nanowire and even seem to jump nanowires
when they are connected end to end, in silver and gold nanowires [24]. Pho-
toluminescence in the visible spectrum has been observed in metal [25] [26]
and semiconductor nanowires [27] [28] when impinged with laser light . All
of these phenomena shed light on the optical characteristics of nanowires.
Hence the band structure and the electron and or hole trajectory can be in-

ferred.

3.3 UV-Vis Spectroscopy

UV-Visible spectroscopy was performed on the silver nanowires to obtain an

absorbance versus wavelength relationship.

Using this, a tauc plot to estimate direct band gap was plotted. The fit equa-
tion is [29]:

(ehv)? = (hv — E¢) (3.1)

where « is the absorption coefficient function and E, is the direct band gap
energy. The gap energy for silver nanowires thus obtained is 2.28 eV.



Chapter 3. Nanowires 11

4 nm . AgNW : mm

7 459 nm ,
=2 «
- 5
8 <
~ (]
" K
2 i~
] =
o S
o { ~
] {
3 i

: Eg =2.28 eV

i

En = = vy ) P % P
Wavelength (nm) Energy hv (eV)
(@) A (b) B

Figure 3.2: A) The UV-Visible absorbance spectroscopy of silvernanowires. A notice-
able peak is observed at around 411 nm wave-length. B) The first plot is converted
into a Tauc plot and a straightline fit is performed to obtain the true estimate of the
band gap insilver nanowires.

3.4 Powder XRD

XRD study was performed on the silver nanowires placed on a glass plate.
The figure shows that the overlapping glass background is visible along with
sharp peaks that match with the previously reported pattern for silver nanowires
[30].

Ag NW Powder XRD
16000 A (111)

14000

12000 A

10000

(200)
8000

Intensity (Counts)

6000

4000

2000

20 40 60 80
2*theta

Figure 3.3: Powder XRD data for silver nanowires on a glass slide. An overlapping
background is obtained due to the amorphous glass while peaks are obtained due
to the silver nanowires. The peaks are found to match with the ones obtained by
Junaidi et al.
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Chapter 4

Pump Probe Spectroscopy

41 Introduction

Light-induced changes in a material are usually obtained by observing the
changes in a characteristic of light after impinging upon a sample mate-
rial. The change is monitored by an avalanche semiconductor photodiode,
a very sensitive instrument used to record the intensity of incoming light.
The voltage across the diode is proportional to the intensity of incoming
light. However, the response time of photodiodes is longer than the timescale
of ultrafast processes. Hence to detect changes in the ultrafast timescale,
laser light and photodiode alone are not enough. Workarounds such as us-
ing streak camera [31], optical Kerr gate [32], up-conversion gate [33], and
time-correlated single-photon counting [34] exist, but none more elegant and
straightforward than the pump probe spectroscopy.

An ultrafast laser pulse is separated into two — pump and probe. The pump
pulse is used to excite the electrons in the sample from the ground to the ex-
cited state, which changes the optical properties of the sample, such as com-
plex dielectric constant and refractive index — at that spatial location. The
probe pulse (of relatively much lower intensity in order to cause minimum
perturbation to the sample), which coincides with the pump pulse spatially
but arrives after a controlled time delay, monitors the changes in the opti-
cal properties of the sample caused by the pump pulse. The probe pulse
may (degenerate) or may not (nondegenerate) be of the same wavelength as
the pump. One can study the time evolution of the excited state by varying
the time delay between the pump and probe pulses. This technique investi-
gates transmission, reflectivity, Raman scattering, and induced absorption in
a sample [5] [35].
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Nanowires

’

\ _ Probe beam - Transmitted probe

Photo detector

Figure 4.1: Schematic diagram of the pump probe spectroscopy. Differential trans-
mission of probe beam is obtained through this setup. [5]

The main advantage of using pump probe spectroscopy for the study of car-
rier dynamics is the time resolution control. The temporal resolution limits
down to which the carrier dynamics can be probed is only limited by the
pulse width. Carrier dynamics have been probed down to resolutions of 24
attoseconds [36] [37].
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! 1 L
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Figure 4.2: Gaussian pulse. Measured cross correlated pulse width is 63 femtosec-
onds.

4.2 Proposed Setup

The laser used is Coherent Inc. Mantis Ti:Sapphire laser with a peak wave-
length at 800 nm and 80 MHz repetition rate. The Fourier transform-limited
pulse (of pulse width 35-40 fs and central photon energy 1.57 eV) is divided

into two parts using a 90:10 beam splitter. The low power part is used as the
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Figure 4.3: The proposed setup for ultrafast pump probe spectroscopy of silver
nanowires.

probe while the high power part is used as the pump. The probe beam is
then expanded in diameter using two biconvex lenses before being focussed
at the sample using a 5X microscope objective. The pump beam goes through
a motorized delay stage setup (with 2 mm resolution, which translates to a
temporal resolution of 6.6 fs) before being up-converted into a 400 nm beam
using a second harmonic generating crystal. A mechanical chopper is placed
in the path of the pump beam to subtract the signals arriving from solely the
probe and improve the signal to noise ratio of the output. Finally, the pump
beam is focussed onto the sample using a biconvex lens. The focal spot di-

ameters (1/¢?) were 25 ym and 10um for pump and probe, respectively.

The reflected probe beam from the sample is focused onto an avalanche pho-
todiode connected to the lock-in amplifier. A reference probe signal (before
it impinges on the sample) is connected to the lock-in via a photodiode. The
chopper frequency is also fed into the lock-in amplifier. The output signal
(AR) is the difference between the reference probe (Rp) and the reflected
probe signal (R). The differential reflection (AR/Ry) is then calculated and

plotted as a function of the time delay between the pump and probe beams.
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Figure 4.4: Schematic of the pump and probe spots on the nanowire (not drawn to
scale). The pump beam is blue in colour while the probe beam is red in colour. The
nanowire is depicted as a thin line.

4.3 Theory

The non-degenerate ultrafast pump probe spectroscopy data obtained for «
Bismuth Oxide microrods is presented (Figure ??) for reference. A peak in the
differential transmission is observed at zero time delay [29]. The pump ex-
citation energy corresponds to 400 nm wavelength whereas the probe wave-
length is 800 nm. Since the gap energy calculated for bismuth oxide micro-
rods is greater than probe energy, the probe beam does not excite electrons
from lower to higher energy states. However, at the higher energy band,
the probe beam gets absorbed by electrons to reach another state within the
band. The probe absorption taking place at the higher energy states is known
as photo-induced absorption. This reduces the probe transmission signal ob-
tained from the sample at zero delay.

As the time delay increases, electrons at higher states start losing energy
through various processes [5]. Electron-electron thermalization and electron-
phonon thermalization are processes where the excited electrons impart their
energy to other electrons and the lattice, respectively. This process increases
the overall temperature of the electrons and increases the phonon vibration
energy. Stimulated emission is, as explained before, a radiative process where
excited electrons return to lower states (leading to electron-hole recombi-
nation across the band gap) in the presence of an electromagnetic field ac-
companied by a loss of energy in the form of electromagnetic radiation of
the same frequency. This process occurs only while performing degenerate
pump probe spectroscopy. Auger recombination is a non-radiative decay

process which involves electron-hole recombination across the band gap. The
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Figure 4.5: Ultrafast pump probe differential transmission spectroscopy of a Bis-
muth Oxide microrods obtained by Sarkar et al (2019). The study is performed for
different pump fluences. The solid black lines are the tri-exponential fit.

energy is transferred to another electron or hole, which is kicked to a higher
energy state. The time scales and strengths of the processes depend strongly
on the impurities and their concentrations in the sample material, the sample

morphology, the pump photon energy, and photoexcitation density.

The following equation can model the decay of differential reflection/transmission

with time delay for any material [38]:

AR 3
Ry =(1—exp(—t/7)) EAI' exp(—t/1;) (4.1)

where i sums over the N governing relaxation processes. 7, denotes the rise
time of the signal and corresponds to the thermalization of the photoexcited
carriers. A and T denote the amplitude and the timescale of the processes.

After the completion of one run, the fluence (energy per unit area) of the
pump beam is changed, and the subsequent changes in the differential re-
flection of the probe as a function of the time delay recorded. Increasing the
fluence of the pump beam increases the energy of the laser spot per unit area
impinging on the sample, thereby increasing the number density of photo-
excited carriers excited within the sample. At different fluences, the fit values
of 7; and A; also change, but no significant change is observed in ;. [38].
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Chapter 5

Simulation

Ultrafast pump probe methodology measures the differential transmission
and reflection of materials as a function of the pump wavelength, laser flu-
ence, and delay time. The difference in the behaviour occurs due to changes
induced in the dielectric constant of the medium. The transmission and re-

flection of a given medium are directly related to the dielectric constant [16].

R — |va-val

NCENC

5.1)
T = _Aeave
(Vertve)?

The complex intraband (Drude) and interband dielectric constant spectra are
calculated using models that take into account the band energy, size, and
the plasma frequency of the material. The electron-lattice two temperature
model is then used to calculate the extinction coefficient of the material as
a function of delay time between the pump and probe. The simulations ac-
curately depict the behaviour of the absorption versus time delay plot as
well as the changes that occur by varying the pump wavelength and fluence
[39][40][41][42][43][44][45].

5.1 Model

Laser heating of the sample initially gives rise to a non-Fermi distribution of
electron, which quickly becomes a Fermi distribution after electron-electron
thermalization process[39]. The time-scale for the electron-electron thermal-
ization process is tens of femtoseconds[39]. Due to the smallness of the
timescale, the electron-electron thermalization is ignored in the model and

the electron is assumed to be Fermi distributed from the beginning.
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The electron temperature starts decreasing by shedding its energy to the lat-
tice by electron-phonon scattering. This process is modelled by a two temper-
ature model for the electron and lattice. The electron specific heat is a linear
function of electron temperature whereas the lattice specific heat constant is
treated as a constant. The electron-phonon coupling constant is also treated
as a constant throughout the process. Once the temperature profiles for the
electron and lattice temperatures are obtained, the results are combined with
the results from the absorption versus temperature spectrum obtained before
to generate the ultrafast pump probe transient absorption spectrum for the
nanoparticle [39][42].

5.1.1 Absorption spectrum

The absorption spectrum is calculated by the Mie expression for the absorp-
tion cross section of nanoparticles [46]:

3/2 wez(w, T)

T
0w, T) ey e1(w, T) + 26m]? + €2(w, T)2

(5.2)

and the transient signal is obtained by calculating the change in absorption

spectrum [39]:
Ao(w,T,) =o0(w, T,) —o(w, T, = 298K) (5.3)

Here, €, is the dielectric constant of the surrounding medium. For this
model, water (e, = 1.77) was considered. 1(w, T) and €;(w, T) are the real
and complex dielectric spectra of the nanoparticle. For noble metals such as
gold and silver, the dielectric constants are made up of the intraband, free-
electron (Drude) contribution and interband transition contributions [39][42].

e1(w, T) = €eP(w)+el(w,T)

(5.4)
2w, T) = ef(w)+el(w,T)
The free electron contribution is given by [39][42]:
2

& = 1-
(5.5)

D _ _ wl

T St
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where wp is the plasma frequency (1.36 x 10'°radHz) and T is the damping
constant of the material. The damping constant of a nanoparticle is different
from that of the bulk material. The expression for damping constant of a
nanoparticle is given by [39]:
V

I'=Tpu+ AKF (5.6)
where Vr is the Fermi velocity (1.4 x 106ms—1 [47]), Tpyx is the damping con-
stant of the bulk material (1.09 x 104 [43]) and R is the radius of the nanopar-
ticle. A is a constant parameter and it depends upon the electron-surface
scattering model chosen. In this model, the value of A was chosen to be 2.
[43].

The interband contribution to €; is given by [42]:

e?

ib
ey (w,T) o Beoniis?
e

| D(E, @)t = n(E, T)E (57)
0

where n(E, T) is the Fermi distribution function, e~3/2 ~ (271/1*)m3/? and
D(E, w) is known as the energy distribution of the joint density of states (ED-
JDOS). It has been shown that [48] [42]:

N e2/04 ©[ogh(w — wip) — E]
Pk ) 872 \fvgh(w — wy) — E 8

O is the Heaviside step function. v, is a parameter whose value depends on
the masses of charge carriers in the valence and conduction bands. Its value
was taken as 0.92 [39]. wj, is the interband transition frequency and its value
is 5.94 x 10'° [39].

The interband contribution to the real part of the dielectric constant is given
by the Kramers-Kronig analysis of €2 [39]:

ib
T)
P / “’(j}z(“’ do’ (5.9)

where P stands for the principal value of the integral.

All the contributions have now been obtained to calculate the dielectric con-
stant spectrum. Optionally, one can add a multiplicative factor to the inter-
band contribution in order to match the actual dielectric constant value. The

spectrum is finally calculated using the first equation above.
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In the case of nanorods (with semi-major and semi-minor axes a and b, re-
spectively), the same procedure is followed except for a few changes in the

formulae.

The damping constant for nanorods is given by [43]:

1%
T =T+ Af (5.10)

A geometrical factor is introduced in the expression for extinction coefficient
[46].

wer(w, T)

o(w, T) o< e/ le1(w, T) + ((1 = Li)/ Li)em]* + €2(w, T)?

(5.11)

The factor depends on the light polarization and particle dimensions. For a
nanorod with eccentricity e = 1 — (b/a)? and light polarization parallel to

its long (x) axis:

szlgzez[_H%ln(ii)} (5.12)

whereas L, = L, = (1 — Ly)/2. For unpolarized light, a weighted sum of
extinction coefficients implementing each of the geometric factors is used.

For nanoparticles, L; = 1/3 regardless of the incident polarization of light.

5.1.2 Two Temperature Model

The electron-phonon thermalization process is modelled by considering the
electrons in thermal equilibrium at temperature T,(t) losing energy to the

lattice phonons in thermal equilibrium at temperature Tj(t).

Ce(TE)% = —g(Te—T)
(5.13)
Cl% = g(T.—T))

where C, and C; are the electron and lattice specific heats, respectively. g is
the electron-phonon coupling constant. Their values are:

Ce(T,) = aT,
C, = 24x10°/K 'm=3 (5.14)

¢ = 35x10"%Wm3K!
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where & = 65]m 3K 2,

The initial electron temperature depends on the pump wavelength and flu-
ence. The transient absorption of the sample is experimentally obtained and
matched with the plot of transient absorption versus temperature at the spe-
cific pump frequency (which can be obtained using the calculations men-
tioned in the previous section) to determine the initial electron temperature.
The initial lattice temperature is 298K.

5.2 Results

The simulation was performed for silver nanoparticles of diameter 12 nm
and silver nanorods of size 43x12 nm. The absorbance versus delay time be-
haviour was plotted by varying the pump wavelength away from the SPR
resonance wavelength and also by changing the pump fluence. The results
are shown in the figures below. All the constant values were in electron volt
units, in order to make the computation feasible. The simulation was imple-
mented using MATLAB and plotted using gnuplot. The full MATLAB code
is provided in Appendix A

The decay times varying haphazardly with particle size in figure 5.8 should
not come as a shock, since the localized surface plasmon resonance wave-
length varies with particle size[39] and with pump wavelength (figures 5.3
and 5.4). In this simulation, the surface plasmon wavelength was not cal-
culated for each particle. The proper way to compare the decay times for
different particles would be to illuminate them at the surface plasmon wave-

length and normalize with respect to the absorbance peak.
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Figure 5.1: Absorbance versus temperature behaviour in a silver nanoparticle of
diameter 12 nm. As expected, the absorbance value decreases as temperature. The
pump wavelength for this calculation is 300 nm.
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Figure 5.2: Absorbance versus temperature behaviour in a 43 x 12 nm nanorod. The
pump wavelength for this calculation is 300 nm. The behaviour is similar to that of
the nanoparticle.
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Figure 5.3: Absorbance versus pump-probe delay time of 12 nm silver nanoparticle
at different pump wavelengths. There is an increase in the absolute value of the peak
when the wavelength is reduced. However, there seems to be no effect on the decay
time of the nanoparticle as per the design of the model.
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Figure 5.4: Absorbance versus pump-probe delay time of silver nanorod at different
pump wavelengths. The behaviour is similar to that of the nanoparticle.
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Figure 5.5: Normalized absorbance versus pump probe delay time of 12 nm silver
nanoparticle at different pump fluences (initial electron temperatures). At lower
fluences, a faster decay is predicted. The pump wavelength for this calculation is
300 nm.
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Figure 5.6: Absorbance versus pump-probe delay time of 12 nm silver nanorod at
different pump fluences. The pump wavelength for this calculation is 300 nm. The
behaviour is similar to that of the nanoparticle.
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Figure 5.7: A comparison of the decay times of nanoparticle, nanorod with paral-
lelly polarized light and nanorod with perpendicularly polarized light. The pump
wavelength for this calculation is 300 nm and the intial electron temperature is 2300
K. A slight variation in the decay time is observed. The nanoparticle seems to decay
the slowest while the nanorod illuminated with light polarized perpendicular to its
long axis decays the fastest.
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Figure 5.8: A comparison of the decay times of nanoparticles of different sizes. There
seems to be no clear increasing or decreasing relationship. The pump wavelength
for this calculation is 300 nm and the intial electron temperature is 2300 K.
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Chapter 6

Transmitted Light Microscopy

The single-beam transmitted light microscopy study was performed on pow-
der MoS,. The setup consists of a single laser beam falling on the sample
placed on a motorized XY stage. The transmitted beam from the sample is
collected into a CCD where its intensity is recorded. The XY stage is trans-
lated in order to expose a different part of the sample. Transmittance as a
function of x and y positions can be plotted to visualize the optical density of

the sample at each point.

Laser

| I%Chnpntr

Sarmple

M (7
Photodiose v

XY stage

Lock-in Amplifier

Figure 6.1: Setup for optical transmission microscopy of MoS, powder

The black MoS; powder was carefully spread out by hand on a glass slide
such that monolayer covering was achieved to the maximum degree. The
laser spot size for scanning was 25um. A square area within the sample of
side length 0.5mm was chosen to study. The step lengths were equal to 0.01
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mm and 0.025 mm for x and y scan, respectively. The differential transmis-

sion data was obtained for the square area and plotted.
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Figure 6.2: Results from scanning a square shaped area of the sample at four different
fluences. An increase in transmission is observed as the fluence is increased.

The figures show that when the density of the MoS, powder is higher at a
given spot, the transmission is lower and vice versa. The figures also indi-
cate that the transmission increases with the laser power impinging on the
sample.
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Chapter 7

Conclusion

In addition to the experiment proposed in Chapter 4, the author would like

the suggest a few modifications for future research.

1. The pump and probe spot size could be vastly smaller compared to the
ones obtained above. Given the nanowire diameter, a smaller probe
spot size would improve the quality of the output signal. A beam ex-
pansion setup was currently used to carry it out, but the improvement

was meager.

2. Performing ultrafast pump probe spectroscopy on an ensemble of nanowires
is useful for distinguishing the characteristics of a single nanowire, also

if reducing the spot size is deemed practically impossible.

3. Ultrafast pump probe studies have been performed on bent semicon-
ductor nanowires [49] [50]. It could be interesting to perform pump
probe spectroscopy on bent and end-to-end connected metal nanowires.

4. Spatially separated pump probe spectroscopy studies have been re-
ported in silicon nanowires [51]. The same could be performed for sin-

gle/bent/connected metal nanorods.

The unfortunate timing of the start of the simulation forced the author to
stop the simulations study mid way. The full code with the working and
non-working parts has been provided in Appendix A. The author would like
to point out the errors in the code and suggest a few improvements to the

study:

1. The calculation to obtain the surface plasmon resonant wavelength of
nanoparticles could not be performed by the author due to errors thrown
by the code. The study of changing decay times is incomplete without

calculating the SPR wavelength of the nanoparticles.
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2. The plot of Ac versus A could not be obtained as well due to errors
thrown by the program. The author was unable to complete this section
of the code.

3. The scope of the simulation could be expanded to cover gold nanos-
tructures as well. A comparative study could be performed between
the nanostructures of gold and silver.

4. Once the experimental data is obtained, the parameters used for the
simulation could be modified to fit the actual data better.
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MATLAB code for simulation

%Constants

eV2J = 1.6e-19;

h = 4.4e-15;

hbar = h/(2*pi);
epsO = 8.85e-12;
echarge = 1.6e-19;
me = 0.511e6;

kb = 8.62e-5;

c = 3e8;

eps_m = 1.77;

%Particle characteristics
semi_major_axis = 43e-9/2;
semi_minor_axis = 12e-9/2;

econst = 2*me~(3/2)/(hbar~3);

A= 2;

v_f = 1.4e6;

tau_b = 9.1e-15;

Gamma_b = 1/tau_b;

Gamma = Gamma_b + Axv_f/semi_minor_axis;
omega_p = 1.36e16;

omega_ib = 3.9%eV2J/(6.6e-34/(2%pi));
vd = 0.92;

ecc = sqrt(1-(semi_minor_axis/semi_major_axis)~2);

Lx = ((1-ecc~2)/ecc~2)*(-1+log((1+ecc)/(1-ecc))/(2xecc));
Ly = (1-Lx)/2;
Lz = (1-Lx)/2;
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JFunctions
syms E T omega omega_prime;
n(E,T) = 1/(1+exp(-E/(kb*T)));

D(E,omega) = econst*sqrt(vd)*heaviside (vd*hbar*(omega-omega_ib)-E)

/ (8xpi~2*xsqrt (vd*hbar* (omega-omega_ib)-E)) ;
elD(omega) = l-omega_p~2/(omega~2+Gamma"~2) ;

e2D(omega) = omega_p~2*Gamma/(omega* (omega~2+Gamma~2)) ;
e2ib(omega,T) = (pi*echarge~2/(3*epsO*me~2*omega~2))

*xvpaintegral (D(E,omega)*(1-n(E,T)),E,0,inf);
f1(omega_prime,omega,T) = omega_prime*xe2ib(omega_prime,T)/

(omega_prime~2-omega~2)*2/pi;

dh = 1;
partl(omega,T) = vpaintegral(fl,omega_prime,0,omega-dh);
part2(omega,T) = vpaintegral(fl,omega_prime,omega+dh,inf);

elib(omega,T) = partl(omega,T)+part2(omega,T);

%Real and imaginary dielectric constants

el(omega,T) = elD(omega) + elib(omega,T);

e2(omega,T) = e2D(omega) + e2ib(omega,T);

%Mie Theory absorption cross section calculation
sigma(omega,T) = eps_m~(3/2)*omega*e2(omega,T)/

((el(omega,T)+((1-Ly) /Ly)*eps_m) ~2+e2(omega,T)"2) ;

%Trial values

om = 2x*pi*c/300e-9;
T1 = 500;
TO = 298;

sigma(om,TO)

sigma(om,T1)

%To obtain the spectrum sigma versus wavelength
lams = 200e-9:1e-9:800e-9;

oms = 2*pix*c./lams;

[1;

[1;

for i = 1:length(lams)

sigs_TO

sigs_T1

sigs_TO = [sigs_TO, sigma(oms(i),TO0)];



Appendix A. MATLAB code for simulation 32

sigs_T1 = [sigs_T1, sigma(oms(i),T1)];
disp(i);
disp(sigs_T0(i));

end

plot(lams/1le-9, (sigs_T1-sigs_TO) /max(sigs_TO));

%»To find the SPR wavelength
func = @(x) x-(2*pi*c/omega_p)*sqrt(elib(2*pi*c/x,298)+2*eps_m) ;
x0 = 500e-9;

spr_lam = fzero(func,x0);

%Two temperature model

TeT10 [2300 298];

tspan [0 50e-12];

[t,TeTl] = ode45(@(t,TeTl) ttmfn(t,TeTl),tspan,TeTl0);
plot(t,TeT1(:,1))

%To obtain the absorbance versus delay time plot
sig_fin = [1;
lamO = 300e-9;
om0 = 2%*pixc/lam0;
for i = (1:1length(t))
sig_fin = [sig_fin, sigma(om0,TeT1(i,1))];
disp(i);
disp(sig_fin(i));
end
sig_fin0 = sigma(om0,298);
plot(t/le-12,-(sig_fin-sig_£fin0));

%To obtain the plot of sigma versus temperature
Ts = 500:50:4000;
omT = 2*pixc/300e-9;
sig_ Ts = [];
for i = (1:1length(Ts))
sig_Ts = [sig_Ts, sigma(omT,Ts(i))];
disp(i);
disp(sig_Ts(i));

end
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sig_TsO = max(sig_Ts);
plot(Ts,-(sig_Ts-sig_Ts0)-max(-(sig_Ts-sig_Ts0)));
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