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Synopsis

The principal focus of this thesis is to utilize Terahertz as a spectroscopic tool to
understand the dynamics occurring in condensed matter. A major part of this thesis work
involved building the THz spectrometer using the output from an amplified ultrafast laser
system and using ambient air for the generation and detection of broadband (0.5 - 15)
THz radiation. Since 1 THz corresponds to 1 ps in timescale and 4 meV in energy, it
strongly interacts with systems having a lifetime in picosecond timescale and energies in
meV range like relaxation dynamics and low frequency intermolecular vibrational modes
of various solvents, exciton transitions in bulk and nanostructured materials, carrier
recombinations in semiconductor materials, etc. Also, time-resolved THz spectroscopy
which gives evolution of far infrared spectrum after an optical excitation provides a
noncontact ac probe of complex conductivity. This noncontact conductivity measurement
becomes particularly important for semiconductor nanoparticles where attaching wires

is physically improbable, and the carrier dynamics is in ps time scale.

Chapter 1. Introduction: In this chapter, a brief introduction to Terahertz (THz)
spectroscopy is given. In THz spectroscopy, the transient electric field of the THz
waveform is mapped in time, Fourier transformation of which allows resolving amplitude
and phase of the spectral components making up the pulse in contrast to other
spectroscopic techniques that give only intensity information. This chapter briefly
describes the potential of Terahertz as a spectroscopic tool since it can be used to study
solvent dynamics, charge transfer and carrier recombination dynamics in nanoparticle

and bulk semiconductors.

Chapter 2. Instrumentation and Data Analysis: This chapter describes the setup of the
time-domain THz spectrometer in detail. It also describes the setup used for doing optical
pump THz probe experiments, also known as time-resolved THz spectroscopy (TRTS).
Further, this chapter describes how various useful parameters like complex refractive
index, complex conductivity, and complex dielectric function can be calculated from the

recorded THz electric field.

Chapter 3. Broadband Terahertz Dielectric Spectroscopy of Alcohols: Complex

dielectric properties of a series of alcohols in wide (0.5-10 THz) frequency range using

Vi



THz time-domain spectroscopy (THz-TDS) is reported. Because of the complexities
involved in generating a broadband THz pulse, previous studies in this frequency regime

were limited to 5 THz.

HJCAOH THZ|/TDS
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Figure 1. Experimentally observed (blue) and theoretically predicted (red) absorbance of methanol in the

THz frequency range of 0.5 - 10 THz.

The dielectric response observed has contributions from a Debye relaxation process and
three damped harmonic oscillators. Combination of experimental observations and all-
atom molecular dynamics (MD) simulations and ab initio quantum calculations reveals
that the complex dielectric spectra of alcohols result from a complex dynamics involving
vibrational motions of several atoms across multiple interacting alcohol molecules.
Primarily three types of motions were identified: the overall motion of alcohol molecules
give rise to peak close to 2 THz, the peaks in intermediate frequency range (4-6 THz) are
due to alkyl group oscillations, and the peaks at higher frequency range are probably the
signatures of the movement of H-bonded OH groups of the alcohol molecules. The present
work, therefore, aims to expand the scope and understanding of liquid dynamics while at
the same time complements previous studies on alcohols at lower frequencies.
Publication from this chapter:

Broadband Terahertz Dielectric Spectroscopy of Alcohols

Sohini Sarkar, Debasis Saha, Sneha Banerjee, Arnab Mukherjee*, and Pankaj Mandal*

Chemical Physics Letters 2017,678, 65-71
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Chapter 4. Hot Electron and Hole Transfer from Colloidal CsPbBrs Perovskite
Nanocrystals: Efficient interfacial transfer of photogenerated electrons and holes,
essential for a good photovoltaic and photocatalytic material, is studied in CsPbBrs NCs
in presence of benzoquinone (BQ) and phenothiazine (PTZ) molecules as electron and

hole acceptors, respectively, using time resolved THz spectroscopy (TRTS).
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Figure 2. Schematic showing ultrafast hot carrier transfer (sub- 300 fs time scale) followed by secondary

<300

transfer of thermalized electrons (~ 40 ps) and holes (~ 155 ps) from CsPbBr3 NCs in presence of BQ and

PTZ as electron and hole acceptors, respectively.

Efficient hot electron/hole transfer with a sub-300 fs timescale is the major channel of
carrier transfer, thus overcomes the problem related to Auger recombination. A
secondary transfer of thermalized carriers also takes place with time scales of 20-50 ps
for electrons and 137-166 ps for holes. This work suggests that suitable interfaces of
CsPbX3 NCs with electron and hole transport layers would harvest hot carriers, increasing
the photovoltaic and photocatalytic efficiencies.

Publication from this chapter:

Terahertz Spectroscopic Probe of Hot Electron and Hole Transfer from Colloidal
CsPbBrs3 Perovskite Nanocrystals

Sohini Sarkar, Vikash Kumar Ravi, Sneha Banerjee, Gurivi Reddy Yettapu, Ganesh B.

Markad, Angshuman Nag, and Pankaj Mandal*
Nano Letters 2017, 17,5402-5407
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Chapter 5. Effect of Capping Ligand Engineering on Carrier Dynamics in CsPbls
Nanocrystals: Cubic phase CsPbls NCs are highly sought after solar cell material due to
their appropriate band gap of 1.73 eV. Nevertheless, the NCs are capped by insulating
ligands. For utilizing these NCs in device fabrication, dot-to-dot electronic transport is
essential which can be achieved by removal of the capping ligands by washing with

methyl acetate and lead acetate.
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Figure 3. Schematic showing the effect of surface treatment on NC film. A significant increase in

photoconductivity for ligand treated films is observed.

TRTS has been used to study the photoconductivity and mobility of as-cast, methyl
acetate, and lead acetate treated CsPbls NC films on nonconducting substrate. We see that
ligand treatment enhances inter NC coupling but also introduces new defect states
confirmed by the presence of a new decay pathway for the treated films. However, the
resultant effect of ligand treatment is beneficial.

Publication from this chapter:

Effect of Capping Ligand Engineering on Carrier Dynamics in CsPbI3 Nanocrystals
Sohini Sarkar, Abhishek Swarnkar, Sneha Banerjee, Angshuman Nag, and Pankaj Mandal*

(manuscript under preparation)

Chapter 6. Understanding Carrier Dynamics in Reduced Graphene Oxide (rGO0) Film:
Film of reeeduced graphene oxide (rGO) synthesized by Jha et al. using a novel method
exhibits a remarkable all-solid-state supercapacitor performance. Employing TRTS, we
have measured the photoconductivity and studied the carrier dynamics in this rGO film.
The ac conductivity of the rGO film measured using the noncontact TRTS technique is
similar to the dc conductivity value determined by four probe I-V measurements. The

overall carrier dynamics is very similar to that reported for single layer graphene.
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Figure 4. Schematic showing the band structure in rGO. Rapid relaxation of hot carriers is observed.

rapid relaxation of carriers in the rGO film is mainly dictated by 1) optical phonon
emissions (< 300 fs), 2) disorder mediated acoustic phonon emissions of thermalized
carriers (1-2 ps), and 3) inefficient slow relaxation of electrons and holes in deep trap
states (50-200 ps).

Publication from this chapter:

Understanding Carrier Dynamics in Reduced Graphene Oxide (rGO) Film

Sohini Sarkar, Plawan Kumar Jha, Sneha Banerjee, and Pankaj Mandal*

(manuscript under preparation)
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Chapter 1 - Introduction

1.1 Introduction to Terahertz Spectroscopy

Terahertz (THz) Spectroscopy, a relatively new spectroscopic technique has immense
potential of providing significant insights into numerous physical, chemical and
biological processes occurring on the picosecond time scale with energies in meV range.
THz spectroscopy roughly spans from 0.3 to 20 THz where 1 THz corresponds to 33.3 cm-
1 in wavenumber, 4 meV in energy and 300 um in wavelength. Nevertheless, THz (also
referred to as far-infrared) region of the electromagnetic spectrum flanked by microwave
in the lower frequency range and infra-red at the higher frequency range (Figure 1.1) was
hard to pin down. For an extended period, the low-frequency part couldn’t be accessed
electronically and the high-frequency part couldn’t be accessed optically creating a gap
in the electromagnetic spectrum commonly known as the Terahertz Gap.1-3 Only after the
invention of ultrafast LASERs this region could be accessed since THz generation and

detection relies on ultrafast pulses.4>

dmy

7
Radiowaves Microwaves THZ Infrared  Visible uv X-rays

< > > < e T
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Figure 1.1 Schematic of electromagnetic spectrum showing THz lies between microwave and IR region.

In standard bench top experiments, THz pulses are generated and detected using
ultrashort laser pulses from Ti-sapphire lasers with pulse width varying from ~100-10
fs. Since a fs gating beam is used to map the ps-THz waveform, coherent detection can be
accomplished. Furthermore, since the transient electric field of the THz waveform is
mapped in the time domain, Fourier transformation of it allows resolving amplitude and
phase of the spectral components making up the pulse in contrast to other spectroscopic
techniques that give only intensity information. From the amplitude, one can calculate

absorption coefficient and from phase, the refractive index of the sample can be
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calculated. Hence the complex-valued permittivity can be evaluated without involving
Kramers-Kronig analysis.® Since fs laser pulses are used for THz detection, time resolved
THz study with sub-picosecond temporal resolution can be carried out as well. Though
free electron lasers or synchrotrons produce highly intense far IR pulses with ~3 ps or
greater duration, they are more expensive and less accessible compared to the table top
ultrafast laser setup that produces THz radiation with equal or more brightness.
According to Maxwell’s equations, electric current varying with time emits
electromagnetic radiation. Using this knowledge, the generation and detection of far IR
light as a freely propagating radiation from transmission lines was pioneered by Dan
Grischkowsky, David Auston and Martin Nuss.#? Free propagation of radiation marked
the genesis of THz Time Domain Spectroscopy where one could place a sample between
the THz emitter and detector.

To begin with, the effort was predominantly directed towards pulsed THz generation and
detection by different methods and understanding the theory behind the same.? There
are different methods of pulsed THz generation and detection using fs light, the oldest
one being using photoconductive antennas.”%-14 Photoconductive THz generation is a
resonant process where optical excitation causes interband transition and stimulates
conductivity alteration. Second and more popular method of THz generation and
detection is a non-resonant process that involves use of nonlinear crystals.15-19 Most
recent method involves utilizing ambient air for broadband THz generation and
detection.20-22 The generation and detection of THz radiation from air are described in

detail in Chapter 2.

1.2 THz as a Spectroscopic Tool
1.2.1 Time Domain THz Spectroscopy

Terahertz radiation has several applications?3 of which the optoelectronic applications
involving security screening,?4-26 imaging,27-31 quality control of pharmaceutical
products,32-3% and as a spectroscopic tool have been extensively studied.635-38 1 THz
corresponds to 1 ps in timescale and 4 meV in energy. Thus, THz radiation will strongly
interact with systems having a lifetime in picosecond timescale and energies in meV
range. Dipole relaxation dynamics and low frequency intermolecular vibrational modes
of various solvents,3%-42 Jow-frequency vibrational modes of diverse biological matters,*3-

50 exciton transitions in bulk and nanostructured materials,51-53 free charges,>* phonon
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vibrations in semiconductors and crystalline solids>>>¢ are few examples of such systems
which strongly couple to THz radiations.

In this thesis work, THz spectrometer which has an ultra-broad bandwidth of 0.5 - 15
THz has been built utilizing ambient air for THz generation and detection.2122
Subsequently, the prospective of THz as a spectroscopic tool has been exploited by
employing THz time-domain and time-resolved THz study to investigate different
systems in the condensed phase. THz time-domain spectroscopy (THz-TDS) experiment
have been performed in transmission mode and is like steady state absorption
spectroscopy in which a freely propagating electromagnetic pulse transmits through the
sample to be studied and falls onto the detector. However, unlike classical absorption
spectrometers in which intensity is measured, in THz-TDS the electric field of the
transmitted THz pulse is measured as a function of time; hence the name “Time Domain”.
A detailed description of THz-TDS setup is given in Chapter 2. Figure 1.2 shows the
representative electric field of THz waveforms transmitted through the empty cell (red)
and sample (blue) recorded as a function of time.

THz TDS gives information on transmittance and phase difference from which absorption

(o) and refractive index (n) of a sample can be computed respectively.

/ Ecell(t)

’;2\ Esnmple(t)

=

] .* - SEsam(t)  Esam(w)

2 T = T [T (o) expi4())

E SEcell(t)  Ecell(w)

: ~

E /\\u \] Vf\ | Power transmittance | | Relative Phase |
T T T T T

0 1 2 3 4 5

Time (ps)

Figure 1.2. THz-TDS waveforms transmitted through empty cell (red) and sample (blue). Fourier
transformation of electric field in time domain gives amplitude and phase of spectral components making
up the THz pulse.
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Further, using o and n other parameters like extinction coefficient (k), complex refractive
index (7), complex dielectric function (€), and complex conductivity (&), can be

evaluated.

1.2.2 Understanding Solvent Dynamics

THz-TDS can be used to study the complex dielectric function of liquid molecules. The
reorientation of liquid dipoles, either permanent dipoles in polar (water, alcohols)3941.43
or collision-induced dipoles in nonpolar (benzene, carbon tetrachloride) liquids>7->?
occurring in picosecond timescales is manifested as their dielectric response in the lower
THz frequency region. When an oscillating electric field interacts with liquid molecules,
the dipoles associated with the molecules tend to keep up with the oscillating field by
aligning themselves to the field. The dielectric response is a measure of it. The electric

field creates an induced polarization in the liquids,
ﬁ = (E - go)E
where ¢ is the vacuum permittivity.

When the frequency of the oscillating field is much higher than liquid reorientation
frequency, there is a lag between the applied field frequency and alignment of the dipole
which leads to a drop in the dielectric function(¢). So, frequency dependent dielectric

study provides information on reorientation dynamics of liquids.

\/\*\_ﬁ/‘f

. TN/
==

Figure 1.3 Schematic showing alignment of liquid dipoles in presence of external electric field followed
by the relaxation of the dipoles.

When the frequency of the applied field surpasses the reorientation timescale of the
liquids, it becomes resonant with the low-frequency infrared (IR) active modes of the

liquid that no longer involve dielectric relaxation. For polar liquids, such modes appear
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in the THz region and hence THz acts as a bridge between the low-frequency dielectric
relaxation dynamics and high-frequency oscillatory motions of the liquids.3941
Understanding relaxation dynamics and low frequency intermolecular vibrational modes
is crucial from the biological and chemical standpoint.t%.61 Relaxation timescales of
liquids influence the rate of chemical reactions as increased solvation of transition state
may reduce the activation energy thereby increasing the reaction rate. Besides the
solutes in an excited state, stabilize by transferring intramolecular vibrational energy to
the low-frequency intermolecular modes of the liquids. Therefore, solvent milieu affects
both kinetics and thermodynamics of chemical reactions.

We utilized THz TDS to study the frequency dependent complex dielectric function of five
mono-hydroxy alcohols: methanol, ethanol, 1-propanol, 2-propanol, and 1-butanol. A
high-frequency tail of Debye relaxation was observed with the time scale of 0.7-2 ps and
was attributed to H bond breaking and making. Beyond 1 THz oscillatory motions in the
alcohols originating from intermolecular vibrations became prominent. With the help of
Molecular Dynamics simulation and ab-initio calculations modes giving rise to absorption

at different THz frequencies was assigned. Chapter 3 describes this work in detail.

1.2.3 Time Resolved THz Spectroscopy

Time-resolved THz spectroscopy (TRTS) also known as Optical Pump THz Probe (OPTP)
is an extension of time-resolved or pump probe technique in the far IR region. In typical
pump probe experiments sample is first excited with a relatively intense ultrafast laser
(pump) pulse followed by monitoring the temporal evolution of the optical constants of
the sample with weaker probe pulse. Figure 1.4 shows typical pump probe setup.

Pump and probe pulses spatially overlap onto the sample and the delay between the
pump and probe pulses is adjusted by moving the variable delay stage. The pump pulse
first passes through the sample which excites the sample and then the probe pulse
monitors the evolution of the photoexcited sample as a function of the pump probe delay.
TRTS is a subset of the pump probe technique.

Pump and probe pulses spatially overlap onto the sample and the delay between the
pump and probe pulses is adjusted by moving the variable delay stage. The pump pulse
first passes through the sample which excites the sample and then the probe pulse

monitors the evolution of the photoexcited sample as a function of the pump probe delay.
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TRTS is a subset of the pump probe technique.

Pump Pulse

A

.)
_____ \ / _‘_ — Detector
i >

Sample

Variable Delay Stage

Figure 1.4 Schematic of pump-probe setup. Pump pulse (blue) excites the sample and the probe pulse
(red) monitors the optical properties. T is the delay between the pump and the probe pulse adjusted by
the variable delay stage.

Pump and probe pulses spatially overlap onto the sample and the delay between the
pump and probe pulses is adjusted by moving the variable delay stage. The pump pulse
first passes through the sample which excites the sample and then the probe pulse
monitors the evolution of the photoexcited sample as a function of the pump probe delay.
TRTS is a subset of the pump probe technique.

Advancements in THz-TDS laid the foundation for TRTS. 62 As mentioned earlier, in
contrast to classical spectroscopic methods since THz-TDS engages generation and
detection of optically gated THz pulses, it can be aptly utilized for exploring
nonequilibrium states created by optical excitation with sub picosecond resolution.>%.63
This attribute of THz-TDS enabled development of optical pump THz probe experiments
in which weaker THz pulses are used to probe the pump induced far-infrared changes of
the susceptibility spectrum of the sample.®3 Essentially there are two ways of conducting
the TRTS experiments. One is to position the sample at peak of THz waveform and vary
the pump probe delay to map out the pump induced change in THz peak amplitude. This
gives an average response of the sample over the experimental temporal window. This is
commonly referred to as frequency averaged THz study.® Second method is to scan the
entire THz probe waveform at several fixed pump probe delay times following
photoexcitation by the optical pump. A meticulous study can be carried out by creating a

2D grid that builds the THz waveform at several narrowly spaced pump delay times. This
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is generally called the frequency resolved THz study.® Details of TRTS technique is
described in Chapter 2.

The conductivity in bulk or nanocrystal semiconductor arises due to free and weakly
bound carriers that have low excitation energies.®* The exciton binding energies and
optically active exciton transitions occur in meV range. Again, the carrier phonon
scattering occurs in a sub-ps time scale that gives rise to dispersion in the dielectric
spectrum in meV energy scales.®> Thus, TRTS is a significant tool to study these carriers

since 1 THz corresponds to ~ 4 meV in energy.

1.2.4 Interaction of THz radiation with photoexcited semiconductor NCs

a) ; b) ——
CB TR $ CB :

Exciton (e-h pair) Free e & free h
VB VB

Figure 1.5 Creation of a) excitons and b) free carriers on above bandgap excitations.

Above band gap excitation of the nanocrystals may create either excitons or free carriers.
THz can interact with the excitons and it is nonresonant interaction since THz energy is
much less compared to intraband excitation energy. Yet there will be a change in
polarizability which is manifested in the form of AC dielectric function.®® When free
carriers are formed on above band gap excitation, THz photon energies are transferred
to the carriers. This is a resonant interaction where the acceleration of charge carriers in
presence of THz radiation results in an increase of real conductivity.

Using TRTS, semiconductor properties like pump induced photoconductivity, mobility
and diffusion length can be measured along with understanding the nature of carriers

formed, their recombination pathways and carrier-phonon scattering.>167 TRTS is the
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solitary tool for sub-ps non-contact electrical measurements for semiconductor
nanocrystals where it is difficult to attach wires for conductivity measurements and when
carrier recombination time scale is in ps. TRTS measures the local ac conductivity of the
sample and is insensitive to defects that encumber long range charge transport.®8 Per se

THz measurements yield intrinsic upper limits for carrier transfer.

1.2.5 TRTS of Colloidal CsPbX3 Nanocrystals

Fossil fuels are the worldwide major energy source, but we will shortly run out of them.
Also, burning fossil fuels result in the enormous emission of greenhouse gases that are
accountable for global warming.6® Consequently, there is a pressing need to explore
renewable energy sources and sun is a potential source of inexhaustible renewable
energy. Scientists are striving to achieve durable and cheap photovoltaic devices that
convert solar energy to electricity. Silicon based solar cells that dominate the
photovoltaics market today are expensive. Recently, a new genre of thin film photovoltaic
cells using hybrid organic inorganic perovskites have surfaced that entails low-cost
fabrication and have shown outstanding device performance by achieving >22 % power
conversion efficiency in a brief span.’%-75> Perovskites are the class of compounds that
have a crystal structure similar to CaTiOs. The general formula for perovskite structure
is ABX3 where A is organic cation (methylammonium or formamidinium), B = Pb/Sn/Ge
and X = halide anion (Cl/Br/I).54#76 Perovskites were first used in photovoltaics as
methylammonium lead tri-iodide in 2009.73 They exhibit high charge carrier mobility,
long diffusion lengths, low exciton binding energies and appropriate band gap for broad
solar spectrum absorption.’”78 Nonetheless the organic cation makes them vulnerable to
environmental stress.”® They tend to dissociate into CHsNH3X and PbX2. All inorganic
perovskites are more robust since they are more heat and moisture resistant.80.81 Bulk
CsPbX3 were already known for more than 50 years.82 Very recently Kovalenko and co-
workers reported the synthesis of low-cost solution processed CsPbXs nanocrystals
whose excellent optical properties make them an exceptional choice to be used in
optoelectronic devices.83-85 Composition and size tunable CsPbX3 show band gap energies
and emission spectra that can be tuned over the entire visible range. They have very high
quantum yield (> 80 %), narrow emission bandwidth (~ 85 meV), and exhibit reduced
fluorescence blinking.8386 These materials also have a very low threshold (~ 5 pyJ/cm?)

lasing capability that can be tuned across the entire visible spectral range. Recently
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CsPbBrs NCs were used as photo catalyst for converting CO2 into solar fuel in presence of
non-aqueous solvents.8” Defect tolerant nature of the NCs is attributed to be the reason
for their excellent optical properties.8> It is important to note that all these alluring optical
properties of the perovskite nanocrystals are their excited state features and that’s why
understanding their excited state photophysics is crucial.88 Several time resolved studies
like time resolved photoluminescence, transient absorption, and TRTS are employed to
investigate their excited state properties.68:86.89

Other time resolved techniques using visible or IR light though provide time scales for
carrier recombination, they are unable to measure conductivity and mobility. Further
visible or IR studies mostly investigate the conduction band dynamics. TRTS is an
exclusive non-contact ac probe to measure carrier dynamics (both electron and hole) and
semiconductor properties like conductivity, mobility and diffusion length. In chapter 4
and 5, we have utilized TRTS to investigate the charge transfer and carrier recombination

processes occurring in colloidal CsPbX3 NCs in solution and in thin films.

1.2.6 THz study of Reduced Graphene Oxide

Graphene, an allotrope of carbon is made up of tightly packed sp? hybridized carbon
atoms organized in a two-dimensional honey comb lattice. It has a unique band structure
with a zero band gap that is responsible for its remarkable optical and electronic
properties.?0-%¢ Graphene has shown potential applications in photovoltaic cells,?596
mode-locked lasers,?” supercapacitors, photodetectors,’® etc. A cost effective way of
manufacturing large scale graphene is by reduction of graphene oxide (GO), obtained by
chemical exfoliation of graphite.??.100 Recently, Jha et al. have synthesized rGO using a
novel technique where a moderate reducing agent has been used to reduce GO (Jha et al.
Chem 2017, in press). The rGO synthesized by this method exhibits a remarkable all-
solid-state supercapacitor performance without any further treatment. In chapter 6, we
have measured the photoconductivity and studied the carrier dynamics in rGO film using
TRTS. The ac conductivity of the rGO film measured using the noncontact TRTS technique
is similar to the dc conductivity value determined by four probe I-V measurements. The
overall carrier dynamics is very similar to that reported for single layer graphene. The
rapid relaxation of carriers in the rGO film is mainly dictated by 1) optical phonon

emissions (< 300 fs), 2) disorder mediated acoustic phonon emissions of thermalized
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carriers (1-2 ps), and 3) inefficient slow relaxation of electrons and holes in deep trap

states (50-200 ps).
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In this chapter, the THz-TDS and TRTS setup, experimental procedures, data acquisition,

and data analysis procedures are described. Ambient air is used for generation and

detection of broadband THz. The objective of data analysis is to find out the optical

constants, and photoconductivity of the different samples studied in this work.
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Figure 2.1 depicts the schematic of our time resolved THz setup. The optical source is a

Ti-sapphire amplified laser (Spitfire Pro XP, Spectra Physics) seeded by an oscillator

(Tsunami, Spectra Physics) that generates pulses with a central wavelength of 800 nm,

35 fs pulse duration (FWHM), 4 m] of average pulse energy and 1 kHz repetition rate. The

amplifier output is split using a 50:50 beam splitter (BS1 in Figure 2.1). Half of the
p p p g p g

average power is used for THz generation and detection. The remaining half is fed into an
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optical parametric amplifier (OPA) that produces pulses of tunable wavelengths in the
range of 184 nm to 2600 nm. The output of the OPA is used as the pump pulse in our time-
resolved THz experiments. The laser beam used for THz generation and detection is
further split using a pellicle beam splitter (PBS; R:T = 8:92), where 8 % is reflected and
92% is transmitted. The transmitted beam is focused using a plano-convex lens (PL1) of
focal length 125 mm into ambient air. A type [ BBO crystal of 100 um thickness is placed
between the plano-convex lens and its focal point. The polarization and intensity of the
2w can be varied by rotating the ordinary axis of the BBO crystal with respect to the
incoming fundamental pulse polarization. The lens focuses both the w and 2w beams. Air
plasma is generated at the focal point. The air plasma emits a wide range of
electromagnetic radiations including intense, highly directional, broadband THz light. We
use a high-resistivity silicon filter, SF (1 mm thick, 50% transmission) to block the w, 2w
pulses and white light while transmitting THz radiation. The THz beam is collimated by
the 1st off axis gold coated parabolic mirror (PM1) and focused onto the sample by the
second parabolic mirror (PM2). The THz beam transmitted through the sample is
recollimated and finally focused between two electrodes by another pair of parabolic
mirrors. A mirror (SM) placed before the electrodes, reflects the converging THz beam
between the two electrodes. The reflected beam from the beam splitter (PBS) acts as the
near IR gate beam used for THz detection. The gate beam is reflected by a retroreflector
mounted on a 50 mm stage (MTS50-Z8, Thorlabs) which is denoted as Delay 1 in Figure
2.1. The gate beam from the retroreflector is routed using several mirrors and passes
through a hole drilled in the mirror SM placed just before the electrodes. The THz beam
and the gate beam become collinear after mirror SM and focus at the same position
between the electrodes. A high voltage modulator (HVM), synchronized with the laser
repetition rate, supplies an AC bias of 1.5 kV to the electrodes. The HVM is modulated at
500 Hz which is half of the laser repetition rate (1 KHz). The THz field induces second
harmonic (400 nm) of the gate beam (800 nm) in presence of the external bias which is
directed into a photomultiplier tube (PMT) by two adjustable dichroic mirrors (DM1 and
DM?2). A lens is used to collimate the beam. A 400 nm bandpass filter with 10 nm
bandwidth restricts any fundamental light from reaching the PMT. The gain voltage of the
PMT is set between 100 mV and 400 mV. The current from PMT goes to the current
preamplifier, which filters, amplifies, and converts the signal into a voltage signal. The

voltage signal is then fed into the lock-in amplifier (SR830, Stanford Research Systems)
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locked to the frequency of the HVM. For THz detection, the spatial and temporal overlap
of the THz and gate beam between the two electrodes is crucial. The second harmonic
signal, which is proportional to the THz electric field, is recorded as the temporal overlap
between the THz and the gate pulse is varied by moving the delay stage 1. Thus, the
electric field of the THz waveform is mapped by the gate beam as a function of time.
Fourier transformation of the time-domain signal is the complex THz spectrum. The
generated THz radiation is detected using Zomega Air Photonics Detector Module (ZAP
APD). The entire THz setup is enclosed in a transparent box and is under continuous dry
nitrogen flow so that the relative humidity is maintained below 2 % within the box to
avoid absorption of THz light by water vapour. While performing THz-TDS and TRTS
experiments, we need to operate delay stages, acquire and save data from lock-in
amplifiers and analyze the data to get optical parameters from them. The interface
program was developed in LabVIEW (National Instruments). Using LabVIEW Virtual
Instrument we have written computer programs that can do all the above-mentioned

operations automatically.

2.2 THz & gate beam alignment

The THz and gate beam are horizontally polarized. Since THz is not visible to eyes, the
optical beam used for THz generation is used for alignment. During alignment power of
both the optical beam and the gate beam are reduced and only 10 mW power is sufficient
for aligning the laser beams. Variable neutral density filter placed in the path of 2 mJ laser
output used for THz generation and detection controls the laser power used for
alignment. Inside the THz detector module, the spatial overlap of the gate and the THz
beam is checked at the electrode position. For this purpose, the mirrors after the

electrodes are removed and a card is placed there to view both the beams.

Correct Alignment Incorrect Alignment

Gate Beam

Pump Beam—__|

Shadow from
Electrode Arm

Figure 2.2. Pattern observed on card during correct and incorrect alignment of gate beam and beam used

for THz generation
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Figure 2.2 shows the pattern of both the beams falling on the card during correct and

incorrect alignment. Optics outside the detector are adjusted to get the perfect alignment.

2.3 THz Generation and Detection from Ambient Air

Silicon Filt/
A

Dichroic Mirrors
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' filter

PMT
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Plano-convex
lens

Mirror Gold coated B-BaB;0,
parabolic mirror (BBO)

Ll

Gate beam

Electrodes
wnaq IE

Figure 2.3. Schematic of setup for THz generation and detection from the air.

THz gas photonics has several advantages over other methods like using
photoconductive antenna or electro-optic (EO) crystals for THz generation and detection.
The THz bandwidth is only limited by the optical pulse duration and gap free bandwidth
till 20 THz can be realized for 80 fs pulse using gas photonics! which is the primary
advantage compared to other methods. Furthermore, the broad bandwidth
accomplished using air based generation and detection is not blighted by phonon
absorption, phase matching limitations, dispersions and damage threshold. There are
reports of achieving ultra-broad bandwidth exceeding 100 THz, using sub 20 fs optical
pulse.?2 Using air also enables remote generation of THz by creating THz near the target.3
The second harmonic beam is locally produced and then co-propagated with the
fundamental in free space where they focus and mix at a distance to produce THz
radiation. This approach prevents THz waves from getting absorbed by atmospheric
water vapour and facilitates remote THz sensing and imaging. Finally, data analysis

becomes simpler using air photonics since with EO generation and detection surfaces
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create reflection echoes in time domain waveform. In our laboratory, we have setup THz

spectrometer based on air photonics.

2.3.1 THz Generation

THz wave generation from the air was first reported by Hamster et al. where they focused
intense laser beam (peak power ~ 1 TW) into the air.* At the focal point, the air molecules
get ionized and in presence of the ponderomotive potential of the intense laser field the
ions and electrons get separated that gives rise to a resultant dipole with the emission of
THz radiation.*> However, the efficiency of THz generation using single wavelength was
less. Later, Cook et al. came up with the idea of mixing the fundamental wave with its
second harmonic, and focusing them in the air indeed produced intense THz radiation.®
They also proposed the mechanism for THz generation from the air. The role of air plasma
in THz generation was further studied by Roskos and co-workers.” Zhang and coworkers
conducted a more systematic study by separately monitoring effect of polarization, phase,
and amplitude of fundamental and second harmonic beams in THz generation.8
According to four-wave mixing (FWM) model,® THz generation is a third order nonlinear
process involving mixing of four waves, Q1hz, 2w, - ®, - w. The frequencies of the three

input beams (2w, - w, - w) add to nearly zero (Q1Hz, THZ frequency).
Qrpz = Qo+ Qry, —0 —w) (1)

In presence of pulsed laser, the envelope of the input fields give rise to the nonlinear
response and the output rectified wave is the THz wave. According to four wave mixing,

the THz field has the form:
Ery, () o y®EZ(DEL (DEL (D cos(g) (2)
Erus(t) o x®/L,le(®)cose  (3)

However, this model predicts a significantly lower THz field strength than that was
observed experimentally. The origin of third order nonlinearity (3x),) is also ambiguous.
To answer the incongruity of FWM mechanism, Kim, et al. proposed the asymmetric
transient current (ATC) model.?10 According to the ATC model, intense laser field causes
suppression of the coulomb barrier leading to tunnel ionization of electrons from the
atoms or the molecules of gases present in the air. Thus, THz radiation is emitted from a

non-diminishing transverse photocurrent via Maxwell’s equations.
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In the presence of fundamental and second harmonic beam where the laser field
symmetry is perturbed, asymmetric current results in THz emission. The two-colour field
is given by,

Eyc = E,(t) cos(wt) + E;, (t) cosCwt + ¢p) (4)

When the laser intensity at the focal point is > 1 x 1014 W/cm?, the tunneling ionization
becomes dominant. lonization rate gives the electron density, from which electron
current can be calculated according to the equation, J(t) = ;e N, (t)v;(t) where eis the
charge of an electron and v(t) is the electron velocity acquired in presence of two colour

field. The electric field of the generated THz radiation is proportional to the time varying

current, Ery, « %.
Andreeva et al. in a very recent study on ultra-broadband THz generation from air plasma
have solved the enduring debate on the mechanism of THz generation from two color air
filament.11 They demonstrated that both nonionized molecules which they referred to as
neutrals and plasma contribute to THz generation.11 They further illustrated that neutrals
contribute via four wave mixing to higher frequency THz generation while plasma

contributes to the intense low frequency THz generation.

2.3.2 THz Detection

Coherent THz detection allows determination of both amplitude and phase of the spectral
component making up the THz pulses. The THz detection using photoconductive (PC)
antenna is limited by carrier lifetime of the semiconductor substrate of which the PC is
made of. Also, the transverse optical phonon absorption in PC antenna and EO crystals
and phase mismatch in EO crystals restrict the THz bandwidth that can be detected using
these popular techniques (PC antenna and EO sampling) of coherent THz detection.
Ambient air has been successfully utilized to generate broadband THz, and third order
nonlinear process contributes to it. THz wave detection can also be realized by the
reciprocal process of third order optical nonlinearity responsible for THz generation. In
the year 2006, broadband detection of THz using air was reported for the first time.® The
THz field induces second harmonic (SH) generation of the gate beam and is detected by
measuring this SH signal at plasma point. The terahertz field induced second harmonic

(TFISH) generation can be explained using the following equation:12

EIf? o« y®FE,E,Ery, (5)
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H

where y® is the third order non-linear susceptibility, E1#% E,, and Ery, are the electric

field amplitude of the 2w, w, and THz waves respectively. Since EIN? « Er,, the

intensity is related to I

? « Iy, and is not phase sensitive i.e. the measurement is
incoherent. One possible way of overcoming this problem is to use highly intense gate
beam. An intense gate pulse allows SHG within the plasma, which can mix with the 2o
produced due to TFISH, enabling quasi-coherent THz detection. But this technique
demands very intense gate beam and strong THz field. This technique can be upgraded
by introducing a local oscillator at the plasma point that makes heterodyne phase
sensitive THz detection possible. The local oscillator can be introduced in the form of a
high voltage ac bias through a pair of electrodes at the plasma point. This heterodyne
technique is known as the air biased coherent detection (ABCD), and perturbative four

wave mixing can precisely describe the detection mechanism.1? Including the local

oscillator, the second harmonic electric field is given by,

Eyy x xPELE,(EIH? + EX0)  (6)

and the second harmonic intensity has the form,
Lo & (B20)* « (X2 I3((EZH5)? + 2E307Edcosd + (E30)*)  (7)

where Evo is the electric field supplied by the electrodes and ¢ is the phase difference

between the EJ72and EL2. The above equation can be written as

2
(E20)? = (x®1,) Irpz + 2 x®I,ES Ery, cos o + (E22)?  (8)

The first term in above equation is proportional to the intensity of the THz wave. The
second term, which is a cross correlation term between EZ9 and EI%?, is proportional to
Ery,- This term is the key component for coherent THz detection. The third term in the
equation 8 is the dc contribution from LO, and is eliminated by using a lock-in amplifier
locked to the modulating frequency of the ac bias. Local oscillator significantly enhances
the detection sensitivity. Hence, even a low gate beam intensity (that may be insufficient
for producing plasma) is adequate for ABCD. Also, using ABCD, ultra-broad THz
bandwidth can be accomplished. In our spectrometer, we have achieved a spectral

bandwidth of 15 THz. Left panel in figure 2.4 shows time domain THz waveform we

obtain from our spectrometer and right side shows the frequency domain amplitude
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obtained by Fourier transformation of the time domain waveform.
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Figure 2.4. THz time domain waveform and frequency domain amplitude as obtained from our
spectrometer.

2.4 Time-Domain THz Spectroscopy (THz-TDS)

In THz-TDS we measure the THz light absorbed by a sample in the non-photoexcited
state. It is like any other steady state absorption spectroscopy in the sense that in both
cases the attenuated light after absorption by the sample is recorded. But a crucial
difference is that in THz-TDS we directly measure the THz electric field, and not just the
intensity, from which we can calculate the amplitude and phase of the spectral
components making up the THz pulse. We conducted THz-TDS in transmission mode
where the sample to be studied was placed at the focal point of PB2 and PB3 (Figure 2.1).
First, we measure THz transmission through the empty sample cell that gives Erer. Then
we place the sample and record the transmission data, which gives Esam. The ratio of
Fourier transformation of the Esam to Erer gives the power transmittance and relative

phase.

2.5 Time-Resolved THz Spectroscopy (TRTS)

An optical parametric amplifier (TOPAS C) is used to generate the pump beam required
for exciting the sample in time resolved THz experiments. Optional frequency mixers
designated as mixer 1, 2 and 3 are used at the TOPAS-C output to extend the tuning range
into visible, ultra violet and/or infrared. As per requirement of the sample, the pump

wavelength can be altered using a dedicated software package WinTOPAS.
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The delay between the THz probe pulse and the optical pump pulse can be tuned by
scanning the 300 mm delay stage (PI-M413) denoted as Delay 2 in Figure 2.1.

The pump power is manipulated using a variable neutral density filter, placed in the
pump path. A chopper rotating at a frequency of 333 Hz is used to chop the pump beam.
The pump beam is made to pass through a hole drilled in the parabolic mirror so that it
becomes collinear with the THz probe beam. The pump beam diameter is usually kept
three times the diameter of the probe beam to ensure uniform probing of excited sample.
Knife-edge technique is utilized to measure the diameter of the pump and the probe
beam. During TRTS, a black polyethylene sheet is placed between the third and fourth
parabolic mirror that blocks the transmitted and scattered pump light from reaching the

PMT but is transparent to the THz light.

2.6 Knife-edge measurement of beam diameter

Knife-edge technique for beam diameter measurement is a very popular and simple
technique. The total power of the beam is recorded as the knife is translated through the
beam using a calibrated translation stage. The power meter records the power when the

beam is fully exposed till when the knife completely blocks the beam.
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Figure 2.5. Schematic of knife-edge experimental setup and a typical curve obtained during beam diameter
measurement.

By fitting the data using the following equation beam diameter can be measured:

P=Py+ P”;“" <1 - erf(M» )

w

Where Po is a background power, Pmax is the maximum power, Xo is the stage position at

half of maximum power, and erf is a standard error function and w is the beam radius.
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2.7 Double Lock-in Technique

TRTS is carried out using a double lock-in techniquel3 which allows simultaneous
detection of the pump induced change in THz transmission (-4E(tp)) and the
corresponding THz transmission through the non-photoexcited NCs (Eo(tp)).> Two lock-
in amplifiers are used. The first lock-in amplifier is referenced to the frequency of the
local oscillator (modulation frequency of the ac bias) that modulates the THz probe beam
at 500 Hz. The other lock-in amplifier is locked to the chopper frequency of 333 Hz that
modulates the pump beam. The output from the current preamplifier is split and
separately sent to the lock-in amplifiers. To minimise the crosstalk between the signals
measured by each lock-in amplifier, harmonic and subharmonic of the two modulating
frequencies are deliberately avoided. So, the probe and pump beam are modulated at 500

and 333 Hz, respectively.

2.8 Different Types of Scans

In TRTS we collect data in two ways.14 In one case, the Delay 1 (Figure 2.1) is kept fixed
at a position which corresponds to the maximum of the time-domain THz waveform and
the Delay 2 (300 mm stage, Figure 2.1) is scanned. Scanning delay 2 varies the delay
between optical pump and THz probe. The pump induced change in the THz peak
amplitude AE(tmax, tp) is recorded. Overall, we get an average response of the sample over
the experimental temporal window. This is commonly referred to as frequency averaged
TRTS.15

The second method is to scan the entire THz probe waveform by moving the delay 1 or
delay 3 (50 mm stage, Figure 2.1) at several fixed pump probe delay. Here we record the
pump induced change in THz waveform AE (¢, t,,), at a fixed pump probe delay (¢,). This

is known as the frequency resolved TRTS.
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Figure 2.6. Schematic showing the temporal evolution of pump induced change in THz peak amplitude on
scanning delay stage 2 (Figure 2.1).
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Figure 2.7. a) Schematic showing pump induced change in THz waveform (AE(t)). b) Typical THz
waveforms in TRTS measurements. Eo is the pump-off signal plotted in black solid line. Pump induced
change of THz field is plotted as AE (black empty circles).
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2.9 Sample Cells for liquid samples

Figure 2.8. A typical sample cell for liquid samples where the sample is injected between the two windows
separated by a spacer.

All THz experiments described in this thesis were carried out in transmission mode.
Liquid samples were injected in a demountable liquid cell procured from Harrick
Scientific Products, DLC-M25. For THz-TDS experiments of alcohols, high resistivity
silicon was used as windows. Polytetrafluoroethylene (PTFE) spacers of different
thickness were used to vary the sample path length. For TRTS measurements of colloidal
CsPbBrs3 nanocrystals and its complexes dispersed in heptamethylnonane (HMN), TPX
windows separated by a 950 um Teflon spacer were used. Windows can be of different
materials; common are silicon, TPX, and HDPE windows. For measurements of solid
samples, thin films of the samples were cast on high-density polyethylene (HDPE)

substrate.

2.10 Data Analysis
THz-TDS allows a simple determination of both phase and amplitude. The complex
refractive index of a material can be computed from complex transmittance, from which

we solve for other optical constants.
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Figure 2.9. Reference (red) and sample (blue) THz waveforms showing the effect of constant n(®) and
k(o).

Further, using k (extinction coefficient) and n (refractive index), other optical constants

can be evaluated according to the following equations:

Absorption coef ficient,a = z)(;)—k (10)
, . _ c _
Refractive index,n =1+ — (P — do) (11D

Complex dielectric function, é(w) = A2 = (n + ik)? = n? — k? + i2nk (12)
Complex refractiveindex,n = n + ik (13)

Complex conductivity, 6 = —iweyé (14)

By taking the ratio of complex Fourier transformation of E,,, (t) and E_.j; (t), the

complex refractive index of the sample can be obtained as,

[Esan(® _ Eam(@) _
fEcell(t) Eceu((,l))

where T (w)is the power transmittance and ¢ (w) is the relative phase.

VT (w) exp(i<p(w)) (15)

The Fresnel reflection and transmission losses were considered while extracting the

complex refractive index ((w) = nye(w) + inyy(w)) from T(w) and ¢(w) using an
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iterative method following Nashima et al.1® Windowing functions were used prior to
complex Fourier transformation. For a better frequency resolution of the measurements
it is better to take longer scan in time domain. But if only the main transmitted pulse is
considered i.e. the scan is taken only till that point so that any reflection is avoided, the

spectral resolution becomes worse.

2.10.1 Time-resolved Data
The pump induced change in complex photoconductivity (A&) of liquid samples placed

between the two windows, under the condition that An < 1, is given by, 17
AG(w) = —2iwegn, Afi(w) (16)
where n, is the refractive index of the non-photoexcited sample and A7 is given by,

l(l)l nz - Tl1 -1 AE ((1))
c n,(n,+n,) E(w)

(17)

where MR stands for multiple reflections. Here, I is the path length of the sample, n1 is the
refractive index of the window, n2 is the refractive index of the sample, MR is multiple
reflection term and AE (w), E(w) are the Fourier transforms of the time-domain traces

of the pump-induced and pump-off transmitted THz electric fields, respectively.

The pump induced change in the complex dielectric function of NCs solution can be

obtained from the pump induced change in complex conductivity:
Aé(w) = iA6(w)/weg (18)

The effective dielectric constant of the photoexcited NCs (&,7"°) can be calculated from
the effective dielectric constant of the non photoexcited NCs (éeffnp) and pump induced

change in dielectric constant of NCs solution (A€) using the following equation:
éeffnp + Aé = éeffpe (19)

After calculating éeffpe using equation 19 and using this value in equation 20 (effective

medium approach)!8, the intrinsic dielectric constant of the photoexcited NCs can be

calculated (g;7¢). The simple effective medium approach has the following equation:

err(V) =fe(v) + (1 —1) £4(v) (20)
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where eef(Vv), €i(v) and en(v) are the complex dielectric functions of the composite (NC
solution, experimentally determined from THz-TDS), the inclusion (NCs) and the host
medium (solvent) respectively; and fis the volume fraction of the NCs in the solution. The
difference between &;P¢ and ¢;"P (intrinsic dielectric constant of the non-photoexcited

NCs) is given by,
Aél’pe = éipe - éinp (21)

which is the pump induced dielectric constant of NCs. Again, by incorporating the value

of A4;P%, the pump induced conductivity (Ag;,4) of NCs can be calculated from eq. 18.

2.10.2 Thin film approximation

For TRTS analysis of samples cast on HDPE substrate, we used thin film approximation.1?
Generally, this approximation is used when the thickness of the film is so thin that a THz
pulse passing through the film acquires a phase shift much smaller than the typical
wavelength i.e., nf@/c) dr<<1 where nris the refractive index and dr is the thickness of
thin film. Also, the sample is optically much denser compared to the substrate (nf>> ns

>1). The complex transmittance is given by the equation:2°

1+ ng
1+ns+ Zyo*(w)ds

T*(w) = IT(w)|e"® = (22)

where Zo = 376.7Q) is the impedance of free space. Experimentally we obtain T*(w). From

the above equation complex conductivity (¢*) can be analytically solved:

(23)

o (@) = 1+ ng (cosqo(w) 3 _sin(p(w))

— l—

Zyd \ |T(w)l T (w)]
We also need to fit the experimentally observed complex dielectric functions and
complex conductivity spectra to a suitable physical model to extract more insightful
parameters. The details of the fitting procedures required have been discussed in the

individual chapters.
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3.1 Introduction

Alcohols are an interesting class of H-bonded liquids that contain both hydrophilic groups
and hydrophobic “tails”. Alcohols can donate only one hydrogen bond but can accept two3#4
and thus they lack the extensive H-bond network that is present in water. A change in the
size and shape of the hydrophobic part can alter the hydrophobic interactions and may
also affect the H-bond network. Moreover, alcohols are miscible with myriads of polar
and non-polar solvents. Studies on the molecular structure of liquid alcohols using X-ray
scattering, MD simulations, etc. reveal that alcohol molecules associate to form ring or
chain like structure.>8 However, the degree of association is still debatable and the
relation between the structure and dynamics is not well understood. NMR relaxation
experiments suggest that with increasing alkyl chain length the rotational correlation
time of the OH group slows down from methanol (~5 ps) to 1-hexanol (~ 90 ps).® Using
OH stretching mode as an indicator; polarization sensitive pump-probe and 2D IR
spectroscopy have been recently employed to understand H-bond dynamics in alcohols.10
The study reveals that OH dynamics predominantly has two time scales; a fast component
(~100 fs) assigned to librations and H-bond stretching, common for both water and
alcohols, and a slower component (a few picoseconds) arising from the diffusion-dictated
H-bond exchange dynamics present only in alcohols. In another recent study, Using
polarization resolved fs-IR spectroscopy Hunger et al. demonstrated that the OD stretch
vibration is faster in methanol (~ 0.75 ps) as compared to ethanol (~0.9 ps) and its higher
homologues.11

Dielectric spectroscopy provides further insights into the reorientation dynamics of the
alcohols.12-16 This method records the response of polar molecules to an applied
oscillating electric field in the form of dielectric loss and dispersion functions which result
from the reorientation of molecular dipoles. Thus, the frequency dependent complex
permittivity, e(v) = € (v) —ie (v), can be measured. This, in turn, provides the
relaxation time (tj) and dispersion amplitudes (Aej) of the fundamental relaxation
processes. Alcohols show three distinct relaxation dynamics in the timescales of one to
hundreds of picoseconds depending on the size of the alcohol molecule: a) a slow
relaxation process originating from the alignment of dipoles in the H-bonded network, b)
an intermediate relaxation process stemming from the reorientation of alcohol
monomers, and c) a very fast process related to the flipping or rotation of the free OH

group or breaking and reformation of H-bond in a translational motion.17-19
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At Terahertz (THz) (1 THz = 33.33 cm™! = 4 meV) frequency range (0.1 to 15 THz), the
molecular reorientation and several intermolecular vibrations (local oscillations of
dipoles) may coexist contributing to the overall liquid dynamics. Nevertheless, dielectric
properties in THz frequency regime remained unexplored for a long time since this region
of the electromagnetic spectrum could not be accessed until recently.2021 Time-domain
THz spectroscopy (THz TDS) technique measures the electric field, rather than intensity,
and thus provides both the amplitude and phase of the spectral components making up
the THz pulse. Absorption coefficient and the refractive index of the sample can be
calculated from the amplitude and phase. This allows for the evaluation of the complex-
valued permittivity of the sample without involving Kramers-Kronig analysis.21
Kindt and Schmuttenmaer initiated the study of dielectric properties of methanol,
ethanol, 1-propanol utilizing THz-TDS in the narrow frequency range of 0.06-1.0 THz.22
They found a good agreement between their data and multiple relaxation models up to 1
THz. At higher frequencies, there is an onset of oscillatory motions, which cannot be fitted
using relaxation models. Kindt et al, however, did not observe the onset of resonant
absorption till 1 THz, necessitating the measurement of dielectric properties at higher
frequencies. Fukasawa et al. analyzed the complex dielectric and Raman spectra of H-
bond liquids from microwave to THz frequency range combining microwave and far
infrared (FIR) techniques.?? Their study reveals that the dielectric spectrum for methanol
deviates from the relaxation model at frequencies above v ~290 GHz. Three Debye
relaxation processes (11 = 51.8 ps, 12 = 8.04 ps, and 13 = 0.89 ps) combined with two
damped oscillators with peaks at ~55 and 125 cm-! reproduced the dielectric spectrum
of methanol within 50 MHz to 5 THz frequency range.22 Yomogidaet al. studied
temperature dependent complex permittivity of 14 monohydric alcohols in the frequency
range of 0.2-2.5 THz. According to their study, the complex permittivity of the alcohols
has contribution from three parts: the high frequency part of the dielectric relaxation, a
broad vibrational mode around 1.2 THz, and a low frequency tail of another high
frequency oscillatory motion located above 2.5 THz.2425 However, the precise nature of
this high frequency mode and its effect to the dynamics could not be ascertained since the
study was limited to 2.5 THz.

In the present study, broadband THz-TDS (0.5-10 THz) has been utilized to study the
dielectric properties of methanol, ethanol, 1-propanol, 2-propanol, and 1-butanol. We

have also performed all-atom molecular dynamics (MD) simulations and ab initio
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quantum calculations of the alcohols to gain the molecular level understanding of the

vibrational modes responsible for the observed absorption pattern in the THz region.
3.2 Methods and Materials

3.2.1 Terahertz time domain spectroscopy (THz-TDS)

Generation of THz pulsed waves from air plasma and detection using air-biased coherent
detection (ABCD) technique has been elaborately discussed in Chapter 2.26-28 The spectral
bandwidth detected in our laboratory is often more than 15 THz. In spite of the broad
THz range offered by our spectrometer, the frequency range for the present study is
confined to 0.5-10 THz since the amplitude of THz field drops below 1/e of the maximum
amplitude at frequencies below 0.5 THz. Besides, beyond 10 THz, there is considerable
absorption by the alcohols making the transmission very poor. For recording THz
transmission data of alcohols, we used two high resistivity silicon windows (2 mm
thickness, 1-inch diameter) separated by polytetrafluoroethylene (PTFE) spacer and the
sample cell was placed at the focal point of two parabolic mirrors. First, the THz field
transmitted through an empty cell was recorded as the reference signal (E.;(t)). Next,
THz signal transmitted through the sample cell filled with alcohol was measured
(Esem(t)). To obtain a satisfactory signal-to-noise (S/N) ratio, an average of several
measurements (normally 30-50) was carried out. The shape, amplitude, and the phase of
Esom (t) differ from E,;;(t) due to the reflection, absorption, and dispersion of THz light
by the sample. Exact Blackman windowing function was applied to the time domain signal
prior to the Fourier transformation. By taking the ratio of complex Fourier
transformation of Eg,,, (t) and E.j; (t), the complex refractive index of the sample can be
obtained as,

o~ B~ TOe@)

where T(w)is the power transmittance and ¢(w) is the relative phase. The Fresnel

reflection and transmission losses were considered while extracting the complex
refractive index (ﬁ(a)) =N, (w) + inim(w)) from T(w) and ¢(w) using an iterative
method following Nashima et al.2? An average spectrum for each alcohol was obtained
from measurements using three different path lengths (100, 150, and 250 pm) at the

room temperature.
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3.2.2 Materials

The alcohols studied in this work are methanol, ethanol, 1-propanol, 2-propanol, and 1-
butanol. Methanol and 1-butanol (purity 99.8 %) were purchased from Sigma Aldrich.
Ethanol (purity = 99.9 %) was purchased from Merck. 1-propanol and 2-propanol (HPLC
grade, 99.8 % purity) were procured from Rankem. All alcohol samples were used

without further purification.

3.2.3 Computational Study

A computational study was carried out by Debasis Saha working under the supervision
of Dr. Arnab Mukherjee.

Both classical and quantum approaches were used to understand the interactions
amongst alcohol molecules within the THz frequency range in molecular detail. Classical
molecular dynamics simulations were used to generate vibrational density of states
(VDOSs) and normal modes. Quantum calculations were also performed to compare the
modes at different frequencies obtained from classical simulations and to calculate H-

bond strengths of alcohols. Details of the method are provided below.

(i) Molecular Dynamics (MD) Simulation

MD simulations were performed using OPLS (Optimized Potential for Liquid Simulations)
force field for all systems (methanol, ethanol, 1-propanol, 2-propanol, and 1-butanol).30
For each system, a cubic box was created and was filled with alcohol molecules for
simulation. The simulations were carried out by employing periodic boundary condition
in all directions to mimic the effect of the bulk. The numbers of molecules taken in the
simulations were: 631 for methanol, 501 for ethanol, 501 for 1-propanol, 465 for 2-
propanol and 424 for butanol. Each system was energy minimized using steepest
descent31, followed by heating up to 300 K using Berendsen thermostat32 with a coupling
constant of 0.2 ps. This was followed by an equilibration run for 5 ns at constant
temperature (300 K) and 1 bar pressure using Nosé-Hoover thermostat3334 and
Parrinello-Rahmanbarostat3>, respectively, with a coupling constant of 0.2 ps for each.
Particle Mesh Ewald (PME) method 36 with 10 A cut-off was used for electrostatic
interactions. Experimental compressibility3” was used to achieve the correct density. A
cut-off of 10 A was used for the van der Waals interactions. All the simulations were

carried out using GROMACS38 software package.
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(ii) Vibrational density of states (VDOS) calculation

VDOS was calculated from both the velocity autocorrelation function (VACF) and
normal mode analyses (NMA). In the first approach, VDOS was calculated from the
Fourier transformation of the velocity autocorrelation function (VACF) of all the atoms

of the system defined as,
1()—12 1f°o wt)(w;(0).v;(O)dt| (2
w _kBT ' m; o _ooexp( lwt)(v;(0).v;(t) (2)
j

where v;(t) is the velocity of the jt atom at time ¢. To calculate the VACF, the equilibrated
structure was simulated for 1 ns under the same conditions as the equilibration run and
the frames were saved at every 5 fs. An initial 500 ps long trajectory was sufficient to get
a smooth VACF profile. For the calculation of VDOS using normal mode analysis, 10
frames were extracted from the 1 ns trajectory at 100 ps intervals and the Hessian matrix
was generated for every frame. Diagonalization of the Hessian matrix provided the
normal modes (vibrational spectrum) of different frequencies. The final vibrational
spectrum was obtained from the average of 10 different vibrational spectra for each
alcohol system. Both the VACF calculation and the normal mode analyses were carried
out using GROMACS38 software package. The modes at the frequency range obtained from

fitting of the experimental data were plotted using Gaussview software3?.

(iii) Ab-initio Calculations

Random configurations consisting of four or five alcohol molecules were collected from
MD simulations and were optimized using density functional theory (DFT) with B3LYP
functional#? and 6-31G(d,p) basis set. B3LYP functional was used because it shows a good
agreement with experimental frequencies for several systems reported by Czarnecki et
al.*1 However, a smaller basis set was used here to reduce computational cost. Frequency
calculations were performed on the optimized configurations to obtain the vibrational
spectrum. Twenty configurations were used to obtain an average spectrum for each
system. Similar approach has been used before for ion-water systems #4243Moreover, H-
bonding strength of different alcohols was evaluated by calculating the quantum
mechanical energy as a function of H-bond distance between the oxygen and hydrogen

atoms of a H-bonding pair using Second-order Mgller-Plesset (MP2) method with aug-
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cc-pVDZ44 basis set. All quantum calculations were performed using Gaussian09 software

package.*>

3.3 Results and Discussion:
3.3.1 THz-TDS: The time domain and Fourier transformed frequency domain data of the
empty sample cell, and that filled with alcohols are shown in Figure 3.1a and 3.1b,

respectively.
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Figure 3.1. a) Time domain THz waveforms and corresponding b) frequency domain amplitude spectra
of the empty sample cell and cells filled with methanol and 1-butanol (path length 150 um).

From the frequency domain data, we have extracted the frequency dependent
absorptions and refractive indices (Figures 3.2a and 3.2b). The errors associated with the
refractive index values of the alcohols studied are given in Table 3.1. In all cases, the error
is between 2-6 %.

The absorption spectrum of methanol (Fig. 3.2 a) shows a prominent absorption peak at
~3.8 THz (~ 127 cm1) and a broad peak at ~ 8 THz (~ 266 cm1). These two absorption
features are clearly visible in case of ethanol as well. However, for all other alcohols
studied here the absorption feature at about 4-5 THz is visible, and seems to have shifted
towards a higher frequency with the increasing number of carbon atoms in the alcohol
molecule. Note that, methanol has a strikingly higher absorbance compared to other

alcohols almost throughout the entire frequency range.
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Figure 3.2. Frequency dependent a) absorption and b) real refractive indices of alcohols. Error bars for
some selected frequency only are shown to preserve clarity. Note that, the errors are large at the extremes
of the frequency range.

Table 3.1. Percentage error in refractive index, real and imaginary dielectric function
values calculated by the root mean square deviation method from three set of data
collected using 100 um, 150 pum, and 250 um spacers.

% Error
Alcohols Refractive Index Real dielectric . Imaglnary .
i , dielectric function
(n) function (&’) »

(€”)
Methanol 3.11 6.27 14.2
Ethanol 2.26 4.5 9.3
1-propanol 5.25 10.7 10.3
2-propanol 3.21 6.49 6.87
1-butanol 2.58 5.19 14.8

The absorbance decreases in alcohols with increasing alkyl chain length. It is interesting
to note that the absorption spectra of 1-propanol and 2-propanol are quite different even
though the numbers of carbon atoms are same in both molecules. This probably indicates
that 2-propanol having a branched hydrophobic part exhibits different structure and
dynamics than its isomer 1-propanol.

However, the absorption and refractive index data can only provide the information on
the optical properties of the medium. A better insight into the liquid dynamics can be

obtained from the frequency dependent complex dielectric function as defined below.
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é(w) = €(w)—ie' (w) (3)
The complex dielectric constant and the complex refractive index are related as,
A(v) = n(v) —ik(v) (4
€' (w) = n*(w) = k*(w) (5)
€'(w) = 2n(w)k(w)  (6)

Aa(w) _ calw)

Where w = 2mv and k(w) = =

a is the absorption coefficient, A is the

wavelength, and c is the speed of light in vacuum. Figures 3.3 a) and 3.3 b) respectively
show the frequency dependent real and imaginary components of the dielectric function
of different alcohols. The error in evaluating the real and imaginary dielectric function
values using three spacer sizes is 4-10% and 6-15%, respectively. Details are provided in
Table 3.2 and 3.3. The errors in our measurements are mainly due to the uncertainty in
the sample path length, and are similar to that reported by Kindt et al.[19] The real and
imaginary values of dielectric function obtained here are in good agreement (within error
bars) with the previous literature reports in the common frequency range (0.5-2.5 THz).
23-25An inflection point at ~4 THz is observed in the dielectric dispersion of methanol (Fig.
3.3a). Corresponding to this there is a peak in the dielectric loss spectrum (Fig. 3.3b).

To understand various relaxation processes contributing to the dielectric spectra of the
alcohols, we tried fitting the dielectric dispersion and dielectric loss spectra using a Debye

relaxation model. According to this model, the complex permittivity is given by,

_ —€j+1
é(w) = €o + Z 1+iwT; ™)

where w is the angular frequency, € is the static dielectric constant, ej’s are the

strengths of dielectric relaxation processes, €, is the dielectric constant at high

frequency, n is the number of relaxation processes, and Tj’s are the relaxation times.

However, the Debye relaxation model, even with the inclusion of multiple relaxation
times, failed to provide an acceptable fit (determined by ¥2 and correlation coefficient

value) to the experimental data.
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Figure 3.3. Frequency dependent a) real and b) imaginary dielectric spectra of alcohols.

As mentioned above, lower frequency limit of our experimental data in this study is 0.5
THz which is much higher than the frequency for which Debye relaxation models were
used in earlier reports.1819 Furthermore, Fukasawa et al. reported that at frequencies
~290 GHz, there is a significant discrepancy between the experimental dielectric
spectrum of methanol and its fit to the Debye model.23 Therefore, only Debye relaxation
may not be an appropriate model to describe the dielectric function of alcohols beyond
0.5 THz. At higher THz frequencies, resonant or oscillatory motions of a molecule or a
group of molecules come into play22. Such motions are apparent in the absorptions that
are associated with inflection points in the refractive index graph. In such cases, Debye
relaxation model may become inadequate; instead damped harmonic oscillator model
has to be used to understand the oscillatory motions of the molecules. Accordingly, we
attempted fitting the dielectric spectra using different models that are combinations of
Debye relaxation and damped harmonic oscillator models. The complex dielectric

spectrum in oscillator model is given by,

n

ArN A;
élw) = Z w? — w? —iwy; ®)

i=1 !

where 4; is the amplitude of the oscillatory motion, w; is the angular frequency, and y;

is the damping coefficient. Among all combinations attempted, only the model with
single Debye and three oscillators could simultaneously fit the experimentally observed
real and imaginary dielectric functions. The x2 values of the fits were less than 0.001 and
correlation coefficient values were very close to 1 (Table 3.4.B), ensuring good fit to the

experimental data. Figure 3.4 shows the experimental real and imaginary dielectric
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functions of the alcohols and their fits to single Debye and triple oscillator model. The
complex equation combining single Debye and three damped harmonic oscillator model
is given by,

Ae A4 A, A,

€(w) = € + — + - + . + :
() P 1ltint 0 -w?-ivy; 0:-ow?-ivy, o?—w?-ioy;

%)

Table 3.2. Debye and oscillator model parameters by fitting experimental dielectric loss
spectra to Single Debye and triple damped oscillator model.

Alcohols T (ps) w1 (THz) o2 (THz) o3 (THz)
0.78 0.94 3.68 7.9
Methanol | 3 07) (0.05) (0.2)
Ethanol 0.82 1.9 3.82 9.54
(0.03) (0.7) (0.09) (2.1)
Loropancl 1.10 1.87 4.38 95
prop (0.01) (0.05) (0.02) (1.1)
2-propanol 2.01 1.9 5.09 13.5
(0.22) (0.2) (0.14) (0.5)
L butanol 1.12 2.4 4.9 15.6
(0.06) (0.9) (0.35) (2.2)

Table 3.2 lists the relaxation time and oscillator frequencies obtained by fitting the
experimental dielectric functions to equation 8. There is a relaxation process occurring
at the time scale of 0.7- 2 ps for all alcohols studied. The timescales we obtain by fitting
the dielectric function of alcohols are also very similar to the timescale of rupture and
reformation of individual H-bonds in alcohols and water reported earlier.46-49 Hence, we
assign the Debye relaxation process contributing to our broad band THz data to the H-
bond breaking and reforming dynamics. The other parameters like amplitude of
oscillatory motions (Ai), damping coefficient (yi) and dielectric constant at high frequency

(e0) are listed in Table 3.3.
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Figure 3.4 Experimental dielectric functions (symbols) of the alcohols and their fits (solid lines) to Debye-
oscillator combined model (equation 8). a) portray the real (¢”) and b) the imaginary (£”) components of
the dielectric functions.

We obtain three peaks from fitting the experimental dielectrics for all the alcohols studied
here. The first peak is at a low frequency of 1-2 THz. A major peak for all the alcohols is
found in 4-6 THz range. The third peak is obtained at a frequency above 8 THz. The
frequency range of our study is limited to 10 THz. Therefore, the reliability associated
with the high-frequency peaks obtained from the fits is expected to be less.

Figure 3.5 shows the contributions of the Debye relaxation and the three oscillators to
the experimentally observed dielectric loss spectrum for methanol. To understand the
origin of these peaks, we have used computational methods to identify the modes

corresponding to different frequencies.
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Table 3.3. Debye and oscillator model parameters by fitting experimental dielectric loss
spectra to Single Debye and triple damped oscillator model.

Sample . A1/(2m)% | y1/2m | A2/(2m)% | y2/21 | As/(2m)% | y3/2T " Corre.la.tion

[THz?] | [THz] [THz?] | [THz] [THz?] | [THz] Coefficient
Methanol | (ioy | ey | ¢y | (b | on | (n |05 | 4| 099
shanol | Gozy |Gy |a1e)| (2 | (b | 08 | a6 | 4 | 9%
tpropancl | oy | o) | ) | o6 | 016) | @a | @) | 6 | 9%
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Figure 3.5. Contributions of Debye relaxation and three oscillators to the experimentally observed
dielectric loss spectrum for methanol.

3.3.2 Vibrational spectra from classical simulation: Classical simulations enable us to
obtain the vibrational spectra for the entire system at a finite temperature using velocity
autocorrelation function (VACF). The vibrational spectra calculated using VACF is shown
in Figure 3.6a. To compare with experimental results, only the relevant frequency range
(1-10 THz) of the spectra is shown. This region of the spectrum primarily involves

intermolecular interactions among different molecules.
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As observed from the experimental values, here also we find a peak below 2 THz
frequency region. However, the broad peak observed at the low-frequency region is
known to correspond to intermolecular collision modes, as seen for other systems.>0
Similar to experiment, methanol shows a peak close to 4 THz not seen for other alcohols
for which several different peaks are observed in the region above 6 THz. Almost all the
alcohols show a peak around 1 THz. The spectral feature within 2 to 6 THz region is
similar. Note that, however, the VDOS calculated using VACF, as shown above, involves
all Raman and IR active modes whereas the experimental data presented here have
contribution only from IR active modes.

To visualize the atomistic motions at a given frequency, we performed normal mode
analyses (NMA) of the system collected at 100 ps interval from the simulation and plotted
in Figure 3.6b. Vibrational spectra from NMA are similar for all the alcohols. Although the
spectral features are similar, it does not show any peak for methanol at 4 THz or at a
higher frequency for other alcohols. The difference between both approaches may be the
reason for this discrepancy. While VACF has dynamical information at a finite
temperature and therefore represent the quasi-harmonic modes, NMA represents the
result based on a given local minimum with harmonic approximation.

NMA reveals that the modes at around 2 THz for different alcohols correspond to the
collective motions of the whole molecule as shown in Figure 3.7. Woods et al. also
observed an absorption band around 30 cm-! (0.9 THz) in their FIR spectroscopic study
of liquid methanol.>! However, they assigned the 30 cm! band to the intermolecular
bending.

The other major peak in the experiment was found at around 4-6 THz region. Modes at
this frequency range correspond to the vibration of the alkyl groups with smaller
movements of OH groups. These motions for the alcohols studied in this work are shown
in Figure 3.8. Note here that, in our analysis, we find the movements of the H-atoms more
predominant compared to the motions of the heavier atoms. However, from the
magnitude of these movements, as shown by the different sized arrows in Figure 3.8, we

determine the motions of the atoms responsible for peaks at different frequency ranges.
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Figure 3.6.a) A specific THz region of the spectra of different alcohols generated using VACF. b) Spectra
obtained from normal mode analyses of different alcohols.

Figure 3.7. The motions of the alcohol molecules below 2 THz region for methanol (a), ethanol (b), 1-
propanol (c), 2-propanol (d) and 1-butanol (e). The arrows here indicate the motion of the atoms. The same
direction of the arrows for a particular molecule indicates the overall motion of the whole molecule in that
direction in this range of frequency.
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Figure 3.8. The modes of the alcohol molecules around 4-6 THz region for methanol (a), ethanol (b), 1-
propanol (c), 2-propanol (d) and 1-butanol (e) using normal mode analyses. The arrows here indicate the
movements of atoms in different directions. The larger arrows on H-atoms of the alkyl chains indicate
larger movements of these compared to the hydroxyl hydrogen atoms.

&

Figure 3.9. The motions of the alcohol molecules above 8 THz region for methanol (a), ethanol (b), 1-
propanol (c), 2-propanol (d), and 1-butanol (e). The arrows on different atoms indicate the motions of the
atoms. Visualization of these motions show movements of the atoms involved in H-bonding with different
molecules.

3.3.3 Frequencies from ab initio method: Since NMA suffers from the inaccuracies of
classical force-field, we performed ab initio calculations to verify and compare different

vibrational modes at the frequencies observed in the experiment. However, quantum
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calculations are extremely computationally expensive. Therefore, only a subset of system
representing the first solvation shell of a particular alcohol molecule was considered for
the calculation. To capture the effect of temperature and various configurational
arrangements of molecules, we collected around 20 snapshots at around 100 ps interval.
In case of methanol, five molecules were selected. For the other alcohols, only four were
selected to reduce computational cost. Also, we did not consider the configurations where
there was no hydrogen bonding amongst the small subset of molecules. We have
performed optimization and frequency calculation for all the snapshots for each system
to obtain the spectrum. Finally, we averaged the spectra from all the different

configurations to obtain the average spectrum for each system as shown in Figure 3.10.
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Figure 3.10. The average spectra obtained from frequency calculation of 20 different configurations of
each alcohol calculated separately.

Now we can compare the origin of different modes from both classical normal mode
analyses and quantum calculations. Both NMA and ab initio calculations suggest that the
motions below 2 THz region involve the movement of the whole alcohol molecules as
shown in Figure 3.7. This observation is consistent with all the alcohol systems studied
here.

In the present study, we find that there is a strong absorption in the range of 4-6 THz.
The peak position is also found to shift towards higher frequencies as we move from

methanol to larger alcohols. Note that the modes in this region (Figure 3.8) do not involve
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only hydrogen bond motion; rather the motion involves both OH groups and the alkyl
chain.

To probe further into the strength of H-bond in different alcohols, we calculated the
variation of energy with respect to the H-bond distance as shown in Figure 3.11. We see
that methanol requires the highest energy to break the H-bond and also it has higher
frequency (from the curvature at the minimum) compared to other alcohols. Therefore,
the peak due to the H-bonded motion should appear at the highest frequency for
methanol contrary to what is observed in the 4-6 THz range. This ascertains that the
frequencies observed in the above region may appear due to the movement of alkyl
chains rather than hydrogen bond (0..H) stretching. Interestingly, studies on ionicliquids
show that a peak close to 6 THz (200 cm1) is present only when there is H-bonding
present. Also, the frequency above 6 THz has been found to originate from H bonding in
different systems.52:53

From the above observation and comparison with other systems, we speculate that the
H-bonded motions correspond to the experimental peaks above 8 THz. The modes at
frequencies above 8 THz obtained from NMA are shown in Figure 3.9. Thus, we can
characterize the experimental peaks into the following types: the low-frequency ones
(below 2 THz) are likely to originate from the overall motion of the alcohol molecules,
while the motion of the alkyl groups gives rise to peaks in 4-6 THz range. Finally, the
peaks at higher frequencies involve H-bond movements. However, the reason behind the
frequencies of all three oscillators to increase with the size of the alcohols is not

understood, and further studies are required.

3.4 Conclusions

We have reported here experimental and theoretical investigations of dielectric response
of five mono-hydroxy alcohols in the broad THz frequency range (0.5-10 THz). Earlier
experimental reports of similar systems were limited to 2.5 THz. Therefore, this study
has widened the scope and understanding of the complex motions involved in these small
molecules. Through our extensive experiments, we find that a model combining single
Debye and triple damped harmonic oscillators satisfactorily reproduces the experimental
complex dielectric spectra. With the help of MD simulations and quantum calculations,

we can evaluate the nature of dynamics that respond to our experimental spectral
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window (0.5-10 THz).

—&— Methanol
—&— Ethanol
—=—1-propanol
—¥— 2-propanol

Energy (kcal/ mol)

Figure 3.11.The relative energy change as a function of H-bond distance for different systems. The energy
values were calculated using constrained optimization using MP2/ aug-cc-pVDZ method.

However, while classical simulations are limited by the choice of the force-field, the
quantum calculations suffer from the system size effect. While the qualitative feature of
the frequency dependence of the spectrum between 2-6 THz is similar in both theory and
experimentation, a quantitative comparison was not possible for all alcohols. We have
tried to identify the peaks observed in the dielectric loss spectra and ascribed them to a
combination of vibrational modes involving motions of many atoms across several
alcohol molecules in the networked structure. Primarily three types of motions were
identified: the overall motion of alcohol molecules give rise to peak close to 2 THz, the
peaks in intermediate frequency range (4-6 THz) are due to alkyl group oscillations, and
the peaks at higher frequency range may be attributed to the signatures of the movement
of H-bonded OH groups of the alcohol molecules. Finally, we believe that the study carried
out at a broad spectral range in the THz frequency domain will enable researchers to

make a judicious choice when selecting these alcohols as a solvent in THz experiments.
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4.1 Introduction

All inorganic CsPbX3 perovskite nanocrystals (NCs) have surfaced as promising materials
to be used in optoelectronic devices owing to their amazing properties like high
photoluminescence (PL) quantum yield (QY)!, narrow emission bandwidth,! low
threshold lasing, 2 reduced fluorescence blinking,> high carrier mobility,® and long
diffusion length.6 Presumably, defect tolerant nature of perovskite NCs give rise to such
excellent optical properties. By now the NCs have found applications in light emitting
devices,’? photovoltaics,1011 and photocatalysis.12 For better utilization of these NCs it is
important to study the charge transfer processes from these NCs since efficient charge
transfer is a prerequisite for their successful utilization in photovoltaic and
photocatalytic devices. On above band gap excitation, carriers (electrons and holes) with
excess energies are created which are commonly called hot carriers. These hot carriers
thermalize to band edge within 1 ps13 by multiphonon emission after which they undergo
radiative and non-radiative recombinations. Typical solar cells extract the band edge
carriers to produce electrical current. Nevertheless, the excess energy of the carriers gets
irreversibly lost due to initial thermalization. Alternatively, if the hot carriers can be
extracted, solar cells with power conversion efficiency greater than the Shockley-
Queisser limit can be achieved.1#15> Several recent fs transient absorption (TA) studies on
CsPbBr3 NCs have shown that hot carrier relaxation to band edge takes place within 250
- 700 fs. Subsequently, the exciton bleach recovery dynamics which is an outcome of band
filling is monitored to probe the electron or hole transfer kinetics from the NCs.1617 TA is
therefore unable to illustrate the transfer of hot carriers to acceptor molecules since band
filling or XB do not have any contribution from hot carriers. TRTS, a noncontact ac probe
for conductivity measurement, becomes an appealing tool in this scenario since it
measures photoconductivity which is proportional to number of carriers regardless of
their occupation states.18-20 Nevertheless, TRTS is limited by sub-ps temporal resolution.
There are not many reports on interfacial charge transfer in CsPbX3 NCs.21-25 Tim Lian
and co-workers reported, for the first time, carrier dynamics within CsPbBrs NCs and the
NCs in presence of electron and hole acceptors using ultrafast TA spectroscopy.2! Their
study was done at quite a low excitation fluence (average electron-hole pairs per NC, <N>
= 0.025) as to not initiate the Auger recombination where they observed an ultrafast

exciton dissociation in CsPbBr3 using benzoquinone (BQ) and phenothiazine (PTZ) as
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molecular electron and hole acceptors, respectively. The efficient electron and hole
transfer occurred with half-lives of 65+5 ps and 49+6 ps, respectively, indicating CsPbBr3
NCs as a good choice for solar cell material. In a previous study by our group, we found
that at higher excitation fluence (<N>> 1.4) these NCs exhibit efficient nonradiative Auger
recombination with a time scale of 20-40 ps that can reduce the efficiency of carrier
extraction.®26 Though at 1 sun intensity, Auger recombination may not be the prominent
decay pathway for solar cells. However, for concentrator photovoltaics, where light
intensity is increased by orders of magnitude using optics, Auger recombination will
become very significant.?’?® This will also be relevant in case of multiple exciton
generation from absorption of very high energy photons.2%3% [n such a scenario interfacial
carrier transfer will have to compete with Auger recombination. Hence, it is very
important to study the interfacial carrier transport rates and mechanism in presence of
Auger annihilation to reveal the real potential of these NCs as future photovoltaics and
photocatalysts.

In this work, we utilized TRTS to understand carrier transfer and recombination
dynamics in CsPbBrz NCs in presence of carrier acceptors at excitation intensities
resulting <N> in the range from 0.54 to 1.91. Understanding carrier transfer at NC-
molecule interface will provide insight to carrier transfer process at bulk interface.We
also chose BQ and PTZ as electron and hole acceptors, respectively, for rational
comparison with the TA study done by Wu et al. We indeed observed an extremely
efficient sub-ps (< 300 fs) hot electron and hole transfer and secondary slower transfer

processes of thermalized carriers with a time scales of 20-250 ps in the presence of BQ and

PTZ.

4.2 Experimental Section

4.2.1 Synthesis and characterization of colloidal CsPbBr3 nanocrystals:
CsPbBrs NCs were synthesized and characterized by Vikash Kumar Ravi from Dr.
Angshuman Nag’s Group. CsPbBrs NCs were synthesized following a similar procedure

reported by Protesescu et al.

Preparation of Cs-oleate: Cesium carbonate (0.4 g), oleic acid (1.25 mL) and 1-
octadecene (20 mL) were mixed in a 50 mL three neck flask and the mixture was dried at

120°C for 1 hour under vacuum along with magnetic stirring. Next, the temperature of
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the reaction mixture was increased to 150°C and kept in the same condition until Cs2C03

completely dissolved.

Synthesis of Colloidal CsPbBr3 NCs: PbBr2 (0.188 mmol) and 5 mL 1-octadecene were
mixed in a 50 mL three neck flask and the mixture was dried under vacuum for 1 hour
followed by addition of anhydrous oleylamine (0.5mL) and oleic acid (0.5mL) to the
mixture at 120°C. Once the solution became clear, the temperature was raised to 190°C
and then the prepared Cs-oleate solution (0.1M, 0.4 mL), preheated to 100°C, was swiftly
injected to the reaction mixture. The reaction was stopped after 5 sec by dipping the
reaction mixture in an ice-water bath. The as synthesized CsPbBrs NCs were precipitated
by adding n-butanol at room temperature and then centrifuged at 10000 rpm for 10 min.
Finally, the NC precipitates were redispersed in toluene to form a long-term colloidal
stable solution. The NCs were redispersed in 2,2,4,4,6,8,8-heptamethylnonane (HMN) for

time-domain and time-resolved THz experiments.

Characterization:

Powder x-ray diffraction (PXRD) data were recorded by a Bruker D8 Advance x-ray
diffractometer using Cu Ka radiation (1.54 A).

Transmission electron microscopy (TEM) studies were carried out using a JEOL JEM
2100 F field emission transmission electron microscope at 200 kV. The sample
preparation for TEM was done by putting a drop of the colloidal solution of NCs in hexane

on the carbon coated copper grids.
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Figure 4.1. a) PXRD confirming orthorhombic crystal structure and b) TEM images of CsPbBr3 NCs.
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X-Ray diffraction pattern and TEM images of the synthesized NCs revealed their
orthorhombic crystal structure and cube like morphology with edge dimension of ~11+1

nm, respectively.

4.2.2 Preparation of NC-BQ and NC-PTZ complexes

For the preparation of NC-BQ (NC-PTZ) complexes, 2 mg BQ (PTZ) powders were added
to 1 ml of CsPbBr3 NCs dispersed in HMN with known concentration.?! The solutions were
sonicated for 10 minutes. We observed no change in UV visible absorption peak position
or photoluminescence (PL) peak position of the NCs after they form adsorption
complexes with the acceptor molecules (Figure 4.2a).

Normalized UV-visible and PL spectra of CsPbBr3 NCs show that the NCs have their lowest
energy exciton absorption at 504 nm (2.46 eV) and excitonic PL at 514 nm (Figure 4.2a).
On complex formation with BQ and PTZ, the UV-visible absorption spectrum (Figure 4.2a)
of the NCs remained mostly unchanged, but the PL intensity quenches significantly
(Figure 4.2b) due to electron and hole transfer. This PL quenching is not due to energy
transfer from the NCs to the molecular acceptors as there is no overlap between the

emission spectrum of the NCs and the absorption spectra of the molecular acceptors.
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Figure 4.2. a) Normalized UV-visible and PL spectra of CsPbBrs NCs, NC-BQ, and NC-PTZ complexes. b)
Steady state (PL) spectra of CsPbBrs NCs, NC-BQ, and NC-PTZ complexes. Large steady state PL quenching
occurs on addition of BQ and PTZ to the NCs.
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4.2.3 Determination of number of acceptor molecules per nanocrystal
We estimated the number of acceptor molecules attached per NC following a previously
reported model 21.2425 which assumes that the NC-acceptor molecule adsorption complex

formation is a stochastic process that follows a Poissonian distribution,21.23.25

e—m n

PO = —— O

where P(n) is the probability of finding a NC with n adsorbed molecules and m is the mean

number of molecules attached to a NC.

The model also assumes that the complex formation between the acceptors and the NCs

is governed by Langmuir adsorption isotherm.21.24.25

KAl

max T KA (2)

where 0 is the mean fractional coverage of molecular acceptors on NC surface, N is the
number of binding sites on the NC surface, Omax is the maximum fractional coverage of
acceptors on NCs, Ka is the binding constant of the acceptors, and [A] is the total

concentration of the acceptors.

To determine 6, the acceptor concentration dependent steady state photoluminescence
of the NC dispersed in hexane was measured. The emission spectra of the solutions taken
in 1 cm path length quartz cuvette were recorded using FLS 980 (Edinburgh Instruments)
over 420 -700 nm range. The excitation wavelength used was 400 nm. With increasing
concentration of the acceptor molecules, the PL intensity decreased Due to non-radiative

carrier transfer.

Now, the probability of finding NCs without any acceptor attached to it is given by the
ratio of integrated PL intensity in presence of acceptor (PL) to that in absence of any

acceptor(PLo). The following equation gives the relationship between PL/PLo and 6,23

PL—l NHYN (3
p=A-0" @

Assuming that PTZ and BQ preferentially bind to Pb2?*, N is estimated to be ~ 12800

according to the following equation:

N T 6a® A
B 4 T[T‘sz+2 ( )

58



Chapter 4 - Hot Electron and Hole Transfer from Colloidal CsPbBr; Perovskite Nanocrystal

where a = 11 nm is the edge length of cubic CsPbBrs NCs and rep2* = 0.119 nm.
By plotting 0 vs. [A] and fitting it to equation (2), Omax, and eventually m is calculated.
Figure 4.3 shows the integrated PL intensity decay (red) and increasing m (blue) with

increasing concentration of the molecular acceptors.
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Figure 4.3. a) The integrated PL intensity of CsPbBrs NCs (red) and the number of BQ molecules attached
per NC (blue) with increasing BQ concentration. b) Integrated PL intensity of CsPbBrs NCs (red) and the
number of PTZ molecules attached per NC (blue) with increasing PTZ concentration.

4.2.4 Cyclic Voltammetry Study

To find out the absolute energies of the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO) for BQ and PTZ, respectively, cyclic
voltammetry (CV) measurements were performed with the help of PAR
Potentiostat/Galvanostat (model PARSTAT 2273). A commercial Pt disk electrode (CHI
Instruments, USA, 2-mm diameter), Ag wire, and Pt-wire loop were used as working,
quasi-reference, and counter electrodes, respectively. Measurements were carried out
under a nitrogen atmosphere, where anhydrous acetonitrile was used as a solvent and
100 mM tetrabutyl ammonium perchlorate was used as supporting electrolyte. Potentials
were calibrated with respect to the normal hydrogen electrode (NHE) and vacuum using
ferrocene/ferrocenium redox couple as an internal standard.3?

As shown in figure 4.4 a), oxidation of PTZ gives two reversible peaks which were
assigned to two step oxidations of PTZ, and from the onset potential, the HOMO level is
calculated to be 5.00 eV.

Reduction of BQ gives one reversible peak (Figure 4.4 a) and the LUMO level is calculated
to be 4.16 eV from the peak onset potential. To determine the other energy level (HOMO
of BQ and LUMO of PTZ), the optical gap obtained from UV-vis absorption spectra of BQ
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and PTZ dispersed in hexane (Figure 4.4 b) is used. BQ has a broad absorption peak
around 450 nm and considering the n 2> m* transition at 450 nm wavelength, the HOMO
for BQ is calculated to be - 6.91 eV. In case of PTZ, the LUMO was calculated to be - 1.19
eV, considering the m—>1* transition at 325 nm. Inset of Figure 4.4b shows the absorption

of BQ and PTZ from 350 nm to 550 nm.
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Figure 4.4. a) Cyclic voltammetry redox cycles of Benzoquinone and Phenothiazine recorded in 100 mM
tetrabutyl ammonium perchlorate used as supporting electrolyte and anhydrous acetonitrile used as a
solvent. b) UV-vis absorption of BQ and PTZ dissolved in hexane used to calculate HOMO for BQ and LUMO
for PTZ.

4.2.5 NMR Spectroscopy

To find out the interaction between the NCs and the acceptor molecules, we recorded
NMR spectra of the NC-BQ/PTZ complexes and free BQ and PTZ molecules in a solvent.
For NMR sample preparation, as synthesized CsPbBrs NCs were centrifuged for 10
minutes at 7000 rpm. The supernatant was discarded while the precipitates were re-
dispersed in CHCl3 followed by re-precipitation on acetonitrile addition and
centrifugation at 7000 rpm. The supernatant was discarded and the washing was
repeated twice. Finally, the NCs were dispersed in CDCl3 (99.8 atom % D, Sigma-Aldrich)
for NMR data acquisition. Benzoquinone (BQ) purchased from Sigma Aldrich (purity >
98 %) and phenothiazine (PTZ) purchased from TCI Chemicals (purity = 98 %) were
separately dispersed in CDCl3 for NMR measurements. NC- BQ complex was formed by
mixing BQ in NC dispersed in CDCls. Similarly, NC- PTZ complex was formed by mixing
PTZ in NC dispersed in CDCls. All NMR spectra were recorded using a Bruker Avance III
HD spectrometer operating at a 'H frequency of 400 MHz, at 298 K.
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Figure 4.5. 'H NMR of a) BQ and NC- BQ complex and b) PTZ and NC- PTZ complex, dispersed in CDCls,
normalized with respect to solvent peak intensity.

The NCs are capped with oleylamine capping ligands. Since the peak intensity for oleylamine protons is too
high, overshadowing the peaks from other protons, peak intensities are normalized with respect to the
solvent (CDClIz) peak.

Comparing the normalized aromatic proton peak intensity of BQ and NC- BQ complex, we
observe that its intensity in NC-BQ complex has reduced. There is a slight downfield shift
in the peak position due to the interaction between BQ and NC. Comparing the aromatic
proton peak intensity in PTZ-NC complex and in PTZ normalized with respect to CDCl3
peak (Figure 4.5 b), broadening of the aromatic signals from PTZ and shift towards lower
frequency in NC-PTZ complexes is observed indicating binding of PTZ to the NCs. Close
proximity of the phenyl rings of PTZ to the NCs and rigidity of the phenyl rings result in
constrained rotational motion of PTZ when they are bound to NCs, leading to peak

broadening.3233

4.2.6 FTIR Spectroscopy

To find out the interaction between the NCs and the acceptor molecules we recorded the
FT-IR spectra of the NCs, NC-BQ/PTZ complexes, and the free BQ and PTZ molecules in a
solvent. The FT-IR spectra were obtained using a NICOLET 6700 FT-IR
spectrophotometer and are given in Figure 4.6. The NCs and their complexes with BQ and
PTZ were dispersed in hexane. The C=0 stretching mode shifts to a higher frequency
when BQ forms complex with NC indicating loss of conjugation. However, for NC-PTZ

complex we do not see appreciable signature in IR spectra.
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Figure 4.6. FTIR spectra of a) NC, BQ, and NC-BQ and b) NC, PTZ, and NC-PTZ complex dispersed in hexane.

4.2.7 THz-Time Domain (THz-TDS) and THz Time-Resolved Spectroscopy (TRTS)
Details of THz-TDS and TRTS setup and related data analysis procedure are given in
Chapter 2. CsPbBr3 NCs, NC-BQ, and NC-PTZ complexes were dispersed in HMN, which is
fairly transparent in THz range. THz-TDS and TRTS data for the three samples were
recorded in the frequency range of 0.5 - 7 THz, at room temperature. Frequency averaged
and frequency resolved THz data were recorded for the samples using the double lock-in
technique, in which the pump induced change in THz transmission (-4E(t1p)) and the
corresponding THz transmission through the non-photoexcited NCs (Eo(tp)) are
simultaneously recorded.3# This reduces the effect of laser fluctuation in data acquisition.
For THz-TDS and TRTS measurements, sample cell comprising two TPX windows of 2
mm thickness separated by a Teflon spacer of 950 um thickness was filled with the NC
and its different complexes dispersed in HMN. Unlike quartz cuvettes where the TRTS
study is limited to 2.5 THz with TPX windows the frequency dependent
photoconductivity can be recorded till 15 THz. However, our TRTS study is limited to 7
THz due to unavailability of a suitable filter material which can block the optical pump
but, transmit the THz light with a frequency greater than 7 THz. For TRTS measurements
the NCs and its complexes with BQ and PTZ were excited using pump wavelengths of 400
nm (3.1 eV) and 480 nm (2.58 eV) which provide 640 meV and 120 meV of excess energy
than required for band edge excitation. Uniform probing of the photoexcited sample was
guaranteed by keeping the optical pump beam diameter (~ 3.5 mm) three times the size

of THz probe beam diameter (~ 1 mm).
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THz-TDS: Figure 4.7 shows the THz absorbance spectra of neat NC, NC-BQ and NC-PTZ
complexes dispersed in HMN in the frequency range 0.5 to 7 THz. CsPbBr3 NCs show a
prominent absorption peak at ~3.4 THz (115 cm™1) and a shoulder close to 1.5 THz. From
DFT calculations done on the orthorhombic phase of CsPbBr3 in our previous work,® we
know that absorption features in the THz-TDS of the NCs arise due to the infrared active
(IR) lattice vibrations (optical phonons) within the orthorhombic lattice of the NCs . The
THz-TDS spectra for NC-BQ and NC-PTZ complexes are the same as for the neat NCs,
which suggest that the complex formation with electron and hole acceptor molecules do
not affect the lattice vibrations occurring within the orthorhombic lattice of the NCs in

unexcited state.

1.0

—o—NC
—— NC-BQ
—o— NC-PTZ
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1 2 3 4 5 6 7
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Figure 4.7. Time domain THz absorbance spectra of non-photoexcited CsPbBrz NCs, NC-BQ, and NC-PTZ
complexes.

Frequency Averaged THz Data: Above bandgap excitation of the NCs using optical
pump creates hot charge carriers. THz absorption by these carriers results in attenuation
of THz transmission. Frequency averaged THz data are collected by varying the delay
between the optical pump and THz probe keeping delay stage fixed at peak of the THz
field (tmax) (Chapter 2).6® We acquire the temporal evolution of the sample after
photoexcitation by collecting the pump induced change in the peak of THz field,
AE (tmax tp), as a function of delay between THz probe and optical pump pulses, t,. This
decreased transmission is (-AE(tp)/Eo(tp)) proportional to the photoconductivity of the
medium. It is essential to highlight that in this study the NCs are dispersed in a non-
conducting solvent (HMN) with a volume fraction of the order of 10-3, and thus the

photoconductivity measured is within the NCs. Simple effective medium approach (EMA)
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for dielectric inclusion embedded in a host medium has been employed to estimate the

frequency dependent complex dielectric function3>:
gerr(v)=fe(v) + (1 —1) (V) (5)

where gef(Vv), €i(v) and en(v) are the complex dielectric functions of the NC solution, NCs
only and the solvent (HMN) respectively; and fis the volume fraction of the NCs in the

solution.

Using the following equation, intrinsic peak photoconductivity values of neat NC, NC-BQ
and NC-PTZ complexes can be calculated:®

&oC

Ao*(tp) = 3 (ng +ny) i(tp)

Eo(tp)

where ¢, is the permittivity of free space, c is the speed of light, d is the thickness of the

(6)

photoexcited sample, nqs and np are the refractive indices of the media on either side of the

sample.

In this work, we have reported the THz conductivity normalized with respect to the
carrier density at different wavelengths and fluences using the following equation:
Ao &yc —AE (tp)
ou= Qe +pp) = Nog m(na +nb)m (7)

where q is the elementary charge, No is the carrier density, and ¢ is the photon to free
carrier conversion ratio. Here, it is assumed that ¢ = 1 and every photon gives rise to an
electron hole pair. Therefore, No = ¢ x 2 Nph and this sets the upper limit to the carrier
concentration and lower limit to the effective mobility (¢u) as the losses due to reflection
or scattering are not taken into consideration. Also, for orthorhombic CsPbBrs3,theoretical
studies predict comparable effective masses for electrons and holes and therefore they

should equally contribute to the mobility, pu = @(u, + up).

On addition of acceptor molecules to the NC dispersed in HMN, we do observe a slight
increase in the absorbance in the UV-visible absorption spectra of the NC-molecule
system (Figure 4.4b). This little difference in absorbance is due to the absorption by the
acceptor molecules and has been taken into account while calculating the number of

photons absorbed by the NCs. As we compare the conductivity normalized to the density
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of the absorbed (by the NCs) photons (Figure 4.8), the quenching in conductivity

observed should not have any influence due to the absorption by the free molecules.

4.3 Results and Discussions

The driving forces (-AG) for electron transfer to BQ and hole transfer to PTZ from CsPbBr3
NCs are 0.81 eV and 0.85 eV, respectively. Driving force can be calculated knowing the
value for valence band minimum (VBM) and conduction band maximum (CBM) for these
NCs and HOMO and LUMO energy values for the molecular acceptors. The VBM and CBM
of these NCs are -5.85 eV and -3.35 eV, respectively as determined by recent cyclic
voltammetry (CV) study conducted by Ravi et al.3¢ Using CV, we determined the LUMO
for BQ to be -4.16 eV and HOMO for PTZ to be -5.0 eV.

When the NCs form adsorption complexes with the molecular acceptors additional
processes associated with electron and hole transfer occur that may result to an altered
transient THz photoconductivity compared to that observed for the neat NCs. We
emphasize that only the mobile charges in the NCs couple effectively to the THz probe
and give rise to signal observed in TRTS.1937 Localized carriers in acceptor molecules do
not respond to the low energy THz probe. Above band gap excitation initially creates hot
excitons. In neat NCs, in the absence of any acceptor molecule, within sub-ps time scale,
all excitons relax to the band edge prior to any recombination processes. On the other
hand, in the presence of carrier acceptor molecules, the photo-generated hot excitons
have multiple options for losing their energy. The excitons might 1) relax to the band
edge, 2) dissociate quickly and get transferred to the acceptor molecules prior to
relaxation to the band edge, or both (1) and (2).

Figure 4.8 shows pump-induced conductivity transients of neat NC solution, NC-BQ and
NC-PTZ complexes normalized with respect to the density of absorbed photons (initial
carrier density No) at 400 and 480 nm pump wavelengths. The THz kinetics show
remarkably strong quenching (with respect to that in neat NC) of the initial conductivity
(at pump-probe delay, tp=0) in the presence of the molecular carrier acceptors.

The quenching is as high as ~90% in NC-BQ system and ~80% in the case of NC-PTZ
complex (Table 4.1). This clearly indicates to a huge reduction in charge carrier density
within the NCs at an ultrafast timescale, even faster than our instrument response time
(IRF) of ~300 fs, in the presence of the carrier acceptors. This reduction in carrier density

is only possible by a sub-300 fs electron (hole) transfer from the photoexcited NCs to BQ
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(PTZ) molecules. The carrier transfer process is so fast that it may have occurred even
before thermalization of the hot carriers. Recently, Maity et al. reported hole transfer
from CsPbBrs NCs to a hole acceptor molecule, 4,5-dibromofluorescein, to occur at 1-1.25
ps time scale.?2 Ponseca et al. also reported a sub-200 fs hole transfer from CH3NH3Pbls

polycrystalline film to Spiro-OMeTAD, a frequently used organic hole acceptor.38
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Figure 4.8. THz conductivity of neat NCs, NC-BQ and NC-PTZ complexes normalized with respect to density
of absorbed photons when a) Aexc = 400 nm ,<N> = 0.96 b) Aexc = 400 nm ,<N> = 1.32, ¢) Aexc = 400 nm ,<N>
=1.67, d) Aexc = 480 nm ,<N> = 0.6, €) Aexc = 400 nm ,<N> = 1.05 and f) Aexc = 400 nm ,<N> = 1.27

In this study <N> was varied from 0.54 to 1.91. From previous reports, we know that at
<N> ~1.4, CsPbBr3 NCs undergo efficient Auger recombination with a time scale of 20-40
ps.226 This will lead to a competition between Auger recombination and interfacial
carrier transfer. But from above results, we can unambiguously prove that in presence of
BQ and PTZ as electron and hole acceptor molecules, respectively, the interfacial electron

and hole transfer takes place at a time scale much faster than the Auger recombination.
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Thus, the photovoltaic and photocatalytic efficiencies should not be affected by the

detrimental Auger process.

Table 4.1. The decrease in initial conductivity of NCs normalized with respect to the
density of absorbed photons in the presence of BQ and PTZ as electron and hole
acceptors, respectively.

Aexc Fluence <N> | Conductivity Quenching (%)
(n)/cm?) BQ PTZ

400 41 0.96 75 68.5
57 1.32 69.4 77.7
72 1.67 73 84.2
480 39.5 0.6 92 87.5
72.7 1.05 92 81.1
93.5 1.27 90 83.5

Theoretical calculations predict similar effective masses for electrons and holes
(me=0.22, mn=0.24)¢ implying that both electrons and holes should evenly contribute to
the observed photoconductivity. Hence, in NC-BQ (NC-PTZ) complex, more than 50 %
reduction in initial conductivity (with respect to that in neat NCs), even if all photo-
generated hot electrons (holes) are transferred to LUMO (HOMO) of BQ (PTZ) is
unanticipated. Several factors might contribute to this unexpected conductivity
quenching. An Auger assisted mechanism for electron and hole transfer can partially
explain the above observation.3? As shown schematically in Figure 4.9 (right panel, arrow
2-3-4), in Auger assisted electron/hole transfer process the excess energy (AG) released
due to the electron (hole) transfer reaction is consumed by the hole (electron). The
energized hole (electron) may attain enough energy to be at par with the HOMO (LUMO)
of BQ (PTZ), and may as well get transferred to the HOMO (LUMO) of the acceptor
molecule. According to the band alignment, this mechanism seems to be feasible in case

of NC-BQ complex when photoexcited with 400 nm pump.
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Figure 4.9. Schematic representation of possible mechanism of ultrafast (< 300 fs) carrier transfer and
charge recombination processes in CsPbBrz NC-BQ and NC-PTZ system upon photoexcitation. 1:
photoexcitation, 2: hot e/h transfer, 2-3-4: Auger assisted e/h transfer, 5: back transfer

However, in case of NC-PTZ complex, the energy analysis does not support such a
mechanism. The second plausible mechanism is an ultrafast interfacial back transfer
(process 5 in Figure 4.9) soon after the carrier transfer from NCs to molecular acceptors,
thus reducing the carrier density. Both processes essentially lead to interfacial charge
recombination (CR) involving slightly different time scales. One should note that such CR
should be avoided if these NCs are to be used in photovoltaics. We anticipate that in the
simultaneous presence of suitable electron and hole transport layers, CR can be
minimized as the initial transfer of both electrons and holes are equally fast.

Frequency resolved data are acquired by measuring the pump induced change in the THz
waveform, AE(t, t,,), at a fixed pump probe delay (t;,). A typical AE and Eo signals are shown
in Figure 4.10 a. The photoinduced change in complex conductivity (Ac) is calculated from
the observed photoinduced change in THz transmission (-AE/Eo). The free carriers generated
by photoexcitation mostly show Drude (or Drude Smith) type response. Furthermore,
photoexcitation may induce change in the amplitude of IR-active phonon vibrations having
frequencies in the range of THz probe light which leads to additional resonant absorption at
those particular phonon frequencies. To identify the phonon peaks observed in photoexcited
samples, conductivity spectra (real and imaginary) obtained from frequency resolved data were

simultaneously fitted to Drude-Smith plus Lorentz model.***! Lorentzians are often used to
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account for contribution of resonant phonon vibrations to the complex conductivity spectra

obtained in TRTS experiments.*>*
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Figure 4.10 a) Typical THz waveforms in TRTS measurements at Aexc = 400 nm. Eo is the pump-off signal
plotted in black solid line. Pump induced change of THz field is plotted as AE. Real (red symbols) and
imaginary (blue symbols) conductivity spectra at Aexc = 480 nm, ~ 72 pJ/cm 2 fluence (<N> ~ 1.3) for b)
neat NCs, c) NC-BQ and d) NC-PTZ complexes. Solid lines are the fits to the Drude-Smith (DS) plus two
Lorentz (b), DS plus one Lorentz (c), and only DS (d). The Lorentz oscillator(s) is used to model the
contribution of phonon vibrations to the conductivity spectra.
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Here opc = a)geo and wp is plasma frequency. Carrier density can be calculated from
wpthroughn = eoa)f,m*/ez with m* = 0.22m,%45 being the effective mass of the electron,

T is momentum relaxation time, c; represents degree of carrier localization; ¢; = —1
represents complete localization and ¢; = 0 represents complete delocalization or free
carrier response. F; is the oscillator strength corresponding to the jth oscillator with

angular frequency w,; and lifetime broadening parameter y;. We observe that Drude
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Smith plus double oscillators model is required to fit the conductivity data of neat NCs
whereas Drude Smith plus Single Oscillator model and only Drude Smith model can fit the
conductivity data of NC-BQ and NC-PTZ, respectively. Parameters obtained from fitting
the complex conductivity of NC, NC-BQ and NC-PTZ complexes using the above discussed
models are listed in Table 4.2 and 4.3.

The photoinduced change in phonon amplitude (spectrum) should appear in the complex
conductivity spectra (complex dielectric function) obtained from the TRTS
measurements. Figures 4.10 b, c and d show the complex conductivity spectra induced by
480 nm excitation (<N> = 1.3) at 0 ps pump-probe delay (at the peak of the THz
transients) for neat NCs, NC-BQ and NC-PTZ systems, respectively. In neat NCs strong
phonon modes are observed at ~1.8 THz and ~3 THz in the real conductivity spectrum
which is an implication of hot carrier relaxation occurring in sub-ps time scale. The
appearance of phonon modes on pump induced conductivity spectra is an indication of
strong carrier-phonon coupling, and a multiphonon process to be responsible for hot
carrier relaxation. Similar observations have also been reported earlier in organo-metal-
halide perovskite systems.3746-48 Recent TA studies also report the hot carrier relaxation
in CsPbBr3 NCs to occur in time scale in the range of 310-700 fs.21.49-51 On the other hand,
only a weak phonon band at ~3 THz is observed in the photoconductivity spectrum of
NC-BQ complex whereas the spectrum of NC-PTZ complex is completely devoid of any
phonon absorption. This observation strongly indicates that hot carrier relaxation and
carrier transfer take place at similar time scale in NC-BQ complex whereas carrier
transfer is probably even faster than hot carrier relaxation to the band edge in case of NC-
PTZ system. It is expected that the carrier cooling rate may not alter much on complex
formation. Hence, it may be inferred that the hot hole transfer process is relatively more

efficient compared to hot electron transfer process.
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Table 4.2. Parameters obtained by fitting the conductivity of neat NCs, NC-BQ and NC-
PTZ complexes using Drude Smith plus two Lorentz oscillators, Drude Smith plus single
Lorentz oscillator and Drude Smith model respectively at 0 ps pump probe delay, 480 nm
excitation wavelength and at <N> ~ 1 where <N> is average number of electron hole

pairs.
GDC © (fs) c f1 o)l Y1 f2 2 Y2
Q' m™) (1014 | (THz) | (THz) | (104) | (THz) | (THz)
NC 190 >44 -0.99 9.5 1.72 9.23 4.3 3 4.25
21.8) | (26) | (0.01) | (09) | (0.03) | (0.9) | (0.5) | (0.1) | (0.41)
NcBg | 64 | 605 | -099 | 176 | 3.19 6 _ ] ]
(0.001) | (4.6) (0.01) | (0.42) | (0.045) | (1.25)
- 15.05 102 -0.98 _ _ _ _ _ _
(0.01) | (3.8) | (0.04)
a)1so b) 15 c) 15
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Figure 4.11. Real (red symbols) and imaginary (blue symbols) conductivity spectra at Aexc = 400 nm, <N>
~ 1.3 a) neat NCs, b) NC-BQ and c) NC-PTZ complexes. Solid lines are the fits to the Drude-Smith (DS) plus
two Lorentz (a), DS plus one Lorentz (b), and only DS (c). The Lorentz oscillator(s) is used to model the
contribution of phonon vibrations to the conductivity spectra.
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Table 4.3: Parameters obtained by fitting the conductivity of neat NCs, NC-BQ and NC-
PTZ complexes using Drude Smith plus two Lorentz oscillators, Drude Smith plus single
Lorentz oscillator and Drude Smith model respectively at 0 ps pump probe delay, 400 nm
excitation wavelength and at <N> ~ 1.3 where <N> is average number of electron hole
pairs.

GDC T c f1 o1 Y1 f2x 2 Y2
(Q'm™) (fs) (10%) | (THz) (THz) | (10™) | (THz) | (THz)
NC 199.14 5.76 -0.99 9.73 2.87 5.2 4.31 1.67 8
(0.25) (2) (0.01) | (0.92) | (0.02) | (0.54) | (0.52) | (0.04) (1.4)
NC- 21.1 127 -1 491 2.79 6.67 21.1

BQ | (0.01) | (16) | (0.11) | (1.0) | (0.03) | (0.1) | (0.01)

NC- | 17.84 99 | -0.99
PTZ | (0.00) (5) | (0.05)

Weak phonon mode in NC-BQ and absence of phonon modes in NC-PTZ complexes
explains why Wu et al. did not observe any sub-ps electron/hole transfer in their TA
experiment of the same systems. As mentioned earlier, if hot carriers are transferred to
the molecular acceptors prior to thermalization, they will not contribute to the band-
filling and related exciton bleaching. Previously, hot electron transfer has been observed
from PbSe NCs to TiO2 surface in sub-50 fs time scale!3, from graphene quantum dots to
TiO2 surface at <15 fs time scale,>2 and also from CdSe NCs to ZnO surface at sub-200 fs
time scale.53

According to above observation, in the presence of the acceptor molecules, the majority
(70-90%) of the hot excitons are dissociated and transferred to the acceptor molecules
in sub-300 fs time scale which results into the quenching of the initial conductivity
(Figure 4.9a). Rest (10-30%) of the excitons undergo intraband cooling and relax to the
band edge. These residual thermalized excitons eventually dissociate to free carriers and
show up as the increasing conductivity over a period of several ps in our THz transient
data (Figure 4.8 and Figure 4.12). Figures 4.12a and 4.12b show the temporal evolution
of photoconductivity normalized to the maximum value of neat NCs as well as the residual
photoconductivity of the NC-BQ/PTZ complexes at excitation wavelengths of 400 nm and
480 nm, respectively. At both excitation wavelengths, the overall decay is faster in NC-BQ

and NC-PTZ complexes compared to neat NCs.
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Figure 4.12. Normalized (to the maximum value) transient conductivity of neat NCs and normalized
residual conductivity of NC-BQ/PTZ complexes when <N> =1.3 at a) Aexc = 400 nm and b) Aexc = 480 nm.
Solid lines are multiexponential fits to the measured THz kinetics. c) and d) show the expanded view of the
normalized decay till 250 ps. Insets of Figures c) and d) show the rise time of THz transients for neat NCs
and NC-BQ/PTZ complexes at respective excitation wavelengths.

In neat NCs, three different recombination processes, namely inept monomolecular trap
assisted recombination, bimolecular electron-hole recombination, and fast Auger
recombination result in decrease in charge carrier density and thus conductivity in neat
NCs with pump-probe delay.® However, in NC-BQ and NC-PTZ complexes the transient
conductivity is dictated by any secondary electron/hole transfer (in addition to ultrafast
hot carrier transfer discussed before) to the acceptor molecules (BQ/PTZ), back carrier
transfer, along with carrier recombination (bimolecular recombination and trapping)
within the NCs. We do not expect Auger process to take place as the residual carrier
density after initial hot carrier transfer to acceptor molecules is quite small (<N> ~ 0.25
or less). Very weak fluence dependence of the THz kinetics in NC-BQ and NC-PTZ
complexes (Figure 4.14) also point to the absence of Auger recombination.

To find out different decay components contributing to the overall kinetics, we have fitted
the normalized photoconductivity transients to a multiexponential function convoluted

with a Gaussian function of the form>4:
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@

T;

y=0G(t- t0)®zai exp [—

where G (t — t,) is a Gaussian function centered at tp with FWHM of ~300 fs which is also
the instrument response function of our THz time resolved setup, and ai is the coefficient
of the ith exponential decay channel with time constant 7. As mentioned earlier, the BQ
and PTZ molecules form adsorption complex with NC surfaces governed by Langmuir
adsorption isotherm. The NC-acceptor molecule adsorption complex formation is a
stochastic process that follows Poissonian distribution. There should be equilibrium
between adsorption and desorption of molecular acceptors on and off the NC surface.
Hence, there may be a diffusion component. However, the time scale of the diffusion
process is expected to be much slower compared to the dynamics probed in this study

and should not affect the dynamics observed.

PTZ CsPbBr, BQ PTZ CsPbBry BQ PTZ CsPbBr, BQ
LUMO LUMO LUMO
CB CB CB 2
<400 fs 5-6ps
tmo Thermalization tumo Exciton LMo
HOMO HOMO i iati HOMO
VB VB Dissociation _‘zx_ﬂ__ VB 3
HOMO HOMO HOMO

Figure 4.13. Schematic representation of possible mechanism of residual carrier transfer and charge
recombination processes in CsPbBrs NC-BQ and NC-PTZ system upon photoexcitation. Fast (20-250 ps)
thermalized carrier transfer. 1: photoexcitation, 2: thermalized e/h transfer, 3: back transfer.

THz transients were fitted using multiexponential decay function. For neat NCs we need
biexponential decay function to fit the THz transients till 40 yJ/cm?2 and 90 pJ/cm?2
fluences for excitation at 400 nm and 480 nm, respectively. At fluences greater than 40
pJ/cm? for 400 nm excitation and 90 pJ/cm? for 480 nm excitation, we require
triexponential decay function to fit the photoconductivity decay. Attempts to fit the THz
transients varying the time constant for the slowest process from 1.5 ns to 8 ns> were
unsuccessful. Thus, we kept t1 fixed at 15 ns (10 times of our temporal window) for fitting

all THz transients in Figure 4.12, which gave reasonably good fit. Though we cannot
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estimate t1 with certainty due to the limitation of our temporal window, it certainly hints
at inefficient mono-molecular trap assisted decay which is slower than the radiative PL
decay. For NC-BQ complexes we need triexponential decay function while biexponential
decay function was sufficient to fit the NC-PTZ decay. The parameters obtained by fitting
the THz transients at different excitation wavelengths and different fluences are provided
in Tables 4.4-4.9. Similar to the parent NCs, in BQ-NC and PTZ-NC complexes too we kept
the monomolecular trapping process t1 fixed at 15 ns. This is justified as the slowest
kinetics (600 ps and beyond) present in the conductivity transients for NC-BQ and NC-
PTZ are very similar (parallel and independent of pump fluence) to that in neat NC. In
both complexes, the contribution (a1) from trap assisted recombination (t1) is much less
compared to that observed for parent NCs. We presume that the available carriers for
trapping get significantly reduced due to alternative transfer pathways in presence of
acceptor molecules, thereby, decreasing the contribution of trap assisted recombination.
At 400 nm excitation, t3 component in BQ-NC complexes is ~ 30-50 ps and the t2
component is ~ 200-250 ps. We attribute the 13 component to a secondary transfer
process of thermalized electrons (process 2 in Figure 4.13). The second component (12)
may be a convolution of electron hole recombination within the NCs and recombination
of electrons that are back transferred from the BQ to the NCs with the holes in the NCs
(process 3 in Figure 4.13). In NC-PTZ complex, the only decay component (t2 ~137-166
ps) other than trapping (t1) is probably the convolution of thermalized hole transfer from
NC to PTZ (process 2 in Figure 4.13), back transfer from PTZ (process 3 in Figure 4.13)

and electron-hole recombination within the NCs.

Table 4.4. Parameters obtained from fitting the normalized THz transients of neat NCs
to equation 9 when excited using 480 nm pump wavelength.

Fluence
<N> ai 11 (ps) az 12 (ps) as 13 (ps)
(nJ/cm?)
0.60 0.25 178.2
24.9 0.34 15000
(0.001) (0.001) (1)
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0.56 0.37 162.8
39.5 0.6 15000
(0.001) (0.001) | (0.4)
0.49 0.46 159.2
72.7 1.1 15000
(0.00) (0.001) | (0.2)
0.38 0.44 183.4 0.20
93.5 1.42 15000 25.3(0.2)
(0.00) (0.001) | (0.3) | (0.001)
0.28 0.50 153.6 0.21
114.3 1.74 15000 19.8 (0.2)
(0.00) (0.001) | (0.02) | (0.001)
0.26 0.44 157.7 0.26
135.1 2.04 15000 23.2 (0.1)
(0.00) (0.001) | (0.2) | (0.001)
0.25 0.44 167.7 0.29
166.3 2.51 15000 24.1(0.1)
(0.00) (0.001) | (0.2) | (0.001)

Table 4.5. Parameters obtained by fitting the THz transients of NC-BQ complexes to
equation 9 when excited using 480 nm pump wavelength.

Fluence
<N> ai 11 (ps) az 72 (ps) as 13 (ps)
(1/cm?)
0.17 0.64 |145.36| 0.109 | 15.98
0.72 15000
(0.00) (0.001) | (0.43) | (0.002) | (0.82)
0.142 0.66 |130.14| 0.126 | 18.774
1.05 15000
(0.00) (0.002) | (0.50) | (0.003) | (0.91)
0.126 0.518 | 185.56 | 0.359 | 25.84
1.27 15000
(0.00) (0.001) | (0.45) | (0.001) | (0.20)
0.14
0.56 | 168.68 0.3 26.42
111.22 1.56 | (0.00) | 15000
(0.001) | (0.25) | (0.00) | (0.21)
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Table 4.6. Parameters obtained by fitting the THz transients of NC-PTZ complexes to
equation 9 when excited using 480 nm pump wavelength.

Fluence
<N> az t1(ps) az t2(ps)
(nJ/cm?)
0.22 0.77 196
38.1 0.54 15000
(0.00) (0.00) (0.31)
0.218 0.74 225
66.1 0.93 15000
(0.00) (0.00) (0.20)
0.19 0.77 236.25
78.2 1.1 15000
(0.00) (0.001) (0.16)
0.21 0.78 202.86
90.2 1.27 15000
(0.00) (0.00) (0.20)

Table 4.7. Parameters obtained by fitting the THz transients of neat NCs to equation 9
when excited using 400 nm pump wavelength.

Fluence
<N> ai 11 (ps) az 12 (ps) as 13 (ps)

(1J/cm?)

0.62 0.27 209.7
41 1.03 15000

(0.001) (0.001) | (0.9)

0.53 0.32 234.8 0.13 32.9
57 1.42 15000

(0.00) (0.001) | (0.9) | (0.001) | (0.7)

0.49 0.36 214.0 0.14 22.9
72 1.8 15000

(0.00) (0.001) | (0.5) | (0.001) | (0.3)

0.46 0.37 214.4 0.18 32.2
94 2.34 15000

(0.00) (0.001) | (0.5) | (0.001) | (0.3)
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Table 4.8. Parameters obtained by fitting the THz transients of NC-BQ to equation 9

when excited using 400 nm pump wavelength.

Fluence (s) (vs) -
<N> ai T1(ps az 2(ps as 3(ps
(nJ/cm?)
0.25 0.38 220 0.3 40
41.5 0.96 15000
(0.00) (0.002) (1.35) (0.002) (0.56)
0.19 0.41 204.7 0.32 29.42
56.9 1.3 15000
(0.00) (0.001) (0.60) (0.001) (0.23)
0.22 0.35 239.03 0.36 48.62
71.9 1.67 15000
(0.00) (0.001) (0.77) (0.001) (0.26)
0.23 0.43 250 0.30 28.7
83.1 1.9 15000
(0.00) (0.00) (0.00) (0.001) (0.12)

Table 4.9. Parameters obtained by fitting the THz transients of NC-PTZ to equation 8

when excited using 400 nm pump wavelength.

Fluence
<N> ai 11 (ps) az 12 (ps)
(W/cm?)
0.21 0.73 137.27
41.5 0.96 15000
(0.00) (0.001) (0.22)
0.19 0.72 156.31
56.9 1.32 15000
(0.00) (0.00) (0.15)
0.206 0.75 166.27
71.9 1.67 15000
(0.00) (0.00) (0.17)
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Figure 4.14. a) Conductivity normalized with respect to initial carrier density (No) at different <N> for NC-
BQ and NC-PTZ complexes when a) Aexc = 400 nm and b) Aexc = 480 nm. Normalized conductivity with
respect to No for ¢) NC-BQ and d) NC-PTZ complexes.

At Aexc = 480 nm, for NC-BQ complex, the decay becomes faster with 12 and 13 values of
~130-185 and ~16-26 ps respectively. However, in case of NC-PTZ complex, 12 (~196-
236) becomes slower at 480 nm pump. We do not observe any strong fluence dependence
of the THz kinetics in NC-BQ/PTZ complexes (see Figure 4.14 a,b). However, the initial
THz photoconductivity appears to be dependent on pump wavelength (Figure 4.14 c,d).
The initial signal size for NC-BQ complex is more than that of NC-PTZ complex when
excited using 400 nm pump. In case of 480 nm excitation, NC-PTZ complex shows greater
initial signal than NC-BQ complex. Overall, the quenching in conductivity is higher for 480
nm excitation which indicates more efficient initial carrier transfer (also, see Table 4.1).
A possible reason for this observation could be a better coupling between the resulting

hot states and the molecular wave functions at 480 nm excitation.
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Figure 4.15. Initial THz kinetics for neat NC, NC-BQ and NC-PTZ complexes at a) Aexc= 400 nm and b) Aexc
=480 nm when <N> ~ 1.3.

An expanded view of very early initial dynamics is shown in Figures 4.15a and 4.15b.
Initial THz kinetics reveals a rise time of ~3.5 ps in neat NCs and slower rise time of ~ 6-
7 ps in both NC-BQ and NC-PTZ complexes. This rise time is indicative of dissociation of
the remaining excitons into mobile charge carriers after initial ultrafast transfer of
carriers in the presence of acceptor molecules. A longer exciton dissociation time in the
presence of molecular acceptors may seem to be counterintuitive. In the presence of an
ultrafast electron/hole transfer process, one would expect faster exciton dissociation.
Here those excitons are involved that did not undergo ultrafast (sub-300 fs) transfer to
the acceptor molecules. These (~ 10-30 %) are responsible for the residual conductivity
observed in NC-BQ and NC-PTZ complexes. These excitons thermalize to the band edge
in 300-700 fs prior to dissociation (6-7 ps) to produce free carriers that contribute to the
photoinduced real conductivity in our time-resolved THz experiments. We propose two
plausible mechanisms to explain the observation of slower exciton dissociation time in
NC-BQ/PTZ complexes. 1) There may be a major difference in exciton binding energy in
NC-BQ/PTZ complex compared to exciton binding energy in neat NCs. The dielectric
constant of the photoexcited NCs may alter significantly in the presence of the acceptor
molecules. The exciton binding energy is inversely proportional to the dielectric constant
as a higher dielectric constant will screen the Coulombic attraction between electron and
hole. Previously Juarez-Perez et al. reported photoinduced giant dielectric constant

(GDC) of CH3NH3PbXs perovskites.>> The enhancement in low frequency real dielectric
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constant (DC) upon photoexcitation is as high as ~1000 times under one sun intensity.
The photoinduced DC shows a nearly linear dependence on the photo injected carrier
density (intensity of photoexcitation). We anticipate that CsPbBrs NCs may also have
similar photoinduced dielectric properties. In the presence of BQ/PTZ, 70-90% of photo
generated carriers are transferred to the molecular acceptors at a sub-300 fs time scale,
reducing the effective carrier density significantly. This reduction in carrier density
should significantly decrease the DC in the NC-molecule complexes compared to that in
photoexcited neat NCs. Thus, the remaining excitons (which eventually give rise to the
residual photoconductivity) experience less dielectric screening and exhibit higher
exciton binding energy. 2) Secondly, the presence of the acceptor molecules (BQ/PTZ)
may reduce the lattice temperature compared to that in neat NCs which might contribute
to slower exciton dissociation in NC-BQ/PTZ complexes. In neat NCs every
photogenerated hot exciton eventually relaxes to the band edge through a multi-phonon
absorption. The excess energy dumped on to the lattice increases the lattice temperature
significantly. However, in the presence of BQ and PTZ, the majority (70-90%) of the hot
carriers are transferred to the molecular acceptors prior to thermalization. Only a small
fraction (10-30%) of the carriers is thermalized. Hence, the lattice temperature should be
lower than that in case of the neat NCs.

We observe hot carrier transfer in CsPbBr3 NCs in presence of acceptors which is not the
outcome of phonon bottleneck as observed by Yang et al. in thin films of CHsNH3PbIs at
high carrier density.>¢ This is indeed encouraging news for realizing high-efficiency
photovoltaics using these materials. Very recently solar cell fabricated using CsPbBr3 NCs
showed a high open-circuit voltage of ~ 1.5 V.10This might be an indication of hot carrier
extraction from these NCs. We anticipate that similar carrier transfer kinetics will prevail
in CsPbls and CsPb(Br/I)3 NCs that have more suitable band gap for solar cell application.
The overall nature of the carrier transfer and recombination processes in a device
architecture employing NC thin film interface is expected to remain similar. One needs to
perform such time resolved THz measurements at the interface of NC film-bulk carrier
transport layer material to gain more realistic insight. In such scenario, the THz
measurements will have a contribution from carriers in both NC film and the transport
material. Deconvolution of the individual contribution may not be trivial unless they are
studied separately. Studying TRTS of NC-molecule interface reveal the response from the

NCs eliminating the contribution from the molecule. Having understood this system one
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would be in better position to understand the dynamics in bulk NC/interface that is used

in a photovoltaic function.

4.4 Conclusion

Utilizing time resolved THz spectroscopy, we studied the photogenerated interfacial
electron and hole transfer from CsPbBr3 perovskite NCs to BQ and PTZ molecules at
excitation conditions leading to average electron-hole pairs per NC in the range of 0.54 -
1.91. We observe two different types of carrier transfer processes. Hot carriers are
transferred to the molecular acceptors in sub-300 fs time scale, which is limited by our
IRF. These carrier transfer rates are orders of magnitude faster than the Auger
recombination (20-40 ps), an aggressive loss mechanism for photovoltaics. However, an
equally fast charge recombination accompanies the carrier transfer events. A secondary
transfer of thermalized electrons and holes is also observed with characteristic time
constants of 30-50 ps and 196-250 ps, respectively. A suitable method of reducing the
ultrafast charge recombination due to back transfer process would allow extracting the
hot carriers, thus improving the photovoltaic and photocatalytic efficiencies. We also
propose that the exciton binding energies in NC-BQ/PTZ complexes are different from
the exciton binding energy in neat NCs which is responsible for a slower exciton
dissociation time in NC-BQ/PTZ complex compared to exciton binding energy in neat

NCs.
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Chapter 5 - Effect of Capping Ligand Engineering on Carrier Dynamics in CsPblz Nanocrystals

5.1 Introduction:

Hybrid organic inorganic perovskites with the general formula ABX3 where A is an
organic cation, B is usually Pb%* and X is a halide have garnered tremendous interest from
the scientific community due to their magnificent optoelectronic properties,!7 the most
significant one being the photovoltaic power conversion efficiency of more than 20%,8-10
using methylammonium-lead-triiodide as the photoactive material.1l However, under
environmental stress, the volatile organic component tends to dissociate producing
CH3NH3sl and Pblz, which jeopardize the robustness of the devices made out of them.12 All
inorganic CsPbX3 show promising features to be used in optoelectronic devices and are
prospective alternatives of their forerunner hybrid organic inorganic perovskites, since
they are more temperature and moisture resistant.13.14

Prompted by an electron mobility of ~ 1000 cm2/(V-s) and a lifetime of 2.5 ps of a single
crystal of CsPbBrs,'> Kulbak et al fabricated solar cell using CsPbBr3 that showed
performance equivalent to CH3NH3PblIs.13 Nevertheless, CsPbBrz yields lower
photocurrent due to a higher bandgap of ~ 2.36 eV.13 Although cubic (o) CsPbls has a
more suitable band gap of 1.73 eV for solar radiation absorption, the photoactive cubic
perovskite phase is stable only at temperatures above 315°C. At lower temperature, it
forms the orthorhombic (6) phase, which has a much higher bandgap of 2.83 eV.16 Snaith
and co-workers reported, for the first time, working solar cell made of all inorganic a-
CsPbls at room temperature displaying a power conversion efficiency of 1.7 %.14 Yet the
cubic phase instability of CsPbls at room temperature is a bottleneck to using it for solar
cell fabrication. Subsequently, much endeavour has been put to fabricate solar cells with
mixed cations (Cs and formamidinium) or mixed halides (Br/I) or both that will retain
the photoactive cubic phase at room temperature and show greater moisture and
temperature durability.17-23 [n a very recent study, Hutter et al. employed time resolved
microwave conductivity (TRMC) technique to study the carrier mobilities and lifetimes
of vapour deposited and spin coated cubic phase polycrystalline CsPbls thin films. They
reported the charge carrier mobilities up to 25 cm?2/(Vs) and long carrier lifetimes,
greater than 10 pus, for vapour deposited CsPbls. On the contrary, the carrier lifetime
measured for the spin coated sample was less than 0.2 ps. A device fabricated using
CsPbls showed power conversion efficiency close to 9 %.24 However, to prevent the
conversion of black coloured cubic CsPbls to yellow orthorhombic phase, they conducted

the optoelectronic characterization in an inert atmosphere.
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Kovalenko and co-workers2> pioneered the synthesis of colloidal CsPbX3s NCs which
display enhanced cubic phase stability at room temperature and find applications in light
emitting diodes,26-28 photovoltaics (PV),2%30 and photocatalysis3! due to their alluring
optical properties.2> But preceding studies could not accomplish reasonably stable a-
CsPbls NCs to be used in photovoltaics. Swarnkar et al. improvised the synthetic method
and isolation procedure of CsPbls NCs that helped the NCs retain their cubic phase under
ambient condition for months and could be used for PV characterization.3? Already a
promising power conversion efficiency of 10 % has been shown by device fabricated
using these cubic CsPbls NCs. They further treated the NC films with methyl acetate
(MeOAc) and lead acetate (Pb(OAc)z) dissolved in methyl acetate to remove the
insulating oleylamine capping ligand and produce electronically conductive films.30
Understanding the photophysics of a-phase CsPbls NCs is yet evolving and various time
resolved spectroscopic techniques are being employed for this. Makarov et al. did a
thorough study of CsPbX3 NCs utilizing transient absorption (TA) and photoluminescence
(PL) spectroscopy and reported fast Auger recombination occurring within ~ 20- 200 ps
time scale.32 Hu et al. showed nonblinking PL in single CsPbl3s NCs at room and cryogenic
temperatures, which they ascribed to missing defect states for band edge carriers to form
charged excitons. They further reported reduced Auger recombination of trions but could
not pin point the reason behind it.33 From TA and PL study of CsPbls NCs dispersed in
toluene, Mondal et al. assigned 0.56 ps, ~ 250 ps and > 2000 ps to hot exciton relaxation,
trapping and recombination mechanisms, respectively.3* They rule out the possibility of
any Auger recombination due to low excitation density used for TA experiments. Yet in
another TA study of CsPblsz NCs by Liu et al., a 23 ps time scale has been assigned to Auger
recombination.3>

Time resolved Terahertz Spectroscopy (TRTS) is a non-contact technique with
subpicosecond temporal resolution for measuring transient local ac photoconductivity
and provides insights into carrier dynamics.3¢ In this work, we have utilized time-domain
THz spectroscopy (THz-TDS) and TRTS, for the first time, to study the o phase stable
CsPbls NC film under ambient condition. As already mentioned above, for efficient use of
the NC films in optoelectronic devices, they need to be made electronically conductive
which is achieved by removal of the insulating capping agents. Using TRTS we want to
understand, how removal of the capping ligands affect the conductivities and mobilities

of these NCs. Hence, we have studied the films of NCs after treating them with MeOAc
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and Pb(OAc)2. We certainly observe an increased conductivity of the films when treated
with MeOAc and Pb(OAc)2. We reckon that washing the NC surface lead to ligand removal
that enhances dot-to-dot conduction along with increasing the number of dangling bonds
paving a pathway for fast trapping, which is manifested as a faster recombination

pathway occurring in the time scales of ~ 20-40 ps.

5.2 Synthesis and characterization of colloidal CsPblz nanocrystals (NCs):
5.2.1 Preparation of Colloidal CsPblsz NCs: Cubic CsPbls NCs were synthesized and
characterized by Abhishek Swarnkar from Dr. Angshuman Nag’s Group. CsPblzs NCs were
synthesized following a similar procedure reported by Protesescu et al.2> with some
improvisations. He prepared the thin films of CsPblsz NCs and treated them with MeOAc
and Pb(0Ac)a.

5.2.2 Preparation of Cs-oleate: Cesium carbonate (0.5 g), oleic acid (2 mL), and 1-
octadecene (20 mL) were loaded in a 100 mL three necked flask and the mixture was
heated at 1200C for 30 minutes under vacuum along with magnetic stirring, followed by
purging with nitrogen for 10 min. This process of alternately applying vacuum and N2
purging was repeated thrice to remove moisture and oxygen from the reaction mixture.
When Cs2C03 dissolved completely to give a clear solution, the reaction was considered
complete. Cs-oleate in 1-octadecene was stored in N2 atmosphere until required for NC

synthesis.

5.2.3 Synthesis of Colloidal CsPbl3 NCs: Pblz (1 g) and 50 ml 1-octadecene were stirred
in a 500 mL round bottomed flask and degassed at 120° C under vacuum for 1 hour. Then
the flask was kept under continuous N2z flow. 5 ml of oleic acid and oleylamine, pre-heated
at ~ 700 C, were injected into the flask. The flask was again placed under vacuum till
complete dissolution of Pbl2. Once the solution became clear, the temperature was raised
to 180 °C for 9 nm NCs. Separately prepared Cs-oleate solution (~0.0625 M, 8 mL),
preheated to 709C under inert atmosphere, was swiftly injected into the reaction mixture.
The reaction mixture turned dark red and was quenched after 5 sec by dipping the

reaction mixture in ice bath.

5.2.4 Isolation of colloidal CsPblIs NCs: CsPbls NCs are ionic in nature and is a soft base
while oleylammonium ligand is a hard acid. This leads to a weaker acid base interaction

and consequently extraction of CsPbls NCs become difficult. Thus, conventional polar
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non-solvents like 1-butanol, acetone, and ethyl acetate used to wash NCs from reaction
solutions could not be used since they caused phase reversal to the orthorhombic phase
due to agglomeration or simply re-dissolution of the CsPbls NCs. MeOAc could
successfully extract cubic phase CsPbls NCs. By adding 200 mL of MeOAc to reaction
mixture, the synthesized CsPblz NCs were precipitated (ratio of NC reaction
mixture:MeOAc is 1:3) and then centrifuged at 8000 RPM for 5 min. The centrifuged NCs
were redispersed in 3 mL hexane, precipitated again with an equal volume of MeOAc and
centrifuged at 8000 RPM for 2 min. The amount of MeOAc added is very crucial since
excess addition leads to surface ligand removal and agglomeration to orthorhombic
phase. Excess Pblz and Cs-oleate were removed by dispersing the NCs in 20 mL of hexane
and centrifuging again at 4000 RPM for 5 min. By keeping the solution of colloidal CsPbl3
NCs in the dark at 4 °C for 48 hours, the excess Cs-oleate and Pb-oleate, which solidify at
low temperatures, were precipitated out. Before using, the NC solution was decanted and
centrifuged again at 4000 RPM for 5 min. To use the NC solution for making films, the

hexane was dried and the NCs were dissolved in octane at a concentration of ~50 mg/ml.
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Figure 5.1 UV-visible absorption and photoluminescence (PL) spectra of colloidal CsPbls NCs.

5.2.5 Powder x-ray diffraction (PXRD) data were recorded by a Bruker D8 Advance x-
ray diffractometer using Cu Ka radiation (1.54 A).

5.2.6 Transmission electron microscopy (TEM) studies were carried out using a JEOL
JEM 2100 F field emission transmission electron microscope at 200 kV. The sample

preparation for TEM was done by putting a drop of the colloidal solution of NCs in hexane
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on the carbon coated copper grids. Powder X-ray diffraction pattern confirming that cubic

phase CsPbl3 NCs are formed and their TEM image are shown in Figure 5.2.
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Figure 5.2 a) Powder XRD pattern of CsPblsz NC with reference to XRD peaks of cubic phase CsPblz. b) TEM
image of CsPbls NCs of size 9 + 1.5 nm synthesized at 180 °C.

5.2.7 Film Fabrication: For TRTS experiments, we fabricated thin films of the NCs on
high density polyethylene (HDPE) substrate. The NCs (~50 mg/mL in octane) were spin-
cast on HDPE substrate at 1000 RPM for 20 sec followed by 2000 RPM for 5 sec. Three
similar films were made. One film was kept without any treatment. Another film was
dipped in MeOAc. For preparing Pb(OAc): treated films, Pb(OAc)2 (10-20 mg) was added
to 20 mL of anhydrous MeOAc and sonicated for 10 min. Then, the third NC film was
swiftly dipped into the ligand solution followed by rinsing using neat, anhydrous MeOAc,
and drying with a stream of air. The process of spin coating and ligand treatment was
repeated multiple (3-5) times.

On treating the NC film with MeOAc and Pb(0OAc)z we did not notice any change in UV
visible absorption peak position (Figure 5.3a), indicating retention of electronic
properties. However, a shift of 5 nm towards longer wavelength is observed in the PL
peak position (Figure 5.3b), on treating the film with MeOAc. Presently, we don’t know

the reason for this shift.

90



Chapter 5 - Effect of Capping Ligand Engineering on Carrier Dynamics in CsPblz Nanocrystals

a) 8 i —-0-A t b) i
CsPblz NC Film § cas CsPbl, NC Film —O—As Cast
—{— MeOAc treated ~{>—MeOAc treated
6 —7— Pb(OAc), treated
|
= o
- F
Qo 4- N
= =
g o
< 5 =
0 - T T b —amiwilm, ¢ T
500 600 700 800 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 5.3 a) UV-vis and b) PL spectra of as cast and MeOAc treated films.

5.2.8 Sample Thickness: Scanning electron microscopy (SEM) imaging was performed
by using Zeiss Ultra Plus SEM instrument for measuring film thickness. The thickness of
the CsPbls NC as cast, MeOAc and Pb(OAc)z2 treated films are ~ 5 um, ~ 5.1 um and ~ 2.5
um, respectively (Figure 5.4) as measured from scanning electron microscope (SEM)

images of the cross section of the films.

Figure 5.4 SEM images of CsPblz NC films a) as cast, b) MeOAc treated and c) Pb(OAc): treated.

5.3 Results and Discussion

5.3.1 Time domain THz spectroscopy of non-photoexcited films

The setup for performing THz-TDS study is elaborately described in Chapter 2. In the
broad range of 0.5-7 THz, we collected time domain THz waveforms transmitted through
CsPblz NC, MeOAc and Pb(0OAc):z treated films on HDPE from which absorbance, refractive

index, real and imaginary dielectric function of the films are calculated (Figure 2). For all
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the three samples there is a shoulder close to 1 THz (~ 30 cm'!) and a prominent
absorption peak at ~ 2.5 THz (~ 83 cm). The IR active lattice vibrations (optical
phonons) in cubic CsPbls give rise to the absorption features in the THz region. From
previous THz-TDS of CsPbBrs3, we know that it has a strong absorption band with a peak
at ~3.4 THz.37 Pb-Br bond stretching and Br-Pb-Br bond angle bending in PbBrs
octahedron are responsible for the observed THz absorbance in CsPbBrs. Probably
similar Pb-I stretching and I-Pb-I bond angle bending modes are also present in CsPbls.
The THz absorption peak for CsPbls is at a lower frequency compared to CsPbBr3 which
is expected due to weaker Pb-I bond strength compared to Pb-Br bond strength. From
real dielectric function plot, we see that at the higher frequency limit the €’ value becomes
around 5.5 for CsPbls NCs. This value is comparable to that reported by Kovalenko and
co-workers for cubic CsPbls. On the contrary, at the lower frequency limit, the real
dielectric function of Pb(OAc)2 treated film is unusually high, and we are trying to

understand the reason for this.
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Figure 5.5 THz-TDS results showing a) absorbance, b) refractive index, c) real and d) imaginary dielectric
function of as cast, MeOAc and Pb(0Ac): treated films.
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5.3.2 Time-Resolved THz Spectroscopy: Photoconductivity and Carrier Dynamics:
5.3.2.1 Photoconductivity

TRTS, also known as optical pump THz probe (OPTP), has been utilized to study the
carrier dynamics of as-cast, MeOAc and Pb(OAc)2 treated CsPbls NC films on non-
conducting HDPE substrate. Pump wavelengths of 650 nm, 620 nm, and 550 nm are used
to excite the samples. The first excitonic peak of CsPbls NCs is ~660 nm. Therefore,
exciting with 650 nm pump light creates carriers with a small excess energy (~29 meV)
while exciting with 620 nm and 550 nm pump wavelengths create carriers with ~120
meV and ~375 meV excess energies, respectively. Carriers formed due to photoexcitation
absorb THz radiation and a reduction in THz transmission (-AE(tp)/Eo(tp)), proportional
to the photoconductivity of the carriers, is collected by varying the pump-probe delay. In
TRTS experiments of thin films, photoconductivity across the photoexcited film is
measured. Hence, the measured conductivity will have a contribution from both intra and
inter nanoparticle conductivity. This is because the NCs are capped by insulating ligands
but again inter NC coupling will also be present in NC films. Thus, the THz response will
come from both, free carriers within the NCs and carriers that can move between NCs
connected to each other. Here we make a legitimate assumption that the observed THz
response is due to the free carriers and not the excitons. This assumption is justified
because we observe positive real conductivities for all three films in the complex
conductivity spectra (Figure 5.6b, 5.7b and 5.8 b). The exciton binding energy for cubic
CsPbls is ~ 15 meV which is even less than thermal energy (ksT) at room temperature
(~26 meV) and therefore free carriers will dominate after photoexcitation.38 The pump
induced change in THz transmissions was recorded by measuring the evolution of peak
THz amplitude (shown by the arrow in Figure 5.6a, 5.7a, 5.8a) as the pump-probe delay

was varied up to 1.5 ns (Figure 5.6¢, 5.7c, 5.8c). The photoconductivity Aa(tp), which is

proportional to the photo-induced change in THz transmission (_EAE(EQS)), of the films is
oltp
given by:
_ &¢ —AE(tp)
Aa(tp) == (ng +ny) Eo6) (D

where g is the permittivity of free space, c is the speed of light, d is the thickness of the
photoexcited sample, and na and n» are the refractive indices of the media on either side

of the photoexcited sample. Here, na =1 for air and n» = 1.54 for HDPE substrate.
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Figure 5.6. At zero pump-probe delay, ~ 300 pJ/cm? fluence and A exc = 650 nm, a) Pump off (red) and
pump-induced change in THz transmission, b) real (black) and imaginary (red) conductivity spectra of as-
cast film. c) Fluence dependent (~20 -600 pJ/ cm?2) pump induced THz transients for the as-cast film.
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Figure 5.7. At zero pump-probe delay, ~ 300 pJ/cm? fluence and A exc = 650 nm, a) Pump off (red) and
pump-induced change in THz transmission, b) real (black) and imaginary (red) conductivity spectra of
MeOACc treated film. ¢) Fluence dependent (~20 -400 pJ/ cm?) pump induced THz transients for as MeOAc
treated film.
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Figure 5.8. At zero pump-probe delay, ~ 300 pJ/cm? fluence and A exc = 650 nm, a) Pump off (red) and
pump-induced change in THz transmission, b) real (black) and imaginary (red) conductivity spectra of
Pb(OAc): treated film. c) Fluence dependent (~5 -200 pJ/ cm?) pump induced THz transients for as
Pb(0Ac): treated film.
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The fluence dependent peak photoconductivity values calculated using above equation

range from ~7 S/m to ~140 S/m for as-cast CsPbls NC film (Figure 5.6). Using the

Ao
qNy’

equation, pu = effective carrier mobility at the peak of THz transients are calculated,

where q is the elementary charge, No is the total carrier density and ¢ is the photon to
free carrier conversion ratio. Since the effective masses for holes and electrons are similar
for cubic CsPbls (mn* = 0.13 and me* = 0.11) as reported by Kovalenko and co-workers,
they should contribute nearly equally to photoconductivity and have comparable
mobilities (4, = py).2°> Supposedly each photon gives rise to two carriers, an electron and
a hole, and we assume ¢ = 1. The carrier density varies from 0.3 - 8 X 1018 /cm3 for the
as-cast CsPblz NC film and the mobility spans from ~0.7 - 4 cm? V-1 s-1 (Figure 5.9).

The photoconductivity and mobility values show modest wavelength dependence with

the values being slightly higher when excited using 550 nm excitation wavelength (Figure

5.9).
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Figure 5.9. Wavelength and carrier concentration dependent a) peak photoconductivity and b) mobility of
as cast CsPblz NC film.

The CsPbls NCs are capped with insulating oleylammonium surface ligands. Thus, lower
connectivity between adjoining NCs and hence, a reduced mobility is expected. Yet the
mobility values obtained for CsPblz NC film are comparable to the mobility values
reported for solution processed CH3NH3Pblz thin film measured using different
techniques (1-10 cm?2 V-1 s1).4

Subsequently, we measured the peak photoconductivity and effective mobility of NC films
treated with MeOAc and Pb(OAc)z. On treating the NC film with MeOAc and Pb(OAc)2, we

did not notice any change in UV visible absorption peak position indicating retention of
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electronic properties. Also, from the FTIR spectra reported by Swarnkar et al,3? it is
known that washing the NC film with MeOAc displaces the oleylammonium, oleate or
octadecene as confirmed by the absence of C-H modes close to 3000 cm-! or below 2000
cm-l,

At similar fluence, the peak photoconductivity values for NC film treated with MeOAc and
Pb(OAc)2 are higher compared to the values calculated for as-cast CsPbls NC film. In the
case of MeOAc treated film, the peak photoconductivity values range from ~ 25 S/m to ~
600 S/m and show strong wavelength dependence (Figure 5.10). At comparable carrier
density for A exc = 650 nm, the photoconductivity values are double compared to when
excited with 550 nm wavelength. The mobility values at the peak of THz transients for
MeOAc treated film span from ~1.5 - 20 cm? V-1 s-1 depending on excitation wavelength
and carrier concentration (Figure 5.10). Fluence dependent peak photoconductivity
values calculated for Pb(OAc)2 treated film vary from ~20 S/m to 400 S/m and mobility
values span from ~1 - 6.5 cm? V-1 s-1. Pb(OAc): treated film also exhibits wavelength
dependent conductivity and mobility (Figure 5.10). Hence treating the NC film with
MeOAc and Pb(OAc)z: is altering the transport properties of the NC films.

Enhanced photoconductivity is a direct measure of inter NC coupling in ligand treated
films. Higher peak photoconductivity for ligand treated films is expected since treating
with MeOAc or saturated solution of Pb(OAc)2 in MeOAc displaces a fraction of the long
chain insulating capping ligands around NCs and enhances dot-to-dot carrier conduction
across the NC film.

Another crucial point to note, when comparing the photoconductivity of the neat NC film
with that of the ligand treated film, is that at similar carrier concentration, greater
photoconductivity is indicative of higher carrier mobility in ligand treated films since
photoconductivity is the product of carrier concentration and mobility. Mobility values
calculated at the onset of recombination processes reflect the improved connection

between adjacent NCs by ligand removal.
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Figure 5.10. Wavelength and carrier concentration dependent a) peak photoconductivity and b) mobility
of MeOAc treated film, c) peak photoconductivity and d) mobility of Pb(OAc)2 treated film.

When carriers, formed by above bandgap excitation, have a high kinetic energy (K.E),
greater conductivity and mobility is expected. However greater K.E of the carriers also
leads to a higher rate of collisions that result in an enhanced carrier-carrier scattering
and a reduced mobility.¢ This scenario is common for the as-cast, MeOAc and Pb(OAc):
treated films. Yet, we observe a prominent wavelength dependence of peak
photoconductivity and hence mobility exhibited by ligand treated films. But, the
photoconductivity and mobility values of the as-cast film is somewhat independent of

wavelength variation.
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Figure 5.11. Comparing conductivity, a) and c), and mobility b) and d) of all three films when excited with
650 nm and 550 nm pump wavelength respectively.

There are theoretical studies suggesting the presence of halide vacancies above the
conduction band edges in CsPbX3.3940 The bromine vacancy (Vsr) in CsPbBr3 has been
reported to be 0.1 eV higher than the conduction band edge.#! In case of CsPbls since the
Pb-Pb distance is longer than that in CsPbBrs, insubstantial hybridization of Pb-6p
orbitals at iodine vacancy (Vi) will be insufficient to lower the energy of the defect states
below the conduction band to a localized state. Thus, we presume the Vi will be positioned
even higher than 0.1 eV above the CB edge. The iodine vacancies will be present in as cast
and the treated films.

From the above figure (Figure 5.11), we can see that the increase in photoconductivity
and mobility of MeOAc and Pb(OAc)z2 treated films are much higher compared to those in
as-cast film when excited using 650 nm, whereas photoconductivity and mobility values
are similar for all the three films when excited using 550 nm of pump wavelength. Two
competing processes that affect the transport properties of the ligand treated films are:

a) increase in dot-to-dot connection and b) introduction of additional defect states by
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ligand removal. In as cast film of CsPbls NCs, weak acid base interaction between I- (soft
base) and oleylammonium ligand (hard acid) is present. Washing with MeOAc readily
displaces the oleylammonium ligands leaving free iodide. These might act as trap states
for holes in the MeOAc treated films. Further washing with Pb(OAc): is intended to
passivate these dangling bonds. Supposedly the trap states formed due to free I- are also
within the valence band. We further hypothesize that trap densities near the band edge
and at higher excitonic levels are different and follow a distribution. The darker colour in
the band (Figure 5.12) represents greater density of trap states that can be easily
accessed by 550 nm excitation while lighter colour is indicative of lesser density of trap
states close to band edge excitation. In ligand treated film greater proximity of Vi in
adjacent nanocrystals further destabilizes the vacancy sites pushing them to higher
energy in the bands. So, when 550 nm that imparts 375 meV of excess energy than
required for band edge excitation, is used as pump wavelength the electrons get trapped
at Vi and holes get trapped by excess I-. Thus, a reduced photoconductivity and mobility
is shown by the MeOAc treated film at 550 nm compared to 620 nm and 650 nm
excitations, that create carriers with 120 meV and 29 meV of excess energy respectively

(Figure 5.11).

CB

hexe = 550 nm hexe = 650 nm

—_

Density of Trap States

Energy

VB

Figure 5.12. Schematic showing trap states that can be accessed by carriers with higher kinetic energy.
The darkly shaded region corresponds to higher density of trap states while the lighter shaded region
corresponds to lower density of trap states.

Passivation of I by treating with Pb(OAc)2 should further increase photoconductivity and
mobility of the carriers. But carriers in MeOAc treated film exhibit maximum

photoconductivity and mobility. While we think the presence of three water molecules in
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lead salt (PbOAc)2.3H20) may interfere with the desired outcome, this assumption is not
conclusive.

Another observation further supports our conjecture discussed above. For the as-cast
film of CsPbls NCs, we observe a linear dependence of peak THz signal (-AE/Eo) with the
pump fluence (Figure 5.13 a). Interestingly, the peak THz transient for MeOAc and
Pb(0Ac): treated films show an initial non-linear dependence on the pump fluence. The
dependence becomes somewhat linear above ~1.8 x 1018/cm3 carrier density (Figure
5.13 b and c). This may be due to initial filling of the trap states created by MeOAc and
Pb(OAc)2 treatment of the films.
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Figure 5.13. a) Peak THz transient of as-cast film at different excitation wavelengths with increasing
carrier density. Solid lines are linear fits to the data points. b) and c) peak THz transients at different
excitation wavelengths for MeOAc and Pb(0Ac): treated films respectively. Solid lines are non-linear fits to
the data points.

5.3.2.2 Carrier Dynamics

Now, we would like to find out the effect of ligand treatment on temporal evolution of the
carriers after their genesis by above band gap excitation of the NCs. We assume here that
the carrier mobilities are roughly constant over the temporal window of our experiment
(1.5 ns) and the THz transients are dominated by the decrease in carrier density with
time due to recombination. To resolve the different carrier recombination pathways, we
have fitted the THz transients to a multiexponential function convoluted with a Gaussian

function of the form:

t— to]
T;

y = G(t—%)@Zai exp |- @

where G(t —t,) is a Gaussian function centered at tp with FWHM of ~300 fs (the

instrument response time of our TRTS experiment), and ai is the contribution of the ith
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exponential decay channel with time constant 7; towards the entire decay process, we fit
the normalized THz transients to resolve the carrier recombination pathways.

First, we consider the recombination mechanisms occurring in the as-cast film of CsPbl3
NCs. A biexponential decay function adequately fits the normalized decay kinetics at 620
nm and 650 nm excitation wavelengths and all fluences. When 550 nm pump is used, only
at higher fluences, a triexponential function is required to fit the THz transients. The
parameters obtained from the multiexponential fits to the photoconductivity decay
profiles are listed in Table 5.1-5.3. For all fluences and wavelength, the relaxation
dynamics of the as-cast film beyond 600 ps becomes almost flat and independent of pump
fluence (Figure 5.14). We assign this slowest decay to the monomolecular carrier
trapping mechanism. Since THz responds merely to free carriers, geminate electron-hole
recombination though monomolecular will not show up in our data. The average lifetime
from PL decay of as-cast film was reported to be 3.8 ns by Swarnkar et al.3° Keeping the
slowest process as 3.8 ns for fitting the THz transients did not yield a good fit. We kept
the time for the slowest process to be 15 ns, ten times of our temporal window, and this
yielded a reasonably good fit. Though the time scale for trap assisted recombination has
some uncertainty as the temporal window of our experiments are not long enough, it is
certainly more than the radiative recombination time. Beyond the temporal window of
our experiment i.e. 1.5 ns, moderate photoconductivity still persists. The contribution
from trap assisted recombination is only ~ 10 % of the total recombination mechanism

which further establishes the defect tolerant nature of these NCs.
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Figure 5.14. Normalized transient photoconductivity of as-cast film at different fluences for (a) 550 nm,
and (b) 650 nm excitation.
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The average lifetimes (<1>) are calculated as < 7 > =}, fi7;, where, fi (f; = a;7;/ X a;7;)
gives the contribution of the ith process towards recombination dynamics. The average
lifetime of the carriers slightly declines with increasing fluence. The second exponential
has a mean time constant (t2) of ~140 ps at A exc=550 nm, ~180 ps at A exc = 620 nm, and
~125 ps at A exc= 650 nm (Table 5.1-5.3). We attribute this time scale to the bimolecular
electron-hole recombination process. The contribution from the fastest process appears
only for 550 nm pumping at fluences greater than 300 pJ/cm?2 and do not show much of
a trend. Auger recombination is absent even at higher fluences when excited using 650
nm and 620 nm pump wavelengths which impart ~ 29 meV and ~ 120 meV of above band
gap excess energy to the carriers. Also, the linear dependence of peak photoconductivity
to carrier density (Figure 5.13 a) hint at absence of non-linear processes occurring in the
NC film. Auger recombination may be absent because the carriers may not have sufficient
energy for three body collision to take place. Again since these are defect tolerant, defect
assisted Auger recombination is also improbable.33 Only, when pumped using 550 nm
wavelength which confers 375 meV of excess energy to the carriers and at fluences > 300
nJ/cm?, a triexponential function is required to fit the THz transients. The fastest process
has a mean time constant (t1) of ~ 20 ps. In a previous study on CsPbl3 NCs, Liu et al.
ascribed a 23 ps time scale to Auger recombination. We also assign this time scale to
Auger recombination. Maybe at very high carrier density when carriers have 375 meV of
excess kinetic energy, three body collisions between charge carriers become possible.

On treating the films with MeOAc and Pb(OAc)2, the photoconductivity decay is mostly
dominated by tri-exponential function. Only at low fluences, a bi-exponential function can
fit the decay reasonably well (Figure 5.15 and 5.16). The average time scale of the faster
process is 20-40 ps (13, Table 5.4 and 5.5). The contribution from intermediate decay
shows wavelength dependence. At 650 nm excitation wavelength, the intermediate
process (t2) for all the three films occur at a similar time scale and the overall trend is
that it becomes slower with increasing carrier density. At 620 nm and 550 nm excitation
wavelength, the contribution from intermediate process decreases (faster decay) for
samples treated with MeOAc and Pb(OAc)z compared to the as-cast film. From
normalized spectra at all fluences and at each wavelength for the three samples, we
observe that the decays look quite similar for all of them after 600 ps. So, we kept the time

scale of the slowest process as 1.5 ns, which is ten times of the temporal window of our
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experiments. We presume that on ligand treatment the removal of oleylamine ligands
leads to the formation of new defect states in the NCs. The fastest decay component (13)
observed for the ligand treated films corresponds to filling of these new trap states. From
the tables listed below, we see that with increasing fluence the t3 component becomes
slower. This further substantiates our hypothesis discussed earlier that with increasing
fluence the trap states are getting filled and once the trap states are filled the decay

becomes slower.
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Figure 5.15. Normalized transient photoconductivity of film treated with MeOAc at different fluences for
(a) 650 nm, and (b) 550 nm excitation.
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Figure 5.16. Normalized transient photoconductivity of film treated with Pb(0OAc)2 at different fluences for
(a) 650 nm, and (b) 550 nm excitation.
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In figure 5.17, we have plotted the normalized THz transients of the as-cast, MeOAc, and
Pb(0Ac): treated films excited at 620 nm excitation wavelength and at a fluence of ~ 160
nJ/cm2. The ligand treated films show a faster decay compared to the as-cast film. The
initial decay for the treated films is dominated by the fast filling of the trap states.
Although the bimolecular recombination time scales (12, Table 5.1-5.9) are similar for all

three films, the overall conductivity decay is much faster for the treated films till 600 ps.
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Figure 5.17. Normalized THz transients of as cast, MeOAc, and Pb(OAc): treated films at A exc = 620 nm and
160 pJ/ cm? fluence.

Table 5.1: Parameters obtained by fitting the THz transients of the as-cast CsPbI3z NC film

to equation 2 when excited using 650 nm pump wavelength.

No Fluence
(10%/cm?) | (u]/cm?) ai t1(ps) az ©2(ps) | Ttavg (pS)
0.3 20.2 (06.10603) 15000 (0967031) (102.(2)'7731) 14474
0.68 45.46 (06.10304) 15000 (0968021) 1(8912)3 14365
1.71 113.65 (061000% 15000 (833) (10(?35631) 14206
3.03 202.05 (00010) 15000 (06?0306) (3(();;) 14183
4.66 310.65 (8(1)8) 15000 (06?060% 1((3)1033)5 14183
553 | 36874 (g:(l)g) 15000 ?6?0507) (3_327) 14288
6.64 441.99 (06.10207) 15000 (06?0706) (103.3.6751) 14144
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0.126 0.856 | 135.73

7.81 520.28 (0.00) 15000 (0.00) (0.06) 14139
0.126 0.856 134.4

9.02 601.1 (0.00) 15000 (0.00) (0.07) 14147

Table 5.2: Parameters obtained by fitting the THz transients of the as-cast CsPbI3z NC film

to equation 2 when excited using 620 nm pump wavelength.

No Fluence

(101%/cm?) | (] /cm?) ai t1(ps) az t2(ps) Tavg (PS)
0.31 21.83 (8:33) 15000 (8:33) (107.%972) 14292
0.7 49.13 (823(3)) 15000 (8:3(3)) 1(’312;9 14299
1.75 122.82 (0%20) 15000 (0%8044) (107&755) 14300
3.13 218.34 (8:(1)3) 15000 (0(_’68063) 1(321333 14083
4.81 335.71 (8:(1)3) 15000 (8:38) (10?'2651) 14043
5.71 398.48 (8:(1)3) 15000 (g:gg) 1(3%8)2 14046
6.84 477.63 ?6.10407) 15000 (8:38) 1(350;)3 14062
8.05 562.24 (8:(1)3) 15000 (8:3(3)) 1(3_%3)5 14010
9.3 649.57 85.10205) 15000 &?0206) 1(3702)3 13924

Table 5.3: Parameters obtained by fitting the THz transients of the as-cast CsPbI3 NC film

to equation 2 when excited using 550 nm pump wavelength.

No Fluence
(10:%/cm?) | () /cm?) ai 11(ps) az 12(ps) as t3(ps) | Tavg (PS)
0.14 0.84 123.61
0.34 20.04 (0.00) 15000 (0.00) | (0.13) 14259
0.144 0.84 129.72
0.76 45.09 (0.00) 15000 (0.00) | (0.13) 14259
0.135 0.88 139.44
1.89 112.74 (0.00) 15000 (0.00) (3.2) 14150
0.14 0.83 138.19
3.37 200.43 (0.00) 15000 (0.00) (2.5) 14230
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517 | 308.15 (8:(1)(2)) 15000 (8233) 1(310‘;’;‘ 14079
614 | 365.78 (o(.)blo) 15000 (0.%31) 1(3_72'%3 (0%1012) (éﬂ) 14006
867 | 51609 (8:(1)(1)) 15000 (0967081) (10%324533 (0960091) (0?3?5) 14068

Table 5.4: Parameters obtained by fitting the THz transients of MeOAc treated NC film to

equation 2 when excited using 650 nm pump wavelength.

No Fluence

(1018/cm?) | () /cm?) ai 71 (ps) az 12 (ps) as 13 (ps) | Tavg (ps)
0.69 45.46 (833) 15000 (833) (0?5707) 14260
1.73 113.65 (83(1)) 15000 (838) (1093';16) 14203
2.73 202.05 (0690905) 15000 (0%60) 1((2)20%L (0%81) ((2)%3‘7}) 14202
6.06 Az (8:83) 15000 (09660) (102.3'745‘§ (8:33) (309.6094) 14072

Table 5.5: Parameters obtained by fitting the THz transients of MeOAc treated NC film to

equation 2 when excited using 620 nm pump wavelength.

No Fluence T3
(10'8/cm3) | (u)/cm?) ar | t1(ps) az 2 (ps) as (ps) | (ps)
0.4 23.23 (8:(1)3) 15000 (8:33) ((1)_6101';) 14253
1.05 61.24 (g:(l)g) 15000 (8:3‘5) (10%8'743‘5 14170
1.81 10558 (8:(1)(2)) 15000 (8:33) (105?8'6571) 14115
2.87 166.83 (8:83) 15000 E)(')_70301) 15?;3;;8 (0_00'(2)7) 50%233) 14006
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011 0647 | 1647 | 022 | 46.00

>34 31043 1 6 00y | 129901 (0.002) | (0.27) | (0.001) | (0.37)| 14190
0.11 0568 | 166 | 031 |47.11

6.35 369:56 | 00y | 1°990| (0.002) | (0.3) | (0.001) | (0.25)] ‘4198
0.11 0585 | 161.63 | 029 | 47.21

7.48 435031 00) | 12990} (0.002) | (032) | (0.002) | (0.20) | 14188

Table 5.6: Parameters obtained by fitting the THz transients of MeOAc treated NC film to

equation 2 when excited using 550 nm pump wavelength.

No Fluence

(1018/cm?) | (u/em?) | @ | ™ (ps) az 72 (ps) as 13 (ps) | Tavg (PS)
0.73 43.59 (0(?610) 15000 (0966073) (101;'56) (0961093) (0:.));)6) 14228
118 70.23 (g:(l)é) 15000 (0966093) 1((1)525 (0961082) (3.25?) 14321
183 | 108.98 (g:éé) 15000 (0%6022) 1(31235’ (0%2051) ((2)?2'2) 14341
499 | 297.87 (g:(l)(l)) 15000 (0%5061) 1((3)32;2 (0%3031) (3_01'2) 14239
>93 | 353.57 (g:(l)(l)) 15000 (0(?66012) 1((2).62233 (0962082) (0?203) 14278
| |00 o 5 05 S

Table 5.7: Parameters obtained by fitting the THz transients of Pb(OAc)2 treated NC film

to equation 2 when excited using 650 nm pump wavelength.

No Fluence T1 Tavg
(10%/em?) | (/em?) | U | ey | | EPS)@ pmbs) g
1.59 44.22 (09610) 15000 (8:38) 1(119.'76)6 (0964035) (209.é132) 14303
283 78.62 (g:gg) 15000 (0965022) 1(3.42'2? (0964012) (207.i953) 14276
.95 137.58 (8:83) 15000 (0965042) 331.662? (0963095) (g.léi) 14217

107




Chapter 5 - Effect of Capping Ligand Engineering on Carrier Dynamics in CsPblz Nanocrystals

0.09 054 | 1133 | 0369 | 321

5.83 162.15 | 500y | 129001 (0.00y | (1.5) | (0.005) | (0.37) | 4270
0.1 053 |109.56 | 0367 | 33.8

7.07 196.54 | (00 | 199901 (0.002) | (0.33) | (0.002) | (0.24) | 14302

Table 5.8: Parameters obtained by fitting the THz transients of Pb(OAc)2 treated NC film

to equation 2 when excited using 620 nm pump wavelength.

No Fluence T3

(1028 /cm?) | () /cm?) ai 11 (ps) az 12 (ps) as (ps) Tavg
1.28 67.23 (8:(1)(1)) 15000 (8232) 9(3:2;’ 14244
311 | 162.97 (8:88) 15000 (8:38) 1(11%%7 14007
389 ] 20372 (o(.)blo) 15000 (8238?) 1(3.31'2)7 (0961031) (?).Osi%) 14137
544 | 28521 (0%10) 15000 (8232) (809_'5693) (0%38) (209_;96) 14283
641 | 33613 36?0706) 15000 (0%6043) 1(852%9 (0%2072) (3_2) 14077

Table 5.9: Parameters obtained by fitting the THz transients of Pb(OAc)2 treated NC film

to equation 2 when excited using 550 nm pump wavelength.

No Fluence Tavg
(10%/cm?) | () /cm?) ai 71 (ps) az 12 (ps) as 13 (ps) (ps)
0.67 21.98 (g:gg) 15000 (06?17) 1(1_60';)6 13984
1478 | 4837 (g:ggi) 15000 (06_60402) 1&‘%60)1 ?6.20423) 19('5’)61 14154
241 79.14 (g:gg) 15000 (0966042) (o?zofs) (0962092) (0.22225) 14154
6.24 | 20519 (g:gg) 15000 (0965063) (101.257) (0963052) (0.2215) 14327
736 | 24183 (g:gg) 15000 (0966073) (1093'76) (0962022) (0?21) 14199
847 | 27847 (8:83) 15000 (0966022) (101371) (0962062) (20().5513) 14294
936 | 307.79 (8:33) 15000 (0(?65072) 1((1)523;3 (0963032) (0%271) 14301
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5.3.2.3. Diffusion Length
The diffusion length (Lp) of carriers is a very crucial parameter that determines whether
a semiconductor material can be used in PVs and other electro-optic devices. Carrier

diffusion length can be calculated from an average lifetime according to the equation:

Lp = (kT /q) 3)

where (1) is the average life time, u is the mobility, ks is Boltzmann constant, T is
temperature and q is the elementary charge. The average lifetime (7) is calculated as (t) =
Y. fit;, where fi is the steady state population fraction of the ith decay channel.#?, 43
Considering T3 to be 15 ns (used for fitting all our THz transients), we calculate an average
Lp of 0.2 um for the as-cast film, 0.4 um for Pb(OAc): treated film, and 0.5 um for MeOAc
treated film. At the carrier concentration at which our experiments were performed, the
diffusion lengths are comparable to that reported for vapour deposited CH3NH3PbI3_xClx
polycrystalline film.44

There are reports where initially poorly conducting PbSe quantum dots capped with oleic
acid could be used in field effect transistors after treating the PbSe quantum dot using
hydrazine*> and EDT*¢ which enhanced their conductivity by reducing interparticle
spacing, enhanced electronic coupling and trap states passivation. In a more recent study,
Baxter and co-workers have reported the effect of five ligand exchange reagents NH4SCN,
NazS, EDA, EDT, and TBAI on conductivity and lifetime of PbSe NC film initially capped
with insulting oleic acid.#3 The performance of the NC thin-film device depends on the
choice of the ligands used. With NH4SCN (ammonium thiocyanate) and NazS (sodium
sulphide) ligand replacements, the film showed enhanced mobility but faster decay while
replacement with EDA (ethylenediamine), EDT (1,2-ethanedithiol), and TBAI
(tetrabutylammonium iodide) showed lower mobility but slower photoconductivity
decay and thus longer diffusion length. In this study where CsPbls NC films capped with
oleylamine are treated with MeOAc and Pb(0Ac)2, the insulating ligands are displaced
and not replaced by the MeOAc or Pb(OAc)2 as confirmed from IR data.3® Though we
observe a faster initial decay of the THz transients for the treated films (Figure 5.17), the
diffusion length values for the treated films are higher than the as-cast film. Thus, we can
comment that on treating CsPbls NC films with MeOAc and Pb(OAc)z, the increase in
mobility due to better inter NC coupling dominates which is an encouraging news for

using CsPblz NCs for device fabrication.
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5.4 Conclusion

We have utilized time-resolved THz spectroscopy to study the semiconductor properties
and carrier dynamics of cubic CsPbls NC thin film under ambient condition for the first
time. We further studied the effect of ligand treatment on the semiconductor properties
and recombination dynamics. Treating the as-cast film lead to displacement of the
insulating oleylamine ligands that enhances inter NC coupling. We indeed observe an
increase in peak photoconductivity and mobility of the ligand treated films compared to
the as-cast film. But ligand treatment also leads to the formation of new defect states
which is evident from the wavelength dependent peak photoconductivity and
introduction of a new faster decay pathway (~ 20-40 ps) for the ligand treated films.
Nevertheless, the resultant effect of ligand treatment leads to enhancement of

photoconductivity and mobility.
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6.1 Introduction

Graphene, an allotrope of carbon is a single atomic layer of graphite. It is made up of
tightly packed sp?2 hybridized carbon atoms organized in a two-dimensional honey comb
lattice. It has a unique band structure with a zero band gap that is responsible for its
remarkable optical and electronic properties.1> Nevertheless, a zero band gap material
may not be very useful for device fabrication as this means the device will never switch
off. Therefore, to use graphene in optoelectronic devices band gap engineering needs to
be done. Graphene has shown potential applications in photovoltaic cells,®” mode-locked
lasers,8 supercapacitors, photodetectors,? etc. A cost effective way of manufacturing large
scale graphene is by reduction of graphene oxide (GO), obtained by chemical exfoliation
of graphite.1011 GO has sp3 C atoms and is insulating. Reduction of GO by different
processes like thermal annealing, chemical or electrochemical reduction gives reduced
graphene oxide (rGO) which has sp? domains separated by sp3 C atoms, that make rGO
conductive.12 The process of reduction is very crucial as it affects the quality of the rGO
produced and determines how close the rGO properties are to pristine graphene. Also,
rGO of desired band gap can be made by reducing GO in different processes. rGO can be
described as a semimetal which is comparable to disordered multilayer graphene.13
Recently, Jha et al. have synthesized rGO using a novel technique where a moderate
reducing agent has been used to reduce GO.1* The rGO synthesized by this method
exhibits a remarkable all-solid-state supercapacitor performance without any further
treatment. Motivated by the quality of as synthesized rGO, we wanted to explore the
carrier dynamics in this material. In this work, we utilized time resolved THz
spectroscopy (TRTS) to measure the photoconductivity and study the relaxation
dynamics of photoinduced free carriers in rGO film cast on high-density polyethylene
(HDPE) substrate. The ac conductivity of the rGO film measured using the noncontact
TRTS technique is comparable to the dc conductivity value determined by four probe I-V
measurements. The overall carrier dynamics is very similar to that reported for single
layer graphene.!> We further reckon that rGO with spZ2 domains separated by sp3 domains

will have adequate optical anisotropy to be used as metamaterials.16
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6.2 Synthesis and characterization of rGO

The GO and rGO preparations and characterizations were done by Plawan working with
Dr. Nirmalya Ballav. The GO and rGO were synthesized by wet chemical methods. In short,
graphite flake was stirred with concentrated H2SO4 at low temperature and KMnO4 was
added in portions. The mixture was further stirred at room-temperature (RT), followed
by the slow addition of MQ water. Finally, water-hydrogen peroxide solution was added
to the mixture. The collected brown colored material was washed with H20, HCI solution
and finally with acetone and dried. The graphite oxide was further exfoliated in MQ water
to make GO solution. To synthesize the rGO, iron(II) chloride was mixed with GO solution
and stirred overnight at 94°C. The black precipitate was filtered, washed with H20 and a

small amount of methanol and finally dried.

Preparation of Film: rGO was drop cast on high-density polyethylene (HDPE) substrate

and dried overnight.

Characterization: Raman spectrum of the rGO was recorded using LabRAM HR, Horiba
Jobin Yvon at 633 nm excitation wavelength. The powder X-ray diffraction (PXRD) data
were recorded at room temperature using Bruker D8 Advance diffractometer, using Cu
Ka radiation (A = 1.5406 A). The morphology of the rGO film and thickness of the film on
HDPE substrate was recorded with Zeiss Ultra Plus field-emission scanning electron

microscopy (FESEM). TEM images were obtained in a Philips CM200 machine.

»
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Figure 6.1. a) X-ray diffraction pattern and b) Raman spectrum of rGO.

From the X-ray diffraction pattern of rGO (Figure 6.1a), we can see that rGO has a peak at

20 ~ 23.49 which corresponds to a d-spacing of 0.39 nm. Raman bands are observed at
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1584.3 cm! (G band), 1345 cm-! (D band) and 2685 cm-! (2D band) as shown in Figure
6.1b. Bond stretching of the sp2 C atoms gives rise to G band and breathing modes of sp2
atoms in rings give rise to D band.1” D band gives an estimate of the disorder in the lattice.
From the intensity ratios of the D and G bands, the size of defect free domain, Lp, can be

estimated from the equation.l”

- I _
LH(nm?) = (1.8 £ 0.5) x 107% 2*( D/IG) 1

The Lp for the rGO studied in this work is 10.9 * 1.5 nm. This Lp is comparable to Lp of

rGO synthesized by other methods.18.19

Figure 6.2. a) Morphology of rGO film coated on glass, b) thickness of rGO film on HDPE measured using
SEM image, C) TEM image of rGO.

The average thickness of the rGO film on HDPE is ~5 um as seen in SEM image (Figure
6.2b) of the cross-section of the film.

Using four probe I-V measurements (Figure 6.3a) technique, the DC conductivity of this
material has been measured to be 5 S/cm. From UV-visible absorbance of the rGO film
(Figure 6.3b), we can see that it has absorbance over the entire wavelength range with

significant absorbance even at 1800 nm.
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Figure 6.3. a) Four probe I-V measurement data. b) UV-vis absorbance of rGO on HDPE substrate.

6.3 Results and Discussion

6.3.1 Time Resolved THz Spectroscopy: Carrier Dynamics

Carrier dynamics of rGO film drop casted on non-conducting HDPE sheet was studied
using TRTS. We studied the rapid relaxation dynamics of the rGO film after photo exciting
the sample using 600 nm, 800 nm, and 1300 nm pump wavelengths. The rGO film showed
positive photoconductivity. Conductivity in rGO occurs due to free carriers and almost
instantaneously (~300 fs) the peak conductivity is reached. The pump induced change in
THz transmissions was recorded by measuring the evolution of THz peak value as a
function of pump-probe delay.

With increasing pump fluence, we observe an increase in the peak value of THz transients
of rGO for excitation at all three wavelengths (Figure 6.4a, 6.5a, and 6.6a). Interestingly,
the peak value shows a nonlinear dependence on fluence when excited with 600 nm and
800 nm wavelengths (Figure 6.4b and 6.5b), whereas a linear dependence was observed

for 1300 nm excitation (Figure 6.6b).
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Figure 6.4. a) Frequency averaged photoinduced THz transmissions vs pump-probe delay for 600 nm
pump with fluences ranging from ~16-1000 pJ/cm?2. The THz transients at fluences, except at 16 pJ/cm?,
have been offset horizontally and vertically for clarity. b) Peak THz transients with increasing excitation

fluences.
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Figure 6.5. a) Frequency averaged photoinduced THz transmissions vs pump-probe delay for 800 nm
pump with fluences ranging from ~50-1000 pJ/cm?2. The THz transients at fluences, except at 50 pJ/cm?,
have been offset horizontally and vertically for clarity. b) Peak THz transients with increasing excitation

fluences.
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Figure 6.6. a) Frequency averaged photoinduced THz transmissions vs pump-probe delay for 1300 nm
pump with fluences ranging from ~5-800 pJ/cm?. The THz transients at fluences, except at 5 pJ/cm?, have
been offset horizontally and vertically for clarity. b) Peak THz transients with increasing excitation

fluences.

When excited using 600 nm and 800 nm pump wavelengths, the nonlinear positive THz
photoconductivity results from two competing processes. With increasing fluence more
carriers are produced that lead to increased photoconductivity. Again, higher carrier
concentration also gives rise to higher collision rate that decreases the conductivity. Thus,
for 600 nm and 800 nm excitation, pump fluence dependence of the THz peak
conductivity is the resultant of the two competing processes. When excited using 1300
nm pump, which corresponds to only 0.95 eV of energy, even at higher fluences the
carriers do not have sufficient kinetic energy to undergo collisions and we see a linear

dependence of THz peak conductivity with increasing fluence.
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Figure 6.7. Normalized THz transients at different fluences for exciting with a) 600 nm, b) 800 nm and c)
1300 nm pump wavelengths. The solid line is triexponential fit to the photoconductivity decay.
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On exciting the rGO with intense optical pump pulse there is an instantaneous increase in
photoconductivity followed by a rapid decay. From the normalized photoconductivity
decay of rGO, we observe that the decay is fluence independent for all excitation
wavelengths. We fitted the decay to multiexponential function convoluted with a

Gaussian of the form,

— (1)

T;

y=0G(t- t0)®zai exp [—

where G(t —t,) is a Gaussian function centered at tp with FWHM of ~300 fs (the
instrument response time of our TRTS experiment), and a;: is the contribution of the ith
exponential decay channel with a time constant i towards the entire decay process. We
got the best fit by fitting the decay to triexponential function keeping the time-scale for
the slowest process to be fixed at 200 ps. Increasing the time for the slowest process
improved the fit till 200 ps. Already there are studies reporting three time scales for
conductivity decay in rGO with the slowest process having time scale of few hundred
ps.1819 In this study also, we find three processes that are responsible for the rapid decay
of carrier concentration in rGO. The timescales for the three processes and their
contribution to the entire decay is listed in Tables 6.1-6.3. A very fast process (11), even
faster than our instrument response function (IRF) of 300 fs is present. The error
associated with this timescale must be high since TRTS is limited by sub-ps temporal
resolution. This fast timescale can be attributed to carrier-carrier interaction, Auger
recombination or optical phonon emission.1820 Since the normalized decay is fluence
independent, carrier- carrier interaction ( n? dependent) and Auger recombination which
is a three-body mechanism and highly fluence dependent may not be the fastest decay
pathway in this case. rGO is likely to have high optical phonon energy as the optical
phonon energy of graphene is ~ 200 meV. Therefore, high-energy optical phonon
emission is the primary relaxation pathway in optically excited rGO.

Below the optical phonon energy, heat dissipation via acoustic phonon emission is the
effective cooling pathway.2! Nonetheless, theoretically electron and acoustic phonon
coupling is momentum restricted and should take more than few hundreds of
picoseconds discordant with experimental observations where this pathway is very fast
and takes place within few picoseconds. Recent theoretical studies have tried to explain

the fast process by elucidating the role of disorder that enables coupling between
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electrons and acoustic phonons via super collision processes.?2 The timescale ( ~ 1 ps)
for the second decay process (t2) in rGO is comparable to the disorder mediated electron-
phonon scattering processes (super-collision processes) that directs hot carrier cooling
in graphene. 2223

The slowest process (13), arises due to electron relaxation in deep trap states.2? The trap
states are formed due to the presence of residual oxygen bonded to sp3 C atoms in rGO.
Presence of these sp3 sites in rGO impedes the ballistic carrier transport and foster
hopping mechanism.2425 But the contribution from the slowest process is negligible as
can be seen from a3 values in the Tables 6.1-6.3 for the rGO studied in this work. This
indicates that the rGO synthesized by the novel method14 has fewer trap states thereby

establishing the reduction method using iron (II) chloride an efficient one.

Table 6.1. Parameters obtained by fitting the THz transients of rGO excited using 600 nm

pump wavelength.

Fluence (W/cm?) | a1 | Ti(ps) | az |72 (ps) as T3 (ps)
16.22 (8:32) (g:(z)g) (825) (%)ﬁ?)) (0960010) 200
40.55 (8:3421) (0962235) (06.117) ((1):52) (8:883) 20
82.72 (8:(7)2) (g:(z)g) (8232) (8232) (8:88(2)) 200
129.76 (8:35) (8:(2)% (8:(1)2) (8:31) (8:8(1)(3)) 200
1914 (8:22) (g:(g)i) (8:(1)2) ((1):3;) (0(?60010) 200
227.08 (8:32) (8:(1)2) (8}1;2}) ((1):85) (0%0010) 0
283.85 (8:33) (8:23) (8:}2) ((1):82) (0%0010) 0
>19.05 (8:32) (8:(3)(1)) (8:(1)2) ((2):33) (8:8(1)(1)) 200
648.81 (8??) (g:(l)}) (8:(1)2) (8:(7)% (8:388) 200
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091 | 026 | 0.08 | 1.77 | 0.008

843.46 (0.03) | (0.003) | (0.01) | (0.03) | 0.000) | 20
087 | 023 | 012 | 1.35 | 0011

1135.42 (0.03) | (0.01) | (0.01) | (0.02) | (0.000)| 2%

Table 6.2. Parameters obtained by fitting the THz transients of rGO excited using 800 nm

pump wavelength.

(illl/lecrifﬁ) ai T (ps) az 2 (ps) @ B
48.72 (8:23) (8:33) (8:83) ((1):3?’) (8:833) —
90.94 (8:22) (823?) (8:(13) ((1):3% (Sjggf’,) 200
186.76 (g:gg) (825?) (8:(1)2) ((1):33) (8:881) 200
282.58 (8:22) (828?) (823(1)) ((1):32) (8:83) 290
393.01 (8:21) (0(_){)31) (8:(% ((1):32) (8:83(1)) 200
s | S| ot om e ot
682.09 (g:g;) (8:(2)% (8:(2)5) (8%) (8:8333 i
909.45 (g:gi) (8:32) (8:82) ((l):gg) (8:83(7)) 200
97442 (g:g;) (8:(2)1) (8:(1)2) ((1):32) (8:831) 200

Table 6.3. Parameters obtained by fitting the THz transients of rGO excited using 1300

nm pump wavelength.

Fluence
(u]/cm?) ai T1 (ps) az T2 (ps) as 3 (ps)
32 0.81 0.31 0.18 1.12 0.004 50.38
(0.02) (0.01) (0.03) (0.05) (0.001) (11)
320 0.89 0.37 0.10 1.75 0.011 + 88.17
(0.01) (0.00) (0.01) (0.06) (0.001) (7.9)
418 0.89 0.37 0.10 1.75 0.011 86.76
(0.01) (0.00) (0.01) (0.06) (0.001) (7.7)
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610 0.87 0.33 0.12 1.67 0.008 100
(0.00) (0.00) (0.01) (0.03) (0.000) (9.2)
723 0.87 0.33 0.12 1.69 0.014 89.37
(0.00) (0.00) (0.01) (0.03) (0.000) (4.6)

6.3.2 Photoconductivity and mobility

The photoconductivity Aa(tp) of the film which is proportional to the photo-induced THz

o =AE(tp), .
transmission (Tg’;)), is given by:
o(tp

80 (ty) = 5 (g + ) @

where ¢ is the permittivity of free space, c is the speed of light, d is the thickness of the
photoexcited sample, and nq and n» are the refractive indices of the media on either side
of the photoexcited sample. Here, na =1 for air and np = 1.54 for HDPE substrate. The
fluence dependent peak photoconductivity values calculated using above equation range
from 0.7- 6 S/cm for the rGO film. The conductivity value obtained by TRTS which
measures the transient local ac conductivity in a noncontact fashion is comparable to that

obtained from four probe DC I-V measurement (5 S/cm).

Using the equation, pu = qATa, effective carrier mobility for rGO film, at the peak of THz
0

transients are calculated, where q is the elementary charge, Ny is the total carrier density
and ¢ is the photon to free carrier conversion ratio. The effective mobility values range
from 0.3 - 3.85 cm?/(V.s) depending on fluence and excitation wavelength. With an
increase in energy of the pump light, increase in mobility value is observed, with the
highest value being 3.85 cm?/(V.s) for 600 nm excitation. The mobility value is
reasonably high and comparable to other rGO films.26 The hole mobilities for films are
0.12 cm?2/(V-s) (chemical reduction) and 10.4 cm?/(V-s) (chemical + thermal reduction),

respectively. High hole mobility of 123 cm?2/ (V.s) is also reported.2”
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6.4 Conclusion

Employing TRTS, we have measured the photoconductivity and studied the carrier
dynamics in this rGO film. The ac conductivity of the rGO film measured using the
noncontact TRTS technique is comparable to the dc conductivity value determined by
four probe I-V measurements. The overall carrier dynamics is very similar to that
reported for single layer graphene. The rapid relaxation of carriers in the rGO film is
mainly dictated by 1) optical phonon emissions (< 300 fs), 2) disorder mediated acoustic
phonon emissions of thermalized carriers (1-2 ps), and 3) inefficient slow relaxation of
electrons and holes in deep trap states (50-200 ps). The mobility value depends on
excitation wavelength and is reasonably high (~ 3.85 cm?/(V.s)).
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Terahertz (THz) Spectroscopy, a relatively new spectroscopic technique, can provide
significant insights into numerous physical, chemical, and biological processes occurring
in picosecond time scales with energies in meV range. Its frequency range roughly spans
from 0.3 to 20 THz, where 1 THz corresponds to 33.3 cm™! in wavenumber, 4 meV in
energy and 300 um in wavelength. This thesis describes the setup of a THz spectrometer
offering an ultra-broad bandwidth (0.5-15 THz), optical pump THz probe experimental
setup and how THz can be used as a spectroscopic tool to study the dynamics occurring
in condensed matter. Ambient air was used for broadband generation and detection of
THz light. Unlike other spectroscopic methods which measure only intensity, THz
spectroscopy measures the transient electric field and thus provides both amplitude and
phase of the spectral components making up the THz pulse. Employing amplitude and
phase, frequency dependent complex refractive index, complex dielectric functions, and
complex conductivity can be calculated.

Using time domain THz spectroscopy, the complex dielectric properties of polar liquids
have been studied and it has been found that dielectric response has contributions from
Debye relaxation and three damped harmonic oscillators. The dielectric study of carried
out at a broad spectral range in THz frequency domain will enable researcher to choose
these alcohols as a solvent prudently in THz experiments.

The time domain study was further extended to time resolved study where pump probe
experiments were performed on semiconductor nanocrystals (NCs) using an optical
pump and THz probe (OPTP). This enabled the measurement of transient
photoconductivity of semiconductor NCs without any electrical contact. Understanding
the photophysics of semiconductors is crucial to their better utilization in photovoltaic
and photocatalytic devices. Hot carrier transfer from colloidal CsPbBrs NC to molecular
acceptors occurring in sub-ps timescale has been studied. Studying time resolved THz
spectroscopy (TRTS) of NC-molecule interface reveals the response from the NCs
eliminating the contribution from the molecule. Having understood this system one
would be in better position to understand the dynamics in bulk NC/interface that is used
in a PV function. We will extend our study to such systems in future.

Cubic CsPbls has the appropriate band gap of 1.73 eV for photovoltaic applications. To
use these NCs in optoelectronic devices, the insulating capping ligands need to be
removed. Using TRTS, cubic CsPbls NC films and effect of ligand treatment on

photoconductivity and mobility of the films, under ambient condition have been
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investigated. Washing the NC films with MeOAc and Pb(OAc)2 displace the insulating
oleylamine ligands used for capping the NCs which results in increased inter NC coupling.
This enhances the conductivity and mobility of the films but also introduces new trap
states. Further studies using suitable capping ligands that will passivate the trap states
without impeding the transport properties of the NCs will help to improve the
photovoltaic efficiencies.

Lastly, the carrier dynamics of reduced graphene oxide prepared by a novel method was
probed using TRTS. The synthesis procedure of rGO is extremely crucial as it affects the
quality of the rGO produced and determines how close the rGO properties are to pristine
graphene. TRTS can be used not only to find out the transport properties of the rGO film,
but it can also provide insights about the rapid carrier relaxations occurring in rGO films.
The ac conductivity of the rGO film measured using the noncontact TRTS technique is
similar to the dc conductivity value determined by four probe I-V measurements. The

overall carrier dynamics is very similar to that reported for single layer graphene.
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