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Synopsis

Terahertz (THz) radiation is a part of electromagnetic radiation between microwave and
infrared frequency regions. The energy of THz photons lies in the milli-electronvolt (meV)
range with a frequency of the order of 102 Hz and wavelength in the sub-millimetre range. It
IS non-ionising and non-destructive for the majority of the material around us. Thanks to
ultrafast laser technology, THz radiation has now been widely used as one of the important
probes to study and characterise various systems, from small molecules to solids. In our
ultrafast dynamics laboratory, broadband THz frequencies (up to 15 THz) are generated and
detected using laser-induced air plasma by air photonics methods with an amplified
femtosecond laser source.

Understanding nonequilibrium photoexcited charge carrier dynamics in semiconductors is
crucial for developing and improving modern-day technology. Using time-resolved terahertz
spectroscopy (TRTS) in transmission and reflection geometries, | investigated photoexcited
charge carrier dynamics in nanocrystals (NCs) and bulk semiconductors having potential
applications in optoelectronic, photodetector, and thermoelectric. THz spectroscopy is a
noncontact way of measuring dielectric response, photoconductivity, and device parameters
such as diffusion length, lifetime and carrier mobility of materials (in the THz frequency range).
Physical and chemical phenomena that occur in the order of meV-energy can be probed using
THz spectroscopy.

In Chapter 2, I have discussed different experimental techniques based on THz spectroscopy
to study charge carrier dynamics in nanocrystal film and bulk semiconductors. THz time-
domain spectroscopy (THz-TDS) in transmission and reflection geometries is used to
understand steady-state THz absorption in semiconductors. Time-resolved THz spectroscopy
(TRTS) in transmission and reflection geometries is employed to study the dynamics of
photocarriers in semiconductors. | have discussed THz generation and detection methods,
experimental setups of THz-TDS and TRTS THz techniques, and the procedure for collecting
and analysing the experimental data. Various models and numerical procedures that help

interpret experimental results are also addressed.
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In Chapter 3, Time-resolved THz spectroscopy (TRTS) in transmission geometry is conducted
on Thallium Halides (T1X, X=Br, I) thin films of nanocrystals and their bulk counterpart. TIX
exhibits a metal halide perovskites-like electronics band structure. It is now well understood
that the unique electronic band is one of the main reasons for many optoelectronic properties
of metal halide perovskite. Charge carrier dynamics in TIBr NCs film slow down with
increasing excitation fluence due to the saturation of surface trap states. In contrast, carrier
dynamics is completely fluence-independent in TIl NCs film. Bulk thallium halide films
studied at higher fluences (compared to TIX NCs film) showed similar photocarrier dynamics.
Thallium halide films showed reasonably high carrier mobility and long diffusion length,
possibly originating from its defect-tolerant electronic band structure.

Publications from this chapter:

Colloidal Thallium Halide Nanocrystals with Reasonable Luminescence, Carrier Mobility
and Diffusion Length

Wasim J. Mir, Avinash Warankar, Ashutosh Acharya, Shyamashis Das, Pankaj Mandal”, and

Angshuman Nag”
Chem. Sci. 2017, 8, 4602-4611

Time-Resolved THz Spectroscopy of Thallium Halides (TIBr, TIlI) Nanocrystal and Bulk
Thin Films

Avinash Warankar, Wasim J. Mir, Ashutosh Acharya, Shyamashis Das, Angshuman Nag”, and
Pankaj Mandal”

(manuscript under preparation)

In Chapter 4, photoexcited charge carrier dynamics in Indium Selenide (InSe) is investigated
using TRTS in reflection mode. InSe is a class I11-VI layered semiconductor and has shown
promising optoelectronic properties in the last few years. Also, InSe possesses low thermal
conductivity and is potentially useful as a thermoelectric semiconductor upon enhancing its
electronic conductivity. Saturation of surface states governs the fluence-dependent charge
carrier dynamics in InSe, which slow down carrier dynamics with increasing photoexcitation.
This also indirectly estimates the density of surface states in bulk InSe.

Publication from this chapter:

Charge Carrier Dynamics in Indium Selenide

Avinash Warankar, Moinak Dutta, Kanishka Biswas”, and Pankaj Mandal”

(manuscript under preparation)
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In Chapter 5, we investigated charge carrier dynamics in Thallium Selenide (TISe) upon
photoexcitation using TRTS in reflection mode. TISe shows ultralow thermal conductivity. In
TISe, multicarrier recombination processes, including one with a significant bimolecular rate
constant, largely control the dynamics of photocarriers. Also, we have compared intrinsic
electronic conductivity and photoconductivity, and both conductivities are found to be in a
similar order of magnitude.

Publication from this chapter:

Charge Carrier Dynamics in Thallium Selenide

Avinash Warankar, Moinak Dutta, Kanishka Biswas", and Pankaj Mandal”

(manuscript under preparation)

In Chapter 6, emerging elemental two-dimensional (2D) Black Phosphorus (BP) is studied
using the TRTS technique. The highly tunable electronic band gap of black phosphorus (0.3 to
2 eV) makes it an attractive material for many applications. We have discussed results obtained
on charge carrier dynamics of few-layer BP nanoparticles (NPs) film. Charge carrier dynamics
of few-layer BP NPs film is studied on various excitation wavelengths. Charge carrier dynamics
of few-layer BP nanoparticles film is weakly wavelength-dependent. In contrast to most
investigated 2D materials like graphene, our studies indicate that carrier recombination of few-
layer BP NPs film is slower (hundreds of ps), and a bimolecular process may be one of the key
recombination processes.

Publication from this chapter:

Ultrafast Charge Carrier Dynamics of Few-Layer Black Phosphorus Nanoparticles Film

Avinash Warankar, Subas Muduli, Satishchandra Ogale”, and Pankaj Mandal”

(manuscript under preparation)
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Chapter 1: Introduction

1.1 Background

Scientists are always curious about the interaction of radiation with matter, and they have
gained a reasonably good understanding of the interaction of optical radiation, i.e., visible light,
with various materials in the last several decades. The study of interaction between matter and
radiation has expanded into other regions of electromagnetic (EM) radiation in the last few
decades, especially in the terahertz (THz) frequency range (also known as the far-infrared
region) after the invention and development of ultrafast lasers and amplifiers. Due to the lack
of effective emitters and detectors, the THz frequency region, also known as the "THz gap",
was not explored much till 1990. The "THz gap" lies between the microwave and the infrared
regions of electromagnetic radiation (Figure 1). The frequency of 1 THz, i.e. 10 Hz,
equivalent to 107 s in time periodicity of EM wave oscillation, 4.1 meV in energy and 300
um in wavelength. The typical THz frequency range spans from 0.1 to 10 THz. Photonics and
wireless electronics are two technologies that operate on opposite sides of the THz gap.
Wireless electronics technology operates at lower frequencies of the electromagnetic spectra,
which is mostly exploited in telecommunication. Photonics on the other hand, deals with
various methodologies of generation, detection and manipulation of photons, also the interplay
of the optical and electronic signals is studied. Photonics is generally developed at much higher

frequencies, such as visible and ultraviolet frequencies.

Electronics . Photonics

10 m 10 cm 1 mm 10 pm 100 nm 10 nm 10 fm
| | | | | | | Wavelength

Radio Micro-wave THz gap In Gamma rays

I I I I I I | [ F requency (Hz)
106 108 1010 w}z 1014 1016 1018 1020

THz Gap
Frequency: 0.1-10 THz
Wavelength: 3-0.03 mm

Photon Energy: 0.4 meV-41 meV

Figure 1. Schematic of the electromagnetic spectrum showing THz radiation region.
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Chapter 1: Introduction

Now with almost three decades of research, THz radiation spans its application in many fields,
such as physics, chemistry, biology, medical biology, pharmaceuticals, communications,
security, quality control, non-destructive testing, imaging, etc.! The THz region is being
utilised not only in fundamental research but in industrial applications as well.>* THz
spectroscopy offers unique advantages over conventional (optical) spectroscopy as it is a non-
destructive, non-invasive, contact-free technique. It employs a heterodyne detection technique
that measures the electric field as a function of time. Hence, both the phase and the amplitude
of the electric field and, subsequently, the dispersion and the absorption of the system under
study are obtained without using tedious Kramers—Kronig (K-K) relations. THz spectroscopy
is based on ultrafast lasers, hence it can be used to probe dynamics and transient properties of
materials with sub-ps temporal resolution.>® The temporal resolution of time-resolved THz
experiments depends on the laser pulse width.

Modern technology depends largely on the development of semiconductors.” Semiconductors
are usually crystalline materials with tunable optical and electronic properties.® ° Like
electronic properties, many of their other properties lie between those of metals and insulators.
Silicon (Si), gallium (Ga), and carbon (C) are well-known semiconductors that exist in their
elemental form and are called intrinsic semiconductors. They are used in many devices and
electronic circuits and are well-researched from the perspective of basic understanding.
Modern chemical and physical techniques produce semiconductors containing more than one
element. Several factors are used to categorise semiconductors. For instance, the bandgap can
be narrow, intermediate, or large; the bandgap can be direct or indirect; the doping can be p-
type or n-type; and so on. The bandgap, i.e., the energy difference between the maximum of
the valence band and the minimum of the conduction band, is one of the crucial properties of
semiconductors. Generally, a material whose bandgap is smaller than silicon is called a narrow
band gap semiconductor. Silicon's band gap is 1.1 eV and is indirect in nature. Semiconductors
with a bandgap between 1.1 and 2 eV are said to have intermediate bandgap. Large bandgap
semiconductors are those with a bandgap greater than 2 eV. Applications of semiconductors
largely depend on their bandgap in addition to many other physical and chemical properties.
Small bandgap semiconductors are primarily used in infrared photodetectors and
thermoelectric devices. Intermediate bandgap semiconductors are useful in visible

optoelectronics, photovoltaics, etc. Wide bandgap semiconductors find applications in
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Chapter 1: Introduction

ultraviolet and other high-energy radiation detectors like gamma ray detectors, X-rays

detectors, high-energy particle detectors, high-speed applications and power electronics.

N —
9 R 1.1 eV<E;<2eV 2eV<E,
%]
2 [Eg<l.leV !
= ———
2 — — .
E — S +
m —

Narrow bandgap Intermediate bandgap Wide bandgap
» Thermoelectric * Optoelectronics  * High-energy radiation detector

» IR Optoelectronics  * Photovoltaics

Figure 2. Variation of bandgap of semiconductors and some of their bandgap dependent
applications.

Since optoelectronic properties depend primarily on the photoexcited states of semiconductors
(Figure 3), studying photoexcited properties using various spectroscopic techniques is crucial
for technological progress.’® Evaluation of device parameters such as charge carrier mobility,
diffusion length, and radiative and non-radiative carrier lifetimes are critical, especially for

optoelectronic applications of semiconductors.

Figure 3. Schematic of photoexcited properties of semiconductors a)Laser* b)Photovoltaic
cells 2 and c)Light-emitting diodes (LED).= (Images taken from the internet website are
cited.)
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Chapter 1: Introduction

In this thesis, semiconductor systems from bulk to nanoparticles having narrow to wide
bandgap have been studied using THz spectroscopy. These semiconductors are promising as
they could find potential applications in photodetector, thermoelectric, and optoelectronic

devices.

1.1.1 Semiconductor photodetector

Photodetector is an optoelectronic device which converts optical signals into electronic signals,
i.e. a device that can sense the presence of photons of a particular wavelength.** > In the
photodetector, incident photons generate an excess number of electrons and holes, which
creates current and increases the conductivity of the device, known as photoconductivity. It is
the most fundamental quantity to be measured in the simplest type of semiconductor
photodetector. The simplest photodetector is an n-type Si semiconductor connected to an ohmic
contact with an external bias voltage (Vbias). Figure 4 shows the schematic of a photodetector

(e.g. n-type Si semiconductor) with incident photon energy hv.

— 7

Y -
- - L +Vl)ias

Figure 4. Schematic of the photodetector (e.g. n-type Si semiconductor).

Carrier lifetime (t) is a crucial quantity since it gives us insight into the dynamics of a
semiconductor device under photoexcitation. It is also fundamentally connected to the
structural configuration, chemical bonding, and dielectric environment of semiconductor.
Carrier mobility (i) is the direct measure of transport characteristics. In a semiconductor
photodetector, the product of mobility and lifetime is directly related to the figure of merit

parameter.'* 16 In the photodetector, which operates from infrared to UV regions, the gain (G)
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Chapter 1: Introduction

is one of the important figure of merit parameter and exhibits the ability of carrier generation
upon incident photon and which is given in the following relation as,*

ut Vbias
G = 2 (1)

Vpias 1S the bias voltage across the contacts of the device, L is the length of the active channel
of the device, and A is the area of the cross-section of the rectangular semiconductor.

In high-energy radiation detectors such as X-ray, and gamma-ray detectors, the signal
sensitivity is described by modified Hetch equation'™ for photocurrent (I,,) and is given by

equation 2.
LZ
_ lout V 1—exp(= ut Vbias)
ph — 2
L Ls 2
1+
Vhiastt

The sensitivity of the X-ray detector® is proportional to the photocurrent. D is the incident X-

ray radiation dose.

Ipn

D bias

Sensitivity «

3)

Photoconductors must also be optimised for several other figure of merit parameters, including
photoresponsivity (R), response time, cut-off frequency, noise equivalent power (NEP),
specific detectivity (D*), and linear dynamic range (LDR) in order to develop efficient devices
from semiconductors.'* 1 The photoresponsivity (R) parameter expresses the electrical signal
magnitude (the amount of photocurrent generation) per unit of incident optical power.
Photoresponsivity is the ratio of the photocurrent (/) to the incident optical power (P),
P

Linear dynamic range (LDR) quantifies the maximum and the minimum measurable optical
power range. The maximum power is limited by the non-linear response or optical damage to

the photodetector, whereas the minimum power is generally determined by noise. LDR is
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Chapter 1: Introduction

proportional to the ratio of maximum measurable power to minimum measurable power, and
it is defined as,

LDR =201 E
o 09 I )

(o]

here I, and I, are photocurrent at the optical light intensity of around 1 mWcmand the dark
current of the photoconductor device respectively. Specific detectivity (D*) is a significant
parameter characterising the photodetector’s sensitivity. Higher the specific detectivity, higher

is the possibility of detecting a weak signal which competes with the detector's noise.

THz spectroscopy measures the photoconductivity of a material in a non-contact fashion.
Hence, it has the potential to determine fundamental device parameters such as charge carrier
mobility and carrier lifetime etc., which will provide insight into the material's potential for

optoelectronic and various other applications.
1.1.2 Semiconductors for thermoelectric application

A thermoelectric device is based on the Seebeck effect and converts heat into electricity. Low
bandgap semiconductors are generally used to fabricate thermoelectric materials.
Thermoelectric applications require materials with low thermal conductivity and high electrical
conductivity. While electrical conduction occurs primarily through charge carriers, heat is
transported through both phonons and charge carriers. In many materials, low thermal
conductivity is caused by phono-phonon scattering. Monitoring and quantifying the charge
carrier and phonon dynamics in a potential thermoelectric material plays an important role in

its practical applications. The thermoelectric efficiency is quantified by a dimensionless figure

r= (22 \r
“\ke + k; (6)

here, S is the Seebeck coefficient, and T is the absolute temperature; o, k., and k; are the

of merit ZT. It is defined as,

electrical conductivity, electronic thermal conductivity (due to charge carriers), and lattice

thermal conductivity, respectively. Semiconductors have a large contribution from k; to total

(7]



Chapter 1: Introduction

thermal conductivity than k, in contrast to metals. The conductivity of the semiconductor is
related to mobility (1) and relaxation time or scattering time (z) of charge carriers through the

relation given below,

o=neu=n (;;) ©)

here, n is carrier concentration, e is the charge of electron and m* is effective or band mass of
carrier (electron and hole).

Spectroscopic techniques in the THz frequency range can simultaneously investigate charge
carrier and phonon transport phenomena and their dynamics. Since the energy of phonon
oscillations falls in the THz range (the far-infrared region), THz spectroscopy can help identify
phonon modes that play an essential role in restricting thermal conductivity in thermoelectric
materials. THz spectroscopy measures steady-state (nonexcited) and photoexcited
conductivity. It can provide an adequate understanding of electrical conduction when the
contribution of phonons or other low-frequency excitations to the total conductivity is

eliminated.
1.2 THz spectroscopy of semiconductors

Over the past three decades, THz spectroscopy has been proven to be an important technique
for investigating the underlying photophysical properties of materials, particularly
semiconductors in various forms such as bulk, thin films, and nanoparticles.> 2 Many physical
and chemical processes occur in the THz frequency range. Carrier scattering in semiconductors
%, collective oscillations in crystalline solids®, and intermolecular, collective vibration, low-
frequency, diffusion and relaxation dynamical processes in liquids® 2 are a few examples of
such processes. Moreover, intraband transitions®> 2%, and dynamics of excitons®2¢ and free
carriers® 2% 27 of semiconductors have been successfully studied using THz spectroscopic
techniques. Figure 5 shows interaction of matter and THz radiation, matter shows collective
oscillation (e.g. phonon vibration), rotation (like molecular rotation), electron acceleration in
the presence of few meV-energy THz photon.

(8]



Chapter 1: Introduction

+ ) . Electron
) Vibrational acceleration
= ‘ modes
‘/-
A
Sample ]
Rotations

Figure 5. Matter in the presence of THz radiation.

1.2.1 THz interaction with photoexcited charge carriers

The primary interest of this thesis is to understand the photoexcited charge carrier dynamic
probed by THz radiation. Hence, it is important to know how THz radiation interacts with
matter. Photon of THz radiation has energy in the order of meV. Hence it can have the potential
to probe chemical and physical phenomena in this energy scale or equivalent to other units.
Unlike optical light, THz radiation cannot excite electrons and holes due to its small photon
energy, but it produces an electrical current in a photoexcited sample.

THz radiation is transmissive and does not interact much with undoped or low intrinsic carrier
concentration semiconductors. In the case of a photoexcited semiconductor, due to enhanced
carrier concentration, important features occur in the THz frequency range (or equivalent other
units). The plasma frequency in photoexcited semiconductors lies in THz frequency.?®
Scattering time in semiconductors usually lies in sub-picosecond time scales.?’ Charge carriers
travel in a few hundred of nanometres in photoexcited semiconductors, and due to the
picosecond time scale of THz radiation, if any kind of barriers for the carriers exist within the
presence of THz pulse, a distinct spectral feature is observed.?: 0

Free carriers strongly interact and accelerate in the presence of the THz field, which shows a
Drude-like conductivity (Figure 6a), which is a metallic fingerprint response.®> Free carrier
dynamics in the THz frequency region is dispersive.® In a quantum-confined system such as an
electron and a hole in photoexcited quantum dots (Figure 6b), electron binding energy is

relatively higher than the photon energy of the THz field, hence, the conductivity response is
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entirely different from the free carriers. In such a quantum-confined system, polarizability gets
induced in the presence of the THz field (Figure 6b).* In general, THz radiation interacts
resonantly with free electron-like systems and non-resonantly with quantum-confined-like
systems (as shown in Figures 7a and 7b).

Therefore, due to the unique interaction of THz radiation with matter, especially in time-
resolved THz spectroscopy, THz radiation is used as a probe to monitor the excited state carrier
density of the semiconductor, and hence effectively, it can be used to study carrier
recombination and relaxation dynamics of material under investigation. In addition, important
device parameters such as carrier mobility, diffusion length, and carrier lifetime can be
evaluated in a non-contact manner, which is again one of the main advantages of this ultrafast

technique.
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Figure 6. a) Free carrier response in THz frequency range. Complex conductivity simulated

in Mathematica for Drude Model (for t =100 fs and oqc = 1 unit. (real conductivity (blue) and

imaginary conductivity (purple)) and b) Strongly quantum confined system in THz frequency
range (Reproduced from reference 2 with permission from Springer Nature).
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Figure 7. Interaction of THz radiation and photoexcited charge carriers through a) Resonant
interaction and b) Non-resonant interaction.

1.2.2 Photoexcited semiconductor processes

Ultrashort laser pulse with photon energy more than the bandgap of a semiconductor generates
excited-state charge carriers. Photoexcited charge carriers undergo a series of fast relaxation
processes to reach equilibrium with lattice, such as carrier-carrier scattering and carrier-lattice
scattering.®® Time scales for these processes are of the order of hundreds of femtoseconds.
Once photocarriers reach equilibrium with lattice by releasing excess energy, recombination
processes start. In semiconductors, defect states are present and they can trap the charge carriers
within timescales less than 100 picoseconds. Since a charge carrier gets trapped in a defect
state, it remains trapped for a long time, and it could recombine after a very long time. This is
a monomolecular process known as trap-assisted recombination. At the same time, depending
on the photocarrier density present in semiconductors, electron-hole recombination happens by
emitting photons; this process is known as the bimolecular recombination process. If carrier
density is very high, the emitted photon due to electron-hole recombination excites other charge
carrier in further excited state. The photon emitted in this process does not come out of the

system, so it is a non-radiative type of recombination. This is a many-particle process known
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as the Auger-recombination process. Three particles are involved in this process, also called a

tri-molecular process.

1 Time (s)

—— 103

—t— 106

radiative recombination I —— 10°
carrier trapping
carrier-lattice scattering +—t—1012
carrier-carrier scattering . Auger recombination

01 (non-radiative)

—t— 1015

electronic transitions 4

. 1 1018
a) b) A 4

Figure 8. a) Electrons (holes) undergo various relaxation/recombination processes after
photoexcitation of semiconductor and b) Time scales (tentative) in photoexcited
semiconductor corresponding to relaxation and recombination processes.

All these recombination processes occur at different timescales (tentative time scales are shown
in Figure 8). Auger-recombination is the fastest process, typically associated with time
constants below 50 ps and occurs at very high photocarrier density. Bimolecular recombination
is more rapid in the timescale than monomolecular trap-assisted recombination. Trap-assisted
recombination is the slowest process and can happen over a microsecond (us) timescale. This
is a general, qualitative description of recombination processes occurring in photoexcited
inorganic semiconductors shown in Figure 8b. These timescales may vary from one
semiconductor to another and depend on many other internal and external factors, such as
particle size, quantum confinement, temperature of the system under study etc. Apart from
these processes, there are other channels through which relaxation and recombination may take

place in a semiconductor (depending on many physical factors like size, shape, thickness,
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exciton binding energy etc.), such as biexciton recombination, trion formation, polaron
formation etc. Monomolecular, bimolecular and trimolecular processes are mathematically
represented and understood by the well-known kinetic rate equation®*, given by equation 8

dn
dt

ES _kln_ kznz _k3n3

(8)

Here, n is the photogenerated carrier density. k;, k,, and ks represent rate constants for
monomolecular, bimolecular, and trimolecular recombination processes respectively. As time-
resolved THz spectroscopy monitors photoexcited carrier density with pump-probe delay after
optically exciting a semiconductor, we can experimentally determine the fundamental kinetic

rate constants (k;, k,, and k3) for a particular semiconductor.

1.3 Plan of the Thesis

This thesis describes the study of charge carrier dynamics in semiconductor materials ranging
from low bandgap to high bandgap. Thallium halides (TIBr, TII), Indium Selenide (InSe),
Thallium Selenide (TISe), and Black Phosphorus semiconductors are studied by THz time-
domain spectroscopy and time-resolved THz spectroscopy. Thallium halide is a wide bandgap
semiconductor having its bandgap in the UV region. Thallium halides are expected to behave
as a defect-tolerant semiconductor system, leading to perovskite-like properties due to their
band structure similarity with metal halide perovskites.*> % Indium selenide (InSe) and thallium
selenide (T1Se) are intermediate and narrow bandgap semiconductors, respectively. These are
potential thermoelectric materials as they have recently shown ultralow/low thermal
conductivity.®" % Indium Selenide and Black Phosphorus are two-dimensional (2D) van der
Waals semiconductors that have recently attracted much attention due to their promising
optoelectronic properties.®*# Both Indium Selenide and Black Phosphorus have layer-
dependent bandgaps. Indium Selenide and Thallium Selenide are studied in their bulk form.
Few-layer Black Phosphorus nanoparticles film, Thallium Halides nanocrystals thin film and

Thallium Halides bulk thin films are investigated using THz spectroscopic techniques.
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2.1 Generation and Detection of THz Radiation

Before the 1990s, it was a technical challenge to generate and detect THz radiations. After
the invention of ultrafast lasers, access to THz radiations became possible. Initially, THz
radiation was mainly generated using two classical methods, namely photoconductive
antennas (above band gap photoexcitation of charge carrier under bias field) and optical
rectification (second-order nonlinear effect in medium).r® Detection of the THz field is
successfully demonstrated by the processes opposite to the generation methods.? Several
limitations of both the approaches result in generating and detecting only a narrow band of
THz frequency region. In photoconductive antennas, generation and detection are limited by
the pulse width of the excitation laser and the response time of materials due to their resonant
nature. In optical rectification, lattice vibrations of the nonlinear crystal remain the leading
cause of low bandwidth of THz radiations. In the early 21% century, scientists found another
way of generating and detecting THz radiations using ultrafast laser pulses focused in dry
ambient air.! This method exploits third-order non-linearity of air-plasma, producing and
detecting broadband THz radiation (Figure 1 and Figure 2). In this thesis, we have built and
developed THz spectroscopic techniques based on air-plasma generation and detection
methods, known as the air-photonic method.* Since air is easily replaceable and damage to
the medium is not a significant problem, a very intense laser source has been used to generate
THz radiations. Moreover, air can produce continuous coverage along with the broadband
THz band due to the absence of phonon modes. THz pulses are generated by focusing the
fundamental wavelength of 800 nm and its second harmonic of the wavelength of 400 nm in
dry air, creating an intense air plasma. Together with the THz radiation, white light and other
radiations of electromagnetic spectra are also generated in air plasma. THz detection is

possible using the air-biased coherent detection (ABCD) method.

2.1.1 THz Generation

The four-wave mixing (FWM) model, based on the third-order nonlinear process, is used to
explain THz generation in ambient air.® The fundamental optical radiation of angular

frequency o (corresponds to wavelength of 800 nm in this case) is mixed with its second

harmonic of angular frequency 2®. Second harmonic is generated in type | -barium borate
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crystal (BBO crystal) having a thickness of 0.1 mm. In FWM, THz photon is produced due to
the coupling of three photons (two photons of fundamental and one photon of its second
harmonics) simultaneously as per the following equation.

Qo+ ory,) — o— 0— ory, =0 (1)

THz generation in non-ionised air is extremely weak. Hence, ionised air is necessary to
enhance the perturbative effect using a strong laser to generate reasonably intense THz
radiation. Here, we use an amplified laser source having ~1.8 mJ per pulse energy to create
an air plasma. Above the ionisation threshold, THz electric field is proportional to intensities

of fundamental and its second harmonics as given in the following relation,

Erpy, « X(3) Iy 1, 2)

here, x® is third-order nonlinear coefficient and equal to 1.68 x 10" (m/V) at 20° C in air.
It is essential to mention the dependence of the THz electric field on the phase (¢) between
the fundamental and its second harmonics electric fields. This phase change decides the sign

of the THz electric field. The following equation 3 shows the electric field of the individual

photon.
Erp, () < y®E, ()EL()EL(E) cos(¢p) (3)
Si filter
w + 2w W7y,
Amplified fs
laser pulses (800 nm) Plasma THz pulse
Lens BBO

Figure 1. Generation of THz pulse in laser induced-air plasma.

2.1.2 THz Detection

Detection of THz electric field is carried out using laser-induced air-plasma by the process

opposite to generation.® Here, two input photons of fundamental frequency (w) and one
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photon of THz frequency (wry,) are coupled in a weak air-plasma medium. As a result, a
photon of the second harmonics of fundamental frequency (2w) is generated. The following
relation (equation 4) gives THz field-induced second harmonics, representing a four-wave
mixing process.

20= o+ o+ oy, 4)

The electric field of generated second harmonics is given by,

Eyp % YOE E Ery, (5)

The intensity of second harmonics is measured, which indirectly measures the intensity of

THz radiation, as other terms in the expression are known

2
IZa) X |E2w‘ X (X(3))2 Ic% E’IZ"HZ (6)

It should be noted that the measured signal is directly proportional to the intensity of the THz
field, i.e., to the square of the THz field. As a result, the information about the phase of the
electric field is lost, and the detection becomes incoherent (only the amplitude of the electric
field can be measured).

For coherent detection of the entire THz electric field (both amplitude and phase of electric
field), a local oscillator is introduced in the form of a AC bias field. This AC bias field, i.e.,
local oscillator (LO), produces the second harmonic from air-plasma created by fundamental
frequency i.e.,

Ez % X¥E,E(Eruz + Epo) (7

This can be written in the intensity form as below,

2
I, % ‘E2w| o (Y2 I12(E3y, + EZ + 2Ery,ELo) (8)

The last term in the bracket of the above equation 8 represents the cross term, and the
heterodyne method of detection of such signal becomes important, which allows coherent
detection. We need to only measure the last term by using an AC electric field as the LO and
detect the signal modulated with LO frequency. Hence, the measured signal is proportional

to the THz electric field, as shown in equation 9.
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2
Iy, X ‘E2w| & ()((3))2 Ic% (ErnzELo) (©)

Here, we can enhance the strength of the measured signal simply by increasing the power of
the fundamental frequency and the AC bias field. Figure 2 represents a schematic of the
detection of THz pulse through the ABCD method.

Electrodes Filter to cut
(Local Oscillator) 800 nm

@ + O, + 2w

—— v PMT

| Detector

Figure 3. Detection of THz pulses in air plasma.

2.2 Experimental Setups of THz-TDS and TRTS

Our home-built THz spectroscopy setup is based on an ultrafast laser system, primarily
consisting of a Ti:sapphire-based oscillator (Tsunami, Spectra-Physics) and amplifier
(Spitfire, Spectra-Physics). The ultrafast laser pulses coming out of the amplifier have a
central wavelength of 800 nm and an average power of 4 W, i.e., 4 mJ energy per pulse with
a repetition rate of 1 kHz. This laser pulse beam is split into two parts.* Half of the power
(around 2 W) is utilised for generation (~92% of 2 W) and detection (~8% of 2 W) of THz
radiation, and the remaining half of the power (around 2 W) is sent to the pump an optical
parametric amplifier (OPA), which generates laser pulses of different wavelengths by
nonlinear optical effects. The THz radiations, which are produced in air plasma along with
white light and other parts of electromagnetic radiations, are filtered by placing a silicon
wafer with high resistivity in the laser path. The THz pulses are then sequentially guided
using parabolic mirrors to be detected by a photomultiplier tube (PMT) placed inside an
ABCD detector (Zomega). Inside the detector, the THz pulses and the weak gate pulse of a
wavelength of 800 nm are focused between high-voltage electrodes (AC bias) with a voltage
of 1.5 kV, and that oscillate in square waveform with a frequency of 500 Hz, which acts as a

local oscillator (LO). By fundamental and THz pulses, 400 nm pulses are generated via the
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difference frequency generation method (i.e., four-wave mixing method). The intensity of
400 nm pulses is directly proportional to the THz electric field, as discussed in the above
section. The entire THz generation and detection paths are continuously purged with dry
nitrogen gas (inside the box) to avoid THz absorption in the water vapour in normal air.

The THz radiation is detected by temporally scanning a weak 800 nm femtosecond optical
beam over a relatively long THz pulse (picosecond in time), using the cross-correlation of
these two beams.® This method has been used to detect broadband THz radiation up to 15
THz in our lab. THz time-domain signal and its Fourier transform are shown in Figure 5. The
pump pulse (used to photoexcite the sample/material) is obtained from the OPA output.® The
OPA produces different frequencies by nonlinear processes such as white light generation,
sum-frequency generation, and difference frequency generation. The photocurrent generated
in the PMT of the ABCD detector is amplified with a pre-amplifier (SRS model SR570) and
is converted into voltage. This voltage serves as input for the lock-in amplifier (SRS model
SR830 DSP) referenced to the frequency of LO. The lock-in output is digitised with DAQ
card (National Instrument), and the outcome is visualised and stored using LabView

programmes.

2.2.1 THz Time-Domain Spectroscopy (THz-TDS)

To study dielectric response, complex refractive index, and low energy excitations in
materials, THz time-domain spectroscopy (THz-TDS) is performed on various solid materials
and liquids. THz-TDS can be implemented both in transmission and reflection geometries,
and the choice of geometry of the experiment depends on the sample to be studied. In this
thesis, we have used THz-TDS in both the modes (geometries) to study semiconductor film

coated on non-conducting substrates and bulk semiconductors.”8

a) THz-TDS in transmission geometry

In THz time-domain THz spectroscopy (THz-TDS) in transmission geometry, the THz
radiation propagating in free space is passed directly through the reference and the sample.
THz spectroscopy is a coherent method that detects the amplitude and phase of the electric
field of the freely propagating THz radiation, in contrast to other optical spectroscopy

methods, such as UV-visible spectroscopy. The reference signal is the electric field of THz
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radiation passing through air or a non-conductive substrate such as high-density polyethylene
(HDPE) and polystyrene. A quartz substrate is used as a reference in various studies. The
sample can be a pellet or a thin or thick layer on the substrate. The sample signal is the
electric field of the THz radiation passing through the pellet or film layer on the substrate.
Experimentally, the transmission function T(®) is measured by taking the Fourier transform

of time-domain signals.

T _ Es(w) _ Es(w) ip(w)= ip(w)
T(w) = F) ~ (@) e T(w)e (10)

Here, E;(w) and E, (w) are complex electric fields of sample and reference, respectively, and
@(w) is the phase shift between the sample and reference. The complex refractive index of
the sample is calculated as a function of frequency from T (w).

ilw) = n(w) + ik(w) (12)

Here, n and k are real and imaginary parts of the complex refractive index. a is the

absorption coefficient of the sample.
Film/sample suspended in the air

If the reference is air instead of a non-conducting substrate, real (n) and imaginary (k) parts
of complex refractive index are obtained using the following relations using experimentally

measured quantities, phase(¢) and transmittance (T).

n(w)=1+¢(w) a)Td (12)

a(w) (13)

Thin film coated on the substrate
A non-conducting substrate (HDPE, polystyrene, etc.) is used as a reference in THz-TDS,

and the iterative numerical method is followed to obtain the complex refractive index of the

sample. The measured transmission coefficient is compared with the model transmission
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coefficient. The difference between the measured and model transmittance is iteratively
reduced to the minimum to obtain the complex refractive index of the sample. We used
Duvillaret’s algorithm and the associated Igor code from the doctoral thesis of Paul D.

Cunningham to determine the complex refractive index of a thin sample on a thick substrate.*
10

b) THz-TDS in reflection geometry

In this thesis, we studied optically thick bulk semiconductor samples using THz spectroscopy
in reflection geometry due to the high absorption nature in the THz frequency range. In
reflection geometry, THz radiation is reflected from the reference (here, we use high-
resistivity silicon) and sample. Reflection of THz signal (electric field) in normal incidence
from the reference and sample is preferred over oblique incidence as it involves relatively
simple data analysis and the least error due to optical alignment. In reflection THz TDS, we

measured the electric fields of THz radiation reflected from the sample, Esample(w) and

reference Eref(a)) and reflectance function is obtained as per the following equation,

Esample (0))

é(w) - Eref(w)

(14)

Fresnel equation for reflection in normal incidence is used to obtain the complex refractive
index of the sample, and it is given in equation 15.

Nsample — Nair
) _ nsample + Ngir

s(@) _
r(a)) ﬁref — Nyir (15)
nref + Ngir

=51 Mot

Here, figgmpie and i, are complex refractive indices of sample and reference, respectively.
ng- 1S the refractive index of air. In our experiment, we used high-resistivity (HR) Si as a
reference. Here, air (dry air, which is mainly composed of nitrogen gas, and HR Si are almost
non-absorbing and non-dispersive in the THz frequency range; hence, their refractive indices

are considered to have real value.
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2.2.2 Time-resolved THz spectroscopy (TRTS)

Time-resolved THz spectroscopy (TRTS) is performed on semiconductors to understand
charge carrier dynamics. Although several time-resolved THz studies (pump-probe studies)
were conducted by a few research groups on technologically important semiconductors such
as gallium arsenide (GaAs) and Si***®, the TRTS technique was pioneered by doing detailed
and systematic experiments on GaAs by Charles Schmuttenmaer’s group at Yale University
in the year 2000.% Over the past 20 years, it has been established as one of the important
ultrafast techniques for studying photophysical properties in various materials.!” Based on the
optical and physical properties of the semiconductor, one can choose either transmission or
reflection mode TRTS.

We have performed TRTS in two different ways to study photoexcited properties of
materials: frequency-averaged (pump scan) and frequency-resolved (probe scan) TRTS.
TRTS is also known as optical-pump THz-probe (OPTP) spectroscopy. In frequency-
averaged (pump scan) TRTS, the peak of the THz electric field is monitored in the absence
(Eorr) and presence (E,,) of pump excitation, and the photoinduced change in electric fields
(AE = Eon — E, ) is monitored with a pump-probe time delay up to the nanosecond time
scale. In frequency-resolved (probe scan) TRTS, photoexcited and unexcited waveforms of
the entire time-domain THz electric field are collected at different pump-probe delays. The
charge carrier dynamics, the nature of photoexcited charge carriers, and the photoinduced
changes in the dielectric function of material are measured from the combination of both
TRTS scans.

The double lock-in technique is implemented to simultaneously detect the pump-induced
change in THz electric field (AE) and non-excited THz electric field (E,z;).'* *° Pump
wavelength, which is chopped at 333 Hz using an optical chopper, is used to photoexcite the
sample, and THz pulses with a frequency of 1 kHz probe the photoexcited states of the
sample. The photocurrent as an output of PMT is sent to the first pre-amplifier, which gets
converted into voltage and then to two lock-in amplifiers operating at different reference
frequencies 333 Hz (synchronised with the optical chopper) and 500 Hz (half of the laser

repetition rate) which is the frequency of the local oscillator.
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a) TRTS in transmission mode

Thin films, colloidal nanoparticles and low-absorbing materials (in the THz frequency range)
can be studied using TRTS in transmission mode. In this experiment, optical pump-induced
change in THz probe pulses (AE) is collected.

AE(@) = Eon(@) = Eop(®) (16)

Experimentally, photoinduced differential transmission is obtained, which is given by
AT(w) AE(w)
T(w) Eorr(w)

(17)

as it is mathematically related to the photoconductivity (Ao) of the sample studied. T is THz
transmission through the unexcited sample.

Photoconductivity (Ac) of the film is related to differential transmission as per the following
expression.

(ng, +ny) AE
Zy d Eoff

Ao = (18)

Here, n, and n, represent refractive indices of either side of the photoexcited sample, and d

represents the thickness of the films. z, is free space impedance, z, = 8—1C ~377 Q.
0
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Figure 7. Setup of time-resolved THz spectroscopy in transmission geometry.

b) TRTS in reflection mode

Photoexcited properties of highly absorbing materials in the THz frequency range and
optically thick materials are studied using time-resolved THz spectroscopy in reflection
mode. In this thesis, we have utilised TRTS in normal incidence reflection mode.
Photoinduced change in reflectance ( AR ) from the sample is measured, here
AR = Ron — Roff, Rop is the reflectance in a photoexcited state and R, ¢ is the reflectance in
the unexcited state of the sample. For measuring photoconductivity (Ao ), differential
reflectance is obtained by dividing R, to AR
AR AE

= (19)
Rorr Eorr

The photoconductivity of the sample using thin film approximation can be written in the form
AR

of ,
Roff

(n?—-1) AR
Ao =
2Z0d ROff

(20)
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here, n is the low-frequency refractive index (for pump scan) or frequency-dependent

refractive index (for probe scan) of the sample z, (1/¢&,c) is free space impedance, and d is

the penetration depth of the sample at the pump wavelength.

Photoconductivity equation as the function of pump-probe delay time (t,) and angular

frequency (w) using thin film approximation is given in Table 1 below.

Table 1. Photoconductivity equation according to thin-film approximation.

Frequency-averaged

(Pump scan)

Frequency-resolved

(Probe scan)

Photoconductivity ao(t,) 1 ( )—AE(tp) Ao (@) 1 ( )—AE(w)
olt,)= —ng+ny) ————— ow)= —Mmg+n
(Transmission Geometry) PIT zed P Ey(ty) Zod ¢ P Ey(w)
Photoconductivity n? —1) AE(t 2-1) AE
_ po(e,) = LoD AE(5) po(e) = =D AE@)
(Reflection Geometry) 2204 Eo(t,) 2zod  Ey(w)
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Figure 8. Setup of time-resolved THz spectroscopy in reflection geometry.

2.3 Conductivity Models

THz time-domain spectroscopy can measure the steady-state dielectric response of
semiconductors and hence obtain steady-state complex conductivity spectra, whereas THz
time-resolved spectroscopy measures time-dependent, excited-state photoconductivity. Free
carrier, lattice vibration, and other low-frequency excitations contribute to steady-state
conductivity and photoconductivity, which can be quantified using various conductivity

models, leading to the finding of important material parameters, as discussed below.

2.3.1 Drude model and Drude-Smith model

Free charge carrier response under an external, oscillating electric field in a semiconductor is
often described by the semiclassical model developed by Drude.!” ?° This model is designed
for non-interacting electron gas in metals with very high carrier concentrations.
Semiconductors in a non-photoexcited state have inherent carrier concentration depending on

factors such as doping, temperature, etc. Upon photoexcitation by appropriate pump
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wavelength, photocarriers are generated in higher concentrations than the intrinsic
concentration. In both cases, the carriers in semiconductors are approximated as free carriers.
According to the Drude model, the complex conductivity of free carriers under an external

oscillating electric field of angular frequency (w) is given by,

Odc

7@ =T ien

(21)

here g, is direct conductivity (dc). Direct conductivity, in this case, is also known as Drude
conductivity (near zero frequency, i.e., w~0 THz), T is carrier momentum scattering time.
The dc conductivity is related to carrier concentration (n), scattering time () and effective

mass (m”*) of carriers.

O4qc = (22)

10

=2 =2
o o
— T T T T T

Conductivity (a.u)

1=
=
T

1 2 3 4 5 6
v (THz)

Figure 9. Complex conductivity simulated in Mathematica for Drude Model (for t =100 fs
and o, = 1 unit. (real conductivity (blue) and imaginary conductivity (purple)).

The Drude model needs to be modified when charge carriers are confined to a specific region
or backscattered, as in the case of nanomaterials, where the movement of carriers is restricted
to small dimensions or in two-dimensional (2D) materials, i.e., carriers are confined to the
plane. N.V. Smith developed the required modification by incorporating backscattered

parameters and a modified conductivity model, now known as the Drude-Smith Model.?*

~ _ Odc ¢
o(w) = (1—-iw7) (1 + (1- iwr)) 23)
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Here, c is the parameter that quantifies the percentage of backscattered carriers and varies
from 0 (no backscattered) to -1 (completely backscattered). Here oy (Drude conductivity), t,

c are fitting parameters while modelling experimental complex conductivity.

05+
04
03 1
02 -

01k

Conductivity (a.u)

v (THz)
02 F

Figure 10. Complex conductivity simulated in Mathematica for Drude-Smith Model (for
=100 fs, o4, = 1 unit and c=-1. (real conductivity (blue) and imaginary conductivity

(purple)).
2.3.2 Lorentz oscillator model

Lorentz model accounts for conductivity arising from low-frequency absorption.t’
Semiconductors absorb THz frequency through low-energy excitation in solids such as
phonon vibration, exciton resonances, etc.; this is reflected in peaks in the real part of
complex conductivity.!” 22 Complex conductivity is derived from the Lorentz model in the

following expression (equation 24).

~ _ 0;w
o(w) = Z (w — itj(w? — w?)

(24)

Experimental photoconductivity spectra are fitted to this model in addition to Drude or

Drude-Smith model for particular pump-probe delay (t,). Here o;, 7;, w; are fitting

parameters while modelling experimental complex conductivity.

a) The fundamental parameter of materials

Fitting experimental complex photoconductivity spectra to the Drude model or Drude-Smith
model provides important parameters like charge mobility and carrier density.
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c (25)
n(t,) = "5
u(ty) = — (26)

Oscillator strength (f;) of i oscillator with oscillation (resonance) angular frequency (w;) is

obtained from fitting from oscillator-induced Lorentz conductivity (a;) and time (t;).

fi=— (27)

T;

2.4 Modelling recombination processes in semiconductors

We tried to understand the photoinduced recombination processes in semiconductors by
analysing fluence-dependent photoinduced THz transients in two ways. The measured signal
is a photoinduced change in THz electric fields, which depends on the carrier concentration
of the excited states. The change in photoinduced conductivity with pump-probe delay
reflects the temporal evolution of carrier concentration. The first approach is to model
normalized photoinduced THz transients with multiexponential function convoluted with

Gaussian function.?® The mathematical expression for the same is given in equation 28.

V(O = G (¢t — to) 9= exf(t ) (28)

Here, Y7 a;=1, is the sum of amplitudes (ai) corresponding to i process having a time
component t;. Gaussian function, centred at t, is represented by G(t —t,) and with full
width at half maximum (FWHM) is about 300 fs. This Gaussian function represents the
instrument response function (IRF) of our TRTS setup. We get different time constants with
the corresponding amplitude by fitting the normalized THz transients to equation 28. We can
assign physical recombination processes by inspecting the magnitude of time constants and
their fluence-dependent behaviour. But modelling THz transients using the above equation
will not give a complete and accurate picture of physical processes happening upon
photoexcitation due to the assumption of exponential decay functions. We can roughly relate

the time evolution of THz transients to the change in carrier density. As every point on THz
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transient is related to photoexcited carrier density, we need a model which describes these
two quantities. The rate of change of carrier density is proportional to an integer power of
carrier density, which can effectively be modelled by the kinetic rate equation. Equation 29
represents the mathematical form of the kinetic rate equation.?*

% =—kn—kn?—kn?3 (29)

Here, the left side term represents the change of carrier density with pump-probe time delay,
and the three terms on the right side of the equation represent three distinct recombination
processes. The first term on the right side —k;n accounts for the trap-assisted recombination
process, in which the recombination of excited charge carriers, either electron or hole,
happens through the presence of a trap state; it is also called a monomolecular recombination
process. The second term—k,n? depends on both charge carriers, electron and hole. It is
termed a bimolecular recombination. The third term—k;n3 depends on three charge carriers,
and it is known as Auger recombination. Bimolecular recombination can be radiative or non-
radiative, whereas trimolecular recombination is non-radiative. Auger recombination is the
process associated with trimolecular recombination, and it is relevant only at very high carrier
density as it depends on the third power of n. k;, k, and k5 are rate constants of
monomolecular, bimolecular and trimolecular recombination processes, respectively. All

three processes are shown schematically in Figure 10.
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Figure 11. Schematic of recombination processes in semiconductors a) Monomolecular
(trap-assisted process) b) Bimolecular (radiative process) and c) Trimolecular (Auger

process).

a) Numerical procedure for solving Kinetic rate equation

We obtained three rate constants by doing a global fitting analysis of fluence-dependent
photoinduced THz transients using the Kinetic rate equation. It is important to note that
solving the rate equation analytically is almost impossible, so we must first solve equation 29
numerically for appropriate initial conditions. Undergraduate student from our lab, Mr. Garvit
developed a Python-based code to solve rate equation using a global fitting procedure. Figure
11 shows the steps of a global fitting procedure of photoinduced THz transients using the
Kinetic rate equation (equation 29).

Here, n is the carrier density, t is the pump-probe time delay, k4, k,, k5 are the rate constants

for the recombination processes. We know that n o A?T (where A?T is differential transmission).
This means that n = CAT—T (here C is the proportionality constant, which can be calculated by

% (where ng is the initial charge carrier density (t, = 0) and x, is the peak differential
0

transmission signal). We assume that, AT—T = y and substitute this equation into the kinetic

rate equation, we get,

dy
- —k1y — Ckyy * = C *ksy® (30)
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Let k; = a;, Ck, = a,, and C *k; = a5. So, this equation simplifies to equation 31.

dy
E=—a1y—azy2_a3y3 (31)

This is the equation that we have fitted for our data.?*
b) Euler method for numerical integration

This differential equation is a nonlinear differential equation that is difficult to solve
analytically. So, we have numerically integrated the differential equation using the Euler
integration method.? The primary reason that we chose the Euler method is that it is much
faster compared to other integration methods (time is of the order of n, i.e. 0(n)). As the
number of data point we are fitting is of the order 10°, the algorithm that we used really
required to be processed/executed fast. The global error of Euler integration method goes as
the order of h, i.e., O(h), where h is the step size. As the step sizes for the data points in our
data set were very small, the deviations due to truncation error in Euler will be very small and

won’t cause many iSSues.

C) Powell method for minimization

We take the solutions that we get by integrating this equation and define the global chi-
squared statistic, which we minimize using the Powell method.?5-28 The Powell method is an
iterative minimization method that can be used to estimate local minima for functions. It
doesn’t calculate any gradients while minimizing functions and has a quadratic termination
property; that is, it can minimize quadratic functions in a predetermined number of iterations.
As near the local minima, a function tends to act like a quadratic, and also, as the gradients of
chi-square with respect to the fitting parameters are very difficult to estimate correctly,
Powell method was our method of choice. For the Powell method, the only condition is that a
function should be real valued with fixed number of real inputs. As we needed to do a
constrained minimization (all three parameters must be non-negative), we used a slightly

modified variant of the original Powell method (which is the ‘Powell” method used in the
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bound constrained minimization methods of the scipy.optimize.minimize function). As the
local minimum chosen depends on the initial guess, we tried a lot of initial guesses to find the
global minimum. If the results of the Powell method lead to a local minimum (and not a
global minimum), the confidence intervals become very large, which lets us know that what

we found was a local minimum and not a global minimum.

d) Calculation of error/confidence interval

For estimating the 95% confidence intervals for our fit parameters, we have calculated the
covariance matrix using the formula (J7J)~1x?2 (where J is the Jacobian and y? is the reduced
chi-square).?® The diagonal entries of this matrix give us the variances of the fit parameters.
Taking the square root of the variances should give us the standard errors of the fit
parameters. By applying the central limit theorem, we can estimate the 95% confidence

intervals by multiplying the standard errors by 1.96.%
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d—y:—a —a,y? —azy?
dt 1y 2Y 3y

Model: Rate Equation

l

Numerical Integration (Euler method)
d
Y(tie) = () + (b —tD 5],

I

4

Calculation of chi-square (x?)
N nj

x= ZZ(YU —)7ij)2

j=1i=1

[_l

Minimization of chi-square
(Powell method)

If local minimum achieved

¥

Output parameters (a,, a,, az) |

Calculate R2

XZ
()
RZ=1

(Z?’zl 22,0~ 371')2)
M—N

Calculate Confidence Interval (95%)

x? _
I

25

Aa;= 1.96 (

2.5 Optical beam radius measurement by knife-edge method

We used the knife-edge technique for measuring the pump and probe beam diameter in all
our experiments. When the knife is moved perpendicular to the optical beam with the surface
facing the incoming beam, total power is calculated as a function of knife position.
Measured power is the highest when the beam is entirely unblocked and the lowest when the
beam is completely blocked (ideally, total power should be zero, but due to background
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noise, it may be nearly zero). We used the following relation to fit measured power (p) as a

function of knife position (x) to obtain the radius of the optical Gaussian beam.!

(32)

2 —
p=po+ pnzlax 1-— erf(—\/_(x x0)>

w

Where p, and pq.. 1S background and maximum measured power, respectively. x, is the
position of the knife (the position of the mechanical stage on which the knife is mounted) at

half of the maximum power. erf is the error function, w is the radius of the optical beam.

[
@ Data
—— Fit

Power (a.u.)

12 14 16 18
Stage position (mm)

Figure 13. Typical curve obtained while measuring beam radius and its fit with equation 32.

2.6 Summary

In this chapter, | have discussed THz frequency generation and detection which are based on
the air-photonic method. The two types of THz spectroscopy in both reflection and
transmission geometries, THz time-domain spectroscopy and THz time-resolved
spectroscopy, are described from the standpoints of their experimental setup and data
analysis. THz spectroscopy is used to evaluate steady-state conductivity and
photoconductivity; | discussed various models that help in describing experimental
conductivity. | have described multiexponential fitting and the Kkinetic rate equation, two
methods for fitting photoinduced THz transients. Python code was used to analyse the

numerical solution of the rate equation for experimental data.
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Chapter 3: Charge Carrier Dynamics in Thallium Halides (T1X, X=Br, 1) Nanocrystals and
Bulk Films

3.1 Introduction

Due to the distinct electronic band structure, which is one of the reasons for its defect-
tolerance, metal halide perovskite with the formula ABX3 (where A is an organic/inorganic
cation, B is a divalent cation, and X is the halogen anion) is an emerging class of defect-
tolerant semiconductors. Defect tolerance is a semiconductor property that allows defect
states to have a negligible effect on its optical and electronic properties. Figures 1la and 1b
depict the electronic band structure of two types of semiconductors: a) defect-intolerant
(inorganic semiconductors) and b) defect-tolerant (metal halide perovskites). The formation
of trap states in these two types of semiconductors is very different. High photoluminescence
quantum yield (PLQY),! tunable bandgap,' low threshold lasing,? bright light emitting
diodes,® high-efficiency solar cell* etc., are important properties of perovskites
semiconductors.

Wide bandgap thallium halides show an electronic band structure similar to metal halide
perovskites due to elemental similarity.> © In TIX, TI* ([Xe] 4f14 5d10 6s2 6p0) is
isoelectronic similar to Pb?* ([Xe] 6s2 4f14 5d10 6p0) with lone-pair electrons in outermost s-
orbital. Antibonding interaction of filled 6s orbital with halide 4p/5p orbital makes valence
band maximum (VBM). 6p orbital of TI™ is largely making conduction band minimum
(CBM). Strong spin-orbit coupling in 6p provides further stabilization to conduction band
minimum (CBM). Thus 6s electrons and spin-orbit coupling in 6p produces electronic band
structure, which is supposed to have extremely low deep-level trap states. Such an electronic
band structure is the one of the proposed origins of defect-tolerance in perovskite
semiconductors as shown in Figure 1b.% Therefore, compositional similarity with metal halide

perovskites, thallium halide is expected to have a similar defect-tolerant band structure.
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Figure 1. Schematic of electronic band structure of semiconductors: a) Defect-intolerant

(inorganic semiconductors such as GaAs, CdSe etc.) and b) Defect-tolerant (metal halide

perovskites, ABXs where, A=Cs*, B=Pb?*, X=1", Br *). Major difference can be found in
position of defect states in two cases a and b.

Another important issue with wide bandgap and many inorganic semiconductors is that the
possibility of presence of deep level defect states within bandgap (Figure 1a).” Since thallium
halides have band gap in UV region® and band structure similar to metal halide perovskites
(Figure 1b), the possibility of defect-tolerant nature of band structure and its effect on carrier
transport are the important points to be researched. Thallium halides are one of the important
classes of semiconductors due to their potential application in high-energy radiation and
particle detectors in recent times.>!! Photoconductor applications are solely dependent on the

excited states of semiconductors.

In this chapter, we have conducted a time-resolved THz spectroscopic study on thin films of
Thallium halide (TIBr and TII) NCs and their bulk form. According to our study, TIBr and
TIl NCs films have shown long diffusion lengths and high mobility. TIBr and TII exhibit
different carrier recombination dynamics. Further, we have also investigated bulk thallium
halides (TIBr and TII) using time-resolved THz spectroscopy to understand better how
morphology impacts charge carrier dynamics. We will therefore attempt to compare the

results from the bulk and NCs films samples.

[44]



Chapter 3: Charge Carrier Dynamics in Thallium Halides (T1X, X=Br, 1) Nanocrystals and
Bulk Films

3.2 Experimental Section

3.2.1 TIX NCs synthesis, film preparation and characterisation

Synthesis of TIX NCs

The hot-injection method was used to synthesise TIBr and TII NCs.® Synthesis and
characterisation of NCs were done by Wasim Mir from Dr. Angshuman Nag's group at [ISER
Pune. For THz spectroscopy studies, TIX NCs thin film was made by drop-casting colloidal
NCs dispersion in hexane onto the non-conducting polystyrene substrate. Details of the
synthesis and characterisation of NCs can also be found in reference elsewhere.®

In a three-neck round bottom flask, 0.5 mmol of Thallium (1) nitrate (TINO3s) was taken with
15 ml 1-octadecene, 1 ml oleic acid and 1 ml oleylamine. This reaction mixture was degassed
at 100 °C for 1 hour, and then the temperature was raised to 300 °C under N2 atmosphere till
the solution became clear. In another round bottom flask, 1 mmol of tetra butyl ammonium
iodide (TBAI) was taken with 5 mL 1-octadecene and 5 ml oleylamine. The mixture was
degassed for 90 minutes at 140 °C, and then the temperature was raised to 200 °C under N2
atmosphere till the solution became clear. This clear iodide solution was swiftly injected into
the thallium solution kept at 170 °C, and the reaction was quenched immediately after the
addition using an ice bath to obtain 8.4 nm TII NCs. After centrifuging the reaction product at
3000 rpm for 1 min, the precipitate obtained was discarded, and the supernatant was taken up
for further washing. The NCs from the supernatant solution were precipitated by adding a
small amount of tert-butanol as an anti-solvent. The obtained NCs were dispersed in hexane
and kept in the refrigerator for 30 minutes.

TIBr NCs were synthesized using the same procedure with a few changes involving 1 mmol
TINOz and 2 mmol of tert butyl ammonium bromide, and the final reaction was carried out at
300 °C.

Characterization

Powder X-ray diffraction (PXRD) of drop cast films of TIX NCs was carried out by Bruker
D8 Advance X-ray diffractometer with Cu K, (1.54 A) radiation. An orthorhombic phase of
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TII NCs and a cubic phase of TIBr NCs were confirmed from the PXRD pattern at room
temperature as shown in Figures 2a and 2b.

TEM images were collected using a JEOL JEM-2100F electron microscope with a 200 kV
electron source. The average diameter of Tl NCs and TIBr NCs obtained from TEM images

are 8.4 £1.2 nm and 28.7 + 3.2 nm respectively, as shown in Figures 2c and 2d.

The UV-Visible absorption spectrum of TIX NCs in hexane was collected using Perkin Elmer
Lambda-45 UV/vis spectrometer, as shown in Figures 2e and 2f (red). UV-visible absorption
spectrum shows the excitonic absorption peak around 438 nm for TIl NCs and around 400
nm for TIBr NCs. According to previous reports, the average diameter of TIl NCs (8.4 nm)
and average diameter of TIBr NCs (28.7 nm) are more than their excitonic Bohr excitonic
diameter ( ~8.8 nm for TII and ~9.7 to 24.6 nm for TIBr ).1>*® Hence colloidal NCs are in a

weak quantum confinement region or no confinement region.

Photoluminescence (PL) spectra of Tll and TIBr NCs were recorded using Edinburg FLS980
spectrophotometer, as shown in Figures 2e and 2f (blue). The peak of PL spectrum centred is
at 480 nm as measured for TIl NCs of diameter 8.4 nm with PLQY of about 6% obtained for
TII NCs. The peak of the PL spectrum shows peak at 435 nm for TIBr NCs of diameter 28.7
nm with PLQY of about 10%. Both the NCs dispersed in hexane were illuminated with a
wavelength of 365 nm. Photoluminescence quantum yield (PLQY) of Tl and TIBr NCs were
obtained with the help of sodium salt of fluorescein dye in water used as a reference (PLQY
=0.92 in water)
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Figure 2. a-b) PXRD of TIl and TIBr NCs c-d) TEM Images of TIl (on 50 nm scale) and TIBr
NCs (on 20 nm scale) and e-f) UV-visible absorbance (red) and PL spectrum (blue) of TlI
and TIBr NCs. Reproduced from ref.  with permission from the Royal Society of Chemistry.

TIX NCs film characterization

TIX NCs films were made by drop-casting colloidal NCs dispersion in hexane onto the non-

conducting polystyrene substrate.

The UV-Visible absorption spectrum of TIX NCs films (Figures 3b and 3d) was collected
using Perkin Elmer Lambda-45 UV/vis spectrometer. Polystyrene, a non-conducting
substrate, was used as a reference while measuring the absorption spectrum of thallium halide
NCs films. UV-visible absorption spectrum shows the excitonic absorption peak around 438
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nm for TII NCs film and around 400 nm for TIBr NCs film. TIX NCs films show a bandgap
similar to colloidal NCs, and observed excitonic peaks of TIX NCs films are very close to the
bulk bandgap values of respective semiconductors, showing that NCs are in a very weak

quantum confinement region or no confinement region.

The thickness of TIXs films was measured using an optical surface profilometer, ZETA
instrument. Thicknesses measured for TIBr NCs film (Figure 3c) and TII NCs films (Figure

3d) were 11+0.9 um and 8+0.7 um, respectively.
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Figure 3. Absorbance of a) TIBr NCs b) Tl NCs films and, film thickness of c¢) TIBr NCs d)
TII NCs. Reproduced from ref. & with permission from the Royal Society of Chemistry.

For TRTS measurement of TIX NCs film, the radii of pump and probe beams at the sample
were 1.6 mm and 0.4 mm as measured by the knife-edge method.

(48]



Chapter 3: Charge Carrier Dynamics in Thallium Halides (T1X, X=Br, 1) Nanocrystals and
Bulk Films

3.2.2 Bulk TIX (X=Br, 1) synthesis, thin film preparation and characterisation
Bulk TIX Synthesis

Bulk TIBr was prepared via ionic metathesis reaction by Wasim Mir from Dr. Angshuman
Nag's group at IISER, Pune. The reaction was performed at room temperature (24 °C) and
under ambient conditions. Thallium nitrate (TINO3) 0.5 mmol, 124.5 mg was dissolved in 5
mL dimethylformamide (DMF). In a separate vial, potassium bromide (KBr) 0.5 mmol, 59.5
mg was dissolved in 1 mL DMF. The KBr solution was then slowly added to TINO3 solution
under vigorous stirring leading to the formation of yellowish precipitate. The product was
separated by centrifugation at 5000 rpm, and the precipitate was washed three times with
methanol. Once the powder sample of TIBr was made, we ground the powder for several
hours to make the particle size smaller and uniform. Next, isopropyl alcohol was added to
the TIBr powder to make TIBr paste. Several films were made on non-conducting high-
density polyethylene (HDPE) substrate using doctor blade method.?

Bulk TII film was made from a powder sample of TII purchased from Sigma-Aldrich. The
thin film of bulk TIl was prepared in the same manner by coating IPA solution (paste) of TII
on HDPE substrate using doctor blade procedure.

For THz studies, the appropriate film was selected by measuring film thickness.
Characterization

Powder X-ray diffraction of bulk TIX film samples were carried out by Bruker D8 Advance
X-ray diffractometer with Cu K, (1.54 A) radiation. A cubic phase of TIBr and an
orthorhombic phase of TII were confirmed from the PXRD pattern at room temperature
(Figures 4a and 4b).2

UV-visible absorption spectra of both bulk TIBr, TII films were recorded using a Shimadzu
UV 3600 plus spectrophotometer in reflection mode. Barium sulphate (BaSO4) was used as a

reference. Here we recorded diffuse reflectance, R, from the sample and reference. Diffuse

_py2
reflectance, R, was used to obtain the Kubelka-Munk Function, F(R) = % = % here, R =
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RRS‘I&. Bandgaps of bulk TIX were obtained with UV-visible absorption spectra and
Ref—-BaS04

Tauc plot. Bandgaps of bulk TIBr and bulk TlI are 2.97 eV and 2.73 eV, respectively (Figures

4c and 4d).
The thickness of TIXs films was measured using an optical surface profilometer from ZETA

instruments. Thicknesses obtained for TIBr NCs film and TII Ncs film were 67.8 £ 4.9 um

and 26.4 = 2.7 um (Figures 5a and 5b), respectively.
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Figure 4. PXRD of bulk TIX: a) TIBr b) TII. Diffuse reflectance spectra and Tauc plot show
bandgap of bulk TIX: c) bulk TIBr and d) bulk TII.
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Figure 5. The film thickness of a) Bulk TIBr and b) Bulk TII.

For TRTS measurement of bulk TIX film, the average diameters of pump and probe beams at

the sample were 1.4 mm and 0.8 mm, measured by the knife-edge method.

3.2.3 THz-TDS and TRTS experiment

Experimental setup, data acquisition, and data analysis procedures for THz-TDS and TRTS

experiments of thin film are discussed in detail in Chapter 2.

3.3 Results and Discussions

3.3.1 Charge carrier dynamics in Thallium halide NCs films

a) Frequency-averaged scans (pump scans)

We studied charge carrier dynamics of TIBr and TIl NCs films using the TRTS technique in
transmission geometry. TIX films were photoexcited using a wavelength of 400 nm. For the
TRTS experiment, TIBr and TII NCs solution were drop-casted on non-conducting
polystyrene substrates. Thicknesses for TIBr and TII were found to be around 11+0.9 um and
around 8+0.7 um, respectively. A pump wavelength of 400 nm creates photoexcited charges
just above the bandgap with very low extra energy.

In the first part of the TRTS experiment, which is simply frequency-averaged scans or pump
scans, the gate beam delay is fixed at a position such that the maximum of the THz (electric

field) waveform is detected. The maximum of THz electric field is monitored with respect to
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pump-probe delay of up to 1500 ps in the absence of the pump wavelength and in the
presence of the pump wavelength. We use two computer-controlled mechanical stages to
manipulate the gate delay and the pump-probe delay (see Chapter 2 for details). In frequency-
avaraged TRTS, photoinduced change in the transmission of the maximum (peak) of THz

field is measured as a function of pump-probe delay time (t,,),

AT(ty) = Ton — Toss 1)

Here T,, is the transmitted THz field through the photoexcited sample (pump-on), which
changes with pump-probe delay and T,/ is the transmission of the THz field through the
non-excited sample, which remains constant over the delay. AT is measured by collecting

change in THz electric field.

AE(tp) = Eon - Eoff (2)

Here E,, and E, s are THz electric fields transmitted through the photoexcited and unexcited
samples respectively. TIX samples were photoexcited for different fluences (photons energy
per unit area) at room temperature. In TIBr NCs film, fluences were used from 7 to 24
pJ/em?; in T NCs film fluences were used from 5 to 23 pJ/cm?. Photon density (Npj,) was
calculated from experimentally measured fluence (F;) using the following relation,

_ F(1-107%P%)

Non = ©

Here 6(:(”)le(2)) is the penetration depth, hv is photon density and OD; is the optical

density at the pump excitation wavelength (400 nm). Since thallium halides have excitonic
binding energy (~6.5 meV** 2! for TIBr and ~17 meV?? 2 for TII) below room temperature
Kinetic energy (25 meV), it is assumed that one photon creates two photoexcited charge
carriers, one electron and a hole.'® Total carrier density (N,) was calculated from equation 4.
No =@ 2 Npy 4)

Here, ¢ is the photon-to-charge carrier ratio. In this experiment Np;, varies from 0.85 x 10%°
to 3.05 x 10 cm for TIBr NCs film and 0.9x 10% to 4.25 x 10*® cm™ for TIl NCs film.

Differential transmission (TAT

) can be converted to photoconductivity (Acg) using thin film

off
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approximation when the thickness of the film is less than the wavelength of THz frequency
range (1THz = 300 um). According to the thin film approximation, photoconductivity is

given by equation 5.242°

—AT(t,)

1
Ao (t,) = 7od (ng + nb)Tff (5)

Here z, (1/g,c) is free space impedance and equals 377 Q. d is the film thickness. n, and n,
are refractive indices on either side of the photoexcited film. We use photoconductivity to

find initial, peak carrier mobility and diffusion length, which will be discussed further.
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Figure 6. Fluence-dependent THz transients a) TIBr NCs film and c) TII NCs film. Maximum
of negative differential transmission versus fluence and their linear fits for b) TIBr NCs film
(adj. R?~0.99) and d) Tl NCs film (adj. R?>~0.95). Reproduced from ref. & with permission
from the Royal Society of Chemistry.

Figures 6a and 6¢ show the charge carrier dynamics of TIBr and TIl NCs films as a function
of pump-probe delay. The maximum negative differential transmission increases when

fluence increases due to an increase in the photoinduced absorption. Figures 6b and 6d show
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the linear relation between maximum differential transmission and excitation fluence of TIX
NCs films.

To understand charge carrier dynamics of TIX NCs films, THz transients were fitted using a
multiexponential function convoluted with a Gaussian function. First, each THz transient was
normalised to its peak value. The following relation has been utilised to fit THz transients

(see Chapter 2 for details about equation 6).2

y=G(t- t0)®z aexp [—(t —to)/t; ] (6)

We obtained time constants t; for every fitted THz transient. For TIBr NCs film, we required
three exponentials; for TII NCs film, we needed two exponentials for a good fit. The first
difference in carrier dynamics of Thallium halides can be found in their dependence on
fluence. Figure 7 shows that T1Br NCs film’s carrier dynamics is fluence-dependent, and that
of TII NCs film is fluence-independent at experimental condition (i.e. fluence/photon density
used in the present experiment). Carrier dynamics seem to slow down with fluence increasing
for TIBr NCs film.
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Figure 7. Normalised THz transients of a) TIBr NCs film and b) TII NCs film and their
multiexponential fits. Reproduced from Ref. 8 with permission from the Royal Society of
Chemistry.

Three time constants were obtained for TIBr NCs film and are plotted against total carrier
density, as shown in Figure 8. The fastest time constant is almost fluence independent,
whereas intermediate time constants increase with the fluence from 155 ps to 240 ps. The
slowest time components change from 1650 to 1270 ps with fluence increment. Average

lifetimes < t > were obtained for each THz transient using the following equations.?’
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<t>= Zfi t; (7
fi= aiti/z a; t; (8)

The average lifetime decreases from 1300 to 800 ps on increasing fluence.

Now let us discuss the possible processes involved in the photoexcitation dynamics of TIBr
NCs. Since the smallest component does not vary with fluence, this process is assigned to
trap states filling. Intermediate time components are interesting as these time components
slow down with fluence and could be due to the trap saturation process.?® 2° A similar trend
in relaxation time with an increase in power (in the same order of time component) was found
in undoped semi-insulating GaAs, possibly due to trap-saturation as free electrons density
being larger than surface trap density.*® The slowest time component could be assigned to the
bimolecular recombination process.3!

The charge carrier dynamics of TII NCs film show fluence independent behaviour and is
much faster than the TIBr NCs film. Two time constants were obtained by fitting THz
transients except for the lowest fluence-dependent THz transient. The fast time component is
independent of fluence and could be assigned to the trap-filling process. The slow time
component is also independent of fluence and could be another trap-filling process or a
weakly active bimolecular process. The fast and the slow time components are around 20 ps
and 100 ps, respectively. Tables 1 and 2 show time constants obtained from fitting THz
transients of TIBr NCs and Tl NCs films, respectively.

Table 1. Fitting Parameters for THz transients of TIBr NCs film under photoexcitation of 400
nm wavelength. (Errors are given in parentheses.)

Fluence <t>
(UJ/CI’T]Z) t1(ps) a, t; (ps) a; t3(ps) as (ps)

445 0.481 240.0 0.223 1133 0.282 953.0

241 02 | 0003 | @0 | ©o004) | 11.0) | 0002 | (84)

| 405 | 0528 | 2270 | 0251 | 1269 | 0208 | 10200
0.2) | 0002 | 30) | (0.001) | (13.0) | (0.002) | (11.8)

| 220 | 0534 | 1720 | 0313 | 1664 | 0132 | 13150

0.2) | (0.002) | (2.0) | (0.001) | (23.0) | (0.001) | (20.9)
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318 | 0586 | 1558 | 0212 | 1655 | 0.148 | 1386.0
0.3) | (0.004) | (3.4) | (0.003) | (24.0) | (0.001) | (17.6)

Table 2. Fitting Parameters for THz transient of TII NCs film under photoexcitation of 400
nm wavelength. (Errors are given in parentheses.)

Fluence <t>
(Wiem?) | & (ps) % £2 (pS) 42 (ps)
23 35.4 0.679 146.7 0.303 107.6

0.1) | (0.002) | (07) | (0.002) | (0.625)
24.8 0.371 93.9 0.643 84.8

17 ©0.4) | (0.004) | (0.4) | (0.005) | (0.4)
" 220 | 0443 | 1369 | 0536 | 1234
(05) | (0.003) | (05) | (0.002) | (05)
- 714 | 0831 (701'2‘;
0.2) | (0.002) '
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Figure 8. Time constants of TIBr NCs films obtained by the fitting multi-exponential function
(with their respective error): a) fastest time (t;) and intermediate time constants (t,) b)
Slowest time constant (t;) and average time constants (< t >).

b) Mobility and diffusion length

One of the main advantages of the TRTS technique is obtaining carrier transport parameters
such as mobility and diffusion length in a non-contact fashion. This could be advantageous in
very small particles where measuring physical constants for electronic and transport
properties is either difficult or impossible. Here we have measured the mobility and diffusion
length of TIBr and Tl NCs film for the experimental fluence range. Effective mobility (¢u)
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and diffusion length (Lp) at the peak photoconductivity (Ao) are calculated from equations 9
and 10.

du

D =

_Ao

qNy

<t > ukgT
q

(9)

(10)

Here peak photoconductivity is calculated by using equation 5 (in which the peak value of

negative differential transmission (

—AT
Tofs

) considered). We determine the effective mobility

from frequency-averaged TRTS scans and which will provide a lower bound to mobility. In

the present study, the TIBr NCs film has a diffusion length of about 0.8 um and charge carrier

mobility of around 250 cm?/Vs. Figure 9 displays effective mobility and diffusion length as a

function of carrier density. TII NCs film has lesser mobility than TIBr NCs films.
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Figure 9. a) Mobility and b) Diffusion length (break on y-axis from 0.3 to 0.6 zm) of TIX NCs
film. Reproduced from ref. 8 with permission from the Royal Society of Chemistry.

Table 3. Parameters extracted from pump scans at different pump fluences at 400 nm pump
wavelength. ( Peak conductivity= Aay,..k) (Errors are given in parentheses.)

Fluence Photons No —AE AGpeqr Mobility Avg. Diffusion
(Wem?) | (0% cm? | (10%cm?) | g, (max.) (Sm) (cm2Vis?) | lifetime | length
per pulse) (ps) (um)
TIBr NCs
24 4,76 6.10 0.042 25.3 259 953.0 0.805
(0.002) (1.0) 9.9) 84) | (0.019)
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3.41 4.37 0.026 15.4 221 1020.0 0.769
(0.002) (1.0) (14.1) (11.8) (0.029)

2.18 2.79 0.017 9.9 220 1315.0 0.872
(0.001) (0.7) (14.6) (20.9) (0.036)

1.33 1.70 0.012 7.1 260 1386.0 0.973
(0.001) (0.8) (28.7) (17.6) (0.059)

TIINCs

4.64 8.45 0.030 25.1 186 107.6 0.229
(0.003) (2.2) (16.3) (0.625) (0.011)

3.42 6.22 0.016 13.0 131 84.8 0.171
(0.001) (0.6) (5.79) (0.4) (0.004)

2.19 3.99 0.010 8.3 130 123.4 0.205
(0.001) (1.0) (15.9) (0.5) (0.013)

0.97 1.76 0.003 2.6 91 71.4 0.130
(0.0005) (0.5) (16.3) (0.2) (0.012)

C) Frequency-resolved scans (probe scans)

Frequency-resolved THz study can reveal the nature of the photoexcited charge carriers,
photoinduced phonons, carrier-phonon coupling, etc.®? In frequency-resolved THz study,
time-domain signals of the photoinduced change in THz electric field (AE) and steady-state
electric field (E,sf) are collected at various pump-probe delay (t,). Time-domain signals are
Fourier transformed using thin film approximation to obtain frequency-domain complex

photoconductivity spectrum (Figures 10a and 10b).

-
a) A g ) b) 60 t=5pS  emmmReal
6l 0 t=5ps —Eo(t) = Imaginary
: 1 = -
_ £ AE(t,)x40 £ w0l
; %)
3 0.2 =
T 5 204
3.,
ic 0.0
°
3
-0.2 b
T -204
-04
T T 4_l T T T -40 ) 3 . 2 Y
00 05 10 15 20 25 30 1 2 3 4 5
Time (ps) Frequency (THz)

Figure 10. a) Photoinduced change in THz electric field (red) and unexcited electric field
(blue) and b) Real and imaginary parts of photoconductivity at the pump-probe delay of 5 ps.
Reproduced from ref. & with permission from the Royal Society of Chemistry.
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Photoconductivity spectra were collected for three different fluences, 7 pJ/cm?, 17 pd/cm?
and 24 pJ/cm? under 400 nm photoexcitation for TIBr NCs film for various pump-probe
delays as shown in Figure 11. As clearly seen in Figure 10b, the real part of
photoconductivity is positive, and the imaginary part of the photoconductivity (at a delay of 5
ps) is negative in the low frequency range and positive in the high-frequency range. Real
photoconductivity is positive with broad peaks, and imaginary conductivity is negative and
positive in magnitude with several inflection points where peaks occurred in the real part of
photoconductivity. This kind of complex conductivity spectra implies the presence of the free
carriers with backscattering (i.e. charge carrier localization with nanoparticles), and the
presence of absorption peaks is most likely due to phonon modes. Complex
photoconductivity spectra at several pump-probe delays were fitted to the Drude-Smith and
Lorentz oscillator models. We combine both models in the following expression (equation
11).

O4c (o}

dc €
(1-iwt) + (1 - iwTt)? Z (w— l‘L'l(a)Z — W ) (11)

6(w) =

The first two terms of the right side of equation 11 represent Drude-Smith conductivity, and
the last term describes resonance in the photoconductivity in the form of the Lorentz
oscillator. 33 Here, 7 is the scattering time of photocarriers, c is the constant related to carrier
localisation. ¢ varies from 0 (no localisation or pure Drude-type (free carriers) response) to -1
(maximum localisation). w; represents the frequency of i" oscillator and z; is in the unit of

time and it is the related to width of i™ oscillator and oscillator strength by equation 14 .
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Figure 11. Photoconductivity spectra at various delays with Drude-Smith and Lorentz
oscillator model fitting for a-c) Real parts of complex photoconductivity d-f) Imaginary parts
of complex photoconductivity for TIBr NC film under 400 nm photoexcitation at fluences of 7

pd/em? (a & d), 17 pd/em? (b & e), and 24 pd/cm? (c & f).

d) THz time-domain spectroscopy of TIBr NCs film

We have performed THz time-domain spectroscopy (THz-TDS) on TIBr NCs films on a
polystyrene substrate. Refractive index and absorption coefficient were obtained for the thin
film on the substrate, as discussed in Chapter 2. Figure 12a shows time-domain THz
waveforms (signals) transmitted through the reference (polystyrene substrate) and TIBr NCs
film. These time-domain waveforms are Fourier transforms using Duvillaret’s algorithm to
obtain the complex refractive index of TIX NCs film.3*

The absorption coefficient shows a broad peak around 2 THz, as seen in Figure 12b. Few
theoretical and experimental studies were available on lattice vibrations of thallium halides
such as TIBr, TICI, and TII. Several modes have been observed around 2 THz in the inelastic
neutron scattering experiment.®3" A broad peak near 2 THz in our steady-state THz
measurement could be TO phonon mode. A prominent peak around 1.8 THz in the transient
photoconductivity spectra (Figure 11) is closely related to the peak observed near 2 THz in

the steady-state absorption spectrum obtained using THz-TDS Figure 12b).
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Figure 12. a) Time-domain THz signals transmitted through the reference and TIBr NCs film.
b) Refractive index and absorption coefficient vs TH frequency of TIBr NCs film.

e)

Parameters obtained from frequency-resolved THz study

TRTS offers to measure some crucial semiconductor parameters in a non-contact fashion by

modelling complex photoconductivity spectra at different delays. Drude-Smith Scattering

time (7), Drude conductivity (ag,), carrier density n(t,), mobility u(t,), plasma frequency

(wp) and oscillator strength (f;) for i"" oscillator are obtained by fitting experimental

photoconductivity spectra at the specific delay (t,).

n(ty) =

=2
o = |2
P &oT

(12)

(13)

(14)

(15)

Here o, and t; are in units of conductivity and time, which are used to obtain the i Lorentz

oscillator strength at a resonance angular frequency w;. &, is the permittivity of free space

(8.85 x 102 F.m™). my,,.is the average mass of an electron and a hole. Average mass is
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mg+my,

calculated from mg,, = where m; (= 0.28m,) and m;, (= 0.72m,) are effective

masses of electron and hole, with m, (=9.1 x 103! kg ) is the mass of electron.®

The scattering time (7) of photocarriers is a fundamental parameter of semiconductors. This
study obtains 7 using TRTS with an average value of ~100 fs, as shown in Figure 13a; it
remains almost the same for all the fluence and different delays (up to 200 ps as shown in
Figure 13). Scattering time of about 100 fs is observed in many inorganic semiconductors,
studied by THz spectroscopic techniques.®® 3 Carrier density is found to decrease with
increasing delay, and it is evident that carriers start recombining after photoexcitation, and

their density is supposed to reduce with increased pump-probe delays.

-
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Figure 13. a) Scattering time and b) Carrier density (with their error) obtained from fitting
the frequency-resolved THz scans to Drude-Smith and Lorentz model (equation 11).
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Figure 14. Mobility (with their error) obtained from fitting the frequency-resolved THz scans
to Drude-Smith and Lorentz oscillator models (equation 11).
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Interestingly, carrier mobility is found to be very high value (>350 cm?/Vs) and does not
change with the pump-probe delay of at least up to 200 ps. There is slight variation in
mobility value for different fluences, as shown in Figure 14. Tables 4 to 9 show various
parameters (related to Drude-Smith and Lorentz oscillators models) obtained from fitting
complex photoconductivity with equation 11. These transport and other parameters can be

utilised in applications dealing with photoexcited properties.

Table 4. Parameters (Drude-Smith) obtained by fitting Drude-Smith and Lorentz model for 7
pJ/cm?. (Errors are given in parentheses.)

T w n(t u(t
tp (Ps) C | GacGM) | g (TH2) (1015( gr)n'3) (crr1(27\)/s)
) 1 201 985 6.8 7.2 346

004 | (13) (3.9) (0.2) (0.5) (14)

99.6

1 36.2 6.4 6.5 350

S 005 | (12) (3.9) 0.2) (0.5) (14)
0 1 33.0 98.9 6.1 5.9 347
0.05) | (12 (4.4) (0.2) (0.5) (15)

2 1 205 98.3 5.8 5.3 345
0.06) | (10) (4.1) (0.2) (0.4) (14)

i 1 275 103.0 5.5 47 362
0.06) | (0.9) 4.7) (0.2) (0.4) (16)

0 1 213 99.0 4.9 38 348
0.05) | (08) (4.5) (0.2) (0.3) (16)

0 1 217 96.2 5.1 2.0 338
0.06) | (0.7) (4.4) (0.2) (0.3) (15)

" 1 18.9 89.2 4.9 38 313
(0.05) | (0.6) (4.1) (0.2) (0.3) (15)

. 1 16.3 89.0 45 33 313
0.05) | (05) (3.9) (0.2) (0.3) (14)

” 1 17.2 112.0 417 273 393
0.05) | (0.1) @8) | ©16) | (0.21) (17)

200 1 12.8 96.1 3.88 237 338
0.05) | (05) @5 | (017) | (0.20) (16)

Table 5. Parameters (Lorentz oscillator) obtained by fitting Drude-Smith and Lorentz model
for 7 pd/cm?. (Errors are given in parentheses.)

H H ; f f
tp (ps) 01 (S/m) (THZ) Tl(ps) ) (S/m) (THZ) (pé) (1012 é/ms) (1013 SZ/mS )
0 6.6 0.75 1.8 27.8 1.797 1.0 3.6 2.8
(2.8) (0.02) (1.4) (2.1) (0.006) (0.1) (4.3) (0.6)
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5 7.9 0.75 1.8 23.5 1.797 1.0 4.5 2.4

(2.5) (0.01) (1.0) (1.9 (0.007) (0.2) (4.0) (0.5)

10 7.8 0.73 1.6 22.7 1.771 1.1 4.7 2.1
(2.5) (0.02) (1.0) (2.0) (0.007) (0.2) (4.3) (0.5)

20 8.0 0.71 15 17.1 1.791 0.8 54 2.0
(2.0) (0.01) (0.7) (1.4) (0.008) (0.1) (4.0) (0.5)

30 5.3 0.69 1.6 26.1 1.763 1.1 3.2 2.4
(2.1) (0.02) (1.3) (1.6) (0.005) (1.2) (3.9) (0.4)

40 6.3 0.76 1.6 19.3 1.753 1.3 3.9 1.5
(1.6) (0.01) (0.7) (1.5) (0.005) (0.2) (2.8) (0.3)

50 5.4 0.72 1.5 20.9 1.767 1.2 3.6 1.7
(1.7) (0.02) (0.9) (1.5) (0.005) (0.2) (3.2) (0.3)

60 5.2 0.75 1.7 19.0 1.788 1.3 3.1 15
(1.6) (0.01) (0.9) (1.4) (0.004) (0.1) (2.6) (0.3)

20 4.5 0.75 1.4 10.2 1.777 1.1 3.3 0.9
(1.2) (0.01) (0.7) (1.0) (0.007) (0.2) (2.4) (0.2)

80 3.3 0.71 1.8 15.7 1.779 1.1 1.8 1.4
(1.3) (0.02) (1.3) (0.9) (0.004) (0.1) (1.9) (0.2)

200 1.4 0.77 2.7 7.9 1.855 0.7 0.5 1.1
(1.3) (0.03) (4.2) (0.7) (0.009) (0.1) (1.3) (0.3)

Table 6. Parameters (Drude-Smith) obtained by fitting Drude-Smith and Lorentz model for
17 wd/cm?. (Errors are given in parentheses.)

c T Wy n(t u(t,)
tp (Ps) Oac (SIM) | £ (THz) | (10 gr)n'3) (cm2IVs)
. 1 53.7 104.0 764 9.18 365

005) | (L7) @1) | (27 (0.66) (14)

- 1 457 102.0 711 7.97 358

(0.05) | (L5) @4 | (027 (0.61) (15)

0 1 418 104.0 6.74 715 365
0.05) | (La) 43) | (0.25) (0.53) (15)

" 1 371 1045 6.34 6.33 367
0.05) | (13) 45 | (0.25) (0.49) (16)

" 1 316 1038 | 586 5.41 365
005) | (L1) 46) | (0.23) (0.43) (16)

” 1 27.9 98.1 5.66 5.05 345
005) | (L1) 45 | (0.24) (0.43) (16)

" 1 246 97.6 5.34 4.48 343
007) | (1L1) 1) | (0.25) (0.43) (18)

” 1 20.6 98.2 4.87 373 345
0.06) | (0.9) 51) | (0.24) (0.36) (18)

” 1 20.2 975 4.84 3.68 342
0.06) | (0.9) @6) | (022) (0.33) (16)

100 1 16.2 94.8 4.39 3.03 333
0.06) | (0.7) G7) | (021) (0.30) (18)

[64]




Chapter 3: Charge Carrier Dynamics in Thallium Halides (T1X, X=Br, 1) Nanocrystals and

Bulk Films

Table 7. Parameters (Lorentz oscillator) obtained by fitting Drude-Smith and Lorentz model

for 17 pJ/cm?. (Errors are given in parentheses.)

wq wWo fl fz

HES) | oM | TH) | nes) | e Gm) | (THy | | 0% ] g
®) | sims) | s/ms)

0 11.5 0.75 1.6 395 1.773 1.0 7.2 4.0
(3.5) (0.02) (0.9) @.7) 0.006) | (0.1) 6.2) 0.7)

5 11.3 0.75 1.7 43.9 1.776 1.2 6.6 3.7
(3.4) (0.01) (0.9) 2.8) 0.004) | (0.1) (5.5) (0.6)

10 9.6 0.75 1.76 29.5 1.785 1.0 55 2.8
(3.0) (0.97) (1.75) 2.3) 0.009) | (0.1) (7.2) (0.6)

20 9.5 0.76 1.76 28.1 1.778 1.0 54 2.8
2.7 (0.01) (0.89) @.1) (0.006) | (0.1) 4.3) (0.5)

40 8.0 0.76 1.83 27.3 1.758 1.1 4.3 2.5
2.4) (0.01) (0.97) (1.9) (0.005) | (0.1) 3.7) (0.4)

50 8.9 0.76 1.23 22.1 1.786 0.8 7.2 2.6
(1.8) (0.01 (0.5) (15) (0.006) | (0.1) 4.3) (0.5)

60 10.0 0.74 1.1 23.3 1.773 1.0 9.5 2.7
(1.8) (0.01) (0.4) .7 (0.006) | (0.1) (5.1) (0.4)

70 10.6 0.76 1.1 15.0 1.797 0.8 9.3 1.8
(L5) (0.01) 0.3) (1.2) 0.008) | (0.1) (3.9) (0.4)

80 9.6 0.76 1.1 12.5 1.812 0.8 9.1 15
(13) (0.01) 0.3) (1.1) 0.009) | (0.1) (3.6) 0.4)

100 7.5 0.76 1.1 18.1 1.748 1.5 6.9 1.2
(13) (0.01) (0.4) (1.4) 0.004) | (0.2) (3.4) 0.3)

Table 8. Parameters (Drude-Smith) obtained by fitting Drude-Smith and Lorentz model for
24 nd/icm?. (Errors are given in parentheses.)

T Wp n(tp) “(tp)
tp (pS) c oac (SIM) | g (TH2) | 0% cm?) | (cm?/vs)
1 51.1

91.0 7.96 9.98 320

0 (0.06) (2:3) (4.8) (0.40) (0.97) (17)
- 1 158 89.7 759 9.08 315
(0.06) (1.8) (4.6) (0.35) (0.83) (16)

0 1 148 1003 711 7.95 352
(0.05) (L.7) 4.7) (0.30) (0.67) (16)

” 1 38.4 86.0 7.10 7.93 302
(0.06) (1.5) (4.5) (0.33) (0.73) (16)

" 1 325 100.2 6.06 5.78 352
(0.06) (1.3) (4.94) (0.27) (0.51) (17)

0 1 27.0 92.0 5.76 5.23 323
(0.06) (1.2) (4.9) (0.28) (0.51) (17)
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50 -1 28.0 91.8 5.87 5.43 322
(0.06) (1.2) (4.7) (0.27) (0.51) 17
60 -1 25.6 91.3 5.63 4,99 321
(0.06) (1.1) (4.9) (0.27) (0.47) 17
70 -1 21.6 98.9 4.97 3.89 347
(0.06) (1.0) (5.5) (0.26) (0.40) (19)
80 -1 18.1 91.1 4.74 3.54 320
(0.06) (0.8) (5.1) (0.24) (0.36) (18)
100 -1 17.2 86.0 4.75 3.55 302
(0.06) 0.7) (4.6) (0.22) (0.33) (16)
125 -1 14.8 84.0 4.47 3.14 295
(0.06) (0.7) (5.0) (0.25) (0.36) (18)
150 -1 14.1 99.0 4.02 2.54 348
(0.06) (0.6) (5.9) (0.21) (0.27) (21)

Table 9. Parameters (Lorentz oscillator) obtained by fitting Drude-Smith and Lorentz model
for 24 pJ/cm?. (Errors are given in parentheses.)

W1 W7 T fi f2
t, (pS) | o, (S/m) | (THz) 7,(ps) | 0, (S/Im) | (THz) 2 (10%2 (108
(ps) S/ms) S/ms )

0 21.2 0.77 1.0 20.3 1.819 0.9 39.2 4.4
(3.7) (0.01) (0.4) (3.3) (0.008) (0.1) (10.4) (1.0)

5 14.6 0.77 1.6 9.3 1.799 1.1 34.8 3.1
(4.0) (0.01) (0.8) (3.4) (0.007) (0.2) (7.1) (0.8)

10 12.9 0.75 1.6 8.15 1.776 1.1 41.7 3.6
(3.5) (0.01) (0.8) (3.0) (0.005) (0.1) (6.2) (0.7)

20 11.6 0.77 1.7 7.0 1.795 11 29.9 2.7
(3.6) (0.01) (0.9) (2.9) (0.007) (0.2) (5.9) (0.7)

30 7.6 0.76 1.7 4.4 1.808 1.0 21.5 2.2
(2.8) (0.01) (1.1) (2.1) (0.008) (0.2) (4.5) (0.6)

40 8.3 0.77 14 5.7 1.840 0.9 19.2 2.1
(2.4) (0.01) (0.7) (1.9) (0.009) (0.1) (4.6) (0.5)

50 6.7 0.76 1.6 4.2 1.812 0.9 20.0 2.2
(2.5) (0.02) (1.0) (1.8) (0.008) (0.1) (4.3) (0.5)

60 8.6 0.76 15 6.0 1.809 11 23.2 2.0
(2.2) (0.01) (0.7) (2.0) (0.006) (0.2) (4.4) (0.5)

70 10.5 0.79 11 9.2 1.769 1.2 24.1 2.1
(1.7) (0.01) (0.3) (1.7) (0.005) (0.1) (4.3) (0.4)

80 55 0.75 15 3.6 1.816 0.8 10.6 14
(1.7) (0.02) (0.9) (1.2) (0.011) (0.1) (3.0) (0.4)

100 2.9 0.77 1.9 15 1.830 1.1 11.4 1.0
(1.8) (0.03) (2.0 (1.3) (0.009) (0.2) (2.5) (0.3)

195 54 0.78 15 3.7 1.746 1.2 13.3 1.2
(1.6) (0.02) (0.8) (1.4) (0.007) (0.2) (2.9) (0.3)

150 5.3 0.78 2.1 2.6 1.760 1.3 12.0 0.9
(1.6) (0.01) (1.0) (1.3) (0.007) (0.2) (2.1) (0.3)
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200 3.7 0.79 1.6 2.3 1.762 1.2 9.9 0.8
(1.4) (0.02) (1.0) (1.2) (0.008) (0.2) (2.3) (0.3)

Together with pumps scan and probe scans, we obtained different transport parameters. In
high bandgap semiconductors, in present case of TIBr NCs film, high carrier mobility and

long diffusion lengths might suggest a minimal density of deep-trap states in TIX NCs.

f) Comparison of frequency-averaged and frequency-resolved studies

We have compared the THz kinetics obtained from frequency-averaged and frequency-
resolved studies. Carrier dynamics obtained from both methods are similar to the pump-probe
delay time, which is less than 275 ps, as shown in Figure 15. Carrier density at particular
pump-probe delay (t,) is calculated from Drude DC conductivity and scattering time (z) as
per equation 12. Normalised carrier density from frequency-resolved (probe scan) at different
delays and normalised THz transients (pump scan) at similar fluence are plotted for
comparing carrier dynamics. Both methods observe a striking similarity in THz kinetics,
which is logically expected as the sample should behave/decay similarly under the same

photoexcitation conditions as shown in Figures 15a, 15b and 15c.
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Figure 15. THz kinetics from frequency-averaged and frequency-resolved THz studies three
excitations fluence a)7 xJ/cm? b)17 pd/cm? and ¢)24 pd/cm?,

3.3.2 Charge carrier dynamics in bulk TIBr and TII

Thin films of thallium halides coated on HDPE substrate were studied using the optical-pump

THz-probe spectroscopy. HDPE has negligible and uniform (flat) absorption in the THz
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range (below 8 THz). Bulk TIBr and TII films were investigated using time-resolved THz
spectroscopy to study charge carrier dynamics and compare charge carrier dynamics with
thallium halide NCs films. To photoexcite the bulk TIX films, a wavelength of 400 nm was
chosen, which excited the sample at band edge or just over the bandgap. The film thickness
was around 67.8 um and 26.4 um for TIBr and TII, respectively. The thickness of the films
were smaller than the wavelength of THz radiation; thallium halide films can be considered
optically thin at THz frequency (1 THz = 300 um). Excitation fluences are in the range of
11.3 to 117 pJ/cm?, we use equations for Npy,.

F,(1-R)
_ 15
Ph 8§ hv (12)
Here § s penetration depth at a pump wavelength of 400 nm from our earlier study on
Thallium halide® and R is reflectance. Carrier density (N,) was found to be varying in the
range of from 1.7 x 10% to 17.6 x 10 cm. N, is calculated from Ngn as Ny = ¢ 2Np,,. Here
@ is the photon to charge conversion ratio. Figures 16a and 16¢ show the plot of negative

AE
Eoff

differential transmissions (— ) against the pump-probe delay time at various fluences for

bulk TIBr and TII films, respectively. We plotted maximum of negative differential
transmission with respect to fluence; this trend varies well with linear relation as shown in
Figures 16b and 16d. We normalised all negative differential transmission traces with their
respective maximum value to observe their fluence dependency (Figures 17a and 17b). We
observed that the carrier dynamics of TIBr slow down with fluence, and the carrier dynamics
of TII remain independent of fluence. We have fitted THz transients of Thallium halides to a
multiexponential function to get different time components. The multiexponential function
was used to model THz transients, and time components for each trace were acquired with
their respective contribution. Table 4 and Table 5 list all the time components obtained from

multiexponential fitting with different excitation fluences.
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Figure 16. Differential transmission of a) bulk TIBr and c) bulk TII (break on the x-axis from
400 to 1200 ps). Maximum of differential transmission vs fluence of and their linear fits b)
bulk TIBr film (adj. R>~0.98) and d) bulk TII film (adj. R?>~0.88).

In TIBr three exponential functions were required to fit THz transients while for TlI two
exponentials were adequate to fit fluence-dependent THz transients.

In TIBr, the fastest time component (t,), which increases very slowly with fluence, can be
assigned to the trap-filling process. The intermediate time component (t,) also rises slowly
with excitation fluence but has a larger magnitude than the fastest time component. This
could be because the trap saturation process and traps involved in the second process could
have different nature than the previous process (relatedt;). Here we note that the
photoexcited carrier density is sufficiently larger than available defect-state density and as a
result the the slowest time component (t;) decreases with fluence. This time constant could
be due to bimolecular recombination or trap-assisted recombination. Overall carrier
recombination with an average lifetime (< t >) of 2330 to 1530 ps becomes faster as fluence
increases. Time constants obtained by fitting THz transients of TIBr and of TII are listed in
the Table 10.

In the case of bulk TII, two time components were obtained with their respective contribution

(Table 11). Both these time components are independent of photoexcitation fluence. The
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fastest time component (t;) is around 20 ps, with a higher contribution to total carrier

dynamics. The slowest time component (t,) is about 100 ps. Trap states filling might be

occurring at a very fast time scale. In contrast, other types of trap-state filling or trap-assisted

recombination could be possible for the slowest process corresponding to 100 ps. Overall

average time scale (< t >) is independent of fluence and almost one order of magnitude

faster than the average time scale of bulk TIBr.

Table 10. Time constants obtained from fitting THz transient of bulk TIBr. (Errors are given

in parentheses.)

Fluence No ty (ps) a t, (ps) a, ts (ps) az | <t>(ps)
pd/cm? | (10% cm)
116.9 1766 34.4 0.310 202.4 0269 | 16727 | 0367 | 1528.9
' ' (0.2) (0.001) (1.3) (0.000) (4.5) (0.000) (3.7)
617 0.3 41.0 0.314 257.4 0318 | 21107 | 0350 | 1896.6
' ' (0.2) (0.001) (2.0) (0.000) | (12.2) | (0.001) | (11.1)
" 264 28.8 0.378 252.9 0.322 2570 0206 | 22229
' ' (0.2) (0.001) (2.5) (0.001) | (41.3) | (0.002) | (39.6)
113 L 15.1 0.546 201.4 0347 | 27721 | 0137 | 2329.9
' ' (0.1) (0.003) (1.9) (0.001) | (71.6) | (0.001) | (69.8)

Table 11. Time constants obtained from fitting THz transient of bulk TII. (Errors are given in

parentheses.)

Fluence No t; (pS) a, t; (ps) a, |<t>(ps)
(wd/cm?) [ (10% cm®)

w | wa | B3 | gme | em s
ws | wa | 2D | g o | g
ws | sw | B | g ms o | ue
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Figure 17. Normalised THz transients of a) bulk TIBr film b) bulk Tl NCs film and their
multiexponential fits.
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Figure 18. Time constants obtained by fitting THz transients of bulk TIBr a) t; and t> with
respective residual (break on y-axis from 50 to 180 ps for visual clarity) b) t3 and <t>( with
respective residual) and c) All time constants and <t> (without residual).

a) Charge carrier mobility and diffusion length of bulk Thallium Halides
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Charge carrier
photoconductivity of the bulk thallium halide and are listed in the Table 12 and Table 13

mobility and diffusion lengths were determined from the peak
below. Fluence dependent mobility and diffusion lengths are plotted in Figures 19a and 19b
respectively. At the lowest fluence of around 11.3 pJ/cm?, mobility is about 65 cm?/Vs, and
diffusion length is approximately 0.6 um for TIBr. At the fluence of 14.3 pJ/cm?, mobility is
found to be 60.95 cm?/Vs and diffusion length is found to be 0.11 um for TIl. The charge
carrier mobility is sufficiently high, and the diffusion length is long for the thin film
considering the experiment was conducted at a photons density of 10° -10' ¢cm=. In the
Table 15, we have compared the mobility and the diffusion length of several large bandgaps

(lie in UV-visible range) semiconductors.

Table 12. Effective mobility and diffusion length of bulk TIBr. (Errors are given in
parentheses.)

Fuece [ P1O00 e | o P iy |

pl/cm? (104 em?) (10 cm3) | (10 cm?®) | Eo (sm) V' cmivs) d
116.9 2.3539 8.83 17.66 (888% (11105.'11) (43067) (83%)
61.7 1.24234 4.66 9.32 (8:823) (739;3 (427l'22) (8:6%)
24.2 0.486475 1.82 3.64 (0%003004) ?0%5) (60?53% (8:383)
113 | 0227545 | 085 1.70 (8:83% (117_'6% (655'71) (g:gg)

Table 13. Effective mobility and diffusion length of bulk TII. (Errors are given in
parentheses.)

Fluence PhOtOInS per Nph No —ak (max.) (I:eatlf it Mobility L
(ul/cm?) (10%‘1 ;?1'2) (10% cm?) | (10 cm?) E, COn(SliT(]:_;;/I Y (cm?/V/s) 4 (um)
117 2.354 12.45 24.9 (8832) ?8217) (125.6721) (8883)
715 1438 76l 15.22 (8:832) (ﬁ:;) (241..7281) (8288?)
14.3 0.288 1.52 3.04 (8:881) (24?'77) ?9%975) (8:(1)33)
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Figure 19. a) Effective mobility and b) Diffusion length (break from 1.5 to 3.5 zm) of bulk
TIBr and TII.

3.4 Comparison of charge carrier dynamics in bulk and nanocrystals thallium halide

films

a) Charge carrier dynamics in Thallium halides

We could qualitatively compare the carrier dynamics of NCs and bulk films by studying their
fluence-dependent THz transients even though we studied them at different photon densities
(ranging from 10%° to 10'® cm™). In bulk and NCs film of TII, similar time scales for carrier
recombination were obtained with photon density of two orders of difference. In TIBr NCs
and bulk film, charge carrier dynamics is found to be slowing down with an increase in the
carrier density. Carrier recombination dynamics in bulk TIBr is slower than that in the NCs
film mostly due to relatively slower trap-assisted recombination process in bulk TIBr.
Overall, we do not observe any stark difference in carrier recombination dynamics of TIX
between NCs and bulk forms. This may have resulted from NC size being larger
than/comparable to the Bohr excitonic radii of TIX. Hence it will be interesting to investigate
and understand the effects of size and quantum confinement on carrier dynamics at smaller

NCs than those examined in this work.

b) Possible defect-tolerance in Thallium halide from mobility and diffusion length
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Our study on NCs of TIBr and TII films reveals very high mobility and long diffusion
length.2 The mobility and diffusion lengths for thallium halides films studied in this chapter
are in the same order compared to halide perovskite film around excitation conditions, as
shown in Table 148 40-42

Generally, semiconductors with bandgap in UV-region possess high density of defects in mid
gap which can be detrimental to their applications.” We have listed semiconductors with
bandgap in UV-range in Table 15, which shows mobility, diffusion lengths and PLQY. High
PL efficiency in such high bandgap semiconductors is also reasonable.

Our study shows that TIBr and TII display high mobility, long diffusion length and fairly high
PL efficiency, and all these features suggest that TIX could be a defect-tolerant

semiconductor system.

Table 14. Mobility and diffusion lengths of our films and metal halide perovskites measured
through the TRTS technique.

Sample Carrier density Mobility Diffusion Ref
(Film) No (cm®) (cm?/Vs) length (um) '
TIBr NCs 1.7 x 101° 260 0.97 8
16 unpublished
TIBr bulk 1.70 x 10 65.1 0.627 (this work)
TIINCs 1.76 x 10 91 0.13 8
16 unpublished
TH bulk 3.04 x 10 60.95 0.113 (this work)
CHANFHPDIs | 107 8.2 ~0.2 “
bulk
FAPb|3 - 15 40
bulk 10 27 3.14
FAPDBY ~10% 14 1.26 40
bulk
CsPbBr3z NCs 1.1 x 108 60 - 42
CsPbBrs thin ~10% 170 0.7 3
film
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Table 15. Mobility, diffusion length and PLQY in semiconductors with bandgap in UV-range.
(* denotes data obtained from thin film)

Optical PLQY Mobility Diffusion Technique
Sample gap (%) (cm2V-ish) Length adapted Ref.
(eV), A (pm) :
TIBrNGs 131 400 | 10 350 0.8 THz  |unpublished
(this work),
THNGs | 58 436 6 250 0.25 THz  |unpublished
(this work),
te =40.2 Conductivity, 44
TiBrbulk un=118 Drift mobility
CSPbCI3 QD 302, 3 1* 45
Solid 410 '
*He =8.5x
Carbon-dots | 2.69, 4-10. 57* 10° FET 46-48
QDs 460 ' *up= 3.8 X measurement
10°
CdS nanorod | 3.2, 383 10 32 v 49,50
characteristics
2.58, 51, 52
CdS NCs 480 6.4
CdS thin 53
film bulk 17 TFT
2.4-21, .
CdseNCs | 450 | rew’- | 1-100 THz 26,54
10%
500
3.3-2.8, 55
ZnSe NCs 370-430 10-50
ZnSe single 267, 40%, THz, I-V 56, 57
Crystal 0.017* characteristics
CdSe/znS 2.53, 30 58
Core shell 490

The wide bandgap semiconductor system, Thallium Halides (TIX), holds promise mainly in

high-energy radiation detector applications. Radiation detection principally relies on

photoexcited state properties of semiconductors under consideration. In addition, this family

of semiconductors (TIX) offer to check defect-tolerant properties in semiconductor due to

their electronic band structure resemblance to metal halide perovskites, which is highly

important in view of the optoelectronic properties of any given semiconductors.

Here, we presented our work on two semiconductors of this TIX system, TIBr and TII, in the

form of nanocrystal thin films and bulk thin films. We studied thin films on (non-conducting)

[75]




Chapter 3: Charge Carrier Dynamics in Thallium Halides (T1X, X=Br, 1) Nanocrystals and
Bulk Films

substrates of semiconductors using ultrafast THz spectroscopic techniques such as THz-TDS
and TRTS. The main advantage of studying semiconductors using THz spectroscopy is
measuring steady state and dynamical electronic properties in non-contact and non-invasive
manners. In our study, we found that carrier dynamics upon exciting TIX NCs films just
above/around the bandgap give completely different dynamics at similar photoexcitation
carrier concentration for TIBr and TII, which show the nature of halides affects the carrier
dynamics. THz spectroscopy traces important device parameters such as carrier mobility,
diffusion length, and carrier lifetime. Our study found that carrier mobility is reasonably high
(~250 cm?/Vs) and diffusion length (~1 um) is long, which directly correlates with the defect
environment of semiconductors and its effect on carrier transport. Hence, we suspect that TIX
possibly shows a defect-tolerant electronic band structure due to promising transport
properties traced by THz spectroscopy. We understand that many different experimental
studies under different conditions will be required to strengthen the defect-tolerant claim; our
study partially but reasonably supports this claim. To compare carrier dynamics of TIX NCs
film to bulk film, we carried out similar experiments on TIBr and TII bulk films coated on
substrates. Our study finds that carrier dynamics show a similar trend for bulk thallium halide
films. Here, it is to be noted that carrier dynamics have been studied at different excitation
photon densities for bulk TIX. In this bulk TIX film, we found reasonable mobility (~65
cm?/Vs) and diffusion length considering (~0.6 um ) one to two orders of magnitude higher
of excitation photon density. As discussed in Chapter 1 and Chapter 2, the unique interaction
of THz photon with matter makes it possible to monitor excited properties and evaluate

important device parameters.
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3.5 Conclusions

Thallium halides are one the promising semiconductor systems mainly for application in
high-energy radiation detectors, which is entirely dependent on the photoexcited state
properties of these semiconductors. Additionally, thallium halides share the same electronic
band structure as metal halide perovskites due to their similar composition, which may have a
significant impact on their electrical and transport properties. In this chapter, we investigated
charge carrier dynamics in Thallium halide nanocrystal thin film and bulk thin films using
ultrafast time-resolved THz spectroscopy. High mobility, long diffusion length, and fairly
high PLQY of Thallium halides suggest the possible defect-tolerant nature of its electronic
band structure. Charge carrier dynamics is studied by two methods (frequency-averaged and
frequency-resolved THz studies); from both methods, we found high mobility and similar
carrier dynamics in TIX. These transport properties can be very well utilised in their potential
optoelectronics applications. We also found the presence of low-frequency phonon
absorption in Thalium halides in nanocrystal films through steady-state and photoexcited-
state THz studies. As a result, electron-phonon coupling and its effect on carrier transport in
Thallium halides is an interesting study for future experiments. Excited state carrier shows
strong carrier localization as (complex) photoconductivity deviates from a pure free carrier-
like Drude's response.

We observed a weak effect of particle size on charge carrier dynamics when comparing TIX
NCs and bulk films. Our THz spectroscopic study of Thallium halides has unravelled their
charge carrier dynamics and has investigated transport properties in a non-contact manner by
measuring their mobility and diffusion length. It is interesting to conduct similar experiments
on Thallium halide semiconductor systems on thinner films (a few 10s to 100s of
nanometers) and at similar photoexcitation conditions to gain an even more fundamental
understanding. Also, further investigation of optoelectronic properties using various contact
and non-contact techniques will help in confirming the practical usefulness of thallium
halides for its specific applications, and our research will contribute to this effort.
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4.1 Introduction

Confinement of charge carriers, i.e., electrons and holes on a two-dimensional (2D) plane,
gives rise to very interesting optical and electronic properties.!® After the discovery of
graphene, the theoretical and experimental efforts to search for other 2D materials have
rapidly increased. Optoelectronic properties of 2D layered materials can be effectively tuned
as per the thickness of materials, i.e., the number of layers of 2D materials. Different
electronic and optoelectronic properties of these 2D materials are dependent on the number of
monolayers stacked together and, hence, are strikingly different from their bulk counterpart.
Indium selenide (InSe) is an 111-VI layered semiconductor.* ® InSe has hexagonal lattice in
the 2D plane with Se-In-In-Se in-plane covalent bonding and van der Waals (vdW)

interaction across planes.
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Figure 1. Crystal structure of common polytypes of InSe: unit cell (left) and side view (right)
a) e-InSe b) f-InSe and ¢) y-InSe. Reprinted with permission from ref. ® Copyright (2020),
Elsevier.
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InSe can exist in different polytypes, such as P, y, and € (Figure 1).57 Since InSe has the
appropriate band gap required for photovoltaic cells, it is a promising material in the field of
photovoltaic as a light absorbing layer.2 Tunable bandgaps over the entire visible range, high
carrier mobility at room temperature, high on-off ratio, large photo-responsivity, and
anisotropic and nonlinear optical properties are some of the important features of InSe, which
are discovered in recent times.* > " 9% Photodetectors based on InSe have emerged as
promising devices.™ InSe is also an important semiconductor from a potential thermoelectric
material point of view as it shows low intrinsic thermal conductivity at room temperature.'®
Several class I11-VI semiconductors, including InSe, are under intense experimentations for
their possibility to be used as an emitter and detector even in the THz frequency range.'82°
Overall, InSe has been showing excellent promise for different electronic and optoelectronic
device applications.

Although there is no direct report of the TRTS study of the B-phase of bulk InSe at room
temperature in the literature, the charge carrier dynamics of InSe in different morphologies
and phases have been investigated using different spectroscopic techniques in the last few
years. Siebbeles and co-workers reported a study on ultrathin InSe nanosheets using the
optical pump THz probe (OPTP) spectroscopy.?! They reported the carrier mobility measured
by this non-contact method as high as 20 + 2 cm?/Vs at an excitation photon density of 103
cm. They have also reported the carrier quantum yield and exciton formation at low and
high excitation photon densities. Weiss and co-workers studied bulk InSe using transient
reflectivity spectroscopy. The authors inferred that the hot carrier cooling occurs through
phonon scattering, and the observed effect is similar to lead-iodide perovskites.?? They
estimated surface recombination velocity (SRV) and ambipolar diffusion coefficient for bulk
InSe. Dong Sun and co-workers studied In-rich multilayer InSe (~12 layers) using OPTP
spectroscopy and they found that charge carrier dynamics in InSe-multilayer is insensitive to
carrier density and pump photon wavelength, but it is very sensitive to temperature
variations.?® There are several other ultrafast spectroscopic studies on InSe that contribute
significantly in understanding the carrier dynamics and relaxations in InSe.?*

Here, we studied ultrafast carrier dynamics of bulk B-InSe. Time-resolved THz spectroscopy
(TRTS) in reflection geometry was employed in studying photoexcited properties of Bulk
InSe. TRTS is an excellent tool for accessing the dynamics of photocarriers in the excited

state of semiconductor materials, as it measures the electronic properties in a non-contact
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way.? A significant insight has been gained recently on 2D materials using TRTS
techniques.?® 3 We found that charge carrier dynamics in InSe is very sensitive to incident
photon density, and it slows down with increasing photon density. This observation can be
partially understood from the trap state saturation effect. Important semiconductor parameters
such as carrier mobility and diffusion length were also determined from our TRTS data.

These parameters are considerably higher in the case of the bulk -InSe that we have studied.

4.2 Experimental Section

4.2.1 Sample preparation and characterization

Sample preparation

Indium selenide (InSe) sample was provided by Mr. Moinak Dutta from Prof. Kanishka
Biswas's group at JNCASR, Bengaluru, India. Highly oriented InSe single crystals were
prepared by dual zone vertical Bridgman technique. Stoichiometric quantities of high purity
in (99.99%, Alfa Aesar) and Se (99.9999%, Alfa Aesar) (total weight of 10 g) were taken in a
tapered quartz ampoule and sealed under high vacuum of 10-5 torr. The contents in the
ampoule were heated up to 773 K in 12 hours, was kept at this temperature for 20 hours, then
the temperature was increased to 1223 K in 8 hours. The reaction mixture was dwelling at
this temperature (1223 K) for 44 hours and then cooled to 998 K in 24 hours. The melt was
then passed through a temperature gradient from 998 K to 848 K at a speed of 1.5 mm/hr.

Finally, the sample was slowly cooled to room temperature in 43 h.

Characterization

Room temperature X-ray diffraction (XRD) measurements of InSe were performed using
Rigaku SmartLab SE diffractometer using Cu Ka (A= 1.54059 A) radiation. The XRD data of
InSe was measured along the in-plane layer direction and cross-plane direction and can be
indexed for the B-InSe phase (space group: P6s/mmc). The compound, when measured along

the cross-plane direction (|| to c-axis), shows highly intensified (0, O, I) peaks, while the
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intensity of the same peaks gets subsided when measured along the in-plane direction (L to c-

axis) as shown in Figure 2a. B-InSe phase has hexagonal crystal structure. ®

The absorption spectrum of InSe was measured by diffuse reflection spectroscopy (DRS),

and Tauc plot was used to obtain band gap (E,) of InSe (Figure 2b). In DRS, The Kubelka-

Munk Function, F(R), is measured, which is given by the following equation 1.
a (1-R)?

=—= 1
F(R) = < T (1)
R
R = Sample (2)
RRef—BaSO4

Here, @ and s absorption and scattering coefficients respectively. R is the diffuse reflectance.

Barium sulphate (BaSO4) was used as reference in DRS with an absorption coefficient a ~ 0

and R ~1. The Tauc plot equation is used to obtain bandgap (Eg) of semiconductor material.3!
(ahv)"™ = A(hv — Eg) 3)

Here, h is Plank constant, v is frequency of optical light, n is integer (value of n depends on
direct and indirect nature of bandgaps (as discussed below) and A is constant.
n=2 for direct bandgap semiconductor. Tauc plot equation in terms of the Kubelka-Munk
Function, F(R) can be written as,

(F(R)hw)? = A(hv — Ey) (4)

(F(R)hv)? vs hv is plotted and value of band gap (E,) is the value of x axis at y = 0 from
above equation. The bandgap is found to be 1.14 eV.
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Figure 2. a) PXRD collected of InSe perpendicular (blue) and parallel (red) to ¢ axis of
crystal. Reference XRD (black) of P63/mmc and b) Absorption of InSe used to estimate
bandgap using Tauc plot.

4.2.2 Reflection mode time-resolved THz spectroscopy setup

Our home-built TRTS setup is operated in normal incidence reflection geometry to record
photoconductivity of InSe. Generally, TRTS is recorded in transmission geometry to study
charge carrier dynamics and relaxation processes in various materials such as
semiconductors, nanoparticles in solution and thin film forms, etc. If the sample to be studied
is optically thick (high THz absorption cross-section), then THz transmission through the
sample is extremely low. TRTS in reflection mode is done on such optically thick samples.

Our TRTS setup is based on ultrafast Ti:Sapphire laser system, which includes an ultrafast
oscillator (Tsunami, Spectra Physics) and a regenerative amplifier from (Spitfire, Spectra-
Physics). Output of the amplifier is near infrared femtosecond pulses (NIR) with a central
wavelength of 800 nm, a repetition rate of 1 kHz, the pulse width of around 35 fs, and the
total output power is ~4 mW. Half of the total power is utilised for the generation and
detection of THz radiations and the remaining half power is used to pump an optical
parametric amplifier 3232 We used air photonics-based THz generation and detection
methods. The main advantage of air photonics-based methods is the capability to generate
and detect ultra-broadband THz radiation up to 20 THz (even higher under certain
conditions). In short, THz pulses are generated by focusing amplified laser pulses of 800 nm
and its second harmonic (400 nm), which creates air plasma in dry air (less than 2% relative
humidity) under continuously purging nitrogen (N2) gas in a closed chamber. This air plasma
is capable of producing broad spectra of electromagnetic (EM) radiation along with

broadband THz radiations. THz radiations are filtered from the rest of the EM radiations by
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using high resistivity silicon filter. THz radiations are detected using Air biased Coherent
Detection (ABCD) techniques. The principle of ABCD method is exactly the reverse of the
generation method, where a gate pulse of 800 nm interacts with the THz electric field in the
nonlinear medium of a weak plasma to produce the second harmonic (400 nm) of the gate
beam. The intensity of the second harmonic is proportional to the THz electric field. Air
plasma generated THz pulses are detected by scanning the gate beam (~35 fs) over the entire
THz waveform (~1-2 ps). The temporal overlap of the THz and gate pulses is varied using a
mechanical stage. is The detected second-harmonic signal as the function of time-delay is the
cross-correlation between the THz pulse and the optical gate pulse, hence maps out the entire
THz waveform in time-domain. The details of the experimental setup are discussed in
Chapter 2.

In reflection mode TRTS, a sample is photoexcited using optical pulse (the pump pulse) and
probed using THz pulses. THz probe pulses are reflected from pumped and unpumped parts
of samples and subsequently detected by ABCD method discussed above. Another
mechanical delay stage provides the required time delay between the optical pump and THz
probe pulses. In this work, the bulk InSe sample is photoexcited with a pump of wavelength
of 800 nm i.e., energy of 1.55 eV. Since the direct electronic bandgap of InSe is close to 1.14
eV,* electrons are excited to the conduction band due to photoexcitation. Exciton binding
energy of InSe is less than the thermal energy at the room temperature (=25 meV).343¢
Hence, free electrons and holes are expected to be the dominant photoexcited species present
in photoexcited InSe. Once the electrons and holes are photoexcited, their relaxation and
recombination processes are probed by THz pulses arriving after the pump pulse. The
polarisation of the optical pump and THz probe beams is parallel, and both beams are
horizontally polarised. The polarisation of the pump and probe is perpendicular to the c-axis.
(perpendicular to pressing direction). It should be noted here that the direction of sample
pressing is chosen along the c-axis. Hence, we are measuring the photoconductivity of InSe
in perpendicular to the c-axis, i.e. perpendicular to the pressing direction.

In reflection mode TRTS, transient photoconductivity (Ac) is measured by collecting pump-
induced change in the THz electric field AR (t) reflected from the sample,

AR(t) = Rop — Roff (5)
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Ron and R, sf are the THz electric field reflected from the photoexcited (pump-on) and non-
photoexcited (pump-off) samples, respectively. To minimize the effect of laser-pulse
fluctuations, we used a double lock-in technique to collect the pump-induced change in the
reflected electric field (AR) and the reflected electric field off the un-pumped sample (Ry¢f)
simultaneously. The differential transient reflectance (4R/R,f) is directly used to obtain

photoconductivity (Ac) of InSe, which will be discussed further.

4.3 Results and Discussion

4.3.1 THz Time-domain Spectroscopy (THz-TDS) in Reflection Geometry

First, we measured steady-state absorption of InSe using time-domain THz spectroscopy in
normal reflection geometry to observe the presence of any absorption peaks in the broadband
THz frequency range (up to 8 THz). Figure 3a shows a time-domain electric field of THz
pulse signals reflected from the reference (high resistivity silicon wafer) and the sample (InSe
disk of 1 cm diameter and 1.4 mm thickness). The frequency dependent complex refractive
indices of InSe were determined from the reflected THz signals (reference and sample) using
the Fresnel equation for normal mode reflection (discussed in Chapter 2). It important to note
that both the change in amplitude and phase between the reflected THz fields off the sample
and the reference are detected, which enables us to determine both the absorption coefficient
and the refractive index of the sample without any Kramers-Kronig analysis. In the
absorption spectrum of the InSe, distinct peaks are observed, which are due to the THz
absorption of the IR-active phonon modes. Low energy phonon modes are responsible for
low thermal conductivity in many semiconductors and need to be understood throughly.3" 3
We observed the strong absorption features at ~ 5.5 THz in the THz absorption spectrum of
InSe (Figure 3b).
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Figure 3. a) Time-domain THz signals reflected from InSe (sample) and reference (silicon)
and b) Frequency-dependent refractive index and absorption coefficient of InSe.

4.3.2 Time-resolved THz spectroscopy (TRTS) in Reflection Geometry

Time-resolved THz spectroscopy (TRTS), also referred to as optical-pump and THz-probe
spectroscopy (OPTP), is applied on a 1.4 mm thick bulk InSe. TRTS was performed in
reflection geometry in normal-incidence mode at room temperature. The THz setup was
continuously purged with dry nitrogen gas to avoid THz absorption by water in moist
ambient air. In the TRTS study of InSe, the sample was photoexcited above the bandgap with
an optical pulse of ~50 fs and central wavelength of 800 nm (i.e., equivalent photon energy of
1.55 eV). The bandgap of InSe was found to be 1.15 eV. First, THz signal reflected from the
surface of an unpumped sample is collected. Further, sample is pumped with the optical pulse
of 800 nm with specific fluence and the magnitude of the maximum reflected THz signal is
monitored as a function of pump-probe delay time (t,,). Using the double lock-in technique
with reference frequencies 333 Hz and 500 Hz, the photoinduced change in reflectance (AR)

and unpumped reflectance (Rowof) were simultaneously measured as pump-probe delay (t,)

was varied from -10 ps to 1600 ps. In Figure 4a, the time evolution of differential transient

reflectance, i—R have been shown with photoexcitation fluence from 45.6 pl/cm? to 156.9

0

pJ/em?. Measured differential reflectance of InSe sample is under linear region for
experimental fluences, as shown in Figure 4b.
Fluences can be converted to incident photon density, N,,;, using the following equation.

_AA-R)

Nph = ¢a hvé (6)
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Here, Ny, is incident photon density, f; is fluence, R is the reflectance at pump wavelength
800 nm, hv is incident photon energy, ¢ is the penetration depth at the pump wavelength, and
& is equal to 10 pm taken from the literature.?® 3¢ 3° Further, charge carrier density (N,) is
calculated from incident photon density (N,,) assuming each photon creates two
photoexcited charge carriers, an electron and a hole for a semiconductor with low exciton
binding energy (E, < kT). Photon density used for this experiment vary from 1.5x10!" to 5.2
x 10 cm?. The photoinduced change in the conductivity (Ac) is obtained using the

following equation,*

AE(t,) (1 —fl— Zodﬁﬁ(tp)) (1 + 7)

1+ = -
Eo(tp) (1 +17i+ zOdAﬁ(tp)) (1-1)

()

i is the frequency-dependent complex refractive index of non-photoexcited InSe. Frequency-
dependent complex refractive index is obtained by solving Fresnel equation for reflection in
normal incidence mode. For frequency-averaged THz study, we have taken low-frequency
(around 1 THz) value real refractive index, n. z, is free-space impedance, and its value
equals to 377 Q, d is the thickness of the photoexcited layer, and in this work, it is obtained
from the absorption coefficient () of InSe using relation d = 1/a. The above equation 7 of

photoconductivity can be approximately written in the following way when differential

reflectivity is smaller than 1, i.e., @"1.
0
(n? — 1) AR(t,)
Ao(t,) = L (8)
ZZOd ROff(tp)
AR _ AE _ Eon — Eoff
Rogr Eorr Eofy ©

Here, thin film approximation is used to account for the thickness of the photoexcited layer
smaller than the smallest THz wavelength interacting with the sample (here note that

wavelength of 1 THz frequency corresponds to 300 um).
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Figure 4. a) Pump-induced differential reflectance at various excitation fluence and
b) Maximum of each differential reflectance variation with fluence and its fit to linear
equation (adj. R?>~0.98).

4.3.3 Charge carrier dynamics of InSe

The photoinduced change in conductivity depends on the product of charge carrier density
and the mobility (Aa(tp)~N0 * Werr). Here, we assume that the effective mobility of the
photoinduced charge carriers remains constant throughout the entire pump-probe delay for
which we have collected our data. Hence, the temporal evolution of the differential transient
reflectance shown in Figure 4a is the measure of the temporal evolution of the carrier density
up to ~1600 ps after photoexcitation. A decrease in differential transient reflectance
represents the recombination and trapping of charge carriers after photoexcitation, hence a
decrease in carrier density. To understand fluence-dependent response of photoexcited InSe,
differential transient reflectance is normalised to its maximum value, as shown in Figure 5a.
Initial rise in differential transient reflectance represents the generation of charge carriers
after absorption of pump pulse of 800 nm wavelength. This process takes place in a sub-10ps
timescale due to moderated excitonic binding energy. In most traditional bulk inorganic
semiconductors such as GaAs, CdSe, and Si, buildup of photoexcited charge carries occurs in
a faster timescale (> 5 ps) due to low excitonic energy (less than room temperature thermal
energy of about 25 meV). Decay of the differential transient reflectance, which is dependent
on excitation fluence, represents the evolution of photoexcited charges after excitation. Decay
dynamics has information of recombination processes of photoexcited charge carriers of
InSe. Interestingly, in the case of InSe, charge carrier dynamics seems to slow down with an

increase of the excitation fluence (Figure 5a). We have used flueces from 45.6 to 156.9
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pd/cm? to photoexcite bulk InSe. Average radii of pump and probe beams at the sample were

1.7 mm and 0.4 mm, respectively, as measured by knife-edge method.

a) Photoinduced THz transients, their multiexponential fitting and recombination

processes

To understand the recombination processes involved, multiexponential function convoluted
Gaussian (equation 10) was used to fit normalised THz reflectance transients (of InSe.

Yia;exp(t —to)
t;

y@) =6t —ty)® (10)

Here, y(t) represents normalized differential reflectance and t, is the time zero, and t; is the
time constant for i process, G(t — t,) represents the instrument response function (IRF),
which is the cross-correlation function between the optical pump and the THz probe. The IRF
for all TRTS experiments presented in this work is ~300 fs. Fluence-dependent normalized
differential reflectance transients were fitted reasonably well on including three exponentials
(Figure 5b). The fitted parameters, time constants (t;) and their coefficients (ai), have been
given in Table 1. The average time, <t > for each fluence-dependent transient, was

calculated using the following relation.

<t>= Zfiti (11)
gt
fi= i ait; (12)

Here, f; is contribution of i term or process towards the overall decay process. Smallest
time constants i.e., fastest time t; obtained are in the range of 96 ps to 107 ps. These time
constants remain almost independent of fluence and hence photo excited carrier density. Both
intermediate time constant, t, and the slowest time constant t; are weakly dependent on
fluence. Intermediate time constant (t,) decreases with the increase in fluence, whereas the

slowest time constant becomes faster as the fluence increases. Time constans (from the fastest
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to the slowest and average time) are plotted against the carrier density as shown in Figures 6a
and 6b.

It is important to have a clear understanding of the fluence dependence of charge carrier
dynamics because it provides direct evidence of photophysical properties in semiconductors.
Based on time constants obtained from fitting fluence-dependent THz transients, one can get
a qualitative understanding of the physical processes involved in the recombination of
photoexcited charge carriers. Since the fastest time constants are independent of fluence, we
assigned this timescale to the process of filling available defect states. This process should
have a monomolecular dependence on both the carrier density and the trap density.
Intermediate timescale (358 to 537 ps at different fluence) could possibly be due to the
saturation of trap states, and hence due to the complete filling of trap states, there is an
increase in intermediate time component with the increase in fluence at photoexcited carrier
density of about 1017 cm=.*! Trap states involved in this process might be surface states and
hence, the density of the surface states might be different than that of the mid-gap (bulk)
defect states and surface states are getting filled slowly upon photoexcitation.*! The fasted
timescale is assigned to the filling of bulk states, whereas the intermediate timescale is
assigned to the filling of surface states. The slowest timescale is assigned to the process of
bimolecular electron-hole recombination as its contribution (amplitude) increases at the
highest fluence as compared to the lowest fluence. The average time calculated from equation
11 shows roughly a decreasing trend with an increase in fluence. Charge carrier dynamics in
InSe exists for more than 1 ns time. Long lifetime after photoexcitation in semiconductors is
an important condition for light-harvesting applications such as solar cells. The average
carrier lifetimes are in the range of 1-1.5 ns, which are long enough for charge carriers to be
extracted for specific applications. But if the timescale is longer due to the trapping of
photoexcited charges in trap states, then the desired application cannot be achieved

efficiently, especially in optoelectronic applications.
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Figure 5. a) Normalised THz transients and b) Triexponential fitting of THz transients.
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Figure 6. Time constants obtained from fitting THz transients of InSe a) t; and t, (with one
standard deviation) and b) t; and < t > (with one standard deviation).

Table 1. Time constants obtained by triexponential fitting of photoinduced THz transients.
(Errors/one standard deviations are given in parentheses.)

Fluence <t>
(uw/cm?) tq (ps) aq t, (ps) a, ts (ps) as (ps)

0.201 358.5 0.608 2333.6 0.166 1575.5

6 | %G | 0oo9) | (90) | (0.004) | (180) | (0.009) | (174.4)

101.7 0.398 519.8 0.476 1819.6 0.111 1022.0

938 (1.0) | (0.005) | (282) | (0.029) | (431) | (0.034) | (409.7)

104.7 0.307 456.2 0.526 2271.4 0.143 1423.9

U6l 1 14 | ©oos) | (147) | (0010) | (276) | (0.016) | (266.7)
s | 1089 | 0268 | 4479 | 0513 | 18784 | 0189 | 12506

: (1.8) | 0.007) | (169) | 0013) | (170) | (0.019) | (160.0)
550 | 1074 | 0196 | 5373 | 0486 | 1445 | 0296 | 107L7

2.2) | (0.008) | (37.1) | (0.051) | (151) | (0.057) | (130.2)

Why might trap states be the surface trap states?
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As per data and discussion in previous sections, THz transients of bulk (B-) InSe are slowing
down with increasing fluence. We extracted time components/constants to understand this
behaviour by fitting multiexponential functions to fluence-dependent THz transients. We
found that the time component (t2) is roughly varying from about 350 ps to 540 ps with
increasing fluence, and this time constant is assigned to surface state saturation/filling. This
kind of observation in slowing down of time constant with increasing excitation condition is
found in a few other TRTS studies reports, and few reports showed the magnitude of time
components of the same order as found in our study. Cunlin Zhang and co-workers
investigated semi-insulating GaAs by (femtosecond) optical-pump and THz-probe with
various optical pump powers, and they found that carrier decay slows down from 360 to 500
ps on increasing power from 7 to 47 mW.*! Authors have assigned this trend in carrier decays
to surface state filling, and they have suspected this to restrict direct carrier recombination in
semi-insulating GaAs. Here, it is interesting to note that the rough estimation of photocarrier
density in our study and this study (Cunlin Zhang and co-workers) is of the same order
(Nexc~10*" cm~3). Before this work, M. B. Johnston and co-workers studied passivated and
etched semi-insulating GaAs, which affects its the carrier lifetime.*? In the surface passivated
sample, carrier lifetime is slower (389 ps) than the etched sample (192 ps); this is very similar
surface states filling process for a passivated sample where the availability of surface states is
lower as compared to the etched sample which is resulting in their longer lifetime (and
photoconductivity). T. S. Sosnowski and co-workers also observed slowing down electron
dynamics with increasing fluence in low-temperature-grown GaAs.*® This observation, they
have explained, is a consequence of trap state saturation. In the proposed rate equation, free-
electron densities are sufficiently more prominent than the available surface trap density. The
rate of change of electron density becomes independent of electron density and solely
depends on available trap density, and filling this trap is a dominant path. Michael B.
Johnston and co-workers have observed slowing down of carrier lifetime from 130 to 210 ps
that is due to trap saturation in bulk GaN studied using OPTP, and they found significant
enhancement in carrier lifetime for GaN NWs which due high-quality and low carrier trap
density.*4

Trap saturation or surface state filling is a process also observed in semiconductor nanowires

(NWs) with time component in a few tens of picoseconds when studied from time-resolved
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spectroscopic techniques such as Optical-pump THz-Probe (OPTP), differential absorption
spectroscopy etc. A. Othonos and co-workers studied Tin Oxide (SnO2) nanowires; authors
have associated fastest component to (photo-)electron transition from conduction band to
shallow traps which is slowing down with fluence.* In GaAs NWs studied using OPTP by
Laura Herz and co-workers, surface trap saturation has been observed, and surface trap
density estimated at ~10%" cm=.46 In another work by Michael B. Johnston and co-workers
on four different samples of core-(high-bandgap) shell GaAs NWs, all showed a rise in
carrier lifetime with excitation fluence (5 to 20 ps); authors have suggested a reason for this
that the existence of trap states which start to saturate at higher photocarrier density. 4/

Trap states affect carrier lifetime, and if their density is smaller than photocarrier density,
they might begin to saturate with photocarrier density increases in semiconductors. These
(saturating) trap states are found to be surface trap states as per many earlier reports as

discussed above.
b) Mobility and diffusion length

One major importance of the TRTS technique is to be able to measure parameters such as
charge carrier mobility and diffusion lengths after photoexcitation in a non-contact way.*® 4°
Carrier mobility is calculated from photoconductivity and peak carrier density. Diffusion
length is calculated using average carrier time and mobility. Equations are given below to
calculate mobility and diffusion length,

Ao

pu=—-
qNy

(13)

Ly = ’< t >q,ukBT (14)

Mobility calculated through TRTS is the lower limit since we have assumed that there is no
scattering loss of the pump photons, and each absorbed photon produces a pair of carriers. In
equation 13, ¢ is the photon-to-charge-carrier pair ratio, which is between 0 and 1 under the
linear excitation regime. ¢u is called the effective mobility. Carrier mobility and diffusion

length are expected not to vary much with pump-probe delay and should remain almost the
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same under the linear regime of pump excitation conditions. Figures 7a and 7b show the
variation of mobility and diffusion length with respect to carrier concentration, respectively.
Mobility and diffusion lengths of InSe are calculated from TRTS, which are around 20.6
cm?V1st and 289.8 nm, respectively, at photocarrier concentration of 1017 cm=. Mobilities
calculated here are expected to have more contribution from the electrons as the effective
mass (m*) is lower for the electron (m; = 0.14m,) as compared to the effective mass of the
hole (which is at least five times that of the electron mass, m;, = 0.73m, ) InSe .> 73031

Mobilities of undoped InSe are reported from earlier studies at intrinsic carrier concentrations
(measured by contact method) of the order of 102 to 10** cm™ as shown in Table 3. Carrier
transport (carrier mobility) is severely impacted by the density of defects in

semiconductors.>?>*
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Figure 7. a) Mobility and b) Diffusion length as a function of photon density (carrier
density).

Table 2. Parameters obtained from TRTS photoconductivity measurements: mobility and
diffusion length. (Errors are given in parentheses.)

Fluence Nph AR/Ro | Photoconductivity | Mobility <t> D;Zl;ustlr? n
(wfem?) | (10Ycm®) | (max.) (S/m) Em3Vs) | (ps) (nr?])
156 L5 0.050 99.2 20.6 15755 | 289.8
' ' (0.009) (18.1) (3.7) (174.4) | (42.4)
038 a1 0.058 115.9 117 10220 | 1759
' ' (0.008) (15.9) (1.6) (409.7) | (47.3)
1161 2 0.076 151.3 12.3 14240 | 2132
' ' (0.008) (15.4) (1.3) (266.7) | (30.8)
0.089 176.8 12.4 12506 | 2013
134.6 44 (0.010) (20.6) (1.4) (160) | (245)
156.9 5.2 0.111 2203 13.3 1071.7 | 1919
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| | (0.006) | (12.2) | (07) [ (1302 | (16.9) |

C) Comparison between Intrinsic conductivity (four-probe method) and
photoconductivity (TRTS)

Intrinsic conductivity is measured through a four-probe method using the ULVAC-RIKO
ZEM3 instrument is 0.08 S/cm (unpublished work). Photoconductivity is around 0.99 S/cm at
the lowest photocarrier concentration at 3 x 10*" cm™. The intrinsic carrier concentration of
InSe is of the order of 10%3to 10 cm3.175% % [ ow value of direct (intrinsic) conductivity is
due to low intrinsic carrier concentration of InSe at room temperature, as shown in Table 3.
Despite of possessing low intrinsic lattice thermal conductivity, the low electronic
conductivity may be detrimental for InSe as a thermoelectric material as the thermoelectric
efficiency depends on both the thermal and electronic conductivities. Hence, the electronic
conductivity must be increased by increasing carrier concentration (for example, by doping)

or any other strategies for potential thermoelectric applications of InSe.

Table 3. Carrier concentration (undoped), mobility and conductivity (measured by Hall
measurement) of InSe. PA, PE: parallel and perpendicular to the pressing direction,
respectively. (Layers get stacked along pressing direction. Hence, the pressing direction is
along the c-axis.)

Carrier Concentration | Mobility | Conductivity Ref
(cm™) (cm?V-1st) (Scm™) '
2.57 x 10* (PE) 16.8 6 x 10 >0
1.15 x 10 (PA) 30.6 6 x 10 >0
3.2 x 103 (PA) 1.9 - 17
5.1 x 10% (PE) 54.4 1.3 x10° >
5.1 x 10% (PA) 22.7 <1.3x10° >

At higher temperatures, InSe could be a promising thermoelectric material because the figure

of merit increases 1" %5 56 with temperature if systematic efforts are made to increase
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electronic conductivity. Also, it could be a promising optoelectronic material, provided

controlled defect engineering is carried out for bulk thin film applications.

4.4 Conclusions

In this chapter, we performed time-domain and time-resolved THz spectroscopy experiments
in reflection mode on bulk B-InSe. THz absorption spectra show several absorption peaks that
might be responsible for low thermal conductivity in this material. Complex refractive index
(or, in general, complex dielectric function) in the THz frequency range is an important
dielectric property for any semiconductor for its potential applications, especially in
electronics and devices, and obtaining the complex dielectric function is the main advantage
of such advanced ultrafast THz spectroscopic technique. We have measured the complex
refractive index for InSe through reflection mode THz-TDS and have observed several
absorption peaks in low frequencies lie in the THz range that could be responsible for its low
thermal conductivity, and this work is being studied further in this direction. The time-
resolved THz study unravels the charge carrier dynamics in photoexcited InSe, which shows
slowing down dynamics upon increasing photoexcitation density and help to identify
photocarrier response under experimental condition and it also helps to estimate the density
of defects in InSe, which is equal to less than the photocarrier density under experimental
conditions. Photoconductivity measured through TRTS is used to provide a non-contact
estimation of the electronic contribution of conductivity. Reasonable mobility and diffusion
length are found in InSe despite the reasonable density of defects, which can be a crucial
parameter for any material for its integration into an actual device. All these studies might be
essential from a potential optoelectronic, thermoelectric applications perspective. Being a
layered material, layer-dependent, thickness-dependent ultrafast investigation on InSe will be

important and interesting from its potential wide-spread applications in various fields.
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5.1 Introduction

Selenide-based semiconductors are promising in infrared optoelectronic and thermoelectric
applications. InSe, GaSe, PbSe, and SnSe are a few important selenide-based semiconductors
belonging to class 1lI-VI and IV-VI due to their promising applications in the mentioned
fields.t 2 PbSe and SnSe have emerged as benchmark materials for thermoelectric applications
with high figure of merit values.*>'°® GaSe and InSe have shown promising results in
optoelectronic applications,***2* nonlinear optics,** > THz optics,* 7 etc.

Thallium selenide (TISe) is a class I11-V1, indirect bandgap semiconductor with the bandgap in
the near-infrared (NIR) range. It is low-dimensional semiconductor having chain-like Zintl
structure.'® 1° TISe has not yet been studied from an optoelectronic point of view, unlike other
members of the class 111-VI semiconductors. In a recent study, Biswas and co-workers showed
that thallium selenide has ultralow intrinsic lattice thermal conductivity (0.62—0.4 W/mK) in
the temperature range of 295-525 K, which is crucial for achieving high thermoelectric
efficiency.? TISe is a mixvalent compound with TI* and TI®* cations occupying two
inequivalent crystallographic sites, as shown in Figure 1b-c.

The electronic conductivity (o) of an efficient thermoelectric material should be high without
contributing towards the thermal conductivity. The electronic conductivity depends on the
carrier properties (such as mobility and diffusion length) and their dynamics. On the other hand,
the thermal conductivity depends on the phonon dynamics. Hence, it is immensely important
to study the carrier dynamics, phonon dynamics, and the coupling between them in potential
thermoelectric materials to identify the mechanism of decoupling the thermal conductivity and
electronic conductivity. TRTS is the ideal technique for studying both charge carriers and the
phonons at the same time. Also, studying charge carrier dynamics in TISe can help to
understand its applicability in various fields especially in optoelectronics and thermoelectrics.
As of now, no ultrafast carrier dynamics study has been reported on TISe.

In this work, we have employed time-domain and time-resolved THz spectroscopy to study the
charge carrier dynamics in bulk TISe single crystal. Photoconductivity measurement using non-
contact time-resolved THz spectroscopy (TRTS) gives a quantitative estimation of electronic

properties.
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5.2 Experimental Section
5.2.1 Synthesis of TISe and its characterisation

Thallium selenide semiconductor sample was provided by Mr. Moinak Dutta from Dr.
Kanishka Biswas's group at INCASR, Bengaluru, India. TISe was synthesised using a modified
Bridgman technique. Details of the synthesis procedure and characterisation is given

elsewhere.?
Synthesis of TISe

The modified Bridgman technique was used to prepare high-quality crystalline TISe. The
stoichiometric quantities of high-purity TI (99.999 %) and Se (99.999 %) were taken in a quartz
ampoule and sealed under a high vacuum of 10 torr. The ampoule was heated to 773 K in 6
hr and were kept at that temperature for 6 hr. For crystallisation, ampoule was further cooled
to 673 K'in 3 hr and was kept at that temperature for 20 hr and then cooled to room temperature
in 6 hr to get the final product. The Spark Plasma Sintering was performed on the finely ground
product obtained. The sample was placed in a 10 mm graphite die for the Sintering process.
The die was heated to 250 °C in 5 minutes and kept at that temperature for 5 minutes, and then
it cooled to room temperature in 10 minutes. This whole sintering process was performed under

constant 3.9 kN pressure.
Characterization

UV-visible absorption spectra of Thallium Selenide (TISe) pellet were recorded using a
Shimadzu UV 3600 plus spectrophotometer in reflection mode as shown in Figure 1. Diffuse
reflectance was measured with barium sulphate (BaSO4) being used as the reference. Here we
recorded diffuse reflectance, R, from the sample and reference. Diffuse reflectance (R) was
used to obtain the Kubelka-Munk Function F(R),

F(R) = % = % (@)
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here, R = RRS“&. a is the absorption coefficient, and s is the scattering coefficient of the
Ref-BaS04

sample. The bandgap of the sample is found using the Tauc plot method from recorded

absorption spectra. Tauc equation,

(ahv)" = A(hv — Ej) 2

Here, n = 2 for allowed direct transition and n = % for allowed indirect transition. TISe is an

indirect band gap semiconductor.® 2122 Combining the Kubelka-Munk function and Tauc plot

equation we get relation,

(F(R)hv)% = A(hv — E,) 3

(F(R)hv)*/? is plotted against photon energy, hv, and it is fitted to the linear equation for the
linear portion of (F(R)hv)'/2. Bandgap E, is obtained by x-intercept of this line as it is

observed from the Kubelka-Munk Function and Tauc equation as shown in Figure 1.

Powder X-ray diffraction (PXRD) of bulk TISe was carried out by Bruker D8 Advance X-ray
diffractometer with Cu K, (1.54 A) radiation. The tetragonal symmetry (space group 14/mcm)
of TISe was confirmed from the PXRD pattern at room temperature (Figure 2a).2° As seen in
Figures 2b and 2c, the TI®* cations are situated at the centre of (TISe,)?~ tetrahedra, which are

connected by joint horizontal edges and form linear chains along the c-axis.

2.04 w
P

(F(R) x hv)12
P i
L

e
o

Eg ~0.67 eV
0.0

0.6 0.7 0.8 0.9 1.0
Energy (eV)

Figure 1. Absorption spectrum showing band gap using Tau-plot of TISe. Reprinted
(adapted) with permission from ref. 2° Copyright 2019 American Chemical Society.
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Figure 2. a) The Rietveld refinement of the Powder X-ray diffraction (PXRD) pattern at room
temperature and b-c) Structure of TISe. Reprinted (adapted) with permission from ref .
Copyright 2019 American Chemical Society.

5.2.2 Time-Domain THz Spectroscopy (THz-TDS) and Time-resolved THz spectroscopy
(TRTS) in reflection geometry

Experimental Setup, including THz generation and detection, data acquisition and data analysis

of both these experiments (THz-TDS and TRTS), are explained in detail in Chapter 2.

A disk-shaped single crystal of TISe with a diameter of ~1 cm and thickness of ~ 1.3 mm was
used as the sample for all THz-TDS and TRTS experiments. This piece was cut out from a
bigger single crystal, and both sides were polished to reduce the scattering of the optical pump
and the THz probe lights. All THz experiments were carried out at room temperature. We used
800 nm ultrafast (~35 fs) pulse from our amplifier to photoexcite the sample. To study the
fluence dependence of the carrier dynamics, we varied the pump fluence from 4.7 to 123.5
uJ/cm?. We used a broadband (0.5 to 8 THz) THz probe for all THz experiments. In the TRTS
experiments, horizontal polarisation was chosen for both the pump and probe beams. The beam
radii of the optical pump and the THz probe on the sample were 1.7 and 0.4 mm, respectively.
The beam radii were measured using the knife-edge method. This ensured the probing of
uniformly photoexcited sample. For the reflection-mode THz-TDS experiments, we used a

high-resistivity silicon wafer as the reference.
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5.3 Result and Discussion

5.3.1 Time-Domain THz Spectroscopy (THz-TDS) in Reflection Geometry

We have obtained the complex refractive index function of TISe in the THz frequency range
using THz-time domain spectroscopy in reflection geometry. Figure 3a shows the reflected
THz electric field off the TISe sample as well as the reference (high-resistivity Si). Figure 3b
depicts the experimentally observed real refractive index and the absorption coefficient of bulk
TISe in the range of 0.5 to 8 THz. We can calculate the complex dielectric function and complex
conductivity of TISe in this THz frequency range, which are important parameters for any
semiconductor.

As shown in Figure 3b, there are several absorption peaks below 6 THz. The strongest optical
phonon mode is at 4.75 THz. As discussed in our previous report, the low frequency (< 4 THz)
lattice vibrations mainly contribute to the low intrinsic thermal conductivity in T1Se.?® TI* is
surrounded by eight atoms of Selenium (Se) atoms, which form a slightly deformed cage with
a small angle skewed. The distances between TI** and Se and, between TI* and Se are 2.69 A
and 3.43 A respectively. Due to the presence of this strong (between TI®* and Se) and weak
(TI* and Se) bondings between Tl and Se within a lattice leads to low-energy phonons (optical
modes) of TISe generated by series of TI* atoms, which is acts as intrinsic rattler-like vibration.
In this compound, the rattling motion of weakly bound T1" cations scatters off the heat-carrying
acoustic phonons leading to low thermal conductivity.? In our earlier report we found that
thermal conductivity due to lattice in TISe is low as compared to other traditional, well known

low thermal conductivity compounds, as shown in Figures 4a and 4b.
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Figure 3. a) Time-domain THz signals reflected from TISe (sample) and reference (Silicon)
and b) Refractive index and absorption coefficient of TISe. Reprinted (adapted) with
permission from ref. 2° Copyright 2019 American Chemical Society.
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Figure 4. a) Plot of Lattice thermal conductivity) of TISe measured parallel (||) and (-
perpendicular (£) to pressing directions and b) Plot of few traditional, well known ultralow
thermal conductive compounds of k. vs temperature. (Lattice thermal conductivity= kL)
Reprinted (adapted) with permission from ref.2° Copyright 2019 American Chemical Society.

5.3.2 Charge carrier dynamics in Thallium Selenide (TISe)

We performed time-resolved THz spectroscopy (TRTS) in reflection geometry to investigate
the charge carrier dynamics in Thallium selenide (TISe). The sample is a circularly shaped
pellet of about 1.3 mm thickness. TRTS on TISe was carried out in reflection mode geometry
due to the strong absorption of TISe in the THz frequency band (as shown in Figure 3b) and
large sample thickness. The bandgap of TISe is 0.67 eV, which is determined from the diffuse
reflectance of TISe spectrum and Tauc-plot method. TISe is optically excited with a pump

wavelength of 800 nm (with photon energy of about 1.55 eV), and subsequent charge carrier
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relaxation and recombination processes are monitored by time-delayed THz probe pulse. Pump
and probe polarisations are parallel to each other and perpendicular to the press direction of
sample (the pressed direction is along the c-axis of the compound). In addition to monitoring
charge carrier dynamics in semiconductor, TRTS is used to determine important transport

parameters such as charge carrier mobility and diffusion length.?

In the frequency-averaged scans in TRTS (pump scans), pump-induced change in the peak of

the THz electric field is measured as a function of pump-probe time delay (t,). Fluences from

4.7 to 123.5 pllcm? were used at excitation pump wavelength of 800 nm to observe their
dependence on carrier dynamics. This fluence range corresponds to surface photon density (%)

from 0.2 x 10'*to 5 x 10'* cm™. We estimated the bulk photon density (N,p,) to be 0.2 x 10"

to 4.6 x 10'7 cm™ from equation 4. We used the penetration depth (§~10 zm) of TISe from

literature # for this calculation.

Ny, = LR @

Here, f; is the pump fluence R is the diffuse reflectance (reflectivity) at 800 nm, hv is the
photon energy corresponding to the pump wavelength, and § is the penetration depth near the
pump wavelength.

In reflection mode TRTS, the photoinduced change in the reflectance (AR) of THz electric
field from the sample surface is monitored by measuring the photoinduced change in the peak

value of the THz electric field (AE = E,, — E,rr) as a function of pump-probe time delay

(tp). AE is measured simultaneously with a non-excited THz electric field (E,ff) , which is

. . . A A
reflected from the sample surface. Transients differential THz reflectance (R R = E—E) of
off off

TISe are obtained for fluence range from 4.7 to 123.5 pJ/cm?. The time-dependent THz
reflectance traces are given in Figure 5. It can be seen from Figure 5 that the differential
reflectance (THz transient) varies with the excitation fluence. This fluence dependency is even
more evident and clear from the plot of normalised differential reflectance, as shown in Figure
6a. Each THz transient represents carrier dynamics of TISe at a given fluence, and it becomes

faster with the increase in fluence as seen from normalised THz transients (Figure 6a). In TRTS,
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the photoinduced differential reflectance (RAR ) is a measure of photoconductivity (Ag) of the

off
sample, which depends on the concentration and mobility of photocarriers by the following
expression (equation 5).
AR
off

x Ao & nu ®)

Here n = n, + n;, is the total photocarrier density and u is the mobility of photocarrier. It is

observed in frequency-averaged TRTS that the change in RA—R is largely affected by the change
off

in carrier concentration, and mobility remains constant for a few sub-ns time window after

photoexcitation.?

Hence, we assumed that the temporal evolution of the differential THz
reflectance is mostly dominated by the temporal evolution of charge carrier density in

photoexcited Tl1Se.
a) Relaxation and recombination mechanisms

To understand relaxation and recombination mechanisms, normalised THz transients of T1Se
were fitted using the Gaussian convoluted tri-exponential function (explained in Chapter 2).
We obtained three different time constants/components associated with each exponential term
for every normalised THz transient. We found that the fastest-time component (t;) weakly
depends on the excitation fluence. The intermediate (t,) and the slowest time (t3) scales
strongly depend on the excitation fluence, and both time components reduce with an increase
in the excitation fluence. Table 1 lists all the time constants obtained by triexponential fitting
which are dependent on fluence and, hence, on initial carrier density. Variation of time
components with initial carrier density is shown in Figure 7a-b and Figure 8.

We can assign different photoexcited recombination processes to time components obtained
from multiexponential fitting. As shown in Figure 8, the fastest time component varies from
57 to 40 ps, with its contribution (a;) to total recombination increasing with the fluence. This
component is not strongly dependent on fluence. It is not rapidly decreasing with increase in
fluence, unlike observed in Auger recombination processes. Generally, Auger recombination
process is strongly dependent on excitation fluence as it involves three photocarriers. Hence,

Auger recombination process associated to t; is less likely probable even though its
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contribution (a,) is increasing with fluence. Here, it is important to clarify that we are not
completely ruling out Auger process from recombination, it can exist with smaller time scale
at given experimental conditions (which we have not detected here). We can assign t;
component to the trap-filling process in which traps are start getting filled in less than 100 ps
irrespective of carrier density. Trap-filling has been observed to occur in sub-100 ps time scale
in several semiconductor systems. The intermediate time component (t,) rapidly decreases
from 249 to 175 ps as fluence increases and could be attributed to bimolecular electron-hole
recombination.

The slowest time component (t3) varies from 1950 to 750 ps, and its contribution (a3) changes
weakly with fluence; it can be assigned to the trap-assisted recombination process. With
increasing excitation fluence, overall carrier dynamics becomes faster as the average lifetime

(as listed in Table 1) varies from 1500 to 495 ps.

——123.5 pJem?
-93.8

61 —67.8

—45.6

—_— 23.3
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Figure 5. THz transients with increasing fluence.
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Figure 6. a) Normalised differential reflectance and b) THz transients fitted to triexponential
function.

Table 1. Parameters obtained from fitting THz transients to the triexponential function.
(Errors/one standard deviation are given in parentheses.)

Fluence | ¢ (ps) | @y | S | a | &S | a5 |
(wicm?) (ps)
47 40.1 0.318 249.1 0.450 1956 0.220 1567.1
' 07) | (0.004) | (4.3) | (0.003) | (54) | (0.004) | (50.9)
233 56.9 0.445 242 0.402 1617) 0.15 1154
' (0.6) | (0.005) | (49) | (0.003) | (41) | (0.003) | (37)
456 47.7 0.463 140.4 0.300 937 0.220 740
' (05) | (0.008) | (2.63) | (0.007) | (5) | (0.001) | (3)
678 37.8 0.556 209 0.321 1475 0.105 1002
' 0.2) | (0002) | (2 | (0001) | (22) |(0.001) | (20)
938 38.0 0.557 177 0.305 1056 0.130 731
' 0.2) | (0002) | (@ | (0002 | @© |@©o00)| ()
1935 38.8 0.597 175 0.256 746 0.133 496
' 0.2) | (0002) | (@ | (0002 | ® |(.002)]| (8)
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Figure 7. Time components versus fluence. a) t; and t2 (with their one standard deviation) b)
tzand <t> (with their one standard deviation).
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Figure 8. The fastest time component (t;) and its amplitude (a,) vs carrier density.

We also applied the global fitting procedure for fitting photoinduced THz transients to the

kinetic rate equation (Figure 9). The kinetic rate equation is given as,

dn
E == _kln - kzn 2 _ k3n 3 (6)

here k;, k, and ks are rate constants corresponding to monomolecular, bimolecular and
trimolecular recombination processes, respectively, and n is total carrier density.

We obtained rate constants k,, k,, and ks corresponding to three different recombination
processes, as given in Table 2. Kinetic rate equation fitting and multiexponential fitting show
that the charge carrier dynamics of thallium selenide involve multiple carrier recombination
channels, including bimolecular, trap-assisted, and Auger recombination processes at surface

photon density from 0.2 x10%** to 5x10** cm (carrier density ~ 10*” cm™). It is evident from
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Table 2 that the trap-assisted recombination (ki) is relatively low, with a ki value in the order
of 107 s%, which indicates that the trap density in the TISe crystal is low. However, the bi-

molecular recombination (k) and the Auger recombination rates (k) are significantly higher.

1 —— Fits to Kinetic Equ.

AR/R, (offset)

0.03 \ 23138 .
1 N : AT
0.00 1

0 400 800 1200 1600
Delay (ps)

Figure 9. THz transients fitted to the kinetic equation (equation 6) at different pump fluences.
For clarity, THz transients and corresponding fits are offset by constant magnitude in the x-
axis and y-axis.

Table 2. Carrier recombination rate constants obtained from the global fitting of THz
transients at all different pump fluences to the kinetic rate equation of carrier recombination.
(Errors are given in parentheses.)

ki(s™h) ky(cm3s™1) ks(cm®s1)
3.7 x 107 3.92 x10® 4.3 x 10°%
(0.4 x107) (0.01x 10°%) (0.2 x 10°%)

Correlation of time constant and recombination process

In our work, time constants are extracted from multiexponential fitting. In addition to this, to
understand carrier dynamics of TlSe, we also analysed fluence-dependent THz transients using
the kinetic rate equation model (details are discussed in Chapter 2) and obtained rate constants
for various recombination processes. These time constants are assigned to different multicarrier
recombination processes by combining their (time constants) dependence on excitation fluence

and kinetic rate equation modelling. For example, Auger recombination generally occurs in
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semiconductors in a few tens of picoseconds, is a many-body process (three-particle process)
and strongly depends on fluence. Also, we found that our data (fluence-dependent THz
transients) fits well on the addition of higher order Auger recombination term (-k3n3), and we
found the fastest time constant is less than 50 ps and with its increasing contribution (a3) with
increasing fluence (Figure 8, Chapter 5). Hence, the fastest time component could be the Auger
recombination process, which may occur in TISe at a carrier density of 107 cm™. Here, we also
suggested another possibility for the fastest component: the trap-sate filling process, as this
time constant is not rapidly decreasing with excitation fluence. But, our kinetic fitting analysis

suggests the existence of the Auger process at 10!7 ¢cm?

in our bulk TISe sample. The time
constant, 2, is assigned to bimolecular recombination; it decreases with fluence, with the time
component varying from 250 ps to 175 ps. TISe is a narrow bandgap semiconductor with an
(indirect) bandgap of about 0.67 eV (1850.5 nm), and absorbance is not collected due to the
unavailability of a spectrometer in that wavelength range. Whether bulk T1Se emits in the near-
infrared or not, it will be interesting to observe its emission properties. The reasonable value
of the bimolecular rate constant of about 3.92 x10® (£0.01 x 10°®) cm3s! is found from kinetic
fitting analysis. Compared to a few other narrow/near-infrared bandgap semiconductors, as
listed in Table 3 below (InAs, InSb, GaSb etc.), the rate constant is reasonably high; hence, we
think a bimolecular process exists as one of the recombination processes with a time constant

a roughly corresponding to #2. The slowest time constant, #3, is assigned to trap-assisted

recombination as in many semiconductors, and this process happens in 1000s of picoseconds.

Table 3. Rate constants for some of the narrow bandgap semiconductors.

(k2 :Bimolecular recombination rate constant; ks: Auger recombination rate constant
*Not narrow bandgap semiconductor but technological import one
**Tin perovskite shows promising light-emission properties)

Material Bandgap k2 (cm3s?) ks (cm®s™?) Reference
~1.1 x 1010 ~2.2 x 10%
InAs 0.35eV 25
(298 K) (300 K)
5x 1026
InSh 0.17 eV ~5x 101t 25
(> 250 K)
,,_10-30
GaSh 0.726 eV ~1010 25
(300 K)
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_ 1.1 x 10 1.1 x 1030

Si 1.12 eV 25

(300 K) (300 K)
Ge 0.661 eV 6.4 x 1014 %
**CsSnls 1.3eV ~108 26
*GaAs 1.424 eV 7 x 10710 25

TISe 0.67 eV 3.92 x10° 4.3 x 10 Our work
' (300 K) (300 K)

b) Carrier Mobility and Diffusion length

The TRTS measurement of semiconductors estimates the charge carrier mobility and diffusion

length in a non-contact fashion. We have evaluated these two parameters for thallium selenide

(Table 3). The mobility and the diffusion length are 54.8 £+ 12.9 cm?/Vs and 472 + 63.1 nm,

respectively, at the lowest excitation fluence of 4.7 pJ/cm?.

Table 4. Mobility and diffusion length obtained through TRTS of TlSe.
(peak photoconductivity=Aap.4i) (Errors are given in parentheses.)

Fluence N AR/Ry AGpoqi | Mobility | <t> Dllg‘llstfn

(wdicm?) | (107cm?) | (max.) (S/m) (cm2Vs) | (ps) @ rf;’l )
47 0.9 0.015 30.7 54.8 1567.1 472

' ' (0.004) (7.2) (12.9) (50.9) (63.1)
733 0.9 0.025 50.2 18.2 1154.3 233

' ' (0.004) (8.6) (3.1) (37) (23.7)
45.6 17 0.043 85.9 16.0 740.3 175

' ' (0.004) (8.4) (1.6) (3) (8.9)
673 )5 0.052 103.0 13.0 1001.7 183

' ) (0.003) (6.2) (0.8) (20) (7.4)
933 35 0.061 120.9 10.9 731.4 144

' ) (0.003) (6.7) (0.6) (7) (4.7)
0.071 141.2 9.7 495.9 111

123.5 4.6 (0.004) (8.3) (0.6) ©6) (3.9)

C) Comparison of Intrinsic conductivity and photoconductivity of TISe
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We have compared the conductivity of TISe based on two approaches- the direct (contact
method) method measured through the four-probe method using the ULVAC-RIKO ZEM3
instrument and the non-contact method measured through TRTS (by evaluating peak
photoconductivity) (Table 5). Electrical conductivity is around 0.10 S/cm at room temperature
as measured by the four-probe method.?® The conductivity measured by the four-probe method
is the intrinsic (dark) conductivity of the material, which depends on the intrinsic carrier
density. The intrinsic carrier concentration of T1Se is about 10'¢ cm™ 2. Table 4 shows that the
photoinduced change in conductivity from the TRTS experiment is 0.31 S/cm at the lowest

fluence of 4.7 pJ/cm? and at the corresponding photocarrier density (No) of 0.4 x 10'7 cm™.

Table 5. Comparison of four-probe conductivity and TRTS photoconductivity at lowest

fluence. ( no: intrinsic carrier concentration)

Sample | Four-probe TRTS no No

TiSe 0.10 S/em | 0.31 S/cm | ~10'% ¢m? | ~10'7 em?

Our estimated mobility (54.8 cm?/Vs) and diffusion length (472 nm) values at this carrier
density level are encouraging. It is worth mentioning that the ideal thermoelectric material has
an intrinsic carrier concentration (1) of around ~10'°-10?° cm™ and electronic conductivity
is at least around ~10? S/cm.* 27 We make an important inference from our observations on the
comparison of conductivities that the TISe crystal, made with higher doping, can lead to higher
intrinsic carrier density to achieve an optimum electronic conductivity for its potential

thermoelectric application.

Overall, we studied a class I1I-VI semiconductor, T1Se, which was recently shown to have
ultralow thermal conductivity. Our THz-TDS study provides quantitative measurement of IR-
active phonon modes (in the THz frequency range), which are found to be one of the main
reasons for their low thermal conductivity. Carrier dynamics mainly dominated by free carriers
have shown multicarrier recombination pathways as investigated by reflection mode TRTS
experiments. We found rate constants for multicarrier recombination processes such as

monomolecular, bimolecular and trimolecular recombination processes. THz study on TISe
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offers a great advantage in evaluating material's performance for desired applications,
especially in monitoring photoexcited properties for light-emitting applications and phonon

dynamics for thermoelectric.

5.4 Conclusions

TISe is one of the interesting semiconductors from class III-VI due to its potential
thermoelectric applications. In terms of its optical and electrical properties, not much research
has been done on TISe. We have observed low-frequency absorption modes lie in the THz
frequency range studied from THz-TDS experiments, which is one of the main reasons for the
ultralow thermal conductivity of T1Se. Since semiconductors from class III-VI have also shown
promising optical and electronic properties, and T1Se has not been explored and studied in this
direction, we have conducted TRTS experiments to unravel charge carrier dynamics in T1Se in
order to shed light on its electronic properties in excited states. The dynamics of photocarriers
in TISe is studied using the reflection mode TRTS technique, which is an entirely novel and
important experiment to conduct on such material to get a detailed understanding in this
direction. Multiple carrier recombination pathways, including bimolecular and Auger
recombination, are involved in photoexcited dynamics of TISe at a photocarrier density of
about 10'7 cm™. The Intrinsic conductivity and the photoconductivity are measured and have
been found in a similar order of magnitude. In estimating the electronics transport properties
of TlSe, our results from a non-contact TRTS measurement of mobility and diffusion length
are also quite encouraging.

More systematic investigations, especially on thin films, are required to fully explore the
potential of T1Se from the standpoint of optoelectronics and thermoelectric applications. In this
work, we have not investigated the phonon dynamics, and it will be more insightful to probe
the phonon dynamics and the carrier-phonon coupling using appropriate TRTS and other pump-

probe experiments.
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6.1 Introduction

Figure 1. Schematic of the crystal structure of two-dimensional materials: a) Graphene, b)
Transition metal dichalcogenides and c) Black phosphorus. Reproduced with permission
from ref. * Copyright 2017, John Wiley & Sons.

Black phosphorus (BP) is an elemental two-dimensional (2D) material like graphene. BP has
emerged as one of the important and stable allotropes of phosphorus from a semiconducting
applications point of view.? It has been under re-investigation since the last decade due to its
layer-dependent optoelectronic and nonlinear optical properties.? * In the last two decades, 2D
materials, mainly graphene and transition metal dichalcogenides (TMDs/TMDCs), have
attracted the research community with their excellent and promising electronic and
optoelectronic properties. Figure 1 represents the crystal structures of all three 2D materials, in
which graphene has a planer structure, TMDs have a sandwiched structure (monolayer contains
a metal atom sandwiched between two chalcogens), and black phosphorus has a puckered
structure.

Bandgap plays a crucial role in deciding specific properties of any semiconductor materials.
Generally, the bandgap is expected to increase by about 50% when multilayers of 2D material
are reduced to a monolayer. This increase in the bandgap is even higher in the case of black
phosphorus.* ® The bandgap of graphene has a zero bandgap, while the bandgap of TMDs
varies from 1.0 to 2.5 eV as the number of layers decreases.? © In the case of black phosphorus,
the bandgap in the bulk phase is about 0.3 eV and about 2 eV for its monolayer.? With the wide
tunability of the bandgap of black phosphorus, a broad range of the electromagnetic spectrum,
starting from mid-infrared, near-infrared and up to visible, can be utilised in optoelectronic
applications and other fields such as plasmonics, communication, defence etc. Therefore, black
phosphorus has the potential to fill the gap created by TMDs and graphene based 2D materials

regarding multi applications.
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It is also important to point out the transport properties of all three 2D material systems.
Graphene has carrier mobility as high as 10,000 cm?/Vs; the mobility of TMDs is much lower
than graphene, dropping to below 1000 cm?/Vs, while black phosphorus has shown mobility
of 1000 cm?/Vs at room temperature.”® Furthermore, black phosphorus exhibits in-plane
anisotropy. Distinctive puckered layered shape derives the in-plane anisotropy with different
arrangements of atoms along the armchair and zigzag axes. As a result, the effective masses of
the carrier along these two axes differ, which leads to different transport of carriers along the
two axes.? It is also found that black phosphorus shows polarisation-dependent properties due
to in-plan anisotropy and can be advantageous, especially in photonic devices.®

It is immensely important to understand the interactions of charge carriers among themselves
and with the lattice for achieving full potential of black phosphorus in different optoelectronic
applications. There are limited reports of charge carrier recombination dynamics of BP using
different ultrafast spectroscopy.®*® However, use of time-resolved THz spectroscopy (TRTS)
to probe the photoexcited state of BP can provide direct information about the nature and
ultrafast dynamics of the charge carriers and their interaction with the lattice vibrations. We
can also determine crucial semiconductor properties such as carrier mobility and diffusion
length. Here in this work, we have investigated charge carrier dynamics study of few-layer
black phosphorus (FLBP) nanoparticles (NPs) film using time-resolved THz spectroscopy
(TRTS). This study will help to understand photoexcited relaxation and recombination
dynamics of FLBP NPs films.

6.2 Experimental Section

6.2.1 Synthesis, characterisation and film preparation of few-layer black phosphorus
Synthesis

The liquid exfoliation method was used to synthesise few-layer BP NPs.16-18 Few-layer BP NPs
were synthesised by the liquid exfoliation method. In an argon-filled glove box, 5 mg of as-
purchased black phosphorus crystals were taken with 1 mL of N-methyl pyrrolidone (NMP) in

a mortar. The crystals were grounded with a pestle for ~30 min, and a further 3 mL NMP was
added. The mixture was transferred to a glass vile and bath sonicated in an ice bath at 300 W
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power for 5 hours. After centrifuging the sonicated dispersion at 4000 rpm for 45 min, the top
80 % supernatant was pipette out gently, which contained FLBP NPs. NPs consist of sheets of

black phosphorus; hence, they are few-layer black phosphorus NPs.
Characterization

The formation of nanoparticles of black phosphorus was confirmed by transmission electron
microscopy images, as shown in Figure 2b. Atomic force microscopy (AFM) was used to
measure thickness of nanoparticles, which is about 2 to 4 nm, as shown in Figure 3a-d. UV-
visible spectra of FLBP NPs in N-methyl-2-pyrrolidone (NMP) were collected using a
Shimadzu UV 3600 plus spectrometer, as shown in Figure 2a. Raman spectrum, collected using
micro Raman spectrometer (Renishaw) with an excitation wavelength of 532 nm, was used to
characterise FLBP NPs, which clearly indicates characteristics peaks of phonon modes,
namely Aj (out of plane mode), B, (in-plane mode) and A7 (in-plane mode) as shown in
Figure 2c and these peaks are centered at 358.5 cm™, 433.6 cm™ and 461.5 cm™ respectively.t®
We made thin films of FLBP nanoparticles on 1 mm thick polystyrene substrate for TRTS
experiments. Polystyrene is transparent to the broadband probe THz light. We used the drop-
cast method for the film fabrication. We placed another polystyrene substrate of the same
dimension on top of the drop-casted film and sealed from all four sides to prevent the FLBP
film from any environmental exposure during storing, transporting, and different experiments.
It should be noted that the film was made and stored inside a nitrogen-filled glovebox at
ambient temperature. It is also important to note that our THz setup is placed inside an
enclosure continuously purged with dry nitrogen gas, which assures no or minimum exposure
of the sample to moisture and ambient air during the TRTS experiments.

The absorbance of black phosphorus can play an important role in distinguishing its size and
morphology. The bulk bandgap of black phosphorus is about 0.3 eV* ?° and the bandgap
increases upon reducing the number of layers. Bandgap variation with the number of layers
strongly reflects in the absorption spectrum. We recorded the UV-visible spectra of the
polystyrene substrate and the FLBP NPs films in transmission mode using a fibre-coupled
miniature UV-visible spectrometer (Ocean Optics, USB 4000) Figure 2a shows the absorption
spectra of the substrate and the FLBP nanoparticles films along with the spectrum of the NPs

solution. The absorbance of NPs film shifts to a longer wavelength as compared to NPs solution
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(Figure 2a), which probably implies the formation of thicker NPs with more layers stacked

together. Based on the absorption spectra of FLBP NPs reported in the literature, we made a

rough estimate of the number of layers present in the NPs, both in solution and the film.% 18

Our NPs solution consists of 3-5 layers, whereas the NPs film consists of 6-10 layers. Based
on the number of layers present in NPs film, NPs possess an effective bandgap, which might
be about less than 0.6 eV. Photoluminescence (PL) spectra were measured for a thin film of
FLBP for different excitation wavelengths using FLS 980 (Edinburgh Instruments), as shown
in Figure 2d. PL peaks are near-infrared, around 930 nm to 1001 nm, from excitation

wavelengths ranging from 618 nm to 670 nm.

In the THz time-resolved spectroscopic study, we probed few-layer BP NPs films of about 6-

10 layers with a bandgap of less than 0.6 eV.
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Figure 2. a) Absorption spectra of FLBP NPs solution (dispersion) in NMP (green),
Polystyrene substrate (black), and the FLBP nanoparticles film drop-casted on polystyrene
(red) b) TEM image of FLBP NPs (the scale bar is of 50 nm) ¢) Raman spectrum of FLBP
nanoparticles in solution and d) PL spectra of FLBP NPs film.
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Figure 3. AFM images showing the thickness of NPs.

6.2.2 Time-resolved THz spectroscopy in transmission

Experimental setup, data acquisition, and data analysis of time-resolved THz spectroscopy are
explained in detail in Chapter 2. Three different pump wavelengths, 480 nm, 600 nm and 800
nm with horizontal polarisation, were used (as pump wavelengths) to photoexcited few-layer
black phosphorus NPs. Pump and THz probe beams have the same horizontal polarisation at
the film sample. Instrument response functions (IRF) is 300 fs as determined by the cross-

correlation of pump and probe beams.

6.3 Results and Discussion

6.3.1 Photoexcited charge carrier dynamics in few-layer black phosphorus nanoparticles

film
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We employed time-resolved THz spectroscopy (TRTS) in transmission geometry on a few-
layer black phosphorus nanoparticles (FLBP NPs) film to study its charge carrier dynamics.
Our TRTS setup is based on the amplified ultrafast Ti:sapphire laser system, which is explained
in detail in Chapter 2.

To photoexcite the sample, pump wavelengths were obtained from an optical parametric
amplifier. Three wavelengths, 480 nm, 600 nm and 800 nm, were chosen to photoexcite the
few-layer BP NPs film based on its absorbance. Compared to NPs solution, the absorbance of
NPs film is broad and redshifted, suggesting the formation of bigger NPs consisting of more
number of layers, as per our discussion in section 6.2. Due to the bigger size of NPs, the
bandgap reduces, which is estimated to be around 0.6 eV or less.

In atypical TRTS experiment, the sample is photoexcited with a femtosecond (fs) optical pulse
known as a pump pulse, which leads to the creation of non-equilibrium photocarriers.
Subsequent relaxation and recombination are traced by interrogating photocarriers with a THz
electric field pulse known as a probe pulse. Photoinduced change in transmission of THz
electric field (AE) is recorded with respect to pump-probe time delay. Change in the
transmission of the THz electric field (AE) is the difference between the transmission of THz
electric fields in the presence and absence of an optical pump pulse. Here, we performed
frequency-averaged scans of TRTS (discussed in Chapter 2) where transmission of the peak of
the THz electric field through the sample in excited and non-excited states is monitored by
means of measuring the photoinduced change in transmission of the THz electric field.?!

All pump wavelength excites few-layer BP NPs films above the bandgap. Excitation pump

fluences were used in the range of 3.8 to 42.2 uJem for all wavelengths corresponding to
surface photon density (%) in the range 10:3-10'* cm™. Average radii of pump beams at the
sample position were 1.8 mm, 2.2 mm, and 1.5 mm for 480 nm, 600 nm and 800 nm,
respectively. Average radius of probe beam was 0.4 mm. Absorbed photon density (N,,) and

photocarrier density(N,) were calculated from the following equations 1 and 2, respectively.

af; (1—1079P)
ph = hv

@)

No = 2Npp o )
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Here f; is excitation fluence, OD refers to optical density, hv is photon energy of pump pulse, a
is absorption coefficient, and ¢ is photon to charge carrier conversion ratio. To calculate Ny,

the absorption coefficient is taken from the literature.?> N, is in the range of 10%’-10'® cm,

14
The absorption spectrum of few-layer BP NPs films does not reflect any confinement and

excitonic signatures (Figure la). Hence the excitonic binding energy in multilayer black
phosphorus could be lower than room temperature energy (25 meV), and it is reported that
excitonic binding energy is about 8 meV in bulk BP.* 2 Hence, the dominant photoexcited

species most likely are either free or very loosely bound charge carriers.

We have recorded frequency-averaged scans of TRTS on three different wavelengths, 480 nm,
600 nm and 800 nm, to understand the excitation wavelength-dependent carrier dynamics of
few-layer BP NPs film. Figure 4a-c shows the negative differential transmission (_E—AE) Versus
0
pump-probe time delay at different fluences for three wavelengths (for visual clarity (_Eﬂ)

0

scans are offset by -25 and 1.5% units along the x-axis and y-axis, respectively). All the

measured wavelength-dependent THz traces lie in the linear excitation region, as confirmed by

plotting the peak of every trace (%‘E) vs fluence, and these graphs are fitted with linear
0

equation (with adj. R?>> 0.90) in Figure 4d-f.
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Figure 4. THz transients at three wavelengths: a)480 nm, b)600 nm and ¢)800 nm. Maximum
differential transmission versus fluence and their fits to a linear equation d)480 nm (adj. R?~
0.94), €)600 nm (adj. R?~ 0.99) and f) 800 nm (adj. R?~ 0.92).

THz transient (i.e. each ( ) scan ) represents charge carrier dynamics of few-layer BP NPs

films under the photoexcitation of pump wavelength. Charge carrier dynamics involves various
carrier relaxation and recombination channels. To understand relaxation and recombination
processes in few-layer BP NPs film, we have analysed wavelength-dependent THz transients
using multiexponential functions fitting and kinetic rate equations with a global fitting
procedure.

THz transients for each wavelength were normalised with their maximum value, showing their
fluence dependency as shown in Figure 5. Carrier dynamics is very weakly dependent on
fluence, and it becomes slightly faster with increasing fluence for all three wavelengths. The
Gaussian convoluted multiexponential function (equation 3) was used to fit normalised THz
transients.

y(t) = G(t — to)®2i & exf_(t ~ to) @3)

y(t) represents normalised THz transient and Gaussian function, centred at t, is represented

by G(t — t,) and with the full width at half maximum (FWHM) is about 300 fs. This Gaussian
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function represents the instrument response function (IRF) of our TRTS setup. THz transients
cannot be fitted well using the monoexponential and biexponential functions. Fluence-
dependent normalised THz transients are fitted reasonably well on including three
exponentials. Table 1-3 represents time constants (t;, t, and t;) and their amplitudes (a4, a,
and a5 ) obtained by triexponential fitting, with one of the time constants (t5 ) fixed at 1000 ps
(this constant time component can be justified when we analysed THz transients by global
fitting using the kinetic rate equation discussed further). Average time, <t > of each fluence

dependent THz transient can be calculated using the following equations.

<t>= zfiti (4)
gt
fi= i ait; ©

f: is contribution of ith term or process over the entire time. t; and t, correspond to the fastest
and intermediate time constants of two exponential functions, respectively, and t; corresponds
to the slowest fixed time constant. The fast and intermediate time constants for all three pump
excitation wavelengths do not vary with fluence. This trend in time constants results from weak
dependence of carrier dynamics of few-layer BP NPs films. Carrier dynamics at 480 nm and
600 nm pump excitation show similar time constants, whereas carrier dynamics at 800 nm
show slightly higher time constants t; and t,. Among all three time components, time
component t, has the maximum contribution to the total amplitude, at least in the low fluence
regime. The process corresponds to t, has a dominant pathway for recovery of photocarriers

(carrier recombination) in few-layer BP NPs film.
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Figure 5. Normalised THz differential transmission traces at three excitation wavelengths a)
480 nm, b) 600 nm, and c) 800 nm. The solid lines are the fits of the transients to
triexponential decay function at the lowest and highest fluences at respective pump
wavelengths.

Table 1. The fitted parameters (time constant and coefficients) obtained from the
triexponential fits of the fluence-dependent THz transients at 480 nm pump.
(Errors are given in parentheses.)

Fluenc;a ?,l}llr()ﬂfrf t, (p9) a £, (pS) a, t5 (pS) as <t > (ps)
(4MSJ(/) Clrlnm) dell;sit}_l2
(10 'cm )
46| 112 (108}3‘; (8:(1)(3)2) 1((1)75§ (8133% 1000 (8:(1)88) 6(8-47;)
159 | 38 | o8 | oon | 06 || " | gwn | ©5
81| 436 | 0 | od | oo | 0 | 0oy | o
312 | 754 | 0% | oo | 05 | 000 | '™ | ooy | (09
400 | 9.66 (108.'14; (8:8?)2) 1((())2; (8288%) 1000 (8:8(5)(9)) 5(392)1

Table 2. The fitted parameters (time constants and coefficients) obtained from the
triexponential fits of the fluence-dependent THz transients at 600 nm pump.
(Errors are given in parentheses.)

Surface
PSS | photon | ¢, (ps) £, (09) ts (p9) <t>(ps)
2 S a S a S a S
(uwilem’) density 1P 1 2 (P 2 3 (P 3 p
600 nm (1013cm'2)
188 | 0048 | 1223 | 0.795 0136 | 631.1
74 224 1 23) | ©003) | ©4) | 0003 | % | ©000) | 20
152 | 0114 | 1191 | 0769 0084 | 5362
1420428 105y | 0002 | 03) | ©002) | 1999 | ©0.000) | (0.4)
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Table 3. The fitted parameters (time constants and coefficients) obtained from the
triexponential fits of the fluence-dependent THz transients at 800 nm pump. (Errors are given
in parentheses.)

Fluencze il}llrofta:f £, (pS) a, t, (ps) a, t3 (ps) as |<t>(ps)
(SLB](/) Clrlnm) de;r;sit}_lz

(10 'cm )
3.8 1.53 (595.%;8) ((())'.(())5181) 1(4193)9 (8:3431) 1000 (8:(1)(2)(2)) 5(377;t
52| 331 | on | e | o | ey | 1000 | otee |4
13 | 29 | o | o | 05 | 0o | | oo | 04
22 | ess | o8 L O L o | oaon | 1990 | ot | o
a) Processes attributed to time components obtained by multiexponential fitting

Several reports on carrier dynamics are present in the literature on various forms of black
phosphorus. Transient absorption spectroscopy of black phosphorus quantum dots showed
wavelength- and power-independent carrier dynamics with biexponential decay recovery,®
which is very similar to what we observed in our few-layer BP NPs film. The fastest time scale,
which is about 85 ps, is attributed to radiative recombination. In our study, we have observed
that the time constant, t, is between 120 and 140 ps for different excitation wavelengths, which
could be due to radiative (bimolecular) recombination. A higher time constant in our few-layer
BP NPs film most likely results from the bigger NPs also with the non-uniform size distribution
of NPs.2*% |n differential reflection measurements of multilayer BP (thickness of about 16

nm), a photocarrier lifetime of about 100 ps has been reported.'® In the same report, the initial
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fast recovery of about 20 ps of the transient signal was observed to be independent of excitation
fluence (from 2 to 10 uJem2) upon photoexcitation of 760 nm pump wavelength. Fluence-
independent time component in the range of 20 ps to 40 ps is also observed in our few-layer
BP NPs film sample. The excitonic lifetime of about 150 ps was reported upon pumping a
sample with a 400 nm wavelength and probing it with a 514 nm.! Extracted lifetime was found
to be insensitive to different pump power. Bulk BP was studied using transient differential
reflection spectroscopy, and biexponential decay dynamics were observed with 15 ps and 83
ps time components. The fast timescale is assigned to the relaxation of hot carriers to the band
edge, whereas the slower time component is assigned to the photocarrier lifetime.'? In another
work of a two-colour pump-probe experiment in which exciting thin layers (~80 layers) with a
780 nm, two relaxation time scales, 180 ps and 1.3 ns, were observed upon probing with a 1560
nm pump wavelength.®® In this study, the longer time constant was assigned to photocarrier
recombination. Single exponential decay with a time component of about 770 ps was found in
the same study at low excitation power. This study was carried out on a photocarrier density of
10 cm™. A lifetime of about 1.34 ns for minority carriers in multilayer BP is associated with
a trap-associated recombination process.** This lifetime is closely related to the t; time
component in our study. The THz transients at all pump wavelengths become parallel to the
pump-probe delay axis beyond ~1 ns and are independent of the pump fluence (carrier density).
These two characteristics indicate that the slowest carrier recombination channel (t5) is trap-
assisted recombination of carriers, which has a monomolecular dependence on carrier density,

as well as trap density.

b) Mobility and diffusion lengths

Various studies show excellent transport properties of black phosphorus.® & Charge carrier
mobility is an extremely important figure of merit parameter and is directly related to the
transport property of any semiconductor for its optoelectronic applications. Here, we have
calculated charge carrier mobility and diffusion length from photoconductivity measured in the
non-contact fashion through the TRTS study of a few-layer BP NPs film. Effective charge
carrier mobility (¢u) and diffusion length (L) have been calculated using photoconductivity

(Ao) by the following equations.
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The mobility and diffusion length values calculated from our experimentally observed THz

Ppu (6)

photoconductivities (Aag) are presented in Tables 4, 5, and 6 for excitation wavelengths of 480
nm, 600 nm, and 800 nm, respectively. It is evident that the mobility values obtained through
TRTS in this work are significantly lower compared to earlier reports on bulk BP.

Carrier mobility strongly depends on crystal axes (zigzag and armchair) of black phosphorus,
along which carrier moves having different effective masses. Since the few-layer NPs which
we probed are not uniformly aligned, we are measuring effective mobility for carriers
irrespective of a particular type and particular direction. Hence, our measurement is resulting
from randomly oriented few-layer nanocrystals, and we will try to quantify our result with bulk
phase, multilayer BP film.

According to a hall measurement at room temperature black phosphorus (with a bandgap of
0.33 eV), the electron and hole mobilities were calculated to be 220 cm?/Vs and 350 cm?/Vs,
respectively. 26 Here, it is important to note that our film is not a uniformly stacked layered 2D
system but randomly oriented bulk semiconducting layers. Low mobility values in our film are

probably due to the random orientation of layers (or nanoparticles).

Diffusion length indicates the average distance that charge carrier transit before being
recombined, and in this case, ~50 nm is a decent estimate given a carrier density of 108 cm™,
The magnitude of effective mobility and diffusion length of few-layer BP NPs remain in the

same range for all three pump wavelengths.

Table 4. Mobility and diffusion length at different excitation parameters at pump wavelength
of 480 nm. (peak photoconductivity = Ac,.q) (Errors are given in parentheses.)

Fluence Surface
e Photon N, N, -AE/E, AGpeq | Mobility | Diffusion
(;80C’Tm) d?ngIt}’_z 10°em™) | (10°em®) | (max.) (S/em) | (cm’/Vs) |length (nm)
(10 " cm )
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4.64 1.12 1.08 2.16 (8:8(1)‘11) (gég) (8:22) (949.6529;
15.9 3.84 3.71 742 (8:83?) (gigi) (8:(2%) 5%33)
18.1 436 421 8.42 (8:83513) (g:ig) (3:‘;’% (619_'1168)
31.2 7.54 7.28 14.56 (8:8(3);) ((5):28) ((2);;{) ?28_},360)
40.0 9.66 9.33 18.66 (8:8(3)?) (gjg?) ((2):(1)47‘) (5;'915‘)

Table 5. Mobility and diffusion length at different excitation parameters at pump wavelength
of 600 nm. (Errors are given in parentheses.)

Fluence Surface
( J/sz) Photon Ny Ny -AE/E, AGpeqx | Mobility | Diffusion
il ; 18 3 18 3 2
600 nm | JSSY 1 (10" em?) | (10%em?) | (max) | (Slem) | (em'/Vs) | length (nm)
(10 "cm )
0.010 1.56 440 84.79
7.4 2.24 1.10 221 0oo) | ©16 | (046 (4.60)
0.015 251 3.72 71.84
142 4.28 2.11 4.22 0.002) | (032) | (0.48) (4.63)
0.025 4.02 3.79 71.42
223 6.73 331 6.63 ©0002) | (033 | (031) (2.93)
0.032 5.13 420 7141
25.7 775 3.82 763 0.002) | (027) | (0.22) (1.86)
0.037 5.08 3.26 64.71
386 | 1163 | 573 4| 0o | 039 | (019) (1.92)
0.041 6.69 3.36 65.34
419 | 1265 | 623 1246 | 0o | 033 | 017 (L6d)

Table 6. Mobility and diffusion length at different excitation parameters at pump wavelength
of 800 nm. (Errors are given in parentheses.)

Fluence Surface
Vo2 Photon Ny N, -AE/E, AGpeq | Mobility | Diffusion
(SMOOC:]m) d?ngIt}’_z 10 em™) | (10 em™) | (max.) (S/em) | (ecm’/Vs) |length (nm)
(10 "cm )
0.011 1.83 1235 | 138.18
3.8 1.53 0.46 0.92 0.002) | (026 | (174 | (10.75)
0.022 3.65 1137 | 118.12
8.2 3.31 1.00 2.00 ©.001) | (022) | (0.68) (3.67)
0.034 5.50 451 70.61
313 12.59 3.81 7.62 0.002) | (034) | (028 | (2.23)
0.045 7.37 4.48 6431
4.2 16.96 5.14 1028 | 0oy | 029 | ©15) | (s
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C) Modelling THz transient traces by kinetic rate equation by the global fitting
procedure

To better understand charge carrier recombination in a few-layer BP NPs film, pump-induced
fluence-dependent THz traces were modelled using a kinetic rate equation by performing
global analysis, explained in Chapter 2.

Fluence-dependent THz transients were globally fitted to a kinetic rate equation for each pump
excitation wavelength. We have utilised a Kkinetic rate equation that included only
monomolecular and bimolecular recombination terms.

dn )
E = _kln - kzn (8)

Here, n is photoexcited carrier density. k; and k, are monomolecular (first order) and
bimolecular (second order) rate constants, respectively. Our attempt to globally fit THz
transients, including the third-order term (—ksn 3), i.e. Auger recombination term in equation
8, did not improve the fitting (i.e. chi-square value of global fitting). Figure 6 shows
photoinduced THz transients and their global fits at three wavelengths (THz transients and their

corresponding fits are offset vertically and horizontally by constant magnitude for visual

clarity).
- — 0.12 0.10
a) 0.10 ——Fits to Kinetic Equ. ) —— Fits to Kinetic Equ| C) ——Fits to Kinetic Equ.
480 nm 0.10 600 nm 0.08 800 nm
0.08+4 '
= 41.9 pJem™ =
= 40 wJem? S 0.084 po B
@ 0.06 3 s £ 0.0 )
£ % 0.06 - S 42.2 pJem
) bt 25.7 °
~ 0.04- P w” 0.044 31,
9 oo2{ 159 R R < 142 Too2q 82 ,
46 ; 7.4 J\.. 3.8
0.00- J e 000]  wd S — 0.00-
0 400 800 1200 1600 0 400 800 1200 1600 0 400 800 1200 1600
Delay (ps) Delay (ps) Delay (ps)

Figure 6. Global fitting of THz transients to the kinetic model for pump wavelengths of a)
480 nm, a) 600 nm, and c) 800 nm.

Table 7 lists wavelength-dependent rate constants. Rate constants are obtained using measured
THz transients and fitting these transients, as described in Chapter 2. We have obtained first

order and second order rate constants for all three wavelengths. As shown in Table 7, both rate
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constants k; and k., fall in the same orders of magnitude for all pump excitation wavelengths,

which can be justifiable as rate constants are intrinsic parameters of semiconductor materials.

Table 7. Rate constants obtained for three excitation pump wavelengths at carrier
concentration of about 10" em”. (Errors are given in parentheses.)

Pump
wavelength ki(s™h ky(cm3s™1)
(nm)
9 9
2.003 x 10 1.894 x 10
480
(0.007 x10°) | (0.003 x 10?)
9 9
2.795 %10 1.670x 10
600
(0.005 x 10°) (0.002 x 10
5 9
2.624 x 10 2.731 x 10
800
(0.006 x 10°) (0.004 x 10°)

Carrier-recombination rate constants of BP have been reported in few studies earlier, with one
order of magnitude of difference compared to our study.'* 27 Since few-layer BP NPs studied
here were prepared from a chemical route, different defect and dielectric environments can be
possible. Rate constants may be affected by the crystal structure, morphology, dielectric
environment and purity of the material.'® In addition, the stacking arrangement of BP layers
and the size of semiconductor particles can also affect the magnitude of rate constants. The
dielectric constant is related to the second order rate constant in the case of diffusion-limited
radiative process.'® Our sample is NPs solution drop-casted on a substrate. Therefore, the film
may not have perfectly aligned BP layers in a multilayer form, leading to different values of
rate constants.

First order recombination rate constant (k,) in our NPs film is in the order of 10%s™. It is two
orders of magnitude higher than 2 mm thick BP at room temperature, as studied from the time-
resolved microwave conductivity (TRMC) experiment.t® In multilayer black phosphorus (20—
80 atomic layers) and 150 nm thick BP flakes, k; of the order of 10° s was found by time-
resolved photoconduction measurements and time-resolved differential transmission
measurements,?’ **, which is the same order of magnitude as seen in our study. Radiative
(second order) recombination rate constant (k) is one order of magnitude less than our study

in all three studies.* 1527
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Deviations in k, (in our study as compared to earlier reports as shown in Table 8) is possibly
due to the number of layers probed under transient measurement, as in our case, we are possibly
probing layers up to which it behaves as thick film.

Values of rate constants, k; and k, obtained in our work (Table 8) suggests that trap-assisted
recombination and bimolecular recombination can be dominant and significant channels of
charge carrier recombination at experimental excitation conditions when compared to rate
constants in low bandgap semiconductors that are applied in infrared optoelectronics systems

such as InAs, and InSb.28

Table 8. Rate constants of black phosphorus in earlier reports at room temperature.
Carrier K k
Sample concent_rgtion (s _11) (cm%‘l) Technique Ref.
(cm™)
BP layers 16 7 -10 Time-resolved s
of 2 mm 10 10 2x10 microwave
conductivity
multilayer " o " Time-resolved
BP (20-80 10 10 1.9x10 photoconduction | 2’
layers) measurements
BP flake 19 8 10 Tln.le—resohle d "
of 150 nm 10 10 59x%10 differentia
transmission

The magnitude of the monomolecular rate constant, k; is in the order of 10°s*and inverse of
k, , which come in the order of nanoseconds (ns), could be a rough estimation of the time
component (t3) related to the monomolecular recombination process. In the earlier section (b),
multiexponential fitting of THz transient, we have fixed one of the time components to 1000
ps. i.e. 1 ns (we have assigned this process to trap-assisted recombination), and here, we can
justify the assumption of fixing to 1 ns from the first-order rate constant value.

Compared to graphene, which is the most studied elemental 2D material, the Kinetic recovery
of the carrier of the few-layer BP NPs film studied in this work is relatively slower. In few-
layer graphene, relaxation of photocarriers has been observed in the order of the few tens ps
range, which is due to almost zero bandgap (narrow bandgap), strong carrier-carrier and carrier-

photon scattering.2%-3*
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Potential light-emitting applications of FLBP

We have observed photoluminescence (PL) emission from thin films of FLBP NPs in near-
infrared regions (PL peaks around 930 nm to 1001 nm) upon excitation with different
wavelengths (from 618 nm to 670 nm), as shown in Figure 2d. In Table 8, we have compared
some of the previous studies on black phosphorus (thin/multilayer films) with different
techniques, which showed bimolecular rate constant (kz) of the order of 10-2° cm3s™ at carrier
concentration varying from 10'°to 10'° cm=.1> 27 14 OQur THz work on FLBP NPs film found a
bimolecular rate constant is around ~10° cm3? at carrier concentrations 108 to 10*° cm?,
Considering PL in the IR region (shown in Figure 2d) and relatively high rate constant (kz)
collectively made us think that this system of FLBP NPs could be potentially exploited in near
IR emission applications, provided proper care is taken in making devices as BP is highly

reactive to oxygen in the air.

6.4 Conclusions

Black phosphorus (BP) is an emerging, elemental two-dimensional material and has been re-
investigated in the last few years due to its promising optical, electronic and anisotropic
properties. In this chapter, we have investigated the ultrafast response of few-layer BP NPs
film using the TRTS technique in transmission mode. We found that the carrier dynamics of
few-layer BP NPs film is independent of excitation wavelengths, and it is weakly dependent
on pump fluence at a particular wavelength under a linear excitation regime. Wavelength-
independent carrier dynamics of a few-layer BP NPs film can be understood as a photoexcited
response from the bulk-like BP phase due to the low bandgap of NPs film. Recombination
channels are studied from time constants and rate constants obtained by fitting fluence-
dependent photoinduced THz transients at a particular wavelength. Considering the low
bandgap of few-layer BP NPs, the high bimolecular rate constant and slow photocarrier
recombination time (in hundreds of ps) can make black phosphorus an attractive and potential

material for light-emitting applications, especially in the near-infrared frequency range.
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Terahertz (THz) spectroscopy is one of the most important ultrafast spectroscopic techniques
developed in the last three decades. In our home-built ultrafast spectroscopy laboratory, we
have set up and implemented THz time-domain spectroscopy (THz-TDS) and time-resolved
THz spectroscopy (TRTS) in reflection and transmission geometries based on laser-induced
air plasma generation and detection of broadband THz radiations. These techniques primarily
rely on ultrafast laser sources, so photoconductivity in transient states is investigated with
hundreds of femtosecond resolutions. In this thesis, the investigations of semiconductors with
potential for application in optoelectronics, high-energy radiation detectors, and
thermoelectrics are carried out using THz time-domain spectroscopy and time-resolved THz

spectroscopy.

Despite having a bandgap in the UV frequency range, thallium halide semiconductor
nanocrystals and bulk films demonstrated fairly high carrier mobility and long diffusion
length as measured from the noncontact TRTS technique. These excellent transport
parameters (high mobility >250 cm?/Vs and long diffusion length ~1um) are most likely
derived from its perovskite-like defect-tolerant electronic band structure. Also, with bandgap
in the UV region, TIX NCs show reasonably high PL efficiency (~10%), suggesting defect-
tolerant behaviour TIX. Similar types of charge carrier dynamics are found for TIBr and TlI
in their NCs films and bulk films. Slower decay is observed for TIBr compared to TlI due to
the saturation of trap states, most likely surface traps. Other detailed experiments will be
necessary to validate claims of TIX being a defect-tolerant system, and our study will
definitely be one of the most important in this direction.

InSe and TISe show low thermal conductivity. Hence, they are potential candidates for
thermoelectrics. Electronic conductivity plays a significant role in thermoelectric
semiconductors and is directly connected to the transport properties of semiconductors. Also,
the attractive properties of I11-VI layered InSe have generated tremendous interest recently.
TRTS is utilised in tracking transport properties by measuring photoexcited charge carrier
dynamics, photoconductivity, carrier mobility, diffusion length, carrier lifetime etc. Charge
carrier dynamics decipher a lot of information in the intrinsic photoresponse of
semiconductors. InSe has shown slowing down carrier dynamics with increasing excitation
fluence. This behaviour of photoexcited semiconductors occurs when trap states get filled at
experimental excitation conditions. This also indirectly estimated the density of trap states,
most likely surface trap states responsible for saturation seen in carrier dynamics. Carrier

mobility and diffusion lengths can be traced more systematically, including layer-dependent
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experiments on InSe using TRTS. TISe is not much explored in optoelectronics applications
(especially in the infrared regions of the EM radiation) point of view despite being part of a
class I11-VI semiconductors and containing Thallium (heavy metal) as one of the constituents.
This study on InSe and TISe will help identify the photophysical properties of these

semiconductors.

We have conducted time-resolved THz spectroscopy on few-layer black phosphorus NPs film
to unravel their wavelength-dependent charge carrier dynamics. Charge carrier recombination
is monitored by photoexciting few-layer BP NPs film with excitation photons of wavelengths
480 nm, 600 nm, and 800 nm. Our TRTS study suggests that the dynamics of photocarriers
are weakly dependent on excitation fluence at all excitation wavelengths used. Multicarrier
recombination pathways are found to include efficient bimolecular processes at experimental
conditions. Compared to elemental 2D graphene, carrier recombination is found to be slower
(~500 ps) in few-layer BP NPs film. The photocarrier dynamics of few-layer BPs are
comparable to those of bulk BP, where the wavelength-independent charge carrier dynamics
is expected due to its low bandgap (~0.3 eV).

TRTS study of semiconductors studied in this thesis in various other photocarrier
concentrations, preferably at lower photocarrier concentrations, will shed more light on its
applicability from a broader perspective. Also, a systematic study of frequency-resolved THz
spectra of these materials will reveal the role of phonons in carrier dynamics, phonon

dynamics, and carrier-phonon interactions.
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