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ABSTRACT

Semiconductor nanocrystals (NCs) are becoming increasingly entrenched in modern con-
sumer technologies. Their versatility and capability to produce light emitting devices with
high photoluminescence quantum yield, solar cells with excellent power conversion efficien-
cies, and extendibility to many other applications and industries including biotechnology
have made NCs an exciting area of research and engineering. To realize the next genera-
tion of devices that use NCs effectively, it is important to understand how these nanoscale
materials function at the quantum level using an array of techniques that can probe the
electronic structure, morphology and size distributions, and ultrafast carrier dynamics that
result in their remarkable macroscopic behavior. In this thesis I use two-dimensional elec-
tronic spectroscopy (2DES) to examine these properties and aid synthetic efforts to optimize
these materials for various applications. In chapter 3, InP quantum dots are examined using
many techniques includes 2DES to explain their broad emission spectra by understanding
the electronic structure of emissive defects in the nanocrystalline lattice. Chapter 4 presents
work in developing a novel synthesis of methylammonium lead-halide perovskites and using
2DES to probe the ultrafast dynamics of these NCs that are used in effective solar harvesting
devices. In chapter 5, thin films of CdSe nanoplatelets are probed using 2DES with various
pump laser powers, both at room temperature and 77K to gain insight into these materials
that are used in low-threshold laser applications. Finally, chapter 6 concludes the thesis
by proposing some future directions for our group as we continue to explore the quantum

dynamics and electronic structure of interesting nanomaterials.
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CHAPTER 1
INTRODUCTION

1.1 Semiconductor Nanocrystals

Semiconductor nanocrystals (NCs) are materials that exist on the mesoscale between bulk
crystals and single molecules. While chemists typically focus on manipulating chemical
composition to achieve desired material properties, nanocrystals offer a route toward engi-
neering quantum properties more directly through changing the material’s size, shape, and
local environment.[1} |2] Nanocrystals are small enough that the electronic wavefunction is
larger than the boundary of the material itself, which confines charged particles together,
often producing desirable effects, like improved photoluminescence quantum yield, that are
useful for a range of optoelectronic applications. However, while chemists have learned to
measure the composition and structure of small molecules through well-optimized analyti-
cal techniques, accessing actionable information for materials that consist of thousands of
atoms proves very challenging and has required researchers to adapt existing spectroscopies
and microscopies to understand nanocrystal formation, sample homogeneity, quantum yield,
and ultrafast dynamics. Significant progress has been made on nanomaterial design and
discovery in the past three decades, with semiconductor NCs now being routinely produced
in very homogeneous batches through size selection techniques, which provide narrow flu-
orescence linewidths, in addition to techniques like implementing a core-shell coating that
have improved the quantum yields tremendously.[3], 4] However, many challenges remain as
we begin to face problems related not only to size inhomogeneity, but other complex sources
of broadening that can be very difficult to isolate. In this thesis, I will aim to understand
some of these issues using a novel type of spectroscopy that has proven to be very effective at
revealing lineshape and sources of broadening in order to help guide synthetic efforts toward

nanomaterial discovery and design.



1.2 Improving Semiconductor Nanocrystals by Understanding

Electronic Structure and Quantum Dynamics

Semiconductor nanocrystals have emerged over the past three decades as a novel class of ma-
terials that can be used to solve impactful problems across many industries from consumer
lighting|5H13] to biomedical sensing, [14-19] transistors,[20, 21] and solar cell technology.[22]
These materials are so versatile because they are self-assembled via cost-effective, scalable so-
lution processing methods, they are optically active and capable of high quantum yields and
narrow emission lines, and their small size (~1-10 nm) provides a large surface area which
can catalyze chemical reactions or be functionalized for a diverse set of applications.|23]
Because of their potential impact across many industries, intense research efforts have been
directed at creating new nanocrystalline compounds, altering the morphology and composi-
tion of existing materials to yield new properties, or refining synthetic techniques to tailor
the properties of existing NCs for a given application. To achieve these goals, many charac-
terization methods are used to help researchers understand the impact of different synthetic
recipes on macroscopic device properties. Particle size distribution and morphology, fluores-
cence quantum yield, ultrafast carrier dynamics, and charge carrier mobility are all examples
of quantities that are commonly characterized through a variety of techniques to develop a
complete picture of why a given material performs the way it does. In this thesis, I will use
two-dimensional electronic spectroscopy (2DES), an ultrafast spectroscopic technique that
can reveal electronic structure, state-to-state relaxation dynamics, electronic and electron-
phonon coupling, and segment sources of spectral broadening,[24] applying this method to
semiconductor NCs. Two-dimensional electronic spectroscopy can complement many other
methods and build a more complete picture of the electronic structure and carrier dynamics
that drive macroscopic properties of semiconductor nanocrystals. Taken together, they can
be used to create a holistic explanation of the behavior of a class of nanomaterials and in-

form synthetic efforts to optimize a material for a set of diverse applications. Semiconductor



nanocrystals exhibit unique properties because at least one spatial dimension of the crystal is
constrained to a size that is smaller than its electronic wavefunction. This confinement gives
rise to distinct quantum states with narrow emission and absorption profiles, like atoms,
while maintaining some material characteristics of the bulk crystal. Confining in one dimen-
sion creates materials called quantum wells or nanoplatelets, while nanowires or nanorods
and quantum dots result from confining the wavefunction in two and three dimensions, re-
spectively. CdSe quantum dots have found success in modern LED display technologies
because their narrow emission features, large quantum yield, and high degree of tunability
can potentially result in brighter screens and a wider color gamut.[11] In this dissertation,
I will be focusing on InP quantum dots, which currently compete with CdSe in the QLED
display market, lead-halide perovskite quantum dots, which are a popular class of materi-
als for solar energy conversion, and CdSe nanoplatelets, which are 2D materials that have
shown excellent potential for low-threshold laser gain media. I will be using two-dimensional
electronic spectroscopy (2DES) to probe the electronic structure and excited state dynam-
ics of these materials with the goal of better understanding the tradeoffs between synthetic

capabilities and macroscopic behavior.

1.3 Spectroscopy

In this thesis I will be focusing on how nanomaterials absorb visible light, transfer that en-
ergy through different quantum states of the system, and ultimately dissipate that energy
either radiatively or non-radiatively. This involves a detailed knowledge of the material’s
electronic structure and the interactions between excited charge carriers and the surround-
ing environment. In the case of colloidal semiconductor nanocrystals, the environment of the
material is quite complex and involves not only a solvent, but the ligand environment, any
trap states that may exist either embedded in the quantum dot or on the surface, and the
phonon vibrations or other excitations in the crystal. An excitation is created in any material

by absorbing energy from an external oscillating electric field whose frequency is resonant
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with the energy gap between the electronic ground state and an excited state of the system.
In a spectroscopic technique like linear absorption, we detect these energy gaps by measuring
changes in the intensity of an incident electric field as the oscillation frequency is scanned.
This can be done in either the time domain or the frequency domain via a Fourier transform,
the latter yielding the familiar linear spectrum as a function of the wavelength. For an ensem-
ble of nanocrystals in solution, each nanocrystal can have a slightly different size and shape,
and therefore have a different absorption spectrum, resulting in inhomogeneous broadening
of the peak linewidth. Additionally, quantum states have an intrinsic linewidth due to their
characteristic decoherence time, known as the homogeneous linewidth. Finally, a quantum
state on an individual nanocrystal can experience fluctuations over intermediate timescales
between the instantaneous homogeneous limit and the static inhomogeneous limit as the
state dephases when it responds to changes in its local environment. In most applications
of semiconductor nanomaterials, it is desirable to have very narrow absorption and emission
linewidths, meaning that limiting these sources of broadening is a major goal of nanomate-
rial design. However, it is not possible to separate these sources of broadening using linear
spectroscopy. Therefore, it is difficult to determine why one material has broader linewidths
than another. One way to separate inhomogeneous and homogeneous broadening is to turn
to nonlinear spectroscopic techniques such as two-dimensional electronic spectroscopy. Two-
dimensional electronic spectroscopy (2DES) is an ultrafast spectroscopic technique that uses
short (10_15 fs) laser pulses to track changes in the excited state dynamics of a system that
absorbs visible light.[25] [26] In a 2DES experiment, three distinct laser pulses are used to
interact with the sample, with specified time delays between each pulse. By scanning these
time delays, a frequency-frequency correlation map is generated that relates the energy used
to excite the system, with the detected energy that is emitted by the system in response to
interactions with the three pulses. These 2D spectra are captured at different waiting times
(T), during which the system can evolve, explore the excited state, and eventually relax to

the ground state.[27-29] One benefit of this technique is that it can resolve homogeneous and



inhomogeneous sources of broadening. If a material, like an ensemble of nanocrystals with
different shapes and sizes, is excited by a broadband 2DES setup, larger nanocrystals will
absorb and emit light redder than smaller crystals. This manifests in a 2D spectrum as a
peak that remains diagonally elongated after long waiting times. Most 2D spectra will show
diagonally elongated features at very short waiting times because the system has not had the
opportunity to explore all microstates of the system, but if there are no sources of inhomo-
geneous broadening, the feature will round out and become circular over time. In addition
to the lineshape, 2D spectra also provide information about how electronic states couple
to one another through off-diagonal peaks.|24] A higher lying excited state may relax to a
lower lying state such as a material band edge over the course of a few hundred femtoseconds
to tens or hundreds of picoseconds. In a 2DES experiment, this is revealed by a crosspeak
in the lower diagonal of the spectrum that grows in over the waiting time. Alternatively,
upper diagonal peaks may appear in a spectrum that are either positive and induced by
electronic coupling between states, or negative and resulting from excited state absorption
from a lower lying excited state to a higher lying excited state. Finally, by following a peak
in the 2D spectrum over time, by Fourier transforming along the waiting time axis, it is
possible to map out coherences between excited electronic states or between electronic and
vibrational states since these manifest as oscillations in the intensity of the signal at a point
over time.[30, |31] There are many excellent reviews further detailing the technique, theory,
and results of 2D spectroscopy,[32-34] and I will expand upon this section in chapter 2 of
this thesis by outlining the theory of nonlinear spectroscopy and describe how our group

acquires and processes 2D spectra.



Figure 1.1: Electronic structure calculations along with experimental results show that hole
states in ZnS-capped and HF-etched InP quantum dots become localized via shallow trap
states. The delocalized electron recombines with this trapped hole to produce broad emission
spectra both due to the number of states in the trap manifold and the strong electron-phonon
coupling caused by localization of the hole.

1.4 Nanomaterial Systems

1.4.1 InP Quantum Dots

Colloidal quantum dots (QDs) have emerged as an important class of tunable light emitters
that have narrow emission line widths and saturated colors that are suitable for commercial
lighting and display technologies.[5H8] [35] Many of the current products using quantum dots
involve ca,dmium or lead—based, materials because they have proven to have the
best performance in terms of narrow linewidths, high quantum yield, and emission tunability.
However, for consumer lighting and display devices, or biological labeling and imaging tech-
nologies, it is desirable to develop nanomaterials that do not contain toxic heavy metals and
can rival the performance of QDs such as CdSe. Indium Phosphide QDs provide a promising
alternative to Cd and Pb-based QDs but have not been capable of producing the quantum
yields or color purity needed to compete with existing technologies, though significant recent
progress in InP QD synthesis has been made.

Recent studies have shown that the emission linewidths of single InP QDs is narrow
and very comparable to CdSe single particle linewidths. Therefore, it is apparent

that the broad ensemble linewidths of InP QDs must be due to inhomogeneous broadening.



Typically, inhomogeneous broadening in QD systems is due to variations in size and/or
morphology of the QDs in the ensemble. Therefore, it should be possible to prepare high-
performance InP QDs by properly selecting for a narrow enough distribution of sizes. In
this project, we examine InP/ZnS core-shell QDs and lightly HF-etched core-only InP QDs
to determine the origin of their broad emission linewidths using a variety of theoretical
models, characterization methods, and spectroscopic tools including ultrafast techniques
like transient absorption and two-dimensional electronic spectroscopy (2DES).

We find that the broad emission linewidths are not due to sample size inhomogeneity
but rather due to variations in the lattice disorder introduced by surface trap passivation
methods. Upon HF-etching the surface or coating the core InP QD in a shell of ZnS, the
lattice becomes disordered and causes defects such as Zn dopants into the crystal lattice.
These states then introduce a new phonon-coupled, radiative recombination channel with
broad emission spectra due to both electron-phonon coupling and variations in the electronic

structure of the defect states.

1.4.2  Perovskite Quantum Dots

Organic-inorganic lead-halide hybrid perovskite materials have drawn much recent interest
because of the remarkable photophysical properties of both bulk crystals and nanoscale mate-
rials. In the bulk phase, microcrystals of lead-halide perovskites have proven to be a promis-
ing material for solar cell applications because of their weak exciton binding energies, [43]
efficient photogeneration of charge carriers, [44, 45] high charge carrier mobilities,[46|, 47| and
bimolecular charge recombination dynamics. 48] These factors combine to make lead-halide
perovskite-based photovoltaic devices capable of obtaining power conversion efficiencies of
up to 23%.[49-53] While bulk phase perovskites have promising performance for photovoltaic
devices, the characteristics that make them excellent solar harvesters, also make them very
poor light emitters. By confining the carriers produced by light absorption, lead-halide per-

ovskite quantum dots (QDs) have proven to be good emitters at room temperature without
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LIGAND-MEDIATED TRANSPORT SYNTHESIS

AND 2D SPECTRA OF
PEROVSKITE NANOCRYSTALS
30fs 50fs

Figure 1.2: Methyl-Ammonium Lead Halide Perovskite quantum dots were synthesized
through a novel ligand-mediated transport method and probed using two-dimensional elec-
tronic spectroscopy. The 2D spectra reveal sub-50 fs relaxation dynamics of multiple elec-
tronic states as well as electronic coherences that dephase rapidly at room temperature.
the need for a shell layer or other surface passivation methods. These materials can
be tuned over the entire visible spectrum not only by changing the size of the QDs, but
also the composition.[59-62] For example, methyl-ammonium lead chloride (MAPbCl3) QDs
have blue emission at around 410 nm, while MAPbI3 QDs emit as red as 700 nm. The colors
in-between can be obtained by doping in Br- ions to form hybrid QDs.

We developed an atmospheric pressure, room temperature synthesis of MAPbX3 (X =
Br, I, or a mixture of the two) QDs that is industrially scalable, not requiring the typical
external temperature and inert atmosphere controls of hot injection methods. These QDs
are colloidally stable in atmosphere and can be concentrated to 0.2 OD in a 200 ym sample
cell. This concentration is high enough for us to easily perform two-dimensional electronic
spectroscopy (2DES) on a range of sizes and compositions of MAPbX3 QDs. The broadband
2DES experiments reveal multiple electronic states that shift with the size of the nanocrystals
and display fast (<100 fs) relaxation to the photoluminescent state as well as electronic

coupling between higher-lying excited states.
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Figure 1.3: 6 ML CdSe nanoplatelets were probed using two-dimensional electronic spec-
troscopy at various excitation powers and at both room temperature and 77K. Shown here
are room temperature 2D spectra at left: 600 pJ/pulse, center: 1 nJ/pulse, and right: 2
nJ /pulse.

1.4.3 (CdSe Nanoplatelets

CdSe Nanoplatelets (NPLs) are two-dimensional materials that have a well-defined, few-
atomic layer height, and lateral dimensions on the order of hundreds of nanometers.
Due to their structure, they have a very sharp absorption and emission profile, similar to
expitaxial quantum wells, with high photoluminescence quantum yields (~40%) even for
bare nanoplatelets without a surface passivating shell layer. Through synthetic controls,
it is possible to change the thickness of NPLs so that they form into an ensemble with a
specific number of atomic monolayers (MLs). CdSe NPL syntheses have been developed
that yield thicknesses of 2-5 MLs,[63] which produce emission lines from 396 nm
to 553 nm. Recently, Cho et al.[69] developed a method for refining the synthesis and
post-synthetic processing of 6 ML NPLs that gives a homogeneous distribution and a sharp
photoluminescence emission feature at 583 nm. Here, we report a study of these novel
6 ML NPLs using two-dimensional electronic spectroscopy (2DES) to better understand
the electronic structure of these materials as well as their ultrafast carrier dynamics under
different excitation conditions and at both room temperature and 77K. We find that for thin
films of 6 MLL NPLs, very clean 2DES spectra can be obtained at room temperature with

distinct excitonic features representing the heavy hole and light hole states.



Also, electronic coherences between the two excitonic states indicated by oscillatory fea-
tures can be observed since both the upper and lower diagonal crosspeaks have quantum
beating signals at the same energy as the separation between the two states that dissapates
within 40 fs. Upon changing the excitation power, the relaxation rate does not change indi-
cating second-order excitonic recombination, as expected. However, if the power is increased
to more than 2 nJ/pulse from our femtosecond laser source, multiexciton effects begin to
significantly affect the spectra, limiting our ability to interpret the lineshape and dynamics
as higher order nonlinear processes start to dominate. Interestingly, the signal at low tem-
perature (77K) appears to photobleach at much lower powers than at room temperature, but

more investigations are necessary to determine the causes of this counterintuitive behavior.

1.5 Outline of Dissertation

The purpose of this work is to develop strategies for uncovering the design principles of semi-
conductor nanomaterials by examining the electronic structure, ultrafast carrier dynamics,
and inter-particle couplings that drive useful macroscopic properties like photoluminescence
quantum yield. I use two-dimensional electronic spectroscopy (2DES) to study a variety of
nanomaterial systems and use the information gained from this powerful technique to better
inform their synthesis. In chapter 2, I will layout the basic terminology and physics that will
be used throughout the thesis both for semiconductor systems and nonlinear spectroscopies.
Then, in chapter 3 I use 2DES along with a variety of other characterization techniques to
learn how crystal lattice disorder impacts the photoluminescence properties of InP quantum
dots. In chapter 4, I present a novel synthetic approach to lead-halide perovskite quantum
dots and use 2DES to examine their electronic structure and gain insight into ultrafast dy-
namics and quantum beating signals of these materials. In chapter 5, I again use 2DES to
investigate the excitonic properties of a novel synthesis of CdSe nanoplatelets devised by the
Talapin group. Finally, in chapter 6, I provide examples of future directions for the Engel

group to pursue as we continue to build on the foundation of using our cutting-edge ultrafast
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spectroscopic techniques, touching both on new sample avenues to investigate as well as ways
to improve our 2DES apparatus to better meet the pace of the constantly evolving field of

nanomaterial discovery.
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CHAPTER 2
BACKGROUND

2.1 Electronic Structure of Semiconductors

A band structure is a plot of the allowed energies of a solid’s electrons and can be used to de-
termine the optoelectronic or magnetic properties of the bulk system. This thesis will focus
on semiconductors, which are solid materials with a characteristic gap between the highest
occupied (valence) and lowest unoccupied (conduction) bands. In a semiconductor, an elec-
tron in the valence band can be optically or electrically excited into the conduction band,
leaving behind a positively charged hole, both of which are free to move in the crystal.|l]
These free carriers can then be practically exploited to make amplifiers, switches, and energy
conversion devices. This section will provide an overview of semiconductor band theory and
discuss the nanocrystalline electronic structure that emerges when a macroscopic crystal is

truncated to a few thousand atoms.

2.1.1 Band Structure Introduction

In an atomic system, the electronic structure is characterized by a set of discrete energy
levels, and when two atoms are brought close enough together that their wavefunctions
begin to overlap, the individual atomic states split into bonding, non-bonding, and anti-
bonding molecular orbitals. In a solid material, many (~1023) atoms are bound together,
forming a set of quantum states that are so closely spaced they can be considered continuous
bands. These bands describe the energy of the electrons in the system as a function of the
wavevector, /Z, which is related to the phase of the electronic wavefunction in a given crystal
dimension. For example, consider a chain of H atoms with interatomic distance, a. One
possibility is that the phase of the wavefunction does not change at different lattice points,
corresponding to k= 0, which is referred to as the I'" point. For the H atom 1s orbitals,

this is the lowest energy configuration, however, for a 2px orbital, it is the highest energy
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Figure 2.1: Bands are formed in extended solids by continuously varying the phase of the
electronic wavefunction across the periodic lattice. This figure shows two examples of how
an infinite linear chain of molecular orbitals can form continuous band structures. Left: 1s
orbitals in a linear arrangement have an energy minimum at the I' point where the phase
is the same for all orbitals in the chain. The maximum energy is obtained by alternating
the phase of the wavefunction at each lattice point, which is represented by k= X. Right:
Conversely for 2p, orbitals, the highest energy occurs at the I' point and the lowest energy
is at the X point. The 2p, orbital band has shallower curvature due to higher delocalization
of the wavefunction.|2]

configuration. The converse is true for k¥ = 7/a (X), where the phase of the wavefunction
changes at each lattice position. At these points of symmetry, the electronic wavefunctions
form standing waves and have two allowed energies, the energy difference between these
solutions is known as a bandgap. Since k can take on any value, the 1s and 2px bands of this
H atom chain would have the structure shown in Figure 2.1. Finally, note that the dispersion
for the 1s band is much higher than the 2px band, indicating that the carrier mobility in the
2px band is higher owing to the greater degree of delocalization compared to a 1s band.|2]
Bands are filled following a Fermi-Dirac distribution (eq. 2.1), and the energy at which
there is an equal probability of a state being filled or not at a given temperature is known

as the Fermi energy, Ey.

1

H(Ey) = 1 + o Er—m)/kT (2.1)

Here p is the total chemical potential of the system, T is the temperature, and k is
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the Boltzmann constant. Using this formula, the fermi energy occurs at Ey = pu since the
distribution is f(Ey) = %, giving an equal probability of a state at that energy being filled
and unfilled. The band directly below the Fermi energy is called the valence band, and the
band directly above this level is known as the conduction band. Different types of materials
such as metals, insulators, and semiconductors are segmented by the value of the bandgap
between the valence and conduction bands. In metals, the Fermi energy is an allowed energy
of the system, the bandgap is negative, and electrons are free to flow in the conduction band
at room temperature. While semiconductors and insulators have positive bandgaps such that
conduction band electrons can only be created with help from an external energy source.
Insulators have bandgaps that are too large to overcome by typical excitations (<10 eV),
while semiconductors have small bandgaps (~2 eV or less) and electrons can be promoted
to the conduction band relatively easily by, for instance heating or solar illumination.[1]
Band structure diagrams concisely represent the electronic structure of a solid material
by plotting each of the bands (or a subset close to the Fermi energy) and their dispersion
curves between important points of symmetry in k-space. Figure 2.2 shows a calculated
band structure of InP, which is a direct gap semiconductor with the highest energy point of
the valence band at the same point in k-space as the lowest energy point of the conduction
band. Semiconductors that have an offset between the maximum and minimum of the
valence and conduction bands are known as indirect gap semiconductors, of which Silicon is
the most common example. The k-axis is labelled by symbols that denote important points
of symmetry for the unit cell’s geometry, while the interior labels refer to the irreducible

representation of the wavefunction at each symmetry point.[3]

2.1.2  Semiconductor Carrier Dynamics

When optical light is incident on a semiconductor, various physical processes can occur. A
portion of the incident light wil be reflected at the surface of the crystal and the rest will be

transmitted. Inside the crystal the radiation can then be either absorbed or scattered. Ab-
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Figure 2.2: Calculated band structure of bulk InP. Here various points of high symmetry
are denoted on the horizontal axis and the band dispersion between these symmetry points
is plotted vs. the energy relative to the Fermi level (E¢). The symbols on the interior of
the plot refer to the irreducible representations of the wavefunction for each allowed solution
at every symmetry point with > denoting the path between I' and L. InP is a direct gap
semiconductor with the lowest-lying transition occuring between the I'y valence band and
the I'g conduction band. The I'g band is four-fold degenerate at the I' point, breaking into
two heavy hole and two light hole bands further from the symmetry point. Importantly, the
energy difference between the I', L, and X valleys in the lowest lying conduction band is
relatively small <1 eV, allowing phonon-mediated transport between these three minima at
room temperature, which acts as the basis of microwave emitters like Gunn diodes. Reprinted
figure with permission from | [Yoon-Suk Kim, Kerstin Hummer, and Georg Kresse, Accurate
band structures and effective masses for InP, InAs, and InSb using hybrid functionals, Phys.
Rev. B 80, 035203-5, 2009.] Copyright 2009 by the American Physical Society.
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sorption can occur if the frequency of the light is greater than the bandgap energy necessary
to excite charge carriers from the valence band to the conduction band. These charge carriers
can then relax via scattering and produce heat, or they can recombine and photoluminesce
(Figure 2.3). If the incident light is at an energy greater than the bandgap, the free carriers
will typically relax to the band edge faster than the photoluminescence lifetime, and the
emitted light will be at the bandgap frequency, no matter what incident frequency was used.
In bulk semiconductors, the electron and hole states have very weak Coulomb coupling due
to the large dielectric screening from the valence electrons. However, particularly in confined
systems or in bulk materials at low temperatures, bound electron-hole pairs called excitons
can be formed by absorption of incident light at energies slightly redder than the bandgap
(corresponding to the exciton binding energy) or relaxation from free carriers to these bound
states. Excitonic states can also be emissive but will have notably different decay dynamics
than free carriers since excitons will undergo one-particle recombination rather than the typ-
ical two-body free carrier recombination. Additionally, the dynamics of both excitons and
free carriers can be greatly impacted by either acoustic or optical modes of the crystal lattice.
Rather than emit light, charge carriers can also recombine non-radiatively via either trap-
assisted recombination, or a three-body Auger process where an electron recombines with a
hole, driving another excited electron in the conduction band into a higher energy state. In
most applications, the loss in quantum efficiency due to these non-radiative pathways, both
for bulk and confined systems are undesirable and efforts to engineer semiconductor devices
attempt to control or limit the impact of Auger recombination or mid-gap trap states that
arise from defects either in the crystal lattice or on the surface of the crystal.[4]

Defects can arise from a variety of sources, but they are capable of profoundly impacting
the behavior of a semiconducting material. For example, introducing phosphorus or boron
atoms into a perfect Silicon lattice will increase the number of electrons or holes present in
the system, which in turn raises or lowers the Fermi energy and impacts the conductivity

of the material. This behavior has been used to great effect by engineering defect sites
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Figure 2.3: Dominant charge carrier recombination pathways in semiconductors. After form-
ing electrons and holes upon optical or electrical excitation the system can undergo different
types of relaxation a) the excited electron and hole may recombine radiatively after both
relax to the band edge producing photoluminescence. b) The electron or hole may relax
to mid-gap trap states before recombination typically resulting in dissapation of energy via
heat. ¢) An electron in the conduction band can recombine with a hole in the valence
band causing another conduction band electron to be excited to a hot carrier state, which
will then relax back down to the band edge. This three-body process is known as Auger
recombination.

purposefully to create modern diodes and transistors. However, point defects like atomic
vacancies can alter the performance of the system in undesirable ways by acting as sinks for
free charge carriers and for example, decreasing the photoluminescence quantum yield in an

LED or the conversion efficiency of a solar cell.[4]

2.1.3  Confined Semiconductors

The band structure theory presented in the previous sections holds true for a defect-free,
infinite, periodic lattice. If the semiconductor crystal is truncated so that infinitely large
potential barriers separated by length L exist and can reflect the electronic wavefunctions,
the semiconductor is said to be spatially confined. For an electron with effective mass m*
confined in one dimension with infinite potential barriers a distance L apart, the solutions
to the Schrodinger equation are identical to a particle in a one-dimensional box:

h? B2 n2r?

B = 1 (k2 2 o (L 2 2 2.2
n 2m(/cz + ka® + ky~) 2m( 72 + ka® + ky*) (2.2)
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Since in this case confinement only occurs in one dimension, the electrons can move
about the unconfined 2D plane as if they were free particles. In the confined dimension,
the discrete energy levels that emerge are dependent on the inverse square of L, so that
the smaller L becomes, the larger the confinement energy, causing optical transitions to
blueshift in response to shrinking size. If L is small enough that it is on the order of the
exciton Bohr radius, the exciton binding energy increases due to confinement and excitonic
spectral features become much more prominent than in the bulk case as a result. If the
semiconductor is confined in all three dimensions, which is the case for a quantum dot, then

equation 1.3 reduces to:

h2n?

E,=——=
" 8miI2

(2.3)

Therefore, in all dimensions the band-like semiconductor electronic structure gives way
to discrete states that resemble an atomic system. In realistic quantum dots the potential
is not a square potential like in a quantum well but is spherically symmetric. Applying this
barrier potential to the Schrodinger equation gives wavefunctions that are products of the

spherical Bessel functions and the spherical harmonic functions:

~ V2ir(@npr/R)

= Y7, (0 24
R3 jry1(én,L) Zm(®¢) (24)

an,L,m(ra 0, ¢)

where r, #, and ¢ are the radial, angular, and azimuthal spherical coordinates respectively.
The values for n, L, and M are the quantum numbers of the system, similar to hydrogenic
solutions to the Schrodinger equation and represented by the letters (S, P, D, F, ... for
different values of L). Finally, ¢,, 1, is the nth root of the spherical Bessel function of the Lth

order.[5] For these solutions, the energies of the system are given by:

212
_h¢nL

E,r = 2.
nL ImR2 ( 5)

where m is the particle mass representing the effective mass of either the electron or hole.
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The bandgap in QDs is the value of the energy gap between the values of E,, L for the band

edge electron and hole states.

h27T2

By=Eyo+ —"
g gao 2mehR2

(2.6)

Where m,y, is the reduced mass for the electron and hole mg;, = me * mp/(me + my,)
and ¢y, 1, reduces to m for n = 1,L = 0. An additional correction is often used in the
strong confinement regime that is related to the Coulomb interaction of the electron and

hole wavefunctions giving an energy gap of:

272 1.765¢2

E,=E, o+ -
g g,O QmehRQ €R2

(2.7)

where € is the dielectric constant and e is the electric charge constant.[5, [6] In quantum
dot materials, particularly the colloidal nanocrystals explored in this thesis, the dielectric
constant of the semiconductor material is significantly higher than the surrounding environ-
ment. This causes reduced dielectric screening in the quantum dot, greatly enhancing the
Coulomb interaction compared to the bulk material in addition to the increased interaction
due to confinement. The large carrier-carrier interactions in turn lead to very interesting dy-
namical phenomena including an increased rate of Auger recombination, which detrimentially
affects the performance of most quantum dot devices since energy is lost to the formation
of a hot exciton, which relaxes through thermal processes. Alternatively, the strong carrier
coupling allows for efficient carrier multiplication, generating remarkable internal quantum

efficiencies that form the basis of many quantum dot applications. [7]

2.1.4 Colloidal Nanocrystals

In this thesis I explore nanocrystalline materials that are synthesized via wet chemistry,
forming colloidal suspensions of semiconductor crystals that are on the order of 1 — 10 nm

in radius. In these materials the size of the electronic wavefunction is determined by the
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physical size of the system, which over three decades of research has been refined to near
atomic precision.[8, [9] The size of the particles is be controlled by carefully manipulating
the temperature and time at which the reaction proceeds. The inherent imprecision in this
technique produces an ensemble of nanocrystals that have slight variations in size. This size
variation manifests itself as inhomogeneously broadened absorption and emission spectra
since each nanocrystal has a slightly different size-dependent band gap.[9, |10] However,
synthetic techniques have improved to the point that well understood materials like CdSe
quantum dots can be tuned very precisely and produce narrow spectra (~10 nm).[11, |12]
Due to their colloidal nature, nanomaterials created synthetically must be capped by ligands
to prevent aggregation in solution. Typically, these ligands are long-chain acids like oleic
acid but can also be short chalcogenide ligands. |13] Manipulating the nanocrystal surface via
ligand exchange or etching techniques are very important to many applications. For example,
drug delivery, chemical sensing, and catalytic applications rely on highly engineered ligand
environments and take advantage of the nanocrystal’s high surface area/volume ratio. In
addition to size control and surface modification, colloidal nanocrystals can be tuned further
by creating non-spherical particles such as quantum rods, [14] core-shell heterostructures,|15]
2D nanoplatelets,|16] and more. Finally, it is possible to create hybrid materials that involve
a core nanomaterial that is coated in another semiconductor with similar lattice constants but
a different bandgap. A common example of this type of core-shell material is the CdSe/CdS
quantum dot. The band gap of CdSe in bulk is 1.74 eV, while the gap in CdS is wider at
2.42 eV. The shelling process passivates potential surface traps on the CdSe layer to increase
the photoluminescence quantum yield, and redshifts the absorption spectrum due to band

alignment.

2.2 2D Electronic Spectroscopy

Two-Dimensional Electronic Spectroscopy (2DES) is an ideal technique for studying

nanocrystal systems because of its access to both broad spectral resolution and fast time
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dynamics.[17], 18] Ultrafast pulses can be used to clock chemical dynamics[19], and using
ultrafast techniques like 2DES allows researchers to explore the carrier dynamics of nanoma-
terials at the sub-100 fs timescale. Learning about the femtosecond dynamics of nanosystems
is vital to understanding the underlying physics of how energy flows through the system and
how charge carriers couple to one another, to phonon modes of the crystal, and to impurities
in the crystal structure.|20-22] Additionally, while the absorption and emission spectra of
CdSe quantum dots and nanoplatelets are very sharp and distinct, size inhomogeneity in
a nanomaterial ensemble is an important metric for the quality of a synthetic technique.
2DES can quantify the degree of inhomogeneous broadening in a way that related methods
like Transient Absorption spectroscopy cannot.|[17, 23] Finally, the capacity for 2DES to
reveal the coupling between multiple electronic states or between electronic and vibrational
states through quantum beating maps is a powerful tool for understanding the electronic

structure of any complex system of chromophores.|24-30]

2.2.1 Theory of 2DES

Any optical spectroscopy, including 2DES, involves measuring the macroscopic polarization
that is produced by a system in response to an external electric field. This macroscopic
polarization is equal to the expectation value of the material dipole moment operator, which
can be expressed as the trace of the dipole moment operator acting on the material density

matrix. After perturbatively expanding this expression, Eq. 1 is obtained.|31]

P(t) = Trlup(t)] = Triup® )] + Trlup )] + Triup® @) + Trlup® )] + ... (2.8)

The nonlinear optical techniques used in this thesis including 2DES and transient absorp-
tion are third-order spectroscopies that probe P(?’)(t) using three independent light-matter

interactions. P (t) is dependent on the density matrix, whose time dynamics are deter-
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mined by the Liouville-Von Neumann equation (Eq. 1.2).[31]

P~ U (1), ple) 29)

The Hamiltonian in equation 1.2. can be broken into a time independent system Hamil-
tonian, detailing the electronic structure and couplings between states of the material being
studied, and an external time dependent Hamiltonian (Eq. 1.3) that describes the external
electric field. In our case E(t) will be a mathematical representation of the ultrafast pulse
that encodes the spatial, temporal, and spectral characteristics of the light that will act to

perturb the system.[31]

H(t) = Hy+ V(t) = Hy— pE(t) (2.10)

Combining equations 1.2 and 1.3, the macroscopic polarization can be expressed as follows

(Eq. 1.4).

P(t) = /OO dt3 /OO dto /Oo dt1 (R (11, to,t3) By (t — t3) Ea(t — t3 — to) E3(t — t3 — ta — t1))
' ' ' (2.11)

In this equation, R represents the material response function, which carries all information
about the light-matter interactions. The third-order response function can be written as a
system of nested commutators between the dipole moment operators for each external field

and an element of the density matrix (Eq. 1.5).[31]

Z’3
RO (t3,t9,1) = 5 O(t1)O(t2)O(t3)Tr{[[[u(t3+ta+t1), u(ta+t1), ], u(t1)], 1(0)]pgg} (2.12)

Each term in this commutator represents a particular pathway through which the system
can evolve in time. The dipole moment operators will act on either the bra or ket side of the
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Figure 2.4: Four examples of Feynman diagrams. Each diagram describes the evolution
of the density matrix upon interaction with three laser pulses that have defined relative
wavevectors. These diagrams are read from the bottom up, representing going forward in
time. The first interaction takes the ground population state into a ground-excited state
coherence. The second interaction then sends the system into either a ground or excited
state population. During the waiting time between the second and third interactions, the
system can evolve and relax. After the third interaction, the system is put into another
coherence state before emitting a signal E-field. The represented Feynman diagrams depict
from left to right: ground state bleach (rephasing), stimulated emission (rephasing), excited
state absorption (rephasing), and ground state bleach (non-rephasing).

density matrix element at various time delays. These pathways are commonly represented by
Feynman diagrams that represent a possible set of interactions between the system density
matrix and the external electric fields.[31] An example Feynman diagram is shown in Figure
2.4.

A Feynman ladder diagram like the one shown in Figure 2.4 consists of two vertical
arrows pointing upward and three “rungs” of the ladder represented by horizontal lines. The
vertical lines represent time with T = 0 occurring at the first rung of the ladder, while the
spaces describe the density matrix element that an interaction puts the system into. Each
rung represents a light-matter interaction and can hit on either the left or right (bra or
ket) side of the density matrix operator.[31] After the first interaction, the system is driven
from a population state or diagonal element of the density matrix into a coherence state
(off-diagonal density matrix element). The time between the first and second interactions
is therefore known as the coherence time (7). The second interaction puts the system back
into a population state and the time delay between the second and third interaction is

the waiting time (T). Finally, the third interaction creates another coherence and the time
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between that interaction and detection of the signal polarization is the rephasing time (t).
Various nonlinear optical experiments attempt to isolate a set of pathways by controlling
the wavevectors of the external electric fields, and hence controlling the side of the ladder
diagram on which an interaction happens. There are broadly two types of possible pathways:
rephasing and non-rephasing. Rephasing pathways occur when ks = —k1 + k2 4 k3 while
non-rephasing pathways can be collected by setting ks = k1 — k2 4 k3, or swapping the first
and second interactions of a rephasing pathway.[31] A wavevector is considered negative if
it interacts incoming on the left side or outgoing on the right side of the ladder, and vice
versa for positive wavevectors. By collecting both the rephasing and non-rephasing pathways
under identical conditions and combining them, absorptive and dispersive spectra can also
be obtained. Techniques like transient absorption spectroscopy make k1 = k2, forcing both
rephasing and non-rephasing pathways to be emitted in the same direction. These signals
constructively interfere and produce absorptive spectra by default. Using a fully collinear
pump-probe geometry scheme is possible for 2DES, however the benefits of a background-
free detection scheme are lost.|32] Techniques such as phase-cycling can be used to separate
rephasing and non-rephasing signals in the pump-probe geometry.|33} 34]

Figure 2.4 depicts various rephasing pathways for a three-level system and places them
into three categories: ground state bleach (GSB), stimulated emission (SE), and excited
state absorption (ESA). Ground state bleach occurs when the system is taken from the
ground state into a coherence, and back to the ground state during the population time.
When the system is put into an excited state during the population time, there are two
options: the third interaction can either create a ground-excited state coherence (SE) or
create a coherence between the excited state and a higher-lying excited state (ESA). By the
convention that increased light on the detector is a positive signal, both GSB and SE are
defined as positive and ESA is negative. Note that these pathways can occur at the same
energies and interfere with each other, occluding analysis of the nonlinear spectrum.

In Figure 2.5, a mock 2D Electronic spectrum is shown that provides examples of what
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Figure 2.5: Mock 2D spectrum that represents many relevant types of features that are dis-
cussed throughout the thesis. A 2D spectrum consists of the excitation axis, which describes
at what laser pulse energies the system absorbed energy, and a detection axis that reads
out the energies emitted by the system. Common features include diagonal features which
can show the homogeneous and inhomogeneous linewidths of each state, off-diagonal fea-
tures that describe coupling (upper-diagonal) and energy transfer (lower-diagonal) between
electronic states, and excited state absorption features that indicate an excited state of the
system was pumped into a higher lying excited state.
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these types of features look like both at early times and at longer waiting times. Included in
this mock spectrum are positive diagonal features that arise from GSB interactions and show
varying degrees of inhomogeneous broadening. The redder peak is very inhomogeneously
broadened and its lineshape does not significantly round out over time, while the bluer peak
is fairly homogeneous and has a rounded out feature as the system is allowed to explore all of
the available microstates. Also, the redder band edge feature shifts on the detection energy
axis over time which could indicate a phenomenon like a Stokes shift. Energy transfer and
coupling peaks can be seen as cross-peaks. The upper-diagonal coupling peak starts strong,
and reduces intensity as the system relaxes while the energy transfer peak grows in over
time. Finally, excited state absorption features appear as negative peaks in the spectrum

indicating excitation from a lower-lying excited state to a higher-lying excited state.

2.2.2  Data Acquisition

The 2D Electronic Spectroscopy system used in the Redfield Lab of the Engel Group consists
of three major components: ultrafast pulse generation, white light generation, and the 2D
spectrometer itself (Figure 2.6).[35] First, a 5W diode-pumped Nd:YAG continuous wave
laser is doubled to 532 nm and used to pump the Ti:Sapphire crystal of a self-mode locking
oscillator (Coherent Micra). The oscillator is tuned to yield 50 MHz pulses centered at 800
nm with an average power of ~500 mW and a typical bandwidth of 60 — 80 nm full width half
max (FWHM). The oscillator output is then used to seed a regenerative amplifier (Coherent
Legend Elite). Upon entering the amplifier, the pulses from the oscillator are temporally
chirped to hundreds of picoseconds by a stretcher grating. Then the pulses are used to seed
the amplifier cavity, which is pumped by a 30 W diode-pumped Nd:YLF laser doubled to
532 nm. The amplified laser light is switched by a pair of Pockels cells that act to dump
power from the cavity after the pulse has traveled the cavity’s Z-fold for a specified number
of round-trips (typically 15). After the pulse is ejected from the cavity, it is re-compressed

to ~35 fs, resulting in a 2.8 W final output beam of 5 kHz pulses centered at 805 nm and
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35 nm FWHM.

This amplified beam is directed to a 2 m long tube filled with Ar gas pressurized at 13
psi to generate a supercontinuum.|36] The beam is focused into with a 1 m focal length lens
and recollimated at the exit. After passing through the tube, the spectrum is broadened
to ~100 nm, with tails extending bluer than 400 nm and redder than 900 nm. For our
experiments on semiconductor nanomaterials, light that is redder than 720 nm is blocked
by a cold mirror after the Ar tube output for two reasons. First, our samples do not absorb
or emit light redder than 720 nm and cutting down the spectrum aids in compression of
the bluer light. Also, most of the power is of the beam is in the 800 nm spectral region.
Therefore, cutting the spectrum also cuts the power to 150 mW, preventing optical damage
in the pulse shaper and unnecessary local heating at the sample position. Next, higher-
order dispersion introduced by self-phase modulation in the white light generation process
is partially compensated by taking 6 bounces off a pair of chirped mirrors. The output
from the chirped mirrors is then sent to a Multiphoton intrapulse interference phase scan
(MIIPS) pulse shaper, which can compensate for the dispersion in the rest of the system.[37]
The beam exits the MIIPS compressed to ~8 fs FWHM with a spectrum from 550-700 nm
with average power of ~40 mW and is sent to the spectrometer.

The 2D spectrometer in the Redfield Lab (Figure 2.7) is an all-reflective BOXCARS
geometry that utilizes delay stages (Aerotech) to control the timings between pulses.[35], |3§]
The all-reflective geometery aids in pulse compression by eliminating transmissive optics that
can cause differential chirp at different wavelengths in these ultrabroadband pulses, which
can lead to artifacts in the cross-peaks of the 2D spectrum.[39] First, the beam is split into
two by a 50/50 beamsplitter and these beams are delayed relative to one another by the
waiting time stage, which is capable of delays up to 1 ns. These two beams are then split
into 4 using another 50/50 beamsplitter and directed to four independent mirrors, two of
which (beams 3 and 4) are mounted on micrometers and at 0 deg relative to the incident

beam angle, while the other two (beams 1 and 2) are mounted on coherence time delay stages
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Figure 2.6: The Redfield lab setup consists of four main parts: ultrafast pulse generation
from the oscillator and regenerative amplifier, white light generation from the pressurized
Ar tube, pulse compression optics from the chirped mirrors and MIIPS, and finally the 2D
spectrometer.

and horizontally tilted to create a relative time delay as the stages are scanned. After all
of the relative pulse delays are set, the beams are overlapped at the sample cell, which is
placed in the focus of an off-axis parabolic mirror pair. A physical mask is used to block
beams 1, 2, and 3 after the sample, while the signal and local oscillator are collimated and
focused into a spectrometer (Andor Shamrock) where the signal interferogram is spectrally
dispersed and sent to a camera (Newton), which records the heterodyned signal. In a typical
experiment, for each waiting time point (T), the coherence time delay (tau) is scanned from
-90 fs to 490 fs in 1.5 fs steps to capture both the rephasing and non-rephasing signals.
Additionally, three reference scans are collected at each waiting time by blocking various
beams: (1) blocking beam 3 (2) blocking beams 1 and 2 and (3) blocking beams 1, 2, and 3.
These reference scans are used to subtract static scatter that travels in the phase-matched

direction with the signal and LO.
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Figure 2.7: a) The all-reflective geometry of the 2D spectrometer in the Redfield Lab. Four
laser pulses are created by a pair of beam splitters before hitting off of four independent
square mirrors. The coherence time delay is created by translating the bottom two mirrors,
which are tilted at slight angles to create a variable time delay when scanned perpendicular
to the incoming beam path. After hitting these four mirrors, the beams hit a large single
square mirror that directs the beams to an off-axis parabolic (OAP) mirror pair. The beams
overlap in space at the sample position, which is placed at the focus of the OAP. The three
primary beams are filtered by a spatial mask, and the signal and local oscillator beams
are collected on a camera after being spectrally dispered by a grating. b) In a 2DES
experiment, the system is pumped by four laser pulses. Before the primary pulses interact,
the local oscillator passes through the sample and is used to heterodyne detect the signal
electric field. Then, the first of the three main pulses interacts with the sample. After a
coherence time (7) the second pulse interacts. The third pulse then hits the sample after a
waiting time (7T), and finally the signal pulsegigs emitted after the rephasing time (t).



2.2.83 Data Processing

After obtaining raw data from the 2D spectroscopy experiment, a number of processesing
steps need to be taken to subtract the scatter and ultimately obtain an absorptive 2D cube
of spectra at each waiting time point (Figure 2.8). The first step of 2DES data processing
in the BOXCARS geometry is to produce an absolute valued 2D spectrum that windows
out much of the scatter and the optical frequency from the raw data. This absolute value
spectrum does not contain phase information, and so cannot distinguish GSB, SE, or ESA
signals. First, for each time point, the rephasing and non-rephasing scans are combined
onto a single coherence time axis for both signal and reference data. Then, the scatter is
subtracted using the formula I'sig = 11234-1124-134 4 14 where 11234 is the raw data scan
and 124, 134, and I4 are the various reference scans described in the previous section. This
scatter subtracted data is then divided by the LO-only reference (14) to remove artifacts due
to variations in amplitude of the LO beam across the spectrum. The resulting data frame has
a time-domain coherence (7) axis and a frequency-domain rephasing () axis. The t axis is
linear in wavelength and must be interpolated into frequency units (typically rad/fs). Next,
the t axis is Fourier transformed to create a time-time data frame with both axes in the time
domain. Here, the carrier frequency signal that is emitted at the time delay between beams
3 and 4 is subtracted using an apodized windowing function. Finally, the spectrum is Fourier
transformed in both domains to produce a frequency-frequency domain 2D spectrum. This
processing is applied to each waiting time point with identical windows, and the resulting
frames are combined into a final data cube that is used for future analysis. This process may
also be completed using just the rephasing or non-rephasing data to produce rephasing/non-
rephasing 2D spectra.

Typically, the first analysis that must be performed on the absolute-value 2D spectrum
is to recover the phase information. The raw 2D spectrum contains small errors in the
phase of the signal that are due to inadequately knowing the exact time delay between the
beams. This is because all beams travel different paths in a BOXCARS geometry and are
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Figure 2.8: Representative example of processing a raw data frame into a real-valued 2D
spectrum. a) The raw signal generated on the camera. The x-axis is the coherence time
delay (7) and the y-axis is the camera axis collected in wavelength after the signal beam
is dispersed on an optical grating. b) Scatter is removed from the signal data frame by
subtracting a series of reference scans that are collected alongside the signal. ¢) The data is
interpolated from wavelength to frequency (rad/fs) d) After casting the data into frequency,
the detection axis is Fourier transformed and the signal is windowed in the time-time domain
to further isolate the signal. e) After windowing, the signal is Fourier transformed to the
frequency-frequency domain, producing an absolute valued 2D spectrum. f) Using pump
probe data collected on the sample using an identical laser spectrum, a phase correction is
applied to the 2D spectrum. The resulting absorptive spectrum is shown.
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susceptible to small fluctuations in temperature and humidity as well as drift in the laser
pointing over time that introduce uncertainty in the relative path lengths that the beams
travel. In a pump probe geometry such issues do not exist because the first two excitation
pulses travel colinearly and the signal is detected in the direction of beam 3, so relative
changes timing and therefore phase evolution for the coherence and rephasing times do not
occur. Therefore, a transient absorption experiment using the same source, spectrum, lab
conditions, and transmissive beam elements as a BOXCARS 2DES experiment can be used
as a fitting parameter to determine the correct phase factors for the 2DES measurement.
The 2D spectrum is summed down on the coherence axis and fit a separately collected pump

probe experiment using the projection slice theorem (Eq. 2.13).[40]

00
PP(T,w) = Re[A/ dw, Sop(wr, T, wi)exp(iop + i(w — wo)te(wr — wo)th-i-
—00

i(wr — wo)Te(wr —wp)?77] (2.13)

Here ¢ is relative phase of the electric field and t., t4, 7¢, and 74 are correction factors
that are fit to determine the phase of the 2D spectrum. The factors t. and ?, are the
linear and quadratic phase factors that determine the exact time delay between pulse 3
and the local oscillator as a function of the frequency, while 7. and 7, are similar linear
and quadratic correction factors for the pulse 1 - pulse 2 time delay. This technique can
identically be applied to the rephasing and non-rephasing 2D spectra by setting tau <0 or
tau >0 respectively. Further information about our implementation of the phasing process

can be found in Appendix A of this thesis.
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CHAPTER 3
THE ORIGIN OF BROAD EMISSION SPECTRA OF INP
QUANTUM DOTS: CONTRIBUTIONS FROM STRUCTURAL
AND ELECTRONIC DISORDER

Adapted with permission from E.M. Janke*, N.E. Williams*, C. She, D. Zherebetskyy, M.
Hudson, L. Wang, D.J. Gosztola, R.D. Schaller, B. Lee, C. Sun, G.S. Engel, D.V. Talapin.
The Origin of Broad Emission Spectra of InP Quantum Dots: Contributions from Structural

and Electronic Disorder. JACS (2018). Copyright 2018 American Chemical Society.

3.1 Abstract

The ensemble emission spectra of colloidal InP quantum dots are broader than achievable
spectra of cadmium- and lead-based quantum dots, despite similar single-particle line widths
and significant efforts invested in the improvement of synthetic protocols. We seek to explain
the origin of persistently broad ensemble emission spectra of colloidal InP quantum dots by
investigating the nature of the electronic states responsible for luminescence. We identify a
correlation between red-shifted emission spectra and anomalous broadening of the excitation
spectra of luminescent InP colloids, suggesting a trap-associated emission pathway in highly
emissive core—shell quantum dots. Time-resolved pump—probe experiments find that elec-
trons are largely untrapped on photoluminescence relevant time scales pointing to emission
from recombination of localized holes with free electrons. Two-dimensional electronic spec-
troscopy on InP quantum dots reveals multiple emissive states and increased electron—phonon
coupling associated with hole localization. These localized hole states near the valence band
edge are hypothesized to arise from incomplete surface passivation and structural disorder
associated with lattice defects. We confirm the presence and effect of lattice disorder by
X-ray absorption spectroscopy and Raman scattering measurements. Participation of local-

ized electronic states that are associated with various classes of lattice defects gives rise to
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phonon-coupled defect related emission. These findings explain the origins of the persistently
broad emission spectra of colloidal InP quantum dots and suggest future strategies to narrow

ensemble emission lines comparable to what is observed for cadmium-based materials.

3.2 Introduction

Colloidal quantum dots (QDs) represent an important class of tunable light emitters with
narrow emission line widths that produce saturated colors. To date, semiconductor systems
incorporating cadmium|1] or lead|2, 3] have achieved the best combination of performance
parameters including emission colors spanning the visible spectrum, luminescence quantum
yield, and narrow emission line widths. Indium phosphide QDs are a promising alternative
that retains the spectral range of size tunable emission while expanding the scope of appli-
cability of soluble semiconductor emitters. By avoiding the use of the toxic heavy metals
Pb and Cd, InP-based emitters are a viable solution to a broad range of consumer lighting
and display technologies, and to biological labeling and imaging applications which preclude
the use of emitters that leach heavy metal ions. While efforts to improve InP quantum
dot synthesis have raised photoluminescence quantum yields to over 80%,[4] achievable color
purity remains modest with persistently broad ensemble emission profiles. Investigations
of single-particle line widths|5H7] have reported comparably narrow single-particle emission
from InP and CdSe QDs, though achievable ensemble emission spectra from InP colloids re-
main roughly double what is attained from CdSe quantum dots. The question remains open
as to why the synthetic optimization paradigm which has been so successful for materials
like CdSe has encountered such difficulty with InP. A likely path to the answer lies in identi-
fying the key characteristics that distinguish InP QDs from the CdSe model system. Recent
studies[8-H11] have focused on this aspect and have found strong evidence that the growth
of colloidal InP proceeds via nonclassical nucleation dominated mechanisms in contrast to
that of CdSe. The result can lead to polydispersity of particle sizes and a corresponding

broadening of ensemble emission. The effect of size distribution may be particularly impor-
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Figure 3.1: a. Absorption spectra of 4nm diameter CdTe and InP nanocrystals. b. SAXS
patterns for each material measured as a colloid in toluene. c¢. Extracted volume scaled
diameter distributions from SAXS. d.,e. TEM images of InP and CdTe. f.,g. Particle size
distribution histograms extracted by TEM image analysis.

tant for colloidal InP emitters compared to CdSe because of a steeper relation between the
band gap and crystallite size (so-called sizing curve) for InP. For a given percent dispersity
in nanocrystal size, InP produces a larger range of confinement energies than CdSe. How-
ever, the sizing curves for CdTe and InP are very similar, and CdTe colloids can reliably
be prepared with very narrow features in the ensemble emission and absorption without
postsynthesis size fractionation (Figure 3.1 and Figure 3.2).

Despite more than 20 years of active research on InP QDs, we are unaware of published
examples of InP QDs with ensemble emission spectra comparable in width to those routinely
reported for high-quality CdTe QDs. If the size distribution were the dominant factor in
determining ensemble PL line width in colloidal InP, we expect that energy-selective spectro-

scopic techniques, such as photoluminescence excitation spectra collected for narrow selected

energy ranges of emission, should extract the absorption features of a very monodisperse sub-
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InP. (b) Scattering data and (c) Gaussian size distributions extracted by fitting the scattering
traces.
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population of particles. However, this is not generally true. Unlike the case for common II-VI
systems like CdSe and CdTe, narrow selected bands of the InP emission profile correlate with
a broad absorption profile. The implication is that either homogeneous line widths are broad,
or they are narrow, and particles emitting at the same energy can have substantially different
absorption profiles. As we report here, behavior of InP emission is strongly dependent on
sample chemical history and is related to the presence of lattice disorder. In this work, we
consider internal disorder within InP quantum dots as an additional factor, independent of
particle size, which confounds the preparation of colloidal InP with narrow ensemble emis-
sion. We provide evidence for the effect of chemical disorder in broadening the emission line
shapes of InP QDs made highly luminescent by two chemically distinct passivation methods
including HF' etching and ZnS shelling. Despite the very different chemistries involved in
these two passivation strategies, both share a common propensity to introduce disorder re-
lated electronic states. In particular, we show that the common practice of growing InP/ZnS
core- shell structures by inclusion of the Zn precursor during the InP growth results in lattice

doping by Zn that introduces a new, phonon-coupled, radiative recombination channel.

3.3 Results and Discussion

3.3.1 Synthesis and Surface Passivation of InP Quantum Dots for

Improved Photoluminescence

We synthesized InP colloidal quantum dots by common literature methods|[12, [13], reacting
InCl3 as the indium precursor and either tris(trimethylsilyl)phosphine or tris(dimethylamino)-
phosphine as phosphorus precursors. The colloids were washed in a nitrogen glovebox by
repeated dissolution in toluene and precipitation using ethanol as a nonsolvent. Finally,
the particles were stored as a colloidal stock solution in toluene. These freshly prepared
particles are poorly luminescent and are termed “as-synthesized InP” for the purposes of this

study. We additionally consider two chemically different types of luminescent InP samples:
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Figure 3.3: Emission red shift of InP quantum dots (QDs). (a) Absorption and emission
spectra for three types of InP QDs plotted on a scale zeroed at the first exciton energy.
Treatments commonly used to enhance PL quantum yield result in emission bands that are
shifted red of the first excitonic absorbance by varying amounts. (b) Differing amounts of
nonradiative energy dissipation precede emission for different types of luminescent InP QDs.
“InP/ZnS” core-shells synthesized by established protocols[13H15] and as-synthesized InP
cores made luminescent by passivation with dilute (200 ppm) HF. Exposure of InP quantum
dots to HF solution under nitrogen atmosphere and with particles protected from light
results in a modest increase of photoluminescence (PL) quantum yield from nearly zero out
of synthesis to around 1% after the treatment. As has been reported previously,[16]
when this HF treatment is conducted under illumination and in air, it results in slow etching
and oxidation accompanied by a significant increase in PL quantum yields to 20-40%. This
highly luminescent material derived from the as-synthesized particles is termed “InP-HF”.
InP quantum dots display an interesting and unusual relationship between their behavior

as emitters and the chemistry involved in their preparation and surface passivation. Aerobic

HF etching introduces a large red shift of the PL band relative to the first absorption
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maximum (Figure 3.3a). The relatively large emission red shift in aerobically HF-treated
InP is also observed in highly emissive InP/ZnS core-shell samples grown via the commonly
used method wherein InP cores are grown from a solution containing mixed In and Zn metal
precursors.[13], 15, 18] Subsequent addition of a sulfur precursor induces the free Zn already
present in the reaction mixture to react and form a ZnS shell over the InP cores. Though this
route to making InP/ZnS core-shell structures has been previously hypothesized to produce
pure InP cores with surface bound Zn, we provide evidence in this work that some Zn remains
trapped in the lattice of the cores occupying In sites of the InP lattice. While this chemistry
is very distinct from the HF-based passivation scheme, the resulting material shows similar
PL quantum yield, line width, and a PL band centered greater than 150 meV red of the
first absorption maximum. The red shift of the emission across these multiple classes of InP
shown in Figure 3.3a suggests that more than one radiative recombination pathway is active
in the material. We refer to this ensemble emission red shift represented by AE in Figure

3.3 as “Stokes shift” for the remainder of our discussion.

3.8.2  Photoluminescence Excitation (PLE) Spectroscopy

Photoluminescence excitation (PLE) spectroscopy allows examination of subsets of emitters
within the samples and sheds light on the homogeneity of emitting states in QDs. Analysis
of ensemble emission of InP, CdSe, and CdTe colloids by PLE reveals a clear difference
between the materials. PLE spectra of polydisperse CdSe and CdTe yield excitation spectra
corresponding to narrow emission subbands. When taken in steps across the whole emission
profile, each PLE spectrum strongly resembles an absorption spectrum of a monodisperse
sample with multiple well-resolved excitonic transitions (Figure 3.4a).

Such behavior is observed from samples with different surface passivation schemes, in-
cluding plain cores and various core-shell structures with II-VI core materials.|7, [19] As-
synthesized InP QDs which are neither shelled nor exposed to oxidative HF treatment show

similar behavior to CdSe and CdTe; PLE spectra narrow significantly compared to the en-
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semble absorption and spectral features shift as the selected emission energy is varied (Figure
3.4b). This observation suggests that there is no fundamental barrier that prevents colloidal
InP QDs from achieving the narrow emission lines that are commonly obtained for II-VI
emitters. While the data from unoxidized and unshelled samples imply that InP emitters
with low PL quantum yield behave qualitatively similarly to CdSe and CdTe, the samples of
InP with bright PL show a significantly different behavior (Figure 3.4c,d). InP samples that
are treated with HF under illumination and exposure to air or, alternatively, samples that
are passivated by ZnS shells both exhibit bright PL that is significantly redshifted from the
first absorption peak. Both samples yield broad excitation spectra that broaden further as
the analyzed emission band is shifted redder. As excitation spectra are measured for succes-
sively redder emission bands, their spectral features broaden further but do not appreciably
change in energy. This data suggests that redder emission is not correlated with redder
absorbers in these samples. In other words, the emission at the red-edge of the PL spectrum
does not simply originate from a subpopulation of emitters with redder transition energies
but rather from a subpopulation of emitters that have a similar absorption edge as the entire
ensemble average but that are able to emit redder. For typical high-quantum-yield samples
of InP, including those shown in Figure 3.4c,d, the first exciton in the PLE spectra for deep
red emission occurs approximately 200 meV blue of the scanned emission band. Figure 3.5
summarizes the results of the PLE studies by comparing ensemble absorption line widths
to those of the corresponding excitation spectra extracted from the center of the emission
band. We show data for four samples of II-IV semiconductor emitters: CdSe-1(polydisperse),
CdSe-2- (monodisperse), CdTe-1(polydisperse), and CdTe-2- (monodisperse). Here, “poly-
disperse” denotes a sample with ensemble PL broadened by 50% relative to the corresponding
“monodisperse” sample.

From these four samples we extract PLE spectra with a roughly 90 meV full width at
half-maximum (fwhm) of the first excitonic feature independent of material or polydispersity.

That we do not extract narrower PLE spectra for the more monodisperse samples suggests
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Figure 3.5: Comparison of ensemble absorption spectrum and PLE spectrum line widths. (a,
b) Gaussian fits (shaded) compare the fwhm of the first excitonic peak in absorption (black)
and PLE (colored) for polydisperse CdSe (a) and InP-ZnS core-shells (b). (c¢) Summary of
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more polydisperse and more monodisperse samples, respectively.
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that this 90 meV value originates from a combination of the single-particle emission line
width and measurement related broadening. The weakly emitting InP sample (Figures 3.4b
and 3.5¢) behaves similarly to CdSe and CdTe QDs yielding a narrowed PLE spectrum with a
114 meV first exciton fwhm. The roughly 20% broader line width for InP compared to CdSe
and CdTe is consistent with prior determinations[5] of the single-particle emission widths of
these materials. In contrast, the brightly emitting classes of InP (Figure 3.4c,d, InP-HF and
InP-ZnS) both yield broad features in their PLE spectra. This observation contradicts the
characterization of these bright InP colloids as emitting from a size distribution broadened
ensemble of narrow single emitters. Rather, it points to the bright red-shifted PL as resulting
from a shallow trap assisted radiative recombination process. If the depth of trap states (AE
in Figure 3.3b) varies from dot to dot, broad ensemble emission is expected from reasonably
monodisperse samples of InP QDs that show narrow emission lines in single-particle PL

studies. In the following sections we will investigate the nature of the emissive states in

bright InP QDs.

3.3.8  Transient Absorption and Streak Camera Studies of the Picosecond

Ezxcited Carrier Dynamics

Transient absorption (TA) and fast time-resolved photoluminescence measurements by streak
camera were undertaken to further understand the role of HF etching and ZnS shelling in
bringing about bright luminescence. In particular, we sought to understand the effect of
passivation chemistry on the lifetimes of photogenerated electrons and holes individually.
According to the state filling picture[20] for describing TA in quantum confined II-VI and
ITI-V semiconductors, differential absorption signals are dominated by the state occupation of
the electron due to its lower effective mass and the lower degeneracy of the conduction band.
For example, in the case of InP|21] the electron effective mass is 0.08m, compared to a hole
effective mass of 0.6m.. We thus expect that decay kinetics of the transient bleaching signal

will only reflect electron state occupation and will be relatively insensitive to hole-trapping
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Figure 3.6: Left, a colormap showing the spectral evolution of the transient absorption of an
as— synthesized InP sample as an example dataset. Right: offset, un-normalized A« spectra
extracted at a discrete series of probe delays (0.3ps — 1000 ps) from the same data used
to generate the colormap at left. The observation that evolution of the shape of the A«
spectrum ceased completely by 100 picoseconds was found to hold generally for all samples
considered. For probe delays of 100 ps and longer, the A« signal at all probe energies simply
decayed monotonously.

events. In contrast, picosecond time scale PL measurements provide information about the
net population of the emissive state. Irreversible trapping of either carrier will contribute
to the observed kinetics. With the combination of the two techniques, the relationship
between InP passivation chemistry and the relaxation pathways of electrons and holes can
be understood. A pump-probe TA experiment with blue pump (3.0 eV) and broadband
probe yielded a set of differential absorption spectra vs pump delay for all samples. Spectra
taken in the first few picoseconds following excitation show a rapid spectral evolution due

to carrier cooling (Figure 3.6).
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Following the completion of this process, the spectral evolution ceases; the shape of
the differential absorption spectrum then remains static, and the signal strength decays
monotonously with increasing pump delay. At this stage, photoexcited electrons bleach the
oscillator strength of transitions which correspond to promotions of valence band electrons
to the occupied conduction band level.

Accordingly, the strongest and slowest decaying signal is a bleach which corresponds
in energy and line shape to the first excitonic feature in the linear absorption spectrum
(Figure 3.7a). The energy of this transition has a well-studied dependence on nanocrystal
size due to quantum confinement effects.|17, 22] Thus, electrons relax to a delocalized 1Se
“particle in a spherical box” state and bleach the first excitonic absorption by blocking
valence band to 1Se transitions. The first exciton bleach recovery kinetics on the time scale
of hundreds of picoseconds should then simply track the population of electrons in the 1Se
state: |Aa| o [e-]. Analysis of these kinetics (Figure 3.7b) for samples with different surface
passivation chemistries finds that decay of the conduction band electron population is slow
on the subnanosecond time scale. Measurements at longer probe delays (Figure 3.6) find that
depletion of the 1Se state following the pump takes place over tens of nanoseconds, a rate
similar to that of radiative recombination in emissive samples. Slow kinetics were seen for all
samples investigated with no apparent connection between the rate of bleach recovery and the
steady-state PL quantum yield of the sample. These data imply that electron trapping rates
are similar, and negligible, in all samples. This is a surprising conclusion given that the PL
quantum yields of the HF-treated samples are approximately 3 orders of magnitude greater
than the as-synthesized QDs. These results imply that subnanosecond PL quenching in the
nonluminescent samples can be attributed to hole trapping. To validate our interpretation
of the pump-probe TA data as providing selective information about electron dynamics, we
conducted an additional control experiment by repeating measurements with addition of an
electron scavenger, methyl viologen dichloride (MV2+), to the nanocrystal solutions under

investigation. Previous studies of carrier dynamics in QDs,[23] 24] have used MV2+ as a
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Figure 3.7: (a) Absorbance and 100 ps probe delay differential absorption spectra from
InP without postsynthetic modifications. Inset compares the linear absorption lineto the
ground state bleach of the first exciton. The pump energy is 3.0 eV. (b) Intensity of the first
exciton bleach vs probe delay time for as-synthesized and HF-treated InP. Dashed lines show
measurements where methyl viologen dichloride (MV2+), acting as the electron scavenger,
was added to the sample. (c) Comparison of steady-state PL spectra, solid lines, and emission
in the 40 ps following a pulsed excitation measured by streak camera, shaded gray. Dashed
lines show the corresponding absorption spectra. (d) Spontaneous PL decay for three types
of InP also by streak camera. Excitation is at 3.1 eV for the steady-state and pulsed PL
measurements.
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selective electron scavenger which undergoes rapid reduction by photogenerated conduction
band electrons. Indeed, addition of MV2+ to the InP QD solutions results in rapid loss of
the conduction band electron population following excited state electron transfer to MV2+
(Figure 3.7b). The spectroscopic signature of the singly reduced methyl viologen radical
MVe+ appears concomitantly with the loss of the bleach signal from the QDs and decays
negligibly slowly over the 2.5 ns time interval of the TA experiment. The long life of the
radical indicates that there is no fast hole transfer following the initial electron transfer.
Rather, the reduced MVe+ radical coexists with positively charged QDs. Additionally,
there is not a strong differential absorption signature observed from the hole remaining
on these positively charged InP quantum dots, an observation that agrees well with the
prediction that the high valence band density of states will obscure the contribution of a
single valence band hole to the absorbance. The conclusion is that, for all InP chemistries
studied, electron trapping is negligible on subnanosecond scales unless an electron trapping
species is intentionally introduced.

In contrast, measurements of photoluminescence show a strong relationship between sur-
face chemistry and kinetics (Figure 3.7d). While luminescent HF-treated and ZnS-shelled
quantum dots show a PL decay that matches the TA kinetics (Figure 3.8), for as-synthesized
InP PL decay is quite fast. Given the long lifetime of electrons in the 1Se state, the observed
PL decay kinetics on the subnanosecond time scale can be attributed to hole-trapping rates.
PL decay dominated by hole trapping allows the kinetics in Figure 4d to be interpretable
as tracking the hole population remaining in a state that can recombine radiatively with
electrons in the 1Se state: IPL o [h+ ]. This is in line with predictions made by previous
studies of the photochemical mechanism of HF passivation[16, 25] and contradicts other re-
ports|26, 27| which pointed to electron trapping at phosphorus vacancies as the predominant
source of PL quenching in unmodified InP QDs. As InP QDs show PL decay rates which
either match or greatly exceed the decay rate of the 1Se population, PL is expected to come

from recombination of holes with these delocalized conduction band electrons. A question
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Figure 3.8: A comparison of bleach recovery and PL decay at the hundreds of nanoseconds
timescale. The black trace shows the bleach recovery kinetics obtained from a transient
absorption setup using an electronically delayed pump. The blue and red traces show PL
lifetime data obtained from TCSPC for InP made luminescent by post—synthesis ZnS shelling
or by HF treatment. Even for non—luminescent InP with PL decay on the timescale of tens
of picoseconds, the bleach intensity decay in transient absorption takes place over tens to
hundreds of nanoseconds. Further, this decay is slower than the PL decay of the passivated
samples. This reinforces the evidence that hole trapping is the dominant PL quenching
mechanism in colloidal InP and that electron trapping is slow even on the half microsecond
timescale. However, trapping of electrons can be an important quenching mechanism when
fast electron traps are present as they are upon addition of methyl viologen. All samples
with MV2+ added exhibited total quenching of measurable PL from the nanocrystals, further
supporting the interpretation of the TA results as rapid reduction of MV2+ by 1Se electrons
in excited InP.
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then arises as to whether the highly Stokes-shifted PL in luminescent InP QDs is a band to
band process with a hole in the 1Sh state recombining with the 1Se electron. Alternatively,
the low energy of the emission could be explained by a trap to band process in which the
holes relax to a midgap state and subsequently recombine radiatively with the long-lived
delocalized conduction band electrons. If this is the case, emission at early times may con-
tain a significant higher-energy component from electrons combining with untrapped holes.
The trapping process should then be resolvable as a shift in emission energy by spectrally
resolved fast PL. measurements. The result of integrating photon counts from streak camera
measurements taken for samples with long PL lifetimes is shown in Figure 3.7c. Photons
emitted in the time interval from 0 to 40 ps after excitation show spectral width and Stokes
shift that are very similar to those collected in a steady-state PL measurement. The conclu-
sion is that any population transfer of holes must occur faster than the tens of picoseconds
time scale. Given the fast kinetics of excited state electron transfer to adsorbed MV2+ seen
in sulfide-capped InP QDs, a hole relaxation rate that exceeds the time resolution of the

streak camera measurement is plausible.

3.3.4 Femtosecond Fxcited Carrier Dynamics Accessed by

Two-Dimensional Electronic Spectroscopy

To better understand the electronic structure and ultrafast dynamics of InP QDs, we per-
formed two-dimensional electronic spectroscopy (2DES) on both ZnS-shelled InP QDs and
as-synthesized InP dots. 2DES is a four-wave mixing technique analogous to TA spec-
troscopy, but the time difference between the two pump pulses can be controlled.|28] 29
Fourier transforming over this excitation time domain yields an additional axis that re-
ports on the excitation frequency of the sample. With the resolved excitation and detection
frequencies, 2DES can track the energy transfer dynamics of the sample from the initial
excitation.[30-32] 2DES is also a unique tool to investigate electronic coupling, vibrational

coupling, and coherent oscillations between excited states.|33H37] Here we examine the ori-
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gin of the broad photoluminescence line shape in InP/ZnS QDs by comparing the spectral
features and oscillatory waiting time dynamics of both ZnS-shelled and as-synthesized InP
quantum dots using 2DES. Information from 2D spectra will report on the degree of inho-
mogeneity in the ensemble, reveal details of the excitonic structure of both InP/ZnS and
as-synthesized InP QDs, and determine the degree of coupling between different electronic
states or state-specific electronicvibrational couplings. Using a similar setup described previ-
ously in the literature,[38] we generate 12 fs fwhm laser pulses that we split into three beams
arranged in a BOXCARS geometry to perform our 2DES measurements. The three beams
are focused on a sample and overlapped at the sample position to produce a four-wave mix-
ing signal that is emitted in a unique phase-matched direction and then heterodyne-detected
on a CCD array camera. The first pulse creates a coherence between a ground and excited
state, while the second pulse drives the system into a population state or a coherence be-
tween different states that locates either on the ground state or the excited state surface.
As time is allowed to evolve during the waiting time (T, time difference between the second
and the third pulses), this population state can undergo coherent oscillations and incoherent
relaxation. Scanning the time delay between pulses 1 and 2, and Fourier transforming over
this domain, produces a 2D spectrum. A 2D spectrum is then a frequency-frequency correla-
tion map that relates the excitation pump energy absorbed by the sample with the emitted
frequencies detected on the camera after a certain waiting time. Over the course of the
2D experiment the relative timing between pulses can drift slightly since each beam travels
a different path in space and any changes, especially those related to beam pointing, can
manifest as minute timing errors that impact the phase of the signal detected on the camera.
In order to determine the proper phase to be able to assign the features in the 2D spectrum
to ground state bleach (GSB), stimulated emission (SE), or excited state absorption (ESA)
phenomena, we correct each 2D spectrum through fitting to a separately collected pump
probe data set. This phasing process is explained in detail in Appendix A of this thesis.

Two-dimensional electronic spectroscopy provides spectral and dynamic details beyond
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Figure 3.9: (a, b) Time evolution of the 2D spectrum of (a) InP/ZnS QDs and (b) as-
synthesized InP QDs at various waiting times (T). (¢, d) Annotated real-valued 2DES spectra
of (¢) InP/ZnS QDs and (d) as-synthesized InP QDs at waiting time T = 500 fs. Relevant
points on and off the main diagonal are denoted by red circles and blue squares, respectively.
The color map of each spectrum is normalized to the maximum value of each data set. The
linear PL spectrum is included in red on the right-hand-side of each 2D spectrum along
with a guiding line to illustrate which excitonic states are predominantly responsible for
emission. Annotations are included for each spectrum that demonstrate significant features
or observations about the spectra that inform our analysis.
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that accessible through linear or transient absorption spectroscopies. While the linear ab-
sorption and photoluminescence spectra of InP/ZnS quantum dots are generally broad and
nearly featureless, the 2D spectra reveal a rich underlying electronic structure, suggesting
that there exist distinct electronic states within a complex, multistate exciton manifold (Fig-
ure 3.9). There are several contributing factors to this difference between the 2D spectra
and the linear spectra. First, in a third order spectroscopy such as 2DES, the signal scales
as the transition dipole moment (1) to the fourth power rather than 2 inherent to all linear
spectroscopies. Therefore, 2DES is able to resolve distinctive peaks that would be hidden
in linear spectra. Additionally, greater resolution is obtained by spreading the signal over
two frequency axes. Fast (<500 fs) dynamics in these materials will cause significant broad-
ening in linear spectroscopies that are mitigated by our sub-20 fs time resolution in 2DES.
Figure 3.9a,b shows the evolution of 2DES spectra from 50 to 1500 fs for InP/ZnS and
as-synthesized InP quantum dots, respectively. In both samples, there is little evolution in
spectral shape after the first 200 fs, suggesting that the carrier cooling and trapping occur
on very short time scales. Additionally, the two-dimensional line shape of these excitonic
features provides information about the degree of homogeneity of the states in the sample
that carry the oscillator strength; with defect states, the homogeneity of the state can differ
from what is expected on the basis of the nanocrystal size distribution. For example, in
Figure 3.10c, many of the features along the main diagonal such as the positive feature at
2.05 eV are circular (Figure 3.9¢), indicating a high degree of homogeneity. In contrast,
the excitonic features on the main diagonal of the as-synthesized InP QD sample in Figure
3.9d at 1.86 and 1.92 eV are elongated on the diagonal, which is characteristic of static
heterogeneity. The difference likely arises not from changes in the size distribution of the
QDs but rather the local molecular definition of the bright trap state. Comparing the 2D
spectra to the linear PL spectra (shown in red in Figure 3.9¢,d), the band edge features in
the 2D spectra are the same energy as the PL peak in both samples as expected. How-

ever, the as-synthesized InP QD sample has a much lower quantum yield than the InP/ZnS
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core-shell sample. Thus, though there is significant amplitude in the as-synthesized InP 2D
spectrum, most excitations undergo nonradiative recombination, while the radiative path-
ways in the InP/ZnS sample are able to outcompete non-radiative processes. Along with
the shape and position of the main diagonal features, the presence of cross-peaks in the
upper diagonal portion of the spectrum (Figure 3.9¢) shows that many of these excitonic
states are coupled.[34] This type of upper diagonal feature could be from intradot coupling
or interdot (FRET-like) coupling. However, because the time scale of a FRET process is far
longer than the waiting times where these crosspeaks occur, and because interdot coupling
is expected to be very weak due to the ZnS shell, capping ligands, and nonpolar solvent,
it can be concluded that these features are from the coupling of different electronic states
within the same QD. Therefore, the broadness of the absorption feature in InP /ZnS quantum
dots is primarily due to multiple closely spaced electronic states rather than size-dependent
heterogeneity. This agrees with the work of Biadala et al., who proposed an electronic fine
splitting structure for InP/ZnS quantum dots that consists of a dark excitonic state and
multiple higher-lying bright states.[39] The features in the 2D spectrum of as-synthesized
InP QDs show marked differences compared to those of InP/ZnS QDs. In the spectrum
of the as-synthesized QDs, the amplitude is focused in two states near 1.88 and 1.93 eV
(Figure 3.9d) rather than spread across many states throughout our laser bandwidth. Upper
diagonal coupling features exist that are similar to those observed in the spectra of InP/ZnS
dots, suggesting that higher-lying excited states similar to the InP/ ZnS sample exist in the
as-synthesized InP QD sample; however, the transition dipole strength of these features is
far weaker than in the InP/ZnS 2D spectrum. It is possible that lattice and surface defects
introduced in the core-shell QDs reduce the symmetry of InP cores, revealing additional fine
structure seen in InP/ZnS QDs, and could point toward a route for tuning the splitting in
future synthetic work.|40] To study the effect of the shelling process on the InP QD elec-
tronic structure further, we turn to Raman spectroscopy and 2DES quantum-beating map

analysis.
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3.3.5 Structural Characterization by Raman and EXAFS

The increase in Stokes shift upon shelling or HF treatment could either originate from fast
hole trapping and a “band to trap” type emission or from an increased degree of excited
state reorganization resulting in effectively higher exciton-phonon coupling in the band to
band emission.[41] In the case of fast trapping, the relationship between surface chemistry
and Stokes shift could be explained by a hypothesis that PL enhancing treatments work
by introducing a new radiative recombination route through states that are related to the
chemical modification of the structure. If the emission red shift is from a large geometric
reorganization in the excited state and a correspondingly large Huang-Rhys parameter, the
effect of chemical modification may be to alter the deformation potential of the structure,
perhaps by “softening” the crystal surface and introducing new geometric motions that
couple to the electronic excitation. The importance of soft deformations in lead salt QDs
has been highlighted previously.[42, 43| Because the electron is long-lived in a delocalized
state, we should then consider that excited state geometric distortion will be most likely
related to distortion of the lattice centered around a localized hole. To clarify the role
of phonon coupling and lattice dynamics on the properties of InP QD emission, a Raman
scattering study was undertaken. Analysis of the spectral line shapes and overtone intensities
reveals that InP samples with broad PLE spectra and bright, red-shifted emission are also
characterized by broadened features in their Raman spectra (Figure 3.10a). We further
show that this broadening is not due to size effects, surface reconstruction, or appearance
of impurity phases. Rather, the broadened Raman features of InP/ZnS core-shells and
aerobically HF-treated InP are derived from internal lattice defects. The resulting reduction
of crystal symmetry and associated effects on the electronic structure of the quantum dots
are responsible for the changes to the Raman spectra and their behavior as emitters. Poorly
luminescent InP QDs with no postsynthesis modification show a Raman spectrum that
resembles that of bulk single crystals albeit with a size-dependent broadening. The I'-valley
longitudinal optical (LO) and transverse optical (T'O) phonon resonances are assigned to
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Figure 3.10: (a) Raman spectra of InP as-synthesized, with postsynthetic HF treatment, and
Zn-doped from synthesis. Zn-doped and HFtreated material both show broadening of the
optical phonon features as well as appearance of scattering from the longitudinal acoustic
(LA) mode. (b) Comparison of the longitudinal optical (LO) phonon line widths for the
undoped, as-synthesized material and for HFtreated and Zn-doped material. HF treatment
and Zn doping by inclusion of ZnCI2 in the synthesis both account for a significant portion of
the spectral broadening at a given size and optical gap. Black arrows connect measurements
for the same material out of synthesis and after the postsynthesis treatment with HF. (c)
Absorption spectra of the three classes of InP and PL under 2.8 eV excitation. Large
apparent Stokes shifts are correlated with the lattice disorder related broadening seen in
the Raman spectra and also with PLE spectra which show little narrowing compared to
ensemble absorption.

—1 respectively. At higher frequencies,

the two prominent peaks around 310 and 340 cm
spectra show an indistinct feature that can be attributed to three overtones, 2TO, TO +
LO, and 2LO. These three features are well-resolved for single crystal InP but produce a
single broad scattering signal in the nanocrystalline samples. Raman measurements were
also made on luminescent chemically passivated InP samples. InP cores shelled with ZnS
show a resonance at 350 cm ™! which corresponds to the LO phonon frequency of ZnS and
which appears to overlap with the InP LO phonon resonance and obscure it (Figure 3.10a).

We analyze the InP/ZnS core-shell system further by also considering “Zn-doped” InP.

For ZnS shelling of InP, it is a common practice to include a Zn precursor in the original InP
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core synthesis mixture. Unshelled InP QDs grown from a mixed metal precursor of InCls
and ZnCly are termed here Zn-doped InP. The red shift of PL spectra observed in Zn-doped
InP is very similar to that in InP/ZnS core-shells and aerobically HF-treated InP QDs (cf.,
Figures 3.3a and 3.10c). Chemical analysis by ICP finds that, for our growth conditions with
a 1:1 molar ratio of In:Zn, the final atomic ratio is 21:1. Raman spectra of as-synthesized, Zn-
doped, and aerobically HF-treated InP QDs are compared in Figure 3.10a. For InP samples
that are modified by HF phototreatment, ZnS shelling, or Zn doping, an additional low-
frequency mode appears centered at 150 cm ! . Because it appears for both HF phototreated
particles and for Zn-doped material, it is highly unlikely that it can be attributed to a motion
involving a specific impurity atom. If, for example, In-F bonds were responsible, then the
same should not be seen in the ZnS core-shells; if Zn-P bonds were the cause then HF-
treated particles with no Zn content should not show the peak in their Raman spectra.
The possibility of oxidation resulting in modes from surface oxide phases such as IngO3 and
InPOy4 also fails to account for the observations as no Raman features found in the spectra of
these oxides match the 150 cm ™! peak seen from modified InP. Rather, the frequency of the
new peak matches very well with that of longitudinal acoustic (LA) phonons of InP.[21] The
assignment of the low-frequency feature around 150 cm™! to scattering from longitudinal
acoustic phonons has important implications. Inelastic scattering from acoustic phonons is
not typically observed in nanocrystal samples and is only seen at very low frequencies in
bulk crystals due to the acoustic phonon frequencies approaching zero at the Brillouin zone
center. The acoustic phonon related feature in HF-phototreated or Zn-doped InP occurs at a
frequency corresponding to the acoustic branch density of states maximum rather than near
zero frequency.[44] The observed scattering must then be from the equivalent of non-Brillouin
zone center modes. The translational symmetry of an ordered lattice imposes the requirement
that one phonon scattering occurs from phonons very near the Brillouin zone center in order
to satisfy momentum conservation. Without translational symmetry considerations, this

selection rule does not apply as lattice motions will no longer be characterized by a definite
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wavevector. Broadening of the Raman spectrum and appearance of scattering from modes far
from the Brillouin zone center has been observed previously in bulk systems as a characteristic
of lattice disorder. The effect of reduced lattice symmetry on Raman scattering is seen clearly
in single crystal InP[45-47] and GaAs|45, 48] with ion implantation induced disorder. Ion
bombarded samples show pronounced broadening of the optical phonon resonances as well
as the appearance of new features. The new peaks originate from scattering involving the
disordered material equivalent of what would, in the ordered case, be phonons that are far
from the Brillouin zone center. In the limit of high disorder, the ion bombardment studies find
a scattering intensity spectrum that closely resembles the total phonon density of states of
the corresponding ordered material. The appearance of this “density-of-states-like” Raman
spectrum indicates that a degree of lattice disorder that is sufficient to drastically alter
Raman scattering behavior may not strongly perturb the phonon density of states. This
type of disorder related activation of non-Brillouin zone center Raman scattering seems to
describe the spectra of luminescent nanoparticles quite well. In a comparison of untreated
and aerobically HF-treated InP, the Raman spectrum differs in four notable ways: the
appearance of the LA phonon scattering feature, a relative increase in the intensity of the
TO phonon peak, broadening of these features by a factor of 2 or more, and a lessening
of the optical phonon overtone scattering intensity. All of these changes match those seen
upon ion bombardment of single crystals including the weakened overtones. Concomitant
with the shift to a density-of-states-like Raman spectrum, ion bombardment disordered I1I-V
materials exhibit a decrease in overtone intensities with increasing ion dose.[47] This provides
a ready explanation for the weakening of overtone intensity seen when comparing luminescent
HF photoetched InP particles to untreated particles of the same size (Figure 3.11).

Rather than tracking strength of electron phonon coupling of the resonant excitation,
the change to the overtone intensity indicates a reduced lattice symmetry. The degree of
disorder required to produce such a suppression of a selection rule is apparently relatively

small. Measurements of powder X-ray diffraction (PXRD) of InP QDs as-synthesized, HF-
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treated, or Zn-doped all yield very similar diffraction patterns. The PXRD peak widths and
extracted Scherrer sizes for these different types of InP QDs are all comparable among par-
ticles with similar first exciton energy. Additionally, the PXRD data does not show evidence
of impurity phases present above the detection limit of 1% in any of the measured samples.
We might expect to find InFg, InPOy, IngOs3, or In(POg3)3 phases in material that is illumi-
nated in the presence of HF and air, but none are evident. Similarly, in Zn-doped InP there
is no significant impurity phase of tetragonal ZngPo. Only zinc blende InP is found, albeit
with diffraction peaks shifted slightly to higher angles due to lattice contraction. Thus, the
disorder observed in Raman spectroscopy likely originates from point defect sites such as
vacancies, substitutions, and interstitials that result in an effectively reduced symmetry. A
similar kind of disorder was seen in ion bombarded single crystals.|[45-47] In the case of a
nanocrystal, even if it is perfectly ordered within, there is no translational symmetry com-
parable to a bulk single crystal where the lattice extends approximately infinitely. Typical
colloidal InP QDs have diameters of 3-5 nm compared with a lattice constant of 0.59 nm. As
structures approach the scale of a unit cell, it is important to carefully consider size effects in
interpreting nanocrystal Raman scattering. A size series of InP Raman spectra from material
all from the same synthetic batch indeed shows the expected broadening of Raman features
with decreasing crystal radius. Plotting the LO phonon line width vs optical gap for this
series gives an empirical linear relation shown in Figure 3.10b. Here it can be clearly seen
that treatment by illumination in the presence of HF and air results in a broadening of the
LO phonon line that is far greater than what can be attributed to size effects resulting from
a reduction of the radius. The quantum dots doped with Zn show even larger LO phonon
line broadening at the same size. In both cases, the Raman line broadening is accompanied
by a pronounced increase in Stokes shift of the emission (Figure 3.10c) pointing to a link
between the vibrational properties of InP QDs and their properties as emitters. For Zn-
doped QDs the apparent reduction of lattice symmetry is easily understandable; Zn2t ions

incorporated at substitutional or interstitial sites are expected to introduce internal disorder.
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Phototreatment by HF, on the other hand, is expected on the basis of previous studies|16],
25, 26] to act on the crystal surface. This raises the question of whether the changes seen
in Raman spectra of HF-treated InP can be explained by surface effects alone or if there is
an implied role of disorder in the interior of the QDs. In the case of a surface localized ef-
fect of the treatment, we expect that surface phonon modes will be predominantly affected.
Fitting of the optical phonon fundamental region reveals that the changes to the Raman
spectra seen upon treatment extend to the bulk derived LO and TO motions and cannot be
described by a change to the surface vibrational structure alone. The surface optical phonon
(SO) scattering contribution is resolvable in the fits but does not show pronounced variation
with chemical treatment. This implies that putative surface treatments affect vibrational
structure of the quantum dots beyond the surface alone. We can gain some insight into the
way that luminescence enhancing modifications can result in defected nanocrystal interiors
by reducing them to their component parts and examining the effects of each individually.
In the case of ZnS shelling, the process can be broken down into the effects of Zn and S
separately. When as-synthesized InP cores are stirred at 270 C with trioctylphosphine sul-
fide (TOP-S), the sulfur precursor for shell growth, there is little observable change in the
Raman spectrum. A more aggressive sulfidation of the surface is possible by exchange of the
long chain organic ligands on as-synthesized InP QDs for compact S2~ ligands resulting in
electrostatically stabilized colloids soluble in polar solvents. This ammonium sulfide treat-
ment has been thoroughly investigated on surfaces of bulk InP where it has been found to
induce surface reconstruction and alter surface electronic properties upon annealing.[49-52]
Sulfide stabilized InP quantum dots show little change in the Raman spectrum even after a
350 C anneal. An analogous experiment to test the effect of surface Zn?t yields a similar
result: undoped InP cores that are exchanged to ZnCly capping ligands also do not show
significant broadening after annealing.

Figure 3.12 summarizes these results and also shows Zn-doped InP-capped with its na-

tive oleylamine ligands for comparison. Postsynthetic Zn?T and S2~ treatments are both
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Figure 3.12: (a) Raman spectra for as-synthesized InP cores capped with native oleylamine
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The Zn-doped spectrum shows data for oleylamine-capped InP QDs synthesized from a
mixed InCl3/ZnCl2 precursor. (b) Raman spectra showing the same particles fresh and
exposed to air with and without light. (c) Absorption spectra showing the effect of aerobic
illumination of InP colloids. (d-f) R-space representations of In and Zn K-edge EXAFS.
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expected to have pronounced effects on the nanocrystal surfaces but likely not on the inte-
rior. So, the small effect of surface treatments on the Raman spectrum is consistent with
the hypothesis that internal disorder is a necessary condition to observe broadened phonon
lines. That only the Zn-doped material shows significant changes to its Raman spectrum is
strong evidence that the signatures of disorder are related to internal defects. While InP pas-
sivation by dilute HF and illumination in air has been previously considered as a treatment
which affects only nanocrystal surfaces, the fact that signatures of internal disorder appear
in Raman spectra of treated InP implies that the effect goes beyond the surface. Separat-
ing the HF', illumination, and air exposure elements of the treatment, we find that disorder
appears when InP is exposed to light and air simultaneously (Figure 3.12b,c). This can be
explained by a hypothesis that photo-oxidation induces intercalation of interstitial 0%~ ions
into the lattice to produce a structural change that goes beyond the surface. This idea is
consistent with previous observations of photo-oxidation of InP nanowires|53| and supported
by a computational study[54] which found that oxygen atoms favorably insert into the InP
lattice to form In-O-P bridges. Studies of Zn-doped and HF-treated InP by extended X-ray
absorption fine structure (EXAFS) corroborate the assignment of lattice disorder inducing
species inferred by the Raman study. We find evidence for substitutional Zn?T ions on In3+t
sites in Zn-doped InP and interstitial O~ in aerobically HF-treated InP. Data from the
In K-edge represented in R-space, Figure 3.12d, shows identical coordination environments
around In atoms in both doped and undoped InP. This indicates that Zn-doped material
retains a tetrahedral four phosphorus atom coordination environment around indium and
that there is no evidence of reduction in crystallinity upon Zn doping. It further argues
that Zn inside the quantum dots should be on substitutional rather than interstitial sites as
interstitial Zn2*+ would appear in the first coordination sphere of neighboring In atoms. Data
from the Zn K-edge, Figure 3.12¢, shows that Zn dopant atoms are characterized by bonds
to phosphorus atoms in their first coordination spheres. If Zn were significantly concentrated

on the surface of the material, we would expect to see evidence in EXAFS of short Zn-N

7



bonds from coordination to the oleylamine capping ligands. This is not the case, and the
observed Zn coordination provides strong support for the conclusion of the Raman study:
Growth of InP in the presence of a Zn salt results in Zn trapped inside the crystallites.
Examination of the indium K-edge data for aerobically HF-treated InP, Figure 3.12f, finds
further support for the conclusions of the Raman study. Compared to untreated InP, the
luminescent material is oxidized and shows that a significant amount of In-O bonds form as a
result of the treatment. Fitting this data by considering In-P and In-O scattering paths finds
that there are roughly two In-O bonds for every three In-P bonds. Given the large number
of oxygen atoms, it is unlikely that oxidation is confined only to the surface. In agreement
with the hypothesis motivated by the Raman data, EXAFS shows that photo-oxidation of

InP leads to intercalation of O2~ ions deep into the quantum dots.

3.3.6 FExciton-Phonon Coupling Probed by 2DES Quantum-Beating Maps

To further investigate the broad PL from InP/ZnS QDs, we analyzed quantum-beating maps
of our 2D spectra. Following a point in a 2D spectrum over the waiting time results in a
trace that records both the relaxation dynamics and coherent oscillations (Figure 3.13).
By subtracting a single exponential or multiexponential fitting function from the waiting
time trace, we are able to isolate the coherent oscillatory dynamics. This residual is then
Fourier transformed to yield a power spectrum. A quantum-beating map can be generated
by performing this analysis on each point in a 2D spectrum, and plotting the intensity of
the resultant power spectrum for a particular beating frequency (wT), across the entire 2D
spectrum. These beating maps depict where on the 2D spectrum a particular oscillatory
mode is present, allowing us to link the system phonon modes with the electronic state(s)
to which they are coupled.[55-57]

Figure 3.14a,b shows the quantum-beating maps for ZnS-capped InP QDs and as-
synthesized InP QDs, respectively, taken at 43 meV, revealing the LO phonon energy of InP

and ZnS. The beating map of InP/ZnS QDs at this energy has a prominent feature that
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Figure 3.14: Quantum-beating maps of (a) InP/ZnS QDs and (b) as-synthesized InP QDs
taken at 43 meV reveal exciton-LO-phonon coupling. Contour lines of the real-valued 2D
spectrum for each sample at 750 fs are overlaid to guide the reader. Additionally, the linear
PL spectrum of InP/ZnS QDs is plotted in red on the left-hand side of the InP/ZnS QD
beating map to show that the maximum of the InP/ZnS beating map corresponds to the
peak of the linear PL.

notably aligns with the peak of the PL band at 1.99 eV (Figure 3.14a includes the linear
PL spectrum as a guide). Therefore, upon excitation into the bright electronic states of
InP/ZnS QDs at 1.95 and 2.03 eV (main diagonal), the exciton couples to the lattice vibra-
tion which contributes to photoluminescence line broadening in colloidal quantum dots at
room temperature. As-synthesized InP (Figure 3.14b) does not show significant intensity
in the 2D beating map, though a sharp LO feature appears in the Raman spectroscopy. This
observation indicates that only the states arising from fine splitting by incorporating disorder
into the lattice couple significantly to the LO phonon. It is possible that the coupling is
influenced both by the ZnS phonon mode and the InP LO phonon mode; regardless, the
dark band-edge states show no apparent coupling in the InP/ZnS 2D beating map. Finally,
there is also a coupling peak at (2.12, 2.08 eV) on the InP/ZnS beating map. This may
correspond to a secondary bright state as noted in the literature that further contributes

to photoluminescence line broadening in InP/ZnS quantum dots. Taken together, these

2D quantum-beating maps show that the bright electronic states of InP/ZnS quantum dots
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couple more strongly to lattice vibrations than assynthesized InP QDs, which is expected for
emission from localized defect states introduced during the shelling process, in turn leading

to PL line broadening at room temperature.

3.3.7 Computational Insights into Electronic Structure and Impurity

Levels of InP Quantum Dots

Combined, the spectroscopic, EXAFS, and Raman studies find that structural disorder in the
form of impurity atom point defects is correlated with the appearance of broad red-shifted
emission. The question then remains, how do these structural defects alter the electronic and
optical properties of the material? We see from our spectroscopic investigations (Figure 3.7)
that electrons remain in a delocalized 1Se state on the time scale of emission and that non-
radiative recombination results from hole trapping. Further, we find from the 2DES study
that the red-shifted radiative recombination in Zn-doped InP/ZnS core-shells occurs from a
more strongly LO phonon-coupled state. Strengthened exciton coupling to the LO motion
of InP suggests a spatial separation of electron and hole in the emissive state. Given the
long lifetime of delocalized electrons, the plausible explanation is that the red-shifted and
persistently broad emission occurs through a state with the hole localized in a defect atom
related state that is ~100 meV above the valence band edge. To further test this hypothesis,
we carried out a series of DFT calculations on a model nanoparticle with an IngaPgg core
(~1.9 nm; In/P ratio 1.35). The surface was passivated with 72 fluorine atoms providing a
clean band gap with the density of electronic states (DOS) with band gap energy Eg = 0.92
eV. The magnitude of the band gap energy is underestimated here compared to the exper-
imental value; hence, we focus on comparing trends in electronic structure under changing
surface passivation or introduction of defects. As an example, we found qualitatively similar
electronic structure for IngoPgg cores passivated with a mixture of acetate and hydroxyl
ligands. This result supports our experimental findings that defect related emission seen for

aerobically HF-treated InP is not a result of surface fluorination but is caused by subsurface
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Figure 3.15: (a) Offset density of states traces calculated for IngoPgg with the following
substitutional ZnIn defects from top to bottom: single interior Zn, 6 Zn atoms on surface,
single Zn on surface, and no substitutions. The valence band maxima (VBM) and conduction
band minima (CBM) are marked with blue and red arrows. The “in-gapstate” generated
by the interior Zn substitution is marked with a magenta arrow and depicted on the inset
contour plot. (b) Contour plots visualizing the VBM and CBM states marked by blue and
red arrows in part a. Atoms are colored according to type: In (pink), P (gray), F (blue),

and Zn (black).
defects that are introduced during the passivation process. Next, we considered the effect of
substitutional Znln defects in which selected In atoms in F-passivated IngoPgg were replaced
by Zn atoms. We studied the changes introduced by such substitutions to the energy and
spatial probability density of CBM and VBM states of Zn-doped InP QDs (Figure 3.15).
Substitutions at both surface and interior sites have a minor effect on the CBM energy and
preserve the delocalized 1Se state across different types of surface or internal Znln defects.
However, valence band states are significantly perturbed by Znln substitutions with differing

effects for surface and interior Zn dopants. Site-dependent effects are seen in Figure 3.15 in
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both the DOS traces at energies near the VBM, and also in the contour plots of the VBM
states. Generally, surface site Zn atoms increase the localization of the VBM and thus de-
crease VBM-CBM overlap in the QD interior, likely causing an increase in radiative emission
lifetimes. The specific effects of surface Znln substitutions differ depending on which site was
substituted meaning that an ensemble of Zn-doped InP will be composed of quantum dots
which have differing absorption and emission profiles even in the absence of polydispersity in
particle size. The resulting spectral broadening originates from chemical inhomogeneity and
cannot be eliminated by synthetic optimizations to narrow size distribution. Interior Znln
substitutions produce an additional form of electronic structure inhomogeneity. In addition
to perturbing the valence band electronic structure, interior Zn dopants produce an in-gap-
state (IGS) located above the VBM. As seen in the inset contour plot in Figure 3.15, this IGS
has orbital density localized around the substituted Zn atom and an energy ranging between
50 and 250 meV above the VBM depending on which interior In atom is substituted. The
appearance of such a state is expected given that Zn is a well-known p-type dopant used in
commercial bulk InP wafers where it acts as an electron acceptor by introduction of a state
above the valence band edge. For the purposes of quantum dot emitters, this variable energy
IGS contributes further to broad ensemble emission by introducing a new radiative emission
pathway. Following excitation of an electron-hole pair, the IGS can capture the hole, which
subsequently recombines with the electron remaining in the 1Se-like CBM state. One effect
of this CBM to IGS emission pathway can be to boost PL quantum yield by competing
with nonradiative hole trapping at the quantum dot surface. Additionally, it provides an
explanation for experimentally observed dot-to-dot variations of the apparent Stokes shift

and strongly phonon-coupled emission.

3.4 Conclusions

In summary, the data point to an important role of chemical disorder in the optical properties

of InP QDs. The apparent Stokes shift of the photoluminescence varies depending on chem-
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Figure 3.16: Lattice defects in the InP/ZnS quantum dot crystal lattice (left) introduce
emissive shallow hole trap states in the electronic structure (center). These localized trap
states (right) show electron-phonon coupling to lattice vibrations, which can help to explain
the broad emissive lineshapes of InP/ZnS quantum dots.

istry suggesting that the electronic states that are active in emission also vary. Given that
colloids with different emission red shifts show similar properties as absorbers, this implies
that the emission red shift is due to an electronic relaxation following absorption of band-
edge light. Photoluminescence excitation spectra show that the deeply red-shifted emission
is coupled to a broad action spectrum with washed out features and with an absorption on-
set shifted substantially to the blue compared to the detected emission. Energy dissipation
between absorption and emission in the form of electron relaxation to a sub-band-edge state
was ruled out by a series of transient absorption experiments.

There are two likely remaining mechanisms to explain the red shift. One is energy loss
by shallow trapping of the valence band holes to a state which can combine radiatively with
delocalized conduction band electrons. A second is a large geometric reorganization of the
excited state resulting in strengthened electron-phonon coupling and emission to a vibra-
tionally hot electronic ground state. These two mechanisms are related in our model due to
the electron-phonon copuling observed in the emissive shallow trap state in InP/ZnS quan-
tum dots. Shallow trapping is likely to be accompanied by an increased degree of localization
of the hole which would result in a spatial separation between it and the delocalized elec-

tron. The resulting electric dipole induces a geometric distortion along the optical phonon
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coordinate of motion of the holetrapped excited state. Thus, localization of the hole due to
trapping can produce a stronger electron-phonon coupling. Likely, the red shift in emission
produced when InP nanoparticles are made brightly luminescent is due to a combination
of the two effects which explains the persistently broad emission line width of typical high-
quantum-yield InP samples. Raman experiments reveal disorder activated phonon modes
and give us some clue as to the chemical nature of the lowered symmetry. A common prop-
erty of interstitial 02—, $2~, and F~ and substitutional Zn2* is that all will be expected
to p-type dope III-V semiconductors by charge balance arguments. In a quantum dot, the
doping effect of such impurities is likely to be compensated by the presence of other point
defects such as vacancies rather than by the presence of free holes. The net effect is then
to produce filled states above the valence band edge that are expected to act as exactly
the shallow hole traps implied by the luminescence and transient absorption experiments.
Given that HF-etched InP QD emitters behave similarly to the InP/ZnS core-shells in PL,
PLE, and Raman measurements, we find it likely that there are multiple types of lattice
defects that can all produce similar results. The hypothesis consistent with all of the data
is that the PL enhancing modifications of doping InP with Zn2*, shelling with II-VI mate-
rials, and etching with HF in aerobic conditions and illumination all play a double role of
passivating surface sites and installing shallow hole traps. The radiative process combining
free conduction band electrons with trapped holes then enhances PL quantum yield by pro-
viding an additional emissive recombination pathway competing with the expected band to
band process. The end result is a red-shifted and persistently broad emission profile that
complicates efforts to apply InP colloidal quantum dots, for example, as phosphors emitting
saturated primary colors. In detailing the obstacles to achieving narrow emitting, stable,
and bright InP, we also hope to point toward a future direction to overcome them. One
class of disorder, substitutional Zn%t, can be addressed by II-VTI shelling of pure InP cores
that are grown before addition of the Zn shelling precursor. This is unlikely to provide a

complete solution to the problem as the large lattice mismatch between InP and ZnS makes
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interfacial disorder likely, and strain related imperfections or diffusive mixing at a I1I-V /TI-
VT interface leads to doping and the appearance of carrier localizing states. Our studies of
the HF etched InP system strengthen this point. In this system, there is no disorder related
to Zn impurities and yet we observe outwardly similar behavior to ZnS shelled material.
The most promising route to solving the problem would be to avoid the use of group II
and group VI species altogether. InP quantum dots passivated by shells of higherband-gap
IT1-V materials, an InP/InGaP /GaP type structure for example, should avoid the problem of
emission through impurity atom related states. Developments in synthetic methods for the
InP core that avoid oxidation during synthesis should also allow for a way to avoid oxide in-
duced midgap states. With the correct synthetic protocol and passivation scheme, it should
be possible for I1I-V-based quantum dots to emit from band to band recombination with
reduced phonon coupling. Future steps in this direction may prove necessary for achieving

comparable performance to CdSe in nontoxic III-V materials.
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CHAPTER 4
SCALABLE LIGAND-MEDIATED TRANSPORT SYNTHESIS
OF ORGANIC-INORGANIC HYBRID PEROVSKITE
NANOCRYSTALS WITH RESOLVED ELECTRONIC
STRUCTURE AND ULTRAFAST DYNAMICS

Adapted with permission from L. Wang, N.E. Williams, E.W. Malachosky, J.P. Otto, D.
Hayes, R.E. Wood, P. Guyot-Sionnest, and G.S. Engel. Scalable Ligand-Mediated Transport
Synthesis of Organic-Inorganic Hybrid Perovskite Nanocrystals with Resolved Electronic
Structure and Ultrafast Dynamics, ACS Nano (2017). Copyright 2017 American Chemical

Society.

4.1 Abstract

Colloidal perovskite nanocrystals support bright, narrow PL tunable over the visible spec-
trum. However, bandgap tuning of these materials remains limited to laboratory-scale syn-
theses. In this work, we present a polar-solvent-free ligand-mediated transport synthesis of
high-quality organic-inorganic perovskite nanocrystals under ambient conditions with photo-
luminescence quantum yields up to 97%. Our synthesis employs a ligand-mediated transport
mechanism that circumvents the need for exquisite external control (e.g., temperature con-
trol, inert-gas protection, dropwise addition of reagents) required by other methods due
to extremely fast reaction kinetics. In the ligand-mediated transport mechanism, multi-
ple equilibria cooperatively dictate reaction rates and enable precise control over NC size.
These small nanocrystals exhibit high photoluminescence quantum yields due to quantum
confinement. Nanosecond transient absorption spectroscopy experiments reveal a fluence-
independent PL decay originating from exciton recombination. Two-dimensional electronic

spectroscopy resolves multiple spectral features reflecting the electronic structure of the
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nanocrystals. The resolved features exhibit size-dependent spectral positions, further indi-

cating the synthesized nanocrystals are quantum-confined.

4.2 Introduction

Organic-inorganic lead-halide hybrid perovskite materials have recently attracted extensive
research attention due to their extraordinary photophysical properties and performance in
optoelectronic applications. Previous studies have demonstrated that perovskite microcrys-
tals and bulk single crystals exhibit characteristics including large absorption coefficients,[1]
small exciton binding energies, [2] efficient photogeneration of free carriers, |3, 4] high charge
carrier mobility,[5], |6] and bimolecular charge recombination dynamics.[7, [8] Solar cells using
organolead halide perovskite thin films as their active layer have achieved certified power
conversion efficiencies up to 23%.[9-13| Perovskites have also shown promise for applications
in low-threshold optically pumped lasers[14-16] and light-emitting diodes (LEDs).|17] In
perovskite microcrystals and bulk single crystals, excitons spontaneously dissociate into free
carriers due to the weak binding energy, which is ideal for solar cell devices. However, nonra-
diative recombination of the carriers limits the light-emitting performance of perovskites. [1§]
Increasing the exciton binding energy through quantum confinement has recently been ex-
plored to overcome the relatively weak photoluminescence (PL) of perovskite microcrystals
and bulk single crystals by fabricating nanostructured materials.[19-23] Perovskite nanocrys-
tals (NCs), both organic-inorganic (typically incorporating methylammonium, MA+ ) and
purely inorganic (typically incorporating cesium ions), demonstrate high defect tolerance,
low density of detrimental midgap trap states, and high photoluminescence quantum yield
(PLQY) at room temperature without additional surface passivation.[19, 21, 24-26] The
narrow PL of these perovskite NCs is tunable over the entire visible range (from 410 to 700
nm) by adjusting the size and halide composition, |20, 22, 27, |28] making these materials
applicable to lasers,[19, 28] optical sensing,[29] and color-tuning displays.[21] Although per-

ovskite NCs exhibit remarkable properties, bandgap tuning of these NCs is usually realized
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via composition tuning subsequent to synthesis of pure perovskite NCs by hot injection[19),
30] or ligand-assisted reprecipitation (LARP)[18, 21, 24, 25, 31] methods. These methods
are not readily adaptable to industrial scale preparations. These syntheses demand delicate
external control over reaction conditions due to the extremely fast kinetics of NC formation
and require the use of polar solvents (e.g., DMF), which are detrimental to the long-term
colloidal stability and structural integrity of the NCs.[26, 27, [32] Moreover, mixed-halide
or iodide-based perovskite NCs are synthesized either under inert atmosphere[21], 26] or
via indirect postsynthetic anion exchange.|20} 22] The postsynthetic anion exchange intro-
duces an extra synthetic step and requires pure NCs[20, [22] (usually bromide based) as
a starting material. Here, we present an atmospheric, room-temperature, ligand-mediated
transport method in nonpolar solvent to prepare perovskite NCs with bright and spectrally
narrow emission. We focus on the synthesis of organic-inorganic perovskite NCs (MAPbX3,
X = Br, I, mixed halide). The ligand-mediated transport synthesis employs nonpolar sol-
vents (hexane or toluene) containing a trace capping ligand (octylamine, protonated by oleic
acid), which are added to the mixed solid precursors (PbX3 and MAX, X = Br, I, or mixed
halide). Then, through vigorous stirring, the colloidal NCs are formed as the ligands solvate
the lead salt and carry it into the solution phase. This strategy allows the direct synthesis
of mixed-halide and iodide-based perovskite NCs without inert atmosphere protection and
yields colloidal NC solutions at high concentrations. The resultant NCs demonstrate good
colloidal stability even at high sample concentration, enabling spectroscopic investigations
of their ultrafast dynamics by techniques including two-dimensional electronic spectroscopy
(2DES), which typically requires 102 — 103 times more concentrated solutions (about 0.2
OD in a 200 um path length) than fluorescence measurements. Our broadband femtosecond
2DES experiments on MAPbI3 NCs resolve multiple spectral features that shift with NC
sizes, reflecting the electronic structure of these NCs as well as ultrafast dynamics (including
relaxation and quantum-beating signals) after the initial excitation. Nanosecond transient

absorption (TA) spectroscopy experiments reveal a PL decay that is independent of radiation
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Ligand-mediated transport mechanism

STEP 1: Dissolution equilibria STEP 2: Nanocrystal formation
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(coordination octahedra not drawn for simplicity) Reaction quenched by removing the solid precursors

Figure 4.1: Illustrative reaction mechanism of the ligand-mediated transport strategy (using
the synthesis of MAPDbI3 NCs as an example). Red, blue, brown, and white spheres represent
Pb, I, C, and N atoms, respectively. The first mechanistic step (Step 1) involves the dissolu-
tion equilibria of the two precursors (Pbls and MAI) between the solid and solution phases.
The equilibria strongly favor the solid phases over the nonpolar solution phase. However,
the trace ligands help dissolve the Pbly by coordinating to the Pb center and transport the
Pb salt into solution phase to initiate the reaction. (Coordination octahedra are not drawn
in the figure for simplicity.) Step 2 presents the NC formation from the dissolved precursors
and ligands in the solution phase. The NC formation further drives the dissolution equilib-
ria toward the solution phase, ensuring NC growth. The reactions can then be quenched by
removal of the solid precursors via centrifugation or filtration.

fluence, indicating that the PL originates from exciton recombination.

4.3 Materials and Methods

4.3.1 Materials

40 wt % methylamine (CH3NH9) in methanol (TCI America), 48 wt % hydrobromic
acid (HBr) in water (Sigma-Aldrich), 57 wt % hydriodic acid (HI) in water (Sigma-
Aldrich), PbBro (>98%, Sigma-Aldrich), Pbly (99%, Sigma-Aldrich), octylamine (99%,
SigmaAldrich), and oleic acid (technical grade, 90%, Sigma-Aldrich).

4.3.2  Preparation of CH3NH3Br

CH3NH3Br was synthesized by the reaction between 40 wt % CH3NHy in methanol and

48 wt % HBr in water. An equimolar amount of HBr was added dropwise to the CH3NH,
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solution under an ice bath and stirred for 2 h. The solvent was removed on a rotovap.
The resulting solid was recrystallized in ethanol to yield snow-white CH3NH3Br crystals.

CH3NH3Br crystals were dried under vacuum to remove residual ethanol.

4.3.83  Preparation of CH3NHs1

CH3NH3I was synthesized by the reaction between 40 wt % CH3NHy in methanol and 57
wt % HI in water. An equimolar amount of HI was added dropwise to the CH3NHy solution
under ice bath and stirred for 2 h. The solvent was removed on a rotovap. The resulting
solid was recrystallized in ethanol to yield snow-white CH3NH3I crystals. CH3NH3I crystals

were dried under vacuum to remove residual ethanol.

4.8.4  Synthesis of MAPbBrs Nanocrystals

17.9 mg (0.16 mmol) CH3NH3Br and 73.4 mg (0.20 mmol) PbBry were added into a 4 mL
scintillation vial. One mL toluene, 20 pL octylamine, and 40 pL oleic acid were added to
the solid precursors. The resulting mixture was stirred vigorously under ambient conditions
for 1 h, followed by centrifugation for 5 min at 6000 rpm to remove the remaining solid
precursors. A solution of MAPbBrg NCs with an average size of 3.0 nm (PLQY 92%)
was obtained. Similarly, the same amount of solid precursors in 1 mL toluene with 5 ulL
octylamine and 10 pL oleic acid reacting for 3 h at ambient condition yielded MAPbBr3 NCs
with an average size of 5.0 nm (PLQY 70%). The as-synthesized NC solutions were stored

at room temperature without further purification.

4.8.5 Synthesis of MAPb(Br/I); Nanocrystals

17.9 mg (0.16 mmol) CH3NH3Br, 36.7 mg (0.10 mmol) PbBrg, and 46.0 mg (0.10 mmol) Pbly
were added into a 4 mL scintillation vial. One mL solvent (1:1 v/ v toluene/hexane), 20 pL

octylamine, and 40 uL oleic acid were added to the solid precursors. The resulting mixture
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Figure 4.2: EDX spectra of MAPb(Br/I)3 nanocrystals. Upper: Mixed-halide nanocrystals
with PL centered at 550 nm. Lower: Mixed-halide nanocrystals with PL centered at 580
nm.

was stirred vigorously under ambient conditions for 45 min, followed by centrifugation for 5
min at 6000 rpm to remove the remaining solid precursors. A solution of MAPb(Br/I)s NCs
with an average size of 3.6 nm (PL centered at 550 nm with fwhm of 29 nm) was obtained.
Similarly, 17.9 mg (0.16 mmol) CH3NH3Br and 92.0 mg (0.20 mmol) Pbls in 1 mL solvent
(1:1 v/v toluene/hexane), 20 uL octylamine, and 40 pL oleic acid reacting for 45 min at
ambient condition yielded MAPb(Br/I)3 with an average size of 2.6 nm (PL centered at 580
nm with fwhm of 28 nm). The as-synthesized NC solutions were stored at room temperature
without further purification. The presence of both Br and I in the mixed-halide perovskite
NCs has been confirmed by energy-dispersive X-ray spectroscopy (EDX) (Figure 4.2).

The NCs with PL centered at 580 nm contain significantly higher composition of I com-

pared to the NCs with PL centered at 550 nm.

101



4.3.6  Synthesis of MAPbI3; Nanocrystals

19.0 mg (0.12 mmol) CH3NH3l and 69.0 mg (0.15 mmol) Pbly were added into a 4 mL
scintillation vial. One mL hexane, 20 ul. octylamine, and 40 ul oleic acid were added to
the solid precursors. The resulting mixture was stirred vigorously under ambient conditions
for 1 h, followed by centrifugation for 5 min at 6000 rpm to remove the remaining solid
precursors. A solution of MAPbI3 NCs with an average size of 2.6 nm (PLQY 97%) was
obtained. Similarly, 25.4 mg (0.16 mmol) CHgNH3I and 92.0 mg (0.20 mmol) Pbls in 1 mL
hexane, 20 ul. octylamine, and 40 pL oleic acid reacting for 3 h at ambient condition yielded
MAPDI3 with an average size of 5.0 nm (PLQY 52%). The assynthesized NC solutions were

stored at room temperature without further purification.

4.3.7 Powder X-ray Diffraction

PXRD data were measured at 293 K on a Bruker D8 Discover GADDS using a Cu-« source
(40 kV, 40 mA) with a Vantec-2000 2D detector. The as-synthesized perovskite NCs (with

no postsynthetic purification) were

4.3.8 Photoluminescence Measurements

The steady-state PL spectra of the perovskite NCs were measured by a Horiba Fluorolog-
3 spectrofluorometer. The PLQYs were measured by the same spectro-fluorometer with a
calibrated integrating sphere (Quanta-phi, Horiba). The PL lifetimes were measured by a

TCSPC fluorescence lifetime spectrometer (ISS chronosBH).

4.3.9  Transmission Electron Microscopy

TEM images were obtained by a FEI Tecnai F30 transmission electron microscope operating
at 300 kV. The as-synthesized NCs were further diluted in hexane. A few drops of the

resulting solution were drop-casted onto a Formvarcoated lacy carbon grid and further dried
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in air for the measurements

4.3.10  Transient Absorption Spectroscopy

Transient absorption spectroscopy was performed on a home-built apparatus with a nar-
rowband pump (Ekspla P12210 Nd:YAG and OPO with a pulse duration of 50 ps, centered
at 600 nm) and a broadband super continuum fiber laser probe (Leukos STM with a pulse
duration of 700 ps, 500-700 nm). Time delays were achieved using a delay generator (SRS
DG5H35) externally synchronized to a 1 kHz master clock from the pump laser. The signal
was spectrally resolved via a spectrometer (Acton Research Corporation Spectra Pro 2150i)

and recorded with a line scan camera (Teledyne Dalsa Spyder3 1k) at 1 kHz.

4.83.11  Two-Dimensional Electronic Spectroscopy

2D electronic spectra were measured with a home-built passively phase-stabilized four-wave
mixing apparatus. A Ti:sapphire regenerative amplifier (Legend Elite, Coherent) was seeded
with the output of a Ti:sapphire oscillator (Micra, Coherent) to give 35 fs pulses at a repe-
tition rate of 5 kHz and energy of 540 pJ/pulse. The output from the regenerative amplifier
was then focused into a tube filled with argon gas (length: 2 m, pressure: 15 psi) to generate
broadband white light. A cold mirror was used to filter the white light, yielding a spectrum
with fwhm from 550 to 680 nm. Multiphoton intrapulse interference phase scan method
(MIIPS) and a spatial light modulator (Biophotonic Solutions) were used to correct for dis-
persion and further compress the pulses to 12 fs at the sample position.[33] Three ultrashort
laser pulses (incident power of 10 nJ/pulse onto a 100 um diameter spot) interacted with the
sample and generated a third-order signal in the phase-matched direction. The signal was
heterodyne detected with a local oscillator pulse and recorded on a CCD (Andor Newton)
thermoelectrically cooled to -50 C. The time delay between the first two pulses is coherence
time (7). The time delay between pulse 2 and pulse 3 is referred as waiting time (T), similar

to the time delay in a typical TA measurement. The time delay between pulse 3 and the
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third-order signal is rephasing time (t). Fourier transforms over both coherence time (7) and
rephasing time (t) domains yield 2D electronic spectra in the frequency-frequency domain.
In the 2DES measurements on MAPbI3 NCs, the coherence time was scanned from -90 to 90
fs with a step size of 1.5 fs. Two sets of waiting time were scanned to capture the ultrafast
dynamics: one from -20 to 1000 fs with a step size of 10 fs and the other from -20 to 200
fs with a step size of 2 fs. All 2DES measurements were conducted at room temperature.
The perovskite NCs are measured with a concentration about 0.2 OD in 200 gm path length
(Starna Cell, fused quartz) and are stable for at least 2 weeks experimental time under

illumination.

4.4 Results and Discussion

Besides the practical advantages of performing NC synthesis at room temperature and under
ambient conditions, our ligandmediated transport strategy offers improved NC size control
compared to the hot-injection and LARP methods, due to slower nucleation and crystal
growth. In our synthesis, multiple equilibria cooperatively control NC nucleation kinetics and
growth rates, circumventing the high-temperature kinetics of hot injection and the prompt
solubility changes in LARP that result in rapid product formation.|24) [25] The reaction
mechanism of ligand-mediated transport is illustrated in Figure 4.1 (with comparison to hot
injection and LARP shown in Figure 4.3).

In our synthesis, the mechanism first involves the dissolution equilibria of the two pre-
cursors. Because nonpolar solvents are used, these equilibria strongly favor the solid phases.
Trace ligands in the nonpolar solvents transport Pb into the solution phase (Step 1) through
coordination, initiating nucleation and subsequent NC growth (Step 2). The formation of
these NCs in return drives the dissolution equilibria to the solution phase, ensuring fur-
ther NC growth. Because the same ligands cap the NCs as aid dissolution of the lead, the
kinetics become, to some degree, self-limiting. Thus, the crystal growth can be finely con-

trolled by reaction time and quenched by removing the solid precursors. These equilibria
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(a) Ligand-mediated transport mechanism
STEP 1: Dissolution equilibria STEP 2: Nanocrystal formation
Solid Phases Solution Phase Solution Phase
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(coordination octahedra not drawn for simplicity) Reaction quenched by removing the solid precursors

(b) Hot-injection/LARP mechanism

STEP 1: Nanocrystal formation STEP 2: Nanocrystal aggregation
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Figure 4.3: Comparison between reaction mechanisms of the solid-extraction strategy versus
other strategies (using the synthesis of MAPbI3 nanocrystals as an example). (a) Illustrative
reaction mechanism of the solid-extraction strategy (same as shown in Fig. 1). Red, blue,
brown, and white spheres represent Pb, I, C, and N atoms, respectively. The first mechanistic
step (Step 1) involves the dissolution equilibria of the two precursors (Pbly and MAT) between
the solid and solution phases. The equilibria strongly favor the solid phases over the non-
polar solution phase. However, the trace ligands help dissolve the Pbly by coordinating to
the Pb center and transport the Pb salt into the solution phase to initiate the reaction.
(Coordination octahedra are not drawn in the figure for simplicity.) Step 2 presents the
nanocrystal formation from the dissolved precursors and ligands in the solution phase. The
NC formation further drives the dissolution equilibria toward the solution phase, ensuring
NC growth. The reactions can then be quenched by removal of the solid precursors via
centrifugation or filtration. (b) Illustrative reaction mechanism of the other strategies (hot-
injection and LARP). Step 1: In hot-injection or LARP method, precursors are usually
prepared in polar solvents (such as DMF) and the reaction starts in the solution phase
(combination of both polar and non-polar solvents). Size control is more difficult in these
methods due to the extremely fast reaction dynamics; in LARP, crystal growth is driven by
the prompt solubility change induced by solvent mixing, while in hot injection, the formation
rate is determined by the underlying ionic metathesis reaction at high temperature. Step
2: In the presence of unreacted precursors in the solution, the nanocrystals will slowly
aggregate to form microcrystals and eventually precipitate from the solution phase. For
colloidal perovskite nanocrystals, the capping ligands exchange between bound and free
states on the nanocrystal surfaces, dynamically stabilizing the nanocrystals. The remaining
MA+, if any, will replace the capping ligand and cause nanocrystal aggregation. Polar
solvents will quickly desorb the capping ligands and further facilitate the exchange reaction.
Hence, postsynthetic purification removing excess precursors is required to improve colloidal

stability.
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cooperatively dictate reaction rates and enable precise control over NC size, making the size
distribution highly reproducible. In addition to the benefits mentioned above, the ligandme-
diated transport method improves colloidal stability by allowing unreacted solid precursors
to be easily removed via filtration or centrifugation. Recent 2D-NMR studies have suggested
that capping ligands dynamically stabilize perovskite NCs synthesized via hot injection or
LARP, exhibiting fast exchange between bound and free states.[34] Thus, any unreacted
MA+ would replace the capping ligands, causing further, undesirable aggregation. In our
ligand-mediated transport synthesis, removal of solid precursors and exclusive use of nonpo-
lar solvents significantly suppress the presence of excess MA+ in solution. Without excess
MA+ | the replacement of capping ligands with M A+ is suppressed, enhancing the colloidal
stability of the resulting NCs. The linear absorption and PL spectra of ligand-mediated
transport synthesized NCs are shown in Figure 4.4a, with detailed synthetic protocols pro-
vided in the Materials and Methods section. These NCs exhibit spectrally narrow (fwhm of
12-50 nm) and remarkably bright (QY up to 97% measured with an integrating sphere) PL
that is tunable across the visible spectrum.

We attribute the bright PL to increased exciton binding resulting from quantum confine-
ment. Powder X-ray diffraction (PXRD) patterns demonstrate the crystallinity and phase
purity of these NCs (Figure 4.4b). The PXRD pattern of the MAPbBrs NCs matches their
reference pattern (top panel in Figure 4.4b), which is simulated from the bulk, cubic single-
crystal structure at room temperature (a = 5.9334(5) A, space group Pm-3m). The PXRD
pattern of MAPbI3 matches their simulated spectra (bottom panel in Figure 2b) as well, but
the simulated pattern is obtained from the bulk, pseudocubic single-crystal structure at high
temperature (400 K, a = 6.3115(2) A, ¢ = 6.3161(2) A, space group P4mm), as opposed
to the room-temperature tetragonal phase (a = 8.8922(1) A, ¢ = 12.635(3) A, space group
I4/m). As shown in Figure 4.4, the PXRD pattern shifts continuously and deviates incre-
mentally from the cubic phase toward the pseudocubic phase with the composition change

from Br- to I -, due to the larger radius of I- versus Br-. The size distributions of these NCs
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Figure 4.4: Characterization of the as-synthesized organic-inorganic perovskite NCs. (a)
Linear absorption and PL spectra. (b) PXRD patterns. The top and bottom panels are
reference patterns simulated from the single-crystal structures of MAPbBr3 and MAPDI3,

respectively.
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TEM characterization of MAPbI, NCs (2.6 nm)
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Figure 4.5: TEM characterization on MAPblg NCs (average size 2.6 nm). (a) TEM image
of the MAPDbI3 NCs. (b) Magnified TEM image confirms crystallinity of these NCs. (c¢) Size
distribution of the MAPbI3 NCs shows an average size of 2.6 nm

were characterized by high-resolution TEM.

Figure 4.5 shows the TEM images of MAPbIg NCs with PL centered around 635 nm
and an average size of 2.6 £+ 0.4 nm. The magnified TEM image demonstrates well-defined
lattice patterns and further confirms the crystallinity of these samples. We investigated
the photophysical dynamics of our perovskite NCs using nanosecond TA and broadband
femtosecond 2DES. Results from nanosecond TA spectroscopy on MAPbI3 NCs (2.6 nm)
are shown in Figure 4.6. Two features are observed in the TA spectrum (Figure 4.6a,
plotted in transmitted light AT): a negative feature due to excited-state absorption and a
positive feature corresponding to stimulated emission from the PL state. The time traces of
these features (extracted at 570 and 635 nm, respectively) exhibit the same decay dynamics
(Figure 4.6b), suggesting that both features arise from the same PL state. Single exponential
fitting of the decay shows a lifetime of 12.6 + 0.6 ns, consistent with the PL lifetime obtained
from time-correlated single photon counting (TCSPC) measurement (Figure 4.7).

The decay of the PL state exhibits no radiation fluence dependence (Figure 4.6¢), indi-
cating that the PL is due to the radiative recombination of excitons. In contrast, the dim
PL of bulk perovskites is power-dependent and caused by charge-carrier recombination.
The calculated Bohr radius for an exciton in MAPbI3 is 2.8 nm (5.6 nm in diameter),[35]

larger than the size of measured MAPbI3 NCs. Therefore, the observed radiation fluence-
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Nanosecond transient absorption spectroscopy on MAPbI, NCs (2.6 nm)

a) TA spectrum with 600 nm pump b) Time traces for positive c) Time traces (635 nm) at
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Figure 4.6: Nanosecond TA spectroscopy on MAPbI3 NCs (average size 2.6 nm). (a) TA
spectrum of MAPDBI3 (2.6 nm). (b) Time traces extracted from the negative feature (570
nm) and the positive feature (635 nm). Absolute-valued normalized traces are shown in
the inset and demonstrate the same decay dynamics for both features. (¢) Normalized time
traces of the positive feature under varied radiation fluences reveal power-independent decay
dynamics.

independent PL (excitonic in nature) is most likely due to the increased binding energy
generated by quantum confinement of the exciton within the NC.

The nanosecond TA measurements can only capture the dynamics of the PL state. Better
temporal resolution is required to investigate other phenomena after initial photoexcitation.
We therefore performed femtosecond 2DES measurements on these NCs. 2DES can be viewed
as simultaneously performing multiple spectrally resolved TA measurements with different
excitation wavelengths in a single experiment. Displaying signals as 2D frequency-frequency
correlation maps as a function of time delay (T), 2DES can reveal couplings between different
electronic states, ultrafast coherent dynamics, and detailed energy transfer pathways. In a
2D spectrum, the horizontal axis (excitation frequency) indicates the energy absorbed by
the sample, while the vertical axis (detection frequency) indicates the energy emitted (or
absorbed) by the sample after a certain waiting time (T). The 2D representation permits
improved resolution of the underlying electronic structure. For example, ground-state bleach
signals will usually stay stationary, while the stimulatedemission features will shift downward

and appear as lowerdiagonal crosspeaks as energy transfer occurs. This separation resolves

different features that would otherwise overlap spectrally in TA measurements. The 2D
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PL lifetime of MAPbI, NCs (2.6 nm)
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Figure 4.7: TCSPC measurement of MAPDI3 nanocrystals (2.6 nm) yielding a PL lifetime
of 13 ns.

spectra at T = 1000 fs of MAPDI3 NCs with average sizes of 2.6 and 5.0 nm are shown,
respectively, in Figure 4.8. Three resolved spectral features are observed in the 2D spectra
of MAPbI3 NCs with both sizes. The spectral position of the lowest energy feature within
each spectrum is consistent with the corresponding PL state. Horizontal slices from each
2D spectrum are shown in Figure 4.8b. The excitation energies of these spectral features
shift with NC size, indicating that the probed NCs are quantum-confined, and these three
spectral features reflect the inherent electronic structures of the NCs instead of vibronic
progressions.

Figure 4.9 shows a series of 2D spectra of MAPbI3 NCs (2.6 nm) at different waiting
times (10, 30, 50, 100, 500, and 1000 fs, respectively), the time traces extracted from three
lower diagonal crosspeaks exhibiting sub-50 fs relaxation dynamics and quantum-beating
signals observed from the upper diagonal excited state absorption features. At T = 10
fs, the elongated lineshapes of the main diagonal features show that the system maintains
memory of its initial excitation frequency on the timescale of the pulse duration (12 fs).
Such elongated lineshapes at early waiting times may arise from probing a system that has
either a complex electronic structure or an inhomogeneous distribution. To differentiate

and determine the origin of the features, we examine the longer waiting time spectra. As
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Figure 4.8: 2DES spectra of MAPbl3 NCs with different sizes demonstrate the electronic
nature of the probed states. (a) Left: Absorptive 2DES spectrum of MAPbI3 NCs (2.6 nm)
at T = 1000 fs. Right: Absorptive 2DES spectrum of MAPbI3 NCs (5.0 nm) at T = 1000 fs.
(b) Horizontal slices from the 2DES spectra of MAPb;3 NCs shown in panel (a). Both slices
show three spectral features. The spacing between these spectral features shifts with NC
sizes, indicating that the probed NCs are quantum-confined, and the three spectral features
reflect the electronic structure of the NCs.
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a) 2DES Spectra of MAPbI,NCs (2.6 nm) at Different Waiting Times b) Quantum-beating Signals Observed
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Figure 4.9: (a) 2D spectra of MAPDbI3 at different waiting times. (b) Upper diagonal cross-
peaks show quantum-beating signals. (c¢) Lower diagonal crosspeaks reveal sub-50 fs relax-
ation.

the waiting time evolves, the elongated feature evolves into three features (marked as labels
1-3 in Figure 4.9). The spectral position of feature 3 is consistent with the PL state. The
stimulated emission of features 1 and 2 clearly moves down as energy is transferred, resulting
in three crosspeaks (1-2, 1-3, and 2-3) on the 2D spectra. After T = 100 fs, the 2D spectra
remain almost unchanged. The growth of the lower diagonal crosspeaks indicates clearly
that these features all exist on the same NC. Thus, this crosspeak pattern demonstrates that
all the features shown on the main diagonal of the 2D spectrum at T = 10 fs are due to the
electronic structure of the NCs rather than an inhomogeneous distribution.

The upper-diagonal cross peaks of the spectrum also feature interesting quantum beat-
ing signatures that increase in frequency the further away from the diagonal the spectrum
is probed. This could be due to a number of different sources, but it seems likely to be due
to coherence between excited states that decoheres on the order of 50 fs in these systems.
However, this is not definitive as electron-phonon coupling could produce similar effects,
but because of the very fast dephasing rate and the change in frequency with the gap be-

tween the probed excited states, it would be very interesting to study these materials at low

112



temperature to determine the origin of these oscillatory features.

4.5 Conclusions

We have developed a ligand-mediated transport synthesis of quantum-confined organic-
inorganic perovskite (MAPbX3) NCs that operates under ambient conditions. Due to its
robust reaction conditions and convenient external controls, this ligand-mediated trans-
port method moves this material closer to industrial realization. The dissolution equilibria
involved in the reaction allow precise control of size and composition, yielding quantum-
confined NCs with high PLQY. Nanosecond TA spectra reveal an excitonic PL decay that is
independent of radiation fluence, indicating direct radiative excitonic recombination. Fem-
tosecond 2DES spectra resolve spectral features that shift with NC size, reflecting the inher-
ent electronic structure of the NCs. These observations confirm that our NCs are quantum-
confined. Additionally, we observe sub-50 fs excitonic relaxation and quantum-beating sig-
nals that dephase with lifetimes of about 40 fs. Further investigation is required to assign
these ultrafast dynamics and to understand the mechanisms of relaxation to the PL state.
Of particular interest would be whether energy relaxes to the PL state through a coherent

or incoherent mechanism.
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CHAPTER 5
TWO-DIMENSIONAL ELECTRONIC SPECTROSCOPY OF
CDSE NANOPLATELETS THIN FILMS

5.1 Introduction

Colloidal semiconductor nanocrystals have been extensively researched for the past three
decades because their unique optical properties can transform modern technologies from
consumer displays to biomedical imaging. These materials are quantum confined, and their
optical properties are dependent on their size and shape, as well as their chemical compo-
sition. CdSe Nanoplatelets (NPLs) are colloidal nanocrystals that are quantum confined in
one dimension and have garnered recent interest for their ability to act as a low-threshold
lasing gain medium.|[1-6] CdSe NPLs have extremely narrow absorption and emission lines
because the confined height of the material is synthetically controllable with atomic precision.
This drastically reduces inhomogeneous broadening compared to other types of nanocrystal
preparations, with single particle studies showing that the linewidths of single nanoplatelets
and the ensemble are nearly identical. Additionally, the excitons that are formed after light
absorption do not couple strongly to phonon modes, reducing their homogeneous linewidths
compared to material such as 0D CdSe or InP quantum dots.[7] While these extremely narrow
features make CdSe NPLs excellent candidates for a number of optoelectronic applications,
the lateral dimensions of NPLs are large enough to accommodate many excitons on a single
platelet, facilitating population inversion and making NPLs an excellent lasing gain medium
with low amplified stimulated emission thresholds as well.[2, |3] Since their development in
2008, NPLs with heights of 2-5 monolayers (MLs) and recently 6 monolayers of CdSe have
been reported as well as heterostructured NPLs.[8-14] The different ML thicknesses of vari-
ous NPL syntheses produce emission lines at 396 nm (2 ML), 463 nm (3 ML), 513 nm (4 ML),
553 nm (5 ML), and 583 nm (6 ML). Previous studies of these materials have revealed that

CdSe NPLs preferentially form coupled electron-hole pairs called excitons rather than form-
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ing free charge carriers after being excited. Additioanlly, these excitons exhibit second order
decay kinetics from the band-edge states, even at type-II heterojunction interfaces.[6] CdSe
NPLs also show second order kinetics during Auger recombination, which is usually a three-
body process involving an electron-hole pair and a free carrier, but here proceeds through
a biexciton mechanism. |15} |16] The band-edge exciton consists of a bright and dark state
separated by a few meV, which is an order of magnitude larger than epitaxial quantum well
systems of II-VI materials, and the recombination times of the bright and dark excitons are
an order of magnitude faster than colloidal CdSe quantum dots.|17] Finally, two-dimensional
electronic spectroscopy (2DES) studies have shown that CdSe NPLs exhibit electronic coher-
ence at room temperature between the two lowest lying excitonic states, making this material
very interesting to easily observe the nature of quantum coherence in a model system.|18],
19] In this work, 2DES is used to examine the electronic structure of 6 ML CdSe NPLs to
first determine if their ultrafast behavior is similar to other realizations of CdSe NPLs and
to identify power and temperature-dependent trends on the carrier dynamics and electronic
coherences of excitons in these core-only nanoplatelet systems. This will help to reveal early
time dynamics between bright and dark band edge states and learn more about the na-
ture of excitonic coherences in materials systems with relatively simple electronic structure
to inform our characterization of quantum beating in most complex environments such as

bacterial photosynthetic complexes.

5.2 Methods

5.2.1 Synthesis of 6 ML CdSe Nanoplatelets

The 6 ML core-only CdSe nanoplatelets for this experiment were prepared according to the
synthetic procedures described in Cho et al.[11] 170 mg of cadmium myristate and 14 mL of
1-octadecene (ODE) are combined in a 100 mL three-neck round-bottom flask and degassed

under vacuum at 85 C for 30 min. Then, after heating to 250 C under nitrogen, 12 mg of Se
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powder dispersed in 1 mL of ODE is injected into the reaction flask and stirred vigorously
for 20 s. At this point, 60 mg of cadmium acetate hydrate is added to the flask and stirred
for another 60 s. Next, 0.15 mL of 0.5 M cadmium chloride aqueous solution is slowly added
into the flask dropwise over 2 minutes. After another 3 minutes, the flask is rapidly cooled
to room temperature using compressed air. Once the reaction flask has cooled to about
150 C, a solution of 2 mL of oleic acid in 15 mL of methylcyclohexane (MCH) is injected
into the flask. The solution is then centrifuged and dispersed in MCH and smaller particles
are removed via size-selective precipitation. To be prepared for the 2DES experiments, the
resulting 6 ML CdSe NPLs were spin-coated onto a glass substrate to a thickness that yielded

an approximately 0.1 OD absorbance for the band-edge exciton at 583 nm.

5.2.2  Two-Dimensional Electronic Spectroscopy

2D Electronic Spectra were obtained using a home-built four wave mixing apparatus that has
been described previously.|20] A Ti:sapphire regenerative amplifier (Legend Elite, Coherent)
was seeded by the output of a Ti:sapphire oscillator (Micra, Coherent), producing 35 fs
pulses centered at 805 nm, with an average power of 640 uJ/pulse. This output was focused
to a 2 m long, closed tube filled with Ar gas at 13 psi, with a 1 m focal length lens, and
recollimated at the tube’s output. Through a self-phase modulation process, the light was
broadened in the tube to approximately 100 nm bandwidth FWHM supercontinuum centered
at 770 nm, with tails stretching from 400 nm to 900 nm. This spectrum was turned using
a cold mirror to block light red of 710 nm, resulting in a final output spectrum centered
at 620 nm with a bandwidth of 150 nm FWHM. After exiting the tube, the beam is sent
to a pair of chirped mirrors to compensate for higher order dispersion introduced by the
white light generation process. Since the CdSe NPL samples considered in the experiment
do not absorb or emit light red of 600 nm, the spectrum was further cut using a mask
placed after a diffractive grating to give a soft edge at 600 nm, aiding in compression. The

dispersion is then corrected further, and the pulses are compressed to 12 fs at the sample
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position using a multiphoton intrapulse interference phase scan (MIIPS)[21] method and a
spatial light modulator (MITPSBox 640, Biophotonics Solutions). In our BOXCARS 2DES
measurements, three pulses interact with the sample, in this case a spin coated thin film of
6 ML CdSe NPLs on a glass substrate, with an average pulse power ranging between 100
pJ/pulse and 10 nJ/pulse, focused to a 100 um spot size. The resulting third order signal is
generated in a phase-matched direction and heterodyne detected with a weak fourth pulse,
called the local oscillator, and recorded on a CCD camera (Andor Newton) thermoelectrically
cooled to -50 C. The time delay between the first and second pulse is called the coherence time
(tau). The delay between the second and third pulses is called the waiting time (T). Finally,
the delay between the third pulse and the third-order signal is the rephasing time (t). By
Fourier transforming over the tau and t time domains, a frequency-frequency map relating the
excitation energy to the detected frequency axis as a function of T, which is the 2D electronic
spectrum. In these measurements the coherence time delay was scanned from -90 fs to 90 fs
in step sizes of 1.5 fs. However, it should be noted that for experiments involving materials
like CdSe NPLs, with potentially long-lasting electronic coherences at low temperatures,
it may be necessary to extend this time range to avoid artifacts caused by truncating the
time-domain signal. In these experiments, we use multiple pump fluences, ranging from 200
pJ/pulse to 2 nJ/pulse. These powers should all be lower than the fluence necessary to
excite multiple excitons onto a single platelet,[15] which will allow us to examine the power
dependent relaxation dynamics while avioiding many-body interactions that will complicate
the analysis. Each 2DES experiment was performed at both room temperature and at 77K
in a continuous flow cryostat (Cryo Industries), and room temperature experiements were

taken under a nitrogen atmosphere to prevent oxidative photodamage.

5.3 Results and Discussion

The electronic structure of the 6 ML CdSe NPLs resembles a quantum well system, with

heavy hole, light hole, and split-off valence sub-bands as well as multiple conduction sub-
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Figure 5.1: a) Absorption (black) and emission (red) spectra of a thin film of 6 ML CdSe
nanoplatelets. The three lowest-lying transitions can be seen, and are labelled as the heavy
hole (HH), light hole (LH), and split-off (SO) states. b) An illustrative band diagram of
CdSe nanoplatelets is shown with relevant bands and transitions. There are two conduction
bands, CB1 and CB2. The valence bands include the heavy hole band (HH), the light hole
band (LH), and the split-off band (SO).

bands (Figure 5.1b). Three excitonic states arise from transitions to the lowest conduction
sub-band and occur at 583 nm (HH), 551 nm (LH), 477 nm (SO), 392 nm (HH2), and 364
nm (LH2). Due to the spectral range of our 2DES setup, we will focus on the HH and LH
transitions as well as the photoluminescence band at 590 nm, slightly Stokes shifted from
the HH transition. Two-dimensional electronic spectroscopy is an excellent technique for
studying these types of quantum well systems due to it ability to gain higher frequency reso-
lution than transient absorption techniques by spreading the nonlinear signal onto two axes,
and by tracking state-to-state coupling and energy transfer dynamics with sub-10 fs time
resolution.[22-26] Multidimensional optical spectroscopies have been successfully used pre-
viously to probe two-dimensional semiconductor systems and their interesting multiexciton
interactions|27-30] and room temperature electronic coherences, |18, |19].

CdSe nanoplatelets synthesized by the methods above were used for two-dimensional
electronic spectroscopy experiments. Figure 5.1a shows the linear absorption and emission

spectra for 6 ML CdSe NPLs at room temperature after spin-coating the particles onto a glass
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Figure 5.2: Absolute-valued 2D spectra of a thin film of 6 ML CdSe nanoplatelets at room
temperature and at 100 fs with different pump laser fluences. a) 600 pJ/pulse b) 1 nJ/pulse
¢) 2 nJ/pulse. Each spectrum is normalized to the maximum value of their respective data
sets.

substrate. Very sharp heavy hole (HH) and light hole (LH) states occur at approximately
585 nm and 550 nm, respectively, with little noticeable impurities, which would appear as
spectral features below the bandgap. The photoluminescence band is very sharp and occurs
slightly Stokes shifted from the absorption maximum.

Two-dimensional electronic spectroscopy (2DES) measurements were performed on the
thin film samples both at room temperature and 77K in a continuous flow cryostat. All
spectra were obtained for short time scales (-20 fs to 200 fs) to better study the ultrafast
dynamics such as electronic coherences and the initial carrier relaxation after excitation.
The laser spectrum is well temporally compressed from 650 nm to 550 nm, providing access
to the HH and LH excitons. In Figure 5.2, room temperature 2D spectra of 6 ML CdSe
nanoplatelets are shown. The spectra are taken with different pulse powers ranging from
600 pJ/pulse (3 W average power) to 2 nJ/pulse (10 W average power), which even at our
high power range should be below the peak fluence required to produce multiple excitons
per platelet, eliminating potential artifacts from higher order nonlinear signals.

In all three of these spectra, the HH feature at 2.13 eV (585 nm) is clearly resolved. In
addition, the LH state appears as a weak feature on the diagonal due to fast energy transfer
to the band edge. This energy transfer concurrently results in a lower-diagonal cross-peak

feature that grows in at an excitation energy of 2.27 eV and a detection energy of 2.13
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Figure 5.3: Waiting time traces of excitonic features in the 2D spectra of 6 ML CdSe
nanoplatelets at room temperature. a) Traces of the decay at the heavy hole excitonic
feature [black - 600 pJ/pulse, blue - 1 nJ/pulse, red - 2 nJ/pulse] b) Traces of the lower
diagonal crosspeak between the heavy hole and light hole states [black - 600 pJ/pulse, blue
- 1 nJ/pulse, red - 2 nJ/pulse]. All traces are normalized to the maximum value of the 2D
spectrum across all waiting times for each data set.
eV. The final prominent peak in the spectrum is an upper-diagonal feature (2.13 eV, 2.27
eV), which indicates coupling between the HH and LH excitons. Along with these spectra
features, a tail extends along the detection axis to the red of the HH exciton. This indicates
that some amplitude is being absorbed into the HH state, and over the course of just 100
fs, relaxing likely into mid-gap trap states. Also, direct absorption into these trap states is
observed by the presence of amplitude on the diagonal, but red of the HH exciton energy.
The spectra also clearly show slight differences as a function of the pump power. The most
noticeable change is an increased transfer from the HH exciton into mid-gap trap states.
Figure 5.3 shows the waiting time traces for both the HH exciton and the lower diagonal
cross-peak, which represents energy transfer from the LH state to the HH state for the three
powers mentioned above (600 pJ/pulse — black, 1 nJ/pulse — blue, 2 nJ/pulse — red). For
all three samples, there is a biexponential decay of the HH exciton amplitude with a sub-40

fs time constant, followed by a much longer decay from the photoluminescent state. The

three powers do not vary by a significant amount, although it seems that the initial decay
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occurs more rapidly for higher fluences. The lower diagonal cross-peak shows electronic
coherence at room temperature, similar to previous 2DES studies on CdSe NPLs.[18, |19]
In the first 50 fs, very prominent oscillations occur with a frequency of approximately 125
meV, near the electronic energy gap between the HH and LH states. This coherence persists
throughout the lower diagonal, shifting from lower to higher frequency as the energy gap
changes. Additionally, the intensity of the coherence appears to increase at higher pump
fluences.

For the samples at 77K (Figure 5.4), the spectral features maintain the same four peak
pattern as the room temperature data, but with a blue-shifted band gap, due to temperature-
dependent lattice dilation and changes in the electron-lattice interaction.[31] The HH exciton
shifts to 2.20 eV (563 nm) at 77K, while the LH excitonic features shifts to 2.32 eV (534
nm). Compared to room temperature scans, these spectra are much noisier. This is due
to both the spectral features approaching upper frequency limit of what this current 2DES
setup can probe, and minute fluctuations in the sample position due to the nature of the
continuous flow cryostat. The latter issue is exacerbated by using thin films, since the path
length and hence the phase-matched volume is very small, allowing slight changes to have
large impacts on the signal-to-noise of the resulting spectra.

Another issue that arose working with the films at low temperature was apparent photo-
bleaching. This is a common issue with these materials when working in the solution phase
or in air. These point-by-point 2DES experiments take on the order of 8 hours for a single
run. We found that if the NPL sample is simply suspended in toluene at 0.3 OD in a 200 gm
sample cell, aggregation and photobleaching will occur over the course of a single run even
while using low fluences (500 pJ/pulse).[32] Similarly, if thin film samples are left in air, pho-
tobleaching will occur quickly after beginning the experiments under low fluences. Therefore,
as mentioned earlier, all room temperature data was taken under a nitrogen environment
in the cryostat to circumvent these issues. However, when taking 77K data, we once again

observe apparent bleaching at all powers above 200 pJ/pulse. Figure 5.5 shows the waiting
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Figure 5.4: Absolute-valued 2D spectra of a thin film of 6 ML CdSe nanoplatelets at 77 K and
at 100 fs with different pump laser fluences. a) 200 pJ/pulse b) 500 pJ/pulse ¢) 1 nJ/pulse

sets
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Figure 5.5: Waiting time traces of the heavy hole excitonic feature in the 2D spectra of 6 ML
CdSe nanoplatelets at 77 K [green - 200 pJ/pulse, black - 500 pJ/pulse, blue - 1 nJ/pulse,
red - 2 nJ/pulse]

time traces for the HH exciton. These traces are obtained by scanning backwards in time.
Therefore, the last time point (200 fs) is the first one to be scanned, and the waiting time is
scanned backwards with step sizes of 2 fs until -20 fs. A telltale sign of photobleaching is a
degradation in the signal amplitude over the course of the experiment, which is not so obvi-
ous to detect when taking a normal scan. However, if the waiting time is scanned backwards,
the later time points will be the highest amplitude, producing an a-physical time trace in the
2D spectrum. This effect is clearly seen in Figure 5.5, comparing the 200 pJ/pulse, which
rises and then decays, with the three higher power scans that peak at the beginning of the
experiment and longer waiting times. This behavior is fairly counterintuitive and though it
may be simply a result of photodegredation, it is also possible that the system remains in an
excited state and we are observing a hole-burning effect. This could happen for example if
some excited state population relaxes to a very long lived dark exciton state at low temper-
atures that is not thermally able to easily relax back to the photoluminescent state on the
order of our shot-to-shot laser delays. It will be very interesting to observe the photophysics
of this material and more experiments should be carried out at a series of temperatures from

room temperature to 77K to determine if this effect switches on at a certain point.
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5.4 Conclusion

CdSe Nanoplatelets are a promising material for low-threshold lasing applications. Much
recent progress has been made in both synthesis of novel platelet thicknesses and archi-
tectures. This work used two-dimensional electronic spectroscopy to probe the electronic
structure and ultrafast relaxation dynamics of excitons in 6 ML CdSe NPL thin films. Spec-
tra were obtained for various powers, all below the multi-exciton regime and at both room
temperature and 77K. The spectra show interesting behavior such as room temperature
electronic coherences, and very fast decay dynamics on the order of 50 fs. Spectra taken at
cold temperature show good signal and well-defined spectral features, however scatter from
the thin films, laser bandwidth, and photobleaching at relatively low pump fluences remain

issues that should be explored in future work.
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CHAPTER 6
PROPOSED DIRECTIONS FOR FUTURE RESEARCH

Semiconductor nanocrystals are a fascinating group of functional materials that can have
profound impacts on the development of all sorts of optoelectronic devices due to their
unique chemistry. In these materials, chemists aim to engineer an electronic wavefunction
by changing the size, shape, and environment of the nanocrystal, while not changing the
underlying chemical composition of the material. This creates a wide array of potential
opportunities to create novel device architectures but has the drawback that it is difficult to
measure these mesoscale materials themselves. Nanocrystals are very small, but also contain
thousands more atoms than small molecules, which have well-optimized analytical techniques
for compound development and discovery. Several techniques have been used in this thesis
to understand the size, shape, composition, crystal structure, and optoelectronic properties
of these materials, however we have also shown that small, difficult to detect defect states
can have major implications for the material behavior. Additionally, no two nanocrystals are
identical, and it can be very difficult to segment the nanocrystal ensemble by the proper type
of inhomogeneity, whether it is size and shape, or defect type, placement, and concentration.
Also, other sources of inhomogeneity related to the environment, particularly in thin film
materials that have substrate grain boundaries and complex interfacial carrier dynamics are
a difficult challenge in developing functional devices from nanocrystals.

The work presented in this thesis focuses on using multidimensional spectroscopic tech-
niques like two-dimensional electronic spectroscopy (2DES), exactly because they are an
excellent way to segment sources of spectral broadening and inhomogeneity. Through our
experiments, we have shown that 2DES is a powerful technique that can complement other
spectroscopic tools and microscopy experiments to characterize nanocrystals and understand
the design principles that could lead to more efficient device technologies. However, there
are many more problems that relate to interesting types of inhomogeneity that 2DES and

our group would be well suited to solve. In this section, I present possible directions that our
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group could explore that could be fruitful for understanding and developing nanocrystalline
materials for lighting, display, and solar cell applications. In the first part of this chapter, I
describe possible extensions to the studies that we performed in chapters 3 and 4. In these
chapters we perform 2DES experiments on solution-phase InP and lead-halide perovskite
quantum dots (QDs). However, extending these studies to thin films will give data on how
these materials will respond in an environment similar to real devices. Then, in the second
half of this chapter, I will talk about the potential in studying [-III-VI QDs, which share
similar problems to the one explored in chapter 3. Materials like CulnSey QDs have broad
emission spectra due to recombination via dopant-related trap states, and the capabilities
of 2DES to differentiate the types and properties of these defect states and how they effect
the electronic structure and carrier dynamics should prove to provide an exciting research

direction for our group.

6.1 Further studies of InP Quantum Dots

InP quantum dots (QDs) are a promising competitor to CdSe as a material for consumer
lighting and display devices due to its structural similarity to CdSe and its relatively lower
biotoxicity. In chapter 3 of this thesis, we studied InP QDs to understand their broad
emission spectra using two-dimensional electronic spectroscopy (2DES). Our experiments
were carried out using InP QDs solubilized in toluene with a concentration of 0.3 OD in
a 200 um sample cell. However, while studying colloidal solutions of InP QDs is useful at
a fundamental level, these QDs will ultimately be used in real devices and solution-phase
spectroscopy may not adequately describe how the QDs will respond in a thin film envi-
ronment. It is probable that in transitioning from the solution phase to a thin film, the
electronic structure and coupling between QDs could change significantly since this removes
the low dielectric constant solvent and decreases the average inter-particle distance. It has
been shown that InP quantum dots in a thin film environment can couple strongly to one an-

other, allowing for efficient inter-particle energy transfer from smaller dots to larger ones.[l]
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This phenomenon along with other potential changes in the InP coupling and electronic
structure could be elucidated with great detail using 2DES, which is very useful for isolating
energy transfer pathways and couplings between electronic states even in highly scattering,
multi-chromophoric systems.[2} 3] We have explored using thin film samples for 2DES dur-
ing our experiments on CdSe nanoplatelet thin films and know from previous studies on a
variety of thin film semiconductor systems that for a sample with relatively a relatively low
scatter/absorbance ratio it should be possible to collect high quality 2D spectra.[4-6] An
added advantage gained by using thin films in our experiments is that it makes low temper-
ature studies of these nanomaterials more accessible. Typical solvents used in nanomaterial
synthesis like hexane, toluene, and even water are difficult to perform solution-phase low
temperature 2DES studies on because it is difficult to form very good glasses with these
solvents, producing high scatter samples. Thin films circumvent this issue by eliminating
the solvent and multiple 2DES studies including our own in chapter 5 have shown that it is
possible to obtain very good signal to noise. Low temperature studies of InP QD thin films
would be very useful as they could not only describe differences between solution phase and
thin film carrier dynamics, coupling, and electronic structure, but studies near 10 K would
provide an outlet to study the interaplay between carrier relaxation and excitonic fine struc-
ture, particularly when bright-dark splittings at the conduction band edge are present.[7]
Unlike the studies of CdSe nanoplatelets, low temperature studies of InP quantum dots are
also much more accessible by our current 2DES setup since the band edge is much red-
der than the 6 ML NPLs, allowing us to capture the spectral shape and dynamics of the

band-edge excitons and photoluminescence peak after cooling.
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6.2 Electronic Structure and Femtosecond Dynamics of Cd-Free

Quantum Dots

Along with InP QDs, other Cd-free and Pb-free QDs have seen increased academic and
industrial interest in past years due to their relatively low toxicity compared with materials
like CdSe, CdTe, and PbS QDs. The lack of toxic heavy metals is an important market driver
in the development of novel consumer display and solar cell technologies as well as fluorescent
markers for biological imaging. Examples of nontoxic materials that have been identified as
viable candidates for environmentally-friendly quantum dots are Carbon and Silicon-based
QDs, I-ITI-VI nanomaterials, and transition-metal doped ZnSe quantum dots.[§] In this
section of the thesis I will focus on the family of I-III-VI QDs and ZnSe QDs due to their
similarities in both synthetic procedures and chemical properties to other nanomaterials that
our group has studied. Also, our group’s proven capabilities to explore the photophysical
properties of materials with broad emission and absorption spectra match well with current
issues in these two fields. Here I will describe the current state of synthetic efforts toward
creating devices with [-III-VI QDs, ways that the Engel Group can contribute to the field,
and methods for improving our capabilities to meet the challenges of aiding nanomaterials
discovery in the future.

A non-toxic alternative to Cd and Pb-based quantum dots that has gained traction for
use in solar and light-emitting devices due to its high tunability, high quantum yield, small
bulk bandgap, and promising photovoltaic properties in the bulk phase are the family of
[-TTI-VI quantum dots. Popular examples of this group include CuInSe(x)S@_x) (CISeS), |9}
14] Culn(,)Gaq_,)Sep (CIGS),[15-17] and their Ag-based alternatives (i.e. AglInSez)[9,
18-20]. These materials, particularly CIGS, are effective semiconducting materials as solid
solution based thin films used for lightweight, flexible solar panel applications due to their
high absorption coefficients.|[21-23] CulnSs (CIS) quantum dots have a comparable crystal

structure, similar excitonic oscillator strength, and slightly smaller bulk band gap than CdSe.
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Therefore, both CIS and CdSe QDs are expected to have similar optical properties, with CIS
QDs potentially acting as an effective non-toxic replacement for CdSe in LED and biological
imaging devices, while also avoiding the use of harmful precursors used in the development of
ITI-V QDs. However, the optoelectronic properties of CIS and CdSe QDs differ dramatically.
CIS QDs have very broad absorption and emission features with ensemble photoluminescence
(PL) linewidths on the order of 300 meV for core-shell CIS/ZnS particles.[12] Reminiscent
with our findings with InP/ZnS quantum dots, studies by the Klimov group have shown that
CIS quantum dots emit via recombination at a deep trap state, presumably a Cu defect with
a variable oxidation state.|24] This causes single dot emission to be very narrow (<60 meV),
while the ensemble PL linewidth is inhomogeneously broadened by emission from defects
localized at different sites in the crystal. Though healing the surface dangling bond defects
by coating the particles with a shell of ZnS aids in improving the PL quantum yield, the
emission remains much broader than current CdSe core-shell nanomaterials. The principle
challenge for both InP QDs and I-III-VI QDs is therefore a means to engineer defect or
dopant states so that emission can only occur via a controllable subset of sites and types of
defects.

The quantum dot materials in this family are particularly interesting because of their
modularity. Unlike materials such as CdSe, ternary I-III-VI quantum dots can be made
using non-stochiometric alloys of various atoms in the respective groups, which offers a new
parameter space to optimize other than altering the size, shell composition, solvent, or cap-
ping ligands. For example, making materials like CIS with a deficiency of Cu atoms improves
the PL quantum yield.[11] This is a common motif even in the bulk phase where CIGS thin
film solar cells are often made to be Cu deficient, which improves power conversion efficiency
by affecting the carrier mobility near the interface of the device. Also, in bulk CIGS, the
band gap can be adjusted continuously between the CulnSes band gap and the CuGaSes
gap by changing the relative amounts of In and Ga in the material.[25] This methodology

translates into the nanophase, where modulating the stoichiometry of materials like CIGS
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quantum dots offers an extra control over the band gap and other optoelectronic properties
rather than controlling just the size and shape of the nanocrystals, like our studies of hybrid
perovskite QDs.[26] In addition to adjusting the stoichiometry of the nanocrystalline mate-
rial, dopant atoms can be added (most commonly Mn) to further alter the emission profile
of I-ITI-VI quantum dots and have enabled white fluorescence with up to 75% quantum
yield.[27]

The effect of incorporating dopant ions like Cut, Ag™, and Mn2™" is also an important
tool in the design of devices made using ZnSe/S QDs.[8| [28-30] ZnSe/S QDs are nontoxic
materials that have tunable emission in the near UV. By controllably adding Cu, Ag, and
Mn dopants into the nanocrystals, along with the intrinsic emission from ZnSe/S, broad
green emission from Cu™ or Ag’ hole traps and sharper red/orange emission from Mn2+t
centers can produce high quality white light LEDs.[31} |32] While emission from Mn centers
doped into ZnSe/S quantum dots are independent of the nanocrystal size and shape, emission
from Cu and Ag centers is tunable, offering a similar modular behavior to I-I1I-VI quantum
dots. By tuning the concentrations of various dopants in the nanocrystal as well as the
synthetic procedure, a tunable white light emission spectrum can be obtained, varying from
cool to warm white light. Finally, another benefit that ZnSe/S quantum dots have over
other technologies are the lack of spectral overlap between absorption and emission spectra.
This is ideal for applications like LEDs whose performance can be affected by reabsorption
of emissive photons by the material.

Two-dimensional electronic spectroscopy (2DES) is a powerful tool for investigating the
electronic structure and quantum dynamics of systems with highly congested linear or tran-
sient absorption spectra. By spreading the third-order signal across two dimensions, it is
possible to gain better state-to-state clarity in both spectral shape and energy transfer dy-
namics for complex systems. In [-III-VI QD materials, 2DES can be a valuable method to
gain insight into defect-based emission for multiple reasons. First, both the absorption and

emission spectra of CIS QDs are very broad. Using 2DES, it should be possible, especially
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near 10 K, to resolve individual electronic states that are transferring energy into the pho-
toluminescent state. Next, with better resolution and identification of the states that are
participating in the emission, 2DES can pinpoint which states are coupled to other electronic
states or the lattice via electron-phonon coupling, and whether there are optimal intra-gap
defects or energy transfer pathways based on state specific lifetime measurements. Finally,
the energy transfer events from exciton formation to hole trapping by vacancies and dopant
impurities (as well as unwanted defects such as surface dangling bonds) happens on the time
scale of a few hundred fs. Because of our broadband capabilities, it is possible for us to
obtain sub-10 fs pulses, allowing for the investigation of these very fast energy transfer dy-
namics particularly for systems such as Mn:ZnSe that absorbs in the near-UV spectral range
and emits near 700 nm after undergoing ultrafast charge transfer between the semiconductor

electron-hole pairs and the metal centers embedded in the crystal lattice.
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CHAPTER 7
CONCLUSION

Semiconductor nanocrystals continue to attract significant research and industrial attention
due to their size and shape dependent optoelectronic properties and large surface-volume
ratio, which make them ideal candidates to make an impact on creating renewable sources
of energy, developing targeted drug delivery systems, and efficiently brightening our homes.
To further develop these materials into useful industrial-scale devices, their fundamental
physical properties including ultrafast carrier dynamics and electronic structure should be
well-understood to best inform synthetic efforts. Throughout this thesis, I use a third-order
nonlinear spectroscopy called two-dimensional electronic spectroscopy (2DES) to study a va-
riety of semiconductor nanocrystals including InP quantum dots (QDs), methylammonium
lead-halide (MAPbX3) perovskite QDs, and CdSe nanoplatelets. These materials all have
high applicability to modern devices, but require a deeper understanding of their electronic
strucutre and ultrafast carrier dynamics to become viable players in the industrial landscape.
In addition to getting direct information about inhomogenous/homogeneous broadening, ul-
trafast relaxation times, and quantum coherences between states, the use of 2DES in these
projects also highlights the value of collaborative exploration of these materials. 2DES is
able to effectively complement studies such as nanosecond transient absorption, raman spec-
troscopy, transmission electron microscopy, and photoluminescence excitation spectroscopy
to drive toward solutions of synthetic nanomaterials problems. In chapter 3, 2DES was used
along with other characterization techniques to understand the origin of the broad emission
feature in InP QDs. Through the data presented, it was clear that emission in InP QDs
occurs via recombination between a delocalized electron and a localized hole state that re-
laxes to a shallow mid-gap trap state. This localized hole state is then heavily influenced by
lattice vibrations, producing a stronger electron-phonon coupling and broad emission spec-
tra. These shallow hole traps are introduced while healing surface traps of as-synthesized

InP QDs by adding a shell layer of ZnS or etching the surface with HF, creating interstitial
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and substitutional defects in the crystal lattice. This points to the potential synthetic so-
lution of using only I1I-V materials for healing surface defects of InP QDs, which will solve
substitutional issues with ions like Zn?t as well as strain-induced defects resulting from a lat-
tice mismatch. After developing a ligand-mediated transport synthesis of methyl-ammonium
lead-halide perovskite QDs in chapter 4, we used 2DES and nanosecond transient absorption
to examine the material’s electronic structure and ultrafast carrier dynamics. The QDs were
synthesized under ambient conditions and were shown to be scalable, paving the way toward
synthetic techniques that can be industrially realized. Transient absorption measurements
showed that the photoluminescence decay was independent of pump power, indicating that
direct excitonic recombination is the dominant decay pathway in these QDs. The 2DES
experiments showed multiple electronic states that shift with the size of the particles and
sub-50 fs excitonic relaxation times. Additionally, we observed that the QDs show quantum
beating signals in the upper diagonal region of the spectrum. Finally, in chapter 5, I studied
6 monolayer thick CdSe nanoplatelet thin films using 2DES under different fluences and at
both room temperature and 77K. The spectra showed distinct excitonic features arising from
the heavy hole and light hole states of these colloidal quantum well materials. The excitonic
states decay rapidly (sub-50 fs) to the band edge and the heavy hole and light hole states
display pronounced electronic coherences even at room temperature. At 77K, the spectra
were noisier both because of the slight instability of the continuous flow cryostat affecting the
pulse overlap throughout the experiment and photobleaching of the nanoplatelet thin film at
powers higher than 500 pJ/pulse. The performance of the next generation of nanomaterial-
based LEDs, solar cells, and bioimaging devices critically relies on the details of carrier
relaxation pathways, electronic structure, state-to-state electronic and electron-phonon cou-
pling, and multiexciton effects. This dissertation highlights the ability to discover the design
principles of novel semiconductor nanomaterials by understanding their electronic structure
and ultrafast carrier dynamics through powerful spectroscopic techniques like 2DES. Us-

ing these experimental results, we can learn both about the nanomaterials systems that we

151



studied and how the spectroscopic techniques we are using can be tailored to advance this
rapidly evolving field. In the coming years it will become increasingly important to make
multidimensional spectroscopic experiments and their results more accessible to a wide-array
of researchers that want to learn more about the diverse applicability of nanomaterials. This
thesis can hopefully serve as a starting point for collaborative explorations of the interesting
physical phenomena produced by semiconductor nanocrystals and lead to the development
of spectroscopic methods that can create high-throughput analysis of materials in real device

environments.
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APPENDIX A
PHASE CORRECTIONS IN 2D ELECTRONIC
SPECTROSCOPY

When performing two-dimensional electronic spectroscopy (2DES) experiments in the BOX-
CARS geometry, it is necessary to correct errors in the timing between pulses 1 and 2 as well
as pulses 3 and 4 in post-processing. These errors arise due to minute changes in the relative
path length of the individual beams as they travel different paths and hit different optics, or
travel through transmissive optics or the sample itself at slightly different angles. While it is
useful to implement BOXCARS 2D spectrometer designs that use only reflective optics, the
relative timing differences needed to alter the phase of the emitted signal cannot be prop-
erly compensated by physical optics or controlled by even high-precision delay stages.[1] In
the BOXCARS geometry, the three ultrafast pulses that induce the third-order polarization
and the local oscillator pulse that is used for heterodyne detection of the emitted signal are
focused on the sample position in a box-shaped formation with one beam at each corner
(Figure A.la). The four beams then overlap at the focus, which is positioned to be within
the sample volume and exit the sample position as the inverse of the incident box pattern,
with the signal emitted in the same direction as the local oscillator pulse. To precisely form
a symmetric box pattern both before and after the focus, each beam must have at least
one independent controlling mirror, meaning that as the system drifts over the course of an
8-hour 2DES experiment, the four beams will not drift in unison. Therefore, if changes in
beam pointing occur, there will be changes in the relative phase of the beams as they interact
with the sample. Even in the ideal case that these long-term drifts do not occur, and the
system is perfectly stable, the level of timing precision needed to accurately set all pulses
to interact at the sample with the same phase is unobtainable. Because of this, it will be
impossible to properly separate the real and imaginary parts of the complex signal without

first correcting this phase error. Many solutions been implemented to circumvent the phas-
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ing issue entirely using a colinear geometry rather than the BOXCARS geometry described
above.[2-4] This geometry is identical to a pump probe experiment, but since pulses 1 and 2
need to have controllable timings, a diffractive-optic-based multiple pulse generator must be
used in the pump beam path (Figure A.1b). This design forces pulses 1 and 2 to travel the
same beam path and to hit identical optics, simplifying the optical alignment and removing
the need for phasing. However, there are drawbacks to the pump-probe geometry. Most
importantly, the signal-to-noise ratio is worse in a pump-probe geometry both because the
collected signal measures often small differences between the probe and pump plus probe
spectra, and the signal is no longer naturally background-free since much of the scatter in-
duced by beam 3 travel with the signal and is extremely difficult to remove. Also, just as
in a pump probe experiment, 2DES in the colinear geometry produces a real-valued signal
on the camera, making it impossible to isolate the rephasing and non-rephasing pathways
without phase-cycling methods to recover the full complex-valued data set. Finally, it is not
possible to perform experiments such as two-quantum measurements that are used to study
phenomena such as biexciton dynamics in semiconductor quantum wells. [5]

If the BOXCARS geometry is used, post-processing methods must be developed to cor-
rectly segment the real part of the signal from the imaginary part. The most common of
these methods is to separately obtain a pump probe spectrum with the same laser system,
laser spectrum, lab conditions, pump powers, and identical compensation for transmissive
optical elements as the BOXCARS 2DES setup. The collected pump probe spectrum will
then be identical to the real-valued 2DES spectrum if the 2D signal is projected onto the
detection axis (all points on the excitation axis are summed together to mimic the lack of
excitation timing control in pump probe). The most common phasing method in our group
is an unconstrained Nedler-Mead searching algorithm that consists of 3 iterative steps. First,
for some waiting time, the summed down 2DES frame is compared with the pump probe
spectrum at the same waiting time, with each normalized to the maximum of their absolute

valued spectra. The total root mean square (RMS) deviation between the two spectra is
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Figure A.1: a) In the BOXCARS 2D Electronic Spectroscopy beam geometry, each beam
travels along an independent path in space and will all hit different optics, making this ge-
ometry susceptible to minute errors in timing. However, since the signal is emitting in a
phase-matched direction with the local oscillator beam and free of a scattering background,
the signal-to-noise is improved over the pump probe geometry. b) In the pump-probe geom-
etry, pulses 1 and 2 travel along the same beam path, eliminating errors in the inter-pulse
phase due to interacting with different optics or altering the beam pointing.
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used as the error metric to minimize in the algorithm. Then, the Nedler-Mead algorithm op-
timizes a six-parameter phase function by guessing a solution, multiplying the entire 2DES
waiting time frame by this phase, determining the RMS deviation from the pump probe
spectrum, and searching until a local minimum error is found. Finally, the phase function
is applied to the entire 2DES cube, properly separating the real and imaginary parts of the
signal. However, this method is sometimes not adequate to properly phase a 2DES data
cube. The phase function consists of 6 parameters: an amplitude factor (A), a constant
phase factor (¢), and linear and quadratic phase corrections in both the excitation (7) and
detection (t) axes.[6] In the following subsections, various situations that can cause non-ideal
phasing are discussed along with routes toward refining the fitting algorithm to overcome

these challenges.

A.1 Spectral Drift between 2DES Experiment and Pump Probe

As the 2DES community moves toward octave-spanning ultrabroadband laser spectra as
an adaptable way to study materials that have electronic states in disparate regions of the
visible spectrum, or as a high-throughput tool to study many samples with different spectra,
phasing 2DES data becomes inherently more challenging. This is because when working with
white light sources such as our system that focuses the output of the regenative amplifier
(regen) into a tube of pressurized Argon and broadens the spectrum through a self-phase
modulation process, any slight drifts in beam pointing from the regen or changes to the
pulse compression will change the spectrum. Usually, the power and beam pointing from
the Ti:Sapphire oscillator that seeds the regen cavity will drift over the course of a few
days to a few weeks due to oil and dust buildup on the Ti:Sapphire crystal that must be
cleaned regularly. This will affect the alignment into the stretcher of the regen and change
the output compression. While the phasing procedures for a data set collected with direct
regen output is often straightforward, the small changes in compression greatly affect data

collected with Ar-based white light. While the spectrum may not drift significantly over the
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course of a single 2DES experiment, after a series of 2DES experiments and after the time
to switch the system over to a pump probe setup for phasing, the spectrum will often drift
enough to make the pump probe trace a non-ideal representative of the summed down 2DES
spectrum. There are some ways to mitigate these issues using the optics on the table rather
than post-processing, such as using a hermetically sealed oscillator to prevent drift entirely or
collecting pump probe spectra immediately before or after each 2DES experiment. However,
these solutions are often not practical due to cost for both new instrumentation and upkeep
as well as the time that it takes to swap between experimental setups, and in the end these
answers may not completely resolve the phasing issues, particularly if the environmental
conditions in the laser lab are not well-stabilized. In these cases where the laser spectrum
drifts not within the timeframe of an experiment, but between the 2DES experiment and
the pump probe data collection, some changes to the phasing algorithm can help to produce
consistent phasing of the 2DES signal. First, if the laser spectrum is broader than the all
the electronic states of interest, a portion of the 2DES data frame may be able to be phased
easily (i.e. the algorithm can converge to a solution quickly and consistently even with
different starting parameters). This becomes more applicable the closer the electronic states
are to the 800 nm fundamental of the Ti:Sapphire regen output. When the compression out
of the regen drifts, the extreme blue (<575 nm) and extreme red (>875 nm) will be affected
the most, making the edges of the spectrum very hard to phase and show very inconsistent
phase parameters. However, if the signals of interest are in these blue or red regions of the
spectrum other phasing methods may need to be used, which will be outlined in the following

sections.
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A.2 Spectral drift and beam pointing changes during a 2DES

experiment

A complementary issue that is much more difficult to deal with than the slow drift described
above is when the spectrum or beam pointing changes over the course of a 2DES experiment.
In this case, being able to find a good fit between the 2DES spectrum and the pump probe
scan at just one or a few waiting time points and applying those parameters to the entire
data cube is no longer adequate. The phase parameters will change at each time point, so
each 2DES frame must be phased independently. However, the phase parameters should vary
continuously throughout the experiment. When applying the typical phasing procedure to
these types of data sets, it is not uncommon to see discontinuous jumps from one waiting time
point to the next, which even if the system is drifting over time, is likely not physical. The
Nedler-Mead algorithm is an unconstrained search and at any two time points, the algorithm
may find different local minima that are very close in the total RMS error. One method
that can make phasing these types of data sets approachable and circumvent the issues with
unconstrained searching algorithms is to use a constrained algorithm. In a method employed
by our group, we use a Nedler-Mead algorithm to find an initial set of parameters at some
waiting time point that is taken about halfway through the experiment. Then, using an
interior-point algorithm that is constrained so that the phase parameters cannot change
discontinuously (e.g.£~30% of the initial value), the rest of the waiting time point phase
parameters are calculated, first running forward in time and then backwards to converge
on an acceptable minimum error at each point. This method can also be used for issues
with spectral drift between the 2DES data acquisition and taking the pump probe spectrum
since from one frame to the next, the error may be dominated by the blue or red edge of
the spectrum and it may be necessary to look at all data frames and find a consistent set of
parameters that averages over fluctuations at the edges of the spectrum, which are inherently

less stable over time.
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Figure A.2: a) Here the six phase parameters that are fit by the constrained interior-point
algorithm are depicted for all waiting times for an InP/ZnS Quantum Dot data set. The
parameters are obtained by starting at the midpoint of the waiting time axis and run for-
wards, and then backwards with constraints to ensure continuity. b) A pump probe trace
(blue) plotted alongside a 2DES sum down spectrum showing a minimum error as found by
the interior-point algorithm.

Our group and others continue to develop methods for dealing with the phasing issue
in 2D electronic spectroscopy. The most glaring problem is that while pump probe acts
as an excellent proxy for the sum down of the detection axis in the 2DES spectrum, there
is no effective equivalent in the excitation axis to constrain the fitting algorithm in both
dimensions. Therefore, there are infinite solutions to phasing that can yield a perfect fit
to a pump probe spectrum and discerning the most consistent and physically reasonable
set of phase parameters is an inexact process. Though methods like using the heterodyned
transient grating signal have been developed to add additional constraints on the fitting
parameters,[7] this method is still susceptible to spectral changes and inherent challenges
when using thin film samples where no solvent reference is applicable. It is entirely possible
that the pump-probe geometry is the most fruitful direction and that a high signal-to-noise
colinear 2DES method will be developed that can give at least real-valued spectra with high-
throughput. However, it is important not only to approach the challenges inherent in the
phasing process and develop more consistent methods of producing accurately phased data,

but it is vital to understand that these issues exist when analyzing and interpreting the

160



results of 2D electronic spectroscopy to successfully impact any field aiming to understand

energy transfer and charge carrier dynamics in complex systems.
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APPENDIX B
RELATION BETWEEN THE BULK AND THE NANOSCALE

Much attention is given to the size-dependent properties of nanoscale materials and how they
differ dramatically from their bulk-scale counterparts. However, analysis of bulk materials
offers important insights into how the nanoscale system will behave in various environments.
In particular, understanding the electronic structure, the transport properties, and the im-
pact of defects on the material behavior are all challenges that nanomaterials researchers
face that have been studied with great effect in the bulk phase for decades. For example, the
electronic wavefunctions of quantum dots are approximately given by the solutions to the
particle-in-a-sphere Schodinger equation times an envelope function that is dependent on
the underlying symmetries of the crystal lattice.[1] In the case of a free-electron model, the
conduction and valence band states are parabolic and yield the simple expressions described
in chapter 2. However, this is never the case, and the bulk band structure needs to be applied
to the nanomaterial to yield the correct state symmetries, effective masses of electrons and
holes, and account for intra-band coupling and spin-orbit coupling. The nanocrystal enve-
lope wavefunctions will then often closely resemble the bulk wavefunctions for states at the
center of Brillouin zone (I'), however for some materials such as InP and other related I1I-V
semiconductors, the L-valley states must be included as well.[2] In addition to similarities
in electronic structure, for nanomaterials with higher dimensionality such as nanoplatelets,
nanorods, or nanowires, charge carrier transport is similar to bulk phase materials in the un-
confined dimensions.[3| Finally, important properties like the charge carrier effective masses
are determined by the curvature of the bulk band structure near the Brillouin zone center,
which is again reliant on computation of the bulk electronic structure and applying it to the
nanoscale material.[1} 2, 4] Some of the earliest attempts at determining bulk band struc-
ture involved solving the Schrodinger equation for a perfect infinite crystal lattice of the
semiconducting material for specific points of symmetry (I', X, L, etc.) and then using 2nd

order perturbation theory to determine how the bands flow from each point of symmetry
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to every 7other one. This methodology known as k dot p theory was first explored by Lut-
tinger, Kohn, and Kane[5-7] in the 1950s and is still an active area of research today, with
the method being particularly useful for understanding anharmonicities around the points
of symmetry that can impact carrier transport.[8] However, the Luttinger-Kohn model only
takes the heavy hole and light hole states into account, and therefore in many cases more
intensive models must be developed to include more and more excited electron and hole
states. Examples of these methods include the the Kane 6-band model,[6] which includes
the split-off band, and the 8-band Pidgeon-Brown model[9] that can more accurately capture
phenomena like electron-hole coupling.

Another example of the ways in which nanomaterials researchers can benefit from the
decades-long efforts of materials scientists studying bulk-phase semiconductors is the un-
derstanding of defect states and dopant atoms and their impact on carrier dynamics and
electronic structure. Often mid-gap trap states like surface dangling bonds, dopant atoms,
or vacancies in the semiconductor crystal structure will have detrimental effects on the pho-
toluminescence quantum yield in light emitting applications or quantum efficiency in solar
devices. Though the material electronic wavefunction of the nanosystem may differ greatly
from the bulk, the nature of localized mid-gap defects, such as surface dangling bonds, and
how they affect transport and optical properties are often very similar.[10] Moreover, these
types of defects are often more often studied in the bulk phase using high precision tech-
niques like scanning tunneling microscopy/spectroscopy which can help researchers learn
more about the formation and electronic structure of these states in both bulk and low di-
mensional systems.[11-15] By using these results and others across decades of research into
the electronic structure and materials properties of bulk semiconductors, researchers can gain
insight into the toughest problems that hamper the successful development of nanocrystalline
devices. Hopefully this small appendix can serve as a jumping-off point to inspire others
to familiarize themselves with the theoretical and experimental techniques that have served

materials scientists well for years so that they may help drive innovation in nanocrystal
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synthesis and spectroscopy in the future.
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