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Abstract

Colloidal semiconductor nanocrystals are a promising platform for a number of
technological developments in a wide variety of lighting applications. They also are an
incredibly useful model system to interrogate fundamental carrier interactions in crystalline
semiconductor lattices. This thesis investigates the properties of multiexciton states in
semiconductor nanocrystals to build an understanding of what drives their emission dynamics
and efficiency. A complete understanding of the processes which dominate in a wide variety of
nanocrystal systems sheds light on electron-hole and exciton-exciton interactions and provides
guidance on how to engineer nanocrystals for particular applications.

In the first two chapters, I will build a foundation of understanding of semiconductor
nanocrystal systems, and how to build up an intuitive understanding of the states in question
from both fundamental modeling and chemical intuition. I also present a variety of methods
which are used to interrogate the luminescent properties of these materials, with a particular
focus on those utilized in this thesis. In the second chapter in particular, I focus on how
photoluminescence measurements can go astray, how to identify artifacts or background signal
which could bias or invalidate data, and how to eliminate these artifacts.

The next chapter details the biexciton and triexciton emission dynamics and efficiency in
CdSe nanocrystals. Utilizing a well-established and well-studied semiconductor systems allows
nuanced interpretation of the emission dynamics, and the identification of perhaps some
unexpected material properties to enhance how we imagine these highly excited states.

Chapter four employs a suite of methods to begin to understand carrier-carrier
interactions in cesium lead halide perovskite nanocrystals. This system provides a particularly
interesting platform to investigate the effect of confinement and lattice mobility on excitonic
properties.

Finally, I present a few experimental directions and ideas which have not yet been
explored and would provide an excellent continuation of this work.

Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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2 Introduction

This thesis details the photophysical properties of colloidal semiconductor nanocrystals,
also known as quantum dots, under device relevant conditions for lighting and lasing applications.
Semiconductor nanocrystals (NCs) are technologically interesting fluorophores for these
applications due to a number of reasons. First, they are colloidally stable, and therefore solution
processable, allowing for integration into devices through spin coating,'? dropcasting,®* or ink-jet
printing>”’ and are therefore compatible with flexible substrates. Next, due to quantum
confinement of the exciton — a bound, correlated electron-hole pair — semiconductor NCs have
tunable bandgaps simply by changing the NC size.®® Furthermore, in part due to highly optimized
syntheses, many semiconductor NCs have narrow emission linewidths with negligible
heterogeneous broadening.'®!" Finally, highly developed semiconductor NC systems, such as
CdSe, regularly have unity or nearly unity exciton quantum yield.'%!>'* That is to say, for every
excitation created one photon is emitted. There is a small caveat here, however; while the single
exciton state has unity quantum yield, NCs may sustain more than one excitation simultaneously
and these multiexciton states have drastically lower emission efficiencies.'>'® Nonradiative
recombination from multiexciton states may currently act as an energy loss mechanism, but the
presence of these states also provides an opportunity to overcome lifetime-limited fluorescence
saturation, a major drawback to the use of molecular dyes for high-flux emission applications.'’-
1 Thus, a thorough understanding of multiexciton states, the driving forces between radiative and
nonradiative processes, and how to control them is crucial in the optimization and continued
commercialization of semiconductor nanocrystals. The following chapters set forth to establish the

current understanding of these multiexcitonic states, the methods that exist to interrogate them,
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and my work expanding both our methodology and understanding of multiexcitons in

nanocrystalline semiconductor lattices.

2.1 Semiconductors

In order to fully understand the dynamic processes dominating NC systems, | begin by
considering the energetic bands which determine the properties of bulk semiconductor materials.
While nanocrystals exhibit properties that fall between those of molecular systems and bulk
semiconductor materials, it is a cleaner mental exercise to discretize the bulk systems, rather than
expand the discrete molecular picture to many thousand atoms.

There are many excellent works which detail how to calculate the band structure of a bulk
semiconductor through a myriad of methods, each with specific strengths and drawbacks.?® For a
qualitative understanding of band edge states, simple linear combination of atomic orbitals
(LCAO) approximations can be quite illuminating. Perspectives gained from LCAO theory, or in
the semiconductor world, tight-binding models, provide an excellent first approximation of
semiconductor properties. Determining the atomic orbitals which dominate the behavior of the
valence band maximum and conduction band minimum provide key insights into the angular
momentum and degeneracy of those states.

In order to calculate full band structures, the results of k- p theory describe the energy states
observed in bulk and nanocrystalline semiconductors quite well. k-p theory is a perturbation
method where the Hamiltonian can be written in the form shown in equation (2-1).

p? h%?k? hk-p

+

(2-1)
2m + 2m m
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The Hamiltonian can be separated into the first two terms to form the unperturbed
Hamiltonian, and the second two terms which are the perturbed Hamiltonian. The method gets its
name for the dot product of the reciprocal space and momentum operators present in the fourth
term above and is particularly adept at calculating electron and hole effective masses at and around
the gamma point. This is because the smaller k, the more accurate the perturbation method is
because the contribution from the perturbed Hamiltonian decreases.

As 1 have alluded to already, these energy states are not discrete states with well-defined
energy and momenta but a continuous surface of energy states represented in reciprocal space.
That is to say a given state can have a range of energy and momentum properties depending on the
position within the lattice.

At room temperature, it is most accurate to discuss the properties of electrons and holes as
quasi-independent in most bulk semiconductors. However, there is an attractive Coulomb
interaction between the positively-charged hole and negatively-charged electron which results in
a binding energy.?! Generally, this binding energy is sufficiently small compared to thermal energy
that entropic driving forces result in the dissociation of electrons and holes. However, at low
temperatures or in semiconductors with unusually high binding energies it is possible that the

electron and hole remain energetically bound. This bound state is referred to as an exciton.

2.2 Semiconductor Nanocrystals

The picture outlined above changes slightly when moving to nanostructured materials.

8

These nanomaterials can come in many different morphologies such as nanospheres,® nanocubes,’

nanoplatelets,”? nanorods,?®> and exotic shapes such as tetrapods.?* Materials can be further
modified by combining multiple semiconductors such as core-shell nanocrystals,> dot-in-rod

28

heterostructures,'? Janus particles,?® as well as core-shell?” and core-crown?® nanoplatelets.
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Starting with the core-only materials, the band structure changes drastically based on the finite size
of the nanocrystal. One way to consider this is that the bands discussed in the bulk case are actually
just the infinite possible linear combinations of atomic orbitals that can be formed with the quasi-
infinite number of atoms in a bulk crystal. Each of these states is so close in energy to the next,
they can be accurately depicted as a continuum of states. When moving to a nanoscopic system,
rather than the infinite number of atoms we consider in the bulk phase, there are a finite number
(tens to thousands) of atoms. The finite nature of the atomic composition results in a discretization
of the band structure, particularly around the band-edge. We may still consider these states using
the same atomic orbital compositional arguments which are used in the bulk-case to describe the
angular momentum character and degeneracy, but these states now have finite occupancy.
Furthermore, due to both the energetic and spatial confinement, the excited state is strongly
excitonic, resulting in an increased absorption resonance near the band-edge and correlated
electron-hole angular momenta. Since the electron and hole remain spatially correlated, the
emission efficiency of semiconductors also increases drastically due to constant and high
wavefunction overlap. In order to fully understand multiexciton dynamics within this energy
landscape, we first must have a thorough understanding of the exciton state to use as a basis for

comparison.

2.2.1 Exciton Dynamics

In a perfect world, a nanocrystal will emit at a constant intensity that is determined by the
radiative rate of the emissive state and absorption probability at a given excitation fluence.? In the
real world, even individual emissive processes are limited by shot noise, or uncorrelated random
events. Thus, emission from a single radiative state does not have a single intensity over time, but
rather a distribution of intensities. These intensities fit to a Poisson distribution centered around a

given average, which can be determined from the absorption cross section and excitation fluence.
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The dynamics of a single radiative state will be a purely monoexponential decay with a rate
equivalent to the intrinsic radiative rate of the given state.’® Intensity trajectories are rarely
comprised of emission from a single shot noise limited state though, and a number of competing
processes must be taken into account.

Almost all nanocrystal systems demonstrate fluorescence intermittency, or blinking,
behavior on millisecond to minute time scales, depending on the exact nanocrystal sample.?'—*
This intermittency is due to changes in nanocrystal structure, ligand coverage, and charge state
which leads to transient trap states as well as fluctuating trion (either a positively or negatively
charged state) formation.’!33 Trion states are generally emissive, with a lower quantum yield than
the neutral exciton due to the availability of nonradiative Auger recombination.’*7 An Auger
process is the recombination of an electron with a single hole and rather than emitting the affiliated
energy as a photon, promoting a third carrier (either an electron or hole) into a state deep in the
conduction or valence band. That carrier then rapidly cools through phonon emission back to the
band edge, resulting in the relaxation of an exciton without emitting a photon. It is highly likely
that the positive and negative trion states will have different quantum yields due to differential
Auger rates for each.*® Trion states are generally identifiable by their intermediate emission
intensity which corresponds to a drastically quenched fluorescence lifetime.?! If the pure trion state
can be isolated, it should still emit with monoexponential decay kinetics with a faster lifetime.*

Trap states often exhibit two distinct types of behavior dependent on their energy level and
accessibility: those accessible from the band-edge, and those only accessible during hot carrier
cooling.®® Trap states that are thermally accessible from the band edge will manifest as a changing

emission intensity and lifetime. Depending on the energy and density of trap states, the effect on

the lifetime will be variable. Traps that are only accessible during hot carrier cooling will result in
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a decreased emission intensity, but no change to the emission dynamics. There are a number of
thorough reviews of nanocrystal blinking behavior which detail the differences in these processes.
In particular, Yuan, et al.,*' describes single nanocrystal blinking quite well, highlighting the
difference between individual nanocrystals in a fairly homogeneous ensemble.

Almost all deviations from monoexponential behavior in ensemble fluorescence lifetimes
can be attributed to either nanocrystal heterogeneity, transient charging, or trapping.*>*! Ensemble
heterogeneity will manifest as multiexponential or stretched exponential behavior with many
radiative rates which are all similar in time constant, and usually in some form of continuous
distribution.’®3° Pure charging will manifest as a biexponential decay with one exponential
component corresponding to excitonic recombination, and one component corresponding to the
radiative and nonradiative rate for the trion state.>® Trapping is more likely to have strong
multiexponential character, but unlike with ensemble heterogeneity, it will usually manifest as a
rapid early time component characteristic of the trapping rate, and then longer time dominated by
the intrinsic exciton lifetime.?! It is of course also possible to have contributions from any of these
in combination.

It can be a challenge to isolate exciton behavior from that of trapping and charging
processes even in a single NC measurement which eliminates heterogeneity. The most basic
method to do so involves examining a histogram of fluorescence intermittency and selecting a cut-
off intensity which separates the high-intensity, excitonic state from other lower efficiency states.?’
This method is commonly referred to as thresholding and has the advantage of being
straightforward. However, it has been demonstrated that the selection of an ‘on’ state threshold

imposes a significant amount of user bias, particularly in rapidly fluctuating or complex intensity
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trajectories. Change point algorithms are one of the main alternative methods to analyze this
intermittency.*’ These methods are discussed in detail in Chapter 3.

The next crucial component in understanding exciton dynamics, once charging and
trapping contributions have been identified, is a thorough picture of the exciton fine structure. Fine
structure is discussed in detail in Chapter 4. When considering exciton dynamics the major
contributions from nanocrystal fine structure are the total angular momentum of each state, which
determines whether a state is emissive (bright) or non-emissive (dark), and the energy splitting

between these states.

2.2.2 Biexciton Dynamics
Once a complete understanding of exciton dynamics has been established, multicarrier

processes must then be considered. When studying a biexciton or higher excited state, not only are
charge and trap states influencing the quantum yield and dynamics of the material, but multicarrier
non-radiative processes are as well.!>*!™> Auger recombination is believed to be the dominant
mechanism which results in multiexciton quantum yields which are less than the exciton quantum
yield of a system, in addition being the mechanism for the reduced quantum yield of trion states
discussed earlier.’® The Auger rate is determined by the electron hole wavefunction overlap and
the density of final states available to the promoted carrier.*® The Auger rate in CdSe and
CdSe/CdS nanocrystals have been extensively studied and for core-only materials almost
universally scales with the volume of the NC.*’ There have been a few more recent exceptions to
this universal volume scaling of Auger rates, such as in 2-D nanoplatelets.*®

If Auger rates dominate the nonradiative processes for multiexciton states, then the next
crucial quantity to determine is the radiative rate. For any given state, the two most important
factors in determining the radiative rate are the energy of the transition and wavefunction overlap.

For the energy of the transition, from a first glance it should be the same as the energy of the
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exciton. At minimum the band-edge of all semiconductor NCs have a degeneracy of two.
Therefore, the biexciton occupies the same state and ignoring exciton-exciton interaction, will
have the same energy. The difference between the energy of two isolated excitons and a biexciton
is termed the biexciton binding energy.'® The first order consideratidn of the biexciton binding
energy would be the Coulomb interaction between the four carriers. The electron-hole interactions
should directly cancel with the electron-electron and hole-hole interactions and thus there should
be no expected binding energy. Taking higher-order Coulomb and Exchange interactions into
account results in a small biexciton binding energy.**>° In most core-only materials studied thus

' Extensive

far, binding energies are on the order of a few meV and attractive in sign.’
heterostructure engineering has succeeded in creating CdSe/CdS NCs with large repulsive
biexciton interactions through carrier separation, demonstrating there is no guarantee that a
biexciton interaction must be attractive.>

The next consideration is the wavefunction overlap, but since the exciton and biexciton
must occupy the same states, there is unlikely to be much difference in the overlap, and therefore
the radiative biexciton rate should not be appreciably different from the exciton, ignoring fine-
structure considerations. The fine-structure of a given state will determine the multiplicity of
recombination pathways, and thus the scaling of the biexciton rate as compared to the exciton.
This scaling is discussed extensively in Chapters 4 and 5.

Due to the complex nature of multiexciton emission processes, it is crucial to have nuanced

methods to interrogate these dynamic processes. The following sections describe the methods

utilized in this thesis.

2.3 Methods
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This section details all the spectroscopic methods used throughout this work. The majority
of data are collected through a variety of fluorescence techniques, but some absorption methods
are also utilized. Fluorescence techniques include single nanocrystal confocal methods, ensemble-
averaged single molecule methods, and wavelength dependent ensemble methods. The
combination of these allows the nuanced interrogation of exciton and multiexciton dynamics
towards the goal of understanding the dominant states and processes relevant for high-flux

nanocrystal applications.

2.3.1 Ensemble Methods

2.3.1.1 Ensemble Photoluminescence Lifetime
The lifetime of any fluorescent sample is the decay curve of the emission process. When a

sample is excited using a pulsed laser source, the entire fluorescent population is created
simultaneously. By monitoring the delay between the laser excitation pulse and the detection of an
emitted photon, then taking a histogram of the delay times, a fluorescence decay curve can be
constructed. This method is generally referred to as Time-Correlated Single Photon Counting

(TCSPC).

2.3.1.2 Spectrally Resolved Photoluminescence Lifetime
There are two methods used in this thesis to spectrally resolve the photoluminescence

lifetime. The first utilizes the same photon counting detector as a traditional PL lifetime
measurement, but the detector is placed at the output of a monochromator. By sweeping the center
wavelength across the fluorescence spectrum the lifetime can be measured at each spectral
position. In a truly homogeneous sample that is emitting exclusively from a single state the lifetime
at each spectral position will be identical. However, if a photoluminescence decay contains
emission from multiple states or sample subpopulations, the dynamics will vary as a function of

wavelength.
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The other method used in this thesis to measure wavelength-dependent dynamics is a streak
camera. In this case, rather than scanning a monochromator and only selecting one wavelength at
a time, the spectrum is dispersed by a spectrograph. Then the collected light is converted to
electrons by a photocathode and passes through a streak unit, which sweeps an increasing voltage
as a function of time after laser excitation. The stronger the voltage, the more distance the detected
signal is translated at any given time. Thus a streak camera spatially separates emission based on
the time after excitation. The two-dimensional data (time and wavelength) is then imaged using a
traditional CCD camera, producing a wavelength-dependent lifetime. One major advantage of a
streak camera is that the time resolution is limited by the rate at which the voltage can be swept,
and thus much higher temporal resolution can be achieved, unlike single-photon detectors. On the
other hand, the lower sensitivity of CCD cameras results in this method only being applicable for
fairly concentrated and highly emissive samples, whereas the single photon sensitivity of APDs

allows for the detection of signal from an individual NC.

2.3.1.3 Transient Absorption Spectroscopy
In addition to the photoluminescence methods described above, this thesis also contains

results from transient absorption (TA) spectroscopy. In brief, transient absorption is an ultrafast
absorption method which can be used to interrogate the dynamics of occupied states after
excitation, providing complementary information to photoluminescence results. PL can only
interrogate states which couple to the rate of photon emission within a kinetic model. TA is an
ultrafast pump-probe technique. First, a femtosecond pulse of monochromatic light is focused onto
the sample. Usually this pump source is chosen to be well above the band edge. In this thesis a 400
nm pump source was used to excite the NC samples. After some delay, a broad-band probe pulse
is also focused onto the sample. The absorption of the probe pulse is measured with and without

the pump pulse through the use of a mechanical chopper, and the transmitted probe light is imaged
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through a monochromator onto a CCD camera. The time delay between the pump and probe pulse
is then varied through a stage delay which can scan up to ~3 ns for the instrument used in this

work.

2.3.2 Single Particle Methods

This thesis utilizes a large distribution of methods to analyze the dynamics and properties
of light emitted from a single nanocrystal. All these methods are predicated on the same
experimental setup, and also provide the dominant body of work for this thesis.

The microscope is a home-built single particle fluorescence instrument. There are a number
of available excitation sources. all of which are fiber coupled into the microscope. Most data are
collected using either a 405 nm or 532 nm pulsed diode laser as an excitation source. The excitation
beam is directed through a series of neutral density filters which are used to control the incident
laser power, then directed off a dichroic mirror into a microscope objective. For single-particle
experiments an oil immersion objective is used, and for solution phase correlation measurements
a water immersion objective is used. The microscope objective is mounted to a motorized
unidirectional stage which can be used to bring the sample into focus. The sample is mounted to a
three-axis piezo stage with sub-nanometer precision in X, y, and z. The z dimension is used to
optimize the microscope focus, and the x and y directions are used to perform raster scans across
the sample. Emission from a nanocrystal in the focal volume is collected by the same objective
and separated from the excitation source using a dichroic mirror (either 425 nm long pass or 535

nm long pass). Emission is further filtered using a 1:1 telescoping pinhole (10 cm focal length

TCSPC

Pulsed

Excitation
Source

Figure 2-1 Illustration of the home-built fluorescence microscope used for single molecule studies in this thesis.
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Figure 2-2 A fluorescence intensity trace with 40 ms time bins and the histogram of the intensity states. The low
intensity state is shot noise limited. The high intensity state is not, predominantly due to microscope drift throughout
the experiment.

achromat lenses, 50 um pinhole) and additional emission filters (425 nm long pass or 532 nm
notch). After filtering, the emission is split into four equivalent beams using three 50:50 beam
splitters in the geometry shown in Figure 2-1. Each of the four beams is then focused onto a single
photon counting detector using a 10 cm focal length lens. The turning mirrors in the detection
component of the microscope are all cold mirrors (reflect < 700 nm and transmit =700 nm) to
suppress detector crosstalk (discussed further in Chapter 3). Detection events are recorded using a
HydraHarp 400 in t3 mode. These records note the pulse number after which a photon arrived, the
time after the laser pulse, and the detector number at which it arrived for each photon. This record
of photon arrival times will henceforth be referred to as the photon stream, and is the basis for the
following single molecule analyses. In total the fluorescence setup described here is optimized for
high detection efficiency, collecting roughly 15% of emitted photons in the green, with efficiencies
peaking in the 600-700 nm range based on the efficiency of the detectors in that wavelength range.
No photon detection can occur above 700 nm without further modifications due to the cold mirrors
utilized in the detection component of the microscope. In order to reduce background counts, the

entire microscope is enclosed in a homebuilt blackout box, and detectors are fitted with lens tubes
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which eliminate almost all stray light. The following describe different analysis methods that can

be applied to the photon stream after data collection.

2.3.2.1 |Intensity Trace
An intensity trace may be generated from the photon stream by selecting a time window

(say 5 ms), counting how many photons arrive in each 5 ms bin, and plotting these as a function
of time. If a sample is constantly in a single emissive state, the spread of intensity values will be
shot noise-limited and follow a Poisson distribution. There may be multiple discrete states which
are shot noise-limited, or many many quasi-continuous states which do not fit any one distribution
well. These distributions may be examined by taking a histogram of the intensity states as

demonstrated in Figure 2-2.

2.3.2.2 Lifetime
The fluorescence lifetime of a sample is the histogram of delay times between an impulsive

excitation event, and the detection of an emitted photon. The method is identical in theory to the
ensemble lifetime described above, but instead of measuring the average behavior across many

different nanocrystals, it measures the emission from an individual NC.

2.3.2.3 Biexciton Quantum Yield
This second order correlation method which can be used to extract the quantum yield of

the biexciton state was derived in great detail by Nair e al.3® Rather than walking through the
detailed mathematical justification for the method, which can be found in the supplemental
information of Nair et al.,>® Figure 2-3 presents a qualitative understanding of why the center to
side peak ratio measures the biexciton to exciton quantum yield ratio. The side peak represents
events where a single photon was absorbed and emitted on two successive pulses. The center peak
represents when two photons are absorbed and emitted after a single laser pulse. Due to the

Poissonian absorption statistics of nanocrystals, the two absorption events described for the center
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and side peak have equivalent probabilities. Thus, the ratio between the two peak areas is the ratio
of quantum yields.

There are a few key conditions that must be met for the following explanation to hold
though. First, the nanocrystal must be absorbing in the low flux regime. That is to say, it must be
statistically likely that when one photon is detected, it originated as a single exciton. Similarly,
when two photons are detected, they likely originated as a biexciton, etc. A good benchmark for
the low flux criteria is <0.01 excitations per pulse. Next, the second photon of a biexciton must be
exactly the same as an independently excited, single exciton. If the second photon of a biexciton
does not have the same quantum yield as a single exciton, then some of the terms in the derivation
do not appropriately cancel. Finally, the Poissonian absorption statistics that have been described
for NC systems must hold, otherwise the absorption probabilities for the center and side peak
scenarios will vary.

Assuming all these conditions are met, the center to side peak ratio then reduces to

Acenter _ QYBXQYX
Asige  QYxQYx

(2-2)
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Figure 2-3 Schematic of the second-order correlation measurement where the center peak (green) corresponds to two
photons detected after the same laser pulse, and the side peak (blue) corresponds to two photons detected on
subsequent laser pulses.

Where Acenter and Aside are the center and side peak areas respectively and QYgx and QYx are the
biexciton and exciton quantum yields respectively. The numerator then corresponds to the
quantum yield of the first and second photon of a biexciton, and the denominator corresponds to
the quantum yield of two single excitons. Thus, the expression reduces to simply the biexciton to
exciton quantum yield ratio. In the case where the exciton has 100% quantum yield, the center to

side peak ratio is exactly the biexciton quantum yield.

2.3.2.4 Biexciton Lifetime
The biexciton lifetime can be extracted through low-flux, single-particle photon number

counting methods as described by Shulenberger et al. By selecting only for pulses where two

photons were detected after a single excitation pulse, the first detected photon then corresponds to
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Figure 2-4 Illustration of the various lifetimes extracted from two photons events and the notation used to describe

these time delays.

PNRL?0? ——
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emission from the biexciton state, and the second detected photon corresponds to emission from
the residual exciton left behind after biexciton recombination. The biexciton lifetime is the
histogram of time delays between the excitation pulse and the arrival of the first photon. The
lifetime of the residual exciton is the histogram of time delays between the arrival of the first
photon and second photon. Shulenberger ef al.>* describe these photon number resolved lifetimes
(PNRLs) using the notation PNRL?%! and PNRL®?:!?) respectively, where the superscript notation
corresponds to the number of photons detected, the start index, and the stop index, as illustrated in
Figure 2-4. There is a third lifetime which can be calculated from two photon detection events,
PNRL®%2), or the delay between the excitation pulse and the detection of the second photon. These
data contain information about both the biexciton and residual exciton lifetime together and are

therefore generally not used.

2.3.2.5 Triexciton Quantum Yield
The triexciton quantum yield of a single particle is derived in the supplemental information

1.54 l 53

of Shulenberger et al.>* Following in the methodology established by Nair ef al.,”” the emission
probability of three photons detected after a single excitation pulse is the product of the triexciton,
biexciton, and exciton quantum yields. The equivalent to the two-photon side peak in the three
photon experiment is two photons detected after a single laser pulse, with an emission efficiency
that is the product of the biexciton and exciton quantum yields, and a single photon on the
subsequent pulse with an emission efficiency of the single exciton quantum yield. Thus the ratio

of the area of these two peaks is described by the relationship below.

QYTX QYBXQYX

2-3
QY5 Q¥x QY (@-3)

Where QYTx, QYBx, and QYx correspond to the triexciton, biexciton and exciton quantum yields

respectively. Assuming each successive exciton in the multiexciton cascade is independent, then
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the ratio of the center and side peaks is the triexciton to exciton quantum yield ratio. It is crucial
to note the analogous condition to the biexciton side peak is not three photons after three successive

pulses, because it is necessary to cancel the biexciton quantum yield term from the center peak.

2.3.2.6 Triexciton Lifetime
The triexciton lifetime follows the same logic as the biexciton lifetime. First, the photon

stream is sorted for all three photon detection events. Since experiments are run under low-flux
conditions, these events correspond to almost exclusively triexciton emission. The lifetime of the
triexciton is the histogram of delays between the laser pulse and first photon (PNRL®%D), the
residual biexciton lifetime is the histogram of delays between the first photon and second photon
(PNRL®!), and the lifetime of the residual exciton is the delay between the second photon and
third photon (PNRL®%), Extracting a lifetime from a fluorescence decay curve requires more
total emission counts the longer the lifetime. Due to low total count rates, it is rare that the lifetime
of the third photon of a triexciton has sufficient signal to noise to separate NC signal from the

uncorrelated background baseline.

2.3.3 Solution Correlation Methods

2.3.3.1 Solution Biexciton Quantum Yield
Similar to the single particle biexciton quantum yield method, Beyler et al.>> describe how

to extract the ensemble-averaged, single-particle biexciton to exciton quantum yield ratio from a
solution of freely diffusing emitters. Since there is more than one emitter in the focal volume at
any given time, there are two dominant sources of two photon events after a single excitation pulse:
emission from a biexciton state on a single nanocrystal and emission of a single exciton from two
different NCs. The first case is the signal of interest while the second corresponds to the
uncorrelated background of the measurement. By ensuring proper normalization of the signal as
described by Beyler et al.,> then the biexciton to exciton quantum yield ratio is described by the

equation below.
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QYpx _ 9(()2) -1

QYx Cg@ 1

T

(2-4)

Where QYsx and QYx are the biexciton and exciton quantum yields respectively, g(()z) is the

normalized center peak area and ggz) is the normalized side peak area. The average number of
particles in the focal volume is also contained within the correlation trace in the form of the plateau

value at early times.

1
(n) = ORI (2-5)

T

Note that the average number of particles in the focal volume does not alter the validity of the
biexciton to exciton quantum yield method, and in theory concentrations can increase until particle
diffusion becomes correlated due to NC-NC interactions.

2.3.3.2 Solution Biexciton Lifetime
Combining the ideas between the solution biexciton quantum yield and single particle

biexciton lifetime measurements, the average single particle biexciton lifetime can be extracted
from a solution of freely diffusing emitters as described by Bischof e al.>® This is done by taking
the lifetime of the first photon of two photon events, and subtracting out the signal from two photon
events corresponding to two excitons on two different nanocrystals. The subtraction of exciton

signal is discussed in detail in Chapter 3.
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3 Chapter

Experimental Considerations for Photoluminescence
Measurements

Measuring the photoluminescence lifetime of fluorescent materials is a key method
towards understanding the mechanism of emission and the dominant processes that determine the
observable properties of a material. Time-correlated single-photon counting (TCSPC) has been
used to measure the dynamics of bulk semiconductors,’” complex heterostructures,®
nanomaterials,? organic compounds,* fluorescent proteins,®® and many others. For semiconductor
materials specifically, the photoluminescence lifetime can contain information on the fundamental

36 energetic fine-structure,’! carrier

electron-hole interactions in the lattice, non-radiative processes,
movements,®? as well as trap state density and depth.5® Thus, having a robust understanding of how
to accurately measure a photoluminescence lifetime for a broad range of samples is crucial. In this
section, | present some details on photon-counting detectors, artifacts that are common when
utilizing single-photon avalanche photodiodes and how to avoid them, and sources of background
in photoluminescence experiments. I will pay particular attention to how to account for and remove
background signal in higher-order (>2) correlation measurements commonly used to measure

multiexciton behavior in semiconductor nanocrystals. Finally, [ will discuss a few particular issues

that need to be accounted for in solution-phase correlation measurements.

3.1 Photon Counting Detectors
3.1.1 SPAD

Currently, the most commonly utilized photon counting detector is the avalanche

photodiode (APD), also called a single-photon avalanche diode (SPAD). These are the detectors
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Figure 3-1 Schematic of the active area of an APD illustrating the movement of carriers resulting in a detected
current.

used for single-photon counting measurements throughout this thesis, and thus will be discussed
most extensively here. The greatest advantage of these devices is the incredibly high sensitivity,
and therefore high efficiency at detecting single photons. For silicon-based modules, which are the
most common, the detection efficiency in the 550-650 nm range can be as high as 70%. The basic
device structure is shown in Figure 3-1. The active area is a silicon p-n junction that is held at a
constant, high (100-200V) reverse bias. The bias is large enough such that when a single-photon
is absorbed by the detector within the depletion region, the electron and hole that are generated are
rapidly accelerated towards opposite electrodes. These accelerated carriers then collide with other
electrons or holes in the device with sufficient kinetic energy to cause impact ionization.
Successive ionization events increase rapidly causing a so-called avalanche of carriers which are
detected as a short burst of current through the circuit and can be recorded with high temporal
precision. Disadvantages to this technology include long detector dead times, detector afterpulsing,
and poor material systems for infrared photon detection. These properties are discussed in Section

3.2

3.1.2 PMT

While much less common, photomultiplier tubes (PMT) can also have single-photon

detection capabilities. This utilization is quite rare, and PMTs are generally used instead to detect
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Figure 3-2 a) Illustration of the detection mechanism for incident photons of a PMT. b) Illustration of the active area
and detection mechanism for an SNSPD.

a total amount of signal rather than individual photons. Briefly, a PMT operates by converting an
incident photon into an electron at a photocathode. This electron is then accelerated through a
series of dynodes, which create a cascade of secondary electrons that are eventually detected at an
anode (Figure 3-2a). PMTs can generate amplifications of on the order of 10%; are generally very
low noise; and, unlike SPADs, can operate on a beam which is not spatially focused. The largest
drawback to using PMTs for single-photon counting (also known as Geiger mode) is a long dead

time needed to reset the high voltages necessary for multiplying a single photo-electron.

3.1.3 SNSPD

A newer technology that has recently emerged in photon counting experiments are
superconducting nanowire single-photon detectors (SNSPDs). Rather than relying on a burst of
current to mark the arrival of a photon, these detectors are kept chilled to ~2K and are made of
interleaved superconducting nanowires. The absorption of a photon by the nanowire causes
sufficient local heating to result in a burst of resistivity, drastically decreasing the current, which
can be recorded as a photon arrival (Figure 3-2b). These detectors show a number of advantages
over traditional SPADs. First, SPADs are almost universally silicon-based devices, which limits

the detectable range of photons to the bandgap of silicon, inhibiting photon counting experiments
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in the infrared spectral range. While InGaAs SPADs are available to alleviate this issue, they
generally suffer from drastically higher dark count rates, and thus have limited applicability,
particularly for single-particle measurements. Based on the broader range of materials which can
be utilized to make SNSPDs, they do not suffer this drop-off in the infrared, and in fact, some of
the first uses of this technology were for infrared single-photon counting experiments.
Furthermore, since these devices are predicated on a jump in resistivity from a single excitation,
rather than an avalanche of carriers to generate a current, the reset time and dark count rate are
significantly lower. Recently SNSPDs have been used to measure lifetimes and biexciton quantum
yields of single infrared-emitting nanocrystals, and to measure the solution-phase single
nanocrystal linewidth utilizing solution photon correlation Fourier spectroscopy (S-PCFS) in the

Bawendi Group. 4%

3.2 SPAD Artifacts

3.2.1 Instrument Response
Most avalanche photodiodes are limited to ~200 ps as the fastest detectable signal. Some

thin wafer technologies can achieve detection speeds as fast as a few tens of picoseconds at a trade-
off for detection efficiency. This limit is due to the finite and varied time that carriers take to
diffuse through the silicon wafer to either electrode. Carrier scattering, or diffusion perpendicular
to the direction of bias will broaden the time distribution for each detection event (Figure 3-3).
Generally speaking, this time distribution will be the convolution of a Gaussian function with an
exponential. Measurement of lifetimes that are shorter than this instrument response function (IRF)
limit is not possible, as all fast dynamics will be broadened by the instrument. It is also crucial to
recall that the detection limit of the detector itself is not the only thing that broadens fast dynamics
- pulsed laser sources with pulse widths on the same temporal scales will also broaden the observed

dynamics of a fast emitter.
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Figure 3-3. Typical instrument response function of Perkin Elmer SPCM-AQR13 single photon detector collected
through reflecting the 532 nm excitation source off a silver mirror.

3.2.2 Dead Time

Since the detection of a photon relies on an avalanche of generated carriers in the silicon
chip, which can only occur with the detector resting at a reverse bias, SPADs have a significant
reset time. Before a detector can record a subsequent photon arrival, all the generated carriers must
be swept away and the reverse bias reapplied. This manifests in a many tens of nanoseconds “dead
time” when the detector is inactive. Artifacts due to detector dead time are common in
photoluminescence measurements, particularly with heterogeneous or defect riddled ensembles or
films. Generally, dead time artifacts manifest as a second rise or bump ~80 ns after the original
signal rise (Figure 3-4). Most instruments quote a percent maximum count rate of 5% the repetition
rate at which there is a high risk of dead time artifacts, but this guideline is not sufficient to avoid
artifacts. These numbers assume a fairly constant exponential-like decay which takes most of the
laser repetition time to complete. That is to say, the photons are fairly well distributed in time
throughout one repetition cycle of the laser. If a sample has a very rapid decay component followed

by a long-lived tail, or the repetition rate of the laser is set to be much longer than that of the sample
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Figure 3-4 a) PL lifetime data of a solution phase ensemble of emitters with a dead-time artifact in the decay curve.
b) The whole time trace for the data shown in a) showing a large portion of the repetition window without any NC
decay.

emission dynamics, the 5% rule of thumb begins to break down. The data shown in Figure 3-4a
was collected well below the quoted threshold for dead time artifacts, but due to the long, fixed
laser repetition rate, and relatively short sample lifetime, dead time artifacts are present (Figure
3-4b). For newer generation detector technologies such as SNSPDs, the fact that timing hardware
has a dead time too becomes relevant. While a detector may have a dead time on the order of a

nanosecond or two, hardware can have dead times of tens of nanoseconds. resulting in the same

artifact in the data.

It may be tempting to attempt to mathematically recover the original decay dynamics from
a dataset which contains dead time artifacts, but there is no rigorous way to do so. When these
issues arise, the dataset in question must be retaken. The multiexponential decay has many
different time scales represented, and no fitting of the data after the dead time artifact can recreate
the initial trace without a priori knowledge of the sample kinetics. The reason this trace cannot be
recreated is due to the information loss that occurs when photons arrive in the intermediate time
window after the first photon has been detected but before the detector has reset is completely lost.
Trying to estimate the arrival time of these photons applies a user bias to the data and is in no way

representative of the true PL decay.
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3.2.3 Afterpulsing

While the detector is in the process of sweeping away excess charges, the detector has an
increased probability of producing a second current pulse which does not correlate to the arrival
of an additional photon. This process is called afterpulsing and results from the residual carrier
avalanche triggering enough electron movement to register as sufficient current and be logged as
a detection event. The probability of afterpulsing decreases roughly exponentially with time as
shown by the detector autocorrelation signal in Figure 3-5. Due to the detector dead time, we
cannot observe afterpulsing occurring before ~80 ns, but only catch the tail of the decay. This
artifact is particularly relevant in second- and third-order correlation measurements. To mitigate
the effects of afterpulsing, it is crucial to only consider the first photon that arrives at each channel
in a single laser pulse. If an experiment is run at a faster repetition rate, it is also crucial to consider
afterpulsing events that may be displayed on successive pulses. In order to guarantee no
afterpulsing artifacts are present in a dataset, only cross-correlations between detectors should be
considered. This is true for both single-molecule measurements and solution-phase measurements.
It is also possible for afterpulsing artifacts to be present in lifetime measurements run at relatively

low average count rates. Considering only the first photon arrival per 100 nanoseconds or per
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Figure 3-5 a) Second order cross-correlation showing anti bunching. b) Second order cross-correlation and auto-
correlation data summed together showing a central anti bunching peak, ~80 ns dead time and a rise in exclusively
auto-correlation signal corresponding to detector after-pulsing.

pulse, whichever is longer, per detector eliminates afterpulsing as a source of measurement

background.

3.2.4 Photon Emission

During a carrier avalanche, almost all generated carriers are converted to detected current
and subsequently removed from the silicon wafer. However, it is important to remember that
silicon has a small but non-zero quantum yield, and in the presence of so many carriers there is a
distinct probability of photon emission from the detector. This emission will correspond to roughly
the bandgap of silicon (Figure 3-6a). When doing correlation measurements, it is thus possible for
one detector to emit a photon and for that photon to travel through the beam path in the reverse
direction to arrive at a different detector some time later (Figure 3-6b). For visible-emitting
samples, photon emission can be eliminated simply by the use of short pass filters (Figure 3-6a).
For the measurements included in this thesis, cold mirrors are employed in the detection
component of the microscope to suppress detector cross-talk. If measurements are in the near-
infrared spectral window, it is crucial to measure and subsequently subtract detector cross-talk

from any dataset since spectral filtering would interfere with the signal of interest.
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Figure 3-6 a) Spectra of Si photoluminescence (maroon) and percent reflectance of the cold mirrors used to suppress
detector cross-talk (blue). b) Beam which causes detector cross-talk.

3.2.5 Chromatic Aberration
Finally, each photon that arrives at the detector is not necessarily equivalent. APDs have

differential detection efficiency based upon the wavelength of the photon, with most detectors
having optimal efficiency ~600-650 nm, and steep drop offs below 500 nm as well as above 700
nm. When comparing signal between states that emit in different spectral windows, it is crucial to
take this efficiency difference into account. If there is enough spectral separation, the area under a

given curve is not necessarily representative of the relative emission efficiency of the states in

question.

Furthermore, for samples which emit sufficiently fast to be on the same order as the
instrument response, it may be tempting to perform a deconvolution of the instrument response
from the sample lifetime to measure these dynamics. There are very few situations in which this
will give an accurate reporting of the sample dynamics since the instrument response is wavelength
dependent. As discussed above, the instrument response is mostly limited by carrier diffusion
through the silicon chip. When a blue photon arrives at the detector, it excites carriers much higher

into the band structure than carriers created by a red photon. This extra kinetic energy results in
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carriers which can diffuse further within the detector, and thus have a wider spread in the average
time to generate sufficient carriers and result in a detection event. Therefore, the IRF of most APDs
is much broader in the blue than in the red. If an instrument response is measured using a laser
which is spectrally shifted from the sample emission, the measured IRF will not be the exact IRF
that should be deconvoluted from the sample. Small changes in the IRF can drastically alter the
extracted emission lifetime of a sample. Almost universally, for samples which emit faster than
the IRF of a given detector, the correct solution is to find a faster detector rather than trying to

interpret data that is dominated by the instrument response rather than sample emission.

3.3 Background Signal
3.3.1 Dark Counts

Dark counts are one source of background emission which cannot be systematically
removed from an experiment through hardware modifications. Since APDs are operated so close
to the threshold voltage for initiating carrier cascades, random thermal fluctuations can initiate this
process and result in detection events that do not correspond to the absorption of a photon. Every
detector will have a set number of dark counts per second which is the baseline minimum. The
models used in this thesis range from 50-400 counts per second. Since these dark counts are not in
any way correlated to the sync source, they have no temporal structure and show up as a flat,
Poissonian background. If an instrument does not fully suppress outside sources of light, such as
room lights or computer screens, these will show up as an increase in that background. The
instrument used in this thesis is enclosed in blackout boxes to isolate the optical setup. Also, lens
tubes are attached to the detectors to eliminate stray light and ensure operation at a minimum

number of dark counts for each detector.
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3.3.2 Laser Leakage

Removing all of the signal from the excitation source is also crucial to ensure the measured
dynamics correspond only to the particle of interest. Generally speaking, in order to reduce laser
light sufficiently below dark count levels, at least seven orders of magnitude of optical density at
the excitation wavelength are needed. In the microscope used for these studies, this is achieved
using a dichroic filter to separate excitation and emission, as well as a 532 nm notch filter or 425
nm long pass filter, depending on the excitation wavelength. Laser leakage is a fairly simple source
of background to correct for once identified, simply by adding additional filters for the appropriate

wavelength region.

In experiments where the excitation source is polarized and close in wavelength to the
primary source of signal, it is possible to separate based on the polarization of the light rather than
the wavelength. Since NCs absorb well into the continuum above the band edge, achieving spectral
separation between excitation and emission for photoluminescence measurements is not usually a

challenge, and thus polarization is not necessary to filter out excitation sources.

3.3.3 Substrate and Solvent Emission
The most subtle source of background, and the hardest to account for, comes in the form

of substrate emission. It is important to realize that many materials are fluorescent, even if only
weakly. Amorphous glass has many color centers that emit with a non-exponential lifetime on the
order of a few nanoseconds. Beyond glass emission, many organic compounds - especially any
with an aromatic group - are fluorescent. Therefore, any residual organic material either on a

substrate or in a solution can also fluoresce.

As an example, toluene - an incredibly common solvent for nanocrystal solutions - has a

quantum yield of ~17%.% This rarely becomes relevant since toluene does not absorb strongly in
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the visible spectral region. However, when doing power dependent studies, it is important to
remember that not only is the excitation wavelength important, but that two-photon absorption
becomes viable at higher powers. Thus, signal from organic fluorescence may be changing with
excitation power and should be characterized at all laser powers, not just the lowest experimental

fluence.

As for glass emission, this can be resolved usually by using quartz, or sapphire substrates.
For applications where amorphous glass is the best substrate option for other reasons,

1.57 There are two primary methods that

characterization of the background signal becomes crucia
can be utilized to measure the background from a substrate. The first is to place a blank substrate
in the microscope and measure the dynamics. While this is roughly accurate, many substrates show
significant spatial heterogeneity in emission dynamics and intensity, and thus the true background
signal for each NC is the exact spot where the NC is located on the substrate. Fortunately,
fluorescence intermittency of nanocrystals (discussed extensively in Chapter 2) allows us to
characterize the dynamics of the ‘off” state, resulting in an accurate measure of the background
counts. It is important to exercise caution when employing this technique as not all dark states are

truly off. Some are low quantum yield trap or charged states, which are not an accurate measure

of background signal.

3.3.3.1 Intensity
Using intensity histograms to identify background states can be quite useful. Individual

states will be entirely shot noise-limited, so in the absence of microscope drift, a peak in an
intensity histogram which can be fit well by a Poisson distribution is likely a single state.
Employing methods such as this to separate emissive states and background states is called

thresholding. While thresholding is a fairly straightforward method to separate intensity states, it
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comes with a high risk of mixing dynamics between states based on the user selected cut-off. It is
best used in systems with very distinct binary blinking patterns with extended on- and off-

durations to avoid mixing the dynamics between multiple states.

If thresholding is ineffective or insufficient to separate intensity states and background
emission, more advanced mathematical algorithms can be used. The most commonly utilized
method is a change-point algorithm, in which the intensity trace is scanned for bins which represent
a change in slope of the cumulative sum, then within a bin identifying the specific photon arrival
which dictates a distinct change in the behavior. The intensity between each of these identified
changes is then averaged to the intensity of the state. The histogram of these states can then be
analyzed and fit to a number of models to identify how many true states there are in the total trace,
and what the intensity of these states are.** Photons can then be separated based on the fitted
intensity state, rather than relying on intensity thresholds biased by user-selection. It is crucial to
note that while more mathematically rigorous, change-point algorithms are not without user bias,

the user inputs are just drastically reduced as compared to simple thresholding techniques.

If background emission cannot be adequately separated from nanocrystal emission using
either thresholding or change-point analysis, it is better to just use a blank spot on the microscope
slide near to the studied nanocrystal as a measure of the background emission, noting that this will

likely produce a less exact background subtraction for the analyses discussed below.

3.3.3.2 Lifetime
The dynamics measured from background sources and from nanocrystal emission are

simply additive. Each nanocrystal emissive state should have equivalent amounts of background
emission since it has minimal pulse-to-pulse variation over extended periods. Thus, characterizing

the exact dynamics from the glass coverslip at the laser excitation wavelength and power used for
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measurements (either through intensity trajectory analysis or from a blank spot on the slide, as
discussed in the previous section), results in a counts per pulse normalized background lifetime
(Figure 3-7). Directly subtracting these background dynamics from the dynamics of nanocrystal
emission (also normalized to counts per pulse) leaves only the signal of interest (Figure 3-7a,
black). We demonstrate this background subtraction for a binary blinking trajectory and one with
many different emissive states, showing that the fast early component can almost entirely be

attributed to background emission for all intensity states that were examined.
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Figure 3-7 a) Background subtracted lifetime utilizing the fluorescence intermittency states illustrated in the
intensity trace shown in b).

3.3.3.3 Biexciton
Background emission contributes strongly to any correlation measurement, and is

generally ignored or underestimated. There are four possible ways in which a two-photon event
(second-order correlation) could occur in a single-particle experiment. These possibilities are: the
nanocrystal emits twice, the nanocrystal emits once then the background emits once, the
background emits once then the nanocrystal emits once, or the background emits twice. The first

case is what results in the signal of interest, but to extract quantum yield or dynamic information
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Figure 3-8 a) Raw PNRL"" data (blue), calculated PNRL®" background signal (red), and background subtracted
true biexciton lifetime (green). b) Raw second order correlation counts (blue) and calculated background signal (red).
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we must subtract out the three other sources of two-photon emission. We can mathematically
account for this background signal by taking the marginal probability of the nanocrystal lifetime
with the background lifetime, or the background lifetime with itself from the raw lifetime traces

collected during the same experiment.

PNRLGER, () = 9320 | g0yt
T

PNRL(BZI':q',(BC(T) = .91(311()9 (™) f g,(\,lc)(t)dt (3-1)
T

o0
PNRLGED, () = 950, | gl e
T

Where PNRLZ%Y is the lifetime of the first photon of a two-photon event, gt is the one-photon
correlation function, or just the lifetime of one-photon events, and the subscripts NC and Bkg
correspond to nanocrystal emission and background emission respectively. For quantum yield
measurements, the background signal calculated above contributes equivalently to the center peak
as well as the side peak since nanocrystal emission and background emission are uncorrelated.

Thus the true biexciton to exciton quantum yield ratio can be calculated using equation (3-2).

QYBX — Acenter - ABkg
QYX Aside - ABkg

(3-2)

Where QYBx and QYx are the biexciton and exciton quantum yields respectively, Acenter, Aside and
Agkg are the center peak area, side peak area, and background signal respectively. Failure to
account for substrate emission when calculating a multiexciton quantum yield will result in an

artificially inflated quantum yield value.

3.3.3.4 Triexciton
Similar to the biexciton case, the primary source of background in triexciton measurements

arises from a combination of nanocrystal and background emission; either a biexciton and one
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background photon, or two background photons and an exciton. The dynamics of this background
signal can be calculated analogously to the biexciton background. Background must also be
accounted for when calculating a triexciton quantum yield value by subtracting the relevant signals
from the “center” and “side” peaks. Since only peak integrated values are utilized for a three-
photon correlation, average count rates can be utilized to calculate background signal rather than

the dynamics equations shown for the biexciton (equation (3-2)).

gz(s3k)g = Ipiglpx + 1rglx + I3kg (3-3)

Where g®pye is the pulse-normalized background signal for a three-photon correlation
measurement, Ipyg is the pulse-normalized background intensity, Igx is the pulse-normalized,
background-subtracted center peak area of a two-photon correlation, and Ix is the pulse-
normalized, background-subtracted exciton emission intensity. Just as with the biexciton, this
signal contributes equivalently to both the center and side peak and must be subtracted from both

values to extract the true triexciton quantum yield.

3.3.3.5 Solution and Film Ensemble Lifetime
While much less drastically affected by sources of background, there are some sources of

background emission in ensemble lifetimes as well. Ensemble lifetimes measured in a film or
polymer matrix have the same potential to incorporate glass or organic emission as single-particle
measurements. Taking a lifetime of a blank substrate or polymer film at the same excitation power
as the measurements provides the necessary signal to subtract. For ensemble measurements, using
the same domain is neither as possible nor as crucial since nanocrystal blinking averages out to
result in a fairly constant signal with no off time to measure, but averaging of larger substrate

domains results in an accurate measure of the background signal with little spot-to-spot variation.
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For solution-phase lifetimes, background signal is generally less significant. Laser scatter
remains important, but can simply be eliminated by appropriate spectral filtering as described
above. Background signal is particularly important for measurements with high excitation fluxes,
and should be carefully characterized under all excitation conditions. In particular, organic
emission could readily mimic multiexciton emission in a power dependent lifetime series. Careful
background characterization can mitigate this problem and allows for accurate measurement of

multiexciton dynamics.

3336 s-g?¥
Solution-averaged biexciton quantum yield measurements have been extensively discussed

both by Beyler et al.>® in their published work as well as in the doctoral thesis of A. P. Beyler.®
These works contain rigorous derivations of the method as well as a number of practical guidelines
to completing the measurement. Here, I highlight and discuss two important considerations for the

measurement: sample aggregation and intensity drift.

In order to achieve sufficient signal-to-noise, a solution biexciton quantum yield
measurement must be run for one to two hours typically. While samples are generally much more
stable in their native organic solution environments, the small sample container and any exposure
to air or even just the excitation source can cause changes in the sample. Some examples include
changes in ligand coverage and thus quantum yield, sample aggregation allowing for energy
transfer between particles, or nanocrystal sintering resulting in particle size changes. All of these
types of sample evolution throughout a measurement will invalidate the final result because it is
not interrogating a fundamental material property, but rather a distribution among various material
states. Samples must be systematically optimized to avoid any of these effects to extract accurate

quantum yield values. Some strategies include preparation and encapsulation in the glovebox,
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filtering with a syringe filter during sample preparation, dilution in different solvents and solvent
mixtures (toluene, hexanes, octane, etc.), and the addition of excess ligand upon dilution. Each
nanocrystal sample requires slightly different conditions for optimal preparation, and trial of a few

different strategies is usually necessary to obtain stable NC solutions.

There are a few sample changes which do not invalidate experimental results however, and
can be mitigated through more nuanced post-processing. These are changes which effectively alter
the sample concentration without changing any material properties. The most common case is the
adsorption of nanocrystals to the walls of the glass capillary. Samples adhering to the surface will
not contribute to the detected fluorescence since the focal volume is well within the capillary, and
a pinhole spatial filter is utilized to eliminate out of focus emission. Thus these nanocrystals have
simply been removed from the sample, reducing the number of nanocrystals actively diffusing in
solution, but not changing their nature. Such changes can be identified through a change in

emission intensity but constant fluorescence lifetime over the duration of the measurement.

Unfortunately, changes in concentration do introduce artifacts in correlation results since
they lead to intensity correlations on the second to minute time scale. This results in the flat
background which must be subtracted not actually being uncorrelated and thus normalized to one,
artificially inflating the extracted quantum yield value. To eliminate this bias in the data, the photon
stream can be parsed into smaller subsections which have minimal intensity drift. Correlation
calculations can then be run on these subsections independently and averaged to achieve the same

statistical robustness in biexciton quantum yield without any intensity drift bias (Figure 3-9).
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Figure 3-9 a) Normalized second-order cross-correlation for whole experimental window. b) Intensity trace (blue) for
the whole experimental window with vertical lines denoting subsections with minimal intensity drift. The red circles
correspond to the average occupancy extracted from the FCS fit for each subsection as described by equation (2-5).
The green and orange sections correspond to the similarly colored correlation data shown in ¢) and d).

3.3.3.7 Solution Biexciton Lifetime
Bischof et al.’® detail in their work how to extract the biexciton lifetime from a solution of

freely diffusing emitters as an extension to the solution biexciton quantum yield measurement.
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Extracting the biexciton lifetime is actually quite similar to the method for which background is
subtracted from a single-particle biexciton lifetime. The difference in this case is that the
background we are attempting to remove is predominantly from nanocrystal emission. Since we
have more than one emitter in the focal volume at any given time, the detection of two photons
does not necessarily mean that a biexciton was created. In fact, it usually just corresponds to a
single exciton on two different nanocrystals. Thus the background two-photon signal is just the

marginal probability of two different nanocrystals emitting a single exciton (equation (3-4)).

PNRLE:Y (D) = g3l (@) j g R (at (3-4)
T

Where PNRLgi‘ll;logkg(r) is the background signal of a solution biexciton quantum yield

measurement and g’nc is the nanocrystal exciton lifetime. Solution biexciton lifetime
measurements are also susceptible to intensity drift since equation (3-4) does not scale the same
as the intensity. Thus, intensity drift generally results in the oversubtraction of background. This
can be partially alleviated by the same method as the quantum yield measurement, slicing the
photon stream into smaller sections and individually background subtracting those. Even when
doing this though, there is usually a small degree of oversubtraction since the lifetime is more
sensitive to drift, and lifetimes are plotted on a log scale, enhancing any small changes. It is also
important to take into account unbalanced count rates on different detectors when doing a
background subtraction. Most of these calculations assume perfectly balanced detectors. For the

four detector case (which is the geometry utilized in this thesis), the correction factor is

Z[,z,]

n#i
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Where n is the detector number and | is the average fluorescence intensity at a given detector. This
correction factor is calculated by taking the mean value of the intensity trace for each detector, and
then determining the probability of detecting a second photon depending on which detector the

first photon arrived.

In summary, there is rich information content in the photon stream for both single-particle and
solution-phase measurements. Analysis of these photon streams can be riddled with artifacts and
errors however, and it is important to recognize where these sources of artifacts or bias may be
coming from and how to appropriately account for them through control measurements and

background characterization as detailed here.

53



4 Chapter

Multiexcitons in CdSe Nanocrystals

This chapter is reproduced in part with permission from

Katherine E Shulenberger, Thomas S Bischof, Justin R Caram, Hendrik Utzat, Igor Coropceanu,
Lea Nienhaus, and Moungi G Bawendi

"Multiexciton Lifetimes Reveal Triexciton Emission Pathway in CdSe Nanocrystals"
Nano Letters (2018), 18, 8, 5153-5158.
© 2018 American Chemical Society (ACS)

Contributions: The nanocrystal samples studied in this chapter were either provided by QD
Vision, or synthesized by 1. Coropceanu according to REF. Data was collected and analyzed by
K. E. Shulenberger, S. Coppieters ‘t Wallant, N. D. Klein, and T. S. Bischof. Analysis was
performed utilizing software developed by T. S. Bischof, K. E. Shulenberger, and H. Ut:zat.
Simulations were conducted by A. R. Mclsaac, T. Goldzak, and N. D. Klein. The results presented
here are reproduced in part from Shulenberger and Bischof et al. and Shulenberger and

Coppieters ‘t Wallant et al. (In Preparation).

Colloidally synthesized cadmium selenide nanocrystals have been an active area of research
for many decades.® They were first synthesized around three decades ago, and have since become
the gold standard nanocrystal for many lighting applications, even if toxicity concerns have
inhibited a true explosion into the lighting market.®>””' CdSe NCs have, nonetheless, provided an
excellent platform for fundamental physical interrogation of a material that shares physical
properties with both molecular and bulk semiconductor systems, employing insights from both

fields to understand their unique nature. This chapter details how exciton-exciton interactions
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result in observed multiexciton quantum yields and emission dynamics based on our established
understanding of the energetic states in CdSe.
4.1 Background

The band-structure of semiconductors was broadly discussed in the introduction of this thesis,
but here [ will go into a bit more detail of how a few different theories and levels of approximation
relate to established understandings of CdSe NCs. Calculations from k-p theory of the CdSe band-
structure, and more specifically the fine-structure of the band-edge state, provide an excellent first

understanding of the observed dynamics in CdSe NCs.”

The band-edge state of CdSe is comprised of five fine structure states.”> These states are
defined by the total angular momentum of the electron and hole. It may be tempting to consider
the spin states of the electron or the hole when approaching from a molecular perspective, but spin
is not a “good” quantum number in NCs and our molecular understanding must be modified. As
discussed in Chapter 2, these states can be understood by breaking down the wavefunction into
two components, a Bloch wavefunction which defines the distribution of carrier density within a
unit cell and an envelope function which modulates the intensity of these Bloch states across the
nanocrystal. Recombination is dominated by the overlap of carriers at the unit cell level, and thus
it is helpful to begin by describing the Bloch states of a pure CdSe nanocrystal. The band-edge is
comprised of an electron mostly contained in 5s cadmium atomic orbitals. Thus, we may consider
the electron state to be angular momentum 0 and spin £1/2, with a total angular momentum of 1/2.
The hole is mostly comprised mostly of 4p selenium atomic orbitals. Thus, the angular momentum
is £1 and the spin is again £1/2 to combine to a total angular momentum state of 3/2. Table 4-1
illustrates the different combinations of electron and hole angular momentum states which result

in the five exciton fine-structure states observed in CdSe.
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Table 4-1 Possible electron (left) and hole (top) angular momentum states for band-edge carriers and the resulting
total angular momentum of the exciton state.

Hole -3/2 -1/2 172 3/2
Electron
-1/2 -2 -1 0 1
12 -1 0 1 2

These states are well described in detail by Norris ef al.”* Importantly, the lowest energy state
for all nanocrystal sizes is the +2 state. Since a photon may only carry an angular momentum of
+1 and the NC ground state has angular momentum 0, the lowest energy fine-structure state in
CdSe is dark. The next fine-structure state is the +1 state, which is bright. The energy splitting
between the lowest energy dark state and the bright state is predominantly determined by the
exchange interaction, but is at most ~10 meV.” Therefore, conversion between these states is
readily thermally accessible and has been shown to happen on picosecond timescales, much faster
than radiative emission.”*”> Throughout this thesis, the interchange between the bright and dark
state is depicted graphically as a spin flip. While this is a useful mental picture, it is not rigorously
accurate. Due to the high density of states for the hole and the lower degree of atomic orbital purity,
transfer between the bright and dark fine-structure states involves an angular momentum change
for the hole rather than just an electron spin flip. Due to the smaller energy separation and rapid
exchange, an ensemble can be accurately considered as having equal populations in the bright and
dark states, as follows from a Boltzmann distribution. For a single excitation this means spending
roughly an equal amount of time in both the bright and dark states throughout its lifetime. It is
important to remember that this approximation is only true at room temperature, where thermal
energy is large compared to the fine-structure splitting. The fine-structure of CdSe has been

confirmed through a number of studies utilizing methods such as steady-state absorption of highly
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monodisperse ensembles and theoretical calculations.”>”® Furthermore, the existence of a dark
ground state is confirmed by the low temperature fluorescence lifetime which extends from

nanoseconds to microseconds between room temperature and 4 K.”’

When expanding to consider multiexciton states, first, the energetic states which are occupied
must be identified. Due to the band-edge state occupancy of two (which results from the double-
degenerate electron state), the biexciton occupies two electron and hole angular momentum states
within the fine-structure manifold discussed above.”* This state is modulated by a spherically
symmetric S-like envelope function. The next energy state is comprised of the same Bloch
wavefunctions, but is instead modulated by a P-like envelope function across the nanocrystal. This
state is where the third exciton resides when considering a triexciton. It is important to note that
the state ordering for a single exciton, as observed in a steady-state absorbance spectrum, is not
the same as the state ordering for occupation of multiexcitons. Level-level repulsion of states with
high degrees of overlap, such as the 1S3 and 1S1/2 hole states, alter the energies. This results in

the triexciton occupying the 1P.1P3; state for all nanocrystal core sizes.”

While these states have been well studied both through experimental and theoretical works,
there are still a number of open questions surrounding recombination dynamics and quantum yield
from multiexciton states in CdSe NCs. The quantum yield of multiexciton states as compared to
the exciton state is dominated by direct competition between radiative emission and non-radiative
Auger recombination. As described in Chapter 2, Auger recombination is the process where an
exciton recombines and rather than emitting the energy as light, transfers energy to a third carrier
(either an electron or a hole), which subsequently rapidly thermalizes back to the band edge. The
end result is exciton recombination without radiative emission. The Auger rate in nanocrystals is

dominated by the electron-hole overlap, and the density of final states accessible to the third
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carrier, which must be promoted deep into either the valence or conduction band. Numerous
theoretical studies have attempted to model the Auger rate in both core-only and core-shell
heterostructures.*®7*#° Recently, it has been reported that a smooth potential boundary between
the core and the shell through material alloying results in more delocalized carriers and smoother

carrier density profiles, leading to drastically reduced Auger rates.®-#

This theory was beautifully
demonstrated by Nasilowski ef al.%® where they synthesized gradient CdSe/CdS nanocrystals with

unity biexciton quantum yield.

The radiative rate for any state is dominated by the energy of the transition and the electron-
hole wavefunction overlap. Klimov et al.® thoroughly interrogated a number of scaling models
for multiexciton lifetimes and concluded that statistical scaling best describes these lifetimes.
However, these methods are based on a number of assumptions and do not directly interrogate
exclusively the biexciton state. The main basis of the statistical scaling model is that the primary
change in radiative lifetime between multiexciton states is due to the multiplicity of recombination
pathways, and that the underlying mechanism remains constant. Pictures such as those shown in

Figure 4-1 are frequently drawn to illustrate the point for the biexciton state.

a) b)

Figure 4-1 a) Frequently drawn illustration explaining the statistical scaling factor of four. b) Illustration of
the emissive (green) and non-emissive (red) transitions within this illustration scheme.
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Polarization-dependent two-dimensional photon echo spectroscopy among others have been
utilized to investigate the fine structure of the biexciton.* The biexciton can be simplified to linear
combinations of the possible electron and hole angular momentum states in the same manner as
was done for the exciton. For example one biexciton state is depicted in Table 4-2 with the possible

electron and hole recombination pathways highlighted in color.

Table 4-2 Depicts one possible biexciton state and the relative angular momenta of the four carriers which comprise
the state. There are two pairwise radiative excitons in this state, and two pairings which would result in an angular
momentum change not equal to +1 which are therefore not emissive. These pairing are depicted in blue and green.

Exciton Electron Hole
2 1/2 3/2
-2 -1/2 -3/2

Note that only two electron-hole pairs are bright, unlike the four recombination possibilities
usually demonstrated, bringing into question the statistical scaling model. For further details,

Wong et al.®

have a thorough description of the biexciton states. Crucially, the lowest energy
biexciton states are all bright since there are a number of fine structure states in the exciton
manifold which can allow for a transition of 1. By combining an understanding of the exciton
and biexciton states, in which the exciton spends roughly half its time in a dark state and the

biexciton has exactly two bright recombination pathways, the statistical scaling factor of four

between the radiative exciton and biexciton lifetimes is recovered.

To test the statistical scaling model, and extend these ideas to triexciton recombination, |
utilized the fluorescence microscope and analysis algorithm described in Chapter 2, optimized for
multiexciton dynamics detection. Number-resolved, time-correlated single photon counting
spectroscopy of individual NCs provides a clean platform for these experiments due to the lack of

heterogeneity in observed rates, and the ability to identify behavior of a specific state through
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photon counting. The samples studied here consist of core-shell spherical CdSe NCs. Unless
otherwise specified, samples are core/shell CdSe NCs obtained from QD Vision. Shell thickness
studies were performed on a series of CdSe/CdS NCs with | to ~8 monolayers of CdS synthesized
according to Coropceanu ef al. *
4.2 Biexciton Statistical Scaling

When operating at low-flux (<N> <0.01), NC emission is only ~5 times as intense as
background emission. Therefore, background dynamics must be thoroughly characterized to
isolate NC signal. This is described in detail in Chapter 3. Briefly, we exploit the binary blinking
of NCs (Figure 4-2 inset). In Figure 4-2 the PL lifetime of both the “on” (blue) and ‘dark’ (green)
states are plotted based on thresholds derived from the fluorescence intensity trace (Figure 4-2,
inset). The dynamics of the dark state, plotted in Figure 4-2, are dominated by emission from the

substrate, verifying that the origin of the dark emission is predominantly unrelated to the NC. To
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Figure 4-2 Fluorescence lifetimes of intensity states as defined in the inset. The red dotted line is an exponential fit to
the background subtracted fluorescence lifetime.
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Figure 4-3 . (a) Background subtracted biexciton lifetime (green). Data is fit to a single exponential (red). Inset is
the second order correlation (g'®) for the same experiment. (b) Lifetime of the second photon emitted from a
biexciton. Fit (red) is a single exponential. (c) Illustration of the origin of the difference in radiative rates for an
exciton and bound biexciton in CdSe NCs.

obtain the intrinsic NC lifetime the ‘dark’ emission dynamics are subtracted from the on-state
dynamics, effectively isolating NC emission. This leads to a mono-exponential decay for exciton
emission (Figure 4-2, black). The PL decay is fit to a single exponential to extract a radiative

lifetime of 30.5+0.1 ns, which is consistent with previously reported values for similar NCs.*8

To establish the effect of multiexciton interactions on the radiative recombination rate, the
PNRL algorithm is utilized to measure the lifetime of the biexciton and compare that to the exciton

dynamics.
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_ Krad,px Tx/QYx
TBx/x = k =

= 4-1)
rad,X Tpx/QVpx (

Where 1y /x is the scaling factor between the exciton and biexciton radiative rates, krad Bx is the
biexciton radiative rate, krad x is the exciton radiative rate, tx is the exciton lifetime (Figure 4-2,
black), QYex/QYx is the biexciton to exciton quantum yield ratio (Figure 4-3, inset), and tax is
the biexciton lifetime. All of these values can be determined through low-flux photon counting

techniques.

Due to the low fraction of biexciton emission events, the biexciton lifetime is particularly
sensitive to systematic error due to two-photon events with one photon originating from a
background source as described in Chapter 3. Taking the marginal probability of the lifetime of

the exciton and the background produces the background signal for two-photon dynamics.

trep
PNRLED (1) = PNRLSYD(7) f PNRLOV (H)dt
T

(4-2)

trep
+ PNRLG D (1) f PNRLE};‘}'”(t)dt
T

Where PNRLEJz,;(;’Dis the two-photon event lifetime background signal, trp is the laser repetition

rate, PNRLS};?;U is the lifetime of the dark state (Figure 4-2, green), and PNRLEVLCO’I) is the NC

exciton lifetime (Figure 4-2, black). Subtracting the dynamics calculated using equation (4-2) from
the total PNRL®?%Y signal isolates the true biexciton dynamics (Figure 4-3). A thorough
description of background characterization methodologies can be found in Chapter 3. Additionally,
since NC and coverslip emission are uncorrelated, the background emission described by equation
(4-2) contributes equally to the center and side peaks in a g») correlation measurement as well and

must be subtracted to extract the biexciton quantum yield (Chapter 3). Failure to do so artificially
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increases the calculated biexciton yield. The NC presented in Figure 4-3 has a value of 14.5+0.3%
for the background subtracted biexciton to exciton quantum yield ratio (QYpx/QYx) as compared

to 20.3 % for the uncorrected ratio.

The rex/x extracted using equation (4-1) for this NC is 4.0+0.1 based on the measured
biexciton to exciton quantum yield ratio (14.5%), the exciton lifetime (30.5 ns), and the measured
biexciton lifetime of 1.1 + 0.1 ns (Figure 4-3). This result is consistent with statistical scaling of
the state as illustrated in Figure 4-3¢,%* which predicts a factor of 4 increase in rate for the biexciton
relative to the exciton. To reiterate, the origin of this factor of four is as follows. At room
temperature, only half of the exciton’s are available to radiatively recombine due to angular
momentum selection rules. This is due to two factors: 1) the hole can rapidly spin mix (<10 ps),

much faster than the radiative recombination time, #3788

and 2) the spin-allowed and spin-
forbidden states are only split by ~1-5 meV, well within kgT at room temperature. This leads to
equal populations of the two states (£2 (dark), £1% (bright)), with fast phonon-mediated exchange
between them.”*”> For the bound biexciton manifold, there are two spin-paired exciton’s which
can recombine independently, giving rise to a radiative speed up by a factor of two compared to a
single spin-paired exciton. The combination of the factors of 4 (for the exciton) and 2 (for the

biexciton) results in a biexciton radiative rate four times faster than that for the exciton. 436848

Next, [ address the lifetime of the subsequent photon after biexciton recombination. Figure
4-3b plots the delay between the first and second photon of a biexciton (PNRL?!?). For this NC,
the PNRL!?) lifetime is 3243 ns which is consistent with the exciton lifetime of 30.5+0.1 ns. The
agreement between these lifetimes indicates the exciton has no memory of the multiexciton state
from which it originated. The lack of memory confirms that in the absence of NC charging, all

losses in device efficiency under high-flux excitation originate from low multiexciton QY rather
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than any change to the exciton emission pathway, and therefore, the best way to improve device

performance is the reduction of Auger rates.
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Figure 4-4 a) PL spectra of the shell series used for panels b and c. The two TEM images are of the smallest and largest
shell size. b) Comparison of the biexciton lifetime and the product of the exciton lifetime and biexciton quantum yield.
The data is fit to an error weighted first order polynomial (red). c) Comparison of the exciton lifetime and PNRL?!2
with an error-weighted linear fit (red).

Since biexciton emission in a core-shell CdSe NC is consistent with the bound biexciton
model illustrated in Figure 4-3, and the residual exciton has no memory of the higher excited state,
it is only natural to explore a shell-series. CdSe/CdS is a quasi-type Il heterostructure where the
electron delocalizes into the shell and the hole remains confined to the core, decreasing the
electron-hole wavefunction overlap and increasing the exciton lifetime.”® Increasing shell
thickness also reduces the exchange energy, therefore decreasing the fine-structure splitting.”

Figure 4-4b plots the measured biexciton lifetime against the product of tx and QYgx. The data in

Figure 4-4b is fit to a linear function to extract rex/x from the slope (equation (4-1)).
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The extracted slope is 4.3+0.4 from an error-weighted fit to a first-order polynomial with
the intercept set to the origin. This result indicates universal agreement between biexciton emission
and the bound biexciton model for shell thicknesses studied here. Figure 4-4¢ plots the exciton
lifetime against the lifetime of the second photon of a biexciton. Error-weighted fitting to a first-
order polynomial with the intercept set to the origin gives a slope of 1.04+0.07. The equivalence
between the two lifetimes across all shell thicknesses confirms that previously reported rapid spin
mixing is sufficient to ensure subsequent exciton emission has no memory of its previous state in

these NCs.”*87

4.3 Triexciton Scaling
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Figure 4-5 . a) Pulse resolved g experiment. AP, indicates the pulse difference between photons | and 2, AP>;
indicates the pulse difference between photons 2 and 3. The ratio of the counts of the “center” (C) to “side” (S) peak is
used to calculate the triexciton quantum yield. b) Triexciton lifetime (green) fit to a single exponential (red). The
instrument response is plotted in black for comparison. c) Possible pathways for triexciton recombination in CdSe/CdS
NC, as described in this study. This includes both radiative pathways as well as three Auger pathways. d) Plot of
PNRL®!'? (green) with a fit to an exponential plus a constant (red). €) Recombination pathway of second photon
emission immediately after S-like triexciton emission.

Moving on from the biexciton state, state-specific quantum yields and dynamics can also
elucidate the dominant processes which control triexciton recombination. Figure 4-5 shows the
extension of the number resolution measurements to triexciton emission. Figure 4-5a is a plot of
the pulse-integrated third-order correlation. AP is the pulse difference between the first and

second photon and AP is the pulse difference between the second and third photon. The
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analogous positions to the center (‘C’) and side (‘S’) peaks in a second order correlation
experiment are marked on the plot. The triexciton quantum yield can be calculated from an
extension of the methods described by Nair er. al. and Beyler ef. al. (Chapter 2).>35

@ _ _G3 _ Q¥rx
O GG QYy

(4-3)

Where g(()3) is the third-order correlation, Gs is the area of the center peak (three photons detected
after the same laser pulse, Figure 4-5a ‘C’), the product of G2 and G is the area of the side peak
(two photons are detected after a single laser pulse and one photon on the subsequent pulse, Figure
4-5a ‘S’), and QYx/QYx is the triexciton to exciton quantum yield ratio. The triexciton to exciton

quantum yield ratio for this NC is 12.3+0.6%.

The relative increase of the triexciton radiative lifetime as compared to the exciton lifetime

can be extracted in a manner similar to the biexciton scaling rate as presented in equation (4-1).

r — krad,TX _ TX/QYX
XX krad,x Trx/QYrx

(4-4)

Where rrx/x is the relative speed up of the triexciton radiative rate compared to the exciton,
kradaTx is the triexciton radiative rate, krad x is the exciton radiative rate, Tx is the exciton lifetime,
QYTx/QYx is the triexciton to exciton quantum yield ratio, and trx is the triexciton lifetime. The
value of rrx/x can be predicted for either S-like or P-like emission. Fermi’s Golden Rule can be

used as a basis to predict the rate of P-like emission.’!

k; oc wjl(ilplj)|? (4-5)
Where k; is the rate of emission from state j, wj is the energy of the state j, and |{i|p|j)|? is the
momentum overlap between states i and j. Since both the S-like and P-like states originate from

the same Bloch wavefunction, the momentum overlap should not differ appreciably.®? The energy
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difference between the states in spherical NCs (<250 meV) only causes a 10% difference in the
radiative rate, at most.”> Additionally, the P-like state has similar fine-structure to the S-like state,
resulting in the same factor of 1/2 decrease in the emission rate as compared to a purely emissive
state’®. Therefore, the radiative lifetime of the P-like state ought to be within 10% of the lifetime
of the exciton. For triexciton emission originating from the S-like state, the radiative lifetime ought
to be equivalent to the biexciton radiative lifetime. Thus, rrx/x will be =1 for pure P-like emission,
rrx/x Will be 4 for pure S-like emission, and rrx/x will be =5 if both S-like and P-like pathways are
active in triexciton recombination. If both pathways are active, emission will be dominated by the

faster S-like emission.

The ratio of rrx/x is 4.2+0.6 for the triexciton, based on equation (4-4) as well as a triexciton
lifetime (Figure 4-5b) of 0.94+0.1 ns, a triexciton to exciton quantum yield ratio of 12.3%, and an
exciton lifetime of 30.5 ns. Since 4.2 falls between the predicted value for pure S-like emission
and for both S-like and P-like emission simultaneously we conclude that triexciton emission

dynamics are dominated by S-like recombination.

Previous studies have demonstrated emission from the P-like state via a spectral shift under
high-flux excitation, but unlike here these works have not exclusively isolated triexciton emission
from that of higher-order multiexcitons.”*~*° The analysis above indicates that in order to observe
significant P-like emission from a NC, multiexcitons higher than third order are necessary to
overcome S-like emission. Indeed, these previous studies had an average of more than two excitons

per NC, consistent with this hypothesis.

The next contributions to address are the non-radiative processes that control the triexciton
quantum yield. First, using the statistical scaling results calculated above allows the determination

of the Auger rate for both the biexciton and triexciton. Assuming that the emission rate extracted
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from the exciton lifetime is the radiative rate, which implies the QYx is 100%, the values measured
above can be used with an alternate definition of the biexciton quantum yield to extract Auger
rates. The biexciton Auger rate can be calculated from the biexciton quantum yield and the bound

biexciton radiative rate of four times the exciton radiative rate, or 0.131£0.002 ns™'.

krad,BX

QYpx = (4-6)

krad,BX + knr,BX
Where QYax is the biexciton quantum yield, k.qx is the biexciton radiative rate, and kn- gy is the
biexciton Auger rate. We find the biexciton Auger rate is 0.77+0.06 ns’! for this NC. Similarly, an

Auger rate can be extracted for the triexciton.

QYTX — krad,TX

4-7
kraarx + Knrrx 7

Where QYtx is the triexciton quantum yield, k.44 7x is the triexciton radiative rate, and kn. 7y is the
triexciton Auger rate. The triexciton Auger rate for this particle is 1.0+0.2 ns™'. Even with multiple
new Auger processes between S-like and P-like carriers due to the addition of a third exciton to
the system, the total Auger rate is similar for the biexciton and triexciton. Thus, the newly added
pathways are likely much slower than Auger processes between carriers residing in the band edge
S-like state, and the addition of a third exciton does not greatly alter the rate of S-like Auger
processes. The similarity in both radiative and Auger rates of the biexciton and triexciton account

for the similar quantum yields measured for the states.

Measurement of PNRL®!"2) (Figure 4-5d) indicates that the lifetime of the second photon
from a triexciton (1.2+0.1 ns) is equivalent to the biexciton lifetime (1.1+0.1 ns) measured by
PNRL®?!?), showing a continued lack of system memory. With the triexciton emission arising

primarily from the S-like state, thermalization must be sufficiently rapid that P-like emission from
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Figure 4-6 a) TEM image of core-shell CdSe/CdS NC sample. b) Steady-state absorbance and photoluminescence
spectra of the NC sample. ¢) Fluorescence intensity trace from a single NC early and late in the ten hour integration
and a histogram of the intensity states for the whole measurement. The oscillations in maximum intensity are due to
thermal fluctuations in the environment. d) Fluorescence lifetimes of the different intensity states shown in c). €)
second-order correlation data of the highest intensity state from panel c).

the newly created hot biexciton does not occur (Figure 4-5¢). This is consistent with previous
experiments studying the thermalization rate in CdSe NCs and with spectrally resolved g?

measurements showing that P-like emission always precedes S-like if P-like emission occurs.”®’

Having shown that the emission dynamics of the triexciton state are consistent with

dominant behavior from the S-like state, the next step is to directly measure the branching ratio

between S-like and P-like emission.

For this measurement, studies were restricted to the core/shell CdSe/CdS sample obtained
from QD Vision due to the excellent optical stability of the nanocrystal sample. Transmission
electron microscopy images of the sample are shown in Figure 4-6a. While a considerable degree

of nanocrystal heterogeneity is observed in the sample, the full width half maximum (FWHM) of
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Figure 4-7 a) Fifty square micrometer raster scan with 400 pixels in each direction with no spectral filter. b) Fifty
square micrometer raster scan with 400 pixels in each direction with 640+10nm band-pass emission filter.

the photoluminescence linewidth (Figure 4-6b) is sufficiently narrow to assume there is minimal
heterogeneity in the photoluminescence properties of the nanocrystals. The measured FWHM of
78 meV is well within the range of single NC linewidths reported by an extensive study by Cui ef
al."™ Furthermore, ensemble nanocrystal heterogeneity is likely not a concern in these
measurements, as demonstrated by the raster scans taken of the sample both with and without a
bandpass filter (Figure 4-7). The similarity in the scans confirms that the spectral filters act
equivalently on each nanocrystal studied. If there were extensive heterogeneity in the single
nanocrystal PL spectrum, the bandpass filter would dramatically alter the observed fluorescence
intensity from each NC. Basic sample characterization is done through steady-state absorption and
photoluminescence (Figure 4-6b), and a solution-averaged biexciton quantum yield measurement
which demonstrate that our sample has a strong excitonic absorption feature characteristic of CdSe

NCs and a relatively high ensemble-averaged biexciton quantum yield of 37%.

Single NC properties were also extensively characterized. Figure 4-6¢ depicts a
representative snapshot of a nanocrystal blinking trace at both early and late times in a many hour
fluorescence experiment, with a histogram of the whole trajectory (black) showing a number of

distinct states, and a sharp, shot noise-limited “off” state at the lowest intensity. Since the
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intermediate states have different lifetimes than that of the highest intensity state (Figure 4-6d),
either charging, trapping, or both are resulting in our observed blinking dynamics. Therefore, this
study is confined only to the highest intensity emission state, which decays with a
monoexponential lifetime and is likely a purely radiative state. Due to the complex core-shell
heterostructure, it was necessary to experimentally determine an absorption cross section for the
sample utilizing the photoluminescence lifetime (Figure 4-8). The single nanocrystal biexciton
quantum yield is generally well within the expected bounds based on the solution-averaged
biexciton quantum yield for all NCs studied. Figure 4-6e depicts a typical single-particle g trace

which has a biexciton to exciton quantum yield of 23%. Characterization of the scaling rate of the
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Figure 4-8 a) Power dependent ensemble PL lifetimes taken using calibrated discrete ND filters. b) Integrated
area from 150 to 200 ns plotted against the incident laser power and fit to the equation in red to extract the
absorption cross-section parameter (a).
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Figure 4-9 a) Schematic of the two possible triexciton emission pathways. b) Time- and spectrally resolved PL data
excited at high-flux (<n> = 40). ¢) PL spectrum at early time after excitation for a series of excitation fluxes.

biexciton emission as compared to the radiative exciton lifetime demonstrates that, in all cases, it

is consistent with the universal statistical scaling factor of four as described by our earlier study.

To accurately sort for emission which originates from the band-edge S-like state as
compared to the higher-lving P-like state, power-dependent streak camera measurements were

performed. Separating emission both spectrally and temporally was necessary to observe emission
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from both states, even with high-flux excitation. The higher-lying P-like state is occupied by
multiexciton states higher than the biexciton. Figure 4-9a illustrates schematically the states and
pathways of interest. At high excitation fluences two emission peaks are observed which decay
with different dynamics (Figure 4-9b). The blue shifted peak at 584 nm emits rapidly, on the order
of the instrument response. It is important to note that emission in this case does not correspond to
the triexciton states exclusively, but rather a Poissonian distribution of multiexciton states centered
around an average excitation rate of ~40 excitons per nanocrystal. Thus, based on a broad
distribution of states, these decay dynamics consist of many different multiexciton states and
varied Auger rates. Furthermore, the percent of total emission contained within the P-state is quite
small, which is why it is not detectable above the tail of band edge emission in a steady state
measurement. Figure 4-9c shows the development of P-state emission at increasing excitation

fluences.

Expanding upon the correlation measurement demonstrated by Fisher ef al., the branching
ratio between S-state and P-state emission for the triexciton is measured through a spectrally-

resolved third order correlation measurement.”

The detector geometry is shown in Figure 4-10a.
Four single photon counting detectors are used, each of which receives a quarter of the emission

from a single nanocrystal. Three of the detectors have bandpass 640+10 nm filters which pass only
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Figure 4-10 a) Schematic of the spectrally filtered thrid-order correlation measurement detector geometry. b) Early-
time, high-flux photoluminescence spectrum showing S-state and P-state emission as well as the percent
transmission for the two types of bandpass filter used. ¢) Fraction of triexciton events which emit through the SSS
pathway for a number of different NCs.
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S-state emission, and one detector has a bandpass 580410 nm filter which passes predominantly
P-state emission (Figure 4-10b). The absolute number of triexciton detection events is defined as
detecting three photons after a single laser pulse. Triexciton detection events can occur either with
all three photons arriving on the S-state detectors or with the first photon arriving on the P-state
detector and the subsequent two photons arriving on S-state detectors. The second and third
photons should always emit from the S-state as shown in the previous work by Fisher ef al. and
through lifetime measurements presented earlier in this section.*** The relative detected counts
are normalized based on the differential transmission probabilities of the S-state and P-state filters
through fitting the PL trace in Figure 4-10b to two Gaussians and comparing the area when
multiplied by the filter transmission spectrum with the full Gaussian. The extracted correction
factors are 17.9% and 10.4% for the S-state and P-state filters respectively. The largest source of
background for the measurement is the detection of two photons emitted from the biexciton state
and one photon from the substrate as a three photon event. These counts are also subtracted from

the raw measured three-photon correlation events to isolate true triexciton emission.

Figure 4-10c depicts the percent of total triexciton emission events which originate from
the S-state and P-state for a number of nanocrystals. For every nanocrystal studied that had
sufficient signal-to-noise, emission occurred almost exclusively from the S-state. Lifetime
measurements presented above had indicated that as much as 20% of triexciton emission could be
expected to arise from the P-state. This discrepancy suggests that simple predictions based on
Fermi’s Golden Rule likely underestimate the true P-state lifetime, and thus overestimate the P-

state contribution to triexciton emission.
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Figure 4-11 a) The black markers represent identified transitions with the height corresponding to the oscillator
strength of the transition. The red trace is the sum of the oscillator strength-weighted transitions each with a fixed
Gaussian linewidth to approximate an absorption cross section. The inset depicts the relative energy and oscillator
strength of the two lowest energy bulk transitions. b) The attach and detach densities for the electron and hole states
of the two transitions identified in the inset of a).

To confirm these experimental predictions, a computational study of a 1.4 nm diameter
Cd38Se38 quantum dot was performed. All calculations were performed using DFT with a PBEO
functional and LANL2DZ basis set and effective core potentials using the QChem software
package. The PBEO functional was chosen because it is a hybrid functional, and incorporates some
exact exchange, allowing for better treatment of the electron-hole interaction. The initial geometry
was carved from bulk CdSe with the wurtzite structure, and methylamine ligands were attached to
all 24 surface cadmium atoms. The geometry was then optimized at the PBEO/LANL2DZ level of

theory.

After structural optimization, a time dependent density functional theory (TDDFT)
calculation was performed. Figure 4-11a plots the relative energy and oscillator strength of each
identified transition (black). Most of the states identified correspond to highly localized surface
states, which is not unexpected due to the small NC size and relative high number of surface atoms.

Adding together oscillator strength-weighted transitions with a fixed Gaussian linewidth
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approximates an absorption spectrum of the 1.4 nm nanocrystal (Figure 4-11a, red). The two
brightest excitations are bulk excitations at 3.13 eV and 3.32 eV, corresponding to a splitting of
190 meV. These excitations have oscillator strengths of 0.0757 and 0.0540, respectively (Figure
4-11a, inset). The 3.13 eV excitation is attributed to the 1S.-1S3, transition, and the 3.32 eV state
to the 1P.-1P3/ transition, noting that these are single exciton calculations, and thus do not account
for exciton-exciton interactions or level repulsion as described by Franceschetti et al.”® Figure
4-11b shows the attach/detach densities of the two brightest states. The attach density can be
interpreted as an excited electron density, and the detach density can be interpreted as an excited
hole density. The plotted densities show that both excitations are on the bulk of the quantum dot.
Qualitatively, the detach density is located primarily on the selenium atoms in P-like atomic
orbitals, consistent with LCAO arguments outlined in the introduction to this chapter. The attach
density, however, is delocalized over both cadmium and selenium atoms in a spherically
symmetric manner. The bulk-like nature of the excitations calculated, and the consistency in carrier
density distribution with established theories give confidence to the calculated oscillator strengths,
which suggest that the P-state emits more slowly than the S-state in a core-only material with a

single exciton in either state.
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Figure 4-12 S-state (solid) and P-state (dashed) electron (green) and hole (magenta) wavefunctions for three different
NC structures calculated using an extended particle in a sphere model.

Since TDDFT studies could only be conducted on relatively small core-only samples,
relative lifetime predictions for larger core-shell particles are calculated using an extended particle
in a sphere model presented by Haus ef al. and utilized by Klimov et al.'’""'%? These calculations
are used to estimate the carrier wavefunctions of each state then calculate the electron and hole
wavefunction overlap for the S-state and P-state. The radial distribution of the wavefunctions for
a core-only (2.5 nm) and two core-shell (2.5 nm core, 3 and 6 nm shell) particles are presented in
Figure 4-12. Qualitatively, increased delocalization into the shell is observed for the electron from
both the S- and P-state into as shell thickness increases, decreasing electron-hole overlap. The
degree of delocalization is much more significant for the P-state than the S-state. To obtain a
quantitative measure of expected emission rate, we calculate electron-hole overlap integrals which

are presented in Table 4-3.

Table 4-3 Calculated overlap integrals for the S-state and P-state wavefunctions presented in Figure 4-12.

S-S Overlap P-P Overlap
Core 2.5 nm 1 1
Core 2.5 nm Shell 3 nm 0.86 0.67
Core 2.5 nm Shell 6 nm 0.81 0.29
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For the thickest shell size calculated (6 nm), the electron-hole overlap of the P-state
decreases to less than 30%, while the S-state overlap remains above 80%. Based on the significant
difference in electron-hole overlap for P-state excitons when changing CdS shell thickness, it is
likely that shell thickness plays a significant role in the amount of triexciton emission that occurs

from the P-state.

Similar to the TDDFT studies, these calculations are based on a single exciton occupying
the state. It is likely that the presence of three excitons in the nanocrystal will result in increased
delocalization of the P-electron into the shell due to Pauli repulsion. Thus, the radiative lifetime of
the P-state is, if anything, underestimated by these methodologies, resulting in reduced emission
from the state when in direct competition to the relatively fast S-state. The streak camera spectra
are qualitatively consistent with this observation as well, requiring many excitons per nanocrystal
on average to observe P-state emission.

4.4 Conclusion

This chapter details single NC analyses which unambiguously identify the dominant
processes that control emission dynamics and efficiency from the biexciton and triexciton states
in CdSe NCs. Biexciton emission is consistent with statistical scaling models and is unaffected by
CdS shell thickness. Furthermore, there is no state memory, and successive photon emission events
are entirely independent. The triexciton emits with dynamics consistent with band-edge
recombination as the dominant emissive process. Through directly measuring the branching ratio
between the S-state and P-state emission by single NC spectrally-resolved third-order correlation
calculations, it is clear that triexciton emission in CdSe/CdS core-shell nanocrystals is dominated
by band-edge emission. Both TDDFT modeling and extended particle in a sphere calculations

qualitatively confirm the trend in P-state lifetime which explains the dominance of the band-edge
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dynamics. The dominance of S-state emission justifies the similarity in the triexciton lifetime and
quantum yield to the biexciton state as was previously reported, and provide an insight into the
dominant mechanisms for higher order multiexciton emission.
4.5 Methods

Single NC measurements were all completed using the home-built confocal fluorescence
microscope described in Chapter 2. The sample is excited by a picosecond pulsed excitation source
(532 nm, Picoquant, LDH-P-F-A-530-B) and mounted to a three axis piezo stage (Physik
Instrumente, P-517.3CL). Emission is collected using a 100x oil immersion objective (Nikon, NA
1.25). Excitation and emission are separated using a 535 nm long pass filter (Chroma Technology
Corp, ZT532rdc-3). Emission is spatially (1:1 telescoping 50 pm pinhole) and spectrally (532 nm
notch, Chroma Technology Corp, ZET532NF) filtered before being directed through three 50:50
beamsplitters (Thor Labs) in the manner described in Chapter 2, creating four separate beams with
equivalent intensity. These are individually focused onto one of four single photon counting
detectors (SPCM-AQR-13, Perkin Elmer) with a 10 cm achromatic lens (Thor Labs). All mirrors
in the detection arm of the microscope are cold mirrors (Thor Labs, M254C45, transmits >700 nm,
reflects 400-700 nm) to suppress detector cross talk originating from emission of a NIR photon
from the silicon detector. Spectral filtering for correlation measurements is done using 580+10 nm
and 640+10 nm bandpass filters (Thorlabs). Photon records are created using a HydraHarp
(Picoquant, HydraHarp 400). All post-processing is done using home-built software

(https://github.com/tsbischof/picoquant,  https://github.com/tsbischof/photon correlation, and

https://github.com/hutzat/photons).

For streak camera measurements, the sample was excited by the 404nm frequency-doubled

output of a Ti:Sapph oscillator (Coherent, Mira 900-F) and the emission was collected and directed

it



into a spectrometer (Bruker Chromex, 250is) to resolve the spectra, which was measured on a

streak camera (Hamamatsu, C5860).
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5 Chapter

Multiexcitons in Perovskite Nanocrystals

Contributions: The nanocrystal samples studied in this section were synthesized by M. Nasilowski,
O. B. Achorn, F. Krieg, and A. Swarnkar from the Bawendi and Kovalenko research groups. Bulk
films were synthesized by S. Ha from the Tisdale research group. The data was collected and
analyzed by K. E. Shulenberger, M. N. Ashner, N. D. Klein, and H. Utzat. Analysis was performed
utilizing software developed by T. S. Bischof, K. E. Shulenberger, and H. Utzat. The results
presented here are adapted from Shulenberger and Ashner et al (Submitted)., Ashner and

Shulenberger et al. (In Preparation), and Shulenberger et al. (In Preparation).

Lead halide perovskites are one of the most promising emerging materials systems for a
number of optoelectronic applications. Of particular note, lead halide perovskite solar cells have
shown one of the steepest improvements of any novel photovoltaic material monitored by the
National Renewable Energy Laboratory (NREL), with a recently reported certified 23.7% power
conversion efficiency.!%® The outstanding performance of these devices can be attributed to a

104-106

number of intrinsic materials properties, including high defect tolerance, and long carrier

diffusion lengths.'7-1%°

The development of CsPbX3 (X= Cl, Br, or 1) perovskite nanocrystals (NCs) has
expanded the range of applications available to lead halide perovskites.’ Due to spatial and
quantum confinement, perovskite nanomaterials are strongly fluorescent with photoluminescence

PL) quantum yields close to unity.?-!1% Of particular technological interest is the potential use of
q y y p g p

111-116 117,118

CsPbX3 nanocrystals as the emissive medium in lighting and lasing applications.
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5.1 Background

Recent studies have begun to investigate the biexciton binding energy and other multiexciton
properties in perovskite NCs and in particular in CsPbBr;3 perovskite nanocrystals utilizing a broad

119-122 Time-resolved, spectrally-resolved photoluminescence studies of CsPbBr3

range of methods.
and CsPbls report exceptionally high biexciton binding energies of up to 100 meV due to the
appearance of a red-shifted emission feature during high-flux excitation.'?® Transient absorption
studies ascribe an induced absorption feature on the red edge of the primary ground state bleach
to biexciton absorption, and extract values ranging from 30-70 meV in CsPbls.'"” However, the
presence of a strongly bound biexciton implies properties that conflict with indirect measurements
and observations of charge carrier interactions in these materials. One such characteristic is the
exciton binding energy, which is estimated to be ~40 meV in CsPbBr; nanocrystals based on
effective mass approximations '2* — slightly larger than the value of <12 meV in bulk lead halide
perovskites.'?*!2° It is unintuitive that confinement effects would result in a neutral-neutral
interaction (exciton-exciton) that is a factor of two to three more attractive than the positive-
negative interaction of an electron and hole. Similarly, examination of the optical gain threshold
using transient absorption spectroscopy shows a constant carrier density gain threshold rather than
a constant number of excitons per nanocrystal as is observed in traditional II-VI nanocrystal
materials.'?® A constant carrier density threshold is indicative of weakly bound carriers, rather than

strongly bound correlated exciton states. If multiexciton states determine the lasing transition, the

density of carriers needed to observe gain should scale with the volume of the nanocrystal.

The single nanocrystal properties of cesium lead halide perovskite NCs have also generated

extensive interest.'?”" 132 Like other semiconductor NCs, perovskites exhibit fluorescence
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intermittency.'?®!33 Studies have identified multiple mechanisms for blinking, and it seems to vary
depending on the exact sample preparation which mechanism dominates. Single molecule
biexciton quantum yield measurements have indicated that most perovskite NC systems have low
biexciton quantum yields at room temperature.'** However, these measurements have generally
been low signal-to-noise due to the fluorescence intermittency of the NC. Solution phase biexciton
quantum yield measurements indicated a composition and size dependent trend in biexciton
quantum yield, suggesting some materials may have exceptionally high biexciton quantum yield
values, particularly for a core only material.'" As was discussed in the previous chapter, extensive
material engineering was necessary before CdSe NCs achieved such high biexciton quantum
yields.®* Thus there remains a few open questions: Why are the single molecule and solution phase
quantum yield values so different and what material property enables high biexciton quantum
yields for a core-only material? The following sections set out to investigate these disparate reports

in the literature to uncover a cohesive and self-consistent understanding of biexciton properties in

CsPbBr3 perovskite NCs.

5.2 Ensemble Photoluminescence
To reconcile conflicting reports of biexciton binding energy, this study investigates the origin

of the red-shifted photoluminescence feature that is observed under high-flux excitation in cesium
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Figure 5-1 a) CsPbBr; orthorhombic perovskite crystal structure model b) Representative HAADF-STEM image of
7.5 nm NCs ¢) Steady-state absorption and photoluminescence spectra of 7.5 nm NCs
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lead halide perovskite NCs and which has been reported in recent works as biexciton emission.'?°

In order to look at this, CsPbBr3 nanocrystals were used with 7.5+1 nm edge lengths and
zwitterionic capping ligands, as synthesized according to Krieg, ef al.''® The perovskite crystal
lattice is shown in Figure 5-1a and a representative high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image is shown in Figure 5-1b. Nanocrystal
size was calculated by measuring the edge length of 71 nanocrystals from TEM images and is
consistent with previous reports correlating emission wavelength with nanocrystal size.’ Steady-
state absorption and photoluminescence spectra are shown in Figure 5-1c. The biexciton to exciton
quantum yield ratio measured by a solution-g®® technique is 11+3%.>> As discussed in Chapter 3,
the solution biexciton quantum yield measurement was separated into small portions to avoid
intensity drift effects due to nanocrystal deposition on the walls of the microcapillary over the
course of the experiment..

To look at the change in spectra and dynamics with varying excitation flux, time- and
spectrally-resolved photoluminescence measurements were used to measure the decay kinetics.
Samples were stored and prepared under nitrogen and fully encapsulated throughout the duration
of the measurements. Under low-flux excitation a single peak is observed with similar decay

kinetics across all spectral positions (Figure 5-2a).
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Figure 5-2 a) Low-flux (5 wJem™?) time-resolved emission spectrum of 7.5 nm NCs excited at 400 nm. b) High-flux
(5 mJem™?) time-resolved emission spectrum of 7.5 nm NCs excited at 400 nm. c) Spectrally integrated high (purple)-
and low (orange)-flux PL dynamics showing lifetime quenching at early times corresponding to multiexciton
emission. The inset shows the early time dynamics emphasizing the accelerated emission rate at early time. d)
Comparison of spectral slices corresponding to high-flux early (0-1 ns) time (blue), high-flux late (5-6 ns) time (cyan),
low-flux early (0-1 ns) time (red), and low-flux late (5-6 ns) time (magenta). The spectral positions are labeled with
arrows in a and b. e) High-flux time-resolved spectrum of 7.5 nm NCs exposed to air with the inset showing early
time spectra. f) Spectral slices of an air-exposed, high-flux sample corresponding to 0-1 ns (red) and 5-6 ns (magenta)
as labeled in the inset of e. The difference between the red and magenta traces is in black. The green dashed trace is a
single Gaussian fit to the difference spectrum. A bulk CsPbBr; perovskite emission spectrum is plotted in dotted grey

for reference.

Next, the NC emission spectrum under low-flux excitation (20 pJem™) is compared to the
emission spectrum under high-flux excitation (20 mJem™?). At low-flux, emission is almost
exclusively from the exciton state, while multiexciton emission contributes more to the high-flux
spectrum. Due to the non-Gaussian beam profile, the ratio of excitons to higher order multiexcitons
over the whole laser spot is a more representative criterion for the low-flux and high-flux regimes,
instead of just average power. Assuming Poissonian absorption statistics and previously
determined absorption cross sections'** for the NCs with no absorption saturation, the average
exciton to multiexciton ratio is ~5:1 for the low-flux measurement and predominantly
multiexcitons for the high-flux measurement. Given the measured biexciton quantum yield of

10%, the average biexciton lifetime of <500 ps, the >10 ns low-flux exciton lifetime, and an
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Figure 5-3 a) Steady-state absorption spectra of 7.5 nm NC samples before (dotted) and after (solid) irradiation for
both an air-free (blue) and air-exposed (red) sample. The inset shows the normalized change in the excitonic peak for
the air exposed sample. b) Representative TEM images for air-free, unirradiated (blue) and air-exposed, irradiated
(red) samples. ¢) Dynamic light scattering data size distribution fits for air-free, unirradiated (blue dotted), air-exposed,
unirradiated (red dotted), and air-exposed, irradiated (red solid) samples.

average excitation rate of one exciton per NC, biexciton emission ought to contribute ~50% to the
emission collected during the first nanosecond after excitation. However, no signature of red-
shifted emission is observed under high-flux excitation (Figure 5-2b and d). At 5 nanoseconds
following excitation, the only observable difference between the low-flux and high-flux spectra is
a slight broadening on the blue edge. This broadening is constant in time though, and thus not due
to multiexciton emission. The apparent broadening on the blue edge for high-flux measurements
is likely a reduction in re-absorption from the band-edge due to excitons occupying the state from
the high-flux excitation. Looking at the PL lifetime however, reveals an additional rapid decay
component consistent with multiexciton emission (Figure 5-2¢). Therefore, the intrinsic biexciton

emission spectrum is largely overlapped with the exciton emission spectrum. Red-shifted spectral
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features that were previously observed must be due to extrinsic factors, rather than resulting from
multiexciton emission from the nanocrystal sample.

When the samples are exposed samples to air and then excited under the same high-flux
conditions, a red-shifted emission feature emerges (Figure 5-2¢). A large decrease in the PL
intensity also corresponds to the appearance of this feature. Furthermore, the spectrally integrated
PL dynamics of the air-exposed sample under high-flux irradiation are drastically different from
those of the air-free sample, with a rapid early component that is dominated by emission from the
red edge of the spectrum. Figure 5-2f compares spectral slices at early times (0-1 ns) and late times
(5-6 ns) for an air-exposed sample under high-flux excitation. This red-shifted feature can be
isolated by directly subtracting the normalized late time spectrum (magenta) from the normalized

early time spectrum (red) and fitting the difference (black) to a single Gaussian (green). The fitted
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Figure 5-4 . a) Low-flux time-resolved PL spectrum of air-exposed 7.5 nm NC. b) High-flux time-resolved PL
spectrum of the same air-exposed sample. ¢) Low-flux time-resolved PL spectrum taken immediately following
the measurement in part b. d) 0-1 nanosecond spectral slices of the measurements shown in a (orange dashed), b
(purple solid). and ¢ (orange solid).
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red-shifted feature is centered at 523 nm. A film of polycrystalline bulk CsPbBr3; was synthesized
via reprecipitation and the emission spectrum of this sample is plotted for reference (grey). Due to
the film thickness, the measured PL spectrum of the bulk sample is likely red-shifted from the true
PL spectrum due to reabsorption effects. There is also a substantial difference in the low-flux
emission spectrum before and after high-flux irradiation of an air-exposed sample (Figure 5-4).
Because the observed shift in the emission spectrum is permanent and is similar to bulk-like
emission, high-flux ensemble PL changes are likely due to photoluminescence from large bulk-
like particles which form from sample aggregation due to exposure to air as well as subsequent
optically-induced sintering. Perovskite nanocrystal sintering has been previously observed in both
cubic nanocrystals and 2-D nanoplatelets.'3>-'37

To test this hypothesis, post-irradiation analyses were conducted including steady state
absorption, TEM, and particle sizing by dynamic light scattering (DLS). Absorption measurements
before and after high-flux irradiation for an air-free and air-exposed sample are shown in Figure
5-3a. A slight red shift of the main absorption feature, a significant broadening of that peak, as
well as reduced overall absorption are observed. These changes are consistent with the growth of

a population of larger nanocrystals, which increases the heterogeneous broadening and red-shifts
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Figure 5-5 a) Exciton emission maxima extracted from air-free low-flux emission spectra and aggregation emission
maxima extracted from air-exposed high-flux early-time spectra (demonstrated in Figure 2f) for three nanocrystal
sizes. b) Size dependent difference between the exciton and aggregate emission features shown in a. ¢) Early- and
late-time air-free high-flux emission spectra showing no time-dependent emission shift corresponding to
multiexciton emission. The grey shaded region corresponds to our certainty in the emission maximum based on the
instrument spectral resolution, corresponding to the biexciton binding energy range.
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the absorption maximum. The precipitation of larger aggregates reduces the total optical density

of the solution.

Figure 5-6 Additional TEM images of the air-exposed, irradiated NC sample.
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Figure 5-7 Raw DLS curves which were used to generate the size distributions shown in Figure 5-3.

TEM images of the samples with and without air before and after irradiation show the
appearance of large bulk-like aggregates which are hundreds of nanometers in size, and do not
appear in pre-irradiation or air-free samples (Figure 5-3b). Figure 5-6 presents more images to
further support that this behavior is occurring in the irradiated samples measured. Finally, DLS
measurements of pre- and post-irradiation samples with and without air show a significant change
in the size distribution of the particles within the sample (Figure 5-3c). For air-free, unirradiated
samples, the majority of the sample has a solvodynamic radius which is centered around 15-20
nm, consistent with an un-aggregated nanocrystal population. Irradiation of an air-free sample
results in the emergence of a small feature corresponding to large aggregates, but the predominant
species is still a nanocrystal population. Upon exposure to air and high-flux irradiation, almost the
entirety of the nanocrystal signal disappears, and heterogeneous particles larger than one micron
in size are observed in solution. Thus, the red-shifted emission observed in PL experiments can be
accounted for by the appearance of large, bulk-like structures, and not by multiexciton emission.

Returning to consideration of the biexciton binding energy, emission from a bulk-like
population reproduces the previously reported red emission that had been attributed to the

biexciton. Figure 5-5a demonstrates how comparing the size-dependent excitonic emission peak
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with the static bulk-like peak imitates a large, size-dependent biexciton binding energy. Figure
5-5b demonstrates the difference between the nanocrystal and aggregate feature as a function of
nanocrystal size, with values ranging from a few tens of meV to nearly 120 meV for highly
confined NC samples. Maintaining truly air-free samples is thus crucial to accurately characterize
multiexciton behavior when using high-flux ensemble techniques. As for the true biexciton
spectrum, no appreciable change in the total photoluminescence spectrum at early times is
observed under high-flux irradiation of an air-free sample. Therefore, the biexciton spectrum must
be within the spectral envelope of exciton emission. Calculations described above predict that the
emission spectrum over the first nanosecond will contain ~50% biexciton emission for the sample
studied here. Thus, the biexciton binding energy cannot be more than +20 meV in 7.5 nm CsPbBr;3
nanocrystals based on the spectral resolution of our instrument. A weakly bound biexciton state is
consistent with the low exciton binding energy observed in bulk perovskite materials, and the
constant carrier density gain threshold reported by Geiregat, et al.'?® Since there is a high degree
of exciton-phonon coupling and significant dielectric screening in the perovskite lattice,'?%-140
shielding of charges is likely to result in even smaller muitiexciton binding energies than in

traditional, more rigid nanocrystal materials such as CdSe.>!->'4!

5.3 Transient Absorption Measurement of the Biexciton Spectrum
To experimentally probe biexciton states in perovskite NCs, fluence-dependent TA spectroscopy

in combination with a data-driven method for retrieval of the exciton and biexciton component
spectra was employed. By applying this method and comparing the separate exciton and biexciton
spectra as a function of NC size, more thorough characterization of exciton-exciton interactions in
perovskite materials is possible. The ensemble TA spectrum is a linear combination of component
spectra associated with ground-state, singly-excited, and doubly-excited nanocrystals whose

relative weights depend on the incident laser fluence in accordance with the Poisson statistics of
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photon absorption. The full, multi-dimensional fluence-dependent data set is fit to a simple first-
order kinetic model in which biexcitons decay into excitons while simultaneously solving for the
underlying component spectra associated with each of these states. This approach is combined
with a Markov chain Monte Carlo sampler to carefully examine the statistical certainty of the fits
and verify the model assumptions.

The same colloidal CsPbBr; NCs with zwitterionic capping ligands synthesized by a hot-
injection method as described by Krieg er al.'** were used for TA measurements as for the previous
section. Each sample contained cubic nanocrystals with an average size of 6=1, 7.5+1, and 10+1
nm measured using electron microscopy. Figure 5-8a shows the size-dependent linear absorption
and photoluminescence spectra of all three samples, and Figure 5-8b shows a representative high
angle annular dark field scanning electron microscopy (HAADF-STEM) image of the 10 nm NCs.

This size range spans the weak to intermediate confinement regimes in CsPbBrs, as evidenced by
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Figure 5-8 . (a) Linear absorption and photoluminescence spectra for the 3 samples studies. (b) HAADF-STEM of
a film of 10 nm NCs and (inset) high resolution HAADF-STEM of a single NC. (c¢) Time-resolved
photoluminescence spectrum of 6 nm NCs under high fluence excitation (26 uJ/cm?®) normalized to constant peak
intensity. White line indicates the peak position extracted from a gaussian fit. (d) Time-resolved photoluminescence
spectrum of 6 nm NCs under low fluence excitation (0.26 uJ/cm?) normalized to constant peak intensity.
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the increasing prominence of the excitonic feature in the linear absorption spectra with decreasing
NC size.

Unlike the previous studies in this thesis, absorption studies are used here to interrogate the
entire excited state rather than just the luminescent properties. As described in Chapter 2, TA is a
pump-probe technique which measures the differential absorption of the ground state and excited
state at various time delays. To extract more detailed information about the spectral difference
between the exciton and biexciton state, fluence-dependent TA spectroscopy can be used to
characterize the spectral properties of excited states in nanocrystals. In addition, the superior time
resolution and signal-to-noise ratio allow for an accurate quantification of the biexciton dynamics.
However, the complex lineshapes of TA spectra — especially when exciton and biexciton
signatures are heavily overlapping — present a challenge to interpretation. To illustrate this, Figure
5-10 shows the TA spectral changes in 7.5 nm NCs that accompany various dynamic processes
after photoexcitation. In this dataset, the pump pulse excited an average of 1.1 excitons per NC,
which generates roughly equal proportions of excitons and biexcitons, assuming Poissonian
absorption. As such, the biexciton and exciton states contribute roughly equally at early time
delays while only the exciton contributes at late time delays after the biexcitons have decayed. The

first 2 ps are dominated by hot carrier cooling and other ultrafast relaxation processes that are
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Figure 5-9 Transient absorption spectral dynamics of 7.5 nm NCs with a pump fluence that generates an average of
0.2 excitons per NC per pulse over the same pump-probe time delay regimes as Figure 5-10: a) 0-2 ps, b) 2-200 ps,
and c¢) >200 ps.

difficult to characterize and result in dramatic changes in the spectral line shape (Figure 5-10a).
Figure 5-10b shows the more subtle spectral changes that occur over the next 200 ps due to
multiexciton relaxation after ultrafast hot carrier cooling is completed. We can attribute these
changes to decay of the biexciton state because they do not occur under low-fluence excitation
(Figure 5-9) Once the biexcitons decay, the spectral line shape remains largely unchanged and
simply decays in intensity as excitons recombine (Figure 5-10c). The spectral dynamics shown in
Figure 5-10b that correlate with the decay of biexcitons without interference from other ultrafast
processes contain the most reliable spectral information on the biexciton state. Due to the subtle

nature of these spectral changes and the almost complete overlap between the biexciton and exciton
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Figure 5-10 Transient absorption spectral dynamics of 7.5 nm NCs with a pump fluence that generates an average of
1.1 excitons per NC per pulse. The schematics illustrate the dominant physical processes during the pump-probe delay
times of the corresponding spectra. (a) Hot carrier cooling and structural relaxation (0-2 ps). (b) Biexciton
recombination (2-200 ps). (c) Exciton recombination (>200 ps).

spectra, spectral component analysis is required for complete interpretation. Furthermore, this
procedure should not involve fitting the spectra to a predetermined mathematical function as the

spectra have no clear functional form.
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To extract the component spectra corresponding to exciton and biexciton states in
perovskite NCs, the method of target analysis with a Markov chain Monte Carlo (MCMC) sampler
is used, as described previously, in order to visualize and quantify the statistical uncertainty in the
fitted kinetic parameters and spectra. This method is used to extract spectral information without
constraining the data to fit an underlying spectral form, and such that a kinetic model can be
utilized to also incorporate the information in the time-domain.'** One major assumption employed
is that the ensemble TA spectrum is a linear combination of fixed contributions from singly-excited
NCs and doubly-excited NCs, called component spectra here, and that their relative initial
populations depend on the laser excitation fluence through the Poisson statistics of photon
absorption. To remove spectral contributions from initially excited hot carrier distributions, fitting
is restricted to the 2.0-2500 ps time window.

A simple kinetic model (Equation (5-1)) is used as the basis for the target analysis fits, consisting
of biexciton and exciton populations (BX and X, respectively) that decay in series with the decay

time constants as two of the fit parameters (zax and v).

d[BX]  [BX]
dt —_TBX

(5-1)
d[x] [BX] [X]

dt Tgx  Tx
The justification of this model is based, in part, on the observation that the TA spectral shape at
long pump-probe delays (>200 ps) does not depend on the initial excitation fluence. Since there is
no fluence dependent change to the long time dynamics, trion formation is not a concern.
In order to robustly extract both the exciton and biexciton spectra, the entire fluence-dependent
data set is fit simultaneously by initializing the populations of biexcitons and excitons using the

Poisson distribution with an average number of excitons per nanocrystal calculated from the
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applied pump power, J, and a single absorption cross-section parameter, a, as a third fit parameter:
[BX(t=0)]=1—e%(aJ +1) and [X(t =0)] = aJe~*. Note that the initial biexciton
population, as defined here, also includes the small (<1%) population of higher-order excitations
to quantitatively account for all absorbed photons. Crucially, this initialization links the fluence-
dependent changes in the spectral lineshapes with the Poisson statistics for photon absorption using
a single parameter.

The Markov chain is used to determine statistics such as means, variances, and covariances for
the kinetic model parameters and draw samples from it to visualize and accurately characterize
uncertainties in the fits to the data and in the component spectra. Table 5-1 shows the extracted
biexciton lifetime and the extracted cross-section parameters for all three sizes of NCs and their
uncertainties. Table 5-1 also shows the absorption cross-section of each NC calculated from the
model output and the experimental conditions. The fitted absorption cross-sections show thé
expected positive trend with NC size since absorption increases with NC volume and compare
favorably to those reported in the literature, providing a key check for the model’s accuracy. The
biexciton lifetimes also increase with NC size as expected and match those extracted from fitting

overall PL and TA dynamics in other studies.

Table 5-1 Median parameters recovered from the MCMC ensembles with the central 90% credible intervals indicated
via the super- and sub-scripts, and the absorption cross-section at 400 nm calculated from the fit parameter and
experimental conditions. Fits were performed over a time delay range of 2-2500 ps.

Parameter 10 nm 7.5 nm 6 nm

Tpx (PS) 205.250:5 56.713 5 35. 77335

o (WW) | 00122230 | 0.005836,057 | 0004706085

Cross-section

14 -14 14
per NC (sz) 6.493x10 3.108x10 2.505%10
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The most informative output of the model are the component spectra comprised of all the
transitions available to the exciton and biexciton states. Figure 5-11displays the biexciton and
exciton component spectra for all three NC sizes, normalized to have the same maximum absolute
bleach intensity. These plots are generated from 100 random samples from the MCMC ensemble
overlaid, though the spread in the 100 MCMC samples is significantly smaller than the line
thickness as rendered for readability. This indicates a high certainty in the shape of the best fit
spectra for the proposed model. Plots of the raw component spectra generated in the same fashion
show that the same is true for their intensities. Rigorously, the “biexciton” component spectra
shown in Figure 5-11 represent the transient absorption spectrum of each sub-ensemble of doubly-
excited CsPbBrs NCs, which includes contributions from exciton-to-biexciton transitions and
biexciton-to-triexciton transitions. Nonetheless, comparison of the exciton and biexciton
component spectra suggest general conclusions about exciton-exciton interactions in perovskite
nanocrystals.

The biexciton spectra are consistently broader in linewidth and the bleach peak is slightly blue-
shifted from the exciton peak. This suggests that the exciton-exciton interaction is very weak or
slightly repulsive in CsPbBr3 NCs, in contrast with the strong attractive interactions previously
reported and consistent with the time-resolved PL. measurements reported in section 5.2. Figure
5-12 shows the shift in peak positions and the component spectral linewidth change as a function
of NC size. The shift between the exciton and biexciton spectra, the width of each of the component
spectra, and the difference in linewidth between the two component spectra all increase with
decreasing nanocrystal size. The increasing trend in the blue-shift between the biexciton and
exciton component spectra further supports a repulsive interaction because exciton-exciton

interactions are more pronounced in smaller NCs. The increasing linewidth of the component
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Figure 5-11 Normalized component spectra for the exciton (black trace) and biexciton (red trace) states for the (a) 10
nm, (b) 7.5 nm, and (c) 6 nm NCs. The plots were generated by superimposing the component spectra recovered from
100 random samples of the Markov chain with each normalized to its own peak intensity. The variation among the
samples is within the width of the traces.

spectra is consistent with ensemble and single-particle photoluminescence measurements that
show that the homogeneous and inhomogenous line width both increase with decreasing NC size.

Careful examination of the component spectra reveals insight into the individual electronic
transitions that contribute to the component TA spectra. Specifically, the exciton-to-biexciton
transition is present in both the exciton spectrum as induced absorption (dOD>0) and in the
biexciton spectrum as stimulated emission (dOD<0). Induced absorption features are observed on
both sides of the exciton peak but manifest more prominently on the blue side, suggesting an
exciton-to-biexciton transition that is broader and slightly blue-shifted from the ground state-to-
exciton transition. These trends are mirrored in the shape of the biexciton spectrum. Thus, the two
component spectra show a consistency with each other that increases confidence in the spectral

deconstruction method and the conclusion of a net repulsive exciton-exciton interaction.
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Figure 5-12 Size dependent properties extracted from the component spectra in Figure 5-11. (a) Energy difference
between the biexciton and exciton component spectrum peak positions. (b) Full width at half maximum of the
biexciton (red) and exciton (black) component spectra.

The values plotted in Figure 5-12 show that the increase in the spectral linewidth of the biexciton
state over the exciton state exceeds the overall blue-shift for all three sizes. This effect is also
qualitatively visible in the component spectra shown in Figure 5-11 where the dominant
bleach/stimulated emission feature in the biexciton spectrum is visibly broader on both sides than
the feature in the exciton spectrum. This observation emphasizes how knowing the full spectrum
of the biexciton state provides more reliable information about optical gain mechanisms than a
single biexciton interaction parameter. In this case, while the exciton-exciton interaction is net
repulsive, it is still possible for the biexciton state to contribute to optical gain — a relevant factor

for lasing applications — by emission from the red tail of the spectrum. Furthermore, the
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observation of red-shifted optical gain from the biexciton state is not a reliable indicator of the sign
or value of the biexciton binding energy.

Although quantifying the shift between the component spectra provides a useful characterization
of the exciton-exciton interaction, the values should not be quantitatively interpreted as the
magnitude of the interaction energy due to a number of qualifying considerations. First, this
interpretation does not account for a Stokes shift, which may be different for the exciton and
biexciton and is reflected in the data through the stimulated emission contribution to the spectral
shape. Another source of quantitative error is a bias in the position of the exciton spectrum. This
is due to some late-time spectral dynamics that are not captured by the simple kinetic model.
Nonetheless, some estimations can be made about the interaction by carefully examining the
trends. It is clear that the exciton-exciton interaction is quite weak, likely <10 meV for all but the
smallest NCs. The confidence in the repulsive sign of the interaction is also high due to the size-
dependent trend and because the direction of the bias in the exciton spectrum would cause this
analysis to underestimate the repulsive character of the interaction.

These conclusions about the nature of exciton-exciton interactions are highly consistent with
empirical reports of free-carrier-like behavior in CsPbBr3 NCs since these interactions are quite
weak.'?® Although a repulsive exciton-exciton interaction may seem unexpected based on the
behavior of conventional QD systems, there are a few properties particular to perovskite NCs that
account for this divergent behavior. For example, the overall sign of the four-body Coulomb
interaction depends on the spatial overlap of the electron and hole wavefunctions. Core-shell QDs
engineered to have strong spatial separation between electrons and holes can exhibit strong
exciton-exciton repulsion, and this effect may be occurring, albeit more weakly, in CsPbBr3 NCs.

Lead halide perovskites also have some unique structural characteristics that likely affect their
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electronic properties. In particular, the atomic lattice is polar, highly dynamic, and can deform in
response to excited electrons and holes, leading to the formation of polarons in these
materials.'3®13° One consequence of polaron formation is screening of Coulomb interactions
between charge carriers. Barring spatial displacement of the electron and hole, the net Coulomb
interaction is often observed to be attractive, but this may not be true in such a dynamic
environment. Additionally, polaron formation effectively solvates the charge carriers through
lattice distortion, which requires some number of nuclear degrees of freedom. As the NC size is
decreased, the number of possible lattice configurations that can effectively solvate all four charge
carriers is reduced. At small enough NC size there may be a net energetic penalty to forming a
biexciton versus two excitons on separated NCs. This effect would manifest as an apparent
repulsive exciton-exciton interaction. These results indicate that perovskite nanocrystals have
somewhat anomalous properties as compared to more traditional semiconductor nanocrystals, and
understanding these fundamental properties can help inform the optimization and application of

these materials going forward.

5.4 Fluorescence Intermittency Mechanism
Single-nanocrystal studies enable further investigation of the multiexciton properties within

the perovskite lattice. By pairing isolated single-particle measurements with solution-phase
average single nanocrystal methods described in Chapter 2, a thorough understanding of the
dominant kinetic processes can be developed. The solution phase measurements are crucial to
demonstrate that the single-nanocrystal results are representative of the ensemble properties, rather
than being unique examples of exemplary NCs. To fully understand the rich physics driving
multiexciton emission, it is first crucial to understand the fluctuating exciton dynamics. Figure
5-13a and b presents a typical fluorescence intensity trace for a many hour single-NC experiment.

It is immediately apparent that this representative NC exhibits fluorescence intermittency
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(blinking). Taking a histogram of this intensity trace shows the distribution of intensity states
occupied throughout the experiment. The lowest intensity state is shot noise-limited, and consistent
with a true dark state. The rest of the observed peaks in the histogram are not shot noise-limited
and are likely rather a distribution of many intensity states. Between nanocrystals, a wide variety
in number and position of intensity peaks are observed, suggesting these intensity states are
dominated by non-radiative states which are not intrinsic to perovskite materials, such as a trap or
defect state rather than a charged state. That is not to say that none of these states are trions, just

that more than a trion state is necessary to explain the fluorescence intensity trajectories.
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The fluorescence lifetime of the entire intensity trajectory is strongly non-exponential, with
a rapid quenched component at early times and a large, exponential intermediate time component.
In ., Figure 5-13c the lifetime as a function of intensity state is plotted, with the color of the trace
corresponding to the colored boxes in Figure 5-13a. The highest intensity state has a purely
monoexponential lifetime with an extracted decay constant of 26.0+0.2 ns. As the blinking
intensity decreases, there are subtle changes to the lifetime including added rapid components at
early times and some extended emission tails, but each state is still dominated by the same single

exponential time constant for >90% of the observed emission. Similarly, when taking the lifetime-
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Figure 5-13 a) Fluorescence intensity trace from a single large CsPbBr; NC with a histogram of the intensity states.
b) Zoom of the intensity trace to show many different states rather than binary blinking. c) fluorescence lifetime of
various intensity states. The colors correspond to the stripes in part a). d) Fluorescence lifetime intensity correlation
plot. The deviation from vertical at low intensities corresponds to the off state where the majority of emission is not
correlated in time.
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intensity correlation (Figure 5-13d), it is clear that over most of the intensity states, there is no
appreciable change in average emission lifetime. Only at the lowest intensities where detected
photons are dominated by dark counts does the correlation deviate from the vertical observable in
Figure 5-13d. These intensity and lifetime data are consistent with traditional Type B NC blinking
mechanisms, where carriers may be trapped during hot carrier cooling, but these trap states are not
thermally accessible from the band-edge.’® If traps are not accessible from the band-edge, their
dynamics do not directly compete with radiative emission and thus do not alter the observed
lifetime. However, since the absolute number of photons being emitted is decreased when these
traps are activated, the total intensity will decrease. A trap state due to likely due to an atomic
vacancy or unpassivated surface atom a few hundred meV into the valence or conduction band
would be consistent with these dynamics. A distribution of trap states in this energy range would
be accessible while cooling from the 405 nm excitation (650 meV excess energy) consistent with

the observed fluorescence intensity lifetime correlations.

In order to further test this, excitation wavelength-dependent blinking measurements were
performed. Figure 5-14 shows the results from two of these experiments, which demonstrate
increased blinking and intermediate states when exciting with 405 nm light (650 meV excess
energy) as compared to 484 nm light (120 meV excess energy). Nanocrystals were excited with
an equivalent number of incident photons at each wavelength. There is likely a small difference in
the number of absorbed photons due to differential absorption cross sections, but both wavelengths
are well within the low flux criteria (<<0.01 excitations/pulse), and thus individual excitation
events are likely independent with only small fractions of multiexcitons generated as compared to
single excitons. These changes to blinking behavior are entirely reversible and independent of the

order in which blinking traces are collected, confirming an intrinsic difference in the nonradiative
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Figure 5-14 a) Fluorescence intensity from a single NC with 484 nm excitation. b) Fluorescence intensity from the
same NC with 405 nm excitation. ¢) Histogram of a). d) Histogram of b). e) Lifetime of various intensity states from

a). f) Lifetime of various intensity states from f).

pathways between the two wavelengths. These results are consistent with the model of carrier

trapping while cooling being a dominant cause of blinking in CsPbBr; NCs, especially when
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exciting samples deep into the valence or conduction bands.
5.5 Statistical Scaling

Having identified the cause of fluctuating exciton behavior allows deeper interrogation of
the biexciton state. Through solution-averaged single-nanocrystal second-order correlation
methods, the size-dependent biexciton to exciton quantum yield can be extracted (Table 5-2). The
same data also contains the solution averaged biexciton lifetime, but for all three nanocrystal sizes,
the lifetime is instrument response-limited, only indicating it is on average faster than ~600 ps.
The single-nanocrystal second-order correlation is presented in Figure 5-15. The single-
nanocrystal biexciton quantum yield values observed are consistent with the solution averaged
biexciton quantum yield for all three nanocrystal sizes, confirming the size-dependent trend in
quantum yield as shown in Table 5-2 and previously by Utzat et al.'' The size-dependent biexciton
quantum yield observed by Utzat ef al.'' was explained by the relatively low degree of excitonic
confinement observed in perovskite nanocrystal systems. In the case of CsPbBr3 nanocrystals, the
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Figure 5-15 a) Second order correlation function showing a biexciton to exciton quantum yield ratio of 13.54+0.08%
for a large CsPbBr; NC. b) Biexciton lifetime showing biexponential decay with time constants of 800 ps and 1.9
ns.
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Figure 5-16 a) Biexciton to exciton quantum yield ratio as a function of NC blinking state. The colors of the different
intensity state bars correspond to the colors marked in Figure 5-13. b) Biexciton lifetime for three intensity states.
Note these do not correspond to the states as in a) due to the increased signal-to-noise requirements to compile a
lifetime as compared to a quantum yield.

exciton Bohr radius is ~3.5 nm, which means NCs with edge lengths of >10nm are minimally
quantum confined. consistent with the lack of a strong exciton resonance in the steady-state
absorption spectrum. The reduced excitonic nature of larger nanocrystals likely reduces the Auger

rate due to reduced wavefunction overlap.

Furthermore, the single-nanocrystal biexciton lifetimes are predominantly within the
instrument response, as illustrated in Figure 5-15. The exception is the biexponential tail in the
biexciton lifetime of the 10 nm NC sample. To confirm that none of the observed biexciton
behavior is determined by the fluctuating single exciton behavior, Figure 5-16a presents the
biexciton quantum yield as a function of intensity state. The lowest intensity state is almost
exclusively emission from the glass coverslip, residual solvent, and other non-NC fluorescence
sources. Thus, it makes sense that these emission sources have a second order correlation that is
essentially unity, or in other words, uncorrelated. At all intensity states that contain appreciable
nanocrystal emission, a consistent biexciton to exciton quantum yield ratio is observed. It is
important to note that while the center to side peak ratio in a g’ measurement is usually just

referred to as the biexciton quantum yield, this is based on the assumption that the exciton has
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unity quantum yield. While this assumption generally holds true for binary blinking samples such
as many CdSe NCs, it is clearly untrue for the complex blinking behavior observed in perovskite
NCs. From the original derivation of the biexciton quantum yield method by Nair et al.,>* if all the

low-flux conditions are met, the center to side peak ratio is then explicitly

@ _ _QQ Y;; (5-2)

Where ggz) is the center to side peak ratio, QYzy is the biexciton photoluminescence quantum yield

and QYy is the exciton photoluminescence quantum yield, which are assumed to be independent.

In a sample with unity exciton quantum yield, g(()z) is exactly the biexciton quantum yield. In the
case of the data presented in Figure 5-16a, the exciton quantum yield is not unity for all intensity
states, and thus the full expression must be utilized. Therefore, a constant biexciton to exciton
quantum yield ratio across all emissive states is observed. In other words, whatever nonradiative
processes are altering the exciton quantum yield and causing nanocrystal blinking, which were
shown in section 5.4 to be intraband carrier trapping, act equivalently on a single exciton as it does
on both excitons in a biexciton. The biexciton radiative lifetime and Auger lifetime are unaffected
by NC blinking. If nanocrystal blinking were dominated by the formation of charged states (trions),

the Auger rateof the biexciton state ought to change with intensity state, which is not observed.

The biexciton dynamics further support this finding. There is no change in the biexciton
emission dynamics as a function of nanocrystal blinking, even in the large CsPbBr3; nanocrystals
that display non-monoexponential recombination dynamics (Figure 5-16b). Since the non-
monoexponential nature of the biexciton lifetime is most pronounced in large NCs, it is likely
correlated to reduced confinement, which allows for multiple different stable fluctuating biexciton

states with different recombination dynamics.
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Figure 5-17 a) PNRL™"? for all intensity states shown in Figure 5-13a. The lifetime is fit to a monoexponential
function with a decay constant of 27 ns. b) Exciton lifetime of the highest intensity state depicted in Figure 5-13a fit
to a monoexponential function with a decay constant of 26 ns.

Finally, the lifetime of the second emitted photon of the biexciton, or residual exciton can
also provide evidence towards the origin of NC blinking and the nature of the biexciton state. In
CdSe nanocrystal systems, this state is identical to a single exciton as was shown in Chapter 4.
The lifetime of the residual exciton from a biexciton in CsPbBr; NCs is identical to that of the
lifetime of the brightest blinking state (Figure 5-17). Assuming all non-radiative processes are only
accessible during hot carrier cooling, then the residual exciton should not be able to access any of
these trap states, resulting in unity quantum yield once cooled and purely radiative,
monoexponential recombination dynamics. Biexciton recombination is thus entirely consistent
with the type B blinking mechanism presented above. Furthermore, the presence of these trap

states does not in any way alter the processes that control multiexciton emission in perovskite NCs.

Chapter 4 details the consistency of CdSe biexciton emission with established statistical
scaling models. To reiterate, the basis of statistical scaling is that the underlying dynamics of a
state do not change when adding excitons to a NC, just the combinatorial number of recombination
pathways. It is this combinatorial multiplication which speeds up the biexciton radiative lifetime

by a factor of four as compared to the exciton radiative lifetime. For all the CsPbBr3 nanocrystals

110



studied, the dominant component of the biexciton lifetime is instrument response-limited. Even
with the lifetime being instrument response-limited, the biexciton lifetime that would be predicted

by the statistical scaling model can be calculated using equation (5-3).

1
TIgx = ZTXQYBX (5-3)

Where gy is the measured biexciton lifetime, Ty is the exciton radiative lifetime, and QYpy is the
biexciton quantum yield. Table 5-2 presents these results utilizing the exciton radiative lifetime

and biexciton quantum yield measured from a typical single nanocrystal within each sample.

Table 5-2 Exciton radiative lifetimes extracted from single NC data and solution biexciton quantum yield values used
to predict the statistical scaling biexciton lifetime.

NC Size (nm) Exciton Radiative | Biexciton Quantum | Predicted Biexciton
Lifetime (ns) Yield (%) Lifetime (ps)

6 3 7 53

7.5 10 10 250

10 26 14 910

Note that the predicted biexciton lifetime for the largest NC sample is longer than a typical
instrument response (~600 ps), but both the solution phase biexciton lifetime and the fast
component of the single nanocrystal biexciton lifetime are instrument limited. Table 5-3 compares
the predicted statistical scaling lifetime to the biexciton lifetimes extracted from the transient

absorption measurements presented in section 5.3.
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Table 5-3 Comparison of the expected biexciton lifetime from a statistical scaling model (calculated in Table 5-2) and

the biexciton lifetime extracted from the TA data (presented in Table 5-1).

NC Size (nm) Statistical Scaling | Transient Absorption | Ratio
Biexciton  Lifetime | Biexciton  Lifetime
(ps) (ps)
6 53 36 1.5
7.5 250 56 4.5
10 910 205 4.4

The ratio between the statistical scaling lifetime and the extracted transient absorption lifetime is
a measure of how much faster the radiative lifetime is compared to established models.
Unfortunately, these scaling results are biased by ensemble heterogeneity, and to truly measure a
scaling factor, single nanocrystal techniques are best. Returning to the results presented by Utzat
et al.,"' it is likely that CsPbl; NCs will have a drastically longer biexciton lifetime due to the

higher biexciton quantum yield and the longer exciton lifetime.

To confirm the deviation from statistical scaling predictions on a single NC level, single
CsPblz NCs are examined using the same fluorescence techniques as described for CdSe and
CsPbBr3. The lodide perovskite NCs also demonstrate complex blinking behavior, similar in
nature to that of the CsPbBr3. The biexciton lifetime and biexciton to exciton quantum yield ratio
remain consistent across most blinking states. The lower intensity states, however, show dramatic
changes in exciton lifetime, suggesting they correspond to charged states rather than the type B
blinking mechanism. Since the goal is to extract information inherent to exactly the four carrier
state, these low intensity states are not used in the analysis. The exciton lifetime, biexciton quantum

yield, and biexciton lifetime of CsPbls nanocrystals are presented in Figure 5-18. The large
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Figure 5-18 a) Fluorescence intensity trace for a large CsPbl; NC shoing multiple emissive states. b) Exciton
lifetime (high intensity blinking states only) for the same CsPbl; NC showing multiexponential decay which is
distinctly non-exponential. ¢) Biexciton lifetime and quantum yield of the high intensity emissive state. d)
PNRL!? for the high intensity state showing the same dynamics as in b).

biexciton quantum yield for minimally quantum confined CsPbl; NCs is consistent with the

solution phase biexciton quantum yield trend published by Utzat et al.''

Extracting statistical scaling values from the exciton lifetime, biexciton lifetime, and
biexciton quantum yield in large CsPbl; proves challenging. While the biexciton dynamics are
indeed much longer than the instrument response, neither the exciton nor the biexciton exhibit
monoexponential decays. Both the exciton and biexciton have a dominant exponential component
which can be fitted, but a single radiative rate is clearly insufficient to explain the dynamics of
either state. The lifetime of the second photon of the biexciton displays the same nonexponential
decay as the single exciton, demonstrating a consistent lack of state memory. Furthermore, this
suggests that the nonexponential dynamics are intrinsic to the sample rather than being due to a
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transient trap or charge. It is possible that the traps invoked to explain blinking in CsPbBr3 NCs
are simply close enough in energy to the band-edge for CsPbl; NCs that they are thermally
accessible and thus contribute to emission dynamics and intensity. Other possible explanations
include transient lattice deformations which change Coulomb shielding and thus radiative rates, as
well as carrier separation or loss of excitonic character within the NC. A crucial piece of evidence
to identify the cause of this nonexponential decay will be studying the multiexciton dynamics of
more highly confined CsPbls NCs. If the driving force is competitive lattice distortions as
suggested by the TA results, the nonexponential behavior ought to be more pronounced in smaller
NCs where there are fewer nuclear degrees of freedom. If the nonexponential behavior is due to
transient carrier separation in which the NC is behaving with more bulk-like properties, then the
nonexponential dynamics will be more pronounced in larger NCs. These studies are ongoing and
will hopefully shed light on the mechanism of multiexciton interactions in the weakly confined,
highly labile perovskite NC system.
5.6 Conclusion
In conclusion, we performed time- and spectrally-resolved photoluminescence on CsPbBr;3

nanocrystals while carefully controlling the sample’s exposure to air. The photoluminescence
spectra and post-exposure characterization of the samples suggest that the fast red-shifted emission
feature often attributed to an emissive biexciton occurs due to the formation of larger bulk-like
particles. Further analysis of the spectra suggests that the biexciton interaction is quite weak and
consistent with observations of free-carrier-like behavior and other known properties of lead halide
perovskite nanocrystals.

Next, fluence-dependent transient absorption measurements were combined with careful

spectral deconvolution to determine the full spectral properties of the biexciton state in CsPbBr3
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NCs and evaluate the overall strength of exciton-exciton interactions in this material system.
Exciton-exciton interactions in CsPbBr; NCs are net repulsive, and the repulsive interaction
becomes stronger as the NC size decreases. Furthermore, knowledge of exciton and biexciton
transition lineshapes is needed to accurately interpret optical gain mechanisms, and observation of
red-shifted optical gain is an insufficient indicator of the biexciton binding energy.

Finally, single nanocrystal studies reveal that NC intensity intermittency is consistent with
transient trap states which are inaccessible from the band-edge. Multiexciton studies reveal
nonexponential dynamics for large NC samples, suggesting that the loss of excitonic nature
drastically changes the identity of multiexciton states as compared to the established understanding
built on CdSe and other II-VI NC systems. Combining the multiexciton dynamics extracted from
the TA data with solution biexciton quantum yields, suggests that the biexciton lifetime in
perovskite NCs is not consistent with statistical scaling models. In total, these results demonstrate
that established models must be reconsidered when studying perovskite NCs in order to capture

the true material properties.

5.7 Methods

Nanocrystal samples were synthesized according to the methods described by Krieg et
al.'*? After synthesis, samples were stored in a nitrogen environment with low water and oxygen
content (<0.01 and <0.2 ppm respectively). Photoluminescence samples were prepared in a
nitrogen glovebox through dilution with toluene to concentrations corresponding to ~0.01
absorbance at the main exciton peak. After dilution, samples were placed in 2 mm path length
quartz cuvettes (Spectrocell), capped, and wrapped in Parafilm to ensure a continuing air-free
environment. For air-exposed samples, preparation steps remained the same except immediately

before measurement, the Parafilm was removed and the cuvette opened for ~5 seconds. The cap
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and Parafilm were then replaced, and the sample agitated to mix any air into the sample
homogeneously.

Bulk perovskite films were synthesized by a reprecipitation method. Precursor solutions of
0.2M CsBr and 0.5M PbBr2 in N,N-dimethylformamide (DMF) are prepared then mixed in a five
to two volumetric (one to one molar) ratio. 100 pL of the mixed precursor solution is added
dropwise to 10 mL of toluene. The mixed precursor toluene solution is stirred vigorously for one
minute then centrifuged at 4300 rpm for ten minutes. The precipitate is redispersed in 120 pL of
toluene and drop cast on a glass slide, then dried under vacuum. Photoluminescence spectra of the
bulk polycrystalline film were taken using an Avantes fiber-optic spectrometer and excited using
a 365 nm fiber-coupled LED (Thorlabs).

During spectrally resolved photoluminescence measurements, samples were excited with
50 fs pulses at 400 nm using the output of a commercial noncollinear optical parametric amplifier
with an integrated harmonics generator (Spectra-Physics Spirit NOPA). The laser beam was
spatially filtered by focusing through a 10 um pinhole, and then coupled into a Nikon Ti-U inverted
microscope. The excitation was focused into the sample and the excitation was collected using the
same 40x air objective (Nikon) with a correction collar set to correct for the 1 mm cuvette wall.
The emitted light was focused into a 500 mm focal length monochromator equipped with a 150
gr/mm grating. The monochromator output was collected and focused into an APD.
Photoluminescence lifetimes were collected by sending the electrical pulses from the APD to a
time-correlated single photon counting unit (Picoquant Picoharp 300). The synchronization signal
was generated by separating a fraction of the excitation source using a beam splitter, focusing it
into a high-speed photodiode (Thorlabs), and using the photodiode output to trigger a digital delay

generator (Stanford Research Systems DG645) to send pulses of the correct voltage and polarity



to the TCSPC unit. The complete system had an IRF of 160 ps, and the count rate at the detector
was maintained at <800 counts per second to avoid artifacts. A PL decay trace was collected at
each spectral position by scanning the monochromator in 1 nm increments.

Solution biexciton quantum yield and lifetime measurements were completed utilizing the
methods described by Beyler ef al.>® and Bischof et al.>® respectively. Samples contained within a
100 pm thick microcapillary are excited with a 405 nm pulsed excitation source (Picoquant) at a
repetition rate of 2.5 MHz. Excitation and emission were separated by a 425 nm long pass filter
(Thor Labs, DMLP425). Nanocrystal emission was further filtered using a spatial pinhole (100
mm lenses, 50 pm) and a 425 long pass filter (Edmund Optics). The emitted beam was then split

[.>* Each beam is directed

into four by three 50:50 beam splitters as illustrated by Shulenberger ef a
towards a single-photon counting detector (Perkin Elmer, SPCM-AQRI13). Photon arrival times
were recorded by a HydraHarp 400 (Picoquant) and analyzed using home-built software published

at https://github.com/tsbischof/photon_correlation and https://github.com/hutzat/photons.

Single-particle measurements were conducted on the same instrument as the single-particle

CdSe measurements. A full description may be found in section 4.5.
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6 Chapter

Future Work

6.1 Biexciton Binding Energy of a Single Nanocrystal
Chapters 4 and 5 discuss in some detail the biexciton binding energy of both CdSe and

perovskite nanocrystals. What was hopefully apparent is that there are a number of methods
currently utilized to extract this parameter, all of which have distinct drawbacks. Power-dependent
PL measurements in theory should provide a good avenue to extract the biexciton shift, however,
due to signal-to-noise and spectral resolution issues, the biexciton binding energy is frequently lost
in the envelope of exciton emission. Transient absorption methods are also frequently utilized for
this purpose. Unfortunately, due to the high degree of spectral overlap between the exciton and
biexciton spectrum, it is often non-trivial to separate these features. Generally, features near the

main excitonic bleach are fit to two gaussians at high power, or single wavelength features are
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Figure 6-1 Detector geometry for the single-particle biexciton binding energy measurement. The
multicolored circle represents a high-precision edge-pass filter mounted to a rotational stage. The
absorbance spectrum illustrates that by rotating the filter from 0 degrees to 45 degrees, the cut-off
wavelength can be tuned by many tens of nanometers.
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tracked as a function of time and excitation power. Chapter 5 demonstrates how these methods fail
to capture a lot of the nuance in the biexciton spectrum, and how many frequently held
assumptions, like the exciton and biexciton having the exact same spectral lineshape, are not
necessarily true. Chapter 5 presents the exciton and biexciton transient absorption spectra for both
the exciton and biexciton state. While these spectra provide useful information on the nature of the
two states, and exciton-exciton interactions in the perovskite lattice, it is important to note that
transient absorption spectra contain information about a number of competing processes. Take the
exciton spectrum; it contains the ground state bleach for the ground-to-exciton transition, induced
absorption from the exciton-to-biexciton state transitions, and stimulated emission from the
exciton state. There is no rigorous method to separate these three features, and thus general
conclusions must be drawn based primarily on the peak energy and spectral linewidth. There would
be great advantage in directly measuring the biexciton photoluminescence spectrum as it contains
fewer compounding influences. In particular, measuring the biexciton spectrum from an individual
NC would allow comparison of linewidth and energy without any effects from heterogeneous
broadening. This could be crucial because it is unknown whether heterogeneous broadening is
consistent between the exciton and biexciton states.

One possible method to extract the single NC biexciton PL spectrum is to utilize
established second order correlation methods, combined with tunable, high-precision edge-pass
filters. The experiment is illustrated in Figure 6-1. In brief, the experiment geometry is quite similar
to that of a traditional g® measurement where the emission beam is spatially and spectrally filtered
to remove out of plane light and laser scatter, then split into two equivalent beams which are
focused onto single-photon counting detectors. The primary difference is that one detection beam

is also spectrally filtered using an edge-pass filter. The cutoff wavelength of these filters is changed

119



based on the angle of incidence, and thus can be swept across the spectrum. Here | propose
combining one long-pass and one short-pass filter such that the total number of nanocrystal counts
can be maximized while still exploring the entire spectral range. At each filter position, t3 data can
be collected. Through post-processing the exciton and biexciton spectra can then be reconstructed.
The exciton spectrum is contained within one-photon detection events in which the photon arrived
at the filtered detector, while the biexciton spectrum is contained within two-photon events where
the first photon arrived at the filtered detector. Simultaneously, this measurement will also provide
the spectrum of the second photon from a biexciton, allowing us to confirm whether that this state
is not only identical in dynamics to a single exciton as presented in Chapter 4, but also in spectrum.

There will be a number of technical challenges that must be overcome to achieve this
measurement. First, a mathematical algorithm to reconstruct the exact NC spectrum from the linear
combination of intensities and filter absorption spectra must be developed. There are a number of
examples of how to use differential absorption spectra to reconstruct a detected spectrum, and thus
this should not pose too great a challenge. Additionally, nanocrystal emission is not constant over
long experiments. Nanocrystal blinking tends to increase with longer integration times, even in the
most stable of CdSe NC samples. Under low-flux count rates it takes approximately 20 to 30
minutes to acquire a nice g trace with high signal-to-noise in a minimally blinking NC. Thus, to
achieve high spectral resolution, a single nanocrystal will have to be examined over a many hour
period. The integration time may be reduced through nonlinear spectral sampling, with more data
points taken around the peak of the exciton fluorescence spectrum, and fewer towards the tails.
Finally, and potentially most importantly, changes in the NC must be accounted for throughout the
duration of the measurement. To normalize different degrees of NC blinking, the side peak of the

g® must be considered. Generally speaking, this side peak only considers the cross correlation.
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However, in this experiment, that would require that one of the side peak photons arrives at the
filtered detector. If only considering photons which both arrive at the unfiltered detector, detector
afterpulsing, which extends for many hundreds of nanoseconds, becomes a serious concern. None
of these concerns are insurmountable, but must be seriously considered and eliminated as a source
of experimental error or bias before proceeding.

It would be of great interest to complete this measurement and then compare to biexciton
and exciton TA spectra that are extracted utilizing the target analysis method described in Chapter
5. For example, the combination of these methods could allow us to determine of the Stokes shift
for the biexciton and exciton state are the same, among other things. The overall goal of this
experiment would be to determine whether our established understanding of the energetics of the
biexciton state and the assumptions so often invoked when modeling or fitting these states are
accurate, and through these tests, to deepen our understanding of exciton-exciton interactions in

semiconductor NCs.

6.2 Size-Dependent CdSe Nanoplatelet Biexciton Dynamics

The bulk of this thesis has set forth to describe the nature of exciton-exciton interactions in
different material systems and different multiexciton states. To do so, both biexciton and triexciton
states have been deeply investigated in CdSe NCs and the biexciton state in perovskite NCs.

One avenue of confinement that was not investigated in this thesis is dimensionality. Both
perovskite and CdSe nanomaterials can be made into one-dimensionally confined colloidal
nanoplatelets. These platelets show strong excitonic confinement in the z-direction, and minimal
to no confinement in the x- and y-directions. The strong confinement in the z-direction provides a
large exciton binding energy, much larger than in three-dimensionally confined nanocrystals. If
only considering the energetics of the states, it would lead to the conclusion that the biexciton state
must also be strongly bound. However, the large lateral size also provides an entropic driving force
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to separate the two excitons, not even considering exciton separation into a free electron and hole.
Using a basic coarse-grained model, one can estimate the entropic driving force that would be
expected based on the size of the exciton and the lateral size of the nanoplatelet. For example, if
the exciton Bohr radius is ~2 nm in the lateral dimension, and a nanoplatelet has edge lengths of
10 nm and 30 nm, the platelet can be broken into a 5x15 grid which corresponds to different
exciton sites. If we assume the biexciton has the same spatial extent as the exciton, an assumption
that may not be completely accurate in these strongly confined systems, then the number of
microstates accessible to a bound correlated biexciton is just the number of lattice positions (N) or
75. If we allow the biexciton to separate into two free excitons, then the number of microstates is
N(N-1) or 5,550. The entropy of a state is directly correlated to the number of microstates in the
below equation.
S =kglnw (6-1)

Where S is the entropy, kg is the Boltzmann constant, and ® is the number of microstates. A bound
biexciton would then have an entropy of 0.37 meV/K and two free excitons would have an entropy
of 0.74 meV/K. Thus the NC temperature will, unsurprisingly, play an important role in the bound
nature of the biexciton state. The lateral size of the nanoplatelet will also have a great effect, with
larger nanoplatelets providing a larger increase in available microstates for free biexcitons as
compared to bound biexcitons. This tradeoff is further complicated by the fact that most
nanoplatelet syntheses result in particles much smaller than the diffraction-limited excitation spot
used in many confocal experiments, resulting in excitations evenly distributed across the
nanoplatelet area. Thus it is quite possible to create a “multiexciton” in a state which is not spin-

or energy-correlated.
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Biexciton analyses on single CdSe nanoplatelets as described for both CdSe nanocrystals
and perovskite nanocrystals in this thesis would provide a great first test of these hypotheses. The
biexciton lifetime of a strongly spin- and energy-correlated biexciton state should obey established
statistical scaling models. In theory, a state consisting of two truly independent excitons on a
nanoplatelet should have first photon recombination dynamics equal to exactly one half the exciton
lifetime. These two limits of lifetime scaling cases can inform us on the degree of exciton
separation based on nanoplatelet lateral size. These measurements would also be greatly enhanced
by TA studies similar to those completed for the perovskite NCs in this thesis, as there should be
significant differences in the energetics of a bound biexciton state as compared to a separated

biexciton, and this could provide crucial energetic evidence for exciton separation.

6.3 Investigation of Shell Effect on Triexciton Recombination
In Chapter 4, the scaling and emission wavelength of the triexciton was thoroughly

investigated in a CdSe/CdS core-shell sample. In this sample, triexciton recombination occurs
almost exclusively from the S-like band-edge state. Modeling results suggest that the degree to
which the triexciton emits from the band-edge is likely controlled by the degree of P-like carrier

separation as induced by the thick NC shell. To test this, these experiments can be repeated with a
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Figure 6-2 Particle in a sphere modeling of the electron and hole wavefunctions for a CdSe/ZnS core-shell NC.
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series of CdS shell thicknesses, similar to how statistical scaling was tested for the biexciton in
Chapter 4. The extreme case would even involve considering the triexciton recombination
dynamics in a CdSe/ZnS heterostructure that has a type I band alignment, with both the electron
and hole confined to the CdSe core. Thus, in that case, the carrier wavefunction overlap should not
change based on the shell thickness. The same particle in a box modeling which was performed
on CdSe/CdS core-shell systems was also performed for CdSe/ZnS NCs. These results are shown
in Figure 6-2, and indicate that there is minimal difference in the electron-hole wavefunction
overlap for the S-like and P-like states. Therefore, the difference in branching ratio for triexciton
emission for the S-like and P-like states on CdSe/ZnS nanocrystals should directly interrogate the
relative intrinsic radiative rates of the states in the CdSe lattice. The ZnS shell should also serve to
increase the NC quantum yield through passivating surface states and isolating excitons from
fluctuating environmental conditions without effecting the energy landscape which the exciton

occupies.
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