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Abstract

Recent progress in the field of nanomaterials has enabled significant advances in optoelectronic
devices such as solar cells, light-emitting diodes, photocatalysts, and sensors. Nanoparticles
feature superior optical and electronic properties that arise from quantum confinement and
therefore cannot be attained used bulk materials. However, further developments in the field of
nanotechnology require increased knowledge regarding how to further improve the properties of
these novel materials. Because nanoparticles are quantum confined, methods of altering
nanoparticles properties extend beyond just changes of material composition to also those of
nanoparticle size and shape. The modification of shape is especially useful when it involves
changing the number of nanoscale dimensions, as quantum confinement in one, two, or three
dimensions results in drastically different optical and electronic properties. However, because the
electronic behavior of one- and two-dimensional nanomaterials is not captured by either that of
nanoparticles confined in all three dimensions (i.e. zero-dimensional nanomaterials), nor by that
of bulk materials, experimental investigations into their photophysical behaviors are needed to
gain fundamental understanding regarding how nanoparticle dimensionality affects optoelectronic

behavior.
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This dissertation investigates the effect of nanoparticle dimensionality on the
photophysical behavior of semiconductor nanoplatelets (NPLs)—colloidal, two-dimensional
nanoparticles that are quantum confined in only one dimension. In each study, time-resolved
spectroscopy is employed to characterize the optical or structural properties of CdSe NPLs
following photoexcitation, in order to gain insight into the behavior of NPLs in conditions relevant
to optoelectronic applications. In the first study, a magneto-optical experiment is used to determine
the lateral spatial extent of the excited electron-hole pair (“exciton’), which dictates electronic
interactions between NPLs and other materials. Although the exciton in two-dimensional materials
is often assumed to be spatially extended throughout the plane of the material, we show that the

exciton in CdSe NPLs is relatively spherical in shape.

An example of a type of electronic interaction that is affected by exciton spatial extent is
demonstrated in the study of electron transfer between pairs of nanoparticles with varied
dimensionalities presented in the following chapter, which reveals that systems containing NPLs
undergo charge transfer more rapidly than those containing zero-dimensional particles (“quantum
dots”). Another type of electronic interaction is that of Auger recombination, an undesirable
process through which excess electronic energy is transferred to a third carrier (either an electron
or hole) instead of light. Here, we investigate the scaling of rates of Auger recombination with
respect to NPL size, revealing that the universal volume scaling relationship present for zero- and
one-dimensional nanoparticles does not carry over to two-dimensional NPLs. Furthermore, despite
the common assumption that multiexciton recombination is dominated by nonradiative (Auger)
recombination in quantum-confined systems, measurements of Auger lifetimes as a function of

temperature reveal that multiexcitons become radiative at low temperatures in NPLs.
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Finally, the effect of intense photoexcitation on NPL crystal structure (and therefore
optoelectronic properties) is probed using time-resolved X-ray diffraction, revealing that,
following photoexcitation, the NPL lattice loses crystallinity more significantly in the out-of-plane
direction than in the in-plane direction. Although this is cause for concern as the out-of-plane
direction is the one that dictates optoelectronic properties, the excitation intensity required to
induce disordering in NPLs is significantly higher than that observed for quantum dots, suggesting
NPLs are still the more promising material for optoelectronics. Together, the studies in this
dissertation delve into many of the photophysical processes that bear relevance to optoelectronic
devices, showing that nanoparticle dimensionality is an important factor to consider in the design

of nanotechnology.
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dodecane are pressurized to produce a free jet. NPLs are excited by 3.1 eV, 1.6 ps laser pulses and
probed using 11.7 keV, 79 ps bunched X-ray probe pulses. Powder diffraction (shown here for 3

ML NPLS) is collected on a gated area deteCtor. ..........c.cccveiveiieieerie e 111

Figure 6.2. (a) Computed static XRD patterns for 3, 4, and 5 ML NPLs, focusing in on the (220)
peak region, determined by fitting a region of the experimental XRD data (shown in gray) for each
NPL thickness in dodecane at 30 °C. Dashed lines are fits to the (220), (202), and (022)
components and solid-colored lines are the sums. (b) Derivatives of the computed static XRD
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Figure 6.3. Static characterization of CdSe nanoplatelets. (a) Transmission electron microscopy
images of 3, 4, and 5 ML CdSe NPLs. Scale bars are 100 nm. (b) Baseline-subtracted static X-ray
diffraction patterns of 3, 4, and 5 ML CdSe NPLs dispersed in solvent (dodecane for 3 and 4 ML,
heptamethylnonane for 5 ML) at 30 °C. For reference, the bulk zinc blende CdSe diffraction
pattern is shown in black below the experimental data (ICSD 41528). (c) Schematic of a 4 ML
zinc blende CdSe NPL, showing alternating layers of Cd and Se stacked along the [001] direction.
In-plane dynamics can be observed by monitoring the response of the (100) planes after
photoexcitation, whereas out-of-plane dynamics can be obtained from the response of the (001)
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Figure 6.4. (a) Static XRD pattern of 5 ML NPLs in heptamethylnonane, focusing in on the (220)
peak. The peak is fit to three pseudo-Voigt functions, corresponding to the (220), (202), and (022)
planes, which are not equivalent in tetragonally-distorted CdSe NPLs. (b) Visualization of the

(220), (202), and (022) planes in a CdSe NPL MOdel. .........cccovviieiiiieiieceee e 116

Figure 6.5. Time-resolved X-ray diffraction of 5 ML CdSe NPLs, 40 ps after photoexcitation. (a)
TR-XRD patterns as a function of increasing fluence. (b) TR-XRD patterns, normalize to a
maximum of 1, for the (220) and (400) peaks. The area shaded in gray represents the TR-XRD
pattern that results from only a peak shift to lower g (i.e. thermal expansion). Deviations from this

lineshape arise from loss in diffraction due to transient disordering. .........c..ccccoveveiieiecciecnenne. 118

Figure 6.6. Natural log of the normalized peak intensity versus g2, plotted every 15 °C between
60 °C and 180 °C. A linear relationship, not observed here, would be expected by Debye-Waller
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Figure 6.7. Fraction of the (a) (220) or (b) (400) peak area that stems from transient disordering

FOI 5 IMIL NPLS. ...ttt r b 120

Figure 6.8. TR-XRD patterns of the (220) peak in 3 ML CdSe NPLs, 40 ps after photoexcitation
at (a) 0.54, (b) 1.0, and (c) 2.0 mJ/cm?. The shaded gray area in (c) is the TR-XRD pattern that

results from only a peak shift to lower g (i.e. thermal expansion only, with no disordering).... 121

Figure 6.9. Thickness dependence of NPL thermal response. (a) TR-XRD patterns, normalized to
a maximum of 1, of the (220) and (400) peaks 40 ps after photoexcitation for 3, 4, and 5 ML NPLs

at comparable fluences. The areas shaded in gray represent the TR-XRD patterns that result from
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only a peak shift to lower g (i.e. thermal expansion). (b) Fraction of the integrated AS peak area

that stems from transient disordering for the (220) vs (400) planes at ~10 mJ/cm? for each
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Figure 6.10. Cooling and recrystallization dynamics of 5 ML CdSe NPLs. (a) Recovery dynamics
in 5 ML NPLs after 400 nm excitation at 11 mJ/cm?, determined by integrating AS for each peak.
For each curve, dynamics are normalized to 1. Solid lines are biexponential fits to the data. Inset
shows fit to longer time delays. (b) TR-XRD of the (400) peak at four different time points early
in the recovery process, normalized to a maximum value of 1. No change in lineshape is apparent.

(c) TR-XRD patterns of the (220) and (400) peaks up to 5 ns after photoexcitation. ................ 123
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1 Introduction to Semiconductor Nanoplatelets

Control over the synthesis of colloidal semiconductor nanocrystals (NCs) was developed in 1993
by Chris Murray, David Norris, and Moungi Bawendi.! The effect of quantum confinement,
whereby an electron’s wavefunction is modified by the presence of a potential barrier, had already
been attributed to the optical properties displayed by semiconductor nanoparticles.?® Scientists had
identified that the walls of a nanoparticle could act as a potential barrier, such that altering the
nanoparticle diameter would modify the extent of confinement. In this way, the optical band gap
of a material — the difference in energy between the valence and conduction bands, or the lowest
energy at which the material will absorb light — could be modified without any change in the
particle composition. Now, the development of reliable colloidal synthesis would make them

easier to work with, study, and incorporate into electronics.

Since this period of discovery, semiconductor nanoparticles — or “quantum dots,” as they
are also commonly termed — have been developed in a wide range of sizes, shapes, and

compositions, and their utility in a number of applications has been demonstrated.*® Just as



26
changing the size of the nanoparticle alters its bandgap, altering the shape likewise influences the
electronic bandgap. In this regard, altering the number of quantum-confined dimensions is one of
the most effective ways of tuning nanoparticle electronic structure, as whether a particle is
guantum confined in one, two, or three dimensions will have drastic implications on its electronic
structure. One- and two-dimensional nanoparticles are thus of immense interest in the research
community; in this dissertation, I will focus on a specific subset of materials, aiming to understand

how their dimensionality influences their photophysical properties.

1.1 Optical Properties of Semiconductor NPLs

Nanoplatelets (NPLs) are colloidal, two-dimensional semiconductor nanocrystals that are quantum
confined in only one dimension—that of their thickness. They benefit from the same advantages
as conventional semiconductor quantum dots, such as solution processability, bandgap tunability,’
and strong light absorption,®° but with the added benefits that arise from quantum confinement
in one dimension.!! The NPL bandgap is defined almost entirely by its thickness, which is
atomically defined, owing to the fact that NPLs contain a discrete number of unit cells along their
vertical dimension. As a result, NPLs feature exceptionally narrow emission linewidths that make
them exceptional candidates for optoelectronic applications.!*® Indeed, NPLs feature such
narrow emission linewidths that NPL ensembles have been shown to have the same emission
linewidths as single NPLs, featuring only homogeneous broadening.!? This is in contrast to the
heterogeneous linewidths associated with zero-dimensional NCs, where even the most

monodisperse samples will still feature inhomogeneous broadening.
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To date, most of the work in the field of semiconductor NPLs has focused on CdSe and/or

CdS. CdSe NPLs of 2.5 to 8.5" monolayers (ML) thickness have been synthesized, ' allowing
for bandgap tunability between 1.98 and 3.16 eV. By exchanging the ligands on the surface of the
NPLs, growing a semiconductor shell or crown,?>?* or compositional alloying,?® further
modification of the band energies are possible. Here, we focus on CdSe NPLs of 3.5, 4.5, and 5.5
ML (referred to in this work as 3, 4, and 5 ML NPLs), where the NPL surfaces are terminated by
layers of Cd?* and ligated with oleate, as these were the thicknesses that were first available to the
scientific community. While the syntheses of 4 and 5 ML CdSe NPLs that were first introduced
are analogous, the syntheses of thinner (2 ML) and thicker (6+ ML) NPLs require alternate
methodologies like the use of halides,''%2%?! or colloidal atomic layer deposition.'®22” Other
compositions of semiconductor NPLs aside from the I1-1V semiconductors are now accessible as
well, such as ZnX,?® HgX,?® PbX,%3033 (X =S, Se, or Te) and the widely studied class of

perovskite-based lead halides®43¢ like CsPbBrs NPLs.3"~°

The absorption spectrum of CdSe NPLs is shown below in Figure 1.1a. Three distinct
excitonic features can be observed, corresponding to the heavy-hole, light-hole, and split-off
bands, which are related in Figure 1.1b for bulk zinc blende CdSe. Also depicted in Figure 1.1a is
the photoluminescence spectrum of CdSe NPLs, which features a very small Stokes shift (<30
meV) in comparison to the typical Stokes shift of CdSe NCs (30-80 meV).* Like the narrow
emission spectrum, the small Stokes shift of CdSe NPLs arises from the lack of inhomogeneity in

NPL ensembles.

* Higher thicknesses are possible, but are hard to isolate (and thus will be present with thinner NPLs) or display very
weak emission.
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Figure 1.1. (a) Absorption and emission spectra of 3, 4, and 5 ML CdSe NPLs. Adapted from Ref. 11. (b)
Band diagram (energy vs. carrier momentum) of bulk zinc blende CdSe showing the conduction band and
the heavy-hole, light-hole, and split-off bands of the valence band. The lower panel indicates the
corresponding NPL absorption spectrum features derived from quantum confinement of the bulk valence

band. Adapted from Ref. 41.

Notably, CdSe NPLs feature large absorption cross-sections that are an order of magnitude
greater than those of zero-dimensional NCs and that can be further tailored via NPL thickness and
lateral area.8~1 It thus becomes natural to think about employing NPLs as light absorbers and then
transferring either the excitations or the carriers into neighboring, electronically-coupled materials
that can perform alternate functions.*>#® In this regard, CdSe NPLs have been shown to be
promising, as they exhibit highly efficient rates of Forster resonance energy transfer amongst one
another**“®—even outpacing rates of nonradiative biexciton recombination, such that energy
transfer can occur at high excitation fluences before the electron-hole pair has undergone

recombination.***” This energy transfer occurs even between NPLs of uniform thickness,
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guenching the photoluminescence quantum vyield in environments with a high proportion of

stacked NPLs.*84°

1.2 Photophysical Properties

The photophysical properties of CdSe NPLs — namely, the carrier dynamics and behavioral
response following photoexcitation — are important to understand if the aforementioned
optoelectronic properties are to be harnessed and optimized for use in applications. The aim of this
thesis and many other studies published in the field of NC carrier dynamics is thus to understand

the processes that take place following NPL photoexcitation.

In most cases, excitation is executed using above bandgap energy photons, such that
electrons are excited into above-band-edge conduction band states. Hot carrier (intraband)
relaxation from these higher states to the conduction band edge takes place within 2 ps.>® The fast
lifetime of intraband relaxation represents a significant loss of energy, since the energy that is
released during the process is unable to be harnessed for other applications. Instead, the energy is
simply dispersed throughout the lattice as heat; more specifically, intraband relaxation happens via
phonon generation, or lattice vibrations. If higher excitation densities are used, for example in the
case of photoelectrical injection for light-emitting diodes or for establishing a population inversion
for lasing, cooling takes longer. At these higher excitation densities, cooling requires tens of
picoseconds as hot electrons cool via emission of longitudinal optical (LO) phonons, which are

subsequently reabsorbed by the carriers before they can decay.> These two populations reach a
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thermal equilibrium that then decays together through interaction with acoustic phonons, which

ultimately defines the longer carrier cooling lifetime.>*

As shown in Figure 1.2, following intraband relaxation, carriers reside at the band edge. In
the case of low excitation fluence, single excitation recombination will proceed, the lifetime of
which is on the order of a few nanoseconds for CdSe NPLs.1*2 While CdSe NCs typically display
luminescence that decays with a lifetime on the order of tens of nanoseconds,®® the
photoluminescence quantum yield of CdSe NPLs is typically lower than that of CdSe NCs, owing
to poorer surface passivation. Poor surface passivation can result in the creation of inter-bandgap
trap states that electrons and/or holes can occupy, thereby hindering recombination. Nevertheless,
quantum yields are still respectable at around 20-50%.4° As shown in the bottom panel of Figure
1.2, at higher excitation densities, multiple excitons will be generated. An appreciable advantage
of CdSe NPLs lies in their biexciton dynamics, where nonradiative Auger recombination is
observed to occur on the order of hundreds of picoseconds,®**® in comparison to the single
picosecond lifetimes of CdSe NCs.%*% This enables higher efficiencies in light-emitting diodes
and higher gain in lasing,>®%° pairing well with the narrow emission linewidths of NPLs for

prospective applications.
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Figure 1.2. Relaxation processes following (a) low and (b) high fluence, above bandgap excitation. Above
bandgap excitation creates hot carriers that undergo intraband relaxation down to the conduction and
valence band edges. For a single exciton, recombination can occur radiatively or nonradiatively. For a

biexciton, recombination tends to occur nonradiatively through Auger recombination.

1.3 Active Challenges in NPL Photophysics

While there are many aspects of NPL photophysics that are already understood, there remain
equally as many — if not more — that remain open as active challenges. The complications that arise
as a result of strong quantum confinement in one dimension and a lack thereof in the other two
create scenarios where carrier dynamics are difficult to predict a priori or challenging to

comprehend once they have been probed. When they exist, results on other two-dimensional



32
systems such as quantum wells or transition metal dichalcogenides are not blindly transferrable,
necessitating the need for experiments specific to these colloidal materials. In this dissertation, I
apply time-resolved methods such as transient absorption spectroscopy, time-resolved
photoluminescence spectroscopy, magneto-optical spectroscopy, and time-resolved X-ray

diffraction to better understand multiple aspects of the photophysics of CdSe NPLs.

In particular, I begin by examining the in-plane spatial extent of the exciton radius. Given
the lack of quantum confinement in the lateral plane of the NPL, there is reason to believe that the
exciton would be spatially extended throughout the plane of the NPL—or, at least, as spatially
extended in-plane as it would be in bulk CdSe. Theoretical arguments have not agreed upon a size,
and experimental estimates based on binding energy are inconsistent, so in Chapter 3 we apply a
more direct method of measuring the in-plane exciton radius using magneto-optical spectroscopy

to determine whether or not the exciton is spatially confined within the plane of the NPL.

The spatial extent of the exciton influences NPL electronic interactions with other
materials, which brings us to Chapter 4, where | investigate the effect of nanoparticle
dimensionality on rates of charge transfer between CsPbBrs; and CdSe nanoparticles. By keeping
all other variables the same—namely, interparticle separation and electron transfer driving force—
and only varying the nanoparticle dimensionality—we are able to compare rates of electron
transfer for OD — 0D, 0D — 2D, 2D — 0D, and 2D — 2D nanoparticle combinations. We find
that systems containing 2D NPLs as the electron acceptor exhibit faster rates of electron transfer
than systems containing OD quantum dot acceptors, establishing that NC dimensionality plays a

role in rates of electron transfer.
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In Chapter 5, we move past single electron-hole pairs, to considering NPLs that hold
multiple excitations and consider the process of Auger recombination, in which an excited
electron-hole decays nonradiatively by transferring its energy to a third carrier. As mentioned
above, this process is one of the many benefits of NPLs, as rates of Auger recombination for NPLs
are an order of magnitude slower than they are for zero-dimensional NCs. Nevertheless, we have
very little understanding of the behavior of how these rates scale with respect to parameters such

as NPL lateral area, volume, and temperature, and we investigate these aspects in Chapter 5.

Another aspect worth considering when working with NPLs at high excitation fluences is
what the effect of such high excitation fluences is on the NPL structure and, therefore,
optoelectronic properties. As introduced previously, above bandgap excitation is followed by
intraband relaxation, whereby hot electrons relax to the band-edge via the generation of phonons.
These phonons heat the NC lattice. Given the low thermodynamic stability of high surface area
NCs, does this lattice heating negatively influence the NC structure? Since NC optoelectronic
properties are so closely tied to their structures, this is a critical question to answer, and one that |
describe in Chapter 6 for an anisotropic material featuring high surface energy corners and edges

that are likely to impact their physics of melting.

1.4 Appendix - Synthesis of CdSe NPLs

Below, the synthesis of 3, 4, and 5 ML CdSe NPLs is provided for reference, as these methods are

common to all the chapters in the thesis. The syntheses is adapted from the initial work of Ithurria
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et al.,** with additional modifications developed by lgor Fedin and Benjamin Diroll to achieve

better thickness control and also enable manipulation of lateral area.>®%°

Prior to the synthesis of 4 or 5 ML CdSe NPLs, cadmium myristate precursor is prepared by
dissolving cadmium nitrate (650 mg) in methanol (20 mL) and then adding it to a solution of
sodium myristate (1.5 g) also dissolved in methanol (100-125 mL). The resulting powder is
isolated via centrifugation and then washed three times with methanol and once with acetone, and

then dried overnight in a vacuum oven.

1.4.1 Synthesis of 3 ML NPLs

Cadmium acetate (960 mg), oleic acid (600 pL), and octadecene (60 mL) are added to a
three-neck flask and degassed for 1 hour at 80 °C. The solution is then heated to 180 °C under
nitrogen, at which point selenium powder dissolved in trioctylphosphine (600 puL, 1 M) is rapidly
injected. After 5 minutes, the reaction is stopped and the NPLs are washed twice with isopropanol

and then redispersed in 1-methylcyclohexane.

1.4.2 Synthesis of 4 ML NPLs

Cadmium myristate (170 mg), selenium powder (12 mg), and octadecene (14 mL) are
added to a three-neck flask and degassed for 1 hour under stirring. The solution is then heated
under nitrogen; at 190 °C, cadmium acetate (40 mg) is added. Heating is continued until 240 °C,
which is maintained for 5 minutes before cooling the reaction back down. When the temperature
reaches 70 °C during cooling, oleic acid (2 mL) and hexane (15 mL) are added. The solution is
then centrifuged and the resulting pellet is dissolved in 1-methylcyclohexane and filtered through

a 0.2 um polytetrafluoroethylene (PTFE) syringe filter.
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To achieve small lateral area platelets, the solution is only heated to 225 °C prior to cooling.
To achieve medium or large plates, the solution is heated to and then held at 240 °C for 1 minute

(medium plates) or 5 minutes (large plates) and then cooled.

1.4.3 Synthesis of 5 ML NPLs

Cadmium myristate (170 mg) and octadecene (14 mL) are added to a three-neck flask and
degassed for 30 minutes. The solution is then heated under nitrogen to 250 °C. At 250 °C, selenium
powder (12 mg) sonicated in octadecene (1 mL) is rapidly injected. After 60 seconds, cadmium
acetate (90 mg) is added. The solution is held at 250 °C for 10 minutes and then cooled. When the
temperature reaches 70 °C, oleic acid (2 mL) and hexane (15 mL) are added. The solution is then
centrifuged and the resulting pellet is dissolved in 1-methylcyclohexane and filtered through a 0.2

um PTFE syringe filter.
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2 Time-Resolved Methods

Throughout the studies presented in this thesis, two types of time-resolved spectroscopies are
frequently employed to gain insight into the photophysical properties of semiconductor
nanocrystals: transient absorption spectroscopy and time-resolved photoluminescence
spectroscopy. In addition, Chapter 6 focuses on a time-resolved diffraction technigue that provides
time-resolved structural information that is highly complementary to the types of ultrafast
electronic studies commonly conducted to gain insight into nanomaterial dynamics. In this chapter,
the basics of each technique are explained and some general details regarding data processing are
provided that are inherent to the overall techniques, rather than specific to the individual works

presented in the following chapters.

2.1 Pump-Probe Methods
Transient absorption (TA) spectroscopy (Section 2.2) and time-resolved X-ray diffraction
(TR-XRD, Section 2.4) are both pump-probe methods wherein the sample is first excited using an

optical “pump” pulse and then probed to obtain information about the sample in its excited state.
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In the case of semiconductor nanoparticles, excitation moves an electron from the valence band
(ground state) into the conduction band (excited state). Following this excitation, the sample is
characterized in its excited state via a probe pulse. The probe determines the type of information
that will be determined. Common types of pump-probe methods employ optical, electronic,
magnetic, or X-ray probes. Even within the class of optical pump, optical probe spectroscopy, the
amount of information that can be obtained varies greatly depending on the wavelength of probe
that is chosen and whether it lies in the ultraviolet (UV), visible, near-infrared (near-IR), or IR
region. In this thesis, | employ pump-probe spectroscopy using an optical probe in the visible
wavelength range (TA, Section 2.2; see also Chapters 4 and 5) as well as an X-ray diffraction
probe (TR-XRD, Section 2.4; see also Chapter 6). While TA provides information about electronic
structure following excitation, owing to the use of the optical probe, TR-XRD provides structural
information, owing to the use of an X-ray diffraction probe. Short pulse widths are critical to
obtaining high time resolution information; as later described, the optical pump used for TA has a
35 fs pulse width, affording sub-picosecond time resolution that is narrow enough to resolve all of

the electronic processes described in Chapter 1.

The probe permits characterization of the sample at a variety of fixed time delays following
photoexcitation. In this way, the response of the sample following photoexcitation can be
monitored as a function of time and the lifetimes of the processes discussed in Chapter 1, Section
1.2 can be determined. A time delay between the pump and the probe can be established according
to varying path lengths along an optical table; since light travels at a speed of 3 x 10% m/s,

establishing a time delay of 1 ps between the pump and the probe simply requires having the probe
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travel 0.3 mm further than the pump. The distance the probe (or the pump) has to travel can be

adjusted throughout the experiment using a delay track (see Figure 2.2).

Although the sample is being photoexcited by the pump, not all of the sample will undergo
excitation and produce a detectable response in response to photoexcitation. This is because of two
reasons. Firstly, the pump typically does not irradiate the full sample region, typically as a matter
of concentrating the photons over a small area to generate the desired fluence (i.e. power density).
Second, even within the irradiated area, the sample will not absorb every photon; materials have
absorption cross-sections that dictate how many photons will actually be absorbed. As such,
regardless of the actual incident radiation, only a fraction of the sample will enter an excited state
and produce a detectable response. The information that the probe collects at this point will thus
contain contributions from both ground state and excited state populations. To isolate the
contribution from the excited state population, pump-probe spectra are typically evaluated as a

difference:
Al = Iyump on = Tpump off (2.1)

where the ground state spectrum (acquired with no photoexcitation, or by having the “pump off”)
is differenced from the excited state spectrum (acquired by having the “pump on”). The ground
state spectrum is continuously recollected throughout the experiment, rather than just being
measured once, in order to account for potential instrumental instability or sample evolution
through the experiment. As such, one alternates collecting ground state and excited state spectra
by using a chopper to alternate sending the pump through to the sample at half the frequency of
the probe, in addition to performing and then averaging multiple scans of the sample in the

laboratory time frame.
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2.2 Transient Absorption Spectroscopy
In its most basic configuration, absorption spectroscopy provides information about the electronic
transitions within a material. White light is passed through the sample, and based on how much of
that light is absorbed by the sample, and at what wavelengths, we are able to discern information

about resonant transitions that suggest the electronic structure of the material.

TA spectroscopy is a time-resolved technigque that compares the excited-state absorption
spectrum of a material to its ground state absorption spectrum according to Equation 2.1 for
absorption: AA = Apump on — Apump ofr- FOIlOWing photoexcitation, the absorption spectrum of the
nanoparticle sample is distinct from that of the ground state owing to the presence of an electron(s)
in the conduction band. For a direct gap semiconductor such as CdSe, the intensity of the transition
from the valence band to the conduction band in the nanoparticle absorption spectrum becomes
weaker in the excited state in comparison to the unexcited state (i.e. bleached), as there is already
one electron occupying the conduction band state. Since the TA spectrum is plotted as a difference
between the excited and ground state spectra in order to hone in on the electron changes induced
by photoexcitation, a bleached transition appears as a negative AA signal. The static and transient
absorption spectra for CdSe NPLs are plotted in Figure 2.1; the blue arrows at 550 and 520 nm
indicate the location of two bleaches that arise owing to the presence of the electron in the

conduction band following photoexcitation.
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Figure 2.1. (a) Visible absorption spectrum of CdSe NPLs in the ground state. (b) Transient absorption
spectrum, 2.1 ps after photoexcitation, of CdSe NPLs in the excited state. Bleach and induced absorption
features can be seen and are indicated by the blue and green arrows, respectively. (c) Schematics indicating
how bleach, induced absorption, and stimulated emission features can arise in TA spectroscopy.

On the other hand, the occupancy of this conduction band state by this electron opens up
the possibility of accessing other transitions within the higher states of the conduction band that
were not previously accessible for the ground state material. As a result, at some energies we
observe increased absorption, or induced absorption, that manifests as a positive AA signal. Lastly,
the presence of a conduction band electron allows for the possibility of stimulated emission, in
which interaction with a bandgap-energy photon causes emission of two bandgap-energy photons.
Since this process causes the probe beam to emerge from the sample with increased intensity at

this photon energy, it also results in a negative AA signal at the wavelength of the bandgap. Figure

2.1c summarizes these three common TA features.
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In each instance that TA is mentioned in this dissertation, TA was conducted using a 35 fs pulse
width, amplified Ti:sapphire laser operating at 2 kHz. A 400 nm pump pulse was produced by
frequency-doubling the 800 nm fundamental output of the Ti:sapphire laser in a f-barium borate
(BBO) crystal, and was reduced to 1 kHz upon directing it through a synchronized mechanical
chopper. The probe was a visible white light source produced by focusing the 800 nm output of
the same Ti:sapphire laser into a sapphire plate. Probe spectra were recorded after passing through
the sample by dispersing the light onto a grating and then detecting the intensity at each wavelength

on a single shot basis using a complementary metal-oxide-semiconductor (MOS) sensor.

The most basic analysis of TA data involves analyzing the dynamics/kinetics at one
particular probe wavelength of interest—for example, that of a bleach or induced absorption
feature. This can be effective when the goal is to observe the dynamics of an electronic process,
as one can simply monitor the arrival or departure of carriers into the electronic state involved in
the electronic process of interest (i.e. charge or energy transfer) by analyzing the growth or decay
of the bleach or induced absorption associated with that electronic state. This technique is
demonstrated in Chapter 4, in which the bleach of CdSe NPLs is monitored as an indicator for the
transfer of electrons from CsPbBrs nanoparticles to CdSe. In cases where a simple wavelength
analysis is not sufficient, more advanced methods of analysis such as singular value decomposition

or global target analysis can be used to analyze time-resolved spectral data.®*2
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Figure 2.2. Schematic of transient absorption (TA) spectroscopy. In TA, an optical pump photoexcites the
sample, exciting an electron from the valence band to the conduction band. After a fixed time delay, which
is mechanically generated by a delay stage, a white light probes the sample, acquiring an absorption
spectrum of the sample in its excited state. The ground state absorption spectrum is then differenced from
this excited state absorption spectrum to generate the transient absorption spectrum, which can reveal

features such as bleaches and induced absorptions.

2.3 Time-Resolved Photoluminescence Spectroscopy

Complementary to TA is time-resolved photoluminescence spectroscopy, another type of
spectroscopy that provides optical (and therefore electronic) information about a sample. In time-
resolved photoluminescence spectroscopy, the emission of a nanoparticle ensemble is collected as
a function of time following pulsed optical excitation, allowing one to obtain dynamics regarding

emission dynamics and spectral profile as a function of time.

One way this can be executed is using time-correlated single photon counting (TCSPC), in
which an avalanche photodiode is used to detect single photons as they arrive at various time

delays with respect to the time at which photoexcitation occurred. In this case, only photons of one
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specified wavelength are detected; this is typically selected to be the peak emission wavelength of

the sample.

In this thesis, time-resolved photoluminescence data was typically collected using a streak
camera, where emission is collected not only as a function of time, but also as a function of
wavelength. In a streak camera, photons are first resolved by a grating as in a typical spectrometer,
such that a range of photon energies (wavelengths) can be detected. These photons are then sent
to a linear strip photocathode where they are converted into electrons; the conversion of incident
photons to electrons allows for the photoluminescence to be displaced as a function of time via the
application of a time-dependent voltage through which the electrons travel. Electrons are then
amplified using a microchannel plate, impacted into a phosphor screen, and detected via a charge-

coupled detector (CCD).

emission

optical A_’[l

pump
sample

Time (ps, ns)

Wavelength (nm)

Figure 2.3. In time-resolved photoluminescence, an pulsed laser source photoexcites the sample. Emission
is collected on a streak camera in order to resolve photons as both a function of time and wavelength.

An example of the two-dimensional data that results from streak camera data collection is
shown in Figure 2.3. Data is typically analyzed by integrating the data either as a function of time,
to produce a time-resolved spectrum, or as a function of wavelength, to produce spectrally-

resolved dynamics that reflect emission from a given electronic state(s) in the sample. As in TA,
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information about electronic processes can be gleaned by tracking the dynamics of the wavelength
regions corresponding to states that necessarily relate recombination of an electron and hole to

produce the detected photons.

24 Time-Resolved X-Ray Diffraction

Time-resolved X-ray diffraction (TR-XRD) provides structural characterization of materials
following photoexcitation. As shown in Figure 2.4, in TR-XRD, the sample is pumped using an
optical excitation wavelength of choice — typically 400 nm — and then probed using
monochromated synchrotron X-ray pulses to obtain diffraction from the sample. As is typical in
pump-probe methods, diffraction from the sample before and after photoexcitation is differenced
to obtain a transient X-ray diffraction pattern. That is, AS = S,ump on — Spump off» @S Per Equation
2.1 for the specific case of diffraction scattering. The time delay between the optical pump and X-
ray probe can be varied to obtain dynamics describing the structural response of the nanoparticle
ensemble, while the fluence of the optical pump can be altered to obtain information regarding its
fluence dependence. Diffraction is collected on a Pilatus 2M detector and then azimuthally

integrated to obtain 1D powder X-ray diffraction patterns as a function of gq.

The use of a synchrotron X-ray source is particularly important, as diffraction from nanocrystalline
samples presents multiple challenges. First and foremost, the number of crystalline planes present
in a nanocrystal is quite obviously significantly lower than the number that are present in a bulk
material. A natural result of this reduced number of crystalline planes is that the Bragg diffraction

from the sample is broadened. The Scherrer equation captures this effects via the relationship
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KA
e Bcosb

(2.2)

where T is the average size of the nanoparticles in the ensemble, K is a constant that is typically
taken to be 0.9, 4 is the X-ray wavelength, g is the full-width at half-maximum of the peak being
analyzed (after instrumental line broadening has been accounted for), and @ is the Bragg angle.®®
By analyzing a series of peaks in the nanoparticle diffraction pattern, an estimate for the
nanoparticle size that is comparable in accuracy to that from transmission electron microscopy
(TEM) can be obtained.®*® Though diffraction intensity can be improved by using high quantities
of monodisperse material, Scherrer broadening is a notorious issue for nanoparticle diffraction
studies, and higher energy X-ray sources are thus of critical importance. Broadening of diffraction
peaks can also arise from surface reconstruction, which can impact a large number of atoms, such
that the lattice is not perfectly crystalline throughout the nanoparticle.®® In addition to peak
broadening, this can result in diffraction peak shifts owing to different values for lattice plane

separations in comparison to the bulk composition.

jet

diffraction

time delay I
—

optical A Z %
X-ray _
probe Wy sample

chamber

Figure 2.4. Experimental configuration of time-resolved X-ray diffraction. An optical pump photoexcites
the sample, followed after some time delay by an X-ray probe that characterizes the sample via X-ray
diffraction. Here, the sample is shown circulating as a colloidal liquid jet, however samples can also be

examined as films.
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Some types of common structural responses and their characteristic transient lineshapes

are shown in Figure 2.5. In TR-XRD experiments where above band-gap photoexcitation is used,
as is the standard for the experiments performed by our group thusfar and the experiment discussed
in Chapter 6, the excess energy deposited into the nanocrystal as a result of the above bandgap
excitation is converted into heat. Multiple electron-hole pairs can also rapidly annihilate to produce
heat as well. As a result, lattice expansion is often observed,®~"* although in principle investigation
of a negative thermal expansion coefficient material would introduce an exception to that behavior.
Increased diffraction at lower g values, owing to increased lattice spacings in real space, along
with decreased diffraction at higher g values, results in the derivative-like lineshape presented in
Figure 2.5a. As the amount of heat deposited into the NC becomes greater, other structural effects
can be observed. Phase transitions can in some cases be identified via the loss or appearance of
new diffraction peaks as one crystal phase converts into the other (see Figure 2.5a).%8 Additionally,
structural degradation in the form of decomposition or melting manifests as loss of diffraction, or

negative transient diffraction peaks (see Figure 2.5b).67:69.70
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Figure 2.5. Examples of transient structural responses observed using TR-XRD. (a) Orthorhombic to cubic
phase transition in CsPbBr; NCs, as reported in Ref. 68. The bottom panel shows a loss of the orthorhombic
diffraction peaks, as indicated by the gray arrows. Note also the derivative-like lineshapes observed near
q = 1.5 and 2.15 that arise from lattice expansion. (b) Disordering in CdSe NCs, as reported in Ref. 67. The
bottom panel shows how disordering increases as a function of excitation fluence, or (N), the average

number of excitons per particle.



3 In-Plane Exciton Extent in CdSe Nanoplatelets

3.1 Introduction

Semiconductor nanoplatelets (NPLs) present thicknesses that are smaller than the bulk excitonic
Bohr radius, and yet they are quasi-infinite in lateral extent. Given the strong, thickness-defined
quantum confinement, NPLs constitute colloidal analogues of epitaxially grown quantum wells.
In the case of zinc blende CdSe, NPLs with three to eight monolayers (MLs) measuring roughly
0.3 nm per ML can be synthesized with negligible ensemble thickness dispersity':121415 a5 well
as lengths and widths of tens of nanometers.!%87273 Given the 5.4 nm bulk CdSe Bohr radius, this
scenario might suggest pancake-like, nearly two-dimensional excitons with a large value for the

in-plane exciton radius, 7.0 = 11 = 7. On the other hand, interplay between confinement energy

and electron-hole Coulomb attraction may yield a small and relatively spherical exciton with r;, =
1, = 1,,. Given the synthetic control over thickness and, to a lesser degree, lateral extent of the two-
dimensional morphology,1:3>373874-76 CdSe NPLs present an ideal material for examination of

this fundamental question.

This chapter is adapted from:

Brumberg, A.; Harvey, S. M.; Philbin, J. P.; Diroll, B. T.; Lee, B.; Crooker, S. A.; Wasielewski, M. R.; Rabani, E.;
Schaller, R. D. Determination of the In-Plane Exciton Radius in 2D CdSe Nanoplatelets via Magneto-Optical
Spectroscopy. ACS Nano 2019, 13 (8), 8589-8596.
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Since the first detailed report of CdSe NPLs,*! the topic of excitons in CdSe NPLs has been

treated theoretically,®’="® but with only one explicit calculation of exciton size.®’ As in Ref. &,
estimated regarding exciton size can be developed based on the exciton binding energy,5! but
discrepancies in reports of this energy exist, with experimental and theoretical papers conveying
values ranging from about 100 meV to greater than 400 meV.>""8%82 Derived values also depend
upon whether the structures are treated using 3D or 2D Coulomb potentials. Whereas it is apparent
that the change in dimensionality from three-dimensional bulk material to quasi-two-dimensional
NPLs increases the exciton binding energy through reduced dielectric screening, as is the case with
monolayer transition metal dichalcogenides,®3#* it is not clear to what degree this alters the lateral

exciton extent.

Treatments of excitons in conventional quantum wells offer a starting point for determining
the lateral size of the exciton in NPLs. Calculations of exciton binding energies in GaAs and
GaAs/GaixAlxAs quantum wells yield values on the order of tens of meV.88 Given such small
binding energies, excitons in quantum wells can be expected to have a large in-plane lateral extent.
On the other hand, work by Miller notes that the exciton in a quantum well may be compressed
not just vertically, due to potential changes at the quantum well faces, but also laterally, so as to
minimize orbital kinetic energy.®”®8 However, results from quantum wells cannot necessarily be
extrapolated to NPLs, given the finite lateral sizes of NPLs and their interactions with lower

dielectric constant ligands, in comparison to semiconductor templating substrates.

Studies on two-dimensional transition metal dichalcogenides provide an additional
comparison of relevance. Work probing monolayer WS, and WSe> suggests that the exciton lateral

extent is between 1 and 2 nm,%-°2 consistent with large binding energies on the order of 200-500
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meV.83849% These results suggest that the exciton in colloidal, quasi-two-dimensional NPLs may
also be small; however, the potentially smaller binding energy in CdSe NPLs — which arises due
to a smaller electron and hole mass and multilayer thickness — could engender a more spatially

extended exciton.

Exciton size can be accessed via magneto-optical measurements. In a magnetic field, the

energy of the exciton is modified and can be expressed as
1
E.(B) =E > YextipB + 0B? + -+ (3.1)

where E|, is the unperturbed exciton energy, g., i the excitonic g-factor, ug is the Bohr magneton,
and o is the diamagnetic shift coefficient. The application of a magnetic field both induces a linear
Zeeman splitting that lifts the degeneracy of the exciton angular momentum states and introduces
a diamagnetic shift term, which grows quadratically with the field. In magnetic fields where the
cyclotron energy heB /u, is significantly smaller than the exciton binding energy, the diamagnetic

shift coefficient is equivalent to
2

e

8/’Lr,plane

(r?) (3.2)

o

where e is the elementary charge, pi, piane is the in-plane exciton reduced mass, and r is a radial
coordinate in the direction perpendicular to the field.®** Thus, (r?) is the expectation value of
x? + y? with respect to the exciton wave function. When NPLs are oriented perpendicular to the

direction of the applied magnetic field, (r?) provides a measure of the in-plane exciton radius.

Note that the root-mean-square exciton radius, 7., = +/{r?), is not the same as the often-used
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Bohr radius, ag; in bulk semiconductors, 7., = V2ag. With diamagnetic shift coefficients on the
order of 1 peV/T?, even 60 T magnetic fields only provide energy shifts of a few meV. As indicated
in Table 1, the cyclotron energy (tens of meV) at these high fields remains an order of magnitude
less than the (100 meV or greater) exciton binding energy in CdSe NPLs, such that the in-plane
exciton radius can be calculated via a diamagnetic shift. Previously, this approach has been
implemented to experimentally probe exciton radii in two-dimensional materials such as

monolayer transitional metal dichalcogenides and quantum wells 89-°1.94.96-98

Table 3.1. Reduced masses, cyclotron energies, and binding energies of the heavy-hole excitons in 3, 4, and

5 ML CdSe NPLs. Reduced masses are taken from Ref. 77.

Sample | Reduced Mass Cyclotron Energy at 60 T Binding Energy
(my) (meV) (meV)
3ML 0.21 33 210
4ML 0.17 a1 190
5 ML 0.14 49 ~ 170

Determination of the in-plane exciton radius, 7.y, requires orientation of NPLs such that
their lateral areas are perpendicular to the direction of the applied magnetic field. Orientation of
CdSe NPLs has previously been attempted by incorporating NPLs into polymer films with
subsequent stretching®®!%® or by manipulating solvent interfaces upon NPL monolayer
deposition.’®*1% For optical measurements in magnetic fields, the former option presents

advantages with regard to the optical density required for absorption measurements.

In this work, CdSe NPLs were first oriented by biaxially stretching polymer films and
probed using small-angle X-ray scattering (SAXS), which determined that sufficient in-plane

orientation was successfully achieved. Optical absorption spectra of both unstretched and stretched
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films were then measured versus magnetic field strength at low temperature to calculate
diamagnetic shift coefficients, covering three different NPL thicknesses and lateral areas. The
observed diamagnetic shifts are small and support a picture of tightly bound excitons with small
lateral extent. Atomistic calculations, conducted by using a semi-empirical pseudopotential
method!®1% and solving of the Bethe-Salpeter equation'®® that accounts for electron-hole

interactions, are consistent with the experimental findings.

3.2 Methods

3.2.1 Nanoplatelet Synthesis

For a description of CdSe NPL synthesis, see Chapter 1, Section 1.4.

3.2.2 Preparation of Polymer Films

A 5 wt% solution of poly(butyl methacrylate-co-isobutyl methacrylate in chloroform was
prepared by dissolving the polymer (460 mg) in chloroform (10 mL). The desired amount of CdSe
NPLs was dried in a small vial, redispersed in 400-450 pL of the polymer solution, and then
agitated using a Vortex mixer to ensure full dispersion of the NPLs. The entire quantity of solution

was then deposited on a 22 mm x 22 mm glass coverslip and allowed to dry.

Prior to stretching, polymer films were removed from glass substrates using a razor blade.
Binder clips were attached to two opposing ends of the films on top of 2 cm x 5 mm glass pieces
wrapped in Teflon tape to evenly distribute force along the edges of the film. Films were then
placed in a hot water bath and heated to above the glass transition temperature of the polymer (35

°C) before stretching along the first axis. After stretching along this first axis and then being
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allowed to cool back down to room temperature, an additional set of binder clips were added to
the remaining two sides. The film was then once again placed in the bath, and once warmed,
stretched along the second axis while maintaining force along the first. The film was allowed to
cool completely to room temperature before the clips were removed. Films were typically stretched

to 200% along the first axis and to just less than 200% along the second axis.

3.2.3 Small Angle X-Ray Scattering

Small angle X-ray scattering (SAXS) was conducted using Beamline 12-ID-B at the
Advanced Photon Source (Argonne National Laboratory) using 13.3 keV X-rays. The scattered
radiation was detected using a Pilatus detector positioned approximately 2 m away from the

sample. A silver behenate sample was used as a standard for g calibration.

3.24 Absorption Measurements vs. Magnetic Field

Absorption measurements in high magnetic fields were acquired on stretched polymer
films at 4 K using a 65 T pulsed magnet located at the National High Magnetic Field Laboratory
in Los Alamos, NM. An optical fiber was used to deliver white light from a xenon lamp through a
thin-film circular polarizer and the sample. The transmitted light was reflected back into a
collection fiber and into a 300 mm spectrometer with a charged-coupled device (CCD) detector,

which was synchronized to the magnetic field pulse.

The use of circularly polarized light facilitates probing of the different heavy-hole exciton
angular momentum states, as optical selection rules dictate that Am = +1 for left circularly
polarized light (6~) and Am = —1 for right circularly polarized light (¢¥). Pulsing the magnetic
field in both the positive (to +60 T) and negative (to -60 T) directions permits access to each

polarization state with a fixed polarizer, as these are equivalent by time-reversal symmetry.



54
3.3 Data Processing

Transmission spectra were collected as a function of magnetic field in wavelength space. These

spectra were then converted to energy space according to

g=le 3.3

=T (3.3)
hc

fE)=-fD 4z (3.4)

where f(A) and f(E) are the intensities at a given wavelength A or energy E.

Figure 3.1 highlights the entire fitting procedure for extracting the peak shifts of the heavy-
hole exciton peak. Figure 3.1a shows raw transmission spectra at 0 T, 26.2 T, and 58.9 T. For
analysis, the data was truncated at some energy between the heavy-hole and light-hole peaks so
that the only peak in the spectrum was that of the heavy-hole. The data was then normalized at an
energy lower than that of the peak, as indicated in Figure 3.1b by the star. Two points on either
side of the normalization point were selected as the two points needed to define the baseline, which
is also shown in Figure 3.1b. The result of baseline subtraction is shown in Figure 3.1c; baseline
subtraction helped fix the peak asymmetry brought upon by the fiber background, although the
resulting peak was still slightly asymmetric. To counteract this, only the tip of the peak—which
was mostly symmetrical—was fit, as shown in Figure 3.1d. Only the points below some signal
threshold (in the case of these 4 ML NPLs, -0.53) were considered. The signal threshold was
selected by running the analysis at a range of signal thresholds and then selecting the value that
gave the smallest error for the diamagnetic shift. Each set of points was then fit to a Gaussian using

the MATLAB (version R2016b) ‘gauss1’ fit function.
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Figure 3.1. (a) Acquired transmission spectra. (b) Acquired transmission spectra, normalized at the point

marked by the star. The dashed line represents the baseline that was subtracted to yield the data in the next

panel. (c) Baseline-subtracted transmission spectra. (d) Baseline-subtracted transmission spectra at 0 T,

showing the points (black dots) below the signal threshold (gray dotted line). Only the black points were

fit to a Gaussian to determine the position of the peak.

Using the peak positions obtained from the Gaussian fitting, the two sets of peak shifts

(from the +60 T data and -60 T data) were fitto Eq. 3.1 in the text using nlinmultifit, a function

provided through MATLAB File Exchange.!®” In this way, both sets of data were fit

simultaneously to obtain Ej, g.., and o. (Fitting gex and o independently via g.yugB =
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(E, —E_)Band oB? = %(E+ + E_)B? yields values that are within 2% of those obtained using

nlinmultifit.) The inverse of the root mean square error (rmse) squared (i.e. the inverse
variance) for each data point from the Gaussian fit was used as the weight in the fit. The 95%
confidence intervals for ¢ are reported in the main text as the errors on the fit. These errors are
believed to provide an accurate depiction of the error inherent to the measurement, as changing

the signal threshold returned a value of o that was within the 95% confidence interval of the value

reported in the text.

3.4 Results and Discussion
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Figure 3.2. UV-Vis absorption spectra and transmission electron microscopy images of (a) 3, 4, and 5 ML
thick CdSe NPLs and (b) small, medium, and large 4 ML thick NPLs.

CdSe NPLs of 3, 4, and 5 ML thickness as well as small, medium, and large lateral areas of 4 ML
thickness were synthesized according to previous reports.>®%> As shown in Figure 3.2, the NPLs

studied here feature thicknesses of 0.9, 1.2, ad 1.5 nm for 3, 4, and 5 ML NPLs, respectively. Both
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4 and 5 ML NPLs typically have widths and lengths around 10-30 nm, whereas currently accessible

3 ML NPLs yield larger lateral size greater than 40 nm across in both directions.®

3.4.1 Nanoplatelet Orientation

In these experiments, NPLs were dispersed in a solution of chloroform and poly(butyl
methacrylate-co-isobutyl methacrylate) and dropcast to form low-scatter films that were then
biaxially stretched. To discern whether stretching achieved in-plane orientation of NPLs, SAXS
data was acquired in both transmission and reflection geometries. Figure 3.3 shows SAXS data for
polymer films containing 5 ML NPLs, before and after applying biaxial strain. Prior to stretching,
the transmission pattern (Figure 3.3a) is isotropic, indicating no net NPL orientation in the plane
of the film. Anisotropy of the reflection mode pattern (strong scattering in the horizontal direction,
as shown in Figure 3.3b) additionally suggests that NPLs preferentially orient perpendicular to the
plane of the film in stacks, as has been previously observed.1991%819 After being stretched, the
transmission and reflection scattering signals (Figure 3.3c,d) are present at the same g value as
before, indicating that stacks of NPLs remain with the same spacing. However, the lack of
transmission scattering intensity at most detection azimuthal angles in Figure 3.3c suggests that
many of the stacks with perpendicularly oriented NPLs have broken apart or rotated from a
perpendicular orientation to one in which the stacks lay within the plane of the film. This rotation
is corroborated by the reversal of scattering intensity from being primarily in the horizontal

direction (Figure 3.3b) to being primarily in the vertical direction (Figure 3.3d).
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Transmission T_. Reflection

Figure 3.3. Transmission (left column) and reflection (right column) SAXS images of films containing 5 ML
CdSe NPLs in polymer (a, b) before and (c, d) after stretching. Stretching axes are roughly identified by the
two black arrows. Intensities are logarithmic and are only consistent between the transmission patterns.

It should be noted that, as shown in Figure 3.3, the scattering intensity after stretching
decreases significantly. In part, this is due to a reduction in stretched film thickness (by up to a
factor of 4). However, there is the additional consideration that stretching breaks up some of the
NPL stacks, as highlighted by the significant reduction of scattering intensity in Figure 3.3c,d and
as has been reported previously.® The broad vertical streak in Figure 3.3d suggests that the
majority of NPLs are not arranged within stacks (which would appear within the ring at higher q)
and are instead separated. Unfortunately, for those NPLs that are not arranged in stacks, there is
no quantiative way to determine their orientation relative to the plane of the film. However,

literature on polymer composites suggests that single NPLs likely align parallel to the flow



direction, 10

between the NPLs and the polymer matrix.*!*

3.4.2 Magneto-Optical Spectroscopy
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although the degree to which this would occur may be subject to the interaction
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Figure 3.4. (a) Transmission spectra of 3, 4, and 5 ML CdSe NPLs at 0 T (no applied magnetic field) and 4

K. Stars and triangles indicate the heavy-hole and light-hole/split-off exciton transitions, respectively. (b)

Baseline-subtracted spectra of 3, 4, and 5 ML CdSe NPLs at 4 K with an applied magnetic field of 0 T and

60 T, showing the shift in heavy-hole exciton energy with magnetic field (as indicated by the arrow in each

panel).
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Figure 3.4a shows transmission spectra at 4 K of oriented 3, 4, and 5 ML NPLs in stretched
polymer films at 0 T. Upon application of a magnetic field, the band-edge heavy-hole exciton peak
shifts, as shown in Figure 3.4b, and is accompanied by a slight change in the line shape. To track
the shift of the heavy-hole exciton in the magnetic field, a linear baseline was subtracted from the
transmission spectrum and the peak was fit to a Gaussian function. The resulting peak positions

were then used as inputs for fitting to Eq. 3.1 to obtain the diamagnetic shift coefficient, o.
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Figure 3.5. Heavy-hole exciton peak shifts for 3, 4, or 5 ML thickness, and for 4 ML NPLs of small, medium,
or large lateral area. The vertical scale is consistent between panels in the same column. Diamagnetic shifts

for each sample are indicated in units of peV /T2
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Figure 3.5 shows the shifts in exciton energy as a function of magnetic field for CdSe NPLs

in stretched polymer films. The solid lines depict fits of the data to Eq. 3.1, from which the values
of the excitonic g-factors and the diamagnetic shift coefficients are obtained. Notably, by plotting
the average exciton energy, (E, + E_)/2 = oB?, as in Figure 3.6, a diamagnetic shift is observed.
This shift is clearly quadratic through the full 60 T range, consistent with our estimate that the
magnetic fields accessed act as weak perturbations on the tightly bound CdSe NPL excitons. Thus,

Eq. 3.2 is appropriate for conversion of the observed diamagnetic shift coefficients to the root-

mean-square in-plane exciton radius.
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Figure 3.6. Diamagnetic shift, isolated by taking the average excitonic energy of the two states E,,, =

%(EJr + E_), for each set of NPLs. The shift can be fit to B? to obtain the diamagnetic shift coefficient, o,

indicated on each plot in units of peV /T2
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The in-plane exciton radius depends not only on o, the measured diamagnetic shift

coefficient, but also on ;. ,jane, the in-plane reduced mass of the heavy-hole exciton, which we do

not experimentally access. Reports of u,. vary between 0.14m, and 0.21m, (where m,, is the free
electron mass), depending on the literature source and NPL thickness.!*""!2 The small
diamagnetic shifts of 0.15-0.21 ueV/T? reported in Figure 3.5 and Figure 3.6 thus suggest in-plane
exciton radii in the range of 1.1-1.4 nm for all probed samples. This is significantly smaller than
the bulk exciton Bohr radius of 5.4 nm for bulk CdSe and is consistent with large exciton binding

energies.

It is important to emphasize that the magnitude of the diamagnetic shift depends on NPL
net orientation. When NPLs lie flat in the plane of the polymer film, perpendicular to the direction
of the applied magnetic field, a greater diamagnetic shift is expected than when NPLs lie parallel
to the direction of the field. Notably, as the exciton lateral extent approaches its vertical extent
(approaching a spherical exciton), net orientation effects diminish. Conversely, if the exciton
lateral extent approaches large values, such as the bulk Bohr radius (5.4 nm), the observed
diamagnetic shift increases quadratically. For example, for an in-plane exciton radius of 2.4 nm,
twice as large as the ~1.2 nm radius observed here, a 0.8 peV/T? diamagnetic shift coefficient
would result, which is 4 times greater than that observed experimentally. Such a difference would
be discernible in these measurements. As a result of this behavior, the possibly that the in-plane
exciton radius reported in this work of ~1.2 nm is a result of poor orientation, rather than an actual

small exciton size, is small.
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3.4.3 Atomistic Electronic Structure Calculations
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Figure 3.7. Atomistic electronic structure calculations of 7japne for 3, 4, and 5 ML CdSe NPLs of varying

lateral sizes.

To further probe how NPL dimensions impact exciton size and whether theoretical pictures
of NPLs reflect the experiment, our collaborator John Philbin of UC Berkeley performed atomistic
electronic structure calculations for a series of 3, 4, and 5 ML CdSe NPLs. Each calculated series
spanned a range of NPL lateral sizes, beginning with lateral dimensions small than the bulk exciton
Bohr radius (4 nm x 4 nm) and ending with lateral dimensions approaching twice the size of the
bulk exciton Bohr radius (8 nm x 8 nm). The calculated in-plane exciton radii, shown in Figure
3.7, are of similar magnitude to the experimentally determined in-plane exciton radii—in the range
of 1.0-1.5 nm and depending only weakly on the NPL thickness and lateral area. The increase of
the in-plane exciton radius with increasing NPL dimensions (both lateral area and thickness) can
be justified on account of the reduction in Coulombic attraction between the electron and hole

when the volume of the NPL is increased. Notably, although dielectric screening affects the overall
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lateral extent of the exciton, the exciton spatial extent remains small (in the range of 1.2-2.0 nm)

even when a larger, less warranted dielectric constant is chosen.

344 Conclusion

In conclusion, we have prepared films of oriented CdSe NPLs by embedding NPLs in
polymer films that were then stretched biaxially. Absorption measurements in pulsed magnetic
fields show that the heavy-hole exciton energy shifts with the applied field in a way that can be
characterized via the diamagnetic shift coefficient. Diamagnetic shifts of three different thickness
and three different lateral area NPLs reveal that the in-plane exciton radius of CdSe NPLs is in
each case small, despite the lateral dimensions exceeding those of the conventional bulk CdSe

Bohr radius. Atomistic modeling using realistic, discrete NPL structures arrives at similar 7,5

values and supports the hypothesis that the NPL exciton is a small and relatively compact spheroid,

roughly 1.0-1.4 nm in radius.

3.5 Outlook

Arguably, the in-plane exciton spatial extent is still not agreed upon within the scientific
community. Following the publication of our work, a study by Morgan and Kelley reported on the
spatial extent of the exciton in CdSe NPLs using transient absorption (TA) spectroscopy and found
that the exciton spatial extent varied between 18 and 24 nm?, yielding an exciton radius of 2.7
nm—nearly double that which we report here.!'3 This value is roughly three times as large as what

we report here when it is converted to a root-mean-square radius according to the relation 7, =

V2ag, yielding 3.8 nm in comparison to our 1.0-1.4 nm. Their major criticism of the small exciton
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sizes reported in our work is that they cannot be used to accurately capture the long radiative
lifetimes observed for CdSe NPLs at room temperature. Li et al. likewise conducted measurements
of the exciton spatial extent using TA spectroscopy; through a different method of analysis, they

arrived at even larger areas of ~100 nm? at room temperature.'*

Nevertheless, experimental measurements by Scott et al. and theoretical calculations by
Avyari et al. support our picture of small in-plane excitons.8*> Additionally, a practical application
of our work by Halim et al., in which the optimal NPL lateral size and FRET fluorophore coverage
were determined in order to optimize FRET efficiency between CdSe NPLs and a diethienyl
benzothiadiazole derivative, likewise confirmed that the NPL exciton spatial extent is small.*®
Given the small, localized exciton area, they found that simply increasing NPL lateral areas to
increase absorption cross-sections did not yield improved FRET efficiencies. Likewise, this
argument helps rationalize the results of previous studies that have looked at charge transfer
between CdSe NPLs and molecular acceptors as a function of NPL lateral area and found that rates
decrease as NPL lateral area increases,® as the likelihood of the molecular acceptor being bound

at the area of exciton localization is lowered.

Given the influence of the exciton spatial extent on both NPL optoelectronic properties and
their electronic interactions with other materials, one question that frequently arises is how to
manipulate the size of the exciton. One method is via alteration of the external dielectronic
environment of the NPL. Ayari et al. demonstrated that as the dielectric constant of the surrounding
environment is increased, the exciton Bohr radius increases, thereby increasing the excitonic
spatial extent.!*® Since organic ligands tend to have similar dielectric constants of around & ~ 2,

the most effective ways of altering dielectric environment are to replace organic ligands with
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inorganic ones or to grow a semiconductor shell on the CdSe core. Alternatively, moving the NPLs
from a low dielectric environment solvent system such as hexane (¢ = 1.9) to acetonitrile (¢ =
38) has also been shown to be highly effective for HgTe NPLs, although this method did not work

for CdSe, CdTe, or HeSe.'’



4 Effect of Nanoparticle Dimensionality on Rates

of Electron Transfer

4.1 Introduction

Semiconductor nanoparticles (NPs) have been successfully implemented in numerous
optoelectronic and photovoltaic applications, owing to synthetic control over the electronic
structure via particle composition, size, and morphology. In many of these applications, NP shape
has already been recognized as an additional way of improving functionality; NPs of various
morphologies, such as nanorods, nanoplatelets, and tetrapods, have been used for solar cells,*®-
127 photocatalysts,*?-130 light-emitting diodes,*31%? lasers,58%%13% and biosensors,*3* achieving

superior results compared to devices constructed from their spherical quantum dot counterparts.

Colloidally prepared, two-dimensional semiconductor nanoplatelets (NPLs) present a
promising alternative to the zero-dimensional quantum dots (QDs) that are used in the
aforementioned applications, owing to strong light absorption and the possibility of rapid charge

transfer. NPLs are well-suited to function as light absorbers or emitters since large total volumes

This chapter is adapted from:

Brumberg, A.; Diroll, B. T.; Nedelcu, G.; Sykes, M. E.; Liu, Y.; Harvey, S. M.; Wasielewski, M. R.; Kovalenko, M.
V.; Schaller, R. D. Material Dimensionality Effects on Electron Transfer Rates Between CsPbBr; and CdSe
Nanoparticles. Nano Lett. 2018, 18 (8), 4771-4776.
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result in large per-particle absorption cross-sections that are typically an order of magnitude greater
than those of QDs,%1351% while near-zero dispersity of NPL thickness leads to narrow band-edge
absorption and emission that can be tuned synthetically.'>!2%8 Studies of CdSe NPLs have also
shown that these structures exhibit faster rates of energy transfer between particles than QDs. %445

Fast rates were attributed to large space filling of the acceptors in proximity to donors, and similar

considerations could suggest that charge transfer may likewise occur more rapidly between NPLs.

For molecular systems, Marcus theory provides a description of the rate of electron transfer
between two molecules as a function of separation distance and driving force.**” While driving
force remains straightforward to calculate for NP systems provided that redox levels are known,
other parameters, such as distance, are more complex, raising the question of whether a standard
form of Marcus theory remains valid for systems comprised of spatially-extended NPs. Others
have pursued this question in QD-donor and molecular-acceptor systems by investigating the
dependence of the electron transfer rate on distance and driving force.!3-14! Owing to these studies,
an analogous formation of Marcus theory for QDs with strongly bound acceptors has been
reported, in which electron transfer is accompanied by hole excitation in the donor.14%142143 On
the other hand, more recent studies of charge transfer in systems in which both the electron donor
and the electron acceptor are comprised of QDs suggest that Marcus theory is still valid provided
that the final electronic states are summed over.** While both approaches relate that Marcus theory
necessitates modification when describing charge transfer to or from a NP, they do not contemplate
the additional factor of NP shape (dimension), which must be considered to relate rates of electron

transfer for NPs of the same energetics but different physical extent.
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Evaluating the role of dimensionality is complicated by the need to control for factors that

could result in different rates of electron transfer, independent of the particle shape. Fortunately,
for some materials it is possible to synthesize NPs of different shapes of dimensions (such as zero-
dimensional QDs and two-dimensional NPLSs) yet isoenergetic band gaps, allowing for the charge
transfer driving force to be kept constant. For example, studies looking at the effect of lateral area
of NPLs®® or aspect ratio of nanorods!* on charge transfer to a molecular acceptor have
successfully compared rates between particles of varying sizes and nearly isoenergetic band gaps.
Distance is a more difficult factor to control when the acceptor is not chemically bound to the

donor, although the use of identical surface ligands can accomplish such a task.

In this chapter, the impact of NP dimensionality on charge transfer rates is studied using
CsPbBrs; and CdSe NPs. Both CsPbBrs and CdSe can be synthesized as NPLs,*%"7 presenting an
appropriate system in which to study the effect of dimensionality on electronic interactions.
Moreover, CsPbBrz has recently received significant attention both in optoelectronic and
photovoltaic applications, 414 while CdSe represents a well-studied material for which it is
possible to synthesize QDs and NPLs of not just the same crystal structure, but also the same band
gap. Zero- and two-dimensional (OD and 2D) NPs of both CsPbBr3; and CdSe are studied so as to
compare electronic interactions between 0D-0D, 0D-2D, and 2D-2D systems, extending the work
of previous studies that have demonstrated electron transfer between 0D cesium lead halide
perovskites and 0D cadmium chalcogenides.'%5! Electron transfer is observed via transient
absorption (TA) and static and time-resolved photoluminescence (PL and trPL) measurements.

Electron transfer rates are extracted from time-resolved dynamics and become faster in systems
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containing 2D NPs versus systems with 0D NPs, relaying a potentially benefit of spatially extended

structured in derived optoelectronics.

4.2 Experimental Methods

4.21 Nanoparticle Synthesis

CdSe QDs were synthesized using an adaptation®® of a previously published!®? injectionless
technique. 186 mg of cadmium acetylacetonate, 12 mg of selenium powder, 25 mL of octadecene,
and 1.0 mL of oleic acid were added to a three-neck flask and heated to 120 °C for one hour under
vacuum. Then, the solution was heated to 240 °C under nitrogen. Aliquots were extracted from the
reaction flask and measured by UV-vis spectroscopy until the first excitonic feature reached 544
nm, at which point the reaction was cooled back to room temperature. The QDs were precipitated
by adding isopropanol and then centrifuging and repeating as necessary with hexane and

isopropanol. The QDs were then dispersed and stored in hexane.

CdSe NPLs were synthesized according to previously published procedures with slight
modifications, %87 as discussed in Chapter 1, Section 1.4. First, a cadmium myristate precursor
was prepared by adding 40 mL of 0.05 M cadmium nitrate in methanol to 240 mL of 0.025 M
sodium myristate in methanol; the resulting precipitate was washed with methanol and dried under

vacuum overnight.

Then, 170 mg of cadmium myristate and 14 mL of octadecene were placed in a three-neck
flask and degassed for 30 minutes under vacuum. The solution was then heated under nitrogen to

250 °C, at which point 12 mg of selenium powder (sonicated in 1 mL of octadecene) was rapidly
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injected. After 60 seconds, 90 mg of finely-ground cadmium acetate was added to the reaction
flask, which was maintained at 250 °C for 10 minutes. The reaction was then allowed to cool;
when the temperature reached 70 °C, 2 mL of oleic acid and 15 mL of hexane were added. The
solution was then centrifuged at 14500 RPM and the resulting pellet was dissolved in 1-

methylcyclohexane and filtered through a 0.2 um PTFE syringe filter.

CsPbBrs QDs were prepared according to a previously published procedure.'® First, a
solution of cesium oleate was prepared by heating 0.407 g of cesium carbonate (1.25 mmol), 1.25
mL of oleic acid, and 20 mL of octadecene to 120 °C under vacuum for one hour and then to 150
°C under nitrogen until the cesium carbonate was fully dissolved. Before use, the cesium oleate

was heated to 100 °C in order to resolubilize the cesium oleate.

Then, 0.069 g of PbBr, (0.19 mmol) and 5 mL of octadecene were added to a three-neck
flask and dried under vacuum for one hour at 120 °C, at which point 0.5 mL of dried oleylamine
and 0.5 mL of dried oleic acid were injected. After the PbBr, had dissolved completely, the
temperature was raised to 180 °C and 0.4 mL of cesium oleate was injected. After 5 seconds, the
flask was cooled using a water bath. The QDs were then centrifuged and redissolved and stored in

toluene.

CsPbBrs NPLs were prepared according to a previously published synthesis of CsPbBr3
QDs with major modifications.® (The detailed procedure for the synthesis of these CsPbBrs NPLs
was later published separately.'®*) Briefly, a solution of 61.5 mmolal PbBr; in mesitylene was
obtained after PbBr», pre-dried oleic acid (0.896 g) and pre-dried oleylamine (0.893 g) were mixed
in a 25 mL three-neck flask containing mesitylene (4.32 g). The flask was connected to a Schlenk

line, flushed three times at room temperature in order to remove the excess of Oz, and heated to
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130 °C. Cesium oleate (0.8 mL) was swiftly injected and the reaction mixture was immediately

cooled down by a water bath.

4.2.2 Film Preparation

In order to create films of CsPbBrs and CdSe mixed in controlled ratios, first the
concentration of NPs in the stock solutions of CdSe and CsPbBr3 were determined according to
Beer's Law, A = ebc. The molar absorptivity of each solution at 400 nm, &,,,, Was calculated

according to

_ Nyo400 [cm?]

£a00[M™" em™] = =0 = (4.1)

where N, is Avogadro's number and o is the absorption cross-section of the material.*>> Absorption
cross-sections were measured using transient absorption (TA) spectroscopy using a 400 nm pump
wavelength. The TA signal at different pump powers was measured at 6 ns and then fit to A —
B exp(—ox), where x is the pump fluence in photons/cm?. For the CsPbBr3 QDs, the value for the

absorption cross-section was taken from Ref. 156.

For film preparation, portions of the stock solutions of CsPbBrz and CdSe were dried down
and then redispersed in either hexanes or methylcyclohexane at the desired concentration of
particles. Solutions using a mixture of CsPbBrz and CdSe at the desired mole ratio were then
prepared and mixed using a Vortex mixer. 1-2 pL of each solution was then dropcast onto a glass

coverslip and allowed to dry.
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4.2.3 Static Characterization
UV-vis absorption and photoluminescence excitation spectra were acquired on commercial
spectrophotometers and spectrofluorometers, respectively. Static photoluminescence spectra were
collected from samples photoexcited by a 35 ps, 405 nm pulsed diode laser through a fiber optic
to a thermoelectrically-cooled charge-coupled device (CCD). Emission was detected through a

420 nm longpass filter.

424 Time-Resolved Spectroscopy

Time-resolved measurements were performed on samples photoexcited using the 400 nm,
frequency-doubled output of a 35 fs, Ti:sapphire laser operating at 2 kHz. For transient absorption
measurements, a small portion of the 800 nm Ti:sapphire output was focused into a sapphire plate
to produce a white light probe. The pump repetition rate was reduced to 1 kHz, and single shot
spectra were collected and averaged to produce transient absorption data. For time-resolved
photoluminescence, PL was detected using a single-photon sensitive streak camera. Emission was

detected through a 420 nm longpass filter.

4.3 Data Processing

4.3.1 Deconvolution of CsPbBr; and CdSe Components in Emission

The emission from the CsPbBrs component of the films containing mixtures of the two materials
in static and time-resolved photoluminescence (PL) was analyzed by fitting the spectra of the pure

materials to the spectrum of the mixture:
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where p is the spectrum of pure CsPbBrs, c is the spectrum of pure CdSe, and f is the spectrum of
the mixture (static when n = 1 and time-resolved when n > 1). The weights for p and c as a
function of time (or overall, in the case of static PL), tp; and tc;, were obtained using matrix

division in MATLAB.

It should be noted that the above procedure assumes that the p and ¢ spectra are static and
thus do not have dynamics of their own. For time-resolved PL, p and ¢ were determined by taking
the sum of the time-resolved spectra over time to obtain a pseudo-static spectrum. For the CdSe
QDs and NPLs and CsPbBr3 QDs, the integrated spectrum matched the time-resolved spectra fairly
well, and so the assumption that the spectra were static was fairly valid. In the case of CsPbBr3
NPLs, although its spectral profile does evolve over time, the results obtained from analyzing peak
dynamics via integration (as opposed to the method outlined here) yielded essentially identical
results. We thus chose to use our matrix fitting procedure for analysis of all four mixture types
since three of the four series of films exhibited spectral overlap between CdSe and CsPbBr3 and
satisfied the assumption that the pure CdSe and CsPbBrs did not evolve over the time range

investigated.

4.3.2 Fitting the CdSe Emission in PLE
When monitoring the emission of CdSe NPLs in mixed films of CdSe NPLs and CsPbBrs
QDs, even at the lower energy wavelengths of 560+ nm, there is some emission that is still present

from the strongly luminescent CsPbBrz QDs. As such, when analyzing photoluminescence
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excitation data, the emission from 530 to 600 nm was fit to a Gaussian (for the CdSe emission) on

top of a second-order polynomial (to account for the tail of the CsPbBr3z emission).

4.4 Results and Discussion
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Figure 4.1. (a) Normalized solution absorption (dashed lines) and film photoluminescence (solid lines)
spectra, offset vertically for clarity and (b) TEM images of CdSe QDs and NPLs and CsPbBr; QDs and NPLs.
TEM scale bars are 50 nm.

Absorption and emission spectra of the CdSe and CsPbBrs; QDs and NPLs used in this
work appear in Figure 4.1a. Notably, the examined zinc blende CdSe QDs and NPLs exhibit nearly
isoenergetic emission maxima at 546 and 555 nm, respectively, placing the difference in their band
gaps at approximately 37 meV, which is only moderately larger than thermal energy at room
temperature (26 meV). As shown in Figure 4.1b, the particles present quite different shapes and

sizes. The CdSe QDs are roughly 3 nm in diameter,'>? whereas the 5.5 monolayer-thick CdSe
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NPLs are 1.5 nm thick and 8 nm x 34 nm in lateral size. The examined CsPbBr3 QDs are roughly
8 nm on each side with a nearly cubic morphology,*® similar to the side lengths of 10-11 nm and

12-14 nm of the CsPbBrs NPLs but larger than the 3-4 nm thickness.

Stock solutions of either CsPbBrs or CdSe NPs in hexane were mixed in controlled ratios
by concentration (i.e. particle number) and then dropcasted, such that solvent rapidly evaporated.
Particle ratios spanned the range of dilute to concentrated amounts of one composition in the other
in order to explore the additive kinetics of electronic interactions. When CsPbBr3; and CdSe NPs
are mixed, substantive regions of mixed particles do form, as shown by TEM in Figure 4.2. We
note this because, reports show that, under some conditions, disparate particle types can resist

mixing in attempts at forming ordered binary superlattices,*®”*>° which are not pursued here.

90% CdSe QDs + 50% CdSe QDs + 25% CdSe NPLs +
10% CsPbBr; QDs

50% CsPbBr; NPLs 75% CsPbBr; NPLs

Figure 4.2. TEM images of CdSe and CsPbBrs NPs mixed together. In each case, substantive mixed regions

of NPs are observed. TEM scale bars are 50 nm.

In mixed particle films where different particle types surround one another, electron

transfer (ET) and fluorescence resonance energy transfer (FRET) may occur. As shown in



77

Figure 4.3, ET is possible in our system, as the measured conduction band of CsPbBr3 is more

reducing than that of CdSe by ~50 to 150 meV.>*10161 FRET from CsPbBrs to CdSe is also

possible, as CsPbBrs emission overlaps with CdSe absorption (see Figure 4.1a).

Energy

4.4.1 Identification of Electronic Processes
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Figure 4.3. Conduction and valence band levels
of CsPbBr; QDs and CdSe NPLs, based on values
reported in Refs. * and *. Although the exact
energies vary for QDs and NPLs of each material,
electron transfer is energetically favorable for

each combination of CsPbBr; and CdSe NPs.
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Figure 4.4. Evidence for an influx of electrons in CdSe NPLs from CsPbBrs QDs through transient

absorption (TA). (a) TA dynamics of the CdSe NPL bleach, monitored at 551 nm, in films excited at 400 nm.
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While the bleach of the CdSe film decays over time, the decay in a film with both CdSe NPLs and CsPbBrs
QDs slows down as the fraction of CsPbBrs; is increased until a rise in the bleach is seen instead for films of
5% CdSe and 95% CsPbBrs. Solid lines are exponential fits to the data. (b) TA spectra of the same films as
in (a) at 2 ps (solid lines) at 800 ps (dashed lines).

To probe the electronic dynamics in dropcast films of CsPbBrs; and CdSe, low fluence 400
nm excitation was used so as to avoid multiexcitonic processes. Figure 4.4a shows the TA
dynamics of the CdSe NPL absorption bleach that appears at 551 nm, arising from state-filling of
the conduction (and/or valence band—see footnote®).1%2164 For a neat CdSe NPL film, the bleach
decays slowly over a 1 ns time window, conveying a loss of conduction band electrons through
recombination. Conversely, a distinct rise of the CdSe bleach occurs for a mixed film containing
95% CsPbBrs QDs and 5% CdSe NPLs. Since pure CsPbBrs lacks spectral signatures near 551
nm, the rise of the 551 nm bleach relates a clearly increasing population of electrons in the CdSe
conduction band. The differing dynamics of the pure and mixed films is also apparent from the
time-resolved spectra presented in Figure 4.4b. Note that without further investigation, we cannot

identify whether this increasing population of electrons is accompanied by an increased population

At the time of writing, no formal investigations into the nature of the CdSe NPL bleach had been published, and the
accepted consensus was that the bleach of CdSe NCs (generally speaking, regardless of NC shape) arises from state-
filling of the conduction band. Following the publication of our work in 2018, Morgan et al. published an investigation
specifically into the transient absorption response of CdSe NPLs, which found that state-filling of both the conduction
band (by electrons) and the valence band (by holes) contributes to the heavy-hole bleach signal.’®? Furthermore, an
additional work in 2019 found that the bleach of well-passivated CdSe NCs is likewise influenced by the presence of
holes, suggesting that the TA signal of CdSe NCs should not be assumed to arise from solely electron state-filling.63

Nevertheless, the production of the heavy-hole bleach from either conduction band and/or valence band
state-filling does not alter the results of our work. The rise in the bleach observed in Figure 4.4b could
be from electron transfer from CsPbBr; to CdSe, hole transfer from CsPbBr; to CdSe, or both electron
and hole transfer (i.e. energy transfer). We show that energy transfer does not appear to be present.

Though we cannot really differentiate between hole vs electron transfer, the energy levels presented in

Figure 4.3 suggest that electron transfer is more likely to be the dominant mechanism of electronic interaction.
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of holes in the valence band as well; that is, we do not know whether the observed dynamics are a

result of electron transfer, energy transfer, or both.
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Figure 4.5. Evidence for an influx of electrons into CdSe NPLs from CsPbBr; QDs through static PL. (a)
Static PL spectra of films of CsPbBrs QDs and CdSe NPLs, normalized by the absorption of each film at the
excitation wavelength of 405 nm. The percentages indicate the fraction of CsPbBr3 in each film. As the
fraction of CsPbBr; is decrease and the corresponding fraction of CdSe is increased, the PL of CsPbBrs is
drastically quenched, much more than what would be expected by the reduced fraction of CsPbBrs. (b) The
integrated PL intensity of the CsPbBr; emission shown in (a), as compared to the intensity that would be

expected for each film based on its fraction of CsPbBrs in the absence of any electron or energy transfer.

With increasing CdSe NPL fraction, more instances of electron or energy transfer from
CsPbBr3 to CdSe can occur, because the latter acts as an acceptor for each process. To gain more
insight as to which process dominates, we turn to photoluminescence techniques. Figure 4.5a
shows static PL spectra of a neat CsPbBrs QD film and mixed films containing 95%, 85%, or 35%
CsPbBrs excited at 405 nm. A nearly complete drop of PL intensity is observed for films containing
85% CsPbBr3 QDs (15% CdSe NPLs). Furthermore, Figure 4.5b displays a nonlinear drop in
integrated CsPbBr3 PL intensity as the mole fraction of CsPbBr3 is decreased (CdSe fraction
increased). Together, the panels in Figure 4.5 demonstrate that either electron transfer or FRET

successfully quench CsPbBrs emission in mixed films.
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Photoluminescence excitation (PLE) spectroscopy was also performed to evaluate whether
electron transfer, FRET, or both represent a main pathway through which electrons are transferred
to CdSe. As shown in Figure 4.6a, PLE spectra of mixed films do not show increased CdSe
emission for excitation wavelengths where CsPbBrs is excited, indicating that CsPbBrz does not
transfer energy to CdSe after photoexcitation with any appreciable efficiency. This suggests that

the rising CdSe TA signals with time and the quenched PL of CsPbBr3 result from electron transfer.
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Figure 4.6. Evidence for a lack of hole transfer accompanying electron transfer. (a) PLE spectrum (black
dots) of a film with 5% CdSe NPLs and 95% CsPbBrs QDs overlaid with the absorption spectrum (dark red
line) of neat CdSe NPLs. (b) Time-resolved PL of CdSe NPLs in (red) a neat film of CdSe NPLs versus
(black) a mixed film containing 55% CdSe NPLs and 45% CsPbBrs NPLs. Solid lines are biexponential fits

to the data.

Time-resolved PL at low fluence furthers supports dominance of electron transfer in this
mixed system. Figure 4.7 shows trPL of the CsPbBrs component, which becomes shorter-lived in
mixed films, indicating outflow of electrons from CsPbBrs into CdSe. Notably, trPL of the CdSe
component (shown in Figure 4.6b) does not exhibit the slowed PL decay or rise in intensity with
time that would be expected if energy transfer were providing CdSe with additional excitons that
could radiatively recombine. This corroborates PLE in suggesting that electron transfer constitutes

the dominant pathway of electronic interaction between CsPbBrz and CdSe NPs.
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4.4.2 Quantification of Electron Transfer Rates
The multiple panels in Figure 4.7 correspond to trPL of CsPbBr3 for four series of films
comparing particle dimensionality (CdSe QDs or NPLs mixed with either CsPbBrs QDs or NPLSs).

All four sets of films relate increasing rates of electron transfer as the CdSe particle fraction is
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Figure 4.1. Time-resolved PL decay dynamics of the CsPbBr; emission in mixes of (a,c) CdSe QDs or (b,d)
CdSe NPLs, mixed with either (a,b) CsPbBrs QDs or (c,d) CsPbBrs NPLs. As the fraction of CsPbBrs; is
decreased and the fraction of CdSe is increased, the PL decay of the CsPbBrs; emission gets faster. In the

mixes containing CdSe QDs, the amount of CdSe required to see fast PL decay is much higher compared
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increased, as expected from the additive kinetics of electron transfer. However, much higher
amounts of CdSe QDs are needed in order to observe significant differences in the PL decay as
compared to CdSe NPLs. For example, in films containing CsPbBrz NPLs and CdSe NPLs (Figure
4.7d), even with only 5% CdSe, a substantial drop in PL intensity (corresponding to much faster
PL decay and electron transfer) is observed. Conversely, in films containing CsPbBrs: QDs and
CdSe QDs (Figure 4.7a), even when the film is 95% CdSe, the drop in PL intensity is

comparatively small.

Because the driving force for charge transfer in films containing CsPbBrs QDs versus those
containing CsPbBrz NPLs is not identical in the present measurements, the most direct
comparisons that can be made are for films composed of fixed types of CsPbBr3 particles. Figure
4.7a,b compares CdSe QDs versus CdSe NPLs for films containing CsPbBr3z QDs, and Figure
4.7¢,d makes the same comparison for films containing CsPbBrz NPLs. In both cases, it is apparent
that CdSe NPLs function as higher efficiency electron acceptors. Because the band gaps of CdSe
QDs and NPLs are approximately isoenergetic, the driving force for charge transfer is fixed and
does not contribute differences in the observed dynamics, which instead suggests that the disparity
of response arises from particle dimensionality. Additional observations in support of this
statement are derived from experiments repeated with larger CdSe QDs that absorb near 553 nm
and emit near 586 nm, placing the difference in driving force between these CdSe QDs and the
CdSe NPLs (calculated from the difference in their emission energies) at 118 meV. Time-resolved
PL of films containing these CdSe QDs paired with CsPbBr3z QDs suggest that electron transfer
rates are still slow, even though CdSe QDs with a much larger driving force for electron transfer

from CsPbBrsz in comparison to the examined CdSe NPLs are employed.
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To quantify the observed differences in rates, the CsPbBr3 trPL decay dynamics for each
film are fit to biexponential decays, and an amplitude-weighted average lifetime is calculated. In
a mixed film containing both CsPbBrz and CdSe particles, PL decay in CsPbBrs arises both from
the decay processes that occur in pure CsPbBrs and owing to electron transfer to CdSe. The rate

of PL decay in the mixed film can therefore be expressed as
kmix = (1 — x)Kcspppr, + XKgr (4.3)
such that

kmix - (1 - x)szPbBr3
X

kgr = (4.4)

where Tpix = 1/kmix and Tespopr, = 1/kcspopr, are the amplitude-weighed CsPbBrs emission
lifetimes of the mixed and pure films, respectively, kgr is the rate of electron transfer, and x is the
fraction of CsPbBr3 particles in the film that undergo electron transfer. Here, x is calculated by
assuming that any decrease in intensity at long times (i.e., 1.8 ns, significantly later than the sub-
nanosecond timescale on which electron transfer occurs) beyond that of the neat film must stem
from electron transfer that occurred prior, since delay at long times is governed by that of neat
CsPbBra. As such, the ratio of intensities at long times for the film containing both CsPbBr3 and
CdSe in comparison to the pure CsPbBrs3 film gives the fraction of CsPbBrs3 particles that did not

undergo electron transfer, 1 — x, from which x can be determined.

Table 4.1 and Table 4.2 provide the rates of electron transfer for each film obtained from
fitting the trPL decays shown in Figure 4.7. Films with either CdSe QDs or NPLs and the same
type of CsPbBrs NPs, such as QDs, can be compared directly to determine what effect

dimensionality plays on the rates of electron transfer. The corresponding columns in Table 4.1 and
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Table 4.2 show that, for equivalent fractions of CdSe, films containing CdSe NPLs exhibit faster

rates of electron transfer.

Table 4.1. Electron transfer rates kg from CsPbBrs QDs to indicated CdSe NPs as a function of CdSe

fraction.

kgt (107 ps?) kgr (X102 ps?)
CdSe Fraction
w/ CdSe QDs w/ CdSe NPLs
10 % - 1.4 +0.2
15-25 % - 2.1+0.2
40-55 % 1.9+04 2.2+0.2
75-85 % 2.2 +0.3 3.3+0.8
90 % 2.2 +0.3 -

Table 4.2. Electron transfer rates kpp from CsPbBrs; NPLs to indicated CdSe NPs as a function of CdSe

fraction.

kgt (107 ps?) kgt (107 ps?)
CdSe Fraction
w/ CdSe QDs w/ CdSe NPLs
10 % 1.1+0.2 1.9+0.1
15-25 % 1.2+0.1 2.8+0.3
40-55 % 1.4+0.1 3.8+0.6
75-85 % 1.7 +0.2 5.7+0.9
90 % 1.7 +0.5 -

From Table 4.1 and Table 4.2, it can also be seen that rates of electron transfer from
CsPbBrs increase with increasing amounts of CdSe, as would be expected for additive Kinetics.
Here, the ratio of donor to acceptor in each film was varied in an attempt to pursue characterization

of the fundamental bimolecular rate constant, which describes the rate of electron transfer in the
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limit of one acceptor per donor. In randomly mixed films, such a situation is difficult to orchestrate,
as demonstrated by Figure 4.2; despite mixing of acceptor and donor, the two do not evenly
disperse in one another. Regardless, the asymptotic limit of such behavior likely relates the
bimolecular limit. The case of small fraction of CdSe in CsPbBrs; can parallel the limit in which a
bimolecular rate constant can be obtained; however, the situation is complicated by the fact that
electron transfer is not distinctly observable for especially dilute amounts of CdSe QDs in CsPbBr3

QDs.

4.4.3 Discussion

Faster rates of electron transfer in systems containing 2D materials versus their 0D
counterparts can perhaps be understood by considering the later spatial extent of the 2D NPLs
versus the 0D QDs. The greater NPL surface area per particle presents more opportunities for
electron transfer, similar to additive kinetics of discrete electron acceptors.t%%® Such increased
spatial extent facilitates faster rates of FRET,* owing to the increase in the number of nearest
neighbors that is afforded by the extended area of the NPL. Additionally, the 2D NPLs present a
continuous density of acceptor states, whereas the 0D QD acceptors offer discretized energy levels.
The continuous density of states of the NPLs offer more opportunities for electron transfer, each
with a distinct free energy change. These states are then integrated over in the kinetics of electron

transfer and can facilitate an increased overall rate of electron transfer relative to QD acceptors.

Given that the faster rates of charge transfer in systems containing NPLs likely arise from
the extended spatial areas of the NPLs, it is probably true that the orientations of the acceptor CdSe
NPLs relative to the CsPbBrs donors influence the rate of charge transfer, particularly in the case
of CsPbBrs NPL donors. The fastest rate would be expected for cofacial arrangement of CsPbBr3

NPLs and CdSe NPLs, such that the opportunities for electron transfer would be optimized. A
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similar argument is presented in Rowland et al. for energy transfer between cofacially stacked
CdSe NPLs. Future work could benefit from synthetic routes to cofacial arrangements, as well as
theoretical analysis of different QD and NPL configurations, as the geometry of each particle is

certain to influence the observed electron transfer rate.

In conclusion, electron transfer rates in mixed films of CsPbBrs and CdSe NPs were
identified wusing static and time-resolved photoluminescence and transient absorption
spectroscopies. Rates of electron transfer in films containing different types of CsPbBrs and CdSe
NPs were extracted from trPL decays and show that electron transfer is faster for 2D materials
such as NPLs than it is for 0D materials such as QDs. These findings offer potential implications
in the design of solar cells or other devices in which it is critical to maximize rates of charge

transfer.

4.5 QOutlook

One of the more puzzling aspects of this work at the time of its publication was that no energy
transfer was observed between the CsPbBrs; and CdSe NCs. The prerequisite conditions for FRET
were satisfied — namely, that there was spectral overlap between the donor and the acceptor — and
S0 our expectation was that we would have to analyze rates of both charge and energy transfer.
Rather than finding that both types of electronic processes were present but to varying degrees, we
seemed no find no evidence of energy transfer whatsoever. The topics of charge and energy
transfer, and the interplay between these electronic processes, very much remains an active field
of research;* as a result, others have continued research in this area and provided some insight

into this remaining question from our work.
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Some insight into this area has been provided by Yang et al., who treated the topic of
energy transfer in CsPbBrs perovskite solids.®® When they attempted to induce energy transfer in
blended CsPbBr3; / CdSe NC films, they found that diffusion of CsPbBrs NC excitons into CdSe
only had a 4.5% likelihood of occurring. Roughly 70% of the time, CsPbBrs excitation was
quenched by processes such as charge transfer instead, consistent with our results where electron

transfer was dominant.

Louidice et al. then looked into the distance dependencies of electron vs energy transfer
and provided an answer in the form of a study that used AlOx (alumina) shells grown around
CsPbBrs NCs as the means of controlling interparticle distance between CsPbBrs NCs and CdSe
NPLs.'” Like us, Louidice et al. saw only electron transfer between NCs covered in their native
ligands. Once they capped the CsPbBr3 NCs with alumina, they saw both FRET and electron

transfer; as the alumina shell was grown thicker, the preference for FRET became more dominant.

One point of discussion from our original work was how the orientations of the
nanoparticles relative to one another would be likely to impact the measured rates of charge
transfer, particularly for the case of the NPLs. In the past few years, there has been significant
progress made in the area of NPL orientation, such that future work in the area of charge transfer
studies with oriented NPLs should be an active consideration. Following the initial work of Gao
et al. in 2017 that showed that diethylene glycol with varying amounts of oleic acid added to
control the hydrophobicity of the solvent system could be used to prepare face-down or edge-up
NPL monolayers,®* there have been multiple reports on how solvent systems impact the
preparation of face-down or edge-up NPL monolayers.1%®1%8 An especially creative approach that
could then be applied for the preparation of other NP layer is the ink-jet printing technique

developed by Bai et al.,'®® which likewise relies upon appropriate solvent selection to impose
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specific NPL orientation upon the substrate, but avoids having to re-submerge the substrate itself

in a solvent bath after the first NP layer has been deposited.



5 Scaling of Auger Recombination Lifetimes in

Two-Dimensional Nanoparticles

5.1 Introduction

Nanomaterials offer prospects in optoelectronic applications, ranging from light-emitting diodes
(LEDs) and lasers to photovoltaics and sensors. As these devices are operated at progressively
higher powers in an attempt to produce higher outputs, nonradiative processes begin to hinder
device efficiencies.'’®12 In particular, nonradiative recombination of biexcitons, or Auger
recombination, in which an electron and a hole recombine and nonradiatively transfer their energy
to a third carrier, is a dominant mechanism through which LED efficiency falls off as the current
is raised.t"173174 In nanocrystals (NCs), Auger recombination is notoriously fast because of the
reduced difficulty in satisfying conservation of momentum.’>17657 Owing to their flat dispersion
bands, linear momentum is always conserved, such that only conservation of angular momentum
needs to be accomplished when undergoing Auger recombination. In contrast, in bulk

semiconductors, the three carriers involved in Auger recombination must realize the difficult task
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of satisfying conservation of energy and linear momentum on curved dispersion bands.'’” As a
result, rates of Auger recombination in nanocrystals are orders of magnitude higher than in bulk
semiconductors, leading to picosecond lifetimes®®®’ that hinder the use of quantum dots in
commercial devices, despite their otherwise advantageous properties for optoelectronic
applications.
E E
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Figure 5.1. Auger recombination in (a) bulk semiconductors and (b) quantum-confined semiconductor

nanocrystals. Since linear momentum is automatically conserved, rates of Auger recombination in
semiconductors nanocrystals are notoriously fast.

Colloidal, two-dimensional semiconductor nanocrystals known as nanoplatelets (NPLs)
offer a solution to the problem of fast rates of Auger recombination while preserving the benefits
that semiconductor NCs are known for. As a result of their two-dimensional electronic structure,
they feature reduced rates of Auger recombination,®*°>¢ which has led to many research efforts
towards the incorporation of NPLs in LEDs and nanoscale lasers.%®%%131 However, the mix of
guantum-confined and bulk-like dimensions in NPLs along the vertical and lateral axes,
respectively, makes it difficult to predict and understand their photophysical behaviors. In this

chapter, we present and investigate two aspects of Auger recombination in colloidal nanoplatelet
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systems: (1) the area and volume dependence and (2) the temperature dependence of Auger

recombination rates.

In zero-dimensional NCs, rates of Auger recombination are understood to obey a universal
scaling law, where the rates of Auger recombination in NCs scale linearly as a function of particle
volume.>"17® Essentially, faster rates of Auger recombination in smaller NCs are understood to
arise from enhanced state mixing induced by quantum confinement, as well as the stronger
Coulombic coupling between carriers induced by smaller nanocrystal volumes.>” Only a few
studies thus far have investigated the scaling of rates of Auger recombination in NPLs, and these
initial works have led to disagreements over the dependence of rates on the NPL lateral area.>*5®
In each case, each study attempted to claim lateral area dependence (or lack thereof) with relatively
few data points, making it very difficult to discern trends in the data. Here, we attempt to remedy
the situation by first conducting a literature search of all reported Auger lifetimes in the literature,
so that even individual measurements can be made use of; second, we conduct measurements on
eight additional NPLs to further expand the data set. These measurements are analyzed in the
context of a theoretical framework developed by Philbin and Rabani of UC Berkeley that argues
that lateral area should play a role in determining the NPL Auger recombination rate, though a

complete picture still remains elusive for NPLs of large lateral areas.*

In the second part of this chapter, we turn to the temperature dependence of Auger
recombination in NPLs. In bulk semiconductors, the requirement that linear momentum be
conserved leads to a temperature dependence in Auger recombination rates, where as the
temperature is decreased, Auger lifetimes become increasingly longer as conservation of

momentum becomes progressively more difficult to satisfy.’” In zero-dimensional NCs, this is
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not an issue; since the dispersion bands are flat, carriers are able to satisfy conservation of linear
momentum at any temperature — though they must still conserve total angular momentum — and
so Auger lifetimes are predicted by theory to be independent of temperature.* These requirements
and their implications on Auger recombination are summarized in Figure 5.2. Given quantum
confinement in one, but not all three dimensions, it is not at all clear how Auger recombination

rates will be affected by temperature in two-dimensional NPLs. Here, we show that biexciton
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Figure 5.1. Depiction of Auger processes in bulk vs nanocrystals and the impact of temperature on their

rates.

t Recent work by Kobayashi and Tamai has provided the first experimental investigation (to our knowledge) into the
scaling of Auger rates as a function of temperature for quantum dots. Interestingly, they found that rates of Auger
recombination in CdTe do scale as a function of temperature below 175 °C, which they attribute to a phonon-assisted
mechanism, 179180
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lifetimes are temperature-dependent in NPLs; surprisingly, however, the exhibited temperature
dependence is the opposite as what is observed in bulk semiconductors, such that the biexciton
recombination lifetime actually gets faster as the temperature is lowered. We show that this arises
due to increased biexciton radiative recombination at low temperatures and not Auger
recombination. This work emphasizes that, despite the dominance of nonradiative multiexciton
recombination at room temperature in NCs, the same cannot be assumed for non-zero-dimensional

NCs at other temperatures.

5.2 Experimental Methods

5.2.1 Sample Preparation

For the lateral area-dependent Auger study presented in Section 5.4.1, CdSe NPLs were dispersed
in solutions of hexanes or methylcyclohexane at an optical density of roughly 0.2-0.3 at 400 nm
in a 1 mm cuvette. For the temperature-dependent Auger study presented in Section 5.4.2, CdSe
NPLs were dispersed in a 1:1 mixture of hexane to methylcyclohexane by volume at the same
optical density. Methylcyclohexane was used to help the solution freeze as a glassy solid, and the
addition of hexane was found to help prevent cloudiness. Around 100-200 uL of each solution
was pipetted into the area contained by an o-ring situated on top of a sapphire plate. A second
sapphire plate was then positioned over the solutions to create a make-shift sapphire cuvette for

loading the samples into a variable-temperature helium cryostat.
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5.2.2 Transient Absorption Spectroscopy
Transient absorption (TA) measurements were acquired by photoexciting CdSe NPLs with
the 400 nm, frequency-doubled output of a 35 fs Ti:sapphire laser operating at 2 kHz. A chopper
was used to reduce the frequency of the pump to 1 kHz. Sample absorption was probed using white
light generated by passing 800 nm light through a sapphire plate. Scans were acquired at fluences
corresponding to very low ((N) « 0.1) to moderate ((N) = 0.2 — 0.5) average numbers of initial

excitons.

5.2.3 Time-Resolved Photoluminescence

Time-resolved photoluminescence (PL) measurements were acquired using a single-
photon sensitive streak camera. CdSe NPLs were excited using the 400 nm, frequency-doubled
output of a 35 fs Ti:sapphire laser operating at 2 kHz. Emission of the sample was directed through

a 420 nm long pass filter on its way to the streak camera.

5.3 Data Processing

Data analysis was conducted in an analogous manner for both transient absorption (TA) and streak
camera measurements. In the case of TA measurements, kinetics at the heavy hole bleach
maximum (~512 nm for 4 ML NPLs and ~555 nm for 5 ML NPLs) were used for analysis, whereas
in streak camera measurements the entire emission spectrum was integrated for analysis. Dynamics
were normalized between 1.5 and 2.0 ns for measurements collected in a 2 ns time window,
operating under the assumption that dynamics are dominated by single exciton recombination at

such late times following photoexcitation. In later renditions of the measurements (particularly in
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the streak camera measurements), some measurements were acquired in 5 ns time windows to be
particularly certain that only single exciton recombination dynamics were present during the last
~0.5 ns of data collection. Following normalization at late time values, data collected at very low
fluences ({(N) « 0.1) was differenced from data collected at higher powers to separate out
biexciton-only dynamics. These biexciton dynamics were fit to a single exponential, and this
process was repeated for multiple measurements at moderate fluences to yield an average Auger
recombination lifetime. Error bars thus represent the standard deviation from this set of

measurements.

5.4 Results and Discussion

54.1 Areaand Volume Dependence

The area dependence of rates of Auger recombination in colloidal NPLs has only explicitly been
studied in three papers—two in the case of CdSe NPLs,***8 and one more recently in the case of
CsPbBrs NPLs.'®! In the case of CdSe NPLs, the results were contradictory, with She et al.
reporting no lateral area dependence®® and Li and Lian reporting a linear dependence® on the NPL
lateral area. However, both of these works established their conclusions based off of relatively few
data points; She et al. had only three sets of 5 ML NPLs and only two sets of 4 ML NPLs. While
Li and Lian did have a more robust series of four 4 ML NPLs of varying lateral areas, for the 3
and 5 ML thick NPLs they only had two lateral areas that were nearly indistinguishable when the
standard deviation from transmission electron microscopy (TEM) measurements were taken into

consideration.>*
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In any case, it is clear that additional data is needed in order to ascertain the effect (or lack
thereof) of NPL lateral area and volume on the Auger recombination rate in colloidal NPLs. One
easy way to add more data points is to scavenge the literature for all reports of Auger lifetimes in
CdSe NPLs. The results of this literature search are presented in Figure 5.3. From this review, we
can see that Auger lifetimes seem to scale with NPL thickness, with thicker NPLs having generally
longer Auger lifetimes than thinner NPLs.*+5458.182-184 Aq far as a dependence on lateral area goes,

neither the 4 nor 5 ML data seem to immediately suggest a clear picture.
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Figure 5.3. All reported Auger lifetimes for CdSe NPLs available in the literature. Points placed in the right
bar correspond to NPLs with no reported lateral areas.

In an attempt to solve this conundrum, we measured Auger recombination lifetimes of eight
additional 4 and 5 ML CdSe NPLs of known lateral area. These eight samples were carefully
selected and treated so as to produce reliable measurements of Auger recombination lifetimes.
Nanoplatelet samples with potential contaminants, identified via transient absorption

spectroscopy, static photoluminescence, or transmission electron microscopy, were excluded from
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analysis; as a result, from an initial set of nineteen samples, only eight were identified to be of
suitable quality for further characterization. Notably, this was especially a problem when trying to
obtain a sample of 5 ML NPLs of large lateral area; although Wooje Cho of the University of
Chicago attempted many times to synthesize and isolate large 5 ML NPLs, he was never able to
provide such a sample, thereby limiting the effective range of lateral areas that were able to be

included in the study.

Figure 5.4 shows the measured Auger lifetimes of these eight samples against the other 4
and 5 ML NPLs already available in the literature. For both the 4 and the 5 ML NPLs, three of the
four data points that were added follow a lateral area dependence, with the fourth measured data
point falling as an outlier. Cumulatively, the data presented in Figure 5.4a is indeed suggestive of
a lateral area dependence for Auger lifetimes; the data in Figure 5.4b is less persuasive, with the

data reported in She et al. still providing a counterargument for a lateral area dependence.
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Figure 5.4. Experimentally measured Auger lifetimes for (a) 4 ML and (b) 5 ML CdSe NPLs. The gray lines

are a guide to the eye representing the linear relationships presented in the work of Li and Lian.
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Our investigation into the lateral area and volume dependence of Auger lifetimes in
colloidal NPLs was driven in part by a collaboration with John Philbin and Eran Rabani of the
University of California, Berkeley. Philbin and Rabani were motivated to revisit the approach of
modeling Auger recombination in semiconductor nanocrystals via a noninteracting formalism and
to instead consider an interacting formalism for the case of Auger recombination in two-
dimensional nanocrystals. As shown in Figure 5.5, in a noninteracting formalism, interactions
between electrons and holes are ignored. Though the noninteracting formalism has successfully
been used to model strongly confined nanostructures, it does not accurately capture Auger
recombination in medium or weakly confined NCs. For semiconductor nanocrystals, Philbin and
Rabani have previously shown that an interacting formalism, where electrons and holes are
correlated (i.e. bound as excitons), but correlations between excitons are ignored, models Auger
recombination effectively in both regular and core/shell quantum dots, as well as nanorods, across
the full strong-to-weak coupling regime.*858 Such a formalism is justified in nanocrystals, where

exciton binding energies are strong but biexciton binding energies are small.

Applying the interacting formalism to semiconductor NPLs was previously limited by the
computational cost of the approach, but the development of a stochastic formulation for the
calculation of Auger lifetimes enabled a reduction in the computation cost that thereby allowed for
the calculation of Auger lifetimes in CdSe NPLs up to 8 x 8 nm in lateral area. As such, Figure
5.6 shows the results of applying an interacting formalism (as opposed to a noninteracting
formalism) to the calculation of Auger recombination lifetimes in CdSe NPLs.>® Although both
formalisms result in a lateral area dependence, only the interacting formalism matches the order

of magnitude for the lifetimes we measure experimentally.
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Interacting Formalism Noninteracting Formalism

Figure 5.5. Depiction of the interacting and noninteraction formalisms of Auger recombination. In the
interacting formalism, the electrons and holes are spatially correlated, but the two excitons of the biexciton
are not. In the noninteracting formalism, all of the electron-hole interactions are ignored. Figure reproduced

from Ref. 185.
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Figure 5.6. Comparison of the noninteracting and interacting formalisms to the experimental Auger
lifetime data for 4 ML thick NPLs. Although both formalisms give a dependence of the Auger lifetime on
NPL lateral area, the noninteracting formalism produces Auger lifetimes that are one to two orders of

magnitude longer than those reported in the literature. Figure reproduced from Ref. 55.
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At this point, lateral areas beyond 100 nm? are not accessible by theory, which is where

most of the experimental data points lie. Although the theoretical data presented in Figure 5.6
clearly supports a lateral area dependence at small lateral areas, one hypothesis for the behavior
past 100 nm? is that at some point, past the area determined by the biexciton Bohr radius, the rate
for Auger recombination will reach a plateau and/or only change minimally with lateral area. Such
a picture could unify the data presented in Figure 5.5a and b, where Figure 5.5a contains NPLs of
“medium” lateral area while Figure 5.5b contains some NPLs of “large” lateral area. NPLs of
different thicknesses do not have noticeably different exciton Bohr radii,'®’ so the difference in
lateral areas between Figure 5.5b and Figure 5.5a could perhaps account for the differences in

behavior that are observed.

5.4.2 Temperature Dependence

The scaling of Auger recombination lifetimes with temperature in two-dimensional colloidal
nanoparticles has yet to be investigated, though as mentioned in the introduction, some
measurements of Auger coefficients in quantum wells have been performed in the context of
evaluating quantum well systems for lasers. In this section, we present time-resolved
photoluminescence (trPL) measurements of biexciton lifetimes aimed at extracting Auger lifetimes

of 4 and 5 ML CdSe NPLs.

Figure 5.7a shows trPL measurements of 5 ML CdSe NPLs acquired in a 2 ns time window
for a range of fluences between 0.57 and 18 pJ/cm? at 30 K. The data is normalized past 1.5 ns, in
a time range where multiexcitons are expected to have decayed and only single excitons remain.
As such, single exciton dynamics dominate the decay of the sample past 1.5 ns. By normalizing

the data past 1.5 ns, we emphasize the differences in the numbers of multiexcitons present at early
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times. Indeed, as the excitation fluence is raised from 0.57 up to 18 pJ/cm?, the difference in the

number of excitons generated can be seen by the increasing values of 1(0), the intensity at t = 0.
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Figure 5.7. Biexciton lifetime dynamics of CdSe NPLs in a 1:1 mixture of hexanes to methylcyclohexane
measured using a single photon-sensitive streak camera. (a) Example data for 5 ML thick NPLs at 30 K at
a range of fluences. The biexciton lifetime can be determined by normalizing the photoluminescence
dynamics at long time values (i.e. at 1500+ ps), past the point where multiexciton recombination is expected
to have taken place, and then differencing out the single exciton dynamics from the higher power data. The
result of the procedure, shown in the inset, yields monoexponential data that can be fitted to determine a
biexciton lifetime. (b) Biexciton lifetime for 5 ML CdSe NPLs as a function of inverse temperature. As the

temperature drops, the biexciton lifetime shortens.

By differencing the data collected at low powers, where any excited NPLs contain only a
single exciton, from the data collected at higher powers, where the average number of excitons
(N) is such that some of the excited NPLs contain biexcitons, we can isolate the biexciton
dynamics. These dynamics can then be fit to an exponential function to obtain a biexciton lifetime,
the result of which is shown in the inset of Figure 5.7a. Data acquired at a power of 1.1 pJ/cm?,

which exhibited the same dynamics as the data acquired at a power of 0.57 pJ/cm?, were used for

single exciton dynamics, while the data acquired at 9.2 uJ/cm? were used for biexciton dynamics.
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The biexciton dynamics for these CdSe NPLs at temperatures of 3, 10, 30, and 295 K are
displayed in Figure 5.7b. As the temperature falls, the biexciton lifetime gets shorter, decreasing
from 448 £19 ps at room temperature to 305 £8 ps at 3 K. While this is markedly temperature
dependent behavior, it is not the temperature dependent scaling of Auger lifetimes observed in
bulk semiconductor systems, where Auger recombination lifetimes get longer as the temperature

falls as a result of the lower probability of satisfying conservation of momentum.

The apparent increasing rate of biexciton recombination with decreasing temperature
suggests that, rather than nonradiative (Auger) recombination being the dominant recombination
mechanism for colloidal NPLs, radiative recombination may instead become dominant at the lower
temperatures. To test this hypothesis, we conducted static PL measurements of CdSe NPLs at low
temperatures (10 K) and room temperature and compared the integrated PL intensities to determine
the extent to which multiexcitons decayed via radiative pathways. The result of these experiments
is shown in Figure 5.8. As the excitation fluence is increased, a higher average number of excitons
(N) per NPL is generated. In the single exciton regime, where (N) « 0.1, increasing the fluence
simply changes the number of NPLs that are excited with one exciton. In this regime, the graph of
the integrated PL intensity vs. fluence is linear, since the number of emissive NPLs is increasing,
and as an ensemble the single excitons undergo radiative recombination at the same rate

(determined by the quantum yield of the sample).

As the fluence is increased further and excitation produces biexcitons in some of the NPLs,
the conventional picture for NCs dictates that biexcitons overwhelmingly decay nonradiatively. In
principle, the radiative biexciton lifetime can be estimated as 4x faster than the single exciton

radiative recombination lifetime, owing to the 4 electron-hole recombination pathways that are
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possible. A NPL with a 12 ns single exciton radiative lifetime would thus be expected to have a 3
ns biexciton radiative lifetime. Since observed biexciton recombination times at room temperature
are on the order of hundreds of picoseconds (or tens of picoseconds in the case of zero-dimensional
NCs, for which single exciton radiative lifetimes are even longer), it is concluded that biexciton

recombination must be predominantly nonradiative.

a 6 b
3><10 ‘ . ‘ (N)20 10 x10

295K ° ° 10K

N
[ ]
L]

PL Intensity
=
..
PL Intensity
L ]

200 400 600 800 0 200 400 600 800 1000
Fluence (pJ/cm?) Fluence (u/cm?)

Figure 5.8. Integrated PL intensity of 5 ML CdSe NPLs at (a) 295 K and (b) 10 K as a function of 400 nm
excitation fluence. CdSe NPLs were dispersed in a 1:1 mixture of hexanes to methylcyclohexane at room
temperature and then frozen as a glassy solid at 10 K. (a) As the excitation fluence of CdSe NPLs at 295 K
is increased, the integrated PL intensity saturates. This is the conventional behavior seen in quantum dots
and other nanoparticles that is typically ascribed to highly efficient nonradiative recombination of
multiexcitons. Color bar indicates the average number of excitons per NPL at each fluence based on an
estimated absorption cross-section of 1x10-14 cm?. (b) At 10 K, the integrated PL intensity increases linearly
as a function of fluence, indicating that nonradiative recombination is no longer dominant but rather that

multiexcitons undergo radiative recombination nearly as efficiently as single excitons.
As such, the integrated PL intensity saturates with increasing pump fluence, owing to
multiexcitons predominantly undergoing nonradiative recombination and only the final single

exciton likely decaying radiatively to produce emission. The data presented in Figure 5.8b for

CdSe NPLs at room temperature depicts this classical picture of integrated PL intensity that
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saturates as a function of fluence, although our estimate of the average number of excitons present
in the sample for each fluence indicates that this saturation does not happen until much higher
numbers of excitons than 2. Figure 5.8b is linear until at least (N) = 1.1, at which point 42% of
photoexcited NPLs contain at least two excitons; this suggests that biexcitons actually contain a
significant radiative component, even at room temperature. This is quite different than the standard
assumption that biexciton recombination is dominated by nonradiative Auger recombination in

guantum-confined systems such as NPLs.

Figure 5.8b shows the integrated PL intensity as a function of fluence at 10 K. Notably, at
10 K we see a complete change in behavior in comparison to that observed at 295 K, which is
typical for semiconductor NCs. Instead of the integrated PL intensity saturating as a function of
fluence, the integrated PL intensity contains to rise linearly as a function of fluence up through
(N) = 20. This suggests that, at low temperatures, both biexcitons and higher order multiexcitons
undergo radiative recombination with a similar frequency as single excitons. That is, at 10 K, the

biexciton quantum yield is the same as the single exciton quantum yield.

An additional means of investigating the radiative nature of the biexciton is to look at the
emission of CdSe NPLs in trPL as a function of temperature. Due to the biexciton binding energy,
biexciton emission appears redshifted (i.e. at a lower energy) compared to single exciton emission.
We can thus further discern biexciton emission by examining redder wavelengths when exciting
at (N) > 0.2. In Figure 5.9, we plot the emission of CdSe NPLs measured on a single-photon
sensitive streak camera at 0.57 and 9.2 pJ/cm?, integrated in time between 0 and 500 ps. The data
is aligned along the higher energy edge, where single exciton emission is expected to dominate at

both 0.57 and 9.2 pJ/cm?. At 295 K (Figure 5.9a), the emission at 9.2 pJ/cm?, where there exists a
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moderate population of biexcitons (8% of the excited population, assuming a 1x10°** cm? cross-
section), is hardly different than the emission at 0.57 pJ/cm?, where only single excitons are
present. This is consistent with a picture where biexcitons are predominantly nonradiative and
decay via Auger recombination. However, when the temperature is lowered to 30 K (Figure 5.9b),
the emission at 9.2 pJ/cm?increases at lower energies, suggesting increasingly radiative biexcitons.
This becomes especially clear at 3 K (Figure 5.9c), where aligning the emission along the high

energy edge reveals that low energy emission is significantly enhanced at 9.2 uJ/cm?.
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Figure 5.9. Integrated and normalized PL spectra from 0 to 500 ps at (a) 295 K (b) 30 K and (c) 3 K at low
powers where only single excitons are formed (0.57 pJ/cm?, black dots, normalized to an intensity of 1 at
the peak wavelength) and slightly higher powers where biexcitons are also present (9.2 pJ /cm?, red dots,
aligned along the blue edge of the single exciton data). As the temperature is lowered, emission at redder
wavelengths becomes more prominent owing to more efficient biexciton emission.

The temperature-dependent data presented in Figure 5.7b, taken together with the shorter
biexciton lifetimes at lower temperatures, thus cannot be interpreted as temperature-dependent
Auger rates, but should rather be treated as temperature-dependent biexciton lifetimes. To fully
answer the question of whether Auger lifetimes are influenced by temperature in colloidal NPLs,

the fraction of the decay that can be attributed to radiative vs nonradiative recombination needs to

be determined.
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One peculiar aspect of the lifetimes shown in Figure 5.7b is the fact that radiative
recombination is what contributes to the anomalous temperature-dependent behavior where
lifetimes shorten as a function of temperature. Radiative recombination typically occurs on longer
timescales than nonradiative recombination, meaning that an increase in the fraction of radiative
decay should lead to longer, rather than shorter, lifetimes. Fast radiative lifetimes for CdSe NPLs
have been observed previously for single excitons, where decreasing the temperature caused an
increase in the overall PL intensity (i.e. the overall emission, or amount of radiative recombination)
yet a decrease in the observed single exciton lifetime.'! This was explained according to a picture
where the bright singlet state lies lower in energy than the dark triplet state. In such a picture, the
triplet state is thermally accessible at room temperature; however, as the temperature is lowered,
it becomes thermally inaccessible, such that access to the dark state is no longer common and the
bright state is populated more often. As a result, emission results predominantly from the bright
state, explaining the increase in overall PL intensity and the faster radiative lifetimes observed at
lower temperatures. This electronic structure would likewise explain the increased biexciton

emission and faster biexciton radiative lifetimes as a function of decreased temperature.

5.4.3 Conclusions

In conclusion, we have investigated scaling of rates of Auger recombination in CdSe NPLs
both as a function of lateral area and temperature. Theoretical modeling of Auger recombination
fully supports a linear scaling of Auger rates as a function of lateral area. Experimental data
supports a linear scaling at small lateral areas but becomes less clear at large lateral areas, where
the potential for a saturation in Auger rates is both theoretically defensible and experimentally

observed in some studies. Measurements of biexciton lifetimes as a function of temperature
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actually reveal that Auger recombination is not the only mechanism present once the temperature
is lowered below 295 K; for these two-dimensional NCs, biexciton radiative recombination is not

negligible at low temperatures and must be taken into account when evaluating Auger lifetimes.
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6 Anisotropic Transient Disordering in Colloidal

CdSe Nanoplatelets

6.1 Introduction

Two-dimensional materials, such as transition metal dichalcogenides, black phosphorus, and
graphene, present remarkable properties that arise from their structures, which pair spatial
extension in the lateral plane with quantum confinement in the vertical direction.'®1% As a result,
2D semiconductors have received significant attention for atomic-scale transistors, photocatalysts,
spintronics, and optoelectronics.*®8191-1% The promise of 2D colloidal nanomaterials such as
nanoplatelets (NPLs) likewise stems from their spatially extended lattices, coupled with the
benefits of tunable electronic bandgaps and solution processability of well-defined structures who
properties do not depend on the selected substrate. The NPL bandgap can be tuned via the number
of unit cells comprising the particle thickness,'14-163839 igand identity,**>*% or composition,
(such as the growth of a semiconductor shell or crown,?2261% or compositional alloying2%). As
a result of qguantum confinement in one dimension paired with spatially extended morphology,
NPLs exhibit nearly homogeneous ensemble emission line widths,'? large absorption cross

sections,®® and reduced rates of Auger recombination®®® compared to zero-dimensional
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nanocrystals (NCs). Notably, these features have led to the development of high-performance
light-emitting diodes (LEDs)***?%! and nanoscale lasers with low gain thresholds.®*® Although
these devices subject the optically active layer to high intensity excitation, the potential of such

conditions to engender structural modifications in NPLs is not known.

Following photoexcitation or electrical injection, deposited energy in excess of the band
gap heats the lattice through electron-phonon coupling.2°22% Under low carriers loads, lattice
heating is typically negligible; however, at high carrier injection conditions, such as those used in
high current LEDs or lasers, lattice heating becomes significant enough to potentially impact
structure and device performance.®”%82% |n NCs, heat deposition is particularly consequential, as
finite lattice sizes an large surface-to-volume ratios reduce thermal conductivity?® and reduce
melting points via increased surface energy.2°6-2% In highly anisotropic structures such as 2D
colloidal NPLs, large, flat facets appear, but the presence of higher surface energy corners and
edges may confer greater susceptibility to melting.2%%2%° Ultrafast electron diffraction and X-ray
scattering studies of 2D materials physically grown on substrates have revealed anisotropic
responses following photoexcitation with large atomic displacement and wrinkling of the layers
following photoexcitation.?*2!® Because NC structure and shape dictate electronic structure,
effects such as rippling of 2D materials can impact bandgap and related optoelectronic

properties.?4215

Here, we study the response of colloidal NPL crystal structure upon optical excitation using
time-resolved X-ray diffraction (TR-XRD). TR-XRD has previously been used to measure
transient structural responses to ultrafast optical excitation in semiconductor NCs, revealing effects

such as thermal expansion, disordering of the crystal lattice, and phase transitions.87-5%216-218 sing
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three thicknesses of CdSe NPLs, we show that intense optical excitation induces anisotropic
disordering of the NPL lattice with more significant out-of-plane than in-plane disordering in 4
and 5 ML NPLs, and the opposite effect in 3 ML NPLs. Recovery dynamics in 5 ML NPLs are
probed, revealing slightly faster out-of-plane than in-plane cooling, and overall slower recovery

dynamics than in quasi-spherical CdSe NCs.

6.2 Experimental Methods

6.2.1 Time-Resolved X-ray Diffraction

Time-resolved X-ray diffraction (TR-XRD) experiments were conducted at Beamline 11-ID-D of
the Advanced Photon Source (Argonne National Laboratory) during standard operation (24 bunch
mode). As shown in Figure 6.1, NPLs were dispersed in dodecane and then flowed as a jet using
a peristaltic pump. NPLs were excited in an air-free interaction region purged with N2 using the
400 nm, frequency-doubled output of a 1.6 ps Ti:sapphire laser operating at 10 kHz. NPL structure
was probed using 11.72 keV, 79 ps X-ray pulses from the APS. Powder X-ray diffraction (PXRD)
patterns were collected on a time-gated Pilatus 2M detector and then azimuthally integrated.
PXRD patterns were collected using 60 sec exposures, over the course of which sample was
continuously flowed and replenished in the excitation region. Scans were collected and averaged
until sufficient signal was acquired. PXRD patterns prior to photoexcitation were collected at least
once every five scans to account for possible sample degradation in the data processing. A CeO>

film was used as a standard for g calibration.
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Figure 6.1. Experimental set-up of time-resolved X-ray diffraction. CdSe NPLs dispersed in dodecane are
pressurized to produce a free jet. NPLs are excited by 3.1 eV, 1.6 ps laser pulses and probed using 11.7 keV,
79 ps bunched X-ray probe pulses. Powder diffraction (shown here for 3 ML NPLs) is collected on a gated

area detector.

6.3 Data Processing

Powder XRD patterns were azimuthally integrated to generate 1D diffraction patterns as a function
of g. Integrated powder diffraction patterns were then normalized using the average scattering
intensity in the baseline region between the (200) and (220) peaks. For each diffraction pattern at
a positive time delay, a diffraction pattern collected prior to photoexcitation was subtracted off to
obtain a transient diffraction pattern. This was repeated for each individual scan, after which point
scans at identical excitation fluences and time delays were averaged together. Additional details

can be found in Refs. 67,68.
Some other important notes regarding data processing:

1. Al TR-XRD patterns shown in this work present smoothed data using the smooth function

in MATLAB R2018b with a span of 3 and the moving average method.
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2. All integrals calculated in this work were done so using the trapz function in MATLB

2018b, which uses a trapezoidal approximation between data points to estimate the integral.

All peak fits were performed using pseudo-Voigt functions, a linear combination of Gaussian and

Lorentzian functions of the form

(6.1)

—b
S(q)=a(1—n)expl—log2<qT) " >

where a is the peak intensity, b is the peak position, c is the peak width, and n is the weighting

parameter of the Gaussian and Lorentzian components.

6.3.1 Calculation of Heating-Only TR-XRD Patterns

In many of the figures in this chapter, calculated TR-XRD patterns for a situation in which
only thermal expansion has occurred (that is, atomic order is still completely preserved) are
presented. In such a situation, it is assumed that the static XRD peak intensity and width remain
the same; however, the peak position shifts to lower g values due to lattice expansion. As such,
the TR-XRD pattern of a pure peak shift can be approximated as the derivative of the static XRD

pattern for small shifts in g:

AS = S(q)pump on S(q)pump off (62)

=5(q +Aq) — S(q) (6.3)

Aq
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Taking the limit as Aq — 0 (assuming that Aq # 0, as it does not for any data displaying a peak

shift), then:

. L S(q +Aq) —S(q)
Jim, a5 = fim fag (X0 (65)

B . |St@+4q) —S(q)
das

This means that for small peak shifts, the TR-XRD pattern lineshape is approximated by the
derivative of the static peak. This methodology is often applied when analyzing absorption patterns
of systems that have undergone the optical Stark effect.?!® Thus, to simulate the TR-XRD pattern
for thermal expansion, the derivative of the static XRD pattern is calculated and then shifted to
correspond to the observed peak shift in TR-XRD. In our case, the Aq factor is irrelevant, as we
will only be comparing lineshapes after normalizing the TR-XRD patterns to a maximum value of

1.

Static diffraction patterns were collected at Sector 5 of the Advanced Photon Source. After
subtracting out a polynomial baseline, the peak of interest was fit using pseudo-Voigt functions,
where the (220) peak was fit to the combination of 3 pseudo-Voigt functions, corresponding to
the (220), (202), and (022) components, and the (400) peak was fit to a single pseudo-Voigt
function. Then, the derivative of the pseudo-Voigt fit was calculated using the gradient function
in MATLAB R2018b and the lineshape was shifted along the x-axis to align the maximum of the

positive feature of the calculated AS pattern with that of the experimental data.
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Figure 6.2 shows the results of the above procedure for the (220) peak of 3, 4, and 5 ML
NPLs at 30 °C. Results for the (400) peak are more straightforward, as the (400) peak was fit to a

single pseudo-Voigt function and so the derivative does not vary in shape (refer to Figure 6.9a).
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Figure 6.2. (a) Computed static XRD patterns for 3, 4, and 5 ML NPLs, focusing in on the (220) peak region,
determined by fitting a region of the experimental XRD data (shown in gray) for each NPL thickness in
dodecane at 30 °C. Dashed lines are fits to the (220), (202), and (022) components and solid-colored lines

are the sums. (b) Derivatives of the computed static XRD patterns shown in (a).

6.4 Results and Discussion

CdSe NPLs of three different thicknesses, shown via transmission electron microscopy (TEM) in
Figure 6.3a, were synthesized according to the procedures outlined in Chapter 1. In the thickness
(or z) direction, NPLs are composed of n alternating monolayers (ML) of Cd and Se (n = 3, 4, 5)
and terminated by one final layer of Cd to achieve NPLs that measure roughly 0.9, 1.2, and 1.5 nm

in thickness, respectively. Lateral sizes were 37 nm x 67 nm, 7.4 nm x 23 nm, and 7.6 nm x 41
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nm for these 3, 4, and 5 ML NPLs, respectively. Oleate ligands passive the Cd?*-terminated

surfaces.
a C
@ cd
@ 5 (100) planes:
Insight into in-plane dynamics
[po1] <— >
b
>
=
2 [010]
g [100]
P
£
&g (001) planes:
g aML Insight into out-of-plane dynamics
3 | (110
« 5 ML
. . , L. -
1.5 2 25 3 3.5 4

q(A?)

Figure 6.3. Static characterization of CdSe nanoplatelets. (a) Transmission electron microscopy images of 3,
4, and 5 ML CdSe NPLs. Scale bars are 100 nm. (b) Baseline-subtracted static X-ray diffraction patterns of
3,4, and 5 ML CdSe NPLs dispersed in solvent (dodecane for 3 and 4 ML, heptamethylnonane for 5 ML) at
30 °C. For reference, the bulk zinc blende CdSe diffraction pattern is shown in black below the experimental
data (ICSD 41528). (c) Schematic of a 4 ML zinc blende CdSe NPL, showing alternating layers of Cd and Se
stacked along the [001] direction. In-plane dynamics can be observed by monitoring the response of the

(100) planes after photoexcitation, whereas out-of-plane dynamics can be obtained from the response of the
(001) planes.

Atoms pack in a tetragonally-distorted zinc blende crystal structure,'®® giving rise to the
static XRD patterns shown in Figure 6.3b. Per convention, here we use (hkl) in parentheses to

denote crystal planes and [hkl] in hard brackets to denote crystalline axes, or directions. Tetragonal
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distortion manifests in the appearance of the forbidden (110) peak and via multiple components in
the (220) peak family, which arise from expansion of the lattice laterally (in the x- and y-
directions) and contraction vertically (in the z-direction).1%5220.221 More distortion in thinner NPLs,
along with different aspect ratios, result in distinct (220) line shapes for the different NPL
thicknesses. NPL thickness increases along the [001] axis, as show in Figure 6.3c, such that the
large NPL lateral surfaces are composed of (001) planes. Note that, given the cubic zinc blende
crystal structure, other papers sometimes choose to define the NPL surfaces as (100) planes such
that the NPL thickness increases along the [100] axis, though the definition with the (001)
termination seems to be more popular. Both constructions are equivalent given the zinc blende
structure, but it is important to be consistent within the framework that is chosen. Because of
Scherrer broadening that arises from reduced unit cell repeats in small crystals, the sharp (400)
diffraction peak arises primarily from planes that repeat along the length of the NPL in the longest
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Figure 6.1. (a) Static XRD pattern of 5 ML NPLs in heptamethylnonane, focusing in on the (220) peak. The
peak is fit to three pseudo-Voigt functions, corresponding to the (220), (202), and (022) planes, which are
not equivalent in tetragonally-distorted CdSe NPLs. (b) Visualization of the (220), (202), and (022) planes
in a CdSe NPL model.



117
direction (the [100] axis, or x-direction). Contributions from the (040) and (004) planes, repeating
along the much shorter [010] and [001] axes, are likely too weak and too broad to be observed.
Similarly, diffraction from (220) planes in the xy plane (parallel to the thickness, or z, direction)
is sharp, compared to the convolved, broader (202) and (022) planes (see Figure 6.4). The (400)
diffraction peak thus provides insight into in-plane dynamics along the lateral extent of the NPL,
whereas both in-plane and out-of-plane dynamics are revealed via analysis of the (220) peak

family.

6.4.1 Anisotropic Response to Photoexcitation

To investigate the impact that photoexcitation at elevated fluences imparts on NPL
structure, we employed TR-XRD at Beamline 11-1D-D of the Advanced Photon Source (Argonne
National Laboratory) as described in the Methods section above. The transient scattering X-ray
response, AS, was isolated by subtracting the diffraction pattern prior to photoexcitation from that

after photoexcitation.

Figure 6.5a shows TR-XRD patterns for 5 ML CdSe NPLs at 40 ps, the time delay with
the strongest observed transient response. Inspection of the TR-XRD lineshape for each diffraction
peak reveals the extent to which crystalline plans transient disorder after photoexcitation. Thermal
expansion only, with no disordering, shifts diffraction peaks to lower q values, resulting in the TR-
XRD patterns highlighted in gray. We note that temperature-dependent static X-ray diffraction
measurement of 5 ML CdSe NPLs, presented in Figure 6.6, do not show the decrease in scattering
intensity with g2 as expected from Debye-Waller theory. The (400) peak deviates only minimally
from this lineshape highlighted in gray, pointing to in-plane thermal expansion with minimal in-

plane disordering on the timescale of this experiment. In contrast, the (220) peak family presents
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more prominent negative features, signaling loss in diffraction intensity that arises from significant
out-of-plane disordering, possibly consistent with buckling that decreases out-of-plane unit cell

registry.
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Figure 6.5. Time-resolved X-ray diffraction of 5 ML CdSe NPLs, 40 ps after photoexcitation. (a) TR-XRD
patterns as a function of increasing fluence. (b) TR-XRD patterns, normalize to a maximum of 1, for the
(220) and (400) peaks. The area shaded in gray represents the TR-XRD pattern that results from only a peak
shift to lower q (i.e. thermal expansion). Deviations from this lineshape arise from loss in diffraction due to

transient disordering.

As shown in Figure 6.5b, the excitation fluence dependence of these two peaks is also

anisotropic. Although the lineshape of the (400) peak remains relatively unchanged between 1.6
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and 17 mJ/cm?, the (220) peak family progressively loses more scattering intensity. This behavior
suggests fairly constant in-plane disordering with marginal fluence dependence, in contrast to the
strongly fluence-dependent out-of-plane disordering. This is supported by the picture shown in
Figure 6.7, which plots the fraction of disorder as a function of power for the (220) and (400)
planes. The fraction of the peak area that arises from disordering is quantified as the component
that cannot be attributed to the gray shaded area in Figure 6.9a arising from thermal expansion.
Notably, out-of-plane disordering may lead to undesirable changes in electronic properties, such

as transition linewidth, as NPL thickness dominates these characteristics.
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Figure 6.6. Natural log of the normalized peak intensity versus g?, plotted every 15 °C between 60 °C and
180 °C. A linear relationship, not observed here, would be expected by Debye-Waller theory.

Such anisotropic response to photoexcitation is not present in quasi-spherical wurtzite®’ or
quasi-spherical zinc blende CdSe NCs, which both display isotropic changes to the lattice, as well
as substantial disordering at comparable fluences. Furthermore, the relative lack of in-plane
disordering in CdSe NPLs even at elevated fluences suggests that CdSe NPLs are more robust to

optical excitation than quasi-spherical CdSe NCs. The highest fluence probed here of 17 mJ/cm?
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corresponds to an average of 4 excitons/nm® (based on an absorption cross-section of 4 x 104
cm?), yet NPLSs retain in-plane crystallinity. This is in contrast to quasi-spherical CdSe NCs, which
exhibit extensive disordering—akin to melting—at exciton densities above 1 exciton/nm3.6’ This
is likely due to the prominence of flat faces over much of the NPL surface, in comparison to the

highly convex surfaces of quasi-spherical NCs.
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Figure 6.8. Fraction of the (a) (220) or (b) (400) peak area that stems from transient disordering for 5 ML
NPLs.
6.4.2 Thickness Dependence

Figure 6.9 displays normalized TR-XRD patterns of the (220) and (400) peaks for 3, 4, and
5 ML NPLs. As the NPL thickness increases, the response of the (220) peak family changes in
accordance with the differing distributions of the (220), (202), and (022) components observed in
static diffraction (see Figure 6.3b). Interestingly, the 3 ML sample exhibits disordering in the (220)
plane at all examined powers, possibly due to the enhanced flexibility of the thinner structures. As
shown in Figure 6.8, the lowest power at which we discern changes in scattering intensity (1
mJ/cm?) in the (220) peak family features the same extent of disordering as observed at higher
studied fluences. This is markedly different than the previously observed behavior for quasi-

spherical CdSe NCs,®" where thermal expansion is the dominant response at low powers and
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Figure 6.2. TR-XRD patterns of the (220) peak in 3 ML CdSe NPLs, 40 ps after photoexcitation at (a) 0.54,
(b) 1.0, and (c) 2.0 mJ/cm?. The shaded gray area in (c) is the TR-XRD pattern that results from only a peak

shift to lower q (i.e. thermal expansion only, with no disordering).

disordering only arises with increasing fluence.

To quantify the extent of disordering in each plane as a function of NPL thickness, in Figure
6.9b we plot the fraction of the integrated peak area that stems from transient disordering for the
(220) vs (400) peaks at ~10 mJ/cm?, which corresponds to ~2-3 excitons/nm? in all three samples.
The area that arises from disordering is quantified as the component that cannot be attributed to
the gray shaded area in Figure 6.9a arising from thermal expansion. Consistent with the qualitative
results obtained from Figure 6.5b, Figure 6.9b shows that disordering for 5 ML NPLs is
anisotropic. In the (400) direction, disordering contributes to 40 + 2% of the peak area, while
disordering contributes to 53 + 2% of the peak area in the (220) direction. 4 ML NPLs display
similar trends, suggesting that thick NPLs respond to photoexcitation anisotropically with more
pronounced disordering in the out-of-plane direction. On the other hand, disordering only
contributes to 18 + 1% of the (220) peak area for 3 ML NPLs, compared to 53 + 9% for the (400)

plane. Thinner NPLs thus display anisotropic disordering in an opposite manner, with stronger in-



122

220 400
a (220) wo oy
1 P .
9.8 mJ/cm?
»n 0 pyef l . 06 i
<4, < i
£ o 04
o 2 A
3.4 [a)
= 3 5.3 0.2
3 ML 9.8 mJ/cm?
-4 0
2.7 2.9 31 4 4.2 (220) (400)
0.8
9.8 mJ/cm?
%) . 06
< g
£ o 04 2
o A
Z 5 3 = 02 i
4 ML 9.8 mJ/cm?
-4 0
2.7 2.9 3.1 4 4.2 (220) (400)
0.8
11 mJ/cm?
17, . 0.6 _
< = :
£ o 04 T
S (2]
=} 3.3 o
z oo 5 o2
11 mJ/cm? "
2.7 2.9 31 4 4.2 (220) (400)
q (A Crystal Plane

Figure 6.3. Thickness dependence of NPL thermal response. (a) TR-XRD patterns, normalized to a
maximum of 1, of the (220) and (400) peaks 40 ps after photoexcitation for 3, 4, and 5 ML NPLs at
comparable fluences. The areas shaded in gray represent the TR-XRD patterns that result from only a peak
shift to lower g (i.e. thermal expansion). (b) Fraction of the integrated |AS| peak area that stems from

transient disordering for the (220) vs (400) planes at ~10 mJ/cm? for each thickness.

plane disordering, perhaps because of their enhanced flexibility.
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6.4.3 Recovery Dynamics
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Figure 6.10. Cooling and recrystallization dynamics of 5 ML CdSe NPLs. (a) Recovery dynamics in 5 ML
NPLs after 400 nm excitation at 11 mJ/cm?, determined by integrating |AS| for each peak. For each curve,
dynamics are normalized to 1. Solid lines are biexponential fits to the data. Inset shows fit to longer time
delays. (b) TR-XRD of the (400) peak at four different time points early in the recovery process, normalized
to a maximum value of 1. No change in lineshape is apparent. (c) TR-XRD patterns of the (220) and (400)
peaks up to 5 ns after photoexcitation.

Recovery dynamics of the 5 ML diffraction peaks, generated by integrating the absolute
value of the change in scattering intensity at each diffraction peak as a function of delay time, are
plotted in Figure 6.10a. Analysis of recovery dynamics yields information regarding the time
scales of both cooling (the reversal of thermal expansion) and recrystallization (the reversal of
disordering). Indeed, as shown in Figure 6.10a, recovery appears biexponential with 7, requiring
about 100 ps and 7, occurring on a nanosecond timescale. Though admittedly not outside error
bars, a slight difference in fitted 7, values appears to exist, as the (220) peak family recovers with
7, = 107 = 29 ps while the (400) peak recovers with 7, = 147 + 42 ps. Since the (220) peak family
dynamics probe both in-plane and out-of-plane recovery, these lifetimes point to potentially

anisotropic recovery dynamics, with faster out-of-plane cooling. This can perhaps be attributed to

shorter distances and more rapid surface scattering in the out-of-plane direction compared to the
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in-plane direction. The second, slower recovery component of 7, = 1 ns is attributed to slower
dissipation at the surface/ligand interface. Notably, complete recovery in CdSe NPLs is much
slower than that of quasi-spherical CdSe NCs, where the latter cool and recrystallize within a few

hundred picoseconds.®’

TR-XRD lineshape during recovery aids assignment of the two lifetimes to cooling versus
recrystallization. Figure 6.10b displays normalized transient diffraction patterns for the 5 ML (400)
peak following photoexcitation, whereas Figure 6.10c displays unnormalized transient diffraction
patterns for both the (220) and (400) peaks. Over the first 500 ps following photoexcitation, the
degree of disordering (i.e. the peak lineshape) in the (400) peak displayed in Figure 6.10b remains
unchanged, suggesting that any recrystallization thus far is minor. Instead, the disappearance of
the (220) peak positive component and the shift of the (400) peak to progressively higher g values
in Figure 6.10c indicate that the fast component of the recovery dynamics corresponds to cooling.
Recrystallization occurs over nanoseconds, as evidenced by the loss of diffraction intensity due to

disordering remaining past 1 ns.

6.4.4 Conclusions

In conclusion, we have shown that CdSe NPL lattices respond anisotropically to controlled
fluence optical excitation. Following excitation, the crystal lattice undergoes both thermal
expansion and disordering, but to differing degrees along different axes. Out-of-plane disordering
is more significant than in-plane disordering for 4 and 5 ML NPLs, while the opposite holds true
for thinner 3 ML NPLs. These findings offer significant implications for optoelectronic devices,
where the ability to operate at high excitation densities without loss of tailored properties is

advantageous. In particular, out-of-plane disordering in NPLs could lead to changes in the
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bandgap, resulting in lower color gamut in LEDs or detrimental transition line broadening effects
in lasing.??? Together, these results suggest that both NC composition and structure influence

crystal lattice stability and resulting optical performance.

6.5 Outlook

When considering the structural and thermal response of colloidal nanocrystals to photoexcitation,
it is important to consider the environment that the nanoparticles are in. In these experiments, CdSe
NPLs were dispersed in dodecane, such that heat transfer took place across multiple interfaces:
between the inorganic semiconductor and the organic ligand, and between the organic ligand and
the dodecane solvent. The role of the ligand and how it affects rates of heat transfer has only thus
far been investigated via TR-XRD for CulnSe> NCs with oleylamine versus sulfide ligands; the
results showed that the use of an organic versus inorganic ligand had significant effects on the
recovery dynamics following photoexcitation.®® The role of the solvent in these TR-XRD
experiments has yet to be investigated at all; all of our experiments have been conducted in
dodecane, as it is a sufficiently high boiling point solvent that we are able to circulate the

nanocrystals as a jet for hours without appreciable loss of solution.
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