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DISSERTATION ABSTRACT
James Christopher Sadighian
Doctor of Philosophy
Department of Chemistry and Biochemistry
December 2021

Title: Spectroscopic Investigations of Surface-Ligand Binding During Perovskite
Nanocrystal Growth

Lead halide perovskite nanocrystals (NCs) are promising materials for
a range of photovoltaic and optoelectronic applications due to their favorable
properties and potential for low-cost, solution-based processing. The model of
nucleation and growth proposed by Victor LaMer that is typically used to describe
colloidal NC synthesis has guided our understanding of NC formation for over
70 years. However, LaMer’s model does not account for the effects of surface-
ligand interactions on the availability of precursor, the resulting burst nucleation,
or the growth of the NC. The large surface-area-to-volume ratio means that NC
properties are heavily influenced by the surface. Thus, accurate characterization of
surface-ligand interactions is critical to better understand the mechanisms by which
these nanocrystals nucleate and grow and how their electronic structure evolves
during these processes so that better materials may be made through rational
design. Photophysical characterization that can probe the electronic structure
and dynamics of a material is typically limited to structurally stable NCs owing to
the long timescales required, preventing the accurate measurement of NCs during
growth. This is a particular challenge for non-linear spectroscopies such as transient

absorption. Here we report on work done to spectroscopically investigate nucleation

v



and growth of methylammonium lead triiodide (MAPDI3) perovskite nanocrystals
to better understand the role of surface ligands. MAPbI3 NCs are grown via a
novel synthesis where reaction kinetics are mediated by the solubility of the solid
precursors in a non-polar solvent. Use of a novel single-shot transient absorption
spectrometer reveals that photogenerated charge carriers become localized at
surface trap states during NC growth, producing a TA lineshape characteristic

of the Stark effect. Observation of this Stark signal shows that the contribution

of trapped carriers to the TA signal declines as growth continues, supporting a
growth mechanism characterized by increased surface ligation toward the end of NC
growth. This work opens the door to the application of time-resolved spectroscopies
to NCs in situ during their synthesis, providing greater insight into their growth

mechanisms and the evolution of their photophysical properties.
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CHAPTER I
INTRODUCTION

Includes co-authored material from:

Sadighian, J.C.; Wong, C.Y. Just scratching the surface: In situ

and surface-specific characterization of perovskite nanocrystal

growth. Journal of Physical Chemistry C' 2021, 125, 20772-20782.
1.1 Lead Halide Perovskite Nanocrystals
1.1.1 History of Perovskites

The name “Perovskite” was first used to describe samples of the mineral
calcium titanium oxide (CaTiOj) that were collected from the South Ural
Mountains in Russia during the summer of 1839.% The Chief Mines Inspector of
the Russian Empire, August Alexander Kammerer, had these newly discovered
samples sent to Berlin to be delivered to Gustav Rose, a German chemist and
mineralogist. Rose had previously accompanied Alexander von Humboldt on a
scientific expedition to explore Russia at the request of the Tsar, and would later
be responsible for publishing a significant amount of the mineralogical discoveries.?
Over the course of ten years Rose identified 117 different minerals collected from
Russia and described several, such as concrinite, rhodizite, and chevkinite for
the first time. After characterizing the physical and chemical properties of the
novel CaTiO3 mineral, he published it with the rest of his findings and, having
been suggested to do so by Kammerer, he named it after Russian politician and
mineralogist Count Lev Aleksevich Perovski.™™ Today, the term perovskite
extends to any material with the ABX3 crystal structure.
While at the time the perovskite was a “minor accessory mineral, named

after a minor dignitary”,“ the material has since proven to be far more. Studies of

the perovskite crystal structure have helped geochemists and geophysicists better
1



understand the MgSiO3 that makes up a significant percentage of the Earth’s
mantle.” Perovskite-type oxides, such as SrTiOs and LaAlOs, were awarded the
1987 Nobel Prize for their application in high-T. superconductors.®” Most recently,
lead halide perovskites (LHPs) have seen a surge in research interest for potential
use in photovoltaic and optoelectronic applications.”™ While LHPs were studied as
far back as the late 1970s,%%4 they have experienced a revival as an exciting new
class of semiconductor owing in part to their attractive electronic properties, such
as low exciton binding energy, high carrier mobility, as well as the potential for
low-cost, facile syntheses and solution processability. In these APbXj3 perovskites,
the A-site is occupied by a monovalent cation, typically either an organic molecule
such as methylammonium (MA™), formamidinium (FA™), or Cesium, and the X
anion is iodide, bromide, or chloride. Since their debut, solar cells based on LHP
films have seen an exponential rise in their power conversion efficiency (PCE), from
3.8%4% in 2009 to 25.6%"* in 2021. This has now exceeded the efficiency of Copper
Indium Gallium Selenide (CIGS) solar cells, organic photovoltaics (PVs), quantum
dot PVs, and dye-sensitized solar cells (DSSCs). The excellent photovoltaic
performance of these materials is largely due to the low exciton binding energy"®
and large carrier diffusion lengths.*® However, these same properties limit their
performance as emitting devices. To overcome this, quantum-confined perovskite
NCs have been synthesized to increase photoluminescence quantum yield (PLQY)
and improve performance in emitting applications.
1.1.2 Properties of Perovskite Nanocrystals

The first solution-based synthesis of colloidal, perovskite NCs was published
in 2014 by Schmidt et al.** These NCs used octylammonium bromide and

octadecylammonium bromide as surface ligands to self-terminate crystallization



and stabilize the discrete nanoparticles in solution. Following this initial report,
LHP NCs have have achieved high photoluminescence quantum yield (PLQY) with
a narrow emission that is easily tunable throughout the visible spectrum, making
these NCs promising candidates for applications in photoemission, photovoltaics,
photocatalysis, and quantum information.*"2% Their large absorption coefficients,?"
high defect tolerance,*** excellent (PLQY),*" and potential for low-cost, facile
production®! coupled with a narrow, tuneable emission spectrum®? has driven a
boom of research in the synthesis and characterization of these materials.

Despite the enormous progress that has been made in understanding these
materials, several key questions still remain unanswered. The interaction of the
NC surface with capping ligands can mediate nucleation and growth kinetics and
modulate chemical and structural stability, electronic structure, and excited-state
dynamics.®**% An understanding of how the surface evolves during NC growth,
processing, and degradation will enhance our ability to rationally design NCs
with targeted photophysics. The promise of rational materials design has driven
significant research towards optimizing the optoelectronic properties of these NCs
by changing precursors or adjusting initial reaction conditions to yield NCs with
different electronic properties or morphologies.®#3%42 A mechanistic understanding
of nucleation and growth in these NCs would aid in this effort, however this will
require further development and application of instrumentation and techniques
specifically designed to study NC surfaces such that measurement timescales can be
short, enabling accurate in situ measurement.
1.1.2.1 Defect Tolerance & Quantum Yield

One of the most important properties of LHPs for optoelectronic

applications is their robust defect tolerance.?? Defects are interruptions in the



crystal lattice, such as interstitials or point vacancies, that can modulate the
electronic structure. If these defects create states that lie within the band gap
they can trap charge carriers, leading to non-radiative recombination events that
suppress PLQY. LHP NCs are considered “defect tolerant” compared to more
traditional nanomaterials, such as CdSe. LHP NCs demonstrate optoelectronic
properties that frequently appear as if no electronic traps are present. In fact, LHP
NCs have achieved PLQYs of ~100%.%¥ This is due in part to the fact that many
defects create states that likely lie inside the valence and conduction band, or lead
to shallow trap states.***4 Additionally, DFT calculations of bulk MAPbI; indicate
that some defect species with low formation energies, such as methylammonium
and iodine interstitials, and lead vacancies, either do not form midgap states or
only form shallow electronic traps.#?4% As a result, LHP NCs have the potential to
act as excellent emitters.
1.1.2.2 Tuneable Bandgap

In addition to a highly efficient emissive yield, optoelectronic applications
such as display technologies require materials with a narrow emission bandwidth
and a tunable bandgap. The emission full width at half-maximum (FWHM)
of LHP NCs is narrow, and the bandgap can be tuned throughout the
visible spectrum by adjusting the size of the NC or the halide composition.*’
Methylammonium lead triiodide (MAPbDI3) or mixed-halide MAPbBr,I;_, NCs
are used to emit red light, pure-Br containing NCs emit green light, and CI or
mixed-Br/Cl NCs can emit in the blue part of the visible spectrum.4"*! Recent
development of a novel anion-exchange allowed the use of blue (FWHM = 16 nm),

green (FWHM = 18 nm), and red (FWHM = 18.5 nm) LHP NCs to create full-

color emitters,”® demonstrating the commercial potential of these materials.



1.1.3 Stability of Perovskite Nanocrystals

While the electronic properties of LHP NCs are highly desirable, they are
currently limited by major stability issues. These materials are highly susceptible
to water and other highly polar solvents, and are prone to chemical decomposition
as a function of temperature, oxygen, and photoexcitation.“*>30 They are also
susceptible to a phase transition to the non-emissive “yellow” phase.”” The
combination of chemical instability of MAPbI3 NCs and phase instability of CsPbls
NCs has led some researchers to term the challenges associated with stable red
emission the “perovskite red wall.”®® Additionally, mixed-halide perovskites of
bromide and iodide have been found to undergo ion segregation during prolonged
excitation, leading to instability in the bandgap and, thus, the emission.?! These
challenges will need to be overcome for LHP NCs to be successful optoelectronic
and photovoltaic materials.
1.1.4 The Role of Surface-Ligand Interactions on Nanocrystal

Properties

The large surface-area-to-volume ratio of NCs means that the surface,

and its interactions with ligand molecules, can dictate the characteristics of the

33534 These interactions have been shown to determine morphology,

overall particle.
electronic structure, and excited state dynamics. Surface-ligand adsorption can
be highly dynamic, with ligands rapidly adsorbing and desorbing from the NC
surface, necessitating stoichiometries that can drive this equilibrium toward
sufficient ligand coverage.® These ligands play a vital role in the acid-base
chemistry that solvates the ionic precursors and drives nucleation and surface

60,61

binding. Surface ligation may also occur as its own distinct stage of growth

once the NCs are near their final size.®>% Additionally, experimental evidence



suggests growth processes in perovskite NCs are controlled by ligand binding.%*
Thus, understanding how ligands affect the growth mechanism is critical for
producing NCs with targeted properties. However, a mechanistic picture of the
evolving surface has been elusive owing to the inherent difficulty in quantifying
the unstable NC surface during growth. The most basic mechanistic model of NC
formation is that of LaMer nucleation and subsequent growth through addition of
monomer.% In this model, burst nucleation occurs from a supersaturated precursor
solution followed by diffusion-mediated growth of the NC. LaMer’s mechanism has
guided our understanding of NC growth for decades; however, this is not the only
mechanism by which colloidal NCs can form in solution. Alternative mechanisms,
such as heterogenous nucleation, aggregative growth, or oriented attachment

can occur under certain reaction conditions and have critical implications for

the resulting NC surface.%® LaMer’s model relies on the existence of unligated
monomer and utilizes multiple simplifications regarding how monomer diffuses and
adds to growing nuclei. These assumptions do not hold true for the synthesis of
perovskite NCs.%” Because this model does not account for the role of the surface-
ligand interactions, it fails to guide our understanding of perovskite NC growth.
Perovskite NCs are commonly synthesized through either a hot-injection or ligand-
assisted reprecipitation (LARP) technique. These reactions have short timescales,
producing fully-grown NCs in only a few minutes, which limits the number of
characterization techniques that can be utilized for in situ measurement to study
the mechanisms of nucleation and growth. As a result, perovskite NCs are typically
only characterized once fully grown and after multiple purification steps, limiting
our understanding of how they form. Alternative syntheses have utilized creative

solvent-precursor interactions or activation pathways to slow down NC synthesis



to timescales of tens of minutes to hours, permitting the use of some traditional,

4816308 However, there are tremendous

steady-state characterization techniques.
opportunities for advancement if additional rapid-acquisition characterization
techniques capable of reporting on NC surfaces in situ during growth can be
brought online. NC surfaces have typically been studied using characterization
techniques that either measure chemical structure or probe electronic structure
that is sensitive to NC surface trap states. This section will discuss various
structural and spectroscopic characterization modalities that each provide a great
deal of useful information but require measurement timescales or measurement
conditions that make investigation of perovskite NCs growth challenging. Recent
advances to some of the characterization techniques I discuss have shortened the
timescales necessary for data acquisition, and for some modalities the development
of specialized sample cells and probes have allowed typical synthetic conditions to
be mimicked during measurement. Here, I highlight some of these advancements,
the new insights they have enabled, and assert that further advancement of this
kind is critical towards a complete understanding of perovskite NC growth. The
next section discusses how ligands impact the nucleation and growth of perovskite
NCs, how they contribute to NC photophysics, and recent work done to identify
the precise nature of these complex interactions. I will then review work that
leverages different characterization techniques to elucidate the NC surface and in
situ measurements that have provided insight into perovskite NCs. I emphasize
significant gains in understanding that could be achieved through the further
development of in situ characterization modalities. Establishing an updated,
surface-inclusive model of perovskite NC growth hinges on the advancement

of in situ instrumental techniques capable of observing changes in morphology,



electronic structure, and ligand binding during NC synthesis. Moreover, such
advancements would permit observation of the NC surface during other important
non-equilibrium processes such as ligand-exchange, ion migration in mixed-halide
perovskite NCs, and photodegradation. While this work emphasizes the need for a
better understanding of the surface during NC growth, the advancements suggested
in this section would be broadly applicable to the entire life cycle of perovskite
NCs.
1.1.4.1 Surface Ligands in Perovskite Nanocrystals

Ligands play multiple roles for NCs; they can modulate NC nucleation
and growth, stabilize NCs by preventing degradation and agglomeration, mediate
charge transfer to other species, and affect NC electronic structure. Perovskite
NCs are typically synthesized with one-electron donating (X-type) ligands. This
is usually a pair of ligands, an amine and an organic acid, that either ionically
bind to the A or B site cation or substitute in the A site position and complex
with the halide ions.®*™ Oleylamine (OAm) and oleic acid (OA) are frequently
used to synthesize perovskite NCs because they are liquid at room temperature
and can form oleylammonium halide, oleylammonium carboxylate, and lead oleate
complexes at the surface. The binding of these complexes at the NC surface is
highly dynamic, however, requiring high concentrations of ligand in solution to
yield NCs with substantial surface coverage.”*¢1*" T igand exchange can be
performed either during or after synthesis to replace the original surface species
with ligands that modify NC behavior, such as by arresting growth or stabilizing
the crystal structure. This can also affect NC photophysics, for example by
improving PLQY or by suppressing halide segregation.” ™ Contradicting reports

exist in the literature regarding the precise binding of amine and acid ligands.



Some evidence suggests that only carboxylates bind to the NC surface, whereas
other experiments suggest that the surface binds a combination of ammonium-
halides and ammonium-oleate ion pairs.*” Nuclear magnetic resonance (NMR) and
energy-dispersive X-ray spectroscopy (EDS) studies of bare and ligated perovskite
NCs suggest a synergistic binding effect between octylamine and OA, where OA
acts to protonate octylamine and drive its binding to the NC surface, which in
turn attracts OA into the ligand sphere.™ Additional research has shown that,
following ligand exchange, cooperative binding effects between ligands can also
improve surface passivation.”! A more complete understanding of ligand-ligand
and ligand-surface binding would aid efforts towards ligand-engineering of NCs for
specific applications.
1.1.4.2 Ligands and Nanocrystal Growth

The classical model of colloidal nucleation and growth, as first described by
LaMer and Dinegar in their seminal manuscript, does not include the participation
of surface ligands in the synthetic process (Figure [1p).%? In general, the LARP or
injection-based synthetic methods through which perovskite NCs are frequently
grown contrast significantly to the conditions LaMer’s model described (Figure
1p). In LaMer’s study of sulfur sol growth, nucleation occurred in a single solvent
with only one precursor species. A typical perovskite synthesis utilizes at least
two different solutions, with two dissolved ionic precursor salts and two different
ligands, and nucleation happens after the two solvents are rapidly mixed. As a
result, LaMer’s approximations are inappropriate for modeling perovskite NC
growth.

The complex ligand-NC and ligand-ligand interactions during NC growth

have been investigated using a number of strategies. The synthesis of MAPbBrg
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Figure 1. (a) LaMer’s model of colloidal nucleation and growth, wherein the
precursor concentration increases until the critical nucleation threshold (CNT)

is reached, causing a rapid burst of nucleation until the precursor concentration
drops below this threshold. Colloids then grow as precursor diffuses to the surface.
LaMer’s model (inset cartoon (i)) does not address the role of ligands. Perovskite
NC surfaces may become rapidly ligated after nucleation ends (ii) or not until

the terminal stage of NC growth (iii), each with unique consequences for growth
kinetics. (b) Illustration of an injection-based perovskite NC synthesis. A room-
temperature precursor solution is rapidly injected into a hot antisolvent, sometimes
containing ligands and other precursor species. Nucleation is quenched by moving
the reaction mixture to an ice bath, rapidly changing the CNT. Concentration
and temperature gradients are not considered in LaMer’s model. Reprinted with
permission from ref. 32 (C) The American Chemical Society.

NCs, where MA denotes the methylammonium cation, was demonstrated to slow
in the presence of high ligand concentrations, suggesting decreased reactivity of the
precursors and nuclei surfaces.”” OAm and OA were found to act on both the Pb
precursor and surface sites via three proposed interactions: 1) formation of a Pb**-

OAm complex through donation of the amine lone pair, 2) protonation of OAm by

OA, with deprotonated OA coordinating to Pb?", and 3) formation of Pb-oleate
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without assistance from OAm.”™ In a synthesis of CsPbBr; NCs, OAm was shown
to solvate the PbBr, following protonation by OA.™ NMR measurements found
that CsyAgBiBrg double-perovskite NCs synthesized with OA and OAm only have
OAm bound to their surface, although an acid such as OA or diisooctylphosphinic
acid was critical for achieving high NC yields.™ The identity of the amine is also
important: attempts to substitute OAm for secondary or tertiary amines resulted in
the formation of undesirable and inseparable side-products along with the desired
NCs. In addition to simply adsorbing to the surface, some ligands exfoliate the
NC surface, removing or replacing atoms in the crystal structure during either
growth or a post-synthetic ligand treatment.*™™ The more ionic nature of this
substitution would strongly influence growth by affecting the kinetics, as well as
the particular facets over which growth and ligation occur. This would affect NC
growth regardless of the mechanistic pathway, whether it occurs through diffusive
growth as predicted by LaMer’s theory, or during a non-classical growth process
such as Ostwald ripening, which has been observed to be ligand-mediated in ZnO
NCs.® Conclusive descriptions of surface-ligand binding and how interactions
between each of the various species impacts nucleation and growth has not yet been
achieved.
1.1.4.3 Impact of Surface Ligands on Electronic Structure and
Dynamaics

Ligand binding can alter the electronic structure of NCs through a variety
of means. NC emission has been found to red shift and narrow solely due to
increased binding of surface ligands.®** Ligand exchange has been used to tune
the band gap of perovskite NCs by introducing functionalized ligands that adjust

halide composition or degree of quantum confinement.***%#2 Electron-phonon
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coupling in perovskite NCs, which can be a significant source of emission linewidth
broadening at operational temperatures, can also be suppressed by a judicious
choice of ligands.®¥ Surface ligands also influence excited state dynamics, as they
can bind under-coordinated surface atoms housing local electronic states that

334 These under-coordinated surface sites

energetically lie within the bandgap.
can trap electrons or holes, promoting non-radiative recombination and hampering
the performance of emissive devices. For example, MAPbBr3 NCs that were
synthesized with a bare surface via a ligand-free technique were found to have a
PLQY of only 0.05% and a short PL lifetime, indicating an abundance of electronic
traps arising from unpassivated surface sites. After addition of octylamine, the

PL spectrum remained unchanged while the PLQY increased by a factor of 20

and PL lifetime increased by an order of magnitude.™ There are indications that
the diverse species of ligands used in perovskite NC syntheses and post-synthetic
treatments may act cooperatively to cap the surface, but this is not yet precisely
understood. In the example above, addition of OA alone did not change the
PLQY, however the addition of OA with even small amounts of octylamine was
found to provide a PLQY increase on par with large amounts of just the amine."®
The difference in binding behavior of these ligands alone and in the presence of
one another suggests that they work in conjunction to passivate NC surfaces.

The precise structure and composition of the electronic traps created by under-
coordinated surface atoms is also not clear. Surface traps have been suggested to
arise from halide anions that are in a dynamic equilibrium between the NC surface
and solvated as a halide salt. This results in the formation of halide vacancies

within the perovskite lattice, creating under-coordinated Pb** ions that can trap

electrons to become Ph’ (Figur).76 Other reports have suggested that, in mixed-
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halide perovskite NCs, electronic traps most likely arise from interstitial iodide
defects that trap holes.5 It has been proposed that these interstitial iodides can
migrate to the surface, deleteriously effecting NC structural and spectral stability.
Better control of synthetic parameters and the equilibria that affect the NC surface

would help identify and control the origin of detrimental electronic carrier traps.
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Figure 2. (a) Perovskite NCs with poor surface ligand coverage have surface Pb2+
atoms that form carrier trap states that lie within the bandgap. Ligating these
undercoordinated atoms with OAm and OA increases PLQY. (b) Effect of ligand
chain length and temperature on morphology of perovskite NCs. Reprinted with
permission from ref. 32 (C) The American Chemical Society.

While binding under-coordinated surface sites with a ligand can passivate
a local trap state, raising its energy above the bandgap, ligands can also be
used as electron or hole acceptors to aid in light harvesting or photocatalysis
applications. Azzaro et al. demonstrated that CdSe NC films functionalized
13



with exciton-delocalizing ligands exhibited increased exciton transport rates and
diffusion lengths, while Wang et al. showed that increasing the length of the
alkylammonium ligand can decrease the rate of energy transfer between perovskite
NCs in solution.®*%% Potential photocatalytic activity is also strongly dependent on
the NC surface, as different facets can exhibit different activities for processes such
as COy reduction.® Functionalizing the surface with electron-donating or electron-
withdrawing ligands has been proposed to improve photocatalytic efficiency.
Additionally, one of the major limitations of perovskite NCs for photocatalytic
applications is their stability, which is tied to surface-ligand interactions.®"
1.1.4.4 Structural Transformation by Surface Ligands

Surface ligands can significantly affect the morphology of perovskite NCs,
altering both the shape and crystal structure. While perovskites tend to form
cubic nanostructures, varying the length and functional group of NC surface
ligands has been shown to modulate their final size and drive the NCs towards
different morphologies.™ Additionally, the perovskite crystal structure can exist
in either a cubic, tetragonal, or orthorhombic crystal phase, each with distinct
properties.®® While a review of this field is outside the scope of this chapter, I will
briefly discuss a few results that address the role of surface ligands in structural
transformation. The chain length of both the amine and acid has been shown to
play a role in NC size, with experiments showing that increasing the length of
the organic acid results in smaller nanocube structures. Inversely, increasing the
length of the amine increases the size of the resulting cubic NCs (Figure [2b). %082
Short-chain amines have been shown to promote the formation of nanoplatelets of
various thickness, with increasing amine chain length reducing the lateral dimension

of nanoplatelets, eventually returning to the formation of cubic shapes.”” These
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observations are attributed to a Van der Waals interaction between the amine
ligands and a tendency for preferential binding to certain facets of the NC surface,
altering growth kinetics. The acid:amine ratio has also been shown to play a
role in mediating the structure of perovskite NCs; higher ratios of acid produce
perovskite microsheets, while 1:1 or larger ratios of the amine produce cubic NCs.
Continuing to increase the relative amount of the amine produces larger nanocubes.
In addition to guiding morphology, surface ligand ratios have been shown to
mediate phase transitions in perovskite NCs. Excess OA can cause formation of the
tetragonal perovskite phase, whereas excess OAm induces degradation and some
transformation to a hexagonal phase. ™12 Substitution of OA and OAm with
cross-linking ligands prevented this phase transition, and increased the stability and
device efficiency of NC film photovoltaics.”® The nature of this phenomenon is still
poorly understood, and a greater understanding of how the surface regulates these
non-equilibrium processes will aid in the development of better nanomaterials.
1.1.5 Common Methods of Surface Characterization

A complete understanding of NC nucleation and growth remains an elusive
objective. Attaining this ambitious goal requires further development of true in
situ characterization techniques. These types of measurements must overcome
several challenges. NC surfaces are dynamic during growth, so nascent NCs are
difficult to isolate for characterization modalities that require extended periods
of time. The timescales associated with common perovskite NC syntheses are
short, so measurements must be acquired within seconds to be able to resolve
changes occurring in growing NCs. If the goal is to provide insights that are useful
to synthetic chemists, it is also important that the in situ characterization occur

during syntheses that closely mimic those in a typical wet-laboratory environment.
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Below, I highlight a small selection of common NC characterization techniques
and their application to investigate perovskite NC growth, with a particular focus
on the NC surface, and discuss recent progress in adapting these techniques to in
situ characterization. I assert that further development of in situ characterization
techniques is critical to the goal of deepening our understanding of perovskite

NC surfaces and their influence on nucleation, growth, and the emergence of NC
photophysics during these processes.

1.1.5.1 Nuclear Magnetic Resonance (NMR)

NMR is a powerful spectroscopy that can probe the local environment of
both ligands and the NC surface.”* These experiments can give detailed, atomistic
information on the terminating surface layer and ligand binding motifs, as well
as information about A-site cation rotation in certain perovskites. Their high
resolution can provide information about both the ligands and core atoms and can
probe NCs in solution, permitting measurement in conditions much closer to that
of actual synthesis. For example, NMR has shown that the concentration of ligand
determines the lead-halide intermediate present in solution during a hot-injection
synthesis.”?

Line broadening and chemical shifts in 'H-NMR spectra are frequently
used to detect changes in the alkene proton and methyl resonances that arise from
organic ligand adsorption to the NC surface. For alternative ligand moieties, such
as trioctylphosphine oxide, 3'P-NMR can be employed. While these techniques
can provide evidence of bound ligand, they cannot conclusively determine that the
ligand is bound to a NC. Diffusion-ordered NMR spectroscopy (DOSY) and nuclear
Overhauser effect spectroscopy (NOESY), however, can provide conclusive proof

of ligand-NC binding. In DOSY, a translational diffusion coefficient is established
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for each resonance signature, allowing determination of resonances originating from
ligand that is tumbling along with the NC. NOESY can report on through-space
interactions within a sample, enabling the identification of resonances originating
from ligand that is spatially proximal to a NC (Figure |3a). These techniques have
provided useful insights into the surface of stable perovskite NCs. A study utilizing
'H-NMR, NOESY, and DOSY elucidated the dynamic surface-ligand interactions
of CsPbXj3 perovskite NCs, finding oleate bound strongly to under-coordinated Pb
and Cs while OAm bound weakly, perhaps through protonation of halides on the
NC surface.”

While NMR is an incredibly powerful structural characterization tool, it is
difficult to adapt this technique for in situ measurements as lengthy observation
times and low temperatures typically aid in the acquisition of high-quality
measurements. Long sample preparation times can also hinder the measurement of
unstable samples, though the development of specialized probes that allow reactions
to occur inside the instrument can overcome this issue.”” A recent experiment
utilizing in situ NMR revealed the reorientation of the MA cation in MAPbBr;
perovskite NCs upon photoexcitation (Figure [3b).”® This work used solid-state *H
NMR, which cannot easily be applied to solution-based NC syntheses, but future
efforts may enable new insights into perovskite NCs during growth. For example,
Mashiach et al. studied the growth of CaFy and SrFy NCs in situ using liquid-
state "F NMR, showing that the growth mechanism could be controlled by altering
the species of ligand present in the reaction mixture.”” While these experiments
show what can be accomplished with in situ liquid-state NMR, the interpretation of
measurements during perovskite NC growth may be challenging, as these reactions

involve a greater number of species which yields interspecies interactions with
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greater complexity. Additionally, the NMR methods that yield the most detailed
and conclusive information about ligand—NC binding, DOSY and NOESY, are
not easily adapted to in situ study because of their low sensitivity and lengthy
measurement times. Although a significant technological advance would likely be
needed, the payoff would be large: the ability to achieve quantitative information
about the evolving ligand—NC binding interactions and the ligand conformations
during perovskite NC growth would have a dramatic impact on our ability to

rationally design these NCs.
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Figure 3. (a) 2D-NOESY spectrum of perovskite NCs. The negative (black)

cross peaks assigned to the amine group of OAm and the carboxylic acid group

of OA show that a fraction of both ligand species bind to the NC surface. (b)
NMR apparatus used to observe cation rotation in situ during photoillumination
of MAPDbBr; NCs. (c) HR-TEM of alkene-passivated Si NCs deposited on
atomically precise graphene substrate. This technique requires sophisticated sample
preparation procedures that preclude in situ measurement. (d) Schematic of liquid
flow cell TEM used to study formation of perovskite NCs in situ during growth.

(e) Change in average radius of perovskite NCs calculated from (f) TEM images
collected in situ during e-beam-induced solvent vaporization and NC growth in
TEM flow cell. Reprinted with permission from ref. 32 (€) The American Chemical
Society.
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1.1.5.2 Transmission Electron Microscopy (TEM)

TEM is one of the most common techniques for determining NC size and
shape M Ty this technique, a high energy electron beam interacts with the
sample, typically mounted on a carbon substrate, and the transmitted electron
beam is detected. Some TEM instruments have additional characterization
modalities, such as energy dispersive spectroscopy and electron energy loss
spectroscopy, which allow investigation of chemical composition and bonding and
can provide an enormous trove of information. However, it is difficult for TEM
to inform on surface-ligand binding because of the low Z (atomic mass) contrast
between the ligand and the amorphous carbon substrates that are typically used, so
creative experiments are needed to improve this contrast (Figure [3¢).1%2 There are
significant challenges that make in situ TEM measurements difficult, particularly
for perovskite NCs. The high energy electron beam can induce degradation and
can unintentionally alter the sample by heating, atom displacement (knock-on
damage), defect formation, and radiolysis. "W Organic-inorganic perovskites
are known to be particularly sensitive to damage from electron beams. 14109 Tt
has been hypothesized that electron-beam damage may be somewhat mitigated by
self-healing effects reported in perovskite materials, but this would also suggest
that the electron beam is still altering the growth mechanism.*% In situ TEM
was recently used to observe that electron beam-induced degradation of CsPbls
NCs initiates at surface defects.™" Electron beam-induced effects can be reduced
by using low-energy electron beams and accelerating voltages, however this also
negatively impacts resolution.*’” While the overall electron dose can be lowered,
the development of more advanced detectors is critical to offset the resulting loss

in image quality. It is also challenging to design in situ TEM measurements that
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are easily relatable to a typical wet-laboratory synthesis, as the high-vacuum
conditions necessary for typical TEM measurements do not mimic those in a
chemical flask. Attempts to perform true in situ TEM measurements have led to
the development of innovative liquid- and gas-cells. For example, liquid-cell TEM
was used to observe Ag NC growth by oriented attachment.*’® Nucleation and
growth of MAPbDI; perovskite NCs has also been observed in situ using liquid-
cell TEM, revealing growth that could neither be explained by diffusion-limited
or reaction-limited mechanisms (Figure [3d-f).2% In these experiments, however,
nucleation was induced via solvent evaporation resulting from the electron beam.
The design of specialized cells that aim to mimic wet-lab conditions can be highly
challenging as they can introduce new chemistry or bias the occurrence of various
processes when compared to a wet-laboratory synthesis. For example, the threshold
for heterogeneous nucleation may shift owing to changes in the relative amount
of surface area or the energy of the liquid-cell surface. As discussed in a recent
perspective, it is critical that the mechanistic difference between reactions run in
a flask and those run under electron-beam conditions be better understood so that
in situ TEM measurements can be interpreted correctly in the broader context of
perovskite NC growth."™ ¥ Again, however, overcoming these obstacles would have a
huge payoff, as a truly atomistic picture of ligand binding and conformation during
NC growth would revolutionize our ability to control NC syntheses.
1.1.5.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS can selectively probe elemental composition at different depths
within a material. This technique has been successfully used to better understand
functionalized interfaces in bulk perovskite films." Compositional analysis of

perovskite NC surfaces, however, requires a depth resolution of nm or better, which
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is only achievable using synchrotron-radiation (SR)-excited depth-profiling XPS.
This technique has been successfully used to study ion exchange occurring at the
surface of metal NCs as small as 3 nm in diameter. ¥ When used in conjunction
with other characterization techniques, such as those that can determine precise NC
diameter, SR-XPS can provide information on the ligand shell and the number
of unpassivated surface sites.™® This would be incredibly useful information
for understanding the evolving NC surface during synthesis. In situ SR-XPS
has already provided insight into perovskite interfaces; measurements during
the thermal deposition of Al onto a perovskite film revealed the migration of
Al ions into the perovskite lattice, and multiple resulting chemical reactions.™
Unfortunately, SR-XPS measurements are difficult to perform with a solution-based
sample, so truly in situ measurements during a synthesis may not be possible.
However, the development of creative rapid samplers at beamline facilities may
allow this technique to provide significant insight into NC surfaces.
1.1.5.4 Modulating Reaction Kinetics

One of the largest hurdles in the development of in situ techniques for
investigating perovskite NC growth is the time scale over which nucleation and
growth occurs. LARP and hot-injection syntheses involve significant engineered
temperature and concentration gradients, orchestrated to minimize the time over
which nucleation occurs. The entire synthesis is typically complete within a few
minutes, hindering attempts to sample the reaction mixture or apply techniques
that lack short acquisition times. A potential strategy to circumvent this problem
and address the steep gradients associated with traditional syntheses is to slow
down the reaction kinetics. Li et al. accomplished this using a microwave-assisted

synthesis that extends the reaction time scale to several tens of minutes.®® The
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ability to sample the reaction mixture allowed the intermediates present at different
growth times to be characterized, revealing the formation of a bromoplumbate
complex with lagging Cs diffusion into the existing lattice. Another alternative
synthesis utilizes a nonpolar solvent and relies on the solvation kinetics of the
ligand-precursor complexes to drive nucleation and growth.*® This technique
slows NC growth even further to several hours, permitting rapid sampling
and spectroscopic investigation using a combination of linear and nonlinear
spectroscopies. #0313 These slower syntheses have advantages beyond their
convenience for in situ measurements. The environment in which the nuclei form
and grow is necessarily not uniform when concentration and temperature gradients
are present within the reaction vessel. Thus, faster syntheses that utilize these
gradients can be highly sensitive to the reaction conditions such as the exact speed
and nature of stirring and injection. This makes them poorly suited for use at an
industrial scale. Slower syntheses that allow nucleation to occur in a controlled and
uniform environment are thus of great interest, making them useful and convenient
targets for investigation using in situ characterization techniques.
1.1.5.5 Multimodal Characterization

Multimodal instrumentation that can concurrently measure NCs using
multiple characterization tools can provide complementary datasets that
yield a deeper understanding of the chemical and electronic structure of NCs.
Multiple characterization techniques can often be sequentially applied to a single,
stable sample. Fiducial markers can be used to ensure that the same NC is
measured using different techniques, and for ensemble NC measurements even
this complication is removed. However, perovskite materials are structurally

unstable and evolve quickly during their formation, complicating the sequential
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use of characterization tools. It is particularly important to use multimodal

in situ characterization techniques to advance our understanding of perovskite
formation."™*® For example, a multimodal instrument that measured in situ X-

ray diffraction, optical microscopy, and PL of bulk perovskite revealed unique
morphological features of the perovskite precursor phase, and spectral changes
could be assigned to the nucleation and growth of a perovskite film.™1* These
results uncovered a previously unknown dependence of nucleation and growth rates
on the identity of the lead-halide precursor salt, and this new insight may enhance
film coverage.

Compared to the study of perovskite film formation, concurrent
measurements using different characterization tools are arguably even more critical
for the study of perovskite NC growth in situ. Perovskite NCs can be highly
sensitive to reaction parameters and environmental conditions during synthesis.
Thus, if multiple characterization techniques are to be used to understand NC
growth, it is imperative that the growth process reported on by each technique
be identical, without the environmental conditions required by each measurement
influencing or changing the reaction. This can be ensured by conducting each
measurement on the same sample, at the same time, in the same instrument. A
few examples of this have already been reported for perovskite NCs. Darmawan
et al. combined atomic force microscopy with a single molecule time-resolved
photoluminescence (TRPL) instrument that allowed them to simultaneously
measure perovskite NC size, emission spectra, and PL dynamics during degradation
(Figure [4). 189 This combination of techniques allowed changes in the NC size
that coincided with photodegradation to be correlated to NC surface quality as

determined by PL decay dynamics. Others have combined electrochemistry with

23



‘PL lifetime apparatus‘

—
o
-

Intensity (kHz)
N B [e)] [e=]

o

200
Photoirradiation time (s)

100

N
aQ
o

300 350

—
]
~—
-
o
—~
—
—
«
~

1004

o
o
2

[}
o

Height (nm)

0

\ s,

Y/ N

0

200 400 600

Cross-section (nm)

Intensity (a.u.) =

N
o

475

500
Wavelength (nm)

525 550

Counts (a. u.)

30 40

—
Decay time (ns)

0 10

Figure 4. (a) Multimodal instrument used to simultaneously measure height and
PL of CsPbBr3 NCs during photoinduced degradation. Simultaneous (b) PL and
(¢) AFM measurements of CsPbBrg NCs. (d) PL intensity of an individual NC
during photoillumination. Evolution of (e) AFM cross section, (f) PL spectrum,
and (g) PL lifetime of the single NC from (d) before (blue), after 170 s (green), and
after 300 s (red) of illumination. Reprinted with permission from ref. 32 (C) The
American Chemical Society.

both linear and non-linear optical spectroscopies to study the electronic structure
of quantum dots.*?” This enables the study of optical transitions as a function of
applied potential, differentiating between intrinsic electronic states and surface

traps. While individually these techniques are already useful characterization tools,

concurrent investigation was critical for these important conclusions to be drawn.
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The pairing of in situ structural characterization modalities with spectroscopic
modalities would be of particular utility, as this could allow the structural evolution
of NCs to be directly correlated to changes to electronic structure and excited
state dynamics. Further development of multimodal instrumentation for in situ
measurements will increase our understanding of how NC surfaces evolve during
nucleation and growth, and how ligands can be used to engineer these surfaces to
yield tailored electronic and chemical properties.
1.1.6 Outlook

The lack of a mechanistic understanding of how perovskite NC surfaces
evolve during growth, post-processing, and degradation limits our ability to tailor
the photophysics of these materials. It is difficult to measure NC surfaces using
either structural or electronic probes, and this difficulty is exacerbated when the
surface is evolving. In situ measurement techniques have begun to shed light
on unstable NCs and their interactions with ligands during growth, but further
development of these techniques is needed. In situ measurements present some
unique challenges: they must be rapid relative to the rate of NC growth, must
not interfere with or alter the growth process, and should be performed during
growth under typical reaction conditions to yield maximally useful insights to
the synthetic community. As with all samples, deeper insight can be gained by
using multiple characterization techniques, but again, complexity is introduced
when measuring perovskite NCs during growth. Perovskite NC growth can be
quite sensitive to reaction conditions, so instruments that can perform multiple
types of measurements concurrently on the same sample are of particular utility.

While there are significant challenges to overcome, the rewards of gaining a deeper
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understanding of perovskite NC surfaces during growth would be significant given
the impact of the NC surface on photophysics.
1.2 Ultrafast Transient Absorption Spectroscopy
1.2.1 Electronic and Vibrational Spectroscopy for Investigation of
Perovskite Nanocrystals

Electronic spectroscopy probes transitions between electronic states in NCs,
which can be affected by surface-ligand interactions. In addition to modulating
electronic structure, ligands can also influence excited-state dynamics if they
passivate surface trap states or introduce new charge transfer pathways. The
presence of unpassivated surface states is often associated with lower PLQY since
photogenerated excitons that undergo carrier trapping are less likely to recombine
radiatively. Scatter and inner-filter effects must be considered and overcome, but
in general, photoluminescence (PL) is relatively easy to measure in situ during a
typical wet-laboratory synthesis since the measurement time is short and probes
for this purpose have become commercially available. In situ PL. measurements
were recently reported during a hot injection synthesis of CsPbBrs NCs, 14!
revealing discrete stages during the hot-injection growth process whereby nucleation
results in perovskite nanocubes within seconds. These nanocubes then cluster
together to form larger “supercrystals” during the remaining growth period. TRPL
spectroscopy can also report on the surface, as nonradiative recombination via
unpassivated surface states manifest as changes in the PL dynamics. The increased
number of nonradiative recombination centers can act to decrease PL lifetimes.*8
These traps can also manifest as additional components in the dynamics, such as
the presence of a picosecond time scale process in the PL decay of CsPbCl; NCs

that disappears after surface treatment to fill surface vacancies.?? In situ TRPL

26



measurements would provide useful insight into the evolving NC surface, but this is
made difficult by lengthy measurement times.

Carrier trapping at the NC surface or carrier transfer to a ligand also results
in transient changes to electronic structure and thus NC absorbance. Measuring
these changes by using time-resolved differential absorbance spectroscopies such
as transient absorption (TA) can indirectly provide insight into the NC surface.
However, acquisition times for time-resolved measurements are typically on the
order of several minutes to hours, too long for in situ measurement during NC
growth. As a result of this difficulty, time-resolved optical spectroscopies are
rarely performed in situ on unstable samples, and there is tremendous potential
for advancements in this area. For example, single-shot TA methods can reduce
measurement times down to seconds, which permits the acquisition of broadband
TA spectra during the nucleation and growth of perovskite NCs."** This technique
has been used to observe a pump-induced Stark shift in perovskite NCs during
growth, ascribed to trapped carriers at the NC surface (Figure [Bh,b), as will be
demonstrated in Chapter 4. This provides a metric by which surface passivation
can be tracked in real time. The data from these TA measurements suggest that
perovskite NC surfaces are poorly passivated until late in their growth. In general,
compared to the structural characterization techniques detailed above, in situ time-
resolved electronic spectroscopies are underdeveloped. Further advancements in
rapid-acquisition optical spectroscopies may provide avenues for understanding
NC growth that have thus far been unexplored. This may require some creativity,
particularly for spectroscopies that are not inherently surface-specific, but
utilizing the effect of the surface on the behavior of excitons is a novel strategy for

interrogating NC samples in situ during growth and provides a fresh perspective.
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Figure 5. (a) Tilted pulses can spatially encode a pump—probe time delay enabling
rapid, broadband, transient absorption (TA) measurements in situ during NC
growth. (b) Evolving contribution of second derivative of the absorption spectrum
to TA spectra reports on the changing surface passivation during growth. (c¢) Ex
situ electronic sum-frequency (SF) generation spectroscopy used to probe CdSe
NCs. (d) NC surface and core states can be individually resolved in electronic SF
spectrum. Reprinted with permission from ref. 32 (€) The American Chemical
Society.

While in situ time-resolved electronic spectroscopies may offer unique
insight into NC surfaces during growth, these techniques also face significant
limitations. Optical probes are diffraction-limited, typically relegating them to
ensemble measurements of NC populations unless the NC sample is significantly
diluted, which is incompatible with in situ measurement. The broad line widths
and range of defect-dependent behavior may result in measurements biased toward
the most resonant subpopulations. Furthermore, single-shot techniques that rely on
tilted-pulse geometries, such as the technique described above, require spatially

uniform beam intensities at the sample plane and careful correction of spatial

chirp for accurate measurement, and may be hindered by spatially heterogeneous
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samples. Additionally, this technique can only probe the NC surface indirectly, and
other non-surface-related properties such as the biexciton binding energy could be
involved.

A family of spectroscopies that is particularly well-suited to inspecting
NC surfaces is sum frequency (SF) spectroscopy, which is capable of selectively
probing molecules and states at interfaces and surfaces with high selectivity.*#*
SF techniques can utilize transmitted, reflected, or scattered light, depending
on the size of the particles being measured and the wavelength of light used.*4
Generation of an SF signal is only possible in structures that lack inversion
symmetry, therefore this technique is considered ”surface specific” as it leverages
the immediate break in symmetry that occurs at interfaces such as the NC surface
or at defects. In situations where symmetry breaking also occurs in the bulk of
a sample, such as the interior of small NCs, and where the coherence length is
much longer than the width of the interfacial layer, it is possible that signal from
the bulk will also be present in the SF spectrum.™ Use of reflective experimental
geometries can significantly reduce or eliminate contributions to the SFG signal
from the bulk.t20427 Vibrational SF generation spectroscopy was used in a reflective
geometry with perovskite films to study molecular orientations of MA at interfaces
with layers of other materials."#® Similar measurements of NCs may be able
to report on the identity and orientation of capping ligands at the NC surface.
Vibrational SF measurements were shown to be sensitive to changes in ligand
coverage and ordering that result after washing CdSe NCs with antisolvent, and
this type of measurement should also work for perovskite NCs.12? SF can also
isolate signal generated by the electronic structure present at the surface. SF

generation microspectroscopy was used to directly observe changes to the number
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of sub-bandgap surface trap states following oxidative degradation of CdSe NCs
(Figure [pk,d).®Y Similar studies of perovskite NCs would provide insight into the
distribution of surface trap states.

The development of in situ SF spectroscopies has provided new insight
into the structure of evolving interfaces, for example, buried interfaces in
electrochemical cells.*?! However, difficulties may be encountered when performing
vibrational SF spectroscopies on solvated, reacting, colloidal NCs, as the vibrational
resonances of the solvent itself may attenuate the IR input. This would impede
rapid signal acquisition because of the low efficiency of the second-order SF process.
Thin sample cells can be used, but this may also result in the detection of signals
originating from the sample—cell interface. Creative strategies can enhance signal
from the interface of interest, and further development of these methods may allow
for the rapid acquisition of SF signals in liquid samples.t#433 In situ SF techniques
could enable surface-specific measurements of NCs during their nucleation and
growth, representing another significant opportunity for advancement.
1.2.2 “Traditional” Transient Absorption Spectroscopy
1.2.2.1 Introduction to “Traditional” Transient Absorption

Spectroscopy

Transient absorption is a pump-probe technique in which one pulse of light,
termed the pump pulse, creates a photoexcited population in a sample and the
subsequent transmission of a second pulse, termed the probe, is measured. The
probe transmission is compared to itself in the absence of any ”pump” excitation
and the difference in this transmission is reported. By varying the arrival time

between the pump and a broadband probe pulse, this technique can provide a
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time-resolved picture of the excited state and how it evolves energetically following
photoexcitation.
1.2.2.2 Observable Processes in Transient Absorption

The differential measurement described in a TA spectrum is composed of up
to three different processes, ground state bleach (GSB), stimulated emission (SE),
and photoinduced absorption (PIA). When ground state bleach and stimulated
emission occur, the presence of a pump-generated excited population causes an
increase in the detected transmission of the probe pulse, appearing as a negative
AOD signal in the TA spectrum. Ground state bleach occurs when the pump pulse
creates an excited population and, as a result of depopulation in the ground state,
there are fewer chances for absorption of the probe pulse. As a result, more probe
pulse in transmitted through to the detector. Stimulated emission results in the
same thing, only the increase in detected transmission occurs when a component
of the probe pulse, following pump generated photoexcitation, interacts with the
excited state population causing those electrons to fall back to the ground state,
emitting photons. These emitted photons, combined with the original incident
photons in the probe beam, are detected as an increase in transmission. While
there is no way to know whether the negative AOD signal originated from GSB
or SE just by looking at the TA spectrum, comparison to the linear absorbance
and photoluminescence spectra, along with analysis of the decay dynamics, can
assist in the assignment of these features. The positive AOD signal caused by PIA
occurs when absorption of some resonant component of the probe pulse allows the
photoexcited population to access even higher energy electronic states. Thus, the

presence of the pump pulse causes additional absorption events when the probe
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interacts with the sample, transmitting fewer photons than when no pump pulse is
present.
1.2.2.3 Limitations of “Traditional” Transient Absorption
Spectroscopy

Despite the wealth of important information on excited state dynamics that
TA is capable of reporting on, the technique also suffers from limitations that
are particularly highlighted when attempting to study samples that are changing
in situ. It is critically important to be mindful of the pump fluence used in TA
experiments. If the pump pulse energy is too high, this pulse will create too great
an excitation density in the sample. Typical experiments attempt to electronically
excite between .1% and 1% of molecules in the sample, however this is heavily

134 Too high an excitation density can lead to

dependent on the sample response.
multiexciton effects such as Auger recombination. In Auger recombination, carriers
interact with and can annihilate each other, changing the measured dynamics

and obscuring information about other processes. As a result, it is important

to keep excitation density below this threshold. Dynamics are extracted from

TA data by fitting the decays of individual transients to functions, typically

a sum of exponentials. In order to assure quality fits, it is important to have
enough data points in the transient to allow for accurate calculation of dynamics.
Each data point requires a retroreflecting mirror be moved so that a new time
delay can be measured. This process adds significant time to TA experiments.
Finally, as previously explained the reported signal from a TA experiment is the
difference between transmission of the excited state and that of the ground state.

The overall magnitude of this difference in absorbance can be very small; in the

case of experiments reported here, on the order of 103, As a result, achieving
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acceptable signal to noise while maintaining pulse energies below the threshold for
multiexciton effects can require collecting multiple on-off pulse pairs at each time
delay position and averaging a large number of complete scans through the time
delay range. As a result of all of these factors, TA experiments can require tens of
minutes to several hours depending on the response of the sample being studied.
1.2.3 Single-Shot Transient Absorption Spectroscopy

To overcome the limitations associated with TA spectroscopy that restrict
its application to non-equilibrium systems, here I employ a novel single shot
transient absorption spectrometer (SSTA) that has been developed by our research
group. This SSTA spectrometer permits collection of TA spectra of NC samples
with good signal-to-noise within one minute, allowing the technique to be applied
to systems that are changing on significantly faster timescales than was previously
possible. This is possible through several key changes to the instrumental set up.
Whereas in a “traditional” TA spectrometer pulses are focused down to spots
through use of spherical lenses, in SSTA the pump and probe beams are focused
to lines through the use of cylindrical lenses. The spatially elongated probe pulse
is incident normal to the sample plane, while the pump pulse is tilted relative
to the sample plane. This spatially encodes the pump-probe time delay along
the length of the probe, allowing entire TA spectra to be collected with a single
pump on-pump off pulse pair. Spatially dispersing the probe pulse over the sample
through the use of the cylindrical mirrors requires that our probe beam possess
significantly more energy than in a traditional TA experiment, where the tight
focal points lend themselves to high energy densities. As a result, typical methods
for supercontinuum generation of broadband light fail to provide adequate energy.

The most common method to generate a broadband probe is the use of a sapphire
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crystal. Use of a solid medium for supercontinuum generation limits the usable
energy to the damage threshold of the particular crystal, setting an upper limit on
the energy of the broadband probe that can be generated. To circumvent this, an
argon cell was employed to permit supercontinuum generation with enough output
power to maintain sufficient excitation density without risk of damage to the
nonlinear medium. The last major difference between TA and SSTA is the use of
a spatial light modulator (SLM) to adjust the beam profile. Each pulse generated
by the laser is approximately Gaussian in its intensity profile, however achieving
the nearly 60 ps time delay I report with SSTA requires that the beam intensity
be spatially uniform.*#*¢ This is achieved through the use of a phase-only SLM
that is capable of spatially reshaping the beam to any input by redistributing the
incoming intensity. This can be used to make the beam more Gaussian and improve
the M2, or in the case of this work used to flatten the spatial intensity profile of
the pump and probe beams. The flattened beam profile generated with the SLM is

used to excite the sample uniformly in the linear regime.
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CHAPTER II
RAPID SAMPLING OF PEROVSKITE NANOCRYSTALS FOR
SPECTROSCOPIC INVESTIGATION

Includes co-authored material from:

Sadighian, J. C.; Crawford, M. L.; Wong, C. Y. Rapid sampling

during synthesis of lead halide perovskite nanocrystals for

spectroscopic measurement. MRS Advances 2019, 4, 1957-1964.
2.1 Introduction

An understanding of the link between the synthetic route and the

photophysics of the product will provide valuable feedback for the rational design
of NCs with targeted photophysical properties. In situ spectroscopic measurements
may be able to link the evolving photophysical properties of NCs to the structural
changes that occur during synthesis. However, spectroscopic measurements such
as absorbance, fluorescence, and transient absorption are usually only conducted
ex situ on NCs that are at a structural equilibrium after the synthesis has been
completed. It is significantly more difficult to measure these properties during
NC synthesis when the structure of the NC may still be evolving. The reaction
is typically quenched by centrifuging the reaction mixture for several minutes to
remove any remaining solid precursor prior to measurement. This is additionally
beneficial for spectroscopic measurements since these solid components scatter light
and interfere with optical interrogation. Centrifugation is typically performed for
many minutes, and since the mixture may continue to react during this process,
measurements of centrifuged reaction mixture do not accurately report on the
photophysics of NCs in the reaction mixture during growth. As a result, in situ
measurements of NCs have largely been limited to steady-state measurements

37138

during NC growt or time-resolved measurements only during the slower
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process of NC degradation.!U#139U4l Thig chapter describes a technique to rapidly
sample perovskite NCs during synthesis, enabling the in situ measurement of
electronic structure and excited state dynamics during NC nucleation and growth.
In situ measurements during NC growth are only achievable when the reaction

proceeds on a timescale significantly slower than that required for data acquisition.
Hot-injection®*44 and ligand-assisted reprecipitation®"¥# are currently the most
prevalent techniques for the synthesis of organic-inorganic lead halide perovskite
NCs. Since nucleation and growth occur very quickly in both techniques, the
synthesis necessarily proceeds amidst concentration gradients. This can result in
growth that depends on the exact nature of the injection and mixing of reagents,
and limits the scalability of the reaction. To this end, a room-temperature, ambient
air synthesis is adopted where NC nucleation and growth kinetics are rate-limited
by the solution equilibria.?® The kinetics of this reaction are more accommodating
to in situ measurements, allowing the evolving electronic structure during NC
formation to be monitored. The use of a filtration-based reaction quenching
technique permits use of a homemade spectrometer capable of simultaneously
collecting absorbance and fluorescence spectra to observe how MAPbI; NCs grow in
solution. Following nucleation, NC growth proceeds through a series of decreasingly
quantum-confined intermediates that form full NCs on the timescale of several
hours. It is shown that the species present in the reaction mixture during NC
growth are unstable and continue to evolve after filtration. These species must

be measured in the first few seconds after filtration to accurately capture the

photophysics during NC growth.
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2.2 Methods

MAPDI; NCs were prepared by a method similar to that described by Wang
et al.®¥ 55 uL of octylamine and 110 uL of oleic acid were mixed in a scintillation
vial containing 22 mL of hexane. The reaction was initiated by adding 191 mg
of lead iodide (Pbly) and 52 mg of methylammonium iodide (CH3NH3I) and the
reaction vessel was sonicated to induce homogenous mixing. The color of the
reaction mixture changed from yellow to red to brown over the first 45 min, after
which it was dark brown in color for the remainder of the reaction. 0.5 mL aliquots
were periodically withdrawn without interrupting the sonication and filtered
through a 13 mm diameter, 0.45 pm pore, PTFE syringe filter into a 1 mm path
length quartz cuvette. This removed the solid precursor, quenching the reaction
in a similar fashion to centrifugation. The absorbance and fluorescence of these
filtered aliquots were measured immediately following filtration unless otherwise
noted. The aliquot extracted at 18 min contained too much solid particulate to
pass through a syringe filter. This and all subsequent aliquots were first centrifuged
for 10 s at 7227 rcf, and the resulting supernatant was filtered into the cuvette.

Absorbance and fluorescence measurements were collected simultaneously
using the apparatus illustrated in Figure[6] A xenon arc lamp illuminated the
sample for absorbance measurements and a laser diode emitting 405 nm light
served as the excitation source for the fluorescence measurements. These two light
sources were focused to two non-overlapping spots on the cuvette. Transmitted
light was collected using an optical fiber (Thorlabs M92L01) for the absorbance
measurement. A second fiber (Thorlabs M53L01) was placed near the cuvette to
capture fluorescence emitted from the sample. Both fibers were carefully placed

to avoid the transmitted light from the 405 nm laser. Each fiber was directed to a
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spectrometer

fluorescence
spectrometer

Figure 6. Schematic of apparatus used to simultaneously measure absorbance and
fluorescence of sample (S). A lens (L) focuses light from a xenon arc lamp onto the
sample and transmitted light is collected using an optical fiber (F). A 405 nm laser
serves as the excitation source for fluorescence measurements and is incident on a
beam block (BB) after the sample. Emitted photons are captured using an optical
fiber. (©) Materials Research Society 2019.
separate Ocean Optics Flame-T spectrometer for data acquisition. Aliquots were
also remeasured periodically after filtering to determine the stability of the NCs.
These samples were not exposed to the light sources between measurements.
2.3 Results

Absorbance and fluorescence measurements of aliquots from a NC reaction
mixture, collected simultaneously at 23 discrete time points during the synthesis,
are shown in Figure[7] In the first few minutes after the reaction is initiated two
features are observed in the absorbance spectra, a peak at 375 nm and another
peak near the limit of our spectral range at 350 nm (Figure 7). These features can
be assigned to plumbate complexes that have been previously reported in MAPbI3
precursor solutions.**¥ The concentration of solvated precursors appears to reach
the critical nucleation threshold within 4 min, as indicated by the detection of

a weakly emissive feature from 600 nm to 650 nm. Although fluorescence can be

detected in the filtered reaction mixture, the absorbance in the visible wavelength
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region is negligible at this point in the synthesis. A rapid increase in absorbance
and fluorescence is observed in the following minutes. The absorbance spectra
show a sharp feature at 550 nm that is consistent with absorption at the excitonic
band edge of quantum-confined NCs and this feature continues to gain intensity
as the NCs grow. By 11 min and 18 min new peaks appear at 592 nm and 630
nm, respectively. While the absorbance spectra exhibit sharp features with rapid
growth between 6 min and 18 min, the change in the fluorescence spectra during
the same period is more subtle, Figure [7e. At early reaction times fluorescence
spectra have a feature at 600 nm and a slightly smaller peak at 636 nm. These
peaks grow in tandem until 11 min when the blue edge of the fluorescence spectrum
recedes and the 636 nm peak becomes the dominant feature. By 18 min the
fluorescence spectrum redshifts such that the emission is now centered at 647 nm.
This coincides with the emergence of the absorbance feature at 630 nm.

After the synthesis has progressed for 30 min the amount of suspended
particulate exceeds the capability of the syringe filters, so aliquots withdrawn
from the reaction mixture were centrifuged for 10 s prior to filtration. Although
the aliquot is only centrifuged briefly, these samples show significantly lower
optical density than those that are not centrifuged, yet the fluorescence increases
in intensity. This is attributed to components of the reaction mixture that can
absorb the 405 nm excitation source but do not fluoresce. The removal of these
components from the reaction mixture by centrifugation increases the number of
excitation photons incident on NCs that are stable enough in solution to persist in
the supernatant. Since NCs that are well-capped by organic ligands are more stable
than those that are poorly capped, it is reasonable that the NCs in the supernatant

have, on average, less exposed surface and fewer trap states, and thus exhibit
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stronger fluorescence. This demonstrates how centrifuging a reaction mixture,
even for only 10 s, can dramatically change the photophysics of the resulting NC
population. Conclusions that are drawn regarding the properties of NCs during

growth will be significantly different if the reaction mixture is centrifuged prior to

measurement.
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Figure 7. (a,b) Absorbance and (c) fluorescence measured during NC synthesis.
The UV absorbance of early-forming lead species is shown in (a) from 1 min
reaction time (pink) to 7 min reaction time (orange), in 1 min increments. Dashed
lines indicate that the sample was centrifuged before measurement. (C) Materials
Research Society 2019.

The centrifuged sample collected after 30 min of reaction time still exhibits
a sharp excitonic-like absorption feature near 590 nm, but this feature becomes
less distinct as the NCs continue to grow and the absorbance increases at longer
wavelengths. When the NCs have grown for 1 hr sharp features are no longer
observed, and following 4 hr of growth the absorbance spectrum exhibits a shoulder
at 650 nm that is characteristic of MAPbI3 NCs with weakly-confined excitons. As
the synthesis continues the fluorescence spectrum loses the higher energy shoulder

at 550 nm and continues to narrow, redshift, and increase in intensity, in agreement

40



with the self-sharpening regime that has been reported during classical nanoparticle
growth 144

Tracking the fluorescence intensity as a function of reaction time shows the
wavelength dependent growth rates of different features in the observed spectra,
Figure [8| At early stages of the NC synthesis the intensity of the two higher energy
fluorescence peaks at 600 nm and 636 nm (vide supra) grow at nearly identical
rates. After 11 min of reaction time the intensity of the peak at 600 nm begins
to decline while emission continues to increase at longer wavelengths. The rate
of growth in fluorescence intensity decreases with increasing wavelength, with
negligible intensity measured at 733 nm until reaction times exceeding 20 min.
During this stage of the synthesis, the centrifuged and filtered reaction volumes
exhibit receding fluorescence features at 600 nm and 636 nm while the rest of the
spectrum continues to rise in intensity. Sharp features are not observed in the
fluorescence spectra above 636 nm, indicating that photogenerated excitons are no
longer strongly confined by the NC. Smaller NCs within the measured population
contribute to the blue edge of the fluorescence feature, while larger NCs contribute
to the red edge. As the average NC size continues to increase the confinement
of excitons continue to weaken, causing the fluorescence spectrum to continue
to redshift. Traces of the intensity at three wavelengths within this fluorescence
feature show that the population of smaller NCs declines during this stage of the
synthesis with concomitant growth in the population of larger NCs.

Measurements of aliquots extracted from the reaction mixture were repeated
for several hours to determine the stability of the filtered reaction mixture. The
results demonstrate the importance of measuring the reaction mixture within

seconds of filtration, particularly during the beginning of the synthesis. The
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Figure 8. Growth of fluorescence features during synthesis. (a) The fluorescence
intensity at 600 nm reaches a maximum after 11 min of reaction time. (b)
The fluorescence at longer wavelengths continues to grow for the duration of
the synthesis. Dotted lines indicate that the sample was centrifuged prior to
measurement. (C) Materials Research Society 2019.
absorbance and emission spectra for the aliquots sampled after 7 min and 18 min of
reaction time, Figure O and PO, respectively, change significantly in the two hours
after the reaction is ‘quenched’ by filtration. The aliquot filtered after 7 min of
reaction time initially exhibits a single excitonic peak at 550 nm in the absorbance
spectrum, but 10 min after filtering this peak starts to lose intensity and a peak at
592 nm begins to form. After two hours the 592 nm peak continues to grow and
there is no longer any evidence of a peak at 550 nm. The overall optical density
of the sample decreases, though in the same timeframe the fluorescence intensity
nearly doubles.

Similar behavior is observed in the aliquot extracted and filtered after
18 min of growth. The initial absorbance shows a strong peak at 550 nm that
disappears and a peak forms at 592 nm as the NCs continue to evolve after

filtration. The fluorescence spectrum immediately following filtration exhibits

features of similar intensity at 601 nm and 634 nm. Interestingly, while both
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features grow after filtration, the higher energy peak becomes significantly larger.
The emission spectrum also broadens to the red between the 40 and 120 min
measurements. The negligible effect of the absorbance feature on overall NC
fluorescence in these first two timepoints is most likely resulting from poor

surface passivation by capping ligands. Excitons in these NCs recombine through
predominantly non-radiative pathways owing to mid-gap trap states on surface
atoms. Filtration does not remove the organic ligands or solid precursors that have
already been solvated, hence NCs experience a small amount of continued growth
and passivation after filtration.

The aliquot extracted, centrifuged, and filtered after 35 min of reaction time
exhibits a strong peak at 592 nm with a shoulder near 630 nm, Figure [9k. The
evolution of the absorbance and fluorescence spectra for this aliquot is more subtle
than in earlier samples. The changes are even smaller for an aliquot extracted,
centrifuged, and filtered after 4 h of reaction time, indicating that the species in
this aliquot are the most persistent, Figure [9d. The decreasing spectral change
as a function of reaction time can be rationalized as follows. It is likely that the
species in the reaction mixture are inherently unstable at the beginning of a
synthesis, since it is known that smaller NCs are more likely to dissolve back into
precursor.’* They may also not be as well capped by ligands. For the photophysics
of these species to be accurately captured it is imperative that the measurement be
conducted rapidly after filtration. The NCs in the reaction mixture at later stages
of the synthesis are likely more stable. Smaller or poorly capped components of the
reaction mixture may decrease in population during the brief time that the aliquot
spends in the centrifuge prior to measurement. Additionally, the well-capped

and more stable NCs are more likely to survive centrifugation and remain in the
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Figure 9. Absorption (solid) and fluorescence (dashed) of reaction mixture after
growth for (a) 7 min, (b) 18 min, (c¢) 35 min, and (d) 4 hr. Spectra are collected
at the indicated time after filtering (a,b) or centrifuging and filtering (c,d). (©
Materials Research Society 2019.

supernatant. It is likely that both the time spent in and action of the centrifuge
bias the population towards more stable NC species. Aliquots that have been
centrifuged, even if only for a short period of time, may no longer accurately
reflect the full population of NCs that comprised the reaction mixture. This

observation is of importance if an understanding of the photophysics during NC

synthesis is sought, since quenching techniques that involve centrifuging are likely
44
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to underrepresent the population of small and poorly capped NCs. The instability
of nascent NCs is also likely to stymie attempts at structural characterization using
transmission electron microscopy (TEM). Exposure to electron irradiation is known
to cause structural damage to perovskite NCs, particularly for smaller NCs with a
large surface-to-volume ratio.’%? In summary, I have adopted a solvation-mediated
synthesis capable of manufacturing MAPbI3 NCs on timescales more favorable to
spectroscopic investigation than traditional methods. Modification of this technique
to accommodate rapid sampling and filtration to quench the reaction allowed

us to utilize a homebuilt spectrometer to simultaneously record absorption and
fluorescence of NCs during nucleation and growth. The results show that synthesis
occurs through a series of decreasingly quantum-confined, unstable intermediates
that ultimately form fully grown NCs. The success of these experiments suggest
any spectroscopic measurement, such as time-resolved electronic spectroscopy,

must be completed in seconds to ensure the accurate measurement of the unstable

species in the reaction mixture.
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CHAPTER III
SURFACE LIGATION STAGE OF PEROVSKITE NANOCRYSTAL GROWTH
REVEALED THROUGH POLARITY-DEPENDENT FILTRATION

Includes co-authored material from:

Sadighian, J. C.; Crawford, M. L.; Suder, T. W.; Wong, C.
Y. Surface ligation stage revealed through polarity-dependent

fluorescence during perovskite nanocrystal growth. Journal of
Materials Chemastry C' 2020, 8, 7041-7050.

3.1 Introduction

In the previous chapter I presented a kinetically favorable method for
synthesizing MAPDI3 on a timescale that permits spectroscopic investigation.
I also described a rapid sampling technique that allows quick extraction and
purification of NC aliquots, enabling absorbance and fluorescence measurements
to be collected during growth. In this chapter I apply these to begin studying
the mechanism by which perovskite NC surfaces become bound by ligands during
growth. The classic model of NC formation proposed by LaMer comprises three
discrete stages. 024414047 The precursor concentration must first increase until
a critical supersaturation point has been reached. Self-nucleation then occurs
until the precursor concentration has dropped below the critical nucleation
concentration, at which point the newly-formed nuclei begin growing to form
NCs. The duration of the self-nucleation stage is a key factor in determining the
size distribution of the resulting NCs. Syntheses that follow a ‘burst nucleation’
mechanism aim to rapidly exceed the critical supersaturation point. Strategies
include the rapid injection of a solution containing a high concentration of one of
the precursors, rapidly lowering the temperature of the reaction, or adding a co-

solvent in which the precursor is less soluble BUsHESHAZLASHL Following nucleation,
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the rate of growth for some NCs can be described as a function of precursor
diffusion,*#*4% but for other NCs the growth stage may be more complicated.
Recent work suggests that the perovskite crystal structure is not fully formed

at the beginning of this growth period, instead existing as a plumbate complex
with cations (methylammonium, formamadinium, cesium, etc.) still diffusing into
the lattice. 0843023 A dditionally, Ostwald ripening, where smaller NCs are re-
solubilized and consumed by more stable, larger NCs, can cause defocusing of
the size distribution.®>#157 The surface plays a significant role in the nucleation
and growth of NCs 28162 Understanding the surface is key for understanding the
electronic structure, function, and growth of NCs owing to their large surface-to-
volume ratios. Surface ligands are commonly used to prevent aggregation and
passivate electronic trap states that arise from dangling bonds at unoccupied
surface sites.##34102 These trap states occupy energy levels between the HOMO
and LUMO bands and significantly reduce NC fluorescence quantum yield. One
possible model of NC surface evolution during formation is illustrated in Figure
10, where the NCs after the nucleation event are well-passivated while they
continue to grow. During this process, the decreasing quantum confinement causes
a redshift in the fluorescence spectrum. Recently, a terminal stage of colloidal NC
formation has been proposed after the NCs have completed their growth.%? The
redshift of the fluorescence spectrum and the increase in fluorescence intensity
typically ascribed to the growth stage are instead shown to result from increased
passivation of NCs by ligands attaching to dangling bonds on the NC surface,
Figure [I0p. Classical nucleation and growth can also be followed by a secondary
nucleation event wherein small, poorly-capped NCs from the first growth stage

aggregate, Figure .66 For NCs that exhibit aggregative nucleation and growth
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Figure 10. Models of the NC surface during growth. (a) The surfaces of nascent
NCs are well-capped throughout growth. (b) Nascent NCs are poorly-capped
during growth, only becoming well-capped in a distinct surface ligation stage near
the end of NC formation. (c¢) Aggregative nanocrystal growth wherein smaller,
poorly-capped NCs aggregate to form a larger NC. (©) The Royal Society of
Chemistry.

following classical nucleation and growth, it is the aggregative nucleation stage

that determines the final nanocrystal size distribution. While these mechanisms

163H169

have been observed and rigorously studied in chalcogenide NCs and other

systems, L0

additional measurements are required to determine which, if any, of
these models can be used to accurately describe the surface during the formation
of hybrid perovskite NCs. Tracking NC absorbance and emission spectra is a quick,

155 The decrease

simple, and effective way to monitor NC growth and passivation.
in quantum confinement as the NC diameter increases causes a red shift in their
band edge absorbance and fluorescence. Additionally, increased emission intensity
indicates the passivation of surface trap states by capping ligands. #2007
The most common method of sampling NCs during growth involves sequentially

extracting aliquots of the reaction mixture and centrifuging each sample for

several minutes to remove solid reactants, quenching the reaction and minimizing
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sources of scatter. The absorbance and fluorescence of these samples can then be
measured, S ESOH2ASISZISIELE However, during centrifugation individual NCs can
continue to grow or dissolve back into precursors, and the fractional passivation

of their surface by ligands can change. As a result, this sampling method fails

to provide an accurate snapshot of the NCs and their surface during growth.

In situ spectroscopic measurements of CdSe NCs have been conducted using

a transmission-reflectance dip probe, removing the sampling problem."#” This
technique is most effective when measuring reaction mixtures without an excess

of solid precursor so scatter at the tip of the probe is minimal. Fluorescence
measurements during growth require that the reaction mixture be sequentially
sampled, and for a typical fluorimeter configuration the sample must be diluted

to prevent inner-filter effects. While this may not negatively affect NCs with a
stronger lattice, such as CdSe NCs, dilution causes hybrid perovskite NCs to
exfoliate into nanoplatelets, radically altering their electronic properties.*™ The soft
lattice of hybrid perovskites also limits the utility of in situ TEM measurements
during NC growth, as even fully grown, stable perovskite films and NCs may

be damaged by the electron beam during TEM H03SUISI Ty ity measurements

of absorbance, fluorescence, and small-angle X-ray scattering (SAXS) using

1828054 also provide insight, but these measurements occur

microfluidic reactors
under conditions that do not represent those found in a typical wet-lab synthesis.
Perovskite NCs are typically synthesized using either ligand-assisted reprecipitation
(LARP)="2 or hot-injection™* techniques, where nuclei are produced rapidly

O5I00LARLSI and subsequent NC growth can be complete in a

via burst nucleation
matter of seconds to minutes. In these conventional synthetic methods, nucleation

occurs in an environment that includes extreme temperature and/or concentration
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gradients, introducing sources of inhomogeneity to the nuclei and resulting NCs,
limiting the scalability of the reaction. A non-polar solvent that reduces the
solubility of the polar precursor salts can be used to increase homogeneity in

the reaction mixture during nucleation and growth. Small amounts of organic
ligand can then serve to mediate the synthesis by solvating the precursor, making
it available for nucleation. This solvation step limits the rate of the reaction,
allowing the reaction to be well-mixed during the formation process. This increases
the homogeneity of the reaction environment, improves reaction scalability, and
substantially increases the number of measurements that can be made during NC
growth."®% In this chapter, I measure absorbance and fluorescence of the reaction
mixture during a ligand-mediated synthesis of MAPbI3 NCs. Since the lead iodide
and methylammonium iodide precursors are insoluble in the non-polar solvent,
aliquots of the reaction mixture contain suspended solids that can scatter light
and interfere with spectroscopic measurement. Centrifugation can remove these
solids, but the species in the sample may evolve during this procedure. To decrease
the delay time between aliquot removal and measurement, I use syringe filters to
quickly remove solid components from the reaction mixture. The absorbance and
fluorescence of sequentially extracted aliquots of the reaction mixture show the
evolution of the species within the mixture and their dynamic electronic structure.
Additional insight into the physical and electronic structure of the nuclei and
growing NCs is gained by comparing measurements of the reaction mixture after
it passes through filters of different polarities. These experiments show that the
formation of hybrid perovskite NCs includes a surface ligation stage that increases

NC stability and photoluminescence.
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3.2 Methods
3.2.1 Materials

All reagents were used as received: lead iodide (99.999%, trace metals basis,
Sigma-Aldrich), methylammonium iodide (MAI, >99%, anhydrous, Sigma-Aldrich),
octylamine (99%, Sigma- Aldrich), oleic acid (90%, technical grade, Sigma-Aldrich),
and hexane (>95%, laboratory reagent grade, Sigma-Aldrich).
3.2.2 Synthesis

350 mg of Pbly; and 95 mg of MAI were combined with 40 mL of hexane
in a glass test tube and suspended in an ultrasonication bath to provide constant
mixing of the precursors. The reaction was initiated with the addition of 100
1L octylamine and 200 uL oleic acid. A recirculating chiller in a closed-loop
configuration with an aluminum block was used to maintain a temperature of 22
°C in the ultrasonication bath.
3.2.3 Sampling and Characterization

HDPE syringes were used to withdraw two separate 0.6 mL aliquots of
reaction mixture at discrete time points. One of each aliquot was filtered through
a 0.45 pm syringe filter (VWR) with either a polytetrafluoroethylene (PTFE) or
nylon membrane and into a 1 mm path length quartz cuvette (Starna Cells, 1-Q-
1). Following the 25 minute mark a 1.0 um PTFE pre-filter (Whatman Rezist) was
used in conjunction with the 0.45 pm filter. Following 60 minutes an additional 5.0
pm filter (Whatman Rezist) was also added. 2 mL of reaction mixture was used for
these aliquots.
3.2.4 Absorbance and Fluorescence Measurements

MAPDI3 NCs were synthesized via a solvation-mediated synthesis previously

reported.*®187 Two aliquots of the reaction mixture were extracted at 16 discrete
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time points during five separate syntheses. Each aliquot was filtered through either
a PTFE or nylon membrane syringe filter into a 1 mm path length cuvette. This
removed solid precursors that cause scatter, enabling nearly in situ absorbance
and fluorescence measurements using a homebuilt instrument, Figure [6] Spectra
measured for aliquots extracted at the same time points during the five separate
syntheses were averaged, shown in Figure [I3] The standard deviation in the
spectra at four selected time points is indicated by the shaded region. The
standard deviation for all time points is shown in Figure [I4] Further information
regarding the reagents, synthesis, and sampling may be found in the supplemental
information.
3.2.5 Transmission Electron Microscopy

TEM images were obtained with an FEI Titan 80-300 kV STEM equipped
with a Cs image corrector operating at 300 kV. NCs were grown for 120 minutes
and then filtered through either PTFE or nylon filters into HDPE centrifuge tubes
for transport. Sample preparation involved diluting by a factor of 2x with hexane
before being immediately drop-cast onto lacey carbon TEM grids with an ultrathin
carbon support film. No additional sample preparation was used prior to imaging.
540 particles were counted and used for statistics on PTFE-filtered NCs, while 592
particles were counted for nylon-filtered NCs.
3.3 Results and Discussion
3.3.1 Transmission Electron Microscopy

Figure 11| shows TEM characterization of NCs grown for 120 minutes,
equalling the longest reaction time used in any of our experiments. A high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM)

image of NCs filtered through PTFE is shown in Figure [I1}, whereas a bright-field

o2



Counts

3 4
Diameter (nm)

3 4 5 6
Diameter (nm)

Figure 11. TEM characterization of PTFE-filtered (a,c) and nylon-filtered (b,d)
NCs after 120 minutes of growth. Image of PTFE-filtered NCs was taken in
HAADF-STEM (a), nylon-filtered NCs were imaged in bright-field TEM (b). Size
distribution information shows both NC populations have an average size of 3.7 nm
(nPTFE=540, nnylon=592). (C) The Royal Society of Chemistry.
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Figure 12. Absorbance (solid) and fluorescence (dashed) of NCs grown for 120
minutes and analyzed with TEM. (€) The Royal Society of Chemistry.
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image of NCs filtered through nylon is shown in Figure [IIp. The two samples of
NCs exhibit similar circularities of 0.92+0.20 and 0.93£0.03 for PTFE- and nylon-
filtered NCs, respectively. This is in agreement with previous literature reports that
this synthesis produces highly spherical nanoparticles.*® Filter material is shown
to have little effect on the size of particles in the filtrate, Figure [11,d, as filtration
through PTFE and nylon each result in NCs with an average size of 3.7 nm =+ 1
nm. While TEM is commonly used to characterize NCs, rinses with anti-solvent
and centrifugation are typically required to remove superfluous organic ligand
before imaging, particularly at the high magnifications necessary for accurate size
quantification. Without these steps, images suffer from poor contrast and uneven
background intensity as the ligands polymerize under the high energy beam and
deposit onto the TEM grid. The perovskite NC solutions may change as a result
of these preparatory procedures, yielding TEM images that may not accurately
reflect the original population.**® Further, it is known that TEM causes irreversible
damage to perovskite thin films H#UHSHE0 Since the surface plays a central
role in degradation, ™92 the large surface-to-volume ratio of perovskite NCs
renders them highly susceptible to damage during TEM measurements, 103180181
Consequently, unstable nascent NCs may degrade too quickly for reliable imaging
and characterization. Rapid, non-destructive characterization techniques, such as
optical spectroscopies, are necessary to study NCs sampled and filtered during early
stages of nucleation and growth, when nascent, growing NCs are unstable.
3.3.2 Absorbance and Fluorescence Measurements

Aliquots filtered through the PTFE filters exhibit absorbance at 375
nm after 3 minutes (Figure . This is attributed to plumbate complexes that

form at the beginning of MAPbI; syntheses."*? The solution appeared to reach
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Figure 13. Absorbance (left) and fluorescence (right) of reaction mixture filtered
through PTFE (top) or nylon (bottom). Traces represent an average of 5 syntheses
with shaded areas showing standard deviations for selected time points. () The
Royal Society of Chemistry.

the critical nucleation threshold within the first 3 minutes, as indicated by the
appearance of a broad fluorescence feature centered near 640 nm. The fluorescence
intensity continued to grow over the first few minutes, alongside the onset of
broad absorbance extending to 600 nm. After nine minutes of reaction time, two
distinct peaks at 545 and 585 nm appeared in the absorbance spectrum and at 600
and 650 nm in the fluorescence spectrum. The fluorescence intensity continued

to increase until 20 minutes of reaction time, at which point the 600 nm peak
began to lose intensity and the spectrum started to redshift. This corresponded

with the disappearance of the absorbance feature at 545 nm and a rapid increase

in absorbance at 585 nm. The intensity of the 585 nm absorbance reached a
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Figure 14. Average absorbance and fluorescence of five syntheses (lines) and
their standard deviations (shaded), analogous to Figure [13] Absorbance and
fluorescence of PTFE-filtered NCs shown in rows 1 and 2, respectively, absorbance
and fluorescence of nylon-filtered NCs shown in rows 3 and 4, respectively. (©) The
Royal Society of Chemistry.

maximum after 35 minutes of growth, then began to lose intensity while the band-
edge absorbance shoulder at 635 nm exhibited significant growth. I attribute

the absorbance at 635 nm to larger NCs that only weakly confine an exciton.
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Figure 15. Comparison of fluorescence spectra for perovskite NCs during formation
after filtering through PTFE (blue) or nylon (red). (a) Integrated fluorescence
intensity. (b) Average emission wavelength. (c) Normalized fluorescence intensity
at 600 nm (solid), 650 nm (dashed), and 665 nm (dotted). (C) The Royal Society of
Chemistry.

Meanwhile, the fluorescence peak at 600 nm weakened substantially and the

overall spectrum became significantly more unimodal. The spectrum continued to
redshift and increase in intensity during the final hour of the synthesis. NC samples
filtered through polar nylon membranes produced starkly different absorbance and
fluorescence spectra, particularly during the beginning of NC formation. At early
reaction times there was significantly less absorbance from plumbates, as these
were more effectively removed by the polar nylon membrane. Emission was not
detected until after 15 minutes of growth, when a weak and broad peak centered
close to 650 nm was detected, characteristic of MAPbI3 NCs that are only weakly
confining the exciton, as opposed to the two peaks observed at 600 nm and 650 nm
for NCs filtered through PTFE after an equivalent growth time. This suggests that
the polar nylon filter removed the smaller NCs that would exhibit fluorescence at

shorter wavelengths. Thus, I conclude that the smaller NCs must be poorly-capped

by organic ligands. The exposed NC surface is polar and more likely to be adsorbed
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to the nylon filter. The intensity of the fluorescence spectrum grew rapidly and
redshifted slightly between 15 and 35 minutes for the nylon-filtered samples. This
corresponded to the beginning of the redshift observed in the fluorescence of PTFE-
filtered NCs, although those spectra showed little change in overall intensity during
the same time period. Following 35 minutes, the fluorescence of nylon-filtered NCs
continued to gain intensity and redshift. The absorbance tail at 635 nm, which

I ascribe to larger NCs, first appeared in nylon-filtered NCs after 20 minutes of
growth and proceeded to slowly increase for the rest of the synthesis. Although
this feature increased in intensity throughout the experiment, up to the last
measurement at 120 minutes, the optical density was still much lower than in the
NCs filtered through PTFE. However, despite the weaker absorbance, NCs filtered
through nylon exhibit much stronger fluorescence with a narrower line shape than
those filtered through PTFE. This is further evidence that filtration by a nylon
membrane removes poorly-capped NCs that contribute to absorbance but not
fluorescence. Plotting the integrated fluorescence at each time point revealed stark
differences in the rate of intensity increase for NCs filtered through either PTFE or
nylon, Figure [15a. PTFE-filtered NCs showed a sharp, linear increase in integrated
fluorescence during the first 20 minutes of the reaction. Following 20 minutes there
was a distinct change in the rate of intensity increase, though it remained linear.
The change in integrated fluorescence intensity of nylon-filtered NCs during growth
was sigmoidal, with an onset that was delayed until 15 minutes. The integrated
fluorescence intensity of the nylon-filtered NCs increased rapidly and exceeded

that of the NCs filtered through PTFE after 30 minutes. The rate of increase in
fluorescence intensity slowed significantly after 50 minutes. Figure [15b shows the

average fluorescence wavelength at each time point during NC growth. Immediately
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after fluorescence was detected from the PTFE-filtered sample the spectrum
began to redshift. As the 600 nm peak reached its maximum intensity after 20
minutes of growth, a slight blueshift in the average wavelength was observed as
the intensity of the 600 nm peak overtook that of the lower energy 650 nm peak.
This suggests that during this early stage of NC formation the population of small
NCs that fluoresce at 600 nm grew faster than the population of larger NCs that
fluoresce at 650 nm. Concurrently, the nylon-filtered sample began to exhibit
detectable fluorescence after 15 minutes of growth that was redder than that of
the PTFE-filtered sample. As the reaction proceeded until the final measurement
at 120 minutes, the average emission wavelength for both samples approached 675
nm, typical for weakly-confined excitons in MAPbI3 NCs. Figure shows the
increase in fluorescence intensity during NC growth for the features at 600 nm,
650 nm, and 665 nm. The fluorescence of the PTFE-filtered samples at these three
wavelengths increased initially at a similar rate. After 20 minutes of growth the
fluorescence intensity at the three wavelengths began to diverge, providing insight
into the source of the inflection point shown in [I5h. The peak at 600 nm reached
its maximum at 20 minutes before it started to decay, indicating that this species
is being consumed by the formation of new, redder emissive nanoparticles. This
could be due to aggregative growth or a coalescence/ripening process wherein
particles dissolve and are consumed by larger particles that continue to grow. The
fluorescence intensity measured at 650 nm most closely mimicked the integrated
fluorescence intensity in the PTFE-filtered sample, Figure 15, and continued to
increase linearly, though at a slower rate than during the first 20 minutes of NC
growth. The rate of increase in the fluorescence intensity at 665 nm slowed after 20

minutes of growth, but the intensity grew faster at 665 nm than at 650 nm, since
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the broad feature that spanned this wavelength range redshifted as its intensity
increased. In contrast to the linear increase in fluorescence intensity measured in
the PTFE-filtered NCs, the fluorescence intensity of NCs filtered through nylon did
not begin to increase significantly until after 10 minutes of NC growth, and then
increased sigmoidally. The fluorescence line shape of NCs filtered through nylon did
not include a peak at 600 nm, so the increase in fluorescence intensity measured
at this wavelength was instead a result of the broad feature centered at 650 nm.
The rate of increase in fluorescence intensity at 650 nm and 665 nm was similar to
that measured in PTFE-filtered NCs, with the fluorescence intensity at the redder
wavelength increasing faster, again indicating that the fluorescence feature spanning
this wavelength range was redshifting as it increased in intensity:.
3.3.3 Nanocrystal Aging and Degradation

Analyzing the stability of the nascent NCs at different stages of growth
provides deeper insight into the composition of these transient species. Aliquots
of the reaction solution were extracted after 15, 35, and 120 minutes of growth
and immediately filtered through a PTFE or nylon filter, Figure [16| and Figure
[I7], respectively. I measured the absorbance and fluorescence spectra of each
solution at a series of time points after filtration, which are termed the ‘age’ of
the NCs post-filtration. Figure [I6h,c,e shows the fluorescence of PTFE-filtered NC
solutions as they aged. After 15 minutes of growth the emission spectrum measured
immediately after filtration exhibited two peaks. Six minutes after filtration, the
intensity of the blue edge of the fluorescence spectrum (<580 nm) had decreased.
As the solution continued to age, the portion of the blue edge of the spectrum that
decreased in intensity widened, up to 585 nm after 40 minutes and up to 590 nm

after 120 minutes of aging. This is more clearly visualized by plotting the difference
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Figure 16. Aging of perovskite NCs grown for 15 (a,b), 35 (c,d), and 120 (e,f)
minutes after filtering through PTFE, monitored by fluorescence (a,c,e) and
normalized differential fluorescence (b,d,f). Fluorescence of filtered reaction
mixture was re-measured at several ages post-filtration to observe how the NCs
changed over time. Differential fluorescence spectra are the difference between the
emission spectrum at each post-filtration time point and the spectrum recorded
immediately following filtration, normalized by the intensity of the fluorescence
spectrum immediately following filtration. (C) The Royal Society of Chemistry.

between the fluorescence spectra collected during aging and the spectrum measured
immediately after filtration, Figure [16p. This plot indicates that the smallest NCs
in the solution were the least stable and dissolved back into precursors. While

the blue-edge of the spectrum receded, the red-edge of the fluorescence feature
centered at 600 nm and the broader fluorescence peak at 635 nm grew. I ascribe
these spectral changes to Ostwald ripening, whereby the precursor and ligand

that are liberated when the smaller NCs dissolve are recruited into the larger

NCs, enabling them to grow and become better passivated. However, all of these

features eventually receded as the NCs continued to age, indicating that after only

15 minutes of growth even the largest NCs in the reaction mixture were unstable.
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Figure 17. Fluorescence spectra measured during aging of NCs filtered through
nylon after 25 minutes (top), 35 minutes (middle), and 120 minutes (bottom) of
growth. Unlike NCs filtered through PTFE, all samples filtered through nylon
exhibit similar aging regardless of growth time. We attribute this to the polar
nylon filter removing significant amounts of free organic ligand, disturbing the
equilibrium and causing weakly bound octylamine to detach from the surface over
time, destabilizing the NCs. (C) The Royal Society of Chemistry.

In addition to the higher solubility of small NCs, these nascent NCs are likely

also poorly-capped by organic ligands, as suggested by the lack of detectable
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emission from these samples after filtration with a polar nylon filter, Figure (13|
There was markedly less change in the fluorescence spectrum during the aging

of NCs grown for 35 minutes, Figure [I6k,d compared to that of NCs isolated

after only 15 minutes of growth, indicating that the more mature NCs exhibited
increased stability. The primary fluorescence peak was slightly redshifted to 638
nm owing to the longer growth time. The fluorescence spectrum was more stable
and did not lose as much intensity over the 240 minutes of aging. The shoulder on
the high-energy side of the spectrum redshifted as the NCs aged and underwent
Ostwald ripening. However, unlike the spectrum in Figure [I6h, the intensity of this
fluorescence peak did not decrease. The spectral changes during aging of the NCs
following 35 minutes of growth were smaller than those during the aging of the
NCs grown for only 15 minutes, since fewer unstable small and poorly-capped NCs
remained after the increased growth time. The increased stability of NCs that have
grown to be larger and better capped is supported by the observation of emission
in the nylon-filtered reaction solution after 35 minutes of growth. NCs that have
grown for 120 minutes, the full length of our experiment, are significantly more
stable than earlier NC samples, Figure [I6,f. Over the first two hours of aging

the spectrum lost intensity on the high energy shoulder and the primary peak
continued to grow in intensity and redshift slightly, which are again ascribed to
Ostwald ripening. During the four hours of aging the NC fluorescence continued
to gain intensity, which I interpret as continued improvement in NC passivation
by organic capping ligands. Comparing the magnitude of the fluorescence changes
during aging in Figure [16b,d.f, clearly indicates that the NCs continued to become
more stable during growth. Two stages of NC formation, each with a distinct rate

of increase in fluorescence intensity, are shown in Figure [I3a. The measurements
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during the aging of the sample extracted after 15 minutes of growth indicate that
NCs were unstable during the first stage of growth, Figure [I6a,b. After proceeding
to the second stage of formation, the NCs were more stable, as demonstrated in the
fluorescence spectra measured during the aging of NCs after 35 and 120 minutes
of growth, Figure [16-f. This suggests that the structural changes during the
second stage of formation, after 20 minutes in the case of this particular reaction,
result in a dramatic improvement in stability. This could be owing to the NCs
exceeding a size threshold beyond which they were insoluble, or that the surface
ligation of the NCs was increasing. The rapid increase in fluorescence intensity
measured in samples that can pass a polar nylon filter during the second formation
stage suggests a change in the polarity of the NC surface. Thus, surface ligation

is likely occurring during the second stage of NC formation. This may also be
accompanied by continued NC growth, as suggested by the continuing redshift of
the primary fluorescence feature. TEM characterization in Figure 11| supports this
final ligation process, as there is no difference in the average size of the NCs that
pass through either PTFE or nylon filters. Thus, any difference in the fluorescence
must be owing to changes in surface passivation. The distinct change in the rate
of fluorescence intensity increase after 20 minutes of growth in the PTFE-filtered
NCs and the simultaneous appearance of detectable fluorescence intensity in the
nylon-filtered samples suggests that the beginning of the surface ligation stage

was a distinct point in the reaction at which some threshold was crossed. It is
possible that the free energy of the NC surface depends on its curvature, changing
the equilibrium between bound and unbound ligands as the NCs grow. Further

experiments will be needed to validate this hypothesis.
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3.3.4 Dilution Studies of NC Aggregation

As illustrated in Figure , one possible mechanism for NC formation
is aggregative growth. In this mechanism small, poorly-capped NCs nucleate to
form NC aggregates, and these aggregates then undergo rearrangement to fuse
into one larger NC. To determine if the second stage of NC formation observed in
this reaction is aggregative nucleation and growth I diluted NC samples filtered
at various stages of growth. If aggregative nucleation occurred at 20 minutes,
initiating the second growth stage, dilution of a sample filtered after 20 minutes
of growth would cause these newly formed aggregates to break apart into the
smaller precursor NCs that existed at the end of the first stage of formation. The
fluorescence spectrum of the PTFE-filtered sample grown for 20 minutes did change
upon dilution, Figure [[8h. The intensity ratio of the shoulder at 600 nm to the
main peak increased, indicating a shift back to the NC species dominant at shorter
reaction times. This was not observed in the PTFE-filtered samples grown for
35 minutes, suggesting increased stability, Figure [L8b. This could either indicate
that the measured species after 20 minutes of growth were NC aggregates that
were broken apart by dilution, or that the NCs were poorly-capped, unstable, and
susceptible to Ostwald ripening, particularly after dilution changed the ratio of
bound:unbound ligand to remove even more ligands from the NC surfaces. If the
distinct growth stage observed 20 minutes into the reaction was indeed aggregative
nucleation, an aliquot filtered through nylon at that time would consist of newly
formed aggregates with capped surfaces. Dilution of this sample should then
exhibit the fluorescence features of NCs during the first stage of formation after
filtration through PTFE, since the newly exposed NC surfaces would be poorly-

capped. The emission spectra in Figure exhibited neither a blueshift nor the
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Figure 18. Spectra before (orange) and 1 minute after (blue) diluting 0.07 mL

of filtered reaction mixture with 2 mL of hexane. PTFE-filtered NCs grown for

20 minutes (a) and 35 minutes (b) pictured at top. Nylon-filtered NCs grown for
the same time points (c,d) shown at bottom. The absence of a feature at 600 nm
after dilution of nylon-filtered NCs indicates that the change in rate of fluorescence
intensity increase after 20 minutes of growth is not the result of an aggregative
nucleation process. (C) The Royal Society of Chemistry.

reappearance of the 600 nm peak. This indicates that aggregative nucleation

was not responsible for the observed second stage of NC formation. A previous
fluorescence study of formamidinium lead halide NCs showed that NCs during the
early stages of growth exhibit sharp, high energy fluorescence peaks attributed to
formation of nanoplatelets (NPTs) as intermediates.’8 These spectral features

are very similar in nature to the fluorescence I observed during our reactions. It

is possible that the species I observed during the first stage of NC formation are
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poorly-capped NPTs that can be adsorbed to nylon filters. If NCs were formed by
the aggregation of these NPTs, I would expect dilution to break the aggregates
back into NPTs, which was not observed.
3.4 Conclusion

Our results demonstrate that sub-populations of NCs can be selected based
on their surface properties through choice of filter material. Applying this to a
solvation-mediated synthesis has enabled spectroscopic investigation of nucleation
and growth during a perovskite NC synthesis. The data suggest that in this
type of reaction NCs exhibit classical, non-aggregative growth, potentially via
a series of NPT intermediates, with a final surface ligation phase where poorly-
capped NCs become well-passivated by surface ligands. TEM images that show
NC populations with identical size and morphology distributions but different
fluorescence intensities lend further evidence to the existence of this final ligation
stage. The presented approach to sampling a reaction mixture during a NC
synthesis opens the door for the application of time-resolved spectroscopies to the
study of perovskite NCs during synthesis, which will provide further insight into
the mechanism by which these NCs form. Future work will involve examining how
NC electronic structure is affected by changing reaction conditions during different
stages of NC formation, providing a deeper understanding of the emergence of NC

photophysics.
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CHAPTER IV
EVOLVING STARK EFFECT DURING GROWTH OF PEROVSKITE
NANOCRYSTALS MEASURED USING TRANSIENT ABSORPTION

Includes co-authored material from:

Sadighian, J. C.; Wilson, K. S.; Crawford, M. L.; Wong, C. Y.
Evolving Stark Effect During Growth of Perovskite Nanocrystals

Measured Using Transient Absorption. Frontiers in Chemistry
2020, 8, 897.

4.1 Introduction

The quality of the NC surface during growth is still poorly understood and
the timescales of nucleation and growth are prohibitively short for investigation
using typical surface-specific characterization techniques, such as X-ray
photoelectron spectroscopy™®, electron energy loss spectroscopy™®, small-angle
X-ray scattering™, and 2D nuclear magnetic resonance techniques®. The previous
chapter used linear spectroscopic measurements to provide evidence for a discrete
surface-ligation stage in the growth of MAPDbI3. These experiments revealed that
NCs initially grow in size while their surfaces remain poorly-capped by passivating
ligands, and do not become well-capped until they are almost fully grown
(Figure .63 These visible absorbance and fluorescence measurements report
on transitions from the ground and emissive band-edge states, respectively. The
peak positions and lineshapes can provide insight into the NC size distribution, and
fluorescence intensity is often used to infer the degree of NC surface passivation.
However, these spectroscopies are insensitive to other important transitions, such as
carrier trapping and non-radiative recombination, and the dynamics of the excited
carriers. Here, I use SSTA to confirm this process by probing the presence of

electronic traps on the NC surface during growth. Surface atoms lacking bonds to
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capping ligands exhibit localized electronic states with energies that can lie within
the band gap. These mid-gap states act as traps for excited electrons or holes,
suppressing radiative recombination and hampering performance in light emitting
devices®*. Time-resolved non-linear spectroscopy provides a way to confirm the
proposed surface ligation stage by observing photophysical signatures indicative
of charge carriers becoming trapped in these surface states. A comprehensive
understanding of how NC photophysics evolves during synthesis may provide
deeper insights into NC growth mechanisms, the nature of the NC surface, and
how a synthesis can be tuned to achieve desired morphologies and optoelectronic

properties.

growth time

Figure 19. Schematic of NC growth. (a) Following LaMer nucleation the immature
NCs are well-capped by surface ligands throughout most of their subsequent
growth. (b) Nascent NCs nucleate following the same LaMer-type mechanism,

but surface ligation occurs primarily after NC growth. A terminal ligation stage

is proposed in literature for CdSe and MAPbI3 NCs and is supported by the
measurements in this work. () Sadighian, Wilson, Crawford, and Wong.

In this chapter, I demonstrate a technique that can provide further insight
into the evolving NC surface by probing the electric field generated by carriers
localized at surface traps. Photogenerated electron-hole pairs become spatially
separated when a carrier is trapped at these surface sites, creating an electric field

inside the NC. The presence of an electric field can modulate the optical transitions
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of an NC wia the Stark effect®92  Analysis of the modulated absorbance
spectrum lineshape can provide insight into the electric fields in the NCs?™, The
quantum-confined Stark effect (QCSE) changes the bandgap transition energy by
shifting the electron and hole energy levels®’t. This typically redshifts the bandedge
absorption and causes the differential absorbance spectrum to exhibit the lineshape
of the first derivative of the linear absorbance. In systems that lack any specific
orientation, such as randomly distributed surface traps on NCs, the internal electric
field generated by spatially separated, trapped carriers results in a population
of randomly oriented dipoles in the sample. This would act to inhomogenously
broaden the overall transition, and as a result the differential absorbance spectrum
would resemble the second derivative of the linear absorbance?/2:204,

Electroabsorbance measurements of 2D hybrid perovskites have exhibited
lineshapes that could be fit to a weighted sum of first and second derivatives of the
absorbance spectrum®. These two components were assigned to a spectral redshift
arising from a QCSE and broadening due to loosely-bound, screened electron-hole
pairs, respectively. This same lineshape was observed upon photogeneration of
charge carriers in these perovskites during transient absorption (TA) measurements.
This indicates that the presence of spatially separated electrons and holes in surface
traps can cause internal electric fields that yield lineshapes characteristic of the
Stark effect. Thus, the Stark lineshape measured by TA can report on the surface
quality of NCs.

TA is a powerful time-resolved spectroscopy that has been used to

2041205

understand excited state processes such as Auger recombination , energy

207208

transfer to phonons?"® or ligands , and carrier trapping®™ in NCs. Typically,

this pump-probe technique is performed by varying the path length of one pulse
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relative to the other by use of a retroreflector on a motorized translation stage.
The transmission of many successive laser pulses is recorded at each pump-probe
time delay in series. This technique typically requires measurement timescales on
the order of tens of minutes to several hours, depending on factors such as sample
response and laser noise. As a result, in its typical implementations TA fails to
accurately report on excited state dynamics in non-equilibrium systems that are

chemically changing on timescales shorter than a few hours, such as growing NCs.

Figure 20. Sample plane in SSTA instrument showing pump (green) and probe
(grey) focused to lines of length d. Probe pulse is incident normal to the cuvette.
Spatially encoded time delay, ¢, is generated by the angle of the pump pulse relative
to the probe pulse, 6, and the length of overlap between the two pulses d. Sample
is injected into the flow-cell cuvette through septa to prevent solvent evaporation
during the measurement. (C) Sadighian, Wilson, Crawford, and Wong.

TA measurements can be conducted more rapidly by using a single-shot
transient absorption (SSTA) spectrometer that enables an entire transient to be
recorded from a single pump-probe pulse pair. This can be achieved by tilting the
wavefront of the pump pulse relative to the probe®®2 n this case, the time delay

range is determined by Equation 1:

dsin(0)

c

(4.1)

trange =

where d is the length of overlap between pump and probe pulses, @ is the angle

between the tilted pump pulse and the probe pulse, and ¢ is the speed of light
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(Figure [20). Here, I use a recently developed broadband SSTA spectrometer#6212
to track the evolution of exciton dynamics in MAPbI; perovskite NCs as they
nucleate and grow and as their surfaces are passivated with ligands. A complete
TA spectrum with excellent signal to noise can be collected using this instrument
in less than one minute, allowing us to accurately measure immature NCs before
they degrade™®”. As a result, I am able to observe the surface of NCs being capped
in real time by monitoring the evolving Stark lineshape. A carrier that has been
photoexcited by the pump may localize on a surface trap state, creating an electric
field within the NC. Using differential measurement, the probe then reports the
effect of an ensemble of these electric fields on the absorption of the NC sample.
These findings agree with previous reports of the growth mechanism of CdSe®?
and MAPbDI;* NCs, and open up a new avenue for studying the surface of these
materials during growth.
4.2 Methods
4.2.1 Materials

All reagents were used as received: lead iodide (99.999%, trace metals basis,
Sigma-Aldrich), methylammonium iodide (MAI, >99%, anhydrous, Sigma-Aldrich),
octylamine (99%, Sigma-Aldrich), oleic acid (90%, technical grade, Sigma-Aldrich),
and hexane (>95%, laboratory reagent grade, Sigma-Aldrich). Cresyl violet (62%,
J.T. Baker) in methanol (99.8%, Certified ACS, Fisher) was used to calibrate the
beam profile and spatially encoded time delay of the SSTA spectrometer.
4.2.2 Nanocrystal Synthesis

MAPbDI3 NCs were synthesized using a previously reported solvation-
limited synthesis®*&%, 460 mg of Pbl, and 127 mg of MAI were combined with

40 mL of hexane in a glass test tube and suspended in an ultrasonication bath
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(VWR, 97043-992) to provide constant mixing. The reaction was initiated with
the simultaneous introduction of 150 pL octylamine and 300 pL oleic acid, and the
recorded reaction time is in reference to this addition. These organic ligands act to
solubilize Pbl, and MAI, which are otherwise insoluble in hexane“®. A recirculating
chiller (VWR, 1165) in a closed-loop configuration with an aluminum block was
used to maintain a temperature of 22 in the ultrasonication bath. An HDPE
syringe was used to withdraw aliquots of the reaction mixture at selected time
points. Each aliquot was filtered through a syringe filter (VWR) with a 0.45 pm
pore polytetrafluoroethylene (PTFE) membrane and into a 0.2 mm path length
quartz flow cell cuvette (Starna Cells, 48-Q-0.2). Following the 15 minute mark a
1.0 pm PTFE pre-filter (Whatman Rezist) was used in conjunction with the 0.45
pm filter to compensate for increased suspended particulate. An additional 5.0 pm
filter (Whatman Rezist) was added after 60 minutes. The flow cell was emptied,
rinsed with acetone and hexane, and dried with a stream of nitrogen before each
successive measurement.
4.2.3 Absorbance and Fluoresence

Absorbance and fluorescence of the filtered NC aliquots were simultaneously
recorded on a homebuilt spectrometer (Figure using the same cuvette and
sample described above. To measure absorbance, light from a tungsten-halogen
lamp (Thorlabs, SLS201) was directed into the sample using a fiber optic cable
(Thorlabs, M28L01) and the resulting transmission collected using a second fiber.
A 405 nm laser (Thorlabs, CPS405) was used as the fluorescence excitation source.
Emitted light was collected using a fiber optic cable (Thorlabs, M95L01) directed
to the spot upon which the laser was incident on the cuvette and angled to avoid

the specular reflection of the excitation source. Absorbance and fluorescence
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spectra were recorded using an Ocean Optics Flame-T-VIS-NIR and Flame-T-UV-
VIS spectrometer, respectively. The spectrometers were operated using a homebuilt
Python software package. Absorbance and fluorescence were recorded immediately
before and after collecting SSTA measurements of each aliquot to make sure the
spectra did not change significantly during the measurement. The pairs of spectra

were then averaged together for analysis.

fiber | broadband light

fiber

Figure 21. Schematic showing arrangement of light sources and collection fibers
for absorbance and fluorescence measurements. Broadband light from a tungsten-
halogen lamp (Thorlabs, SLS201) was focused into the sample cuvette and the
transmission collected using a fiber optic cable (Thorlabs, M28L01). A 405 nm
laser (Thorlabs, CPS405) was used as the fluorescence excitation source (ex).
Emitted light (em) is collected with a fiber optic cable (Thorlabs, M95L01) angled
to avoid scatter from the excitation source. (C) Sadighian, Wilson, Crawford, and
Wong.

74



4.2.4 Single-Shot Transient Absorption

SSTA measurements were performed using a previously described homebuilt
instrument®#*#12 A 1 kHz Ti:sapphire laser (Coherent, Astrella) with an 800 nm
output was used to pump an optical parametric amplifier (Light Conversion, Topas
Prime Plus) to generate 520 nm pump pulses that were compressed to 50 fs using
a prism pair. A 2 m focal length mirror focused part of the 800 nm fundamental
in a 1.6 m homebuilt gas cell with 1.5 mm quartz windows and containing 0.55
bar differential pressure of argon (PurityPlus, 99.999%) to generate broadband
probe pulses. The spectral profiles of both pulses are shown in Figure 22| The
pump and probe pulses were optically chopped at 250 and 125 Hz, respectively.
The addition of a chopper in the probe line enabled the subtraction of background
signals arising from pump induced fluorescence, scatter, stray light, and dark
current from the camera®®. A spatial light modulator (Meadowlark, 1920 x 1152
XY Phase Series SLM) placed after the choppers was used to reshape both beams
to a flat-top intensity profile to provide a uniform excitation density across the
entire spatially encoded time delay range. The pump pulse energy at the sample
was set to 410 nJ to prevent non-linear interactions. The pump and probe beams
were focused to lines using cylindrical lenses with focal lengths of 200 mm and
150 mm, respectively, and overlapped on a 20 pm x 22 mm area of the cuvette.
While the probe was incident normal to the sample, the pump beam was tilted at
an angle of 55.5° to achieve a spatially encoded time delay of 60 ps. The probe
beam at the sample plane was imaged onto the slit of a grating spectrograph
(Princeton Instruments, Isoplane 160), where it was measured to be 10 nJ. The
probe beam was slightly defocused at the sample plane such that the entire

measured wavelength range overlaps well onto the slit of the spectrograph with
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Figure 22. (a) Spectrum of pump pulses used in single-shot transient absorption
measurements. (b) Spectrum of broadband probe across the measured wavelength
range. (C) Sadighian, Wilson, Crawford, and Wong.

sufficient intensity. The spectrograph was coupled to a CMOS camera (Andor,
Zyla 5.5) with a 1.3 ms exposure time which acquires 180 x 2560 pixel (1.17 mm
x 16.6 mm) images, with the signal at each pixel corresponding to a pump-probe
time delay of 24 fs. One axis of the pixel array recorded wavelength resolution of
the probe and the other captured the spatially encoded time delay. Each SSTA
spectrum was recorded for 60 seconds to maximize signal-to-noise ratio while

still avoiding sample degradation. The SSTA spectrometer was operated using
homebuilt Python software. Spectral calibration was performed using a HgAr
calibration source, which accounts for spherical aberrations in the imaging setup
through the spectrometer. Calibration of the spatially encoded pump-probe time
delay was performed using SSTA measurements of cresyl violet in methanol in the
same cuvette used for the NC measurements. This process corrects for chirp in
the broadband probe pulse. Both the wavelength and time delay calibrations are

discussed in detail elsewhere. 139,
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Figure 23. Absorbance (left) and fluorescence (right) of PTFE-filtered reaction
mixture sampled at different times during growth. (©) Sadighian, Wilson, Crawford,
and Wong.
4.3 Results and Discussion

Absorbance and fluorescence spectra at various reaction timepoints show
the evolving physical and electronic structure of PTFE-filtered NCs over 120
minutes of growth (Figure . Nucleation occurred within the first 5 minutes,
evidenced by the appearance of a broad, low intensity emission centered around
595 nm and weak absorbance near 525 nm. The fluorescence of the reaction
mixture significantly increased in intensity by the 10 minute mark and began
to exhibit two distinct peaks. A feature emerged at 575 nm in the absorbance
spectrum, which I ascribe to nascent NCs. These absorbance and fluorescence
features continued to grow in intensity, reaching a maximum at the 30 minute
mark. Following this, the sharp absorbance peak at 575 nm began to disappear
and gave rise to a broad shoulder at 610 nm, indicative of the small, nascent NCs
growing larger. Likewise, the fluorescence spectrum began to lose intensity at

shorter wavelengths while the peak at 635 nm continued to grow and redshift until
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the final measured timepoint. The evolution of these spectra are in agreement with

previously reported experiments performed under similar conditions®*4&7,
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Figure 24. SSTA spectra of NC aliquots measured after (a) 20 minutes, (b) 30
minutes, (c) 50 minutes, and (d) 120 minutes after starting the reaction. (C)
Sadighian, Wilson, Crawford, and Wong.

Select SSTA spectra for NCs at various stages of growth are shown in Figure
For each sample, the transient spectrum redshifts approximately 10 nm during
the first 500 fs as a result of carrier cooling®®. The spectra are quite stable for the
remainder of the measured 60 ps time window. The spectrum of NCs grown for 120
minutes (Figure ) is typical of MAPbI; perovskite NCs®8. The negative TA at
wavelengths longer than 600 nm overlaps with the band-edge absorbance and the

emission spectrum. This feature is typically ascribed to a combination of stimulated
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emission (SE) and ground-state bleach (GSB). The signal at shorter wavelengths is
broad and positive, indicating a photoinduced absorption (PIA) to higher electronic
states. The SSTA spectra of NCs grown for 20, 30, and 50 minutes (Figure —

c¢) show two distinct features not present in the 120 minute spectrum; a strong,
narrow, negative TA signal centered at 582 nm and a region of low signal intensity
near 600 nm. This signal reached its maximum in the 30 minute sample and had all
but disappeared 50 minutes into the reaction. The negative signal at 582 nm does
not coincide with the absorbance peak (575 nm) and the fluorescence spectrum has

a shoulder at 595 nm, suggesting neither GSB nor SE can explain this signal. First
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Figure 25. Absorbance spectra of NCs grown for 20 minutes (blue), 30 minutes
(green), and 50 minutes (yellow). First (top) and second (bottom) derivative of the
absorbance spectrum for each time point is shown in black. (C) Sadighian, Wilson,
Crawford, and Wong.

and second derivatives of the absorbance spectra for the 20, 30, and 50 minute NC

samples are shown in Figure 25, The lineshape of the derivatives is similar across
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the three selected timepoints, with the magnitude of the derivative traces reaching
their maximum in the 30 minute sample when the sharp absorbance peak at 575
nm is most intense. This peak is less intense and broader in width in the 50 minute
sample, resulting in smaller derivatives for this timepoint.

In order to elucidate the origin of the TA lineshapes and gain additional
insight into the electronic structure of growing NCs, a slice of the TA spectrum,
reported in differential optical density (O.D.) and averaged between 5 ps and 10 ps

for each growth time, ¢, was fit using Equation 2.

dO.D.(t, \) N Bd2O.D.(t, A)

AOD.(t,)) = A= =

+ C'AO.D.(120 min, A) (4.2)

The first two terms represent the first and second derivatives of the absorbance
spectrum at the selected growth time and the third term is the analogous TA
spectrum of the NC sample after 120 minutes of growth. This term accounts for the
contribution of well-passivated NCs to the overall TA spectrum at each timepoint.
The resulting fits are overlaid with TA slices in Figure |26 The colored, dashed
lines are TA slices for the three time points from Figures [24] and 25 and the fits
(solid black lines) show good agreement. These slices reveal the evolution of the
electric field induced by electron-hole pairs generated by the pump pulse in the
nascent NCs. The negative TA signal at 580 nm was clearly visible after 20 minutes
of NC growth and reached a maximum after 30 minutes, indicating the presence

of growing, poorly-capped NCs. During the remainder of the reaction this feature
lost intensity and by 50 minutes was barely discernible. The values of the three
coefficients from Equation 2 are displayed with fit errors in Table 1. Tracking

their values during the reaction quantifies the evolving contributions to the TA
lineshapes. The first term, A, relates the observed signal to the first derivative

of the absorbance, which occurs when the field causes a shift in the transition
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Figure 26. Averaged TA spectra from 5-10 ps for NCs grown for 20 minutes (blue),
30 minutes (green), and 50 minutes (yellow). Black line shows fit to Equation 2. (C)
Sadighian, Wilson, Crawford, and Wong.
energy for the NCs. Here, the presence of spatially separated electrons and holes
at surface traps would induce a dipole that could stabilize the excited electronic
states, potentially redshifting the optical transition. The second derivative term,
B, has the largest contribution to the signal throughout nearly the entire measured
range. This term arises from an overall broadening of the absorbance spectrum,
suggesting the presence of many randomly oriented dipoles in the sample arising
from surface-trapped carriers.

The electric field produced by a trapped carrier should become smaller
as a NC grows larger, so the decreasing contribution of the derivative lineshapes
during NC growth could be the result of both increasing NC size and improved
surface capping, resulting in fewer NCs with internal electric fields. While the
contributions from both derivatives decline to zero over the course of the reaction,
B shows a brief period of growth between 30 and 70 minutes into the reaction.
The electric field strength at any particular time point during NC growth could

be estimated from these results if the NC size were known, assuming that one
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Table 1. Best-fit values for parameters A, B, and C' with one standard deviation
error of the fitted variables (o).

Reaction Timepoint (min) Atoy B+op C+xoc
10 533 £0.12 628 £27 0.127 & .007
15 6.15 £ 0.15 313+ 14 0.232 &+ .015
20 549 £ 0.11 232 £8 0.241 £ .017
25 5.41 + .07 227 £5 0.235 £ .015
30 507+ .07 217+£5 0.253 + .018
35 4.64 + .08 204 £5  0.337 £+ .019
40 4.24 + .07 208 5 0413 £ .013
45 4.08 £ .07 245+ 6 0.513 £ .011
50 3.66 + .07 259 £ 8  0.514 £+ .009
55 3.36 £.06 277 +£8 0.533 + .008
60 2.44 + .04 310 £ 6  0.548 £ .004
70 1.91 + .07 396 £ 21 0.539 £ .009
80 1.86 £ .09 262 £ 23 0.604 £ .011
100 0.281 +£ .03 46.6 £ 5.6 0.776 £ .006
120 0 0 1
@, ... ... O " . €.,
] ] [ 1.0 -
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Figure 27. Fit coeflicients from Equation 2 for NCs measured at different growth
times. Contributions from the (a) first and (b) second derivatives, as well as the (c)
120 minute NC component to the overall fit. (€) Sadighian, Wilson, Crawford, and
Wong.

carrier is surface-trapped while the other is delocalized (i.e. on average centrally

located within the NC). Future work will focus on concurrent measurements of

NC size during the reaction, which will enable the magnitude of the electric field
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caused by a surface-trapped carrier to be modeled during NC growth. This will
aid in the interpretation of the rise in B while A continually decreases. C', the
contribution of well-passivated NCs, shows a fairly linear growth throughout the
entire synthesis. By the end of the reaction the NCs are well-capped with ligands,
and surface traps no longer contribute to the TA signal. Thus, our measurements
indicate that poorly-capped NCs are dominant during the growth of perovskite
NCs, becoming progressively better capped as the growth process continues, similar
to the case shown in Figure [19b. Future studies using different filter media of
different polarities to separate well- and poorly-capped NCs® will seek to test this
assumption and further isolate the evolving lineshapes of these sub-populations
within the reaction mixture. As demonstrated here by the intriguing trends in the
weights of the two derivative features, the ability of SSTA to measure lineshapes
during a NC synthesis provides a new avenue to deeper insights into how NCs grow.
Further analyses of both the lineshapes and the exciton dynamics hold promise for
understanding the evolving nature of carrier traps in nascent NCs.
4.4 Conclusion

A novel, broadband, tilted-pulse SSTA spectrometer with a 60 ps time
delay was used to investigate evolving excited state dynamics in NCs grown via
a solvation-limited synthesis. Growing NCs were found to exhibit a unique TA
lineshape indicative of the Stark effect. Fits of these data to a weighted sum of
linear absorbance spectrum derivatives show that this lineshape is likely caused
by spatially separated charge carriers in surface trap states. This adds to the
growing body of evidence that these NCs are poorly capped during most of their
growth%#%3 This work proves the applicability of this technique to the study of

non-equilibrium systems such as growing NCs that were previously inaccessible
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with non-linear spectroscopies. The development of SSTA and this sampling
technique provide powerful tools for understanding how the electronic structure
and excited state dynamics of NCs change during their synthesis. These types of
experiments may offer new insight into NC growth mechanisms and how reaction

parameters can be changed to target desired photophysics.
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CHAPTER V
FUTURE DIRECTIONS

5.1 Investigating Ostwald Ripening During Perovskite NC Growth

Spectra of MAPDbI; perovskite NCs taken during growth suggest that
the growth mechanism changes after ~30 minutes. This is more apparent in
experiments [ have done studying MAPbI3 NCs grown at higher temperature. We
see clear redshifts in the GSB peak as it grows in during the first 30 minutes of
the reaction. Following this, the peak starts to shift back to high energy as more
NCs become fully grown. This coincides with the increase in the contribution of
the Stark broadening term. One possible explanation for this observation is that
Ostwald ripening starts occurring in the NCs beyond 30 minutes. Ostwald ripening
occurs when larger particles grow at the expense of smaller particles. As the
solution equilibrium shifts, smaller particles start to break apart and be consumed
by the larger, growing NCs. This would also temporarily create smaller, poorly-
passivated NCs, blueshifting the excitonic peak in both the linear absorbance and
TA spectra. Additional work will monitor how the rate of this process changes as a
function of synthetic conditions and how this affects the final NC size distribution.
5.2 Modulating Reaction Parameters

The influence of surface-ligand concentration on NC nucleation and
growth kinetics is still poorly understood, particularly with respect to the rate of
nucleation and the overall surface passivation in fully grown NCs. Experiments
in which initial ligand concentrations are varied show different intensities of the
NC intermediate peak in the linear absorbance spectra, along with different Stark
shifts in the TA. Monitoring how the amount of initial ligand, as well as different

amounts added at various times during growth, changes how the NC surface evolves
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during these processes will increase understanding of the mechanisms by which
these materials form.
5.3 Growth of Mixed-Halide Perovskite NCs

Tuning the absorbance of LHP NCs through the visible spectrum requires
engineering the halide composition. While MAPbI3 NCs are excellent emitters in
the red portion of the visible spectrum, emission of the specific red required for
RGB displays requires a mixture of iodide and bromide halides in the perovskite
crystal structure. A green emission requires pure MAPbBrg NCs. The growth
of MAPbBr; differs significantly, with immediate formation of a monomodal
emission peak that increases in intensity as the reaction progresses. Similar
spectral lineshapes are observed during the growth of MAPbBr, I3 NCs. As the
stability of these mixed halide NCs is of the utmost importance for successful
commercialization, continued work on understanding how these NCs form is
essential.
5.4 Conclusion

This dissertation has described insights into the mechanism by which
MAPDI3 NCs grow and become capped by surface ligands. Chapter 1 presents a
brief introduction to perovskite NCs and describes the importance of characterizing
the NC surface during growth. The large surface-area-to-volume ratio of NCs
means that these surface-ligand interactions dominate NC behavior. The NC
surface determines physical stability as well as electronic structure and charge
carrier dynamics. In addition, different species of ligands can alter the final
morphology of the nanostructure. While many tools exists to characterize NC
surfaces, in situ characterization of the surface while NCs nucleate and grow has

remained an elusive target.
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One factor limiting the investigation of perovskite NC growth is the

timescale over which most perovskite NC syntheses are complete. In Chapter 2,

I introduce a synthesis for perovskite NCs that slows reaction kinetics through
use of a strongly non-polar solvent. This allowed a rapid sampling technique to
quickly extract and purify growing NCs for spectroscopic investigation by filtering
them through PTFE syringe filters. Absorbance and fluorescence measurements
of these nascent NCs revealed a series of unstable intermediates that eventually
form fully grown LHP NCs. Chapter 3 builds on this novel synthesis through the
use of different syringe filter media for rapid, surface-specific purification of NCs.
A polar, nylon syringe filter is shown to produce an NC population with narrow,
monomodal emission and strong fluorescence. Evidence is provided that this is due
to well-passivated NCs that start to appear later in the reaction.

In Chapter 4, I use a novel SSTA spectrometer to study this perovskite NC
synthesis. The short acquisition time required by the SSTA instrument permits
collection of multiple TA spectra during the course of the reaction. A unique
spectral lineshape is observed to grow in and disappear during the reaction. I show
that this lineshape can arise from trapped carriers at the NC surface inducing
a Stark shift in the TA spectrum. The success of these experiments opens the
door for future studies of excited-state dynamics in growing NCs and provides
researchers the ability to tune several reaction parameters while observing, in real
time, the resulting changes to NC nucleation and growth. The knowledge gained
through these experiments will aid researchers in developing synthetic techniques

that permit rational design of materials with targeted properties.
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