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ABSTRACT

Recently, lead halide perovskite (LHP) materials have drawn great research
interest in the fields of photonics and photovoltaics as sources of photon and charge
carriers thanks to their high defect tolerance and carrier mobility. In contrast to traditional
semiconductor materials where the band gap is mostly tuned through size, LHP materials
showed tunability in the band gap through continuously variable halide components,
which eases the synthesis and device fabrication processes. However, recent advances in
the synthetic methods of strongly quantum confined LHP nanocrystals (NCs) have largely
expanded the research potential of these materials.

In addition to altering the band gap, imposing strong quantum confinement to LHP
materials also modifies their electronic properties as a result of increased interaction of
the electron and hole pair and excitons with other degree of freedom due to increased
spatial overlap. For instance, strong quantum confinement is known to modify the fine
structures of exciton states as a result of increased exchange energy of electron and hole,
inverting the relative ordering of the bright and dark exciton states of LHP NCs as
compared to their weakly quantum confined counterparts.

In hybrid LHP NCs, the presence of an organic A-site cation, usually
methylammonium (MA™) or formamidinium (FA™), introduces in additional degrees of
freedom from the rotational and librational motions of the organic cations. In order to
explore the role of the organic cations on the exciton transitions, the photoluminescence

(PL) spectra and dynamics of strongly quantum confined FAPbBr; NCs were investigated.
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These FAPbBr3 NCs showed intense emission from the dark exciton ground state, with
significantly shorter dark exciton lifetime in comparison to CsPbBr3; NCs of the same size,
suggesting the stronger mixing of bright and dark state.

Moreover, the inter-particle electronic coupling in the arrays of strongly quantum
confined CsPbBr3; NCs were investigated by means of PL spectra and dynamics as well.
The electronic coupling alters the level structure and relaxation dynamics of bright and
dark exciton. The results of electronically coupled CsPbBr3 NCs resembles individual NCs
of increased sizes, suggesting delocalization of exciton wavefunction beyond borders of

NCs in the electronically coupled arrays.
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NOMENCLATURE

2D 2-Dimensional

3D 3-Dimensional

CM Confocal Microscopy

DDAX Didodecyldimethylammonium Halide
DMF Dimethylformamide

FA Formamidinium

LARP Ligand-Assisted Reprecipitation
LED Light Emitting Device

LHP Lead Halide Perovskite

LO Longitudinal Optical

MA Methylammonium

MHP Metal Halide Perovskite

NC Nanocrystal

NPL Nanoplatelet

NW Nanowire

OA Oleic Acid

ODE 1-Octadecene

OLA Oleylamine

OLAB Oleylammonium Bromide

OLAX Oleylammonium Halide
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PEAB Phenylethyl Ammonium Bromide

PL Photoluminescence

PLQY Photoluminescence Quantum Yield
PS Polystyrene

QD Quantum Dots

SEM Scanning Electron Microscopy

SL Superlattice

TEM Transmission Electron Microscopy
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1. CHAPTERI

INTRODUCTION

Since the first report of the exceptional performance that LHP materials have as
absorbers in dye sensitized solar cells'-, explorations on these materials have been
extensively carried through. Up till now, the record power conversion efficiency of all
perovskite solar cell has reached 24.4%*, approaching the record power conversion
efficiency reported for traditional silicon solar cells. Their exceptional performance in
photovoltaics was attributed to their high absorption cross section, high charge carrier
mobility and long charge carrier lifetime.

More studies on the photophysical of LHP materials revealed near unity PL
quantum yield (PLQY) without any surface passivation, which was attributed to their high
defect tolerance from their electronic structure, making them promising candidates as light
source materials. Thus, research interest on the LHP materials has soon been broadened
into the fields of light emitting devices (LEDs) and semiconductor lasers> ¢, where their
performance has also stood out in comparison to traditional semiconductor materials.
Another reason for the prosperity of LHP materials as light source materials also lies on
the highly tunable band gap solely through the alternation of the composition, in contrast
to traditional semiconductor materials, whose band gap turnability depends on the degree
of quantum confinement. With alternation of the ratio of the halide composition, the

emission color can be tuned smoothly throughout the entire visible spectral range.



However, even though the utilization of mixed halide LHP materials in LEDs
greatly eases the fabrication process, the resulting devices suffer from ion migration under
electric field or light illumination’. The ion migration leads to phase segregation and
emission instability that impairs their applications. Recently, research focus has been
transited onto utilization of quantum confinement in LHP NCs to compensate for the photo
instability of mixed halide LHP materials in LEDs. Interestingly, LHP NCs in the strongly
quantum confined regime, or LHP quantum dots (QDs), have not only exhibited size
dependent band gap, but also other properties, such as exciton fine structure splitting,
exciton phonon coupling, multiexciton relaxation dynamics, etc.

In LHP QDs with lateral sizes smaller than the exciton Bohr diameter, the excitons
are spatially confined within the volume of the QDs. The spatial confinement of the
excitons results in stronger interaction of the electron and the hole. Previous studies on
CsPbBr3 QDs have observed bright and dark exciton level reversal and increased bright
dark exciton splitting energy as the size of the QDs decreases, as a result of increased
electron and hole exchange energy in smaller QDs®. The stronger overlap also increases
the coupling between excitons and other degree of freedom, making their photophysical
properties more susceptible to the compositional or environmental changes that introduces
in other degrees of freedom. For instance, previous studies on the temperature dependent
PL in the CsPbBr; QDs have revealed stronger coupling to phonon modes with smaller
sizes’. Here in this dissertation, we studied the photophysical properties of these strongly
quantum confined LHP NCs and their coupling with other degrees of freedom in detail

with spectroscopic methods.



Firstly, for the purpose of studying the influence of an organic A-site cation on the
exciton transitions in strongly quantum confined LHP NCs, we investigated the PL
properties of FAPbBr3 QDs and compared the results to those of CsPbBr3 QDs. For this
purpose, we first developed the synthetic protocol for FAPbBr3 QDs in the strongly
quantum confinement size regime. With these materials, the PL spectra and dynamics
were first investigated at room temperature, where the information of the size dependent
band gap and exciton relaxation can be extracted. Following that, the investigation was
extended down to liquid helium temperature. The temperature dependent PL spectra gave
the information on the exciton phonon coupling, while the PL dynamics at cryogenic
temperature gave the information of the exciton fine structure. The effects of the organic
cation in FAPbBr; QDs were found to have impacts on both the exciton phonon coupling
and mixing of the bright and dark exciton state.

In addition to investigation of exciton coupling with intra-QD degree freedom, we
are also interested in investigation on the inter-QD electronic coupling in the arrays of
strongly quantum confined CsPbBr3 NCs. In semiconductor QDs, the electronic states in
individual QDs can be described with the particle in a box model. Inter-QD electronic
coupling escribed the case where multiple QDs are brought close enough to each other,
the electron wavefunction of QDs overlaps and works as perturbation to the original
solution. Inter-QD electronic coupling alters not only the band gap energy of the QD
ensemble, but also the exciton fine structure of the QDs in the electronically coupled QD
ensemble. For the investigation of the influence of electronic coupling on the exciton fine

structure, we studied both the level structure and relaxation dynamics of bright and dark



exciton at cryogenic structure. And the experimental results revealed electronically
coupled CsPbBr; NCs resembles individual NCs of increased effective QD sizes in the
presence of electronical coupling.

This dissertation is organized as follows. Chapter II introduces the research
background of the synthesis and photophysical properties of LHP NCs. Chapter III
includes the introduction of the synthetic methods for strongly quantum confined FAPbBr3
QDs, followed by discussion on the influence of an organic A site cation on the
photophysical properties of strongly quantum confined LHP NCs. Chapter IV discusses
the preparation of closely-packed 2D arrays of strongly quantum confined CsPbBr3; QDs,
which allows for exploration of the influence of electronic coupling on the behavior of
bright and dark excitons in the QDs. Lastly, Chapter V summarizes the results and
discusses the proposal of future plans for the strongly quantum confined LHP NCs
research, including utilization of 3D superlattices made from electronically coupled

strongly quantum confined CsPbBr3; QDs for super radiant emission.



2. CHAPTERII

BACKGROUND AND LITERATURE OVERVIEW

2.1. Synthesis and Post-synthetic Surface Treatments of Lead Halide Perovskite
Nanocrystals

Perovskite materials stand for a class of crystal structure of ABX3 stoichiometry.
They usually form crystals with cubic lattices, with the A-site cation occupying all the
corners, the B-site cation occupying all the body-center position and the X anion occupies
all the face-center position. In LHP, the B-site cation is lead (Pb*"), X anions can be
chorine (CI'), bromine (Br"), iodine (I') or the mixture of them. The A-site cation can be
either inorganic, such as cesium (Cs*) or rubidium (Rb"), or organic, such as
methylammonium (MA™) or formamidinium (FA™).

In contrast to traditional semiconductor materials that are mostly covalently
bonded, the chemical bonds in LHP materials are highly ionic. As a result, this type of
materials is characterized for their structural lability and compositional flexibility, making
it relatively easy for colloidal synthesis and solution phase post-synthetic treatment
including cation/anion exchange and ligand exchange. In this part of the dissertation, the
advances of synthetic methods and ligand exchanges will be discussed.

2.1.1. Synthesis of Lead Halide Perovskite Nanocrystals

For the synthesis of LHP NCs, two strategies are commonly used, hot injection

method and ligand-assisted reprecipitation (LARP) method. The hot injection method has

been commonly used for the synthesis of traditional semiconductor NCs. In this type of



synthesis, the precursor solutions containing surface ligands were mixed rapidly at high
temperature in inert atmosphere. The precursors react instantaneously after mixture,
produces product monomers that forms small nuclei after the concentration reaches the
nucleation threshold. The leftover precursors in the solution continues to react and grows
on top of the nuclei formed in the previous step. The degree of crystal growth is mostly
kinetically controlled, where the chemical reactions are terminated by rapidly cooling of
the reaction system.

The hot injection method is soon extended to the synthesis of LHP NPs. Protesescu
et al. reported successful synthesis of CsPbX3 NCs with the hot injection method!?, where
Cs* precursor solution was injected into a precursor solution containing PbX> precursors
and oleic acid (OA) and oleylamine (OLA) as the surface ligands. The resulting NCs
showed cubic shape with sizes in the range of 4-15 nm. As shown in Figure la, even
though most NCs synthesized were in the weakly quantum confined sizer regime, the
emission wavelength was tuned continuously throughout the visible spectral range by

synthesis of mixed halide LHP NCs with mixed halide precursors.
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Figure 1 (a) Photos and PL spectra of colloidal perovskite CsPbX3 NCs synthesized by
hot injection method. Reprinted with permission from Protesescu, L. et al. Nano Lett.
2015, 15, 6,3692-3696. Copyright 2015 American Chemical Society. (b) Absorption, PL
spectra and TEM images of CsPbBr3; QDs synthesized with improved hot injection method
involving thermodynamic control. (¢) Scheme illustrating mechanism of the QD size
control using thermodynamic control. (b) and (c) Reprinted with permission from Dong,

Y. etal. Nano Lett. 2018, 18, 6, 3716-3722. Copyright 2018 American Chemical Society.

The hot injection synthetic method of LHP NCs was soon broadened to other LHP
NC systems, in terms of both composition and dimensions of the LHP NCs. For instance,

Amgar et al. extended the method for the production of LHP NCs with mixed A-site cation
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(CsxRb1xPbX3), where the resulting NCs also showed spectral tunability by altering the
ratio of the two A-site cations!'. Meanwhile, the synthetic method was not only effective
for all inorganic LHP NCs, but also proved applicable for organic-inorganic hybrid LHP
NCs. Schmidt et al. For instance, Protesescu et al. also reported synthesis of FAPbBr3 NCs
sized around 12 nm and FAPbI; NCs sized around 10 nm'> 3. On the other hand, hot
injection method is also applicable for the synthesis of LHP nanomaterials of higher
dimensionality. For instance, altering the synthetic protocol for cubic NCs by different
reaction conditions leads to the production of CsPbX3 nanoplatelets (NPLs)!* 13,

In the hot injection method, several factors determine the size and morphology of
the resulting NCs, including the ratio of the precursors, the ratio of the surface ligands, the
reaction temperature and the reaction time. In order to gain better size control during the
synthesis of the LHP NCs, many studies have been carried out with focus on taking
snapshots of the reaction mixture during the synthesis, trying to break down the

16-18 "These studies, however,

mechanism of the nucleation and crystal growth processes
came out with contradictory conclusions, leaving the time scale of the size focusing and
defocusing regime still unresolved. Despite the failure to unravel the detailed mechanism
of the crystal growth, one certain fact is that the kinetically controlled synthetic method is
quite challenging for achieving satisfactory size uniformity for small NCs below 7 nm that
are strongly quantum confined.

In an attempt to improve the size uniformity of these small NCs, Dong et al.

modified the traditional hot injection synthetic condition by introducing in thermal

equilibrium between the dissolved halide salt and halide ions on the NC surface for more



efficient control over the size and morphology of these materials'®. For this purpose,
extreme excess of halide salt was used to push the chemical equilibrium towards stable
formation of small sized NCs. As a result, strongly quantum confined CsPbX3 NCs in the
size range of 3-7 nm with excellent size distribution and uniform cubic morphology were
successfully synthesized, as shown in Figure 1b. The mechanism for the effective size
control of the QDs is explained as shown in Figure 1c¢. Increased chemical potential of Br
in the solution with higher Br- concentration lead to increased chemical potential of Br- on
the QD surface after the system reaches thermal equilibrium, which is directly related to
the size of the QDs. This work has set the stage for investigation of strongly quantum
confined CsPbX3; NCs, whose unique photophysical properties caused by the quantum
confinement will be introduced and summarized in the following sections of this chapter.

Apart from the hot injection method, LARP method has been widely utilized in the
synthesis of LHP NCs, where the reaction conditions were much gentler, with no strict
requirement for high temperature and inert atmosphere. In this type of synthesis, the
precursors were dissolved in a polar ‘good solvent’ and added dropwise into a nonpolar
‘poor solvent’ containing surface ligands. The precursors will precipitate as the solvent
polarity changes upon mixture, leading to nucleation and subsequent crystal growth.
Meanwhile, the surface ligands in the ‘poor solvent” works as regulators to control the size
and morphology of the final products.

Because of the gentle reaction condition, the LARP method has been widely
utilized for the synthesis of organic-inorganic hybrid LHP NCs. For instance, Zhang et al.

reported successful synthesis of MAPbX3 NPs with LARP method with PbX> and MAX



as the precursors, and alkyl amines and carboxylic acids as surface ligands?’. As shown in
Figure 2a, the band gap tunability can be realized by using varied halide precursor ratios.
Later, Huang et al. improved the synthetic procedures by using OA and OLA as surface
ligands, and tuning the reaction temperature in the range of 0-60 °C?'. As shown in Figure
2b, the product NCs showed PL peaks in the range of 475-520 nm, corresponding to NC
sizes of 1.8-3.6 nm.

Similarly, LARP syntheses of FAPbX3 NCs have been reported many times as
well. Weidman et al. reported synthesis of cubic FAPbX3 NCs and FAPbX3 NPLs, with
their band gap tunable through altering both the halide composition and the NPL thickness.
The morphology of the product was dependent on the halide species, where FAPbI3 were
cubic and FAPbBr3; and FAPbCI; are NPLs, while the thickness of the NPLs were tuned
by the ratio of OLA/OA. Similarly, Minh et al. synthesized pure phased cubic FAPbX3
NCs with PbX;-Dimethyl sulfoxide precursors as well as surface ligand, OLA in the
surface solution, rather than in the ‘poor solvent’??. The size and uniformity of the NCs
were tuned by altering the amount of OLA added, where contaminants of NPLs and
different size distribution were observed in some reaction conditions, as shown in Figure

2c.
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Figure 2 Photos and PL spectra of (a) MAPbX3 NCs synthesized by LARP methods, with
tunable band gap controlled by halide composition. Reprinted with permission from
Zhang, F. et al. ACS Nano 2015, 9, 4533-4542. Copyright 2015 American Chemical
Society. (b) MAPbBr; NCs synthesized by LARP methods, with tunable band gap
controlled by sizes. Reprinted with permission from Huang, H. et al. Adv. Sci. (Weinh)
2015, 2, 1500194. Copyright 2015 WILEY-VCH Verlag GmbH & Co. (c) FAPbX3 NCs
synthesized by LARP methods, with tunable band gap controlled by halide composition.
Reprinted with permission from Minh, D. N. et al. Chem. Mater. 2017, 29, 5713-5719.

Copyright 2017 American Chemical Society.
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Despite of the advantages of gentle reaction conditions LARP synthesis can
provide, the controllability over the size and morphology of the NCs, especially those of
small sizes, remains challenging. This partially results from the complex nucleation and
crystal growth kinetics under room temperature condition together with the inefficient
control of the solvent mixing process. Thus, for the pursuit of obtaining strongly quantum
confined NCs with excellent size uniformity, hot injection methods are more preferable.
2.1.2. Post-synthetic Ligand Exchange of Lead Halide Perovskite Nanocrystals

During the synthesis of LHP NCs, whether with hot injection or LARP approach,
long chain organic surface ligands were used for the passivation of the NC surface as well
as assist the dispersion of NCs in nonpolar solvent. For current reported synthesis studies,
the most commonly used surface ligands were a combination of OLA and OA. These 18-
carbon alkyl chain organic ligands bind to the surface of the product NCs through ionic
bonds, resulting in the easy desorption of the surface ligand. Loss of the surface ligands
exposes the labile bare material not only deteriorate the PLQY, but also greatly impair the
structural stability of the NCs, making them prone to dissolve and dissociate and/or
aggregate with other NCs. To prevent the ligand loss issue, many researchers have put
great efforts on the exploration of surface modification methods.

According to the studies of Weidman et al, the CsPbX3 NCs consisting of PbXs
building blocks are characterized with a halide-rich surface?3, especially for the strongly
quantum confined ones that are synthesized in an environment with excessive amount of
halide salt'. In this case, oleylammonium halide (OLAX) formed from surface X and

OLA" by ionic bonds was believed to be the surface ligands?*. The OLAX are relatively
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easy to desorb from the NC surface and dissolve in the organic solvents, especially when
the samples are purified by polar antisolvent precipitation. The surface modification on
the NCs targeting for improved structural stability have been concentrated on undertaking
ligand exchange treatment towards surface ligands with stronger binding to the NC surface

and bulkier sized to provide increased steric effect for solvent penetration.
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Figure 3 (a) Scheme of oleylammonium bromide (OLAB) binding on surface of CsPbBr3
NCs with a Br- rich surface. (b) Schemes of classification of different bond types.
Reprinted with permission from De Roo, J. et al. ACS Nano 2016, 10, 2071-2081.

Copyright 2016 American Chemical Society.

One of the commonly employed surface treatment methods for improved NC
stability is to carry out ligand exchange treatment with didodecyldimethylammonium
halide (DDAX)?. Compared to the original OLAX surface ligands that binds to the NC
surface in an ionic fashion, as illustrated in Figure 3a, DDAX molecules binds to the
surface covalently as X-type ligands, as described in Figure 3b, where the binding is

predicted and proved to be more robust?* 2°, Moreover, DDAX molecules with two 12-
13



carbon alkyl chains also provides larger coverage on the LHP NC surfaces compared to
OLAX molecules, reducing the encounter of bare NCs with polar solvent or humidity that
will dissolve the NCs. The replacement of surface ligands to bulkier molecules greatly
improves the stability of the NCs, especially when the NCs are in conditions where the
ligand desorption is more likely, such as during purification with polar solvents and in low
concentration solutions. Similarly, utilization of hexylphosphonate as a X-type ligands for
the passivation of LHP NCs proved capable to increase the NC stability?’.

While the bulky organic surface ligands like DDAX and alkyl phosphonate greatly
improves NC stability, the high surface coverage these materials provide are not always
desired for all scenarios. Since the bulky organic surface ligands inevitably increase the
inter-NC distances with insulating media, they hinder the charge carrier mobility required
for LEDs and photovoltaic devices. For this reason, efforts have been made to modify the
NC surface with ligands either conducting or reducing the inter-NC distances. For the
prior strategy, surface ligands that promotes delocalization of electrons and holes can be
used. For instance, some studies showed that incorporation of aromatic ligands, such as
benzylamine and benzoic acid, improves the conductivity of LHP NC films by =n-
conjugation between the overlapping ligand molecules®®. Meanwhile, for the latter
strategy, small metal cations that binds to the lattice strongly, such as sodium?’ and
potassium?®’, have been used to replace the original OLAX surface ligands. The resulting
NCs showed improved stability as well as improved conductivity.

More recently, smaller zwitterionic ligands have become increasingly explored.

This type of molecules is characterized by containing two functional groups with opposite
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charges that can bind to surface ions of different charges, greatly increasing their binding
strength. The resulting NCs after the ligand exchange have shown remarkably improved
stability, being able to remain their structural integrity and a relatively high PLQY even
after extensive purification by antisolvent precipitation method?'.
2.2. Photophysical Properties of Lead Halide Perovskite Nanocrystals

Thanks to the advances of the synthetic protocols for strongly quantum confined
LHP NCs of different nature with controllable size and morphology, size and component
dependent photophysical properties of these NCs can now be explored by spectroscopic
methods. In this section, research findings on the size and composition dependent
photophysical properties of LHP NCs are going to be discussed and summarized.
2.2.1. Optical Band Gap: Absorption and Emission

The most straightforward size and compositional dependent optical property of
LHP NCs is the absorption and emission energy, corresponding to electronic transitions
between the valence and conduction bands. LHP materials are direct band gap materials,
whose band edge states consist of the molecular orbitals formed from bonding between
the Pb and halides. Specifically, the conduction band forms from the antibonding orbital
of the Pb 6p orbitals and halide np orbitals, while the valence band forms from the
antibonding orbital of the Pb 6s orbitals and halide np orbitals. As a result, altering the
halide species in LHP materials changes the absorption and emission spectral ranges of
the materials, with increasing band gap as the halide changes from CI" to Br to I'.
Meanwhile, changing the A-site cations between Cs*, MA™ and FA" does not result in

significant changes in the band gap since they are not directly involved in the molecular
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orbital formation. Their limited modification on the band gaps results from the changes in
the lattice parameters from steric effects, where larger A-site cations corresponds to NCs

with lower band gap*.
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Figure 4 (a) TEM images and absorption/PL spectra of CsPbBr; QDs of sizes in the range
of 3.7-6.2 nm. Reprinted with permission from Dong, Y. et al. Nano Lett. 2018, 18, 6,
3716-3722. Copyright 2018 American Chemical Society. (b) TEM images and
absorption/PL spectra of FAPbBr3 QDs of sizes in the range of 3.1-7.7 nm. Reprinted with
permission from Li, Y. et al. Chem. Mater. 2019, 32, 549-556. Copyright 2019 American

Chemical Society.

On the other hand, similar to all other types of quantum confined materials, the

size dependence band gap is the direct result of quantum confinement, especially for those
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in the strong quantum confinement regime, where their dimensions are smaller than the
exciton Bohr diameter, which is 5 nm, 7 nm and 12 nm for CsPbCls;, CsPbBr3 and CsPbls,
respectively!?. In the case of strong quantum confinement, the smaller the volume where
the excitons are spatially confined to, the more blueshift is going to be observed in the
absorption and emission spectra of the LHP materials. In LHP materials, more reports on
the size dependence of absorption/emission peak have been produced on the NPLs, where
the thickness control have been more well developed!# 3334,

More recently, more research reports showed successful control over the sizes of
CsPbBr3 and FAPbBr3; QDs, where blueshifts in absorption and emission spectra were also
observed for QDs of smaller sizes'® 3. As shown in Figure 4, CsPbBr3; and FAPbBr; QDs
both exhibited redshift in both absorption and emission peak positions when their sizes
increase from ~3 nm to ~7 nm. Band gap changes due to decreasing sizes observed in
these two materials are expected since their sizes are well below the exciton Bohr diameter
(7 nm) and are thus in the strongly quantum confinement regime.

Apart from the absolute value of absorption and emission peak in CsPbBr3 QDs,
the difference between the two, or Stokes shift, is also reported to be dependent on the QD
sizes*®. As shown in Figure 5a, when the sizes of the QDs increases from 3.8 to 12.8 nm,
a monotonic decrease of the Stokes shift was observed from 82 to 20 meV. This was
explained by the existence of a size dependent confined hole state above the valence band
edge, as illustrated in Figure 5b, where the energy difference between the confined hole

state and the valence band edge is one of the sources for the Stokes shift. The size
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dependent Stokes shift is also observed in the other papers mentioned above where

strongly quantum confined CsPbBr3; and FAPbBr; QDs were synthesized'® 3.
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Figure 5 (a) Stokes shift of CsPbBr; QDs with sizes in the range of 3.8-12.8 nm. (b)
Density of states (DOS) calculated for CsPbBrs QDs and schematic mechanism of size
dependent Stokes shift. (a) and (b) Reprinted with permission from Brennan, M. et al. J.

Am. Chem. Soc. 2017, 139, 2201-12208. Copyright 2017 American Chemical Society.

2.2.2. Exciton Fine Structure: Energetics and Dynamics

Excitons are the main forms of charge carriers in LHP NCs after excitation,
especially for the case of strong quantum confined NCs. The degeneracies of the lowest
excitonic states are split into several sublevels, or exciton fine structure, as the result of
the combined effect of the short- and long-range exchange interactions, spin-orbit
coupling, intrinsic crystal field, and shape anisotropy. More specifically, they are
classified as bright and dark exciton, based on whether their direct transition to the ground

state is optically active. In traditional semiconductor QD materials such as CdSe, the
18



lowest excitonic states are found to be the optically inactive dark exciton state. And the
energy difference between the bright and dark exciton state, bright-dark energy splitting

(AEgD), is observed to increase with decreasing QD sizes’” 38,
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Figure 6 (a) PL spectra of weakly quantum confined CsPbBr,Cl NCs with different
polarizations, showing degeneracies of the bright triplet exciton emissions. (b) Time
resolved PL intensity of weakly quantum confined CsPbX3 NCs showing only fast
decaying components. (a) and (b) Reprinted with permission from Becker, M. A. et al.
Nature 2018, 553, 189-193. Copyright 2018 Springer Nature. (¢) Scheme of the exciton
fine structure of weakly quantum confined CsPbX3 NCs. Reprinted with permission from
Sercel, P. C. et al. Nano Lett. 2019, 19, 4068-4077. Copyright 2019 American Chemical

Society.
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In contrast, recent studies on the exciton fine structures in weakly quantum
confined CsPbX3 NCs reported bright triplet exciton states as the lowest exciton states
with sub-ns exciton lifetime, as shown in Figure 6a and b. This observation makes LHP
NCs the first semiconductor materials reported to have a bright ground exciton state®.
This unusual exciton level ordering reversal was attributed to the Rashba effect, which
was confirmed by following computational and experimental study*® “!. The
computational study depicts the exciton fine structure of LHP NCs as in Figure 6¢, with a
singlet dark exciton state as the lowest level and a triplet bright exciton state as the higher
level with only electron-hole exchange interaction, and a level ordering reversal in the
presence of the Rashba effect, where the lowest exciton states become the 3-fold
degenerate bright exciton states.

However, the level order reversal observed in weakly quantum confined CsPbX3
NCs is reported to be reverted when the inversion symmetry of the NC is broken. For
instance, emission from the dark exciton state with redshifted peak position compared to
the bright exciton states were observed in the case where magnetic field was applied to
the CsPbX3 NCs*» 43, With increasing magnetic field strength, the proportion of the dark
exciton also increases. Similarly, the level ordering reversal is observed in the case where
the A-site cation is replaced with organic cation, FA™. As shown in Figure 7a and b, the
lowest level emission from dark exciton states with prolonged lifetime was observed in
weakly quantum confined FAPbX3 NCs under magnetic field** 4. In the same research,

AEgp was compared between LHP NCs of different components, in terms of both a-site
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cations and halide anions. The FAPbBr3 NCs showed a decreased AEgp compared to the
CsPbBr3 NCs, as a result of increased charge screening with the presence of an organic
cation. Meanwhile, the AEgp of CsPbX3 NCs showed an increasing trend when the halide

is altered from I" to Br to CI-, corresponding to the increasing optical band gap in these

NCs, respectively.
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Figure 7 (a) Time resolved PL intensity of weakly quantum confined FAPbBr3 NCs under
magnetic fields. (a) PL spectra of weakly quantum confined FAPbBr; NCs showing
degeneracies of the bright triplet exciton and dark singlet exciton emissions. (a) and (b)
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Reprinted with permission from Tamarat, P. et al. Nature Mater. 2019, 18, 717-724.
Copyright 2019 Springer Nature. (c) Bright-dark energy splitting and fast component
decay rate in weakly quantum confined CsPbX3; NCs with different halides. Reprinted
with permission from Chen, L. et al. Nano Lett. 2018, 18, 2074-2080. Copyright 2018
American Chemical Society.

(Figure 7 continued)

As shown in Figure 8a, the electron-hole exchange interaction is greatly enhanced
for strongly quantum confined LHP NCs, predicted by the computational study, the dark
exciton state will become the lowest exciton state. This is confirmed by recent
experimental studies on the CsPbBr; NCs, whose results are shown in Figure 8b, where
intense dark exciton emission situated redshifted to the bright exciton emission energy is
observed, with extremely long ps scale lifetime® 3. The observations are applicable not
only to 4 nm strongly quantum confined cubic QDs, but also to 2nm thick nanowires (NWs)
and NPLs. For these strongly quantum confined NCs, AEgp was observed to be in the
range of 17-22 meV, about one order of magnitude larger compared to previous
observations in the weakly quantum confined NCs. In a later report, detailed studies on
the dark exciton emission properties further justifies the size dependence of the dark

exciton lifetime and AEgp*®, confirming the conclusions of the computational study.
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Figure 8 (a) Computational results of the electron-hole exchange interaction factor of
CsPbBr3 NCs of different sizes. Reprinted with permission from Sercel, P. C. et al. Nano
Lett. 2019, 19, 4068-4077. Copyright 2019 American Chemical Society. (b) Experimental
results of bright-dark energy splitting in CsPbBr3 NCs of different sizes. Reprinted with
permission from Rossi, D. et al. J. Chem. Phys. 2020, 153, 184703. Copyright 2020 AIP

Publishing.

2.2.3. Electron-Phonon Coupling: Temperature Dependent Photoluminescence

In solid state physics, phonons describe the collective vibrations of the lattice
atoms and molecules with certain frequencies. The interaction of charge carriers with
phonons in semiconductor materials have a significant impact on the carrier mobility as
well as the spectral features, such as the emission peak energy and linewidth. The
contribution of electron-phonon coupling to the PL linewidth is intriguing for researchers
because of their large contribution to the emission quality of LHP NCs as photon sources.
The electron-phonon coupling is intensively investigated through measurements of

temperature dependent PL spectroscopy, as the phonon scattering is heavily dependent on

23



temperature. The linewidth broadening can be fitted to the Segall model, expressed by the
following equation®’:

1

I(T) = Linh + YacT + Y10 eEro/kpT — 1

(Eq. 1)
In this model, the linewidth, I'(T), has three major contributions: inhomogeneous

broadening, ['inn, scattering of acoustic phonon, y..T, and scattering of longitudinal optical
(LO) phonon, y;, m. As shown in this equation (Eq. 1), the contribution of

acoustic phonon scattering is linearly proportional to the temperature, while the
contribution of LO phonon scattering is exponentially related to the temperature. Thus, in
the lower temperature range (below 50 K), the dominant scattering is with acoustic
phonon, and in the higher temperature range (above 50 K), the dominant scattering is with
LO phonon.

Temperature dependent PL. measurements on weakly quantum confined CsPbX3
NCs observed a general blue-shifting trend of the PL peak as temperature increases, with
the exception of CsPbCls NCs showing a redshift of the PL peak as temperature increases
in the range of 200-300 K*%->2, The temperature dependent peak energy is attributed to a
combined effect of lattice dilation, electron phonon coupling and phase transitions.
Meanwhile, the temperature dependent linewidth showed a monotonous increase as the
temperature increases. Fitting the temperature dependent linewidth of the CsPbCl3 NCs in
the single nanocrystal study to the model mentioned above (Eq. 1) results in LO phonon
coupling strength, yrLo, in the range of 21-60 meV, and negligible contribution of the

acoustic phonon®. The comparative study between CsPbX3; NCs with different halide
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anions showed increasing phonon coupling strength, Vi, from I to Br" to Cl, and
significant smaller yLo in CsPbls NCs as compared to CsPbCls and CsPbBr; NCs*,

For hybrid LHP NCs with an organic A-site cation, additional phonon modes with
higher energies than in all-inorganic LHP NCs (above 18 meV) were reported®*->3, which
are associated with the vibrational modes of the organic molecules. To see if these
additional phonon modes impact the PL linewidth broadening, temperature dependent PL
measurements were carried out on MAPbI;, MAPbBr3;, FAPbl; and FAPbBr; NCs>* 36-38,
While the MAPbX3 NCs showed huge jumps in both the temperature dependent peak
energy and linewidth due to phase transitions, MAPbX3; FAPbX3 NCs showed similar
trends as observed in all-inorganic CsPbX3 NCs. Quantitatively, the parameters extracted
from the linewidth broadening model (Eq. 1) showed that both the LO phonon energy and
the LO phonon coupling strength are comparable in all three materials, showing that the
higher energy phonon modes in hybrid LNP NCs are not involved in the PL linewidth
broadening.

Apart from compositions of the LHP NCs, the impacts of the sizes of the NCs on
the PL linewidth broadening are also explored by temperature dependent PL study’. In
this study, the measurements were carried out on strongly quantum confined CsPbBr3; QDs
with sizes in the range of 3.9-6.3 nm. The temperature dependent PL peak energy and
linewidth follow the same trends as in their weakly quantum confined counterparts.
However, the fitting results to the linewidth broadening model (Eq. 1) showed significant
size dependence. The LO phonon coupling strength increased by almost 3-folds as the QD

sizes decreases from 6.3 nm to 3.9 nm, while the acoustic phonon coupling strength
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decreased as the QD sizes decreases. The reason for the strongly size dependent phonon
coupling strengths are proposed to be related to the phonon coupling assisted by surface
ligands, which are more dominant in smaller QDs.

In summary, this section reviews the synthesis and post-synthetic ligand exchange
on strongly quantum confined LHP NCs, followed by their photophysical properties. The
photophysical properties, such as band gap, exciton fine structure and electron phonon
coupling are reported to show some dependence on the size and component. In the
following chapters, the size and component dependent photophysical properties will be
extended into more LHP NC systems, such as strongly quantum confined FAPbBr; NCs

and electronically coupled ensembles of CsPbBr3; NCs.
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3. CHAPTERIII
EXCITON PHOTOLUMINESCENCE OF STRONGLY QUANTUM-CONFINED

FORMAMIDINIUM LEAD BROMIDE QUANTUM DOTS*

3.1. Introduction

Metal halide perovskite (MHP) semiconductor nanocrystals (NCs) have attracted
much attention in photonic and photovoltaic applications!-3 ¢ 3%-63 for their superb photon
emitting and charge carrier transporting properties outperforming many existing
semiconductor NCs.*+% In contrast to traditional semiconductor NCs, where the quantum
confinement of exciton has been extensively utilized to tune the bandgap and the
energetics of the charge carriers, chemical tuning of the bandgap without resorting to the
quantum confinement has been the main approach for MHP nanocrystals.!% ¢7- 68 Facile
exchange of halide ions with continuously variable composition within the lattice of MHP
NCs allowed for continuous tuning of the bandgap and exciton transition energy
independently of the quantum confinement. For this reason, many applications of MHP
NCs that utilized emission of photons or transport of charge carriers of varying energy did
not require quantum confinement.

On the other hand, the quantum confinement affects not only the energy of the

emitted photons and charges derived from the photoexcited exciton in quantum dots

* Reprinted with permission from Tang, X.; Khurana, M.; Rossi, D.; Luo, L.; Akimov, A. V.; Son, D. H.
Exciton Photoluminescence of Strongly Quantum-Confined Formamidinium Lead Bromide (FAPbBTr3)
Quantum Dots. J. Phys. Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical Society.
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(QDs), but also other properties that are sensitive to spatial confinement. Fine structure of
the manifold of bright and dark exciton states®® 4!, inter-QD electronic coupling in the QD

solids and arrays®’! and the intra-QD sensitization by exciton’?7

are among those
affected by the quantum confinement, which also modifies the energy of the emitted
photon. With progress in the methods of synthesizing strongly confined MHP QDs'% 76,
the photoluminescence (PL) from dark lowest-energy exciton state was recently observed
in strongly confined CsPbBr; QDs?, contrasting to weakly confined CsPbBr; NCs having
the bright lowest-energy exciton state®. The inversion of the relative energy levels of the
bright and dark states determined by the size-dependent exchange energy of electron and
hole was considered responsible for the difference between the weakly and strongly
confined CsPbBr; NCs*'. Auger decay of exciton is another process that is highly
dependent on the size of the QDs, with the bi-exciton lifetime following a universal
volume scaling.3> 77> 78

So far, studies in strongly quantum-confined MHP QDs have been performed more
in fully inorganic MHP systems compared to the hybrid MHP systems with organic A-site
cation that exhibit several unique features absent in fully inorganic MHP systems. In bulk
and non-confined hybrid MHP, the role of librational motion of the organic cations such
as methylammonium (MA™) or formamidinium (FA") ion on the charge carrier screening
and its effect on the charge carrier transport have been studied extensively.””%* The
coupling of exciton transition with the internal nuclear motions of the organic cation is

another phenomenon unique to the hybrid MHP systems that is absent in fully inorganic

MHP NCs.>
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In this work, we synthesized strongly quantum-confined FAPbBr; QDs and
investigated their exciton PL spectra and relaxation dynamics at various temperatures and
external magnetic fields. In addition to examining the quantum confinement effect on
exciton transition energy at the ambient temperature, information on exciton fine structure
was also obtained from the dynamic exciton PL spectra at 5 K and under external magnetic
field. We also compared the results from FAPbBr; QDs with those of fully inorganic
CsPbBr3 QDs in the similar size range from the earlier studies to examine the similarities
and differences between the two strongly quantum-confined MHP QDs.

3.2. Experimental Methods
3.2.1. Synthesis of FAPbBrs QDs

FAPDbBr3; QDs in the size range of 3.6-6.2 nm were synthesized using the procedure
modified from the previously reported method for the synthesis of larger FAPbBr3 NCs in
weakly confined regime.!?> Modifications were made to the reaction temperature,
preparation of the precursor solutions and the product purification to control the size in
the strongly confined regime. Briefly, Br precursor was prepared by dissolving
oleylammonium bromide (OLAB, 200 mg) in 2 mL of 1-octadecene (ODE) at 120 °C
under N> atmosphere after degassing at 120 °C for 30 minutes on a Schlenk line. FA/Pb
precursor was prepared by dissolving lead acetate trihydrate (76 mg) and formamidinium
acetate (80 mg) in the mixture of ODE (8 mL) and oleic acid (OA, 2mL) under N>
atmosphere after degassing at 120 °C for 30 minutes. The Br precursor solution was
rapidly injected into the FA/Pb precursor solution to initiate the reaction at each given

reaction temperature (80-130°C) that produced the QDs of different size. After 30 seconds
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of reaction, the reaction was quenched by rapidly cooling the reactant mixture to 40 °C
with an ice-water bath. The reaction product was centrifuged to remove the unreacted salt.
The product QDs in the supernatant were recovered by precipitation with methyl acetate
and subsequently redispersion in hexane. The average size of the QDs was determined
from the TEM images obtained with FEI Tecnai G2 F20 ST FE-TEM at 200 kV.
3.2.2. Spectroscopic characterization

Steady state absorption and PL spectra of the QDs dispersed in hexane were
obtained with an Ocean Optics CCD spectrometer (USB2000 or QE65). PL quantum yield
of the QDs solutions at room temperature was measured using quinine sulfate in 0.05 M
sulfuric acid as the reference with known quantum yield of 54%, and evaluated with 350
nm excitation. PL lifetime of the QD solutions at room temperature was measured using
a time-correlated single photon counting setup (PicoHarp 300) equipped with an
avalanche photodiode (MPD PDM series) under 50 ps pulsed excitation at 405 nm
(PicoQuant, P-C-405). Temperature-dependent steady state PL spectra of the QDs were
obtained using an open-cycle optical cryostat (Janis ST-100) under 405 nm cw excitation
(RGBLase, FBB-405-200-FM-E-1-0). Time-resolved PL spectra of the QD samples at 5
K were obtained in an open-cycle cryostat (Oxford Instruments Microstat-HE) using a
streak camera (Hamamatsu, C14831) coupled to an imaging spectrograph (Princeton
Instruments, Acton SpectraPro SP-2300) under 405 nm, 45 ps pulsed excitation (Horiba,
45 ps). Time-dependent PL intensities under the magnetic field were measured in a
magneto-optical cryostat (Cryovac) with 0-8 T of magnetic field provided by a

superconducting magnet under Faraday geometry. For this measurement, the QD samples
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were excited with 405 nm, 150 ns pulses and the time-dependent PL intensities were
recorded with a time-correlated single photon counting instrument (PicoHarp 300). For all
the measurements made in the cryostat, QDs imbedded in polystyrene (PS) matrix were
used, which were prepared by drop-casting QDs dispersed in PS/toluene solution (1 % PS
by weight) on a sapphire window and drying under vacuum.

3.3. Results and Discussion

Figure 9 shows the TEM images, absorption and PL spectra, and time-dependent PL
intensity of strongly quantum-confined FAPbBr3; QDs of varying sizes dispersed in hexane
at room temperature. Table 1 summarizes the average size of the QDs, exciton absorption
and PL peak, and the PL lifetime for all FAPbBr3 QDs shown in Figure 9. The TEM
images show that all the QDs studied here have approximately a cubic morphology with
size distribution of <5 %, as summarized in Figure 10. The reaction temperature that was
varied to control the size is indicted in each panel showing the absorption and PL spectra.
Both exciton absorption and PL peaks show a blueshift with decreasing QD size resulting
from the quantum confinement, since the size of the QDs are smaller than twice of the
reported exciton Bohr radius of ~3.5 nm®. The room-temperature PL data show a single-
exponential decay with the lifetimes in the range of 6.3 - 6.7 ns and the PL quantum yield
of ~65 % for all FAPbBr; QDs studied here, exhibiting a relatively weak size dependence.
The radiative lifetime estimated from the PL lifetime and PL quantum yield is ~10 ns for
these QDs, which is much shorter than ~30 ns radiative lifetime reported in the weakly or

non-confined NCs.!2
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Figure 9 TEM images (left panels), absorption and PL spectra (middle panels) and time-
dependent PL intensities (right panels) of FAPbBr3 QDs of different sizes: (a, b, ¢) 3.6
nm, (d, e, f) 3.9 nm, (g, h, 1) 4.5 nm, (j, k, 1) 5.9 nm. Scale bars in the TEM images are 50
nm. Reprinted with permission from Tang, X. et al J. Phys. Chem. C 2022, 126, 18366-

18373. Copyright 2022 American Chemical Society.
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Frequency

Table 1 Average QD size, absorption and PL peak and PL lifetime at room temperature.
Eas and Epr are the energy of the absorption and PL peak respectively. t is the single-
exponential decay time constant of the PL. Reprinted with permission from Tang, X. et al

J. Phys. Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical Society.

QD size Eabs ErL T

3.6 nm 2.62 eV 2.53 eV 6.7 ns
3.9 nm 2.58 eV 2.49 eV 6.3 ns
4.5 nm 2.54 eV 2.46 eV 6.6 ns
5.9 nm 247 eV 241 eV 6.5 ns

3.0 3.2 34 36 38 40 34 36 38 40 42 44 41 43 45 47 49 5.1 54 56 58 50 52 54
Size (nm) Size (nm) Size (nm) Size (nm)

Figure 10 Histogram of the edge-to-edge length of FAPbBr; QDs of different average
sizes. Each histogram was obtained by analyzing more than 100 QDs. The edge-to-edge
length was determined from the TEM line profile. Reprinted with permission from Tang,
X. etal J. Phys. Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical

Society.
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The size-dependent bandgap of FAPbBr3 QDs is compared to that of CsPbBrs QDs
in the same size ranges reported in the earlier study'® in Figure 11. The bulk bandgap of
CsPbBr3 and FAPbBr3; QDs are similar, 2.36 eV and 2.29 eV respectively, since the band
edge levels are mainly composed of the molecular orbitals of Pb nonbonding and Pb-Br
antibonding orbitals.®> The variation of the exciton absorption peak with the size relative
to the bulk bandgap shown in Figure 11 is also very similar in both CsPbBr3; and FAPbBr3
QDs. This similarity between FAPbBr3; and CsPbBr; QDs is expected considering their
close exciton Bohr radii of ~3.5 nm!® 8 and only moderate difference in the dielectric
constants (& ~5 in CsPbBr; QDs and & ~8.6 in FAPbBr; QDs).!% 8+ 86 In Jarge non-
confined size regime, the presence of polaronic confinement of exciton has been suggested
in CsPbBr3; NCs although it is unclear whether FAPbBr3; NCs behave similarly to CsPbBr3

NCs%.
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Figure 11 Size-dependent exciton absorption peak energy of CsPbBr3 QDs (blue) and
FAPbBr; QDs (red). Reprinted with permission from Tang, X. et al J. Phys. Chem. C

2022, 126, 18366-18373. Copyright 2022 American Chemical Society.
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Figure 12 Temperature-dependent PL spectra (left panel), PL peak energy (Epeak, middle
panel), and full width at half maximum (T, right panel) of FAPbBr3; QDs of different sizes
in the temperature range of 78-295 K. The sizes of the QDs are indicated in the panels
showing the PL spectra. Reprinted with permission from Tang, X. et al J. Phys. Chem. C

2022, 126, 18366-18373. Copyright 2022 American Chemical Society.

Figure 12 shows the temperature-dependent steady state PL spectra of FAPbBr3
QDs embedded in polystyrene (PS) matrix in the temperature range of 78-295 K.

Temperature-dependent PL peak energy (Epeak) and full width at half maximum (I') are
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also plotted next to the PL spectra. FAPbBr3; QDs of all sizes studied here show a continues
and monotonous redshift of Epeak with decreasing temperature, which reflects the
temperature-dependent bandgap affected by the lattice dilation and electron-phonon
coupling®®. FAPbB3 QDs exhibit the redshift of Epeak down to ~150 K and becomes much
less sensitive to the temperature below ~150 K with no sign of phase transition in the PL
spectra previously reported for bulk films>*. The temperature-shift of Epeak in strongly
quantum-confined FAPbB3 QDs generally mirrors that of the larger non-confined FAPbB3
NCs reported previously>* 3¢ with no particular effect of strong confinement. Compared
to CsPbBr; QDs in the similar size range studied recently’, FAPbBrs QDs exhibit more
monotonous temperature dependence of Epcak. In CsPbBr3 QDs, dEpea/dT changed the
sign at ~200 K that was interpreted as the result of different contributions of acoustic and
optical phonons to the electron-phonon coupling having the opposite signs of dEpear/dT#S.
Such inversion of the sign of dEpea/dT is absent in FAPbBr; QDs. The temperature-
dependent I" of the PL spectra contributed by the inhomogeneous broadening and electron-
phonon coupling shows generally larger values for the smaller QDs, which has also been
observed in other QDs including CsPbBr; QDs and II-VI QDs.% # Overall, the size- and
temperature-dependent I" of the PL from FAPbBr3 QDs does not deviate much from
typical behavior expected from the colloidal semiconductor QDs.

In previous studies of CsPbBrs QDs, imposing a strong quantum confinement
modified the exciton fine structure, notably pushing the dark exciton level further below

the bright exciton level and increasing the dark exciton lifetime (tp) with increasing
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quantum confinement.® 46 In weakly confined FAPbBr; NCs (9.2 nm), a recent study of

single-particle PL reported that dark exciton level lies 2.5 meV below bright exciton**.
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Figure 13(a, ) Time-resolved PL spectra, (b, f) time gated PL spectra at short (red) and

long (blue) time windows, (c, g) time-dependent integrated PL intensity, and (d, h) PL

spectra decomposed into bright (red) and dark (blue) exciton PL at 5 K for FAPbBr3 QDs

of 2 sizes. (a, b, ¢, d) 3.6 nm, (e, f, g, h) 6.2 nm. Reprinted with permission from Tang, X.

et al J. Phys. Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical

Society.
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Figure 14 (a, b) Time-resolved PL spectra and (c, d) time-dependent PL intensities of
FAPDbBr; QDs of two different sizes measured at 5 K in 5 ns time window: (a, ¢) 3.6 nm,
(b, d) 6.2 nm. Reprinted with permission from Tang, X. et al J. Phys. Chem. C 2022, 126,

18366-18373. Copyright 2022 American Chemical Society.

To examine whether the quantum confinement has the same effect on the bright-
dark level splitting (AEsp = Ebright - Edark) and 1p as in CsPbBr; QDs, we compared the
time-dependent PL spectra of FAPbBr3 QDs of different sizes (3.6 and 6.2 nm) at 5SK. At
this temperature, dark exciton PL distinguishable from bright exciton PL as the ps-decay
component is clearly visible in Figure 13a and e. The time-dependent PL intensities of
both QDs are shown in Figure 13c and g, where the slow decay component of the PL (time
constant: Tsow) attributed to dark exciton is well-separated from the faster decay
component (time constant: Trs) attributed to bright exciton. Magneto-fluorescence data
that further supports the slow decay component of the PL to dark exciton will be discussed
further below. 50w Was determined from the fitting of the data in Figure 13c and g. T

that is in sub-ns time scale was determined from a separate set of time-dependent PL
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spectra obtained in several ns time window providing the sufficient time resolution as
shown in Figure 14. The sub-ns and pus components of the PL can also be separated
spectrally by integrating the time-resolved PL spectra in different time windows. This
allows decomposing the PL spectra into the contributions from bright and dark exciton PL
as shown in Figure 13b, d, f and h, where the splitting between the two peaks is interpreted
as AEpp.® Table 2 summarizes the peak wavelength for the bright (As) and dark (Ap)
exciton PL, AEpp and the two PL decay time constants (st and Tsiow) for the FAPbBr3

QDs of the two different sizes.

Table 2 Spectroscopic parameters and lifetimes of exciton PL at 5 K shown in Figure 13.
AB (EB) and Ap (Ep) are the wavelengths (energy) for bright and dark exciton PL, AEgp is
the bright-dark level splitting (Eg — Ep), Trst and Tsow are the time constants for the fast
and slow decay components of the PL respectively. Tsiow at 5 K is also interpreted as the
dark exciton lifetime (tp). Reprinted with permission from Tang, X. et al J. Phys. Chem.

C 2022, 126, 18366-18373. Copyright 2022 American Chemical Society.

QD size A8 (EB) p (Ep) AEpp Tfast Tstow (TD)
500.5 nm 504.3 nm
3.6 nm 18.6 meV 0.39 ns 3.1 us
(2.4772 eV) | (2.4586 V)
533.4 nm 534.8 nm
6.2 nm 6.0 meV 0.53 ns 1.2 us
(2.3244eV) | (2.3184¢V)




It is important to note that AEgp in Table 2 is larger for the smaller FAPbBr3 QDs
and that AEgp values of both QDs are larger than AEgp of 2.5 meV reported for 9.2 nm
FAPbBr3; NCs in an earlier study.** The same trend, i.e., increasing AEgp with increasing
quantum confinement, was also observed in the strongly confined CsPbBr; QDs and
NPLs.* % This was explained by the increasing electron-hole exchange energy with
decreasing QD volume resulting in the increase of AEgp. Therefore, one can conclude that
both FAPbBr; QDs and CsPbBr3 QDs exhibit the same effect of confinement-enhanced
exchange energy in their size-dependent AEgp. In the larger weakly confined NCs, on the
other hand, CsPbBr3; and FAPbBr3; are reported to exhibit the opposite bright and dark
exciton level order, i.e., negative AEgp for CsPbBr3; and positive AEgp FAPbBr3. This was
considered due to the difference in the balance between the two opposing contributions,
1.e., Rashba effect and exchange interaction, in determining the relative ordering of bright
and dark exciton level. However, the enhanced electron-hole exchange interaction by the
quantum confinement should be the dominating factor for both CsPbBr3; and FAPbBr3
QDs in strongly confined regime, therefore placing the dark state below the bright state
with increasing AEgp with increasing confinement*!.

In the exciton level scheme, where the bright state is located above the dark state,
we interpret Trst as the decay time constant for the bright exciton level via the
recombination of bright exciton and bright-to-dark transition following the same analysis
made for CsPbBr3; QDs in our earlier study.® Since 5 K is a sufficiently low temperature
to effectively prevent the thermal excitation of the dark state to the bright state, ts0w can

be interpreted as the dark exciton lifetime (tp). Compared to o of CsPbBr; QDs of
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comparable sizes® %, 1 of FAPbBr; QDs are several times smaller, as summarized in
Table 3. While the smaller tp of FAPbBr3 QDs may be interpreted as the stronger bright-
dark level mixing if the nonradiative decay of dark state at 5 K is negligible. However,
more extensive temperature-dependent PL spectra and PL quantum yield data as well as
further theoretical studies will be required to make a more conclusive interpretation of the

shorter tp.

Table 3 Bright-dark splitting (AEsp) and two PL time constants of CsPbBr; QDs and
FAPDbBr3; QDs of the similar sizes. Reprinted with permission from Tang, X. et al J. Phys.

Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical Society.

QD Size AEpDp Ttast Tslow (TD)
3.9 nm 17meV 0.31 ns 14 pus
CsPbBr3
6.5 nm 3.5 meV N/A 2.5 us

3.6 nm 18.6 meV 0.39 ns 3.1 us
FAPbBr3;

6.2 nm 6.0 meV 0.53 ns 1.2 us
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Figure 15 Steady state PL spectra (a, c, €) and magnetic field-dependent PL decay curves
(b, d, f) of FAPbBr3 QDs of different sizes measured at 5 K. (a, b) 3.7 nm, (c, d) 5.2 nm
and (e, f) 5.7 nm. Reprinted with permission from Tang, X. et al J. Phys. Chem. C 2022,

126, 18366-18373. Copyright 2022 American Chemical Society.

Since the external magnetic field mixes bright and dark exciton states in MHP
NCs, which gives more oscillator strength to the dark exciton and accelerate the relaxation
of dark exciton, we examined the effect of external magnetic field on tp of FAPbBr; QDs
of varying sizes. Figure 15 shows the time-dependent PL intensities of FAPbBr; QDs of
three different sizes at 5 K at varying external magnetic fields together with the steady
state PL spectra at 5 K without external magnetic field. This measurement was performed
using a relatively long excitation pulse (405 nm, 150 ns), which does not resolve the fast

decay component of bright exciton, therefore only the slow decay component of the PL
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was examined as a function of external magnetic field. Table 4 summarizes tp at 0, 4 and
8 T of magnetic field. With decreasing size of FAPbBr3; QDs, tp becomes less sensitive to
the magnetic field, which is consistent with the expectation from the perturbation theory
that predicts the stronger mixing of the two states by the perturbation (magnetic field) with
the smaller energy gap. It is interesting to see that the smallest FAPbBr3; QDs (3.7 nm)
show nearly constant tp between 0 and 8 T, whereas CsPbBr3 QDs of similar size showed
significantly stronger dependence of tp on the magnetic field in the earlier study®. The
difference in the sensitivity of tp to the magnetic field between CsPbBr; QDs and
FAPDbBr3; QDs is not clear yet. Whether the asymmetry and the presence of internal nuclear
degrees of freedom of the organic cation play a role in this difference will be an interesting

question to answer in future studies.

Table 4 Dark exciton PL lifetime of different sized FAPbBr3 QDs at varying external
magnetic fields at 5 K. EPL is the PL peak energy. 1D,0T, 1D,4T and tD,8T are the dark
exciton PL lifetime at 0 T, 4 T and 8 T respectively. Reprinted with permission from Tang,

X. etal J. Phys. Chem. C 2022, 126, 18366-18373. Copyright 2022 American Chemical

Society.
QD size EpL TD,0T TDAT TD,ST
3.7 nm 2.4498 eV 2.8 us 2.8 us 2.8 us
5.2nm 2.3684 eV 2.2 us 2.1 pus 1.9 us
5.7 nm 2.3451 eV 1.9 us 1.6 us 1.2 us
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3.4. Conclusion

We synthesized strongly quantum-confined FAPbBr; QDs and investigated the
effect of quantum confinement on the exciton PL properties and exciton fine structure.
The strongly quantum-confined FAPbBr; QDs show an increasing bandgap with
decreasing QD size, which is comparable in the magnitude to that of CsPbBr3 QDs in the
similar size range. PL of FAPbBr; QDs show a redshift and linewidth narrowing with
decreasing temperature in 78 - 295 K range, which is also qualitatively similar to the
behavior of CsPbBr3 QDs. Time-resolved PL spectra of FAPbBr; QDs at 5 K revealed
intense PL from dark lowest-energy exciton state with us lifetime. The bright-dark level
splitting (AEgp) increased with increasing quantum confinement, consistent with the
expectation from the confinement-enhanced electron-hole exchange energy that increases
AEgp, which is also in line with the observation made in CsPbBr3 QDs. On the other hand,
the dark exciton lifetime (tp) was significantly shorter than that of the comparably sized
CsPbBr3 QDs possibly suggesting the stronger mixing of bright and dark state. Under the
external magnetic field, tp decreased at the higher field with decreasing sensitivity of tp
to the magnetic field with decreasing QD size. When compared to CsPbBr; QDs of the
same size, shortening of Tp via magnetic mixing is less in FAPbBr3; QDs, although whether

the organic cation plays a role in this difference is uncertain.
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4. CHAPTER IV
EFFECTS OF ELECTRONIC COUPLING ON BRIGHT AND DARK EXCITONS
IN 2-DIMENSIONAL ARRAY OF STRONGLY CONFINED CsPbBr3
QUANTUM DOTS*
4.1. Introduction
Exciton properties of non-interacting colloidal quantum dots (QDs) of a given
material are dictated by the spatial distribution and electronic interactions of electron and
hole dependent on the size, shape, surface ligands and surrounding medium of the QDs.
When the QDs are sufficiently close to each other, overlap of exciton wavefunctions or
increased dipolar interaction between the QDs can alter the exciton level structure and
dynamics via electronic coupling or interparticle energy/charge transfer.®® 71-%1-92 These
result in the photophysical properties of interacting ensemble of QDs different from the
isolated QDs, such as redshift of the exciton transition energy®- *-°¢ and increased
electrical conductivity®”!%! observed in densely packed film of QDs. To bring the QDs
sufficiently close to increase the interparticle interaction, often, 2-dimensional (2D) and
3-dimensional (3D) arrays of QDs were created after replacing the long-chain organic
ligands typically used to passivate the surface of the QDs with shorter ones.” 101: 102 I
some cases, directly connected QD dimers were created to introduce electronic coupling

between the QDs that gives rise to the properties of two coupled excitons.”!> 103, 104

* Reprinted with permission from Tang, X.; Rossi, D.; Cheon, J.; Son, D. H. Effects of Electronic
Coupling on Bright and Dark Excitons in a 2D Array of Strongly Confined CsPbBr; Quantum Dots.
Chem. Mater. 2022, 34, 7181-7189. Copyright 2022 American Chemical Society.
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Earlier studies on the properties of 2D and 3D array of QDs were performed mostly
with II-VI and IV-VI QDs with the focus on enhancing their properties for light-emitting
and photovoltaic applications.’!> 1> More recently, the interest in the role of electronic or
dipolar coupling in the QD arrays expanded into lead halide perovskite (LHP) nanocrystals
(NCs) that emerged as a superior alternative to many existing semiconductor QDs in these
applications.® © Several recent studies in 3D superlattices of LHP NCs reported the
observation of superfluorescence and change in incoherent exciton emission propagating
through the superlattice.'%!'! However, most of these studies on the array of LHP NCs
were performed with weakly or non-confined NCs passivated with long-chain ligands,
therefore interparticle interaction was relatively weak in these systems. Recent synthetic
progress enabled the production of strongly quantum confined LHP QDs with high
uniformity previously difficult to obtain'®, which also exhibit quite different exciton
properties from that of weakly or non-confined counterparts. For instance, strongly
quantum confined CsPbX3 QDs exhibited intense and ps-lived photoluminescence (PL)
from dark exciton at low temperatures, in contrast to weakly confined QDs whose PL is
dominated by bright exciton®. Therefore, strong confinement in LHP QDs not only
facilitates the interparticle electronic coupling via increased wavefunction overlap, but
also gives access to dark exciton that may function as the source of photon, charge or
quantum information carrier that can benefit from its longevity.

To this end, we created well-ordered 2D arrays of strongly quantum confined
CsPbBr; QDs with facet-to-facet distance of several angstroms (A) and investigated the

effect of electronic coupling on the energetics and dynamics of bright and dark exciton.
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For this purpose, we employed a ligand exchange method replacing the surface-bound
long-chain organic ligand with NaBr, which can create the 2D arrays of QDs with the
facet-to-facet distance reduced to ~5 A.?° From the spectrally and temporally resolved
measurement of the PL at varying temperatures (5-300K), we investigated how the
electronic coupling alters the level structure and relaxation dynamics of bright and dark
exciton in strongly confined CsPbBr; QDs. Results from the present study will be
important in utilizing electronically coupled LHP QDs in the strongly confined regime, in

which both bright and dark excitons are accessible as the source of photons or charges.

4.2. Experimental Section
4.2.1. Synthesis of CsPbBrs QDs.

Strongly quantum confined CsPbBr; QDs were synthesized employing the
previously published procedure'® briefly described below. The Cs precursor was prepared
by dissolving Cs>COs3 (0.25 g) in the mixture of oleic acid (OA, 0.8 g) and 1-octadecene
(ODE, 7 g) at 130 °C under N> atmosphere on a Schlenk line after degassing at room
temperature for 10 minutes under vacuum. The Pb/Br precursor was prepared by
dissolving PbBr; (190 mg) and ZnBr; (500 mg) in the mixture of ODE (6 mL), OA (3.2
mL) and Oleyl amine (OAm, 3.2 mL) and heating at 120 °C under vacuum for 5 min. The
reaction was initiated by injecting 2 mL of Cs precursor solution into Pb/Br precursor
solution under N> atmosphere at a chosen reaction temperature to obtain the QDs of
different sizes. (80 °C for 3.8 nm QDs, 120 °C for 4.2 nm QDs and 160 °C for 5.3 nm

QDs). After ~3 minutes of reaction, the product was cooled down to room temperature.
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After letting the remaining excess reactant to precipitate at room temperature, QDs were
recovered from the supernatant after centrifuging the product mixture. The removal of
remaining excess reactant via precipitation from the supernatant containing QDs were
repeated several times. The recovered QDs were purified by precipitating with acetone
and redispersing in hexane.

4.2.2. Ligand Replacement from oleylammonium bromide (OLAB) to NaBr.

The ligand replacement from OLAB to NaBr was performed using the procedure
modified from the previously published method, which involves sequential two-step
exchange.?’ Two ligand precursor solutions were prepared for this purpose: phenylethyl
ammonium bromide (PEAB, 250 mg) in 1 mL anhydrous Dimethylformamide (DMF) and
NaBr (100 mg) in 1 mL anhydrous DMF. Initially, concentrated OLAB-passivated QD
solution in hexane (300 pL, 0.8 mM) was precipitated with methyl acetate and redispersed
in toluene three times, which partially removed the OLAB ligand, resulting in a loss of the
PL intensity. Subsequently, 10 uL of PEAB solution in DMF was added to the QD solution
and mixed vigorously. After removing the precipitated excess PEAB salt by centrifuging,
addition of PEAB solution and removal of excess PEAB were repeated 3 more times. At
this stage, the QD solution recovered PL intensity almost to the initial level. After
precipitation with methyl acetate and dispersion of the PEAB-treated QDs in toluene, 5
uL of NaBr solution in DMF was added to the QD solution and mixed vigorously. The
excess NaBr salt was removed in the same manner as PEAB. After repeating the addition
of NaBr solution and removal of excess NaBr, the final NaBr-passivated QDs were

recovered by precipitation with methyl acetate and redispersed in toluene.
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4.2.3. Preparation of 2D Close-Packed Arrays of OD.

The 2D close-packed arrays of the QDs were formed directly on a TEM grid for
both TEM imaging and spectroscopic measurements. The concentration of the QD
solutions to prepare the array sample was adjusted to have absorbance of ~30 at 400 nm
for 1 cm pathlength. 25 pLL of QD solution in the mixture of toluene and hexane was drop-
casted on a carbon supported copper TEM grid and left under ambient condition for 5
minutes for the solvent to evaporate. TEM images of the close-packed 2D arrays of the
QDs were acquired using the FEI Tecnai G2 F20 ST FE-TEM at 200 kV.

4.2.4. Optical Measurements.

Steady state absorption and PL spectra of the solution QD samples were obtained
with Ocean Optics USB spectrometer (USB2000, QE65). The PL spectra of the 2D arrays
of QDs on the TEM grid under ambient condition were obtained with a CCD camera
(Princeton Instruments, ProEM+) and an imaging spectrograph (Princeton Instruments,
Acton SpectraPro SP-2300) under excitation at 390 nm. Temperature-dependent steady
state and time-resolved PL spectra of the 2D arrays of QDs on the TEM grids were
obtained using an open-cycle cryostat (Oxford Instruments Microstat-HE) in conjunction
with a home-built microscope. The samples were excited with a 405 nm pulsed diode laser
(Horiba, 45 ps pulse width). Steady state PL spectra of the samples in the cryostat were
obtained using a CCD camera (Andor, iXon) coupled to an imaging spectrograph (Andor,
Kymera 3281) except the data in Fig. 4e. PL spectra in Fig. 4¢ were obtained using a
combination of a different spectrograph (Princeton Instruments, Acton MicroSpec 21501)

and CCD (Princeton Instruments, PIXIS 100) using another open-cycle cryostat (Janis ST-
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500). Time-resolved PL intensities of the arrays of 4.2 nm QDs (Fig. S9) at 5 K were
obtained using a 405 nm, 150 ns pulsed LED as the excitation source and time-correlated
single photon counting (PicoHarp 300) with an avalanche photodiode (MPD PDM series)
for detection.

4.3. Results and Discussion
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Figure 16 Solution-phase absorption (a-c) and PL (d-f) spectra of CsPbBr; QDs before
(blue) and after (red) the ligand exchange from OLAB to NaBr. The size of the QDs after
the ligand exchange determined from the size-dependent exciton PL peak is (a, d) 3.8 nm,
(b, e) 4.2 nm, (c, f) 5.3 nm. Reprinted with permission from Tang, X. et al. Chem. Mater.

2022, 34, 7181-7189. Copyright 2022 American Chemical Society.

To investigate the effect of electronic coupling on the PL of bright and dark exciton
in strongly quantum confined CsPbBr3 QDs, the original surface ligand (OLAB) was
replaced with NaBr following the recently reported procedure® as detailed in the
Experimental Section. This replacement was necessary to reduce the facet-to-facet
distance of the QDs of cube morphology from ~3 nm to sub-nm regime, allowing for the

overlap of the exciton wavefunction. Figure 16 shows the absorption and emission spectra
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of CsPbBr3 QDs of several different sizes in the strongly confined regime dispersed in
hexane before and after the ligand replacement from OLAB to NaBr. A small redshift of
the exciton peaks and narrowing of their linewidth are observed after the ligand exchange
for the QDs of all sizes. However, this is considered mainly from the additional size
selection or/and minor surface reconstruction during the ligand exchange and purification
process rather than the intrinsic effects of putting different ligand on the QD surface. This
is because NaBr should not spatially expand the electron or hole wavefunctions, in contrast
to some organic ligands known to spatially delocalize the wavefunction resulting in the
redshift of the exciton transition.!'?

The negligible difference of the effects of OLAB and NaBr on the PL spectra was
further confirmed by comparing the PL spectra of the CsPbBr3 QDs ligand-exchanged
with NaBr and OLAB using the same batch of the ligand-stripped QDs. The evolution of
the PL spectra at each stage of the ligand exchange process are shown in Figure 17. In this
work, we used the pairs of OLAB- and NaBr-passivated QDs with closely matching
exciton PL spectra, which are chosen from multiple batches of QD samples rather than

directly comparing the samples shown in Figure 16, for the study of the effects of

electronic coupling.
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Figure 17 Absorption (a) and photoluminescence (PL, b) spectra of the QDs during the
process of ligand exchange. Purple: As-synthesized QDs passivated with OLAB, Blue:
Partially ligand-stripped QDs recovered after the centrifugation and resuspension in
solvent, Red: QDs re-passivated with NaBr, Green: QDs re-passivated with OLAB.
Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189.

Copyright 2022 American Chemical Society.

Figure 18 TEM images of the ordered arrays of CsPbBr3 QDs passivated with NaBr (a:
3.8 nm, b: 4.2 nm, c: 5.3 nm) formed on the TEM grid at a lower magnification. (Scale
bar: 50 nm). Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-

7189. Copyright 2022 American Chemical Society.
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As shown in Figure 18, survey of large area on the TEM grid indicates that 2D
close-packing of the QDs occur on the length scale of several hundred nm or larger, while
grain boundaries are observed. Figure 19 shows the higher magnification TEM images of
OLAB- and NaBr-passivated QDs for three different sizes in strongly confined regime
and PL spectra of the close-packed arrays of these QDs at room temperature. TEM images

show well-ordered arrays of both OLAB- and NaBr-passivated QDs.
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Figure 19 TEM images and room-temperature PL spectra of the 2D arrays of CsPbBr3
QDs passivated with OLAB (a,c,e) and NaBr (b,d,f) formed on the TEM grids. PL spectra
of the QD solution samples (dashed) are also shown for comparison. Size of the QDs and
PL peak position are in Table 5. Inset in each TEM image is Fourier transform of the
image. Scale bar is 10 nm. Reprinted with permission from Tang, X. et al. Chem. Mater.

2022, 34, 7181-7189. Copyright 2022 American Chemical Society.
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The PL spectra were taken under ambient condition directly from the TEM grids
where the close-packed arrays of QDs are formed on an optical microscope following the
weak cw excitation at 390 nm. The area on the TEM grid where the PL was measured is
approximately 4x4 um?, which would contain multiple islands of 2D arrays of QDs. As a
reference for the comparison, the solution-phase PL spectra of the corresponding QD

samples dispersed in hexane are also shown (dashed curve).

Table 5 Center-to-center distance (d..c) between the QDs of edge length (/) formed on the
TEM grid, PL peak wavelengths of the QD arrays (Aurray) and QD solution samples (Aso1),
and PL peak redshift in the QD array referenced to the solution sample (APL) shown in
Figure 19. Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-

7189. Copyright 2022 American Chemical Society.

Sample ngal’ld l dc—c ﬂ/sol ia;‘ray APL

a OLAB 6.8 nm 471.9nm | 468.1 nm | -21 meV
3.8 nm

b NaBr 4.5 nm 472.0 nm | 485.6 nm 74 meV

C OLAB 7.4 nm 478.6 nm | 478.2 nm -2 meV
4.2 nm

d NaBr 4.9 nm 481.8 nm | 484.2 nm 13 meV

e OLAB 7.9 nm 490.2 nm | 489.0 nm -6 meV
5.3 nm

f NaBr 5.8 nm 491.2 nm | 492.1 nm 4 meV
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Table 5 summarizes the PL peak positions from the QD solution samples and the
arrays of QDs formed on the TEM grid. Center-to-center distances (dc.c) of both OLAB-
and NaBr-passivated QDs determined from the TEM images and their Fourier transform
are also compared. For all three different sizes, d... decreases by 2.1-2.5 nm when OLAB
is replaced with NaBr, resulting in a facet-to-facet distance of ~5A in the array of NaBr-
passivated QDs. While thermal annealing of the close-packed QD arrays generally makes
the QDs closer, as has been evidenced by increased electrical conductivity in the earlier
studies,’>°7 thermal annealing was avoided in this study to minimize merging of the QDs

and possible additional structural changes during heating.

The OLAB-passivated QDs show very similar PL spectra between the solution
sample and QD arrays on TEM grid, although a small blueshift is noticeable for the
smallest QDs (/=3.8 nm) whereas the larger QDs show essentially identical PL spectra. In
contrast, 2D arrays of NaBr-passivated QDs show increasing redshift compared to the
solution sample with decreasing size of the QDs. The smallest NaBr-passivated QDs
(/=3.8 nm) exhibit particularly large redshift of the PL (74 meV) in close-packed array
with respect to the solution phase, which is much larger than 13 and 4 meV redshift
observed in the QDs with /=4.2 and 5.3 nm respectively. When compared to the close-
packed array of OLAB-passivated QDs, the redshift exhibited by /=3.8 nm QDs increases
to 95 meV. The possibility of the change in dielectric environment as the cause for the

large PL peak redshift of QDs in the arrays was ruled out. The PL spectra of 3.8 nm QDs
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in solvents with varying dielectric constants in the range of €=1.9-5.6 (¢ for CsPbBr3

= 7.3) showed much smaller PL redshift of less than 19 meV, as shown by Figure 20.
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Figure 20 PL spectra of 3.8 nm OLAB-passivated QDs dispersed in solvents of different
dielectric constant (e). Peak positions are 472.5 nm (hexane), 474.6 nm (diethyl ether) and
476.0 nm (chlorobenzene). The difference of peak energies in hexane and chlorobenzene
19 meV. Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-

7189. Copyright 2022 American Chemical Society.

Typically, the redshift of PL in the close-packed array of colloidal QDs has been
explained by either the electronic coupling between the adjacent QDs or (and) energy
transfer between the energetically heterogeneous ensemble of the QDs. Both electronic
coupling and energy transfer become more efficient with decreasing interparticle distance
qualitatively consistent with our observation. However, the redshift of the PL in the array
of NaBr-passivated QDs in our study is largely attributed to the electronic coupling
facilitated by short facet-to-facet distance and strong quantum confinement as will be
discussed further below. Since the smallest QDs (/=3.8 nm) exhibit the largest redshift of

the PL in the close-packed array, our discussion about the effect of electronic coupling on
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the bright and dark excitons in CsPbBr3 QDs will focus more on /=3.8 nm QDs, which
will be compared with the larger QDs (/=4.2 nm) that exhibit much weaker effect. It is
worth noting that redshift of the PL in the array of /=3.8 nm NaBr-passivated QDs is also

sensitive to the degree of order in the QD array,!'3

showing smaller PL redshift with more
disorder in the QD array, as shown in Figure 21. For the array of /=3.8 nm NaBr-passivated
QDs showing regular ordered arrangement on the TEM image, the PL peak shift with
respect to solution PL (APL) varied in 45-74 meV range depending on the batches of QD

used to form the arrays that may result from small variation of the order or d....

------- solution
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Figure 21 TEM images and room-temperature PL spectra of less ordered array of 3.8 nm
CsPbBr3 QDs passivated with NaBr formed on the TEM grid (a), showing less PL redshift
(24 meV) compared to more ordered array (b, same as in Figure 19b). Reprinted with
permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022

American Chemical Society.
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Figure 22 (a,b) Time-dependent PL spectra, (c,d) time-dependent PL intensity and (e,f)
time-dependent PL peak position of the array of CsPbBr; QDs (1=3.8 nm) passivated with
OLAB (a,c,e) and NaBr (b,d,f) at 300 K. Horizontal lines in panel e and f are the PL peak
position in solution. Reprinted with permission from Tang, X. et al. Chem. Mater. 2022,

34, 7181-7189. Copyright 2022 American Chemical Society.

One of the unique properties of exciton of the strongly quantum confined CsPbBr3
QDs compared to weakly and non-confined counterparts is the accessibility to the lowest-
energy dark exciton level that exhibits intense and long-lived dark exciton PL8. Our recent
studies in strongly confined CsPbBr3; and CsPblz QDs showed that increasing quantum
confinement results in the larger bright-dark energy splitting (AEgp) and increasing dark
exciton lifetime, which makes the dark exciton more readily accessible at the higher
temperatures.*® To confirm the electronic coupling as the main cause for the PL redshift

in the array of NaBr-passivated QDs and its effect on exciton fine structure, specifically
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on the relative energetics and dynamics of bright and dark exciton, steady state and time-
dependent PL spectra at varying temperatures in 5-300 K range were obtained for /=3.8
nm QDs. The PL spectra from the array of OLAB-passivated QDs of the same size were
also obtained as the reference for the comparison, in which the electronic coupling
between the QDs is negligible.

First, we examine the dynamic PL spectra at 300 K, at which bright exciton
dominates the PL emission, using the QD arrays on TEM grid placed in a vacuum cryostat.
405 nm pulsed light (45 ps, 1kHz) was used to excite the sample at sufficiently low fluence
(50 nJ/cm?) to ensures very low excitation density (~5x10** exciton/QD based on the
reported absorption cross section of ~4.5x10715 ¢m?).!'* For the detection of the time-
dependent PL, a streak camera was used. Figure 22 shows the time-dependent PL spectra
(a, b), time-dependent PL intensities (c, d), and time-dependent PL peak positions (e, f) of
the arrays of OLAB- and NaBr-passivated QDs at 300 K. In solution phase, these OLAB-
and NaBr-passivated QDs exhibited similar PL peak at 468.4 nm and 470.4 nm,
respectively as indicated by the dashed line in Figure 22e and f. The linewidth of the
solution-phase PL spectra is ~150 meV for both samples indicating the similar ensemble
heterogeneity. Note that the batch of the array of NaBr-passivated QDs for the
temperature-dependent measurement in cryostat is different from that of Figure 19b
measured under ambient condition, and APL is smaller (45 meV) because of the batch-to-
batch variation as mentioned earlier.

The array of OLAB-passivated QDs exhibit almost single-exponential PL decay

with the time constant of 1=4.2 ns, which is close to that of solution sample (t=4~5 ns).'!?
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On the other hand, the array of NaBr-passivated QDs exhibits multiexponential decay,
which exhibits a sub-ns decay component (1=0.42 ns) that is absent in solution PL and a
slower decay component with average time constant of t==8.8 ns. Earlier studies in the QD
solids and chemically linked or directly bound QD dimer also observed the appearance of
fast-decaying PL absent in solution PL.7!- 193 116, 117 Thig was explained as either energy
transfer or charge transfer, which may be possible in our sample too. It is interesting to
note that the slower decay time (8.8 ns) of the array of NaBr-passivated QDs that accounts
for the majority of photon emission is slower than that of solution sample (3~4 ns). We
attribute this to the delocalization of electron and hole wavefunction to a larger volume
through the electronic coupling that slows down the radiative recombination.

In Figure 22e and f, both OLAB- and NaBr-passivated QDs show a small dynamic
redshift (~2.5 nm) during the early phase of the PL decay, which is absent in the PL from

a dilute dispersion of QDs in polystyrene matrix showed in Figure 23.
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Figure 23 Time dependent PL peak wavelength of QDs dispersed in polystyrene matrix.

Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189.

Copyright 2022 American Chemical Society.
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It is notable that the dynamic redshift occurs on different time scales in two QD
samples; on ~4 ns and sub-ns time scales for OLAB- and NaBr-passivated QDs
respectively. The dynamic redshift in the array of OLAB-passivated QDs can be
interpreted as the energy transfer between the nearby QDs since such shift is absent in the
dilute polymer dispersion of the QDs. The faster sub-ns dynamic redshift in the array of
NaBr-passivated QDs may also reflect the energy transfer between the QDs that are more
closely spaced than in the array of OLAB-passivated QDs. In this interpretation, the same
amount of dynamic redshift is consistent with the similar fwhm of the solution-phase PL
at 300 K. While the relaxation within the manifold of the coupled states may be an
alternative interpretation, the observed sub-ns time scale of the redshift is much longer
than typical relaxation in electronic manifold coupled to phonon degrees of freedom (e.g.,
ps).

Figure 24a shows the overview of the temperature-dependent steady state PL
spectra of the arrays of OLAB- and NaBr-passivated /=3.8 nm QDs. A separate
spectrometer operating in conjunction with a streak camera was used for the steady state
PL measurement, which provides a higher spectral resolution. With decreasing
temperature, both OLAB- and NaBr-passivated QD arrays showed redshift of the PL
similar to the previous reports on temperature-dependent PL of CsPbBr3 QDs in solution

phase.” 3 Temperature-dependent PL peak shift is shown in Figure 24b.
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Figure 24(a) Temperature-dependent PL spectra of CsPbBr; QDs (/=3.8 nm) passivated

with OLAB (top) and NaBr (bottom) ligands. The temperatures are 300, 200, 150, 40, 5

K from left to right. Part of the top spectra is cut by a 450 nm long pass filter. (b)

Temperature-dependent PL peak wavelength of OLAB- and NaBr-passivated QDs (/=3.8

nm). (¢) Temperature-dependent full width at half maximum, I'(T), of OLAB- and NaBr-

passivated QDs (/=3.8 nm). The solid curves are fit to I'(T) discussed in the text. The

arrow indicates I'(300 K) of the solution-phase PL for both QDs. (e¢) Temperature-

dependent PL spectra of CsPbBr3 QDs (/=4.2 nm) passivated with OLAB (top) and NaBr

(bottom) ligands. The temperatures are 300, 180, 100, 60, 10 K from left to right. (f)

Temperature-dependent PL peak wavelength of OLAB- and NaBr-passivated QDs (/=4.2

nm). (g) Temperature-dependent I'(T) of OLAB- and NaBr-passivated QDs (/=4.2 nm).

Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189.

Copyright 2022 American Chemical Society.

The broad shoulder near 500 nm in the PL spectrum of the array of NaBr-

passivated QDs at 300 K in Figure 24a, which is absent in the array of OLAB-passivated
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QDs, is tentatively assigned to the merged QDs existing in the array.!'® ''° This feature
becomes more distinct and reveals multiple peaks below 100 K, suggesting that there are
several distinct merged QD species with larger effective size, experiencing weaker
quantum confinement. The three distinct side peaks in 5 K spectrum of NaBr-passivated
QD array in Figure 24a are redshifted by 70, 120 and 145 meV with respect to the main

peak at 481.3 nm in Figure 25.

481.3

400 450 500 550
Wavenelngth (nm)

Figure 25 PL spectra of the array of 3.8 nm NaBr-passivated QDs at 5 K. Side peaks on
the right side of the main peaks are assigned to the merged QDs. Reprinted with
permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022

American Chemical Society.

They do not appear in the 5 K spectra of the arrays of 4.2 nm QDs passivated with
either OLAB or NaBr shown in Figure 24e. This excludes the possibility of phonon
replica, which should exist in the QD arrays of all sizes and regardless of the ligand'?°.
The side peaks occurred only when NaBr-passivated QDs are made into the close-packed

arrays, which contrasts with the highly robust PL of the aged QDs in solution phase that

63



exhibit negligible change over the period of 1 year, as shown in Figure 26, further

supporting the merging scenario.
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Figure 26 Absorption (a) and PL (b) spectra of the QDs passivated with NaBr that are
freshly made and stored in solution at 4°C for 1 year. Reprinted with permission from
Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022 American Chemical

Society.

In Figure 24c comparing the temperature-dependent full width at half maximum
of the PL spectra, I'(T), the contribution from the shoulder peaks was removed in the PL
spectra of the array of NaBr-passivated QDs. Interestingly, the array of NaBr-passivated
QDs show the significantly smaller I'(T) than OLAB-passivated QDs by 20-40 meV in
the entire range of temperatures, in contrast to the solution PL spectra at 300 K showing
similar I'(300 K) of ~150 meV for both QDs.

In general, the decreasing PL linewidth would indicate the weakening electron-
phonon coupling for the non-interacting ensemble of QDs of a given static
inhomogeneity. I'(T) is often analyzed using a model that includes the contributions from

static inhomogeneity (I'inn) and coupling with acoustic phonon (j:.7T) and longitudinal
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optical (LO) phonon (1.0M.0), I'(T) = yLoNLo + YacT + [inn.>® yac and pLo represent the
coupling strength to acoustic phonon and LO phonon respectively. Nio is the number of
the LO phonon mode expressed Nro = 1/(exp(Evo/ksT) — 1), where Ero is LO phonon
energy and kg is Boltzmann's constant. Fitting the data in Figure 24c to 7°(7) described
above indicates that y1o0 of NaBr-passivated QDs is significantly smaller than that of
OLAB-passivated QDs (67 meV vs 86 meV) assuming the same .. for both samples, as

shown in Figure 27 and Table 6.

0 100 200 300
Temperature (K)

Figure 27 Temperature-dependent full width at half maximum, I'(T), of the PL for the
arrays of OLAB- and NaBr-passivated QDs. Solid curves are fit to a model I'(T) =
YroNLo + VacT + Tinn- vac and yLo represent the coupling strength to acoustic phonon and
LO phonon respectively. Nio is the number of the LO phonon mode expressed Nio =
1/(exp(ErLo/ksT) — 1), where ELo is LO phonon energy and kg is Boltzmann's constant. For
this fit, the values of y.c and Ero were kept the same as in Reference 9. The fitting
parameters are in Table 6. Reprinted with permission from Tang, X. et al. Chem. Mater.

2022, 34, 7181-7189. Copyright 2022 American Chemical Society.
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Table 6 Best fit parameters of the experimental I'(T) to ['(T) = y,0N.o + VacT + Tinn-
Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189.

Copyright 2022 American Chemical Society.

Ligand YLO Yac [inn Ero

OLAB 86 meV | 20 ueV/K | 76 meV 23 meV

NaBr 67meV | 20 peV/K | 57 meV 23 meV

This indicates that the effect of electronic coupling in the 2D array of the QDs is
phenomenologically equivalent to reducing the electron-phonon coupling when compared
to the uncoupled QDs. While further study is needed to gain a more microscopic
understanding of the narrowing of 7'(7T), we also note the similarity to the coupled
molecular systems such as J aggregates that exhibit the narrowing of the absorption
linewidth or narrowing of PL linewidth via superradiant emission.'?!> 122 In contrast to
[=3.8 nm QDs, /=4.2 nm QDs that exhibit much weaker sign of electronic coupling from
their PL spectra show much smaller difference in both PL peak position and I'(T) between
the arrays of OLAB- and NaBr-passivated QDs as shown in Figure 24e-g. This indicates
that narrowing of I'(T) observed in /=3.8 nm QDs in Figure 24c is clearly correlates with

the electronic coupling.
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Figure 28 (a-d) Time-dependent PL spectra of the arrays of /=3.8 nm CsPbBr; QDs
passivated with OLAB (a,c) and NaBr (b,d) at 5 K in two different time windows. (e-h)
Time-dependent PL intensities of the arrays of /=3.8 nm CsPbBr3; QDs passivated with
OLAB (e,g) and NaBr (f,h) at 5 K in two different time windows. (i,j) PL spectra
decomposed into bright exciton (red) and dark exciton (blue) PL at 5 K shown in (a) and
(b). (k) Effect of electronic coupling on bright and dark exciton PL decay and energetics
and AEgp. Reprinted with permission from Tang, X. et al. Chem. Mater. 2022, 34, 7181-

7189. Copyright 2022 American Chemical Society.

Figure 28 compares the time-dependent PL spectra (a-d) and time-dependent PL
intensity (e-h) of the arrays of OLAB- and NaBr-passivated /=3.8 nm QDs at 5 K, which
allows to examine the effect of electronic coupling on the relative energy level and

dynamics of bright and dark exciton. To show the behavior of bright and dark exciton
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separately, the time-dependent PL are shown in two different time windows: 30 us and 5
ns. Figure 281 and j are the time-integrated PL spectra and fit to the sum of bright and dark
exciton PL spectra for the arrays of OLAB- and NaBr-passivated QDs respectively. At the
temperatures sufficiently low, where the thermal energy (kT) is much smaller than bright-
dark splitting energy (AEgp), emission from dark exciton level can be readily observed
due to the suppression of thermal excitation from dark to bright state.® Time-dependent
PL spectra and PL intensity in Figure 28a, b, ¢ and f show dark exciton PL decaying on
us time scale (tp), well-separated from the fast decay component (tsst) attributed to the
decay of bright exciton PL. Fast decay component is more clearly seen in Figure 28c and
d. Trst has two contributions, one from relaxation of bright exciton and the other from
bright-to-dark transition®.

Since the trst and tp differ by 4 orders of magnitude, bright and dark exciton PL
spectra can be readily separated by time-gating the PL as shown in Figure 281 and j, from
which AEgp can be extracted. In Figure 28j, a shoulder peak near 500 nm that was assigned
to merged QDs in the steady state PL shown in Figure 24a also appears, but less well
resolved than in the steady state PL spectra due to the difference in the spectral resolution
of the two spectrometers. Table 7 summarizes AEgp, Tp and s obtained from the data in
Figure 28. The fraction of photons emitted from dark state in the overall PL (Ip/lotal) at 5

K determined from the data in Figure 28e, f, i and j is also added in Table 7.
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Table 7 Parameters extracted from 5 K PL decay data. Ag and Ap are PL wavelength for
bright and dark exciton, AEgp is bright-dark energy splitting, tp and trs: are the time
constants for the dark exciton PL and fast-decaying PL respectively. Ip/liota 1 the fraction
of photons emitted from dark exciton in the total PL at 5 K. Reprinted with permission
from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022 American

Chemical Society.

Ligand 7\,B 7\,D AEBD ID/ Tiotal TD Tfast
OLAB 471.7nm | 476.4nm | 25 meV 65 % 12 ps 0.42 ns
NaBr 4803 nm | 483.4nm | 16 meV 34 % 9 us 0.29 ns

107 3
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Figure 29 Time-dependent PL intensities of the arrays of /=4.2 nm CsPbBr; QDs
passivated with OLAB (blue) and NaBr (red) at 5 K. The dark exciton lifetime is 8.4 and
8.1 us respectively for OLAB- and NaBr-passivated QDs. Reprinted with permission from
Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022 American Chemical

Society.
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The main effect of electronic coupling in the array of NaBr-passivated /=3.8 nm
QDs clearly observed from the data in Figure 28 are the decrease of AEgp, T and Trast
compared to the array of OLAB-passivated QDs. This contrasts with the behavior of
NaBr-passivated /=4.2 nm QDs that exhibit the much weaker electronic coupling. For
instance, tp of the arrays of OLAB- and NaBr-passivated /=4.2 nm QDs are 8.4 pus and 8.1
us respectively, showing much weaker effect on the decay rate of dark exciton compared
to /=3.8 nm QDs, as shown in Figure 29.

In our recent study of the PL from non-interacting CsPbBr3 QDs of different sizes
dispersed in polymer matrix, decrease of AEgp and 1p were observed with increasing QD
size.*® The weaker electron-hole exchange interaction in the less confined QDs was
considered responsible for the decreasing AEgp with increasing QD size.’® % In the
presence of perturbations that can mix bright and dark states in semiconductor QDs, such
as spin-orbit coupling, surface or defect spins, and optical/acoustic phonons, the mixing
of bright and dark states is expected to increase with decrease in AEgp.3% 123125 Therefore,
the decrease of AEgp in the electronically coupled array of QDs can be interpreted as the
result of the increased spatial extent of electron and hole wavefunction via electronic
coupling that reduces the electron-hole exchange interaction. This suggests that changes
in relative energies of bright and dark exciton level can be explained by the delocalization
of exciton wavefunction via electronic coupling in the array of QDs, which is similar to
the effects of increasing the QD size in non-interacting ensemble. The decrease of tp by
electronic coupling is also consistent with the smaller AEgp observed in the larger non-

interacting QDs. Previous studies showed approximately linear slope of AEgp vs inverse

70



volume for the cube-shaped perovskite QDs consistent with the theoretical prediction.’®
41,46 AEpp was also found to decrease with increasing thickness in nanoplatelets.”® The
direct comparison of the effect of size increase in uncoupled QDs and delocalization of
exciton limited to the lateral direction in 2D array of the coupled QDs will not be
quantitatively valid. However, comparison with the size-dependent AEgp reported in
Reference *° indicates that the change of AEgp observed in the coupled QDs in this study
is equivalent to the volume increase of ~50% in uncoupled QDs.

It is interesting to note that trs at 5 K is smaller in NaBr-passivated QDs than in
OLAB-passivated QDs, which contrasts to the slower bright exciton relaxation on ns time
scale at 300 K in NaBr-passivated QDs (t=8.8 ns) than in OLAB-passivated QDs (1=4.2
ns) as shown in Figure 22. 11 at 5 K reflects the time constant for the combined processes
of bright exciton relaxation and bright-dark transition.*® Therefore, the shortening of Trast
in NaBr-passivated QDs can have multiple contributions. While the PL quantum yield at
5 K is uncertain due to the difficulty in accurately quantifying the PL intensity from the
QD arrays assembled on a TEM grid in vacuum, we consider the contribution from the
nonradiative decay is minimal at this low temperature. Since the PL from dark exciton
with ~10 us can be readily observed and that the relative PL intensity increases with
temperature decrease, as shown in Figure 30, we consider the thermally activated trapping

of exciton leading to nonradiative decay is effectively suppressed at 5 K.
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Figure 30 Temperature-dependent PL intensity of OLAB- and NaBr-passivated QDs, with
the intensity normalized to 1 based on the maximum intensity. Reprinted with permission
from Tang, X. et al. Chem. Mater. 2022, 34, 7181-7189. Copyright 2022 American

Chemical Society.

Under the assumption that excludes the nonradiative decay pathways of exciton,
one possible contribution to the shortening of tr.s: is the giant oscillator strength transition
effect that accelerates the bright exciton emission. A recent study in perovskite
nanocrystals indicated that the faster radiative recombination of bright exciton is expected
at the lower temperature due to the giant oscillator strength transition of the exciton, which
is more prominent in the larger and less confined QDs.*° The increase in exciton oscillator
strength upon cooling from the giant oscillator transition strength effect via coherent
center-of-mass delocalization of exciton has also been reported in CdSe nanoplatelets.*!
The effect of electronic coupling in the 2D array of the QDs on the temperature-dependent
oscillator strength may be similar to that of increasing the size of the QDs. Presently, such
possibility cannot be directly confirmed from the temperature-dependent absorption

spectra due to the difficulty in measuring the absorption from a 2D array of the QDs.
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However, studies in the coupled 3D superlattice, whose temperature-dependent absorption
may be easier to quantify, could shed more light on this issue. In addition, whether the
electronic coupling will affect the bright-dark transition rate is another remaining question
that will require further study.
4.4. Conclusion

In conclusion, we investigated the effect of electronic coupling between strongly
quantum confined CsPbBr; QDs on the energetics and dynamics of bright and dark
exciton. For this purpose, close-packed 2D arrays of QDs with facet-to-facet distance
reduced to several A were prepared via ligand replacement from OLAB to NaBr.
Comparison of the steady state and time-dependent PL spectra of the arrays of OLAB-
and NaBr-passivated QDs in a wide range of temperatures showed that bright-dark energy
splitting decreases in addition to the redshift of both bright and dark levels compared to
non-interacting array of the QDs. The dynamics of bright and dark exciton relaxation at 5
K also accelerates in the electronically coupled array of the QDs. These observations are
consistent with the delocalization of exciton wavefunction beyond a single QD in the
coupled ensemble of the QDs, where the net effect is similar to increasing the volume of

the non-interacting QDs.

73



5. CHAPTER V
SUMMARY AND FUTURE OUTLOOK

5.1. PL Properties of Strongly Quantum-Confined FAPbBr3; QDs

In this project, we investigated the effect of strong quantum confinement on the
photophysical properties of FAPbBr; QDs. For this purpose, we firstly developed the
synthetic strategy for strongly quantum-confined FAPbBr; QDs with tunable sizes in the
range of 3-6 nm by changing the reaction temperature. The product FAPbBr3 QDs showed
uniform cubic morphology as well as great size distribution of less than 5%. Absorption
and PL spectra of the strongly quantum-confined FAPbBr3 QDs at room temperature
demonstrated effect of the strong quantum confinement, by showing the increasing band
gap with decreasing QD size. The PLQY and time resolved PL intensity of FAPbBr; QDs
of different sizes did not show significant differences, suggesting that the quantum
confinement do not play a part on the single exciton decay rate at room temperature.

Afterwards, PL measurement were further carried out at cryogenic temperature to
investigate the effect of quantum confinement on the exciton PL properties and exciton
fine structure. When the temperature decreased from 295 K to 78 K, PL spectra of
FAPbBr; QDs showed continuous redshift and linewidth narrowing. This observation is
comparable to the behavior of CsPbBrs QDs, where the PL redshift and linewidth
narrowing were attributed to lattice contraction and electron-phonon coupling.

Time-resolved PL spectra of FAPbBr; QDs at 5 K observed intense PL from dark
lowest-energy exciton state with ps lifetime. For the different sizes of FAPbBr; QDs

studied, the smaller QDs exhibited both longer dark exciton lifetime and larger bright-
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dark level energy splitting, AEgp. This observation is in consistent with the previous
computational and experimental reports on CsPbBr3; QDs, suggesting that the model where
the AEgp related to the electron-hole exchange increases with increasing quantum
confinement is also applicable in the FAPbBr3 QDs.

The magnetic field strength dependence of the dark exciton dynamics is then
investigated. The results showed that the dark exciton lifetime, tp, is less significant in
smaller FAPbBr; QD size, as expected. However, one interesting observation is that, the
dependence of tp on the magnetic field strength was less significant in FAPbBr3 QDs
compared to CsPbBr; QDs, with the smallest 3.7 nm FAPbBr3 QDs showing negligible
dependence on the magnetic field strength. The reason for their reduced response to the
magnetic field is still unknown, making it an interesting topic for further explorations.
5.2. Effects of Electronic Coupling on 2D Arrays of CsPbBr; QDs

In this project, we investigated the effect of inter-QD electronic coupling on the
photophysical properties of strong quantum confined CsPbBr3 QDs. For this purpose, we
first synthesized strongly quantum confined CsPbBr; QDs with sizes in the range of 3.8-
5.3 nm. Then, we carried out ligand exchange on the CsPbBr; QDs, where the original
OLAB ligands were replaced by NaBr. The product QDs showed remarkably reduced
interparticle distance by over 2 nm after the ligand exchange procedure. Afterwards, 2D
arrays of CsPbBr3; QDs with sub-nm facet-to-facet distance were prepared by drop-casting
the QD colloidal solution onto TEM grids.

We then investigated the photophysical properties of these electronic coupled
arrays of CsPbBr; QDs through PL spectroscopy and dynamics, and compared these
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properties to the non-coupled arrays of CsPbBr3 QDs passivated with OLAB ligands as
well. At room temperature, the coupled arrays of CsPbBrs QDs showed PL redshift and
linewidth narrowing as compared to the uncoupled ones, with more redshift and linewidth
narrowing observed in smaller QDs as a result of the increased coupling energy with
stronger quantum confinement. The coupled arrays also exhibited slower exciton
recombination rates as compared to the noncoupled ones, suggesting increased exciton
delocalization in the presence of electronic coupling.

Furthermore, the PL spectra and dynamics were then investigated at cryogenic
temperature for the exploration of the energetics and dynamics of bright and dark exciton
in electronically coupled arrays of CsPbBr; QDs. Compared to noncoupled arrays of QDs,
coupled ones showed a decrease in the bright-dark energy splitting, AEpp as well as the
dark exciton lifetime, tp. These observations suggest that the exciton delocalization is
increased in electronically coupled arrays of CsPbBr3 QDs, where the net effect is similar
to increasing the volume of the non-interacting QDs.

Interestingly, at cryogenic temperature, the bright exciton lifetime, 8, was also
observed to be shorter in electronically coupled array of CsPbBr3 QDs as compared to the
noncoupled ones. This is opposite to the observation at room temperature. The increase in
18 could be potentially explain with the giant oscillator strength transition effect, where
the optical transitions are significantly enhanced when the oscillator strength are increased
due to exciton delocalization covering more unit cells of materials. This observation is
highly promising for QD lasers, which can be a potential interesting topic for further

explorations.
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5.3. Future Outlook on 3D Electronic Coupled Superlattices of Strongly Quantum
Confined CsPbBr; QDs

Many research studies have reported spontaneous assembly of LHP NCs into
highly ordered structures known as superlattices (SLs)!%6- 107 110, 111,126 /The formation of
the SLs typically takes place during the evaporation of the solvents, during which the
highly uniform cubic LHP NCs assemble into ordered arrays driven by the inter-NC
forces. The narrow size distribution of the LHP NCs is an essential factor for the formation
of NC SLs with long rage order. As compared to isolated NCs, the NCs within the SLs
exhibited new photophysical properties arise from the collective electronic or photonic
activity of the NCs, making them an interesting topic to investigate.

The most straightforward optical property of LHP NCs SLs is the redshifted PL
spectra as compared to the isolated ones. At room temperature, the PL redshift of SLs by
several meV compared to solution phase NCs has been observed in multiple studies in
weakly quantum confined NCs'%%1%8 A detailed study on the origin of this PL redshift
attributed it to a combined effect of electronic coupling, energy transfer between NC
inhomogeneity and loss of quantum confinement due to NC merging and aggregation''®
127

More interestingly, these SLs are reported to exhibit coherent emission at under
excitation. The first report of coherent emission of SLs of LHP NCs was in weakly
quantum confined CsPbBr; NCs with a mean size of 9.5 nm!'!. In this study, the SLs
exhibited extremely narrow PL emission with the peak position redshifted over 70 meV

and radiative decay rate accelerated by almost 3 times at 6 K under high power excitation.
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These observations were attributed to the coherent emission established from the ordered
transition dipoles of NCs in the SLs aligned by the emission photon field. Later, a
following study reported similar observations of PL narrowing, redshift and acceleration
at 77 K in SL microcavities'?. In this study, the investigation on the cooperative optical
properties of the SLs further revealed enhanced stimulated emission efficiency in the SL
microcavities where the stimulated emission relies on the phasing of the transition dipoles
rather than the population inversion. More recently, the coherent emission studies have
been extended to SLs of organic-inorganic hybrid LHP NCs, where superfluorescence was
observed at higher temperature, even at room temperature'?® 3%, The degree of the
coherence is reported to be largely dependent on the size uniformity and the ordering of
the NC SLs'*!, where the information can be extracted from small-angle X-ray scattering
and wide-angle X-ray scattering!26 132,

Aside from the reports of superfluorescence in LHP NC SLs, one recent research
paper reported the observations of superradiance in SLs of 9 nm CsPbBrs NCs below 78
K, characterized by narrow and redshifted PL with accelerated decay rate, similar to the
previous reports about superfluorescence'*?. Superfluorescence and superradiance are
both coherent emission of multiple emitters, but their difference is defined by the stage
when the coherence is formed. In the case of superradiance, the coherence is formed before
the emission, whereas in the case of superfluorescence, the coherence is formed during
the emission. In this study, the origin of the coherence of the NCs in the SLs was claimed
to be a result of the inter-NC electronic coupling, even though electronic coupling of this

system should be almost negligible based on our experimental results stated in Chapter II1.
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Nonetheless, this work suggests the promising future studies of utilization of
superradiance in strongly quantum confined QDs and 3D electronically coupled arrays of
them.

For this objective, some testing experiments have been carried out on strongly
quantum confined CsPbBr3 NCs and the preliminary results of PL spectra at cryogenic
temperature showed features of superradiance. Firstly, the SLs were fabricated with 4 nm
CsPbBr3 QDs passivated with original OLAB ligands through self-assembly during
solvent evaporation. Specifically, the QDs were synthesized and purified following the
method in Reference 19. After the final precipitation with acetone, the precipitate was
dispensed into a small amount of hexane to obtain a high-concentration stock solution with
an absorbance of over 100 at 400 nm for 1 cm pathlength. A small amount of the stock
solution was then diluted with cyclooctane to an absorbance of 5 at 400 nm for the SL
growth. 10 pL of the diluted QD/cyclooctane solution was drop-casted onto a slide of
silicon wafer placed in a 1 inch %1 inch Teflon well. Then, the Teflon well was partially
isolated from the ambient environment by placing a glass slide on top of the well as a lid.
This setup was left in an N> environment at room temperature for 24-72 hours until the
solvent evaporated completely.

As the results of the SL solvent evaporation, the QDs spontaneously assembles
into superstructures with sizes on the um scale, forming two types of different assemblies,
as shown in Figure 31. Firstly, large rhombic SLs of the CsPbBr3; QDs with edge sizes on
the order of 10 um were observed in both Scanning Electron Microscopy (SEM) and

Confocal Microscopy (CM) images, similar to other reported works of SLs of the strongly
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quantum confined CsPbBr; QDs'**. The rhombic shape of the SLs was attributed to the
tendency for higher packing density favored by the softer small QDs as compared to the
larger weakly quantum confined NCs that favors cubic packing. Meanwhile, smaller
cuboidal SLs and multi-crystalline clusters of them were also observed with edge lengths

on the order of 100 nm — 1 um.

SEM HV: 200 kV WD: 14.45 mm ! VEGA3 TESCAN|
Det: SE Det: SE 10 pm
SEM MAG: 4.52 kx  Date(m/dly): 01724123 TAMU Microscopy8imaging Center

SEM HV: 20.0 kV WD: 11.95 mm VEGA3 TESCAN|

Det: SE Det: SE 2um
SEM MAG: 41.5 kx _ Date(midly): 01124123 TAMU Microscopy&imaging Center

-30 -20 -10 0 10 20 30
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Figure 31 (a, b) SEM images of SLs of the 4 nm CsPbBr3; QDs in different regions showing
large and small SLs, respectively. (c, d) CM images of SLs of the 4 nm CsPbBr3; QDs in
different regions.
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Following up, spectroscopic experiments were carried out in the CM setup, where
the PL spectra of the individual SLs were measured at room and cryogenic temperatures.
At room temperature, similar to SLs of weakly quantum confined NCs, redshift and
linewidth narrowing of the PL was observed for both small and large SLs as compared to
the background of randomly distributed QDs. At ~10 K, extremely narrow PL linewidth
of ~10 meV was observed for some of the large multi-crystalline SL clusters, as compared
to the ~40 meV linewidth in the large SLs, randomly distributed QDs and isolated small
SLs. This is a signature of superradiance emission. However, PL blueshift was observed
for these large multi-crystalline SL clusters compared to in other regions. However, the
origin of this blueshift is unknown yet, and further studies will be carried out in order to
study the potential mechanism of superradiance in SLs of strongly quantum confined

CsPbBr3; QDs.
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