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Abstract

Colloidal semiconductor nanocrystals are among the leading material platforms for a wide
range of optoelectronic applications including photovoltaics, displays, photodetectors, and
thermoelectrics. Their colloidal stability enables facile device fabrication by providing solution
processability, and tunability of the bandgap with particle size opens up the opportunity to
independently optimize nanocrystal properties for specific applications. Recently, colloidal lead
halide perovskite nanoplatelets (chemical formula: Lo[ABX3],-1BX4, L: alkylammonium, A:
methylammonium or formamidinium or cesium, B: lead, X: halide, n: number of [BXs]*
octahedral layers in the direction of thickness) have emerged as a promising class of novel
semiconductor nanocrystals capitalizing on their strong absorption, bright emission with high color
purity, strong quantum- and dielectric-confinement, and anisotropic transition dipole moment
orientation. This dissertation seeks to establish a robust synthetic protocol for the preparation of
colloidal perovskite nanoplatelets and further engineer their desirable properties.

First, I briefly review the history of perovskite nanoplatelets and introduce a protocol for the
facile synthesis of colloidal perovskite nanoplatelets at room-temperature. Monodispersity of the
nanoplatelets is confirmed by optical and structural characterizations. Photoluminescence and
absorption spectra reveal strongly-confined excitonic features which can be tuned in the visible
range by changing nanoplatelet thickness and varying the composition of halide anions.
Furthermore, I show that multiple species of surface-bound alkylammonium ligands can be
introduced. This demonstrates the possibility of further optimizing the surface properties of
nanoplatelets which can hugely impact the charge transport behavior inside the device as well as
the operating stability.

Then I focus on lead bromide nanoplatelets, whose deep-blue luminescence makes it one of
the leading light-emitting platforms for the next-generation displays. I systematically investigate
key factors that determine the stability of the nanoplatelets under UV excitation, which mimics the
condition of hot-carrier injection into an operating device. It is shown that the freshness of the
perovskite precursor solution is crucial in maintaining the stability and efficient luminescence.
Then I show that the decrease in photoluminescence intensity upon UV irradiation primarily results
from intrinsic instability of the perovskite lattice, whereas the moisture triggers the transformation
of nanoplatelets into thicker nanostructures. Then substitution of the organic cation from
formamidinium to methylammonium and the addition of excess alkylammonium bromide ligands
during the synthesis are shown to be effective stabilization strategies.

Lastly, doping of manganese (Mn?") ions — a powerful method for manipulating excited state
dynamics and altering semiconductor nanocrystal properties — in colloidal perovskite
nanoplatelets is demonstrated. Substitutional doping of manganese for lead introduces bright and



long-lived mid-gap Mn?* atomic states, and the doped nanoplatelets exhibit dual emission from
the band edge and the dopant state due to facile band edge-to-dopant excitation transfer. I show
that photoluminescence quantum yields and band-edge-to-dopant photoluminescence intensity
ratios exhibit strong excitation power dependence that cannot be explained by the saturation of
long-lived dopant states. By developing a kinetic model combined with time-resolved
spectroscopic studies, it is demonstrated that the annihilation of dopant-site excitons by interacting
with band-edge excitons is responsible for the observed power dependence. Then I discuss
significantly faster band edge-to-dopant excitation transfer in methylammonium-containing
nanoplatelets compared to the transfer in formamidinium-containing nanoplatelets.

Thesis Supervisor: William A. Tisdale
Title: ARCO Career Development Professor of Chemical Engineering
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Chapter 1. Introduction

1.1. Importance of Colloidal Semiconductor Nanocrystals

One of the key tasks in modern engineering is to develop material systems that possess
desirable properties for specific applications. Characteristics that are desired for each application
widely vary, and thus designing a perfect material with all advantageous characteristics has always
been a holy grail to the engineers.

Colloidal semiconductor nanocrystals are solution-processable nanomaterials that have led the
development of cutting-edge energy conversion technologies in the past few decades. There has

been a rapid development of a wide range of optoelectronic applications based on semiconductor

nanocrystals,! which include photovoltaics,>® light-emitting devices,”!*> photodetectors,® 1618

20-22

lasers,® 1* 19 flexible electronics, and thermoelectrics.?*>> Compared to bulk semiconductor

crystals, nanocrystals provide additional merits of solution processability, which can facilitate the

device fabrication process, and property tunability via engineering surface ligands,?®2®

composition,?®-3% and size.!:3!:32 In particular, having those additional tuning handles opens up the

window for independently optimizing various material properties — including bandgap, 3! 32

33,34 35-37 38-40

surface properties, stability, charge carrier dynamics — which can eventually lead to
the development of the material with ideal properties. Thus, it is of great importance to study novel
semiconductor nanocrystals and precisely modulate their properties for the design of next-

generation optoelectronic devices.
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1.2. Semiconductor Nanocrystal Structure and Physics

(a)

A~~~ Semiconductor
core

el

ligands

<~20nm
Figure 1.1. Structure of colloidal semiconductor nanocrystals. (a) Schematic illustration of a semiconductor
nanocrystal. (b) High-resolution transmission electron microscopy (TEM) image of a single semiconductor (PbS)
nanocrystal. (c) TEM image of semiconductor nanocrystal array. Panel b and c are reprinted from ref. 41. Copyright
2014 American Chemical Society. Further permissions related to the material excerpted must be directed to the
American Chemical Society.

Colloidal semiconductor nanocrystals are colloidally-stable nanometer-sized semiconductor
crystallites (Figure 1.1a). The size of their semiconductor cores is comparable to the characteristic
distance between an electron and a hole inside the semiconductor (Bohr radius), which is typically
a few nanometers.*> ** Organic ligands surrounding the semiconductor core provides colloidal
stability in organic solvents and also electronically isolates the semiconductor core from the
surrounding environments. Depending on the number of dimensions that are comparable to Bohr
radius, semiconductor core can be classified into various shapes including 0D quantum dots (QDs:
all three dimensions comparable to Bohr radius), 1D nanorods (NRs: two dimensions comparable
to Bohr radius), and 2D nanoplatelets (NPLs: one dimensions comparable to Bohr radius).
Transmission electron microscopy (TEM) is a widely used technique to observe nanocrystals and
study their structures. Even a single nanocrystal with lattice fringes can be observed using high-
resolution transmission electron microscopy (Figure 1.1b).*! However, contrast of nanocrystal
cores are usually higher than that of organic ligands and it is challenging to directly observe
surface-passivating ligands in TEM images. Nonetheless, even though they may not be directly
visible in TEM images, the presence of organic ligands results in the visible separation between

nanocrystals (Figure 1.1¢).*!
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Figure 1.2. Schematic showing quantum-confinement effect of nanocrystals.

When an electron and hole pair, which is called an exciton, in a nanocrystal is squeezed into a
dimension that is comparable to the characteristic length scale of an electron and hole pair, due to
the small size of the nanocrystal, bandgap of the material becomes dependent on the size of
nanocrystals. It is a quantum mechanical phenomenon called quantum confinement effect (Figure
1.2). As nanocrystals get smaller, energy levels in the nanocrystal become more quantized and the
bandgap gets larger compared to the bandgap of bulk semiconductor crystal. Intrinsic bandgap of
bulk semiconductors varies with composition,? 3% and this size-dependency of the energy levels
provides another handle to tune the bandgap of nanocrystals. As a simple approximation, change
in the bandgap of nanocrystals due to quantum confinement effect can be estimated using the

following particle-in-a-box model,': 3!
2
Ey(r) = EQU* + e
where Ej is the bandgap, h is the Planck constant, m,, is the effective mass of the electron and
hole, and r is the characteristic length of the nanocrystal (e.g., radius of 0D quantum dots or

thickness of 2D nanoplatelets).
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Figure 1.3. Colloidal solutions of semiconductor (CdSe) nanocrystals under ultraviolet illumination exhibiting size-
dependent bandgap tunability. Reprinted from ref. 44. Copyright 2016 Nature Publishing Group.

Figure 1.3 shows the emission from semiconductor nanocrystals of the same composition
(CdSe) with different sizes under ultraviolet illumination.** It beautifully demonstrates the
tunability of the bandgap throughout the visible range by only changing the size of the crystal
without any change in composition. Being able to decouple semiconductor composition from the
bandgap of the material is a huge advantage in designing novel nanomaterials which are crucial
building blocks of future optoelectronic devices.

One of the most commonly used method for the synthesis of semiconductor nanocrystals is
colloidal synthesis. It typically involves dissolving the precursor compounds in organic solvents
with the aid of surfactants, and supersaturating the solution which triggers the nucleation and
growth of nanocrystals.*! Widely used techniques to induce supersaturation of the solution include
rapid injection of other precursor compounds and initiating the change in the solubility of precursor
compounds by varying the temperature or polarity of the system (e.g. injecting solvents with
different polarity).?® 3! Organic ligand species, which are usually long hydrocarbon chains with
functional groups that can bind to the surface of semiconductor core, play crucial roles in colloidal
synthesis of nanocrystals. By passivating to the surface of nanocrystals, they not only provide the

colloidal stability, but also confine the growth of the crystal.??
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1.3. Two-Dimensional Semiconductor Nanoplatelets

(a) (b)

Semiconductor core

SoSeseses:

Figure 1.4. Structure of colloidal semiconductor nanoplatelets. (a) Schematic illustration of a semiconductor
nanoplatelet. (b) TEM image of stacked semiconductor (CdSe) nanoplatelets with edge-up configuration on a substrate.
(c) TEM image of randomly-overlapping semiconductor (lead halide perovskite) nanoplatelets with face-down
configuration on a substrate. Panel b is reprinted from ref. 45. Copyright 2017 American Chemical Society. Panel ¢ is
reprinted from ref. 46. Copyright 2016 American Chemical Society. Further permissions related to the material
excerpted must be directed to the American Chemical Society.

Organic
ligands

Colloidal semiconductor nanoplatelets are two-dimensional (2D) semiconductor with only one
dimension being comparable to the Bohr radius of the material (Figure 1.4a). Like all nanocrystals
with different shapes, surface-bound organic ligands provide colloidal stability, while also
confining the growth of the crystal. Since nanoplatelets are highly confined in one dimension
(thickness), its bandgap is primarily determined by the thickness, while the effect of lateral
dimensions being negligible unless they become comparable to the Bohr radius.*”> *® Due to the
two-dimensional shape, nanoplatelets have been reported to undergo preferential face-to-face
stacking self-assembly (Figure 1.4b),*>%° and when the lateral dimension is large, they have been
observed to lie flat on the substrate with face-down configuration (Figure 1.4¢).46:5°

Among nanocrystals of different shapes, 2D nanoplatelets possess several characteristics that
can be highly valuable to a wide range of optoelectronic applications. For 0D quantum dots, it is
challenging to synthesize nanocrystals with each dimension smaller than the Bohr radius and they
are weakly confined in many cases.’! On the other hand, it is relatively easy to prepare 2D

49. 52 which results in

nanoplatelets with the confined dimension smaller than the Bohr radius,
stronger confinement of excitons. Strong confinement of excitons, which is accompanied by large
exciton binding energy,>® facilitates the recombination of electrons and holes which can increase
the luminescence efficiency®’> 3 and be utilized to build more efficient display devices.
Furthermore, unlike 0D quantum dots synthesis where it is challenging to minimize polydispersity

41, 55-57

of nanocrystals, synthesizing highly monodisperse 2D nanoplatelets has been widely
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reported.>? 386 Monodisperse nanocrystals can make clear and wide color-gamut display devices.
It has also been reported that strong confinement maximizes the interaction between the carriers
and photoactive dopants,®!- 2 which enables the modulation of carrier dynamics. Lastly, due to the
anisotropic shape of the nanoplatelets, transition dipole moments are preferentially oriented in the
direction parallel to the surface of nanoplatelets.*> 93-6° Thus, by stacking nanoplatelets on the
substrate with face-down configuration, this thin film of nanoplatelets can be engineered to
preferentially absorb and emit light in the direction perpendicular to the substrate. For light-

emitting applications, this directional emission can hugely boost the outcoupling efficiency.% 64
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1.4. Metal Halide Perovskites

(a) Perovskite unit cell: ABX, (b)
’ @ A = methylammonium,
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Figure 1.5. Structure of metal halide perovskites. (a) Schematic illustration of a metal halide perovskite unit cell. (b)
TEM image of lead halide perovskite (CsPbBrs) nanocrystals. (c) Bandgap tunability of lead halide perovskite
nanocrystals with size and halide composition. Panel c is reprinted from ref. 66. Copyright 2015 American Chemical
Society. Further permissions related to the material excerpted must be directed to the American Chemical Society.

Metal halide perovskites (Figure 1.5a), especially lead halide perovskites, have recently
emerged as a highly promising semiconductor material platform. Rapid development of perovskite

67-75

solar cells at an unprecedented rate in the last decade effectively demonstrates exciting

properties of those materials including long carrier diffusion length,’s-” strong absorption and

70, 71, 80

compositional tunability which are highly beneficial to a wide range of optoelectronic

81, 82 82-85

applications. In particular, defect tolerance and soft ionic nature of the lattice makes lead
halide perovskites fundamentally different from other semiconductors. Unlike conventional
semiconductors such as CdSe whereas nonbonding states reside inside the bandgap and act as deep
traps, nonbonding states in lead halide perovskites reside either inside the bandgap or close to the
band edge and do not act as deep traps.?! This is because only antibonding states participate in the
lead halide perovskite bandgap formation, while both bonding and antibonding states participate
in the bandgap formation in the case of conventional semiconductors.®! Furthermore, soft ionic
nature of lead halide perovskite lattice results in the effective formation of polarons that can protect
charge carriers.?*

When prepared in the form of nanocrystals (Figure 1.5b),% 8687 lead halide perovskites exhibit
even more exciting properties. Due to quantum- and dielectric-confinement, perovskite

86, 88 ywhich facilitates the recombination of

nanocrystals exhibit large exciton binding energy,
electrons and holes. Similar to conventional nanocrystals, they also show size-dependent tunability.
66, 86, 87 Their bandgaps can also be tuned by simply varying the stoichiometry of halide anions

) 66, 89
b

(Figure 1.5¢ which is another effective handle to modulate the nanocrystal bandgap.

Additionally, perovskite nanocrystals have been reported to demonstrate bright and narrow
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66,90, 91 while most of the conventional semiconductor

emission without any inorganic shells,
nanocrystals require the passivation of the semiconductor core with an inorganic shells to minimize
the effect of surface traps and achieve efficient emission.? Since its first report in 2015,%
incorporation of lead halide perovskite nanocrystals in optoelectronic devices — including solar
cells,” 92 93 light-emitting diodes (LEDs),”*® photodetectors,'® *3°7- %% and lasers” %% — has
been one of more active research areas in the wider field of semiconductors.

Another advantage lead halide perovskite nanocrystals has over conventional semiconductors
is the potential for low-cost large-scale synthesis.!? Although synthetic techniques are relatively
well-established for various types of conventional nanocrystals,?® 41: 101-195 their colloidal synthesis
typically requires high reaction temperature reaching up to 300 °C3!- 1% and are usually carried out
in small solution volumes less than a few hundred microliters.*!> 1% 107 Despite ongoing efforts on
developing more commercially viable synthetic protocols by implementing non-extreme reaction

112,113

conditions, !9 facilitating continuous flow synthesis, or enabling larger scale synthesis, !+

116 jt is still largely limited by the fact that usually higher-quality nanocrystals are obtained under
extreme reaction conditions and those commercially viable protocols are not yet well-established.
On the other hand, high-quality lead halide perovskites have been reported to be easily
synthesizable at room-temperature (or at low-temperature)®® 7 which makes it easy to be

18120 or gcaled-up.'?!"123 Facile room-temperature

incorporated into continuous flow reactors
synthesis of perovskites is often ascribed to the small enthalpy of formation and low energy
barrier.!2+128 However, this ease of synthesis is a double-edged sword. Being synthesized easily
means that they can also be destroyed easily. Lead halide perovskites, including both bulk crystals

129-136 and significant enhancement of the

and nanocrystals, seriously suffer from inferior stability
material stability is needed before the commercialization of perovskite-based devices becomes

viable.
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1.5. Lead Halide Perovskite Nanoplatelets
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Figure 1.6. Structure of colloidal perovskite nanoplatelets. (a) Schematic illustration of a perovskite nanoplatelet. (b)
TEM image of a single semiconductor (PbS) nanocrystal. (¢) TEM image of randomly-overlapping perovskite (n =2
lead bromide) nanoplatelets. Panel b is reprinted from ref. 46. Copyright 2016 American Chemical Society. Further
permissions related to the material excerpted must be directed to the American Chemical Society.

Colloidal lead halide perovskite nanoplatelets are two-dimensional nanocrystals of lead halide

<

perovskites (Figure 1.6). As Figure 1.6a shows, ‘n’ is used to refer to the number of [BXe]*
octahedral layers in the direction of thickness (e.g., n = 1, n = 2, etc.), which is a widely-used
convention to indicate the thickness of the nanoplatelets. Perovskite nanoplatelets share general
properties of perovskite nanocrystals summarized in the previous section. They are only a few unit
cells thick and exhibit strong quantum- and dielectric-confinement that induce significant blueshift

of the bandgap compared to the bulk crystals or most of the nanocrystals with other shapes,*6: 6%

137 as well as large enhancement of exciton binding energy.®® 13¥ Unless the lateral dimensions of
nanoplatelets are comparable to Bohr radius, bandgap of perovskite nanoplatelets are primarily
determined by the thickness.!*® Additionally, they can be synthesized with high monodispersity,*®
46, 139-149 and this thickness homogeneity enables color-pure emission from those nanoplatelets
which is highly beneficial for light-emitting applications.* 14%- 150 Moreover, it has been reported
that the presence of organic ligands on the surface enhances the stability of two-dimensional
perovskites. 31 132

However, considering the relatively short history of perovskite nanoplatelets which spans less
than a decade,!® 140. 153, 134 there still exists a large room for improvements including the
advancements of synthetic capabilities, deeper understanding of material characteristics, and
further expansion of material functionalities. This thesis primarily focuses on addressing those
topics. More historical backgrounds and in-depth discussions on the properties of perovskite

nanoplatelets will be provided in the following chapters in relation to the motivation of projects.
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1.6. Thesis Overview

The overarching goal of this thesis is to develop a robust protocol for the synthesis of colloidal
lead halide perovskite nanoplatelets and design their properties. I believe that advancing the
synthetic technique and manipulating important material characteristics such as stability and
exciton dynamics will be crucial for the ultimate utilization and commercialization of perovskite
nanoplatelets in next-generation devices.

Chapter 2 focuses on the synthesis of colloidal perovskite nanoplatelets. History and the
development of colloidal perovskite nanoplatelets are reviewed and facile room-temperature
synthesis of perovskite nanoplatelets is displayed. In addition, fascinating tunability of the
nanoplatelet bandgap and surface-passivating ligands are demonstrated.

Chapter 3 systematically investigates the photostability of perovskite nanoplatelets. After
categorizing the two aspects of nanoplatelet photoinstability, intrinsic and extrinsic factors that
primarily affect nanoplatelet stability are identified and their effects are elucidated. Based on those
knowledge, effective stabilization strategies are demonstrated.

Chapter 4 demonstrates the synthesis of manganese(Mn?>")-doped colloidal perovskite
nanoplatelets and elucidates the dynamics between excitons in the band edge and those in Mn?*
dopant atomic states. Mn-doped perovskite nanoplatelets exhibit excitation power-dependent
photoluminescence intensity and quantum efficiency, and it is demonstrated that exciton-exciton
annihilation, not the saturation of long-lived dopant states, is responsible for the observed power
dependence. Lastly, effects of nanoplatelet composition on the exciton dynamics is discussed.

In Chapter 5, the potential impact of those work and future research directions are briefly
discussed.

Overall, this thesis aims to advance the understanding of how colloidal perovskite
nanoplatelets can be synthesized and their properties can be designed. I believe this thesis can
serve as a guide for the fabrication of next-generation devices based on colloidal perovskite

nanoplatelets.
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Chapter 2. Synthesis of Two-Dimensional Colloidal Perovskite

Nanoplatelets

The basis of this chapter has been published as:

Ha, S.K.; Tisdale, W.A. “Facile Synthesis of Colloidal Lead Halide Perovskite Nanoplatelets via
Ligand-Assisted Reprecipitation” J. Vis. Exp. 152, ¢60114 (2019)

Dey, A.; Ye, J.; De, A.; Debroye, E.; Ha, S.K.: Bladt, E.; Kshirsagar, A.S.; Wang, Z.; Yin. J;
Wang, Y.; Quan, L.N.; Yan, F.; Gao, M.; Li, X.; Shamsi, J.; Debnath, T. Cao, M.; Scheel, M.A_;
Kumar, S.; Steele, J.A.; Gerhard, M.; Chouhan, L.; Xu, K.; Wu, X.-g.; Li, Y.; Zhang, Y.; Dutta,
A.; Han, C.; Vincon, I.; Rogach, A.L.; Nag, A.; Samanta, A.; Korgel, B.A.; Shih, C.-J.; Gamelin,
D.R.; Son, D.H.; Zeng, H.; Zhong, H.; Sun, H.; Demir, H.V.; Scheblykin, I.G.; Mora-Ser¢, L;
Stolarczyk, J.K.; Zhang, J.Z.; Feldmann, J.; Hofkens, J.; Luther, J.M.; Pérez-Prieto, J.; Li, L.;
Manna, L.; Bodnarchuk, M.I.; Kovalenko, M.V.; Roeffaers, M.B.J.; Pradhan, N.; Mohammed,
O.F.; Bakr, O.M.; Yang, P.; Miiller-Buschbaum, P.; Kamat, P.V.; Bao, Q.; Zhang, Q.; Krahne, R.;
Galian, R.E.; Stranks, S.D.; Bals, S.; Biju, V.; Tisdale, W.A.; Yan, Y.; Hoye, R.L.Z.; Polavarapu,
L. “State of the Art and Prospects in Halide Perovskite Nanocrystals” ACS Nano, ASAP (2021)
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2.1. Overview: Development of Colloidal Perovskite Nanoplatelet Synthesis

2.1.1. Origins of Perovskite Nanoplatelets
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Figure 2.1. Structure of colloidal perovskite nanoplatelets and synthetic approaches. (a) Perovskite nanoplatelet
structure and its unique properties. (b) Transmission Electron Microscopy (TEM) image of nanoplatelets. Reprinted
with permission from Ref. 46. Copyright 2016 American Chemical Society. Further permissions related to the material
excerpted must be directed to the American Chemical Society. (c) Schematic illustration of ligand-assisted
reprecipitation method. (d) Schematic illustration of hot-injection crystallization method.

Two-dimensional (2D) metal halide perovskite nanoplatelets trace their origin to the synthesis
of Ruddlesden-Popper (RP) phase layered perovskite crystals. In the 1990s, it was discovered that
substituting the usual small A-site cations (e.g. methylammonium (MA), formamidinium (FA),
cesium (Cs)) for larger organic cations (e.g. butylammonium) could induce the self-organization
into layered structures.!>*>!6! Those layered perovskite crystals consist of alternating inorganic
layers of lead halide octahedra and organic cations; the inorganic metal halide layer primarily
determines the optoelectronic properties and the large organic cation layer electronically isolates
the inorganic layers. Because of quantum-confinement effects, layered perovskites exhibit
drastically different properties compared to the bulk 3D phase.'®? Also, layered perovskites

showed enhanced stability compared to 3D counterparts due to a negative enthalpy of formation!?*
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126 as well as the presence of organic spacer layers that protects inorganic layers from external
factors such as oxygen and moisture.'>!

Around 2015, multiple groups reported the synthesis of colloidal perovskite nanoplatelets
(NPLs)!3% 140,153, 153 _ 2 perovskite crystals much like their RP predecessors, but dispersed in
solution. Colloidal perovskite NPLs are generally characterized by the chemical formula of
L>[ABX3],-1BX4 (Figure 2.1a and 2.1b) where n indicates the number of inorganic metal halide
octahedral layers in thickness. Thickness of NPLs are confined to a few unit cells and NPLs can
tolerate lateral dimension dispersity as long as thickness homogeneity is ensured.!*® Surface
ligands act as surfactants, entropically stabilizing the 2D crystals in solution, but their role in 2D
nanocrystal formation is debated.!®* Since layered RP perovskites can be thought as a crystal of
stacked NPLs with electronically decoupled inorganic layers, there are many parallels between
layered perovskites and perovskite NPLs. They seem to be tunable over the same range and

46, 138, 140, 162, 164, 165 which lmphes that

composition with identical bandgap and optical properties,
previous studies on layered perovskites can also shed light on the properties of colloidal perovskite
NPLs.

Colloidal perovskite NPLs were first identified as a side product of MAPbBr; nanocrystal
synthesis,'>* but very quickly the ability to precisely control thickness was reported. '3 140. 146, 153
Following these initial reports, subsequent efforts focused on developing refined synthetic
protocols for NPLs with well-controlled thicknesses and improved material properties. For
instance, the color of emission can be tuned by varying thickness and composition,#6- 139-141, 150 153,
166 Also, reports on the tunability of surface-capping ligands, ranging from short ligands for
optimal charge transport behavior to long and functionalized ligands for enhanced stability, have
highlighted the possibility of optimizing surface properties of NPLs for specific applications.?% 166
167 1t has also been reported that the lateral dimension of NPLs, which may affect electronic

transport in NPL optoelectronic devices, can be tuned from tens of nanometers!3-141 143, 146, 168, 169

46, 138, 145, 149

to several micrometers without loss of quantum confinement in the vertical direction.

2.1.2. Unique Properties of Nanoplatelets

2D nanoplatelets possess unique characteristics specific to their 2D shape (Figure 2.1a). The

exciton Bohr radius of lead halide perovskite materials has been reported to be ~3 nm or larger,
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depending on composition.56: 138 139, 133, /160 Tt g gynthetically challenging to prepare 0D
nanocrystals with such small dimensions, however, perovskite NPLs as thin as 0.6 nm in
thickness?*® 147-167. 170 exhibiting strong quantum- and dielectric-confinement can be easily realized.
This strong confinement induces excitonic absorption and emission features to be blue-shifted
from those of bulk phase by up to 0.7 e€V,*- 137 which enable the synthesis of bluer light-emitting
nanocrystals. Spatial confinement of excitons in 2D structures also yields large exciton binding
energies reaching up to several hundred meV36 137 160, 161 which can facilitate efficient
recombination of excitons. Moreover, monodisperse NPLs exhibit superior emission color purity
due to atomically precise thickness homogeneity. Achieving monodispersity is of great importance
for NPLs since bandgaps of strongly-confined NPLs show significantly larger shifts when

46, 138, 150 compared to other weakly confined nanocrystals.%® 17! Nonetheless,

thickness changes
monodisperse nanoplatelets have been widely demonstrated.3® 46, 139-149

A 2D structure is ideal for integration into optoelectronic devices. A key advantage of 2D NPLs
is the tendency for the transition dipole moment to preferentially orient within the 2D plane,® 172
which is advantageous for optical coupling. Additionally, NPLs exhibit face-to-face stacking!4’
143, 144 and preferential face-down assembly on a given substrate.?> 46 149 167 This tendency —
combined with transition dipole anisotropy — leads to preferential emission in the out-of-plane

46, 145, 149, 153

direction.%®> Moreover, large lateral dimensions of NPLs can potentially be utilized to

minimize grain boundaries in-plane and lower the percolation threshold for charge transport.!”

2.1.3. Development of Synthetic Protocols

Numerous synthetic approaches to perovskite NPLs have been developed. In this Chapter, I
will first discuss the two most widely used techniques — ligand-assisted reprecipitation (Figure
2.1c) and hot-injection crystallization (Figure 2.1d) — and then introduce other synthetic
approaches. The ligand-assisted reprecipitation (LARP) method usually consists of dissolving
perovskite NPL precursor salts in relatively polar solvent(s) (e.g., N,N-Dimethylformamide
(DMF), Dimethyl sulfoxide (DMSO)) and then mixing it with less polar solvent(s) (e.g., Toluene,
hexane) to induce crystallization at room-temperature. In 2015, Sichert et al. published the first
synthesis of thickness-controlled MAPbBr; NPLs via LARP (Figure 2.2a).!>* They dissolved NPL
precursors (MABr, PbBr; and OABr) in DMF and NPLs were crystallized upon mixing it with

excess toluene. Precise tuning of NPL thickness was achieved by varying methylammonium-to-
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Figure 2.2. Advancements of colloidal perovskite nanoplatelet synthesis. (a) Synthesis of thickness-controlled
MAPbBBTr3; nanoplatelets via ligand-assisted reprecipitation (LARP). (b) Synthesis of CsPbBr3; nanoplatelets via
LARP. (c) Thickness and compositional tunability of nanoplatelets via LARP. (d) Dilution-induced nanoplatelet
formation via LARP. (e) Thickness-controlled CsPbBr; nanoplatelet synthesis via hot-injection crystallization (HI).
(f) n =3 MAPDbBr3; NPL synthesis via HI. (g) NPL lateral dimension control through HI synthesis. (h) Synthesis of
hexylphosphonate-capped NPLs with enhanced stability via heat-up approach. Reprinted with permission from (a)
Ref. 153. Copyright 2015 American Chemical Society (b) Ref. 139. Copyright 2016 American Chemical Society
(c) Ref. 46. Copyright 2016 American Chemical Society. (d) Ref. 174. Copyright 2016 American Chemical Society
(e) Ref. 140. Copyright 2015 American Chemical Society (f) Ref. 146. Copyright 2016 The Royal Society of
Chemistry (g) Ref. 145. Copyright 2016 American Chemical Society. (h) Ref. 36. Copyright 2020 American
Chemical Society. Further permissions related to the material excerpted must be directed to the American Chemical

Society.

octylammonium ratio in precursor solution. Soon after, Akkerman et al. reported the synthesis of
n =3 — 5 CsPbBr3 NPLs with modified LARP process where the addition of acetone into the
precursor solution mixture induced destabilization of precursor complexes and induced NPL

crystallization under ambient conditions (Figure 2.2b).!3° They also showed that the bandgap of
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the NPLs can be continuously tuned by anion exchange reaction. Later, Weidman et al. published
n =1 and n = 2 perovskite NPLs with wide ranging composition (A = MA/FA/Cs, B =Pb/Sn, X =
Cl/Br/l, ligand = butylammonium/octylammonium) via LARP by simply varying the
stoichiometric ratios of precursor solutions (Figure 2.2¢).4® Tong et al. demonstrated the breakup
of large MAPbX3 nanocrystals synthesized via LARP into NPLs by diluting the solution which
triggered osmotic swelling by solvent (Figure 2.2d).!7* In addition, Sun et al. carried out a
systematic study and showed that the choosing the right combination of ligand species plays
crucial role in determining the shape of the nanocrystals synthesized via LARP.!7

In general, LARP enables facile synthesis of colloidal perovskite NPLs with easily tunable
composition and ligands. Moreover, LARP can be highly cost-effective as it delivers colloidal
perovskite NPLs in ambient atmosphere at room-temperature. However, thinner NPLs synthesized
via LARP tend to exhibit lower photoluminescence quantum yield (PLQY)*: 133 167 and it is
difficult to target thicker (n >= 3) dispersions with good thickness control.!¢”- 176177 Recent works

have focused on refining the synthesis and improving material properties — expanding synthetic

142, 166, 170 167, 170

capability, improving thickness selectivity, modulating surface properties by
incorporating new ligand species, %% 167 boosting photoluminescence quantum yield (PLQY )42 148
150 and enhancing material stability.’> Although significant advancements have been made in the
past few years, there still exists an imminent need for further development.

Another widely used synthetic approach is hot-injection (HI) crystallization. The HI approach
is based on the rapid injection of a precursor solution into another solution of other precursors,
ligands and solvent(s) at elevated temperature. HI synthesis enables the separation of nucleation
and growth of nanocrystals so that it can deliver high-quality nanocrystals.!!” Also, it does not
involve any polar solvent which could potentially be detrimental to colloidal perovskites. First

1140. 146 came out a few months after Protesescu

reports of perovskite NPL synthesis via HI protoco
et al. published the synthesis of CsPbX3 quantum dots via HI.®® Bekenstein et al. found that
lowering the temperature of cesium precursor injection into lead halide precursor solution results
in the formation of n =1 — 5 CsPbBr3 NPLs (Figure 2.2¢).!4’ They also demonstrated NPL bandgap
tuning via halide exchange reaction. Around the same time, Vybornyi et al. reported the HI
synthesis of n = 3 MAPbBr3; NPLs (Figure 2.2f).'6 Along with the previous report from Sichert et
al. on the synthesis of MAPbBr; NPLs via LARP,!> those reports opened up the field of thickness-

controlled colloidal perovskite NPL synthesis. However, it was pointed out that lateral dimensions
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of perovskite NPLs synthesized via HI (10 — 100 nm)!40 141.146 are generally smaller than those of
NPLs synthesized via LARP (100 — 1000 nm).*% 133:167 In response to it, Shamsi et al. showed that
the lateral dimension of CsPbBr3 NPLs can be increased to several microns by adjusting the ratio
of shorter ligands to longer ligands in the synthetic mixture during HI synthesis (Figure 2.2g).!%°
Similarly, Zhang et al. published the synthesis of micron-sized n = 2 FAPbBr; NPLs.!¥
Furthermore, Pan et al. provided deeper insight into HI synthesis by identifying the key factors
that control the shape of the nanocrystals in HI synthesis — reaction temperature and choice of
ligands.!”®

Recent works on NPL synthesis via HI have focused on refining the synthesis of NPLs
accompanied by detailed structural characterizations'*! and understanding the complex dynamics
of HI reaction.!6® 17 However, HI synthesis is still highly focused on Cs-based NPLg!4%- 141, 145, 168,
178, 179 and there are only a limited number of reports on organic cation-based NPLs.!46: 149
Compared to LARP-synthesized NPLs, HI-synthesized NPLs are generally smaller in lateral

140,141, 146 and usually capped by longer ligands,*¢ 140- 141, 153 which could undermine

dimensions
electronic transport properties. Since the HI method requires high temperature and inert
atmosphere, scalability and cost-effectiveness could be greater barriers to eventual
commercialization for HI than for LARP. Historically, HI-synthesized NPLs have shown higher
PLQY,!3% 40 though PLQY of LARP-synthesized NPLs have recently become comparable.!4% 148
150,174 Thus, more efforts on further developing HI synthesis of perovskite NPLs are needed.
Apart from LARP and HI, other creative approaches to perovskite NPL synthesis have been
demonstrated. Shamsi et al. showed that » = 3 CsPbBr; NPLs can be synthesized by mixing of
cesium oleate solution with PbBr2-ligands complex solution, adding isopropanol to initiate
nucleation and then heating the solution to grow NPLs.!?? A few years later, Shamsi et al. slightly
modified this heat-up method and demonstrated the synthesis of hexylphosphonate-capped NPLs
(Figure 2.2h).3¢ They observed that stronger binding of phosphonate ions compared to
conventional alkylammonium ions to NPL surface®® 8 greatly improved the stability of NPLs and
suppressed transformation of NPLs into thicker, less-confined structures which can result in the
loss of desirable optical properties.®> 122 134 Huang et al. reported the scalable synthesis of n = 4
FAPbI; NPLs by mixing FA-ligands complex solution with PbX>-ligands complex solution in
toluene.!** This approach was a hybrid of HI and LARP in that it was done under ambient

conditions at room temperature but no polar solvent was involved. Another interesting approach
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1 180 1 181

is ultrasonication-assisted synthesis; Tong et a and Hintermayr et a reported the synthesis
of perovskite NPLs by sonicating the dispersion of perovskite precursors in the presence of
coordinating ligands. Lastly, Dou et al. demonstrated the direct synthesis of atomically-thin
monolayer of LoBX4 perovskite on the substrate by dropcasting the solution of precursor salts
dissolved in DMF/chlorobenzene co-solvent.!3? Even though this was not a ‘colloidal nanoplatelet®

synthesis, it introduces another promising route to deposit a thin layer of 2D perovskites.

2.1.4. Outstanding Questions and Future Opportunities

Although various synthetic techniques have been developed for colloidal perovskite NPLs, a
complete understanding of anisotropic perovskite NPL growth is lacking. How can thin 2D
structures grow from an isotropic crystal lattice and homogeneous solvent environment? An in-
depth study carried out by Riedinger et al. on the formation of 2D CdSe NPLs from isotropic

materials!6

provides some interesting insight. In that paper, the authors started with
experimentally verifying that CdSe NPLs can be formed in isotropic environment in the absence
of any molecular mesophases, and then formulated a growth model based on experimental results.
General theory of nucleation and growth predicts the growth of a nanocrystal to occur through the
nucleation of a new island on one of the facets; when this island reaches a critical size, expansion
of the island becomes thermodynamically favorable and leads to the formation of a complete new
layer to the facet. Riedinger et al. showed that when specific criteria are met — namely, 1)
nanocrystal formation occurs through nucleation-limited growth, 2) initial small crystallites can
adopt anisotropic 2D shapes due to the random fluctuations in the reaction mixture, and 3)
thickness of this initial crystallite is smaller than the critical island size — certain combinations of
volume, surface and edge formation energies of nanocrystals in the system can lead to a lower
nucleation barrier for narrower facets compared to large planar facets. This lower nucleation
barrier results in the faster growth on the narrower facet, which can eventually yield anisotropic
2D NPLs. Their model also predicts higher narrow-facet nucleation barrier for thicker NPLs than
thinner NPLs, and it is consistent with the observations by Bekenstein et al.!*’ and Pan et al.!”® that
thicker perovskite NPLs were formed at higher reaction temperatures. Although Riedinger et al.

studied CdSe NPL system, their theoretical model is generalizable to any isotropic materials

system, including perovskite NPLs. It should also be noted that, along with reaction temperature,
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previous reports listed careful choice of ligands, precise control of perovskite precursor
composition and concentration of precursor solution as other key factors in the shape-controlled

synthesis of perovskite NPLs.!7> 178 179

speculate that optimized synthetic conditions in those
reports may in fact reflect precisely tuned volume, surface and edge formation energies of the
nanocrystal in the system where the formation of anisotropic 2D NPLs is favored. And more
recently, Burlakov and coworkers proposed a CsPbBr; NPL formation mechanism based on the
competitive nucleation of an inorganic perovskite layer and an organic ligand layer.!83 Being
consistent with the discussion above, their work also focused on temperature and interaction
energies between constituents as primary factors that determine nucleation kinetics. Through a
combination of theoretical and experimental work, they showed that, under certain conditions,
narrower facets can favor crystal layer nucleation while wider facets are more effectively
passivated by ligand layer formation, which can lead to anisotropic two-dimensional crystal
growth. Their theoretical prediction of preferential formation of thinner NPLs at low reaction
temperature was experimentally verified, and is also consistent with the observations by
Bekenstein et al.!*’ and Pan et al.!”® But still, this picture is far from complete and deeper studies
are needed on how anisotropic NPL are formed from isotropic environments.

In addition to open questions regarding nucleation and growth, a detailed understanding of
electronic structure in 2D NPLs is still lacking. Furthermore, it is unclear to what extent perovskite
NPLs actually exist as isolated sheets in solution rather than small crystallites of RP phase.'®*

144,146 and slow precipitation of NPLs!¢” in concentrated solutions have been

Spontaneous stacking
observed which may indicate the existence of large RP phase crystallites with poor colloidal
stability. Thus, systematic study on the behavior of NPLs in colloidal solution is needed for better
utilization of solution processability. Lastly, continuous efforts on tackling the generic drawbacks
of perovskite NPLs are needed — improving low PLQY!4* 4% and enhancing the stability.?®
Additional goals include synthesis of stable lead-free NPLs,* doping NPLs to expand their

functionality,!®® and integrating NPLs into state-of-the-art optoelectronic devices.!*°
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2.2. Project Introduction

In the past decade, fabrication of lead halide perovskites solar cells®”-7? has effectively

highlighted the excellent properties of this semiconductor material, including long carrier diffusion

76-79

lengths,’®7 compositional tunability,’® 7! 8% and low-cost synthesis.!®¢ In particular, the unique

81, 82

nature of defect tolerance makes lead halide perovskites fundamentally different from other

semiconductors and thus highly promising for next-generation optoelectronic applications.

In addition to solar cells, lead halide perovskites have been shown to make excellent

72, 90, 91, 150, 187-191 192-194

optoelectronic devices such as light-emitting diodes, lasers, and

195-197 46, 66, 138, 140,

photodetectors. Especially, when prepared in the form of colloidal nanocrystals,

142, 145, 146, 150, 133, 154, 198203 ead halide perovskites may exhibit strong quantum- and dielectric-

86, 88 90, 91

confinement, large exciton binding energy, and bright luminescence along with facile

66, 198-200 175,

solution processability. Various reported geometries including quantum dots, nanorods,
202 and nanoplatelets*® 138 140, 142, 145, 146, 150, 153, 153 fyrther demonstrate the shape tunability of lead
halide perovskite nanocrystals.

Among those nanocrystals, colloidal two-dimensional (2D) lead halide perovskites, or
“perovskite nanoplatelets”, are especially promising for light-emitting applications due to strong
confinement of charge carriers, large exciton binding energy reaching up to hundreds of meV,
and spectrally narrow emission from thickness-pure ensembles of nanoplatelets.'*® Additionally,
anisotropic emission reported for 2D perovskite nanocrystals®® and other 2D semiconductors*>: ¢°
highlights the potential of maximizing outcoupling efficiency from perovskite nanoplatelet-based
light-emitting devices.

Here, a protocol for the simple, universal, room-temperature synthesis of colloidal lead halide
perovskite nanoplatelets (Chemical formula: L[ABX3],-1BX4, L: butylammonium (BA) and
octylammonium (OA), A: methylammonium (MA) or formamidinium (FA), B: lead (Pb), X:
bromide (Br) and iodide (I), n: number of [BXs]* octahedral layers in the direction of nanoplatelet

35, 46, 153 Pperovskite

thickness) is demonstrated via a ligand-assisted reprecipitation technique.
nanoplatelets incorporating iodide and/or bromide halide anions, methylammonium or
formamidinium organic cations, and variable organic surface ligands are demonstrated. Procedures
for controlling the absorption and emission energy and the thickness purity of the colloidal

dispersion are discussed.
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2.3. Synthesis of Perovskite Nanoplatelets via Ligand-Assisted Reprecipitation

(a)
‘ A = methylammonium . X = bromide, iodide
""" ) formamidinium

Lead halide bl i

perovskite unit cell '* o
(ABX,) ‘ B =lead = octylammonium,
P butylammonium

abababababatal

Lead halide Do ¢

perovskite nanoplatelet
(L,[ABX,],,BX,)

'n-1 4

*n: number of octahedral layers in the direction of thickness n=2
(b) 'Y )
AXin DMF BX:in DMF LXin DMF
Individual precursor salts Individual precursor solutions Mixed precursor solution Colloidal nanoplatelets
dissolved in DMF (polar) mixed in desired ratio added dropwise to formed

toluene (nonpolar)

Figure 2.3. Perovskite nanoplatelet structure and synthesis procedure. (a) Illustration of perovskite unit cell and
nanoplatelet structure. (b) Schematic illustration of colloidal perovskite nanoplatelet synthesis.

Using ligand-assisted reprecipitation technique, two-dimensional colloidal perovskite
nanoplatelets capped by alkylammonium halide surface ligands could be synthesized as shown in
Figure 2.3a. In particular, I focused on the synthesis of » = 1 and n = 2 nanoplatelets. For clarity,
simpler notations of ‘n» = 1 BX’ and ‘n = 2 ABX’ that indicate the thickness and composition of
nanoplatelets will be used, instead of complex chemical formula of LoBX4 and Lo[ABX;3]BX4,
respectively. Figure 2.3b demonstrates the synthetic procedure of colloidal perovskite
nanoplatelets. To briefly summarize the synthetic procedure, constituent precursor salts were
dissolved in a polar solvent N,N-dimethylformamide (DMF) in specific ratios for desired thickness
and composition, and then injected into toluene, which is nonpolar. Due to the abrupt change in
solubility, colloidal perovskite nanoplatelets started to crystallize instantaneously. In general, any
polar solvent can be used to dissolve perovskite precursor salts while any nonpolar solvent can be

used to disperse colloidal nanoplatelets. However, miscibility of those nonpolar and polar solvents
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is crucial for homogeneous synthesis of colloidal perovskite nanoplatelets, and thus DMF and
toluene were chosen. Also, it is important to have nonpolar solvent in large excess to the added
polar solvent for the crystallization of perovskite nanoplatelets to occur. Adding too much polar
solvent increases the polarity of the resulting solvent mixture (i.e., DMF + toluene), which can

dissolve the nanoplatelets.

MA deficit (Pb excess) Pb deficit (MA excess)
T — T ]
g PL
£ — Abs

PL / Abs. [norm.]

b ot S

1 1 | 1 1 1
350 400 450 500 550 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

Figure 2.4. Example photoluminescence and absorption spectra of MA-deficit and Pb-deficit attempts on synthesizing
n =2 MAPDbBr nanoplatelets.

When preparing the mixed precursor solution, ratios between constituent precursors primarily
determined the thickness of resulting nanoplatelets. For n = 2 MAPbBr nanoplatelet synthesis,
stoichiometric ratio of MABr and PbBr: in the precursor mixture is 1:2 as can be seen from the
ratio of MA and Pb in the chemical formula of Lo[MAPbBr3]PbBrs. And when MA or Pb was
deficient in the precursor mixture, it resulted in the formation of thinner and thicker nanoplatelets,

respectively, alongside the intended » = 2 MAPbBr nanoplatelets as shown in Figure 2.4.

n =2 MAPbBr

- MABr:PbBr2:BABr:OABr = 1:2:1:1 (Stoichiometric)
—— MABr:PbBr2:BABr:OABr = 1:2:2.5:2.5 (2.5x excess ligands)
1 £ —— MABr:PbBr2:BABr:OABr = 1:2:5:5 (5x excess ligands)
400 450 500 550 600
Wavelength (nm)

Photoluminescence [norm.]

Figure 2.5. Necessity of adding excess ligands in the precursor solution for precise thickness control.
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MABr |[FABr |PbBr. [BABr |OABr |MAI FAI Pblz BAI OAI
n=1 PbBr 0 0 1 1 1 0 0 0 0 0
n=2 FAPbBr |0 1 2 5 5 0 0 0 0 0
n=2 MAPbBr |1 0 2 5 5 0 0 0 0 0
n=1Pbl 0 0 0 0 0 0 0 1 1 1
n=2 FAPbI 0 0 0 0 0 0 1 2 5 5
n=2 MAPbI 0 0 0 0 0 1 0 2 5 5

Table 2.1 Formulation guidelines for perovskite nanoplatelet precursor solutions. Numbers in the table indicate the
volumetric equivalents of each precursor solution (columns) that should be combined to achieve the targeted
nanoplatelet (rows), according to the concentration specifications in the Methods section.

In addition, the presence of excess ligands in precursor solution was found to be crucial in
ensuring the thickness homogeneity of the product. When stoichiometric amount of ligand species
was present in the precursor solution mixture for n = 2 nanoplatelet synthesis, photoluminescence
from the nanoplatelet solution was dominated by red-shifted emissions from » = 3 and n = 4
nanoplatelets as shown in Figure 2.5. However, with 2.5-times or 5-times excess amounts of
ligands present in the precursor mixture, as-synthesized nanoplatelet solution showed desired
deep-blue photoluminescence from » = 2 MAPbBr nanoplatelets without any signs of thinner or
thicker nanoplatelets, which indicated particle thickness homogeneity. Based on this result, adding
5-times excess amounts of ligands, compared to the stoichiometric ratio, was chosen as the
standard procedure for the synthesis of all » = 2 nanoplatelets with varying compositions in order
to fully ensure nanoplatelet monodispersity. Since A-site cations such as Cs, MA, and FA are not
necessary for n = 1 nanoplatelet synthesis, they were not included in » = 1 nanoplatelet precursor
solution mixture. Since nanoplatelets cannot grow thicker without the presence of A-site cations,
stoichiometric amount of ligand species in #» = 1 nanoplatelet precursor solution was sufficient for
synthesizing monodisperse n = 1 nanoplatelets. By using the same synthetic protocol with only
simply varying the composition of precursor solution mixture, various perovskite nanoplatelets
with varying A-site cations and halide anions could be synthesized including » = 1 PbBr, n = 1
Pbl, n =2 MAPDbBTr, n = 2 FAPbBr, n = 2 MAPbI, and n = 2 MAPDI. Formulation guidelines for

those perovskite nanoplatelet precursor solutions are summarized in Table 2.1.
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Figure 2.6. Unsuccessful attempts on the synthesis of (a) » = 3 and (b) n = 4 MAPbBr nanoplatelets.

Finally, it should be noted that only the » = 1 and n = 2 members have been synthesized with
good thickness homogeneity by this method; attempts at making thicker (» > 3) nanoplatelets by
varying the ratio of constituent precursor species typically yield mixed-thickness dispersions

(Figure 2.6). Further studies will be needed in expanding this synthetic scheme to n > 3

nanoplatelets.
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2.4. Characterization of Perovskite Nanoplatelets

2.4.1. Optical Characterization

n=1PbBr

PL/ Abs [norm.]

3 g 3 1 1
400 450 500 550 600
Wavelength (nm)

Figure 2.7. Photoluminescence and absorption spectra of colloidal perovskite nanoplatelet solutions. Bandgap of the
nanoplatelets can be tuned with thickness and composition. Longpass filter (Cut-on wavelength: 400 nm) was used to
filter out excitation UV light before photoluminescence spectrum collection and it could have slightly altered #» = 1
lead bromide nanoplatelet emission spectrum.

Figure 2.7 shows the normalized photoluminescence (PL) and absorption spectra of colloidal
perovskite nanoplatelet solutions, which are consistent with previous reports,*¢ 142 162, 164
demonstrating the tunability of perovskite nanoplatelets with thickness and constituent species.
For all nanoplatelets, strong excitonic features in the absorption spectra and significant blue-shift

8 were observed due to strong quantum- and

of the spectra compared to bulk perovskites'?
dielectric-confinement. Changing the organic cation from methylammonium to formamidinium
did not significantly affect the band gap — either for bromide or iodide nanoplatelets — in agreement
with understanding of the valence electronic structure in lead halide perovskites.®! Figure 2.8
shows the images of as-synthesized colloidal perovskite nanoplatelet solutions illuminated by UV

light, where the emission of the nanoplatelets can be clearly seen along the beam path. It can be
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seen that the colors of those solutions also vary because the wavelength of light being absorbed

changes with thickness and composition as absorption spectra in Figure 2.7 shows.

n=2 MAPbBr n =1 Pbl n=2 APb

Figure 2.8. Colloidal perovskite nanoplatelet solutions illuminated by UV light. Emission from the nanoplatelets
can be clearly seen along the beam path.

Nanoplatelets PLQY
n=1PbBr <0.1 %
n=2 MAPbBr 6.8 %
n =2 FAPbBr 5.8%
n=1Pbl 0.2 %
n=2 MAPbI 0.9 %
n =2 FAPbI 0.7 %

Table 2.2. Photoluminescence quantum yields (PLQY) of as-synthesized colloidal perovskite nanoplatelets in toluene.

Table 2.2 summarizes the photoluminescence quantum yields (PLQYSs) of those colloidal
perovskite nanoplatelet solutions. For PLQY measurements, samples were excited using a 405 nm
LED except n = 1 PbBr because 405 nm light was still slightly below the bandgap. Instead, n = 1
PbBr nanoplatelet solution was excited using a 365 nm LED. However, sample emission was too
weak and below the detection limit of the setup. Except, n = 1 species, bromide nanoplatelets
generally exhibited higher PLQYs than iodide nanoplatelets. However, PLQYs of perovskite
nanoplatelets in solution were all lower than 10%. Significant improvement of nanoplatelet PLQY's
is necessary for the utilization of nanoplatelets, and it is currently one of the more active research

areas. 142, 148

52



2.4.2. Structural Characterization

Figure 2.9. Transmission electron microscopy (TEM) images of various perovskite nanoplatelets. Images show
randomly-overlapping nanoplatelets.

Figure 2.10. Transmission electron microscopy (TEM) images of » = 2 FAPbBr nanoplatelets.

The two-dimensional structure of the perovskite nanoplatelets was confirmed by transmission
electron microscopy (TEM) and X-ray diffraction (XRD). In Figure 2.9, TEM images show
partially overlapping two-dimensional perovskite nanoplatelets, with individual lateral dimensions
ranging from a few hundred nanometers to a micrometer. The image contrast and random

configuration of nanoplatelets on the TEM grid suggests that they are dispersed in solution as
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individual sheets — rather than stacked lamellar crystals. Small, dark spherical dots appeared upon
electron beam irradiation as observed in Figure 2.9, especially in iodide nanoplatelets, and they
are believed to be metallic Pb as previously reported.'* 153 And smaller structures in n =2 FAPbBr
TEM image is believed to be smaller nanoplatelets, as TEM images with higher magnifications in

Figure 2.10 shows.

e n =1 stacking
& n = 2 stacking
o Perovskite unit cell

Intensity [norm.]

{ 1 A 1 1 r 1

5 10 15 20 25 30 35

20 (degrees)
Figure 2.11. X-ray diffraction (XRD) patterns and d-spacings of perovskite nanoplatelets. XRD patterns are
dominated by nanoplatelet stacking peaks which confirm the two-dimensional nature of the nanoplatelets and their
face-to-face self-assembly in dropcast films.

Due to the large lateral dimensions of perovskite nanoplatelets, they preferentially lay flat on
top of each other when cast into a film, and periodic stacking peaks dominated the XRD pattern
as shown in Figure 2.11. D-spacings calculated from XRD patterns were 1.7 nm for n = 1
nanoplatelets and 2.2 nm (r = 2 bromide) or 2.3 nm (n = 2 iodide) for n = 2 nanoplatelets.
Considering that the lattice constant for the cubic perovskite unit cell is ~ 0.6 nm,?** it can be
deduced that the organic ligand layer is 1 nm thick in stacked nanoplatelet films regardless of the

nanoplatelet species.*¢
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2.5. Facile Tunability of Bandgap and Surface-Passivating Ligands

2.5.1. Composition-Dependent Bandgap Tunability

n=1PbX n =2 MAPbX

100% Br
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Figure 2.12. Absorption spectra of colloidal perovskite nanoplatelet solutions with mixed halides. Continuous shift of
first excitonic absorption features shows bandgap tunability with halide composition.
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Figure 2.13. First excitonic absorption peak energy as a function of halide composition in the precursor solution for
n=1PbX and n =2 MAPbX nanoplatelets. Dotted lines show the straight line between bromide-only and iodide-only
nanoplatelet excitonic absorption energies.
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Figure 2.14. Normalized photoluminescence spectra of colloidal (a) » = 1 PbX and (b) n = 2 MAPbX perovskite
nanoplatelet solutions with mixed halides.

Next, it is demonstrated that the absorption and emission resonance can be continuously tuned

by varying the halide composition. Figure 2.12 shows the normalized absorption spectra of

colloidal » = 1 PbX and » = 2 MAPbX nanoplatelet solutions with varying ratios of bromide and

iodide. Clear excitonic absorption peaks indicate strong confinement of carriers in nanoplatelets,

and continuous shift of those peaks with halide composition demonstrates band gap tunability

through halide composition variation (Figure 2.13). However, photoluminescence from mixed-

halide nanoplatelet solutions were very weak and exhibited broad or multiple features (Figure

2.14), possibly due to photoinduced halide segregation.’?
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Figure 2.15. Normalized absorption spectra of n = 1 Pb(Cl/Br) nanoplatelet solutions.
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Although this work mostly focused on MA- and FA-incorporating bromide/iodide
nanoplatelets, chloride- and cesium-incorporating nanoplatelets can also be synthesized by the
same approach (Figure 2.15). However, chloride-containing nanoplatelets do not emit in the visible
range and the cesium-based nanoplatelets have been reported to suffer from inferior stability as

well as thickness homogeneity when synthesized via ligand-assisted reprecipitation.*®

2.5.2. Surface-Passivating Ligand Tunability

n=1PbBr n =2 MAPbBr
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Figure 2.16. Photoluminescence spectra of » = 1 PbBr and » = 2 MAPbBr nanoplatelets synthesized with different
ligand species. The reprecipitation method can be easily extended to other ligand chemistries. Longpass filter (Cut-on
wavelength: 400 nm) was used to filter out excitation UV light before photoluminescence spectrum collection and it
could have slightly altered » = 1 lead bromide nanoplatelet emission spectrum.
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Figure 2.17. Normalized photoluminescence spectra of colloidal lead bromide perovskite nanoplatelet solution with
varying amounts of butylammonium bromide ligands added in the precursor solution.

Photoluminescence [norm.]

57



The ligand-assisted reprecipitation method is particularly amenable to changing the identity of
the surface-capping ligand, as shown in Figure 2.16, ranging from short unbranched ligands to
longer, branched, and even mixed ligands. This opens up the possibility of tuning the nature of the
surface-bound organic species for the optimized performance of a specific device or application.?%
However, the ratios between individual precursors needs to be slightly adjusted when employing
new ligand species for the best thickness homogeneity of the resulting system. When the mixture
of butylammonium and octylammonium were used as ligands, the optimal ratio between MABT,
PbBr», and LBr (L: alkylammonium) in the precursor solution mixture was determined to be 1:2:10
to ensure n = 2 nanoplatelet thickness homogeneity (Figure 2.5). However, when butylammonium
was employed as the only ligand species in the system, precursor solution formulated with the
same ratio resulted in the formation of both » = 1 and »n = 2 nanoplatelets (Figure 2.17). Ratio
between MABT, PbBr2, and BABr had to be modified to 1:2:3 to retain the thickness purity of the
system. Formulations for the synthesis of nanoplatelets shown in Figure 2.16 is summarized in

Table 2.3.

Nanoplatelets | Ligands MABr | PbBr. | BABr | HABr | OABr | DDABr | i-PABr
n=1 PbBr butylamine 0 1 2 0 0 0 0
n=1 PbBr hexylamine 0 1 0 2 0 0 0
n=1 PbBr octylamine 1 1 0 0 2 0 0
n=1 PbBr dodecylamine 0 1 0 0 0 2 0
n=1 PbBr isopentylamine 0 1 0 0 0 0 2
n=1 PbBr butylamine + octylamine 0 1 1 1 0 0 0
n=2 MAPDLBr | butylamine 1 2 3 0 0 0 0
n=2 MAPDLBr | hexylamine 1 2 0 5 0 0 0
n=2 MAPDBr | octylamine 1 2 0 0 10 0 0
n=2 MAPDBr | dodecylamine 1 2 0 0 0 5 0
n=2 MAPDBr | isopentylamine 1 2 0 0 0 0 5
n=2 MAPDLBr | butylamine + octylamine 1 2 5 5 0 0 0

Table 2.3. Formulation guidelines for perovskite nanoplatelet precursor solutions with different ligand species.
Numbers in the table indicate the volumetric equivalents of each precursor solutions (columns) that should be
combined to achieve the targeted nanoplatelets (rows), according to the concentration specifications in the Methods
section. (Abbreviations: HABr: hexylammonium bromide, DDABr: dodecylammonium bromide, i-PABr:

isopentylammonium bromide)
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2.6. Practical Tips on the Synthesis and Storage

2.6.1. Effect of Synthetic Variability

Figure 2.18. Transmission electron microscopy (TEM) images of n = 2 MAPDbBr nanoplatelets synthesized by
different injection methods with varying amounts of precursor solution.

Figure 2.18 shows TEM images of » = 2 MAPbBr nanoplatelets with BA/OA mixed ligands
that were synthesized with several variations in synthetic protocols: precursor solution
concentrations (0.2 M vs. 0.5 M), precursor solution volumes (10 pL vs. 40 puL vs. 100 pL), and
injection speed (dropwise vs. swift). As-synthesized nanoplatelets did not show noticeable
differences in their shape, size and polydispersity. These results suggests that colloidal perovskite
nanoplatelet synthesis via ligand-assisted reprecipitation technique can be highly reproducible

even with synthetic variabilities.
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2.6.2. Nanoplatelet Aggregation and Precipitation
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Figure 2.19. Photoluminescence spectra of (a) as-synthesized » = 2 MAPbBr nanoplatelet solution and (b) after
nanoplatelet precipitation and redispersion. (Insets: Images of (a) as-synthesized and (b) precipitated perovskite
nanoplatelet solutions.) To maximize the visibility of nanoplatelet precipitation, 100 uL of 0.2M precursor solution,
instead of standard 10 pL, was injected dropwise into 10 mL toluene for this experiment.

Besides, slow precipitation of colloidal perovskite nanoplatelets was observed, especially
when the nanoplatelet concentration was high. In order to determine whether the precipitation
originates from the aggregation of nanoplatelets or degradation of nanoplatelets and the formation
of unwanted species, PL spectra of nanoplatelets solution before and after precipitation were
compared. As shown in Figure 2.19, redispersed nanoplatelets in solution after precipitation still
showed quantum-confined » = 2 MAPbBr nanoplatelet emission with the same intensity as before
precipitation. This confirmed that precipitation occurred due to the simple aggregation of the
nanoplatelets without any change in the structure of nanoplatelets. However, since colloidal
perovskite nanoplatelets slowly aggregate and precipitate over time, it is not recommended to store
the nanoplatelet solution for a long time. Complete redispersion after precipitation can be difficult

when nanoplatelet concentration is high.
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2.7. Conclusion
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Figure 2.20. Schematic illustration of the synthetic protocol and its universal applicability in synthesizing colloidal
lead halide perovskite nanoplatelets with various thicknesses and compositions.

In conclusion, a simple, versatile method for synthesizing colloidal lead halide perovskite
nanoplatelets with varying composition has been demonstrated (Figure 2.20). Along with the
thickness of the nanoplatelets that governs the extent of quantum-confinement, varying the
stoichiometry of the halide ion(s) has been shown to be an effective strategy in tuning the band
gap of perovskite nanoplatelets in the visible range. Furthermore, it has been demonstrated that the
surface-passivating ligand species can be easily varied while using the same synthetic protocol,
which opens up the possibility of further optimizing the surface property of colloidal perovskite
nanoplatelets for specific applications. This methodology represents a simple procedure for
preparing dispersions of emissive 2D colloidal semiconductors.

The ligand-assisted reprecipitation approach is potentially amenable to high-throughput
synthesis and further data-driven analysis. Thickness-, composition- and ligand-tunability can be
achieved without any major modifications in the synthetic protocols. Moving forward, it would be
desirable to further increase the photoluminescence efficiency to levels commensurate with other

perovskite nanocrystals. 6 200, 207
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2.8. Methods

For better stability and optical properties of resulting perovskite nanoplatelets, it is recommended

to complete the whole procedure under inert conditions® (i.e., a nitrogen glovebox).

2.8.1. Preparation of Perovskite Nanoplatelet Precursor Solutions

1. Prepare 0.2 M solutions of methylammonium bromide (MABr), formamidinium bromide
(FABr), lead bromide (PbBr2), butylammonium bromide (BABr), octylammonium bromide
(OABr), methylammonium iodide (MAI), formamidinium iodide (FAI), lead iodide (Pbl),
butylammonium iodide (BAI), and octylammonium iodide (OAI) in N,N-dimethylformamide
(DMF) either by dissolving each salt in DMF or by diluting commercially available solutions.

- PbBr2 is not readily soluble in DMF at room temperature. Keep the solution at 80 °C for 10
min for complete dissolution and cool the solution back to room temperature before use.
- Concentration of individual precursor solutions can be increased to synthesize more

nanoplatelets.

2. Mix those individual precursor solutions in specific volumetric ratios for each target thickness

and composition.

- To synthesize bromide-only or iodide-only nanoplatelets, see Table 2.1, which summarizes the
volumetric ratios for n = 1 and n = 2 bromide and iodide nanoplatelets.

- To synthesize nanoplatelets with mixed halide compositions, combine bromide-only and
iodide-only perovskite nanoplatelet precursor solutions of the same thickness at desired
volumetric ratio for the target composition. For example, to make 30%-bromide-70%-iodide »
= 2 perovskite nanoplatelets, mix the precursor solutions of n =2 MAPbBr and n = 2 MAPbI
at a 3:7 volumetric ratio.

- Changing the organic cation does not significantly affect the optical transition energies.’!
Absorption and luminescence are primarily tuned by changing the halide composition or

nanoplatelet thickness.
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2.8.2. Synthesis of Perovskite Nanoplatelets

1. Inject 10 pL of mixed precursor solution into 10 mL of toluene under vigorous stirring.

Nanoplatelets will instantaneously crystallize due to the abrupt change in the solubility.

- The amount of mixed precursor solution injected into toluene can be increased up to ~100 pL.
Total amount of injected precursor solution and injection speed do not seem to significantly
affect perovskite nanoplatelet morphology (Figure 2.18). However, injection of too much DMF

increases the polarity of the solution and reduces the crystallization.

2. Leave the solution under stirring for 10 min until no further color change is observed from the

solution to ensure complete crystallization of perovskite nanoplatelets.

- Freshly synthesized perovskite nanoplatelets from freshly prepared precursor solutions usually
show the best photoluminescence quantum yield and photostability.>> And over time,
nanoplatelets will slowly aggregate (Figure 2.19), deteriorating colloidal stability. Thus, it is

recommended to use nanoplatelet solutions as soon as possible once synthesized.

3. Centrifuge the solution, discard the supernatant and redisperse the precipitated nanoplatelets in

desired amount of solvent.
- Depending on the usage of nanoplatelets, the volume of the redispersing solvent can be freely

adjusted and various nonpolar organic solvents such as hexane, octane or chlorobenzene can

be used instead of toluene.

2.8.3. Characterization

Photoluminescence spectra: A 365 nm LED was used to excite samples, and PL spectra were

collected using an Avantes fiber-coupled spectrometer.
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Photoluminescence quantum yield (PLQOY): PLQY measurements were performed using an
integrating sphere and Avantes fiber-optic spectrometer. A 365 nm LED was used to excite

samples. PLQY's were calculated by following a previously reported method.?%

Absorption spectra: Absorption spectra were taken by a Cary 5000 UV-Vis spectrophotometer.

X-ray diffraction (XRD): XRD was performed using a PANalytical X’Pert Pro operating at 45 kV
and 40 mA with a copper radiation source. Background subtraction was done by using HighScore

software.

Transmission electron microscopy (TEM): TEM images were taken using a FEI Tecnai G2 Spirit

Twin instrument operating at 120 kV.

XRD and TEM sample preparation:

1. Centrifuge the solution at 2050 x g for 10 min.

2. Discard the supernatant.

3. Redisperse the nanoplatelets in 1 mL (for TEM) or 30 pL of toluene (for XRD).
4. Drop 1 droplet on a TEM grid (for TEM) for glass slide (for XRD).

5. Dry the sample under vacuum.
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Chapter 3. Stability Enhancement of Perovskite Nanoplatelets

The basis of this chapter has been published as:

Ha, S.K.; Mauck, C.M.; Tisdale, W.A. “Toward Stable Deep-Blue Luminescent Colloidal Lead
Halide Perovskite Nanoplatelets: Systematic Photostability Investigation” Chem. Mater. 31 (7),
2486-2496 (2019)
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3.1. Project Introduction

One of the most successful commercial applications of semiconductor nanomaterials is in
light-emitting technologies.!> However, achieving efficient deep-blue luminescence — required for
a wide color gamut — has been challenging, compared to the state-of-the-art red and green
luminescence. Blue-emitting devices fabricated with wide-bandgap semiconductor materials still

suffer from limited operational lifetime, efficiency roll-off, low charge carrier mobility, relatively

low efficiency compared to green and red analogues, and high manufacturing cost.! 209-213

Recently, lead halide perovskites, with formula ABX3 (A = small cation, B = Pb, X = Cl, Br,
I), have emerged as a promising class of materials for optoelectronic applications. Rapid

development of perovskite solar cells®’-% 214 has demonstrated their fascinating properties such as

76-79

low-temperature synthesis,'®¢ long charge carrier diffusion lengths, wide compositional

70, 80

tunability and defect tolerance.® ¥ Furthermore, when prepared as colloidal 3D

nanocrystals,%¢ 198:200.215 Jead halide perovskites can achieve large exciton binding energies on the
order of hundreds of meV® 8 and bright luminescence.’® °! ° Deep-blue luminescence from

ABX3 perovskites has been attempted through chloride incorporation to shift the band gap to

187, 216-218

higher energies or by reducing the size of quantum dots, yet efficient deep-blue

luminescence has been elusive. Instead, two-dimensional (2D) lead bromide perovskites
(L2[ABX3]BX4, where L = butylammonium or octylammonium) have emerged for deep blue

luminescent applications due to their strongly quantum- and dielectric-confined nature, leading to

thickness-dependent tunability and spectrally narrow emission with small Stokes shifts.*6: 138 140.

142, 145, 146, 130, 153, 162, 207, 219 Dyjrectional light emission, previously observed in other 2D

semiconductor nanomaterials,*> %> further highlights the possibility of enhancing the outcoupling

efficiency of 2D-perovskite-based devices. Multiple methods have been reported on the synthesis

of 2D perovskites including ligand-assisted reprecipitation,*®: 4% 153 hot-injection synthesis, !4 146

and layered perovskite crystal growth.!>% 162207 Colloidal 2D perovskites, sometimes referred to
as perovskite nanoplatelets, are highly promising for their additional property of solution
processability. However, progress in blue light emission from 2D perovskites has lagged behind

that of red- and green-emitting materials, and their optoelectronic devices either do not reach the

148, 190, 220, 221 150, 188

deep-blue region, are low in efficiency, or are unstable under operating

conditions.!30- 188
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Many authors have noted that lead bromide perovskite nanoplatelets undergo significant
changes to their optical properties when exposed to ultraviolet (UV) light.* 134 Poor photostability
poses a crucial obstacle to realizing commercial light-emitting technologies, yet comprehensive
understanding of the factors influencing photostability in perovskite nanoplatelets is lacking. In
this work, colloidal organic-inorganic hybrid lead bromide nanoplatelets, which emit in the deep-
blue region (Amax = 437 nm), are synthesized by facile ligand-assisted reprecipitation methods.
Then photoinstability of perovskite nanoplatelets is categorized into two aspects: photobleaching,
which refers to the decrease in photoluminescence (PL) intensity, and transformation, resulting in
the emergence of PL peaks with different wavelengths from the original peak. It is shown that
using freshly prepared precursor solutions dramatically enhances the stability, in addition to
substituting formamidinium for methylammonium and isolating samples from moisture. Lastly,
adding excess alkylammonium bromide surface capping ligands is demonstrated as an effective
strategy to further enhance the intrinsic stability of nanoplatelets. Dropcast films of nanoplatelets
with excess ligands exhibit impressive stability both under UV and under ambient conditions.
These photostability studies on colloidal perovskite nanoplatelets serve as a guide for future

fabrication of stable and efficient deep-blue emitting devices.
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3.2. Synthesis and Characterization of Perovskite Nanoplatelets

(a) Perovskite unit cell: ABX, Perovskite nanoplatelet: | [ABX,] ,BX,
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Figure 3.1. Synthesis and characterization of lead halide perovskite nanoplatelets. (a) Structures of perovskite unit
cell and perovskite nanoplatelets with the chemical species used in this study. The parameter n indicates the number
of lead halide octahedral layers in the direction of nanoplatelet thickness. (b) Schematic illustration of nanoplatelet
synthesis procedure. (c) Solution phase photoluminescence and absorption spectra of colloidal » = 2 MAPbBr
nanoplatelets in toluene. (d) X-ray diffraction (XRD) pattern of a drop-cast n = 2 MAPbBr nanoplatelet film. (e)
Scanning electron microscopy (SEM) image and (f) Transmission electron microscopy (TEM) image of n =2 MAPbBr
nanoplatelets.

Colloidal perovskite nanoplatelets (Chemical formula: L[ ABX;3],-1BX4 where n refers to the

number of octahedral [BXs]* layers in the direction of confinement) were synthesized by ligand-
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assisted reprecipitation method*® 67 with slight modifications. Methylammonium (MA) and
formamidinium (FA) were used as A-site organic cations in this study, with lead (Pb) as B-site
metal cation, and bromide (Br) and iodide (I) as halide anions. For better colloidal stability and
thickness control of nanoplatelets, a 1:1 mixture of butylammonium (BA) and octylammonium
(OA) were incorporated as ligands (Figure 3.1a).*® Schematic illustration in Figure 3.1b shows the
synthesis procedure. First, precursor salts (AX, BX> and LX) were dissolved and precursor
solutions were mixed in the desired ratio for specific target thickness (Table 3.1). Lastly, this mixed
precursor solution was dropped into toluene and perovskite nanoplatelets were crystallized due to

the abrupt change in solubility. Further details are included under Methods section.

MABr | FABr PbBr. | BABr | OABr | MAI | FAI Pbl | BAI | OAI

n=1 PbBr 0 0 2 3 3 0 0 0 0 0
n=2 FAPbBr 0 1 2 5 5 0 0 0 0 0
n=2 MAPDbBr 1 0 2 2.5 2.5 0 0 0 0 0
(2.5x ligands)

n=2 MAPDbBr 1 0 2 5 5 0 0 0 0 0
(5x ligands)

n=2 MAPDbBr 1 0 2 10 10 0 0 0 0 0
(10x ligands)

n=1 Pbl 0 0 0 0 0 0 0 2 3 3
n=2 FAPDI 0 0 0 0 0 0 1 2 5 5
n=2 MAPDI 0 0 0 0 0 1 0 2 5 5

Table 3.1. Formulations of mixed precursor solutions for various colloidal perovskite nanoplatelets. Each number
indicates the volumetric ratio of individual precursor solutions (0.2M) in mixed precursor solution.

Through this method, colloidal # = 2 methylammonium lead bromide (MAPbBr) nanoplatelets
that emit in deep-blue range (Amax = 437 nm) with narrow full-width-at-half-maximum (FWHM =
14 nm) and small Stokes shift (4 nm) (Figure 3.1c) were synthesized. When dropcast, the
nanoplatelets preferentially lay flat on the substrate with a stacking periodicity of 2.2 nm, as seen

by the periodic stacking peaks*® 148

at integer multiples of 3.9° observed in the X-ray diffraction
(XRD) pattern (Figure 3.1d). The nanoplatelets, which have lateral dimension ranging from 0.5-5
um (Figure 3.1e-f), appear to be dispersed as individual sheets in the colloidal solution based on

contrast in transmission electron microscopy (TEM) images (Figure 3.1f).
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3.3. Classifying Types of Photoinstability: Photobleaching and Transformation
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Figure 3.2. Photoinstability of lead halide perovskite nanoplatelets. (a) Schematic illustrations of two changes that
nanoplatelets suffer under UV irradiation. (b) Photoluminescence and absorption spectra of colloidal n =2 MAPbBr
nanoplatelets in toluene before and after UV irradiation under air. (365 nm, 180 mW/cm?, 1 hour) (c-d) TEM image

of n =2 MAPbBTr nanoplatelets before and after UV irradiation.
As synthesized After UV

Figure 3.3. TEM images of n =2 MAPbBr nanoplatelets before and after UV irradiation.
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In Figure 3.2a, two photoinstability phenomena that nanoplatelets suffer under UV irradiation
are categorized, namely photobleaching and transformation. As seen in figure 3.2b, PL from n =
2 MAPDBBr nanoplatelets at 437 nm was greatly reduced after UV irradiation (“photobleaching”).
Additionally, PL emission peaks from thicker perovskite structures appeared at 455 nm and 474
nm, which are believed to come from small amounts of » = 3 and n = 4 structures that were formed
during UV irradiation (“transformation”).!*> However, the decrease of the excitonic feature at 433
nm in the absorption spectrum was less extensive than the 77% decrease in the n = 2 PL peak
intensity after UV irradiation. Furthermore, it is noteworthy that only the » = 2 excitonic feature,
but not n = 3 or n = 4 features (which should appear at ~450 nm and ~470 nm respectively),'+?
was observed in the absorption spectrum after UV irradiation. Transmission electron microscopy
(TEM) images in Figure 3.2¢ and Figure 3.2d show the structure of nanoplatelets before and after
UV exposure. In Figure 3.2¢c, individual nanoplatelets could be easily distinguished and identified,
although they were mostly stacked together presumably due to high surface-to-volume ratio. As
shown in Figure 3.2d, it became difficult to distinguish individual nanoplatelets once irradiated;
regions of strong TEM contrast were observed which are smaller than the lateral dimension of the
nanoplatelets (~1 pm), possibly revealing thickness variations within individual nanoplatelets or
degradation products. TEM images shown in Figure 3.2c-d are representative images, and
additional images showing nanoplatelet degradation can be found in Figure 3.3.

To test for a change in Pb oxidation state (signifying different chemical bonding in the sample),
freshly prepared and irradiated samples were characterized with X-ray photoelectron spectroscopy
(XPS, Figure 3.4). However, no significant change in binding energies for species that constitute
nanoplatelets (C, N, Pb, Br) was observed after UV illumination. Slight shift (~0.2 eV) in binding
energies for C, N, Pb and Br accompanied by the increase in the atomic concentration of oxygen
after UV irradiation (From 1.95% to 21.70%, which can also be seen in the enhanced signal-to-
noise ratio after UV irradiation.) are believed to be coming from the change in the electronic
environment induced by adsorbed water molecules. It is likely that, compared to before-UV-
irradiation sample, longer exposure of after-UV-irradiation sample to air during irradiation process
resulted in more water molecules being adsorbed onto perovskite nanoplatelets. Similar shift in
binding energy was observed when MAPbI; was dipped into 3-hydroxypyridine.??? Thus, the
chemical nature of n = 2 MAPbBr nanoplatelets did not seem to significantly change after UV

irradiation.
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Figure 3.4. X-ray photoelectron spectroscopy (XPS) spectra of the elements constituting » = 2 MAPbBr nanoplatelets
before and after being irradiated by UV in colloidal solution phase.

On the basis of the observed changes to the absorption and photoluminescence spectra and
TEM structural imaging, photobleaching is believed to arise from both degradation of a portion of
the nanoplatelet dispersion and a reduction in the intrinsic PLQY of the remaining nanoplatelets.
Additionally, some of the n = 2 nanoplatelet structures are transformed into less-confined (n = 3
and n = 4 in this case) structures either by structural rearrangement within a single nanoplatelet or
by merging of multiple nanoplatelets. Downbhill energy transfer from thinner (higher-energy) to
thicker (lower-energy) structures combined with higher PLQY of thicker structures can amplify
the contribution of redshifted emitters in the ensemble PL spectrum, as observed in Figure 3.2b.
Low enthalpy of formation for perovskites'?® combined with facile ionic migration??* is believed
to facilitate the transformation of nanoplatelets into thicker structures in solution. Although slight
redshift of PL under UV has already been observed in perovskite quantum dots (QDs),!”! this
transformation behavior can be especially problematic for strongly quantum-confined atomically-
thin nanoplatelets because slight change in the thickness induce dramatic changes to the ensemble

optical properties.
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3.4. Effect of Precursor Solution Aging

3.4.1. Effects on Photostability and Photoluminescence Quantum Yield
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Figure 3.5. Effects of the precursor solution aging. PLQY of as-synthesized colloidal » =2 MAPbBr nanoplatelets in
toluene and solution phase photoluminescence spectra before and after UV irradiation (365 nm, 24 mW/cm?, 1 hour)

under air, when (a) freshly prepared and (b) 2-months-aged precursor solutions were used.

To investigate the role of precursor aging, two batches of » = 2 MAPbBr nanoplatelet species
were prepared using two different sets of precursor solutions. One set of precursors was prepared
fresh, while the other was stored inside a nitrogen (Nz) glovebox for two months before use. Figure
3.5 shows PLQY and PL spectra of » = 2 MAPbBr nanoplatelet dispersions prepared from fresh
and aged precursor solutions. In Figure 3.5a, n = 2 MAPbBr nanoplatelets synthesized from freshly
prepared precursor solutions showed solution phase PLQY of 6.8% and did not transform into
thicker structures after moderate UV irradiation (24 mW/cm?) under air for 1 hour. On the other
hand, when synthesized from aged precursors, PLQY dropped to 3.5% and PL from n = 3
structures at 455 nm as well as the bulk-like emission around 500 nm appeared, as indicated by
the red arrows in Figure 3.5b. Thus, it becomes evident that the aging of individual perovskite

precursors even under a N> atmosphere affects stability and PLQY of the resultant nanoplatelets.
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3.4.2. Fourier Transform Infrared Spectroscopy and 'H Nuclear Magnetic Resonance

Analyses
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Figure 3.6. (a) Fourier transform infrared spectroscopy (FTIR) and (b) 'H nuclear magnetic resonance (NMR) spectra
(400 MHz) of methylammonium bromide dissolved in deuterated DMF ((CD3):NCDO) after aging under Nz for
different periods of time.

To elucidate how precursor aging affects the quality of resulting nanoplatelets, first possibility
considered was the formation of impurities through slow reaction between alkylammonium
bromide and DMF. Among MABr, BABr and OABr, MABr was chosen as a representative of
alkylammonium bromide species because of low steric hindrance and high reactivity. First,
Fourier-transform infrared (FTIR) spectroscopy was employed to detect the presence of any
potential reaction products formed in the MABr/DMF precursor solution after aging in N
atmosphere for 0 days (fresh), 2 days, 2.5 months, and 3.5 months. However, no significant
difference in the FTIR spectrum was observed (Figure 3.6a). Second, 'H nuclear magnetic
resonance (NMR) spectroscopy was employed. Ammonium and methyl proton peaks were
observed in the "TH NMR spectrum at 8.11-8.20 ppm and 2.68-2.70 ppm, respectively (Figure 3.6b),
as expected from previous studies.’?* Unlike FTIR, NMR spectra revealed slight shifts of
ammonium and methyl hydrogen peaks accompanied by a peak at 3.48 ppm were observed in 'H
NMR spectra of the fresh and aged precursor solutions dried completely under a steady nitrogen
flow and dissolved in deuterated DMF ((CD3).NCDO). However, the extent of the NH3" and CH3
proton chemical shifts was proportional to the integrated area of the 3.48 ppm peak, but these shifts
showed no trend with aging period. It is believed that these shifts arise from differing

concentrations of water present during NMR sample preparation. Although MABr precursor
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solutions were stored inside the glovebox (N2 atmosphere) during aging periods, the solutions were
exposed to air during NMR sample preparation and it is likely that hygroscopic MABr readily
adsorbed water molecules during air exposure. Thus, the 3.48 ppm peak was concluded to be a
water peak, similar to the chemical shift of water in DMSO at 3.30 ppm.??* Therefore slight shifts
(< 0.07 ppm) in ammonium and methyl hydrogen peaks were found to arise from the change of
surrounding solvent environment in the presence of water, and not from any reaction between
MABr and DMF, which should lead to the appearance of new peaks whose intensity increases
with precursor aging time. Consequently, the presence of side products from alkylammonium salts

reacting with DMF was ruled out.

3.4.3. Dynamic Light Scattering Analysis
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Figure 3.7. Scattered light intensity autocorrelation curves and calculated colloidal size distributions of (a, ¢) fresh
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and (b, d) 2-months-aged PbBr;, precursor solution in DMF.
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Change in the size distribution of lead polyhalide colloids in DMF was considered as a second
possible origin of the precursor aging effect. It has been reported that lead halide exists as lead
polyhalide colloids in DMF?*?22 (i.e. [PbXs], [PbX4]*, [PbXs]* and [PbXe]*) and the size
distribution affects crystallization kinetics during spin-coating perovskite precursor solutions in
DMF, further affecting the quality of spin-coated perovskite crystal film.2* To test whether similar
behavior might be occurring in this reprecipitation synthesis, dynamic light scattering (DLS)
measurements were performed to compare the colloidal size distribution of freshly prepared and
2-month-old PbBr; solutions in DMF. Scattered light intensity autocorrelation curves and
calculated colloidal size distribution data from five different measurements from the same sample
are plotted in Figure 3.7. In Figure 3.7a and 3.7b, it could be clearly seen that there were qualitative
differences in intensity autocorrelation curves of fresh and aged PbBr; solutions. In particular,
there is a fast decay component in the fresh solution that is missing from the aged solution which
correspond to small colloids. Intensity autocorrelation decay of fresh PbBr; solution showed multi-
exponential feature with significant amount of early-time decay (10° ~ 10! us), while that of aged
PbBr; solution showed more mono-exponential-like decay at later times (10° ~ 10* us). These
results suggest clear changes to the size distribution before and after aging (Figure 3.7c-d).
However, large scan-to-scan variation made a quantitative analysis difficult. Considering that large
colloids may act as nucleation sites and affect the crystallization kinetics,??* further study will be
needed on the evolution of lead polyhalide colloidal size distribution and how it can be related to

the crystallization, stability and PLQY of nanoplatelets.
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3.5. Effect of Composition

3.5.1. Effects on Photostability Under Air
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Figure 3.8. Photoluminescence stability under air. (a-d) Evolution of photoluminescence spectra under UV irradiation
(365 nm, 180 mW/cm?) for colloidal n = 2 FAPbBr, n = 2 MAPbBr, n = 2 FAPbI and n = 2 MAPDI nanoplatelets in
toluene under air. (White dotted lines indicate the peak positions for nanoplatelets with corresponding compositions
and thicknesses.)

In Figure 3.8, it is presented how composition of nanoplatelets affects photostability under air.
Four different colloidal nanoplatelet solutions, n =2 FAPbBr, n =2 MAPbBr, n =2 FAPbl and n
=2 MAPbI, were synthesized and UV-irradiated under air while stirring in toluene. To induce fast
and dramatic change, extreme UV power density (A = 365 nm, 180 mW/cm?) was used. Because
lead and halide ions mainly contribute to the formation of band edge electronic states,’! both
MAPDX and FAPbX nanoplatelets have similar PL emission at 437 nm for X=Br and at 575 nm
for X=I. In the n = 2 FAPDbBr solution (Figure 3.8a), PL from bulk-like (n > 6) structures appeared
immediately upon UV exposure, along with photobleaching of the » = 2 PL peak at 437 nm. On
the other hand, photobleaching of the primary n = 2 peak was mainly observed for the first 20

minutes of UV irradiation in » = 2 MAPDbBr nanoplatelets, followed eventually by the slow
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appearance of PL peaks from n = 3 and n = 4 structures (Figure 3.8b). The iodide » = 2 analogues
showed similar photobleaching behavior as their bromide counterparts, as shown in Figure 3.8¢c
and Figure 3.8d. Interestingly, weak blue-shifted PL at 512 nm (n = 1) appeared between 10 and
20 minutes of UV irradiation for both MAPbI and FAPbI, but no emission from thicker structures
was observed. However, no absorption features associated with n # 2 structures were observed
(Figure 3.9). Slight changes in the solution absorption spectra were observed from both bromide
and iodide nanoplatelets when irradiated with UV in air, but the exact mechanism is not yet fully

understood and need further investigation.
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Figure 3.9. (a-d) Absorption spectra before and after UV irradiation (365 nm, 180 mW/cm?) for colloidal solutions
of n =2 FAPbBr, n =2 MAPbBr, n = 2 FAPbI and n = 2 MAPbI under air.
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3.5.2. Effects on Photostability Under N>
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Figure 3.10. Photoluminescence stability under N,. (a-d) Evolution of photoluminescence spectra under UV
irradiation (365 nm, 180 mW/cm?) for colloidal n = 2 FAPbBr, n = 2 MAPbBr, n = 2 FAPbI and n = 2 MAPbI
nanoplatelets in toluene under N,. (Insets: Absorption spectra before and after UV irradiation. White dotted lines
indicate the peak positions for nanoplatelets with corresponding compositions.)

In Figure 3.10, effect of UV irradiation on colloidal nanoplatelet solutions under N»
atmosphere is shown. Whereas n =2 MAPbBr nanoplatelets partially maintained their PL intensity
after 1 hour of exposure to UV (Figure 3.10b), n = 2 FAPbBr nanoplatelets completely lost PL
intensity in a few minutes under UV irradiation (Figure 3.10a). However, photobleaching
behaviors of n =2 MAPDI and n = 2 FAPbI nanoplatelets under N> were similar (Figure 3.10c-d),
as they also were under air (Figure 3.8c-d). Furthermore, transformation to n = 1 or n > 2 structures
was not observed in any of the four colloidal nanoplatelet dispersions irradiated under N2, although
they each demonstrated varying degrees of photobleaching. Note that in Figure 3.10b-d, while
nanoplatelet PL intensity significantly dropped, corresponding excitonic features in the absorption
spectra did not decrease nearly as much. This again demonstrates that photobleaching is not solely

due to a drop in PLQY nor degradation of nanoplatelets, but rather a combination of the two.
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Comparing the changes during UV irradiation under air (Figure 3.8 & Figure 3.9) and under
N2 (Figure 3.10), it is concluded that transformation of nanoplatelets to thicker or thinner structures
requires the participation of an extrinsic chemical species present in air while photobleaching
results from an intrinsic instability of the perovskite nanoplatelet against photoexcitation. No
change in the PL spectrum were observed when the nanoplatelet solution was irradiated with sub-
bandgap light of similar intensity at 785 nm (Figure 3.11) and it confirms that the observed
photobleaching is associated with the absorption of light and consequent excitation of the material.
PL enhancement shown in Figure 3.11 is believed to be coming from additional nanoplatelets
being formed in the first few minutes after dropping the mixed precursor solution into toluene,
which is consistent with the slight redshift in peak positions that are believed to be coming from

reabsorption.
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Figure 3.11. Photoluminescence spectra of two colloidal » = 2 MAPbBr nanoplatelet solutions under N2 before and
after being exposed to 785nm light (180 mW/cm?) for 1 hour and left under dark for 1 hour, respectively.

3.5.3. Correlating Photostability with Structural Stability
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Figure 3.12. Tolerance factors of lead halide perovskites.
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I hypothesize that the intrinsic instability of perovskite nanoplatelets under UV photoexcitation

can be correlated with the structural stability of the underlying perovskite lattice. Goldschmidt’s

rap+r . . . .
—A7 X where ra, 18 and rx denotes ionic radii of A, B and X ions,
V2(rg+ry)

tolerance factor, defined as
respectively, is one parametrization of the structural stability of the perovskite lattice.>*® A stable
perovskite structure is predicted to form when the tolerance factor lies between 0.8 and 1,2*! and
tuning the tolerance factor to enhance the stability is a popular technique in the field of perovskite
solar cells.”! 80- 232, 233 Figyre 3.12 shows the tolerance factors of relevant bulk lead halide
perovskites calculated from ionic radii values reported by Kieslich e al.?** Although it has been

reported that slight lattice relaxation occurs for two-dimensional nanoplatelets'®?

compared to bulk
perovskites, I expect tolerance factors of nanoplatelets to be similar to bulk perovskites. From
Figures 3.8 and 3.10, it was observed that » = 2 FAPbBr nanoplatelets were least stable compared
to n =2 MAPDBr, n = 2 FAPbI and n = 2 MAPbI. As shown in Figure 3.12, n = 2 FAPDbBr has
the largest tolerance factor, at the limit of the stable range for the perovskite structure. Considering
that perovskites with large tolerance factors tend to relieve strain by forming defect vacancies?*?
and defects in perovskite crystal can propagate,’® I believe that structural instability of n = 2
FAPbBr nanoplatelets may be one of the main causes of such instability under UV irradiation.
Also, it has been reported that larger dipole moment of MA compared to FA (2.3D for MA, 0.2D
for FA) enables MA to more readily respond to the presence of charge carriers upon electronic
excitations.?*® In those systems, less facile reorientation of FA within nanoplatelets, compared to
MA, may result in less effective charge carrier screening and enhanced distortion of crystal lattices.
This can also contribute to the inferior stability of n = 2 FAPbBr nanoplatelets. On the other hand,
both n = 2 MAPDI and n = 2 FAPbI nanoplatelets have tolerance factors within the range where
perovskite structures are stable and this could explain why substituting A-site cation from FA to
MA does not significantly affect the photostability of iodide nanoplatelets, unlike bromide

counterparts.
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3.6. Effects of Oxygen and Water
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Figure 3.13. Separating the effects of oxygen and moisture. (a-c) Evolution of photoluminescence spectra under UV
irradiation (365 nm, 180 mW/cm?) for colloidal n = 2 MAPbBr nanoplatelets in toluene under dry air, dry N, and
humid N». (White dotted lines indicate the peak positions for nanoplatelets with corresponding thicknesses.)

To identify the external chemical species responsible for the transformation of nanoplatelets
into thicker or thinner structures under UV irradiation, I performed the same experiments shown
in Figure 3.8 and Figure 3.10 under three different controlled environments: dry air, dry nitrogen,
and humid nitrogen. In Figure 3.13a and Figure 3.13b, colloidal n = 2 MAPDbBr solutions in toluene
were irradiated with UV light (A = 365 nm, 180 mW/cm?) while kept under either dry air with 2.6%
relative humidity (RH) or dry N2 with < 0.3 ppm H2O, respectively. Both data sets show similar
photobleaching behavior without significant redshifted emission from thicker structures. In
contrast, when the nanoplatelet solution was irradiated under humid N> (RH 80%),n =3 and n =
4 emission appeared within 10 minutes and 20 minutes, respectively (Figure 3.13c). These results
confirm that moisture participates in the transformation of nanoplatelets to different-thickness
structures, whereas photobleaching occurs regardless of the presence of oxygen or water.

It should be noted that the equilibrium solubility of H>O in toluene is low (0.0270 mol/L at
25°C)*¥ but its effect, shown in Figure 3.13, is clear. Perovskites are dissolvable in polar solvents,
including water, so it is not unexpected that H>O could assist ion rearrangement within the lattice.
Photoexcitation shifts charge density from halide anions to Pb cations,?*® which is believed to
weaken hydrogen bonds between halide and alkylammonium ions. Together with deprotonation
of alkylammonium ions by water molecules,>* light and H>O can act synergistically to accelerate

structural transformation in perovskite nanoplatelets.

82



Under air Under N2

450

n=1 -06
lead

bromide

[
o
o

— before UV
after UV

= before UV
after UV

Energy (eV)

04

Energy (eV)
Wavelength (nm)
v
o
o

%]
vy
o

Wavelength (nm)
Absorbance

Absorbance

%
[
o

0.2

350 400 450 500 550 600
wavelength (nm)

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

(c) (d) 400
= before UV
— before UV after UV

after UV

Absorbance
o
[
o
Absorbance

i |
450 500 550 600 650 700

450 500 550 600 650 700
1 wavelength (nm)

wavelength (nm)

Energy (eV)

Energy (eV)
Wavelength (nm)
v
o
o

w1
o
o

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 3.14. (a-d) Evolution of photoluminescence spectra under UV irradiation (365 nm, 180 mW/cm?) under air
and N2, for colloidal solutions of #n = 1 lead bromide and lead iodide nanoplatelets. (White dotted lines indicate the
peak positions for nanoplatelets with corresponding thickness and composition.)

n = 1 nanoplatelets also exhibited dramatically enhanced photostability under N> atmosphere
(Figure 3.14). Although its origin is still unclear, red-shifted emission feature appeared from n =
1 PbBr nanoplatelets when irradiated in air and it was completely suppressed when irradiated in
Nz. Photobleaching of both n» = 1 PbBr and » = 1 Pbl nanoplatelets in solution were also

significantly reduced when irradiated under No.
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3.7. Enhancing the Stability by Adding Excess Ligands

3.7.1. Stability of Colloidal Solution

MABr PbBr: BABr OABr
Stoichiometric ratio (L:[MAPbBr;]PbBr4) 1 2 1 1
2.5x ligands’ 1 2 2.5 2.5
‘Sx ligands’ (Standard procedure for n =2 NPLs) 1 2 5 5
‘10x ligands’ 1 2 10 10

Table 3.2. Formulations for n = 2 MAPbBr nanoplatelets (NPLs) with varied amounts of ligands. Numbers indicate
the volumetric ratios of individual precursor solutions (0.2M) in the mixed precursor solutions.
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Figure 3.15. Excess ligands improve intrinsic photostability in solution. (a-c) Evolution of photoluminescence spectra
under UV irradiation (365 nm, 180 mW/cm?) for colloidal n = 2 MAPbBr nanoplatelets in toluene with varied amounts
of excess ligands under N,. (White dotted lines indicate the peak positions for n = 2 MAPbBr nanoplatelets.)

The effect of adding excess alkylammonium ligands was investigated as a strategy for
improving nanoplatelet photostability.!#?> Three n = 2 MAPbBr nanoplatelet solutions were
prepared with different relative amounts of alkylammonium bromide ligands in mixed precursor
solutions (Table 3.2). As shown in Figure 3.15, the extent of photobleaching was reduced as greater
ligand excess was added to the mixed precursor solution (Figure 3.15a-c) without causing any
noticeable change in two-dimensional nanoplatelet morphology (Figure 3.1f & Figure 3.16).
Furthermore, colloidal » = 2 MAPbBr nanoplatelets synthesized with 10x ligands showed
remarkable photostability, preserving 95% of PL intensity even after 40 minutes of intense UV
irradiation under N». This effect is attributed to two factors: 1) more saturated surface coverage in
the presence of excess alkylammonium ligands, given the dynamic nature of ligand binding in

240

perovskite nanocrystals," and 2) increased structural robustness of perovskite layers in the

142, 148

presence of excess bromide ions, which prevents the formation of harmful bromide defect
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vacancies.?*! Interestingly, no significant enhancement in PLQY was observed with ligand excess
(Figure 3.17), unlike several previous reports!4? 148
by PLQY increase.

where stability enhancement was accompanied

Figure 3.16. TEM images of n = 2 MAPbBr 10x ligands nanoplatelets.

10

PLQY (%)

2.5x ligands 5x ligands 10x ligands

Figure 3.17. Photoluminescence quantum yield (PLQY) of as-synthesized n» =2 MAPbBr nanoplatelet solutions with
different amount of ligands.

3.7.2. Stability of Dropcast Film
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Figure 3.18. Excess ligands suppress transformation in thin films. Evolution of photoluminescence spectra under UV
irradiation (365 nm, 120 mW/cm?) in air for (a) n = 2 FAPbBr 5x ligands film (b) n = 2 MAPbBr 5x ligands film (c)

n =2 MAPbBr 10x ligands film (White dotted lines indicate the peak positions for nanoplatelets with corresponding
thicknesses.)
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Ligand excess was also found to improve the stability of dropcast nanoplatelet films. Obtaining
pure n = 2 deep-blue emission from dropcast » = 2 MAPbBr nanoplatelets synthesized by the
reprecipitation method is challenging in general. To prepare dropcast nanoplatelet films, the
colloidal nanoplatelet dispersion is centrifuged, redispersed, dropcasted and dried — processes that
can induce transformation and degradation. Furthermore, efficient energy transfer within
nanoplatelet films along with higher PLQY of thicker nanoplatelets can amplify the contribution
of minority red-shifted structures to the overall photoluminescence spectrum. As shown in Figure
3.18a-b, dropcast films of n = 2 FAPbBr (5x ligands) and n = 2 MAPbBr (5x ligands) showed not
only n = 2 emission at 437 nm, but also emission from » = 3 and thicker structures in the initial
PL spectrum. Upon further UV irradiation, redshifted emission from bulk-like structures at A >
500 nm dominated the PL spectrum and eventual photobleaching was observed. On the other hand,
n =2 MAPDBr 10x ligand films showed pure n = 2 deep-blue luminescence when dropcast and
the PL spectrum did not red-shift over time under UV in air, though photobleaching did occur
(Figure 3.18c).

XRD patterns of n = 2 MAPDbBr (2.5x ligands) and n = 2 MAPDbBr (5x ligands) showed no
noticeable change (Figure 3.19) even after irradiation and the appearance of red-shifted emission
features. It suggests that thicker structures exist in small amounts and » = 2 nanoplatelets are still
the majority, but downhill energy funneling and higher emission efficiency of thicker nanoplatelets

make red-shifted emission pronounced.
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Figure 3.19. X-ray diffraction (XRD) patterns of (a) 2.5x ligands and (b) 5x ligands » = 2 MAPbBr nanoplatelet film
before and after UV irradiation in air (180mW/cm?).
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Figure 3.20. Stability of n = 2 MAPbBr 10x ligands film under ambient conditions. (Inset: Image showing deep-
blue luminescence from dropcast » =2 MAPbBr 10x ligands film.)

In addition to improved solution photostability, the dropcast n = 2 MAPbBr 10x ligand film
also showed superior stability under ambient conditions as shown in Figure 3.20. Despite small
fluctuations between the measurements, deep-blue luminescence from the film essentially
maintained its PL intensity for more than two weeks when the film was stored under ambient
conditions. Enhanced robustness of the nanoplatelets and a stronger barrier to moisture diffusion
through the surface ligand layer are believed to be the key factors for this dramatic stability
enhancement. Also, it partially recovered its PL intensity under dark even after intense UV
irradiation (Figure 3.21). Although its physical origin is yet not fully understood,?** self-healing

of perovskite nanoplatelets can be highly beneficial to the device lifetime.

relative PL intensity

0 10 20 30 40 50

time (min)
Figure 3.21. Self-healing of » =2 MAPDbBr 10x ligands film under dark after UV (365 nm) irradiation in air.
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3.8. Comments on Literatures of Varying Degrees of Nanoplatelet Stability
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Figure 3.22. Excitation intensity-dependent photobleaching behaviors of n = 2 MAPbBr nanoplatelets (5x ligands)
in toluene under N2 under UV irradiation.

There has been several reports on varying degrees of nanoplatelet stability.*6 134 142, 148,150 Ag

discussed so far, nanoplatelet stability depends not only on intrinsic material properties (cation
species, structural robustness, surface ligands coverage, etc.) but also on external factors such as
irradiation power density (Figure 3.22), presence of air and relative humidity (Figure 3.8 & 3.10
& 3.13 & 3.14), and synthetic details (Figure 3.15 & 3.18). Lack of those information in the reports
can make direct comparison between literatures difficult and I believe collective efforts on

reporting those details will accelerate the development of the field.
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3.9. Conclusion

Precursor aging Moisture

) + b

¢

HZN—/ Q@9

Organic cation Excess ligands

Figure 3.23. Schematic illustration of project summary.

In this work, photostability of colloidal » = 2 methylammonium and formamidinium lead
bromide nanoplatelets in toluene solution and in thin film were characterized. Signatures of
nanoplatelet degradation, PLQY loss, and transformation into different-thickness structures were
identified. Furthermore, it was demonstrated that the usage of freshly prepared precursor solutions,
substitution of organic cations, complete isolation from moisture, and the addition of excess
alkylammonium bromide ligands can be effective strategies to enhance the photostability of n =2
lead bromide perovskite nanoplatelets (Figure 3.23). By applying those tactics, a deep-blue
luminescent perovskite nanoplatelet film was prepared which was stable under ambient conditions
and did not transform under air and UV exposure. This study expands the understanding of the
factors that affect perovskite nanoplatelet photostability and opens up new possibilities for the
fabrication of stable perovskite-nanoplatelet-based optoelectronic devices. In future studies, the
chemical pathways of nanoplatelet degradation and mechanisms of structural transformation will
need to be addressed, along with detailed investigation on how precursor solution aging affects
nanoplatelet properties. While 1 have identified some strategies for improving nanoplatelet
stability, further improvement is needed before these materials will become viable in commercial
technologies. Several recent reports may shed light on the potential strategies for future studies. 1)
Incorporating ligand species that can bind to the nanoplatelet surface more strongly than simple

243

alkylammonium ligands — such as alkylphosphonate ligands*® or zwitterionic ligands*** — could
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be an effective strategy in thermodynamically stabilizing perovskite nanoplatelets. 2) Post-
treatment with PbBr>-ligand solution may repair bromide- or lead-vacancy defects!*? — which can
act as degradation centers?>*® — and further boost the stability. 3) Providing additional bromide
ions during the synthesis (e.g. HBr complex) and driving the reaction equilibrium to intact PbBre*
octahedra!*® could be another methodology to construct defect-free perovskite nanoplatelets with
improved stability. Meanwhile, it needs to be noted that changing the ligand species or providing
additional perovskite constituent species (e.g., PbBrz or HBr) might potentially disrupt the well-
established synthetic protocol and subsequent re-optimization of the protocol may be needed to

ensure nanoplatelet monodispersity and tunability.
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3.10. Methods

3.10.1. Colloidal Perovskite Nanoplatelet Synthesis

Colloidal perovskite nanoplatelets were synthesized using ligand-assisted reprecipitation
method under N, atmosphere in a glovebox. Individual precursor solutions were prepared by
dissolving precursor salts (AX, BX», LX) in anhydrous N,N-dimethylformamide (DMF) at the
concentration of 0.2M. PbBr; was not readily soluble in DMF at room temperature and was heated
to 80°C for complete dissolution. 0.55M Pbl; solution in DMF was commercially available from
Sigma-Aldrich, and was diluted to 0.2M for nanoplatelet synthesis. Then individual precursor
solutions were mixed in specific ratios for n = 1 or n = 2 nanoplatelets (Table 3.1). As the ligands,
1:1 mixture of butylammonium and octylammonium was used. Excess of ligands, compared to the
stoichiometric ratio (AX:BX2:LX=0:1:2 for n = 1 nanoplatelets and AX:BX»:LX=1:2:2 forn =2
nanoplatelets), were used for better surface passivation and thickness control. Finally, 10 puL of
mixed precursor solution (To prepare XRD samples, SEM samples and film samples for
photostability tests, 100 pL of mixed precursor solution instead of 10 uL. was used.) was dropped
into 10 mL of toluene under stirring. Although colloidal nanoplatelets started to form
instantaneously as evidenced by the change in the colors of the solutions and the emergence of
photoluminescence, solution colors kept slightly changing for the next few minutes. Thus, to
ensure complete crystallization, solutions were left under stirring for 5 minutes for bromide
nanoplatelet solution and 10 minutes for iodide nanoplatelet solutions until no significant change

in the colors of the solutions were observed.

3.10.2. Photostability Experiment

Solution: 2.5 mL of as-synthesized colloidal perovskite nanoplatelet solutions were transferred
into quartz cuvettes under specified atmospheric conditions and irradiated with continuous-wave
UV light from a 365 nm fiber-coupled LED (Thorlabs) at specified intensity, while stirring, with
photoluminescence spectra taken every 6 seconds. Absorption spectrum of the solution was

measured before and after UV irradiation.
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Film: For thin film studies, perovskite nanoplatelets were synthesized in larger quantity by
dropping 100 pL of precursor solution into 10 mL toluene. Then, nanoplatelets were centrifuged
at 4300 rpm for 10 minutes, redispersed in 100 pL toluene, drop-cast onto glass slides and dried
under vacuum. Thin film samples were irradiated by continuous-wave UV light from a 365 nm
fiber-coupled LED (Thorlabs) at the specified intensity, with photoluminescence spectra taken

every 6 seconds.

Atmosphere control: A vacuum pump and N, feed were used to control the atmosphere inside
Aldrich AtmosBag, with a water bath and the desiccant (MiniPax absorbent packets) controlling

the relative humidity.

3.10.3. Characterization

Photoluminescence spectra (PL): PL spectra were collected using an Avantes fiber-optic

spectrometer. 365 nm fiber-coupled LED (Thorlabs) was used to excite samples.

Absorption spectra: Absorption spectra were taken using Cary 5000 UV-vis spectrophotometer.

Photoluminescence quantum yield (PLQY): PLQY measurements were performed using an
integrating sphere and Avantes fiber-optic spectrometer.?® 405 nm laser diode (Thorlabs) was used

to excite samples.

Fourier transform infrared spectroscopy (FTIR): FTIR was performed using a Thermo Fisher 6700
FTIR spectrometer. FTIR samples were drop cast onto NaCl (Real Crystal IR samples cards,
International Crystal Laboratories). Spectra were background subtracted, normalized and

smoothed with 5-point adjacent averaging for comparison.

'H nuclear magnetic resonance (NMR): NMR spectroscopy was performed on a Bruker AVANCE
IIT — 400 NMR spectrometer. NMR samples were prepared by drying aged MABr-DMF solutions
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under N2, then redissolving the residue in deuterated DMF. NMR spectra were normalized with

respect to DMF CH peak intensity and analyzed in MNova (v. 12.0.0, Mestrelab Research.)

Transmission electron microscopy (TEM): TEM images were taken using FEI Tecnai G2 Spirit
Twin instrument operating at 120kV. TEM samples were prepared by centrifuging nanoplatelets,

redispersing in small amounts of toluene (~ 300 pnL) and drop-casting onto TEM grids.

Scanning electron microscopy (SEM): SEM images were taken using Zeiss Merlin instrument
operating at 5kV. SEM samples were prepared by making large quantity of nanoplatelets by
dropping 100 pL of precursor solution into 10 mL toluene, centrifuging nanoplatelets, redispersing

in 100 pL toluene and then drop-casting onto silicon wafer substrates.

X-ray diffraction (XRD): XRD was performed using a PANalytical X Pert Pro operating at 45 kV
and 40 mA with a copper radiation source. HighScore Plus software was used to subtract the
background. XRD samples were prepared by making large quantity of nanoplatelets by dropping
100 pL of precursor solution into 10 mL toluene, centrifuging nanoplatelets, redispersing in 100

uL toluene and then drop-casting onto glass slides.

X-ray photoelectron spectroscopy (XPS): XPS was performed using a Physical Electronics
Versaprobe 1. Spectra were charge corrected to put principal Cls peak at 284.8 eV, smoothed and
normalized. XPS samples were prepared by centrifuging nanoplatelets, redispersing in small

amounts of toluene (~ 30 pL) and drop-casting onto glass slides.

Dynamic light scattering (DLS): DLS was performed using a Wyatt Mobius with a 532nm laser.
Measurements averaged 5 acquisitions of 10 seconds each, and autocorrelation curves were fitted
using Wyatt Dynamics V7 software. To briefly explain DLS technique, it relates Brownian motion
of the colloidal particles to the size of the particles. When light is scattered by the particle,
exponential decay profile of scattered intensity autocorrelation depends on the size of the colloidal
particle. Smaller particles, which diffuse through solution faster than large particles, show lower
correlation between the scattered light intensity at time t and t+At. As a result, intensity

autocorrelation decays more rapidly for smaller particles. Thus, exponential decay profile can be
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correlated with particle diffusion coefficient, which can then be correlated with particle
hydrodynamic radius (Radius of a perfectly spherical particle that diffuses at the same rate as the
particle being analyzed.) through Stokes-Einstein equation. The overall colloidal particle size
distribution can be obtained by fitting multiple exponential functions to intensity autocorrelation

curve.
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Chapter 4. Exciton Dynamics in Manganese-Doped Perovskite

Nanoplatelets

The basis of this chapter has been submitted for publication as:

Ha, S.K.; Shcherbakov-Wu, W.; Powers, E.R.; Paritmongkol, W.; Tisdale, W.A. “Power-
Dependent Photoluminescence Efficiency in Manganese-Doped 2D Hybrid Perovskite
Nanoplatelets” Submitted
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4.1. Project Introduction

Introduction of photoactive dopants — especially manganese (Mn?") ions with well-defined
exciton and spin characteristics — is a widely studied approach for expanding the electronic and
optical properties of semiconductor nanocrystal systems.?*42°¢ Mn-doping in semiconductor

nanocrystals introduces photoactive atomic sites into the band structure?*® 2% 253 that can enable

257-260 261-263

novel applications in optoelectronics, spintronics, and quantum information science.?%*
Furthermore, strong quantum-confinement may enhance the coupling between carriers and Mn?*
dopants, which can maximize the effect of Mn-doping.®! 2 Consequently, strongly-confined and
brightly emissive semiconductor nanomaterials are desirable host systems for leveraging Mn?*
dopant photophysics.

Colloidal perovskite nanoplatelets, which are atomically-thin two-dimensional nanocrystals,
are ideal host systems for Mn?" doping. Colloidal perovskite nanoplatelets have a chemical formula
of Lo[ABX3],-1BX4 (L: alkylammonium (e.g. butylammonium (BA)), A: methylammonium (MA),
formamidinium (FA), cesium (Cs), B: lead (Pb), X: chloride (Cl), bromide (Br), iodide (I)) where
n indicates the number of BXs* octahedral layers in the out-of-plane direction.!3-14%- 153 Surface
ligands provide colloidal stability as well as confining the growth of the crystal in the out-of-plane

direction.*® Like perovskite quantum dots,®6 %0

perovskite nanoplatelets have been shown to exhibit
bright emission without the need for a passivating inorganic shell.!#> ¥ Furthermore, perovskite
nanoplatelets are very strongly confined in one dimension — in contrast to 0D perovskite
nanocrystals, which are typically larger®® 198265 than the exciton Bohr radius®® 138 139, 153160 apd
therefore, weakly confined.’! Strong quantum- and dielectric-confinement of monodisperse
nanoplatelets*®- 60 138, 140, 142. 167 in dyces a large blue-shift of the excitonic absorption and emission
features by up to 0.7 eV*% 137 compared to those of bulk perovskites and significant enhancement
of the exciton binding energy, reaching magnitudes up to several hundred meV.% 137 Since the

5 139, 140, 153, 154
b

first reports in 201 significant improvements in perovskite nanoplatelets have been

demonstrated, including PLQY,'#* *® tunability,*® and stability.>> 3¢ In addition, solution
g Yy Yy

63,172

processability combined with anisotropic distribution of dipole moments and large absorption

266

coefficients=*® make colloidal perovskite nanoplatelets even more promising for next-generation

applications.
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Much progress has already been made on Mn-doping in colloidal perovskite nanoplatelets.'®>
267-271 Tn 2017, Mir et al. demonstrated the synthesis of Mn-doped CsPbCl; nanoplatelets and
observed the enhancement of PLQY from 3% to 20% upon doping.'*> Subsequently, Das Adhikari
et al. showed that n=1 layered Mn-doped perovskites can be transformed into Mn-doped CsPbCl3

268 and Li et al. showed the formation of

nanoplatelets by thermal treatment in the presence of Cs,
CsMnCl; nanoplatelets along with Mn-doped CsPbCls nanoplatelets.?’” In addition, Babu ef al.
studied concurrent energy- and electron-transfer dynamics in Mn-doped CsPbBr3; nanoplatelets, 6’
while Zhang et al.?’! and Gao et al?**® explored the potential of utilizing n=1 Mn-doped
nanoplatelets as white light emitters. However, these previous studies exclusively focused on all-
inorganic nanoplatelets; Mn-doped nanoplatelets containing an organic A-site cation have not been
demonstrated. Furthermore, varying PLQY and relative Mn?>* dopant emission intensity across
these reports highlights the need for more thorough understanding of Mn-site photophysics and
excitonic interactions with the band-edge manifold of states. The synthesis of monodisperse
methylammonium- or formamdinium-based hybrid Mn-doped nanoplatelets accompanied by in-
depth kinetic studies will provide an opportunity for deeper understanding of intrinsic
composition- and thickness-dependent behavior.

In this work, successful synthesis of colloidal two-dimensional Mn-doped organic-inorganic
hybrid lead bromide perovskite nanoplatelets L>[APbi.Mn.Br3],-1Pbi.MnBrs (L:
butylammonium (BA), A: methylammonium (MA) or formamidinium (FA), n=1 or 2) by ligand-
assisted reprecipitation is demonstrated. Significant enhancement of the photoluminescence
quantum yield (PLQY) upon doping is observed, which is attributed to the transfer of excitons
from the band edge to the Mn?" dopant state where nonradiative recombination is suppressed. Next,
photoluminescence (PL) intensity and PLQY of Mn-doped perovskite nanoplatelets are shown to
exhibit strong power dependence, even at low excitation density. I propose a kinetic model that
accurately reproduces experimental observations, including transient absorption and emission data.
In contrast to other reports of Mn-doped semiconductors, wherein the power-dependent PL has
been ascribed to the saturation of the unexcited dopant states?*> 246 231 or consecutive energy

transfer,?**

it is shown that the power dependence observed in Mn-doped perovskite nanoplatelets
arises primarily from exciton-exciton annihilation between “free” (band-edge) and Mn-
immobilized excitons. Lastly, I show that a concentration-normalized microscopic rate constant

for band edge-to-dopant excitation transfer that is ~10x faster in methylammonium-containing
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nanoplatelets than in formamidinium-containing nanoplatelets and discuss possible explanations

for this phenomenon.
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4.2. Synthesis of Colloidal Manganese-Doped Perovskite Nanoplatelets

4.2.1. Synthesis of Mn-doped Perovskite Nanoplatelets with Butylammonium as Ligands

an‘feed: Molar fraction of MnBr,

in MnBr,+PbBr, mixture
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T |
e Bl EEd

MABr/FABr  Pb, Mn Br, BABr Precursor solutions Mixed precursor solution Colloidal nanoplatelets

Precursors dissoved in DMF mixed in desired ratio dropped into toluene formed

Figure 4.1. Schematic illustration of colloidal Mn-doped perovskite nanoplatelet synthesis.

(a) Perovskite unit cell: Mn-doped perovskite nanoplatelet: L [A5 B’ X.] B B’ X,
Undoped: ABX, Mn-doped: AB'X,

.A = methylammonium, o 5 =lead .X = bromide
formamidinium @2 =manganese @L = butylammonium

) | : , | oL (c)
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Figure 4.2. Manganese-doped perovskite nanoplatelets. (a) Structures of perovskite unit cell and nanoplatelets.
Butylammonium ligands have been omitted for clarity. (b) Photoluminescence and absorption spectra of Mn-doped
perovskite nanoplatelets that exhibit simultaneous emission from the nanoplatelet band edge and dopant state. (c)
Transmission electron microscopy (TEM) image of Mn-doped perovskite nanoplatelets.
Colloidal Mn-doped organic-inorganic hybrid perovskite nanoplatelets were synthesized via

the ligand-assisted reprecipitation method* 133 167 with some modifications (See Figure 4.1 and

Methods section for more details). To control the fraction of Mn?* in the resulting nanoplatelets,
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the ratio between manganese ions and lead ions in the precursor solution mixture was varied. In
this paper, the mole fraction of Mn?" ions in the precursor solution mixture will be referred to as
fun feed, Which differs from the actual mole fraction of Mn?* ions incorporated into the nanoplatelets.
Throughout the text, a simplified notation such as n=2 ABB’X (x: actual mole fraction of Mn**
in nanoplatelets) will be used to indicate the thickness and composition of the nanoplatelets, rather
than the full chemical formula (see Figure 4.2a). In general, it was found that the precursor
formulation leading to brightest emission and uniform thickness for Mn-doped nanoplatelets was
different from the formulation optimized for non-Mn-containing nanoplatelets (see Chapter 4.2.2).
Methylammonium (MA) or formamidinium (FA) were used as A-site organic cations and
butylammonium (BA) was used as the surface-bound ligand, as illustrated in Figure 4.2a. A
mixture of Pb?" and Mn?* were used as the B-site divalent metal cations and Br was used as the
halide anion species.

Mn-doping in perovskites occurs as substitutional doping wherein manganese ions replace lead
ions.?? Introduction of the photoactive Mn?* dopant induced a characteristic dopant emission?®
272-274 centered around A = 610 nm in addition to the usual band edge emission (Figure 4.2b), and
the resulting nanostructures exhibited a 2D shape characteristic of colloidal perovskite

nanoplatelets (Figure 4.2c).

4.2.2. Importance of Ligand Choice
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Figure 4.3. Achieving thickness homogeneity of Mn-doped n=2 MAPb:1xMnxBr nanoplatelets with 1:1 mixture of
butylammonium (BA) and octylammonium (OA) as ligands. (a) Molar ratios between constituent species for the
synthesis of Mn-doped perovskite nanoplatelets with BA and OA mixed ligands. (b) Photoluminescence spectra of
resulting nanoplatelets.
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Figure 4.4. Characterization of Mn-doped perovskite nanoplatelets with the mixture of butylammonium (BA) and
octylammonium (OA) incorporated as surface ligand species. (a) X-ray diffraction patterns of undoped and doped
Mn-doped perovskite nanoplatelets with BA/OA mixture ligands. PL spectra of (b) formamidinium-based and (c)
methylammonium-based Mn-doped perovskite nanoplatelets with BA/OA mixed ligands with varying Pb-to-Mn ratio
in the precursor solution mixture. Slight shift in emission peak position is believed to be coming from the reabsorption
effect.

In this section, the results of Mn-doped perovskite nanoplatelet synthesis with using
butylammonium/octylammonium mixture as ligands, instead of pure butylammonium, is shown
and the choice of butylammonium as the sole ligand species is justified.

In general, an excess amount of ligand is needed in precursor solution to ensure nanoplatelet
thickness homogeneity. For example, as described in the Methods section, AX (MABr or FABr),
BX> (PbixMn,Br2), and LX (BABr) were mixed in 1:2:3 ratio in the precursor solution for the
synthesis of n=2 Mn-doped nanoplatelets with butylammonium as ligands. This was because of
the formation of n > 2 nanoplatelets when the stoichiometric ratio of 1:2:2 was used.'®” When the
mixture of butylammonium and octylammonium were incorporated as surface ligands for the
synthesis of Mn-doped nanoplatelets, the ratio of AX:BXs:LX=1:2:10 was needed to suppress the

formation of n=3 nanoplatelets (PL emission at ~ 460 nm) as shown in Figure 4.3. However,

compared to the PL spectra of butylammonium-capped nanoplatelets shown in Figure 4.2b (and
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Figure 45 & 4.8 in Chapter 4.3), intensity of the dopant emission from
butylammonium/octylammonium-capped nanoplatelets shown in Figure 4.4b-c were significantly
less intense. Those results demonstrate that the choice of ligands and the precise engineering of
precursor solution formulation is crucial in achieving Mn-doped perovskite nanoplatelet thickness
homogeneity and intense dopant emission simultaneously. For this reason, butylammonium was

used as the sole ligand species for the rest of this work.
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4.3. Characterization of Manganese-doped Perovskite Nanoplatelets

4.3.1. Optical, Structural, and Compositional Characterization
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Figure 4.5. Characterization of Mn-doped perovskite nanoplatelets. (a) PL. and absorption spectra of undoped and
Mn-doped perovskite nanoplatelets. (b-d) X-ray diffraction patterns and transmission electron microscopy images of
undoped and doped perovskite nanoplatelets. (e) Experimentally measured dopant fraction in Mn-doped nanoplatelets
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3 different families of Mn-doped perovskite nanoplatelets were synthesized for this study: n=1
PbixMn,Br, n=2 MAPb;xMn«Br, and n=2 FAPb;.\Mn,Br. As shown in Figure 4.5a, characteristic
broad emission at 610 nm attributed to the Mn?* d-d (*T; — ®A) transition®*° was observed, which
changed the overall emission color of the solution from purple or deep blue to orange or pink
(Figure 4.6). Mn2* dopant emission has been previously observed between 580-620 nm in different

SCmiCOl’ldUCtOI'S,ISS’ 250, 252, 253, 273, 275-277

with variations attributed to differences in the ligand field
environment.?>% 2% 278 No absorption feature associated with the dopant state?’? 273 was observed,
presumably due to the low oscillator strength of the spin-forbidden Mn?* d-d transition.?*

X-ray diffraction (XRD) patterns, shown in Figure 4.5b-d, were dominated by stacking peaks
of the two-dimensional (2D) structures. The XRD pattern yielded d-spacings for n=1 and n=2
nanoplatelets of 1.3 nm and 1.9 nm, respectively, which is consistent with the expected perovskite

unit cell lattice parameter of 0.6 nm?* 154 279

and a butylammonium inter-sheet spacing of
approximately 0.7 nm.** Randomly overlapping nanoplatelets shown in transmission electron
microscopy (TEM) images further confirmed the two-dimensional nature of the particles. XRD
patterns indicated the existence of n=1 impurities in #=2 formulations, but n=2 nanoplatelets are
expected to be the majority species based on the fact that the n=1 absorption feature at ~ 400 nm
is negligible for Mn-doped nanoplatelets, despite a high oscillator strength for the n=1 excitonic

resonance.%°

Sample S feed Siin feed Pb % Mn %
1 0 100 0
0.8 0.2 99.4 0.6
=1 Pbi.Mn.Br 0.6 0.4 97.0 3.0
0.5 0.5 90.3 9.7
0.4 0.6 87.5 12.5
0.2 0.8 64.7 353
1 0 100 0
0.8 0.2 98.1 1.9
=2 MAPb...Mn.Br 0.6 0.4 92.3 7.7
0.5 0.5 87.6 12.4
0.4 0.6 83.4 16.6
0.2 0.8 65.0 35.0
1 0 100 0
0.8 0.2 98.2 1.8
=2 FAPbL.Mn.Br 0.6 0.4 94.1 5.9
0.5 0.5 90.2 9.8
0.4 0.6 83.6 16.4
0.2 0.8 63.0 37.0

Table 4.1. Metal cation composition of Mn-doped perovskite nanoplatelets as measured by ICP-OES.
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The actual Mn?* dopant fraction in the nanoplatelets, x, was obtained using inductively coupled
plasma optical emission spectroscopy (ICP-OES). In Figure 4.5¢ and Table 4.1, experimentally
measured Mn?" fraction is compared to the Mn mole fraction present in the precursor solution,
fuin feed. The Mn?* fraction in the nanoplatelets monotonically increased with fun feed, and the trend
was similar across all three nanoplatelet families. In general, there was a nonlinear relationship
between the feed concentration and the actual dopant concentration in the nanoplatelets. The
conversion yield of Pb?* in the nanoplatelet synthesis reaction was above 70% while that of Mn?*
ion was 10% or less (Figure 4.7). These observations are consistent with most previous reports

that excess Mn?* is needed to achieve Mn-doping in perovskite nanocrystals.>*®
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Figure 4.7. Conversion rate of (a) Pb*" and (B) Mn?" calculated by comparing the number of moles added to the
precursor solution to the number of moles present in the synthesized nanoplatelets measured by ICP-OES.
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Figure 4.8. Normalized photoluminescence spectra of Mn-doped (a) n=1 Pb1xMnxBr, (b) n=2 MAPb1.xMnxBr, and (c)
n=2 FAPb1.xMnxBr nanoplatelets with varying fun feed.

105



The relative intensity of the Mn?" dopant emission feature (as compared to the band edge
emission) generally increased with increasing dopant fraction in the system (Figure 4.8).
Interestingly, the relative intensity of the Mn?* dopant emission was significantly higher in the
methylammonium-containing #»=2 MAPb:.x\MnxBr nanoplatelets than in the formamididninum-
containing n=2 FAPbi.xMnxBr nanoplatelets (Figure 4.5a) at similar dopant fractions (Figure 4.5¢).
These observations will be addressed in-depth in the later part of Chapter 4.

4.3.2. Photoluminescence Quantum Yields
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Figure 4.9. Spectrally-resolved photoluminescence quantum yield (PLQY). (a) Exemplary photoluminescence
spectrum where nanoplatelet band edge emission and dopant emission can be separately quantified. (b-d) PLQY of
the Mn emission feature, nanoplatelet band edge emission feature (NPL), and the overall spectrally-integrated
emission of (b) n=1 Pb,.,Mn,Br, (c) n=2 MAPb,..Mn,Br, and (d) n=2 FAPb,..Mn,Br colloidal nanoplatelet dispersions
in toluene. All data collected under 365 nm CW (continuous wave) photoexcitation at an incident excitation power of
1.5 mW/cm?.
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Mn-doped nanoplatelets of all compositions exhibited a sharp increase in the overall
photoluminescence quantum yield (PLQY) compared to undoped nanoplatelets (Figure 4.9).
PLQY was determined using an integrating sphere and a fiber-coupled spectrograph.?®® Since the
band edge and dopant emission is spectrally well-resolved (Figure 4.9a), each feature could be
separately integrated and quantified. As shown in Figure 4.9b-d, the PLQYs of undoped
nanoplatelets were 5%, 23%, and 14% for n=1 PbBr, n=2 MAPbBr, and n=2 FAPbBr nanoplatelets,
respectively. Upon Mn-doping, Mn?* dopant PLQY increased dramatically, and the total PLQY
of n=2 MAPbo 376Mno.124Br nanoplatelets (fyn,feed = 0.5) was observed to be as high as 69% under
the same incident excitation intensity of 1.5 mW/cm? (PLQY approaching 100% was observed at
even lower excitation intensity, see Figure 4.11g-i). Concurrent with the increase in Mn?* emission,
a decrease in the band edge emission was observed. This phenomenon was especially pronounced
in n=2 MAPb..Mn,Br nanoplatelets (Figure 4.9c), and is the subject of extensive discussion later
in this report. For the observed n=1 Pbi..Mn.Br nanoplatelets the PLQY increased monotonically
with increasing dopant concentration over the entire range studied (Figure 4.9b). However, for n=2
MAPbMn,Br and n=2 FAPb:..Mn,Br nanoplatelets the PLQY peaked at Mn doping fractions of
12.4% and 9.8%, respectively, then decreased as Mn doping increased (Figure 4.9c-d).

4.3.3. Discussions on Dopant-Induced Strain in Mn-doped Perovskite Nanoplatelets
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Figure 4.10. Tolerance factor of Mn-doped perovskites with varying organic cations and halide anions. Calculation
was performed assuming that Vegard’s law?*” holds.
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Doping perovskite nanoplatelets with Mn?" ions, which are smaller than Pb** ions,?° is

expected to induce significant strain in the perovskite structure. The Goldschmidt tolerance factor,

TA-si i +r i . . . . . . . . .
defined as —4=sitecation” Halide " here 1, indicates the ionic radius of constituent species i, is a
V2(rMetai*THatide)

commonly used method to predict the structural stability of perovskites.?*° Perovskite structures
are preferred when the tolerance factor is between 0.8 and 1, and non-perovskite structures are
formed otherwise.?®! Doping lead halide perovskites with Mn?* ions is predicted to eventually
destabilize the perovskite structure, depending on the size of the A-site cation (Figure 4.10). This
structural destabilization effect is predicted to be most severe in FA-based perovskites (the largest
cation) and less severe in perovskites based on the smaller Cs* cation (Figure 4.10). While there
are multiple reports of Mn-doping in Cs-based perovskite nanomaterials, '8 257- 267, 270, 272, 273, 277,
282 T am not aware of any reports of Mn-doping in FA-based perovskites. Considering that strain
relaxation mostly occurs through the particle surface,?®* 2D perovskites — with intrinsically large
surface-to-volume ratio — may be more tolerant to Mn-doping than other topologies.?®* These
factors may contribute to the success of Mn-doping in FA-containing perovskite nanoplatelets
demonstrated in this work.

Also, I hypothesize that the occurrence of a peak and subsequent decrease in PLQY (Figure
4.9) may be coming from the accumulation of strain and defect formation at higher dopant
concentrations. Figure 4.9 shows that PLQY decrease was most significant in n=2 FAPb;..Mn,Br,
less significant in n=2 FAPb..Mn,Br and not observed n=1 Pbi..Mn.Br nanoplatelets. This order
is consistent with the fact that Mn-doping-induced structural destabilization is expected to be most
significant in FA-based perovskites, less significant in MA-based perovskite, and can be

insignificant in n=1 nanoplatelets where A-site cations do not exist.

108



4.4. Excitation Power-Dependent Photoluminescence and Quantum Efficiency
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Figure 4.11. Excitation power dependence. (a-c) Photoluminescence spectra; (d-f) separately integrated intensity of
nanoplatelet band-edge emission (blue) and Mn?* dopant site emission (red); (g-i) photoluminescence quantum yields
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The overall photoluminescence spectrum was observed to depend strongly on the incident
excitation power used (Figure 4.11a-c & 4.12a-c). Relative to the band edge emission, the dopant
emission was most intense at low excitation intensities. When the spectrally-integrated steady-
state PL intensity is plotted against excitation power, it was observed that the band edge emission
increases nearly linearly, while the dopant emission increases sub-linearly (Figure 4.11d-f &

Figure 4.12d-f). In other words, the rate of exciton recombination events at the band edge is
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proportional to the laser excitation rate, whereas exciton recombination at Mn?* dopant sites is not.
This phenomenon can be quantified through the power-dependent PLQY (Figure 4.11g-1). As
shown by the blue curve in Figure 4.11g-i, the band edge PLQY stayed constant at a value <5%
throughout the excitation power range explored, while the dopant PLQY decreased monotonically
with increasing excitation power. This power dependence of dopant emission efficiency persisted
down to the lowest incident powers that were experimentally accessible, ~100 uW/cm?. At these
lowest excitation powers, the Mn?* dopant emission feature reached nearly 100% PLQY in n=2
MAPDbo.376Mno.124Br nanoplatelets, indicating that the intrinsic internal quantum efficiency of

dopant emission is near unity.

n=1 n=2 n=2
(a) I:’bo.994'\"no.oosBr (b) '\’I‘D‘Pbo.smmnn.o19Br (C) FAPbo.982M nn.maBr

E 1.0 T T T E 51 T T I E 10T I ! ! 1.05 mW/cm?
g 0s i - 4 Sos| _ 3.67 mW/cm?
o Q ] —— 9.58 mW/cm?
§ 06k i s 3| . 06 4 — 21.2 mw/em?
§ § § —— 62.3mW/cm?
g 04 1 é 2 T E 0.4 1 — 137 mW/cm?
So02f 4 2 1t 1 202l | — 170 mw/em?
: g g

£ 0.0 3 ] R = o 0.0 L

400 500 600 700 400 500 600 700 400 500 600 700

wavelength (nm) wavelength (nm) wavelength (nm)

e) (f)
(d) (e),, 10
Z z20 z08
g 2 Z
[} [}
£ 215 206
— - —
o = o
2 210 204
® k] ®
o 205 4 =oo2
0.0 PR IR R N 0.0 L | I 0.0 PR IS I N
0] 40 80 120 160 0 40 80 120 160 0 40 80 120 160
Incident Excitation power Incident Excitation power Incident Excitation power
(mW/cm?) (MW/cm?) (mW/cm2)

Figure 4.12. Excitation power dependence. (a-c) Photoluminescence spectra; (d-f) separately integrated intensity of
nanoplatelet band-edge emission (blue) and Mn?*" dopant site emission (red) of n=1 Pbo.994MnooosBr, n=2
MAPDbo.9s1Mno.019Br, and n=2 FAPbo.9s2Mno.01sBr nanoplatelets, respectively.
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4.5. Kinetic Studies Using Time-Resolved Spectroscopy

4.5.1. Overview of Kinetic Studies
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Figure 4.13. Excited state dynamics of Mn-doped perovskite nanoplatelets. (a) Spectrally-resolved
photoluminescence (PL) decay of n=2 MAPby¢s1Mng019Br nanoplatelet band edge emission. (b) Mn-dopant emission
dynamics of n=2 FAPby.Mng0sBr nanoplatelets, revealing a ~0.6 ms intrinsic decay time constant for dopant (Mn?*)
emission. Early-time fast decay dynamics (< 0.1 ms) are attributed to band-edge emission and multiexciton
interactions. (¢) Comparison of time-resolved PL (TRPL) dynamics for n=2 MAPb,..Mn,Br nanoplatelet band edge
emission with different Mn-doping fraction. Instrument response function (IRF) is shown for comparison. (d)
Comparison of the band edge bleach transient absorption (TA) signal to the band edge TRPL signal for n=2
FAPby 90:Mny 09sBr nanoplatelets. The two measurements show excellent agreement beyond ~200 ps.

To avoid getting lost in the details of various time-resolved spectroscopic techniques and
associated thought processes, I will devote this Chapter 4.5.1 to provide a wider overview of the
time-resolved kinetic studies, while occasionally referring to further details presented in Chapter
4.5.2 when necessary.

To obtain an understanding of the fundamental physics behind the observed power dependence,
the decay dynamics of band edge and dopant emission were measured using time-resolved
photoluminescence (TRPL) and transient absorption (TA) spectroscopy (Figure 4.13). Spectrally-
resolved TRPL (Figure 4.13a & 4.14) of Mn-doped nanoplatelets showed notable decay of band

edge emission in less than 10 ns (Figure 4.13a), while the dopant emission feature did not show
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any appreciable decay in hundreds of nanoseconds (Figure 4.14). Extending the TRPL time
window much farther, a 0.6 ms dopant emission lifetime (Figure 4.13b) was resolved, which did
not depend on either the nanoplatelet composition or dopant concentration (Figure 4.15). The long
dopant emission lifetime is attributed to the spin-forbidden *T; — A; atomic transition, in
agreement with previous reports. '8 267,271, 273

In undoped nanoplatelets (Figure 4.13c, blue markers), the band edge emission was bi-
exponential: approximately 60% of the overall emission intensity decayed within the first 1.5 ns,
while the remaining 40% decayed slowly over tens of ns. This behavior is qualitatively similar to
observations of prompt and delayed emission in CdSe nanoplatelets.?®> In agreement with the CdSe
nanoplatelet literature?® and in accordance with expectations based on a strongly confined 2D
excitonic resonance with strong oscillator strength,?6-28% the initial fast decay is attributed to
prompt emission from the band edge exciton and the slower residual decay dynamics to delayed
emission by an uncharacterized mechanism (most likely entropically-driven dissociation of band-
edge excitons into free carriers?®®). Upon introduction of Mn?* dopants, the prompt emission
became faster and the delayed emission became weaker as Mn-doping fraction increased (Figure
4.13c & 4.16). Based on the concurrent observation of decreasing band edge luminescence yield
with increasing Mn-doping fraction (Figure 4.9), faster prompt emission decay in doped
nanoplatelets is assigned to direct excitation transfer from the band edge to the dopant site — a
process that competes kinetically with band edge emission, thereby reducing the overall band edge
exciton lifetime. Fitted prompt emission lifetimes of =2 MAPb..Mn,Br nanoplatelets were 1.35
ns (undoped), 0.95 ns (doped, x = 0.019), and 0.53 ns (doped, x = 0.124). Similarly, prompt
emission lifetimes of n=2 FAPb..Mn,Br nanoplatelets were 1.61 ns (undoped), 1.50 ns (doped, x
=0.018), and 1.03 ns (doped, x = 0.098) (Figure 4.16).

The assignment of PL emission dynamics was corroborated using transient absorption (TA)
spectroscopy (Figure 4.13d and Figure 4.17). Following initial (< 200 ps) fast multiexciton
dynamics in the TA signal (due to higher laser power — see Chapter 4.5.2 for more discussion), the
subsequent decay of the band edge TA bleach signal closely matched the decay dynamics
measured by TRPL (Figure 4.13d).

Time-resolved spectroscopy results are summarized in Table 4.2. First, all of the change in
prompt emission decay upon doping is assigned to excitation transfer from the nanoplatelet band
edge to the dopant site, Akp = k Subsequently, intrinsic energy transfer

rompt prompt,doped ~ "“prompt,undoped’
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rate constant per Mn’* site, kians, is calculated using the equation Akprompt = X *kirans, Where x is the
Mn-doping fraction. This procedure adjusts the measured dynamics for any differences in the
actual dopant concentration, allowing for the comparison of intrinsic rate constants in different
material classes. Following this procedure, an intrinsic excitation energy transfer rate constant of
<100 ps in =2 MAPb1..Mn.Br nanoplatelets and > 300 ps in »=2 FAPb:..Mn,Br nanoplatelets is
extracted. By comparison, inferred intrinsic energy transfer time constants from the band edge to
Mn sites in CsPbCls quantum dots (QDs) have ranged from ~1 ps to ~15 ps?7>277-2% (Table 4.3),
which are comparable in magnitude but generally smaller. It is ascribed to the 2D shape of
nanoplatelets where the average distance between the dopants must be longer compared to the QDs

with the same dopant fractions. In II-VI QDs, intrinsic time constants were mostly < 1 ps,*7- 252

21 guggesting potentially weaker coupling between the excitons and the dopant in perovskites

compared to II-VI hosts.?"3: 292
Tprompt kprompt prompt ktrans Ttrans
Sample Technique | fvn,feed X
(ns) (1/ns) (1/ns) (1/ns) (ps)
TRPL 0 0 1.35 0.74 N/A N/A N/A
n=2
TRPL 0.2 0.019 0.95 1.05 0.31 16.70 59.89
MAPb-«Mn.Br
TRPL 0.5 0.124 0.53 1.90 1.16 9.36 106.83
TRPL 0 0 1.61 0.62 N/A N/A N/A
n=2 TRPL 0.2 0.018 1.50 0.67 0.05 2.73 366.42
FAPb:..Mn,Br TRPL 0.5 0.098 1.03 0.97 0.35 3.59 278.21
TA 0.5 0.098 1.29 0.77 0.15 1.57 635.80

Table 4.2. Summary of measured band edge prompt decay constants (kprompt) and the extracted intrinsic rate constant
for excitation transfer to Mn?" dopant sites (kirans), based on differences between the prompt decay dynamics in doped
and undoped perovskite nanoplatelets.

Apparent transfer time Dopant Intrinsic transfer time
Host system Ref.

const. (ps) (57, _/x) fraction (x) const. (ps) (=7, )
CsPb1.xMn:Cl: QD 380 0.004 1.52 277
CsPb1.xMn.Cls QD 303 0.04 12.12 290
CsPb1.xMn:Cl; QD 3600 0.002 7.2 273
Zn1Mn,Se/ZnS/CdS/ZnS QD | 29 0.0045 0.1305 247
Zn1Mn,Se/ZnCdSe QD <20 0.01 <0.2 252

Table 4.3. Examples of previously reported host-to-dopant (Mn?") excitation transfer time constants.
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4.5.2. Details and Interpretation of Time-Resolved Spectroscopy Data
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Figure 4.14. Spectrally-resolved time-resolved photoluminescence (TRPL) measurement of dopant emission from
n=2 MAPbo.9s1Mno.0190Br nanoplatelets.
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Figure 4.15. PL decay of the dopant (Mn?") emission. Due to the incapability of spectrally resolving the dopant
emission from the band edge emission, initial fast dynamics is attributed to nanoplatelet band edge emission and
multiexciton interactions convolved with instrument response function. Red solid lines show the fitted
monoexponential curve in t > 0.2 ms regime which were used to obtain the dopant emission lifetime.
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TRPL measurements of dopant emission was performed at intense excitation density (Table
4.4). Thus, multiexciton interactions (exciton-exciton annihilation) may have also contributed to
the initial fast decay component shown in Figure 4.15 in addition to the band edge emission.

Instrument response function must have also contributed to the apparent dynamics of the initial

decay.

(a) n=2 FAPb, Mn Br (4 nW) (b) n=2 MAPb, Mn Br (4 nW)

o Undoped

o Undoped
o Mn*1.8% , Mn?* 1.9%
Mn?* 9.8% Mn? 12.4%

— IRF

IRF

0.1} 0.1}

Normalized PL
Normalized PL

0.01 0.01
0

1 2 3 4 5 6 7 8 9 10 0 1 2 3 4.5 6 7 8 9 10
Time (ns) Time (ns)

Figure 4.16. Decay dynamics Mn-doped nanoplatelets with varying dopant fractions. (a) »=2 FAPb1.«MnxBr and (b)

n=2 MAPb:xMnx«Br nanoplatelets. Solid curves show monoexponential curves fitted in 0 — 2 ns time window.

Instrument Response Function (IRF) curve is drawn for comparison.

Figure 4.16a-b shows multiexponential PL decay in Mn-doped perovskite nanoplatelets. As
mentioned in Chapter 4.5.1, monoexponential curve was fitted to the initial decay (0 — 2 ns) to
obtain decay rate constants which were used for kinetic model analysis. Among all six species of
n=2 MAPb..Mn,Br and n=2 FAPb.,Mn.Br nanoplatelets in Figure 4.16, n=2 MAPb.876Mno.124Br
nanoplatelets exhibited fast band edge decay which is comparable to IRF (Figure 4.16b). Thus,
IRF deconvolution was performed on n=2 MAPb;.\Mn,Br nanoplatelet PL decay curves and solid
lines in Figure 4.16 were drawn based on extracted IRF-deconvoluted lifetimes. IRF deconvolution
was done using a fluorescence data analysis package called ChiSurf.?*?

Instrument Response Function (IRF) curve in Figure 4.16 were obtained using allura red
fluorophore with emission wavelengths ranging from 550 nm to 750 nm.?** IRF deconvolution is
a curve fitting process which can potentially introduce additional errors in extracting PL lifetime.
Considering that IRF was also not collected at the exact wavelength of band edge emission (440

nm), I tried to minimize the potential uncertainty that IRF deconvolution process can introduce

and decided not to perform IRF deconvolution on n=2 FAPb;..Mn.Br PL decay data (Figure 4.16a).
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Figure 4.17. Transient absorption (TA) spectroscopy of #n=2 FAPbo.s2Mno.0osBr nanoplatelets. All TA data were
collected using a 425nm pump pulse at a fluence of 200uW unless otherwise noted. The TA decay traces in panels (b),
(c), and (d) are averaged over a probe wavelength range of 485-535nm. Decay traces are smoothed using a 5-point
rolling average to improve visual clarity; fits were performed on raw (unsmoothed) data. (a) Two-dimensional TA plot
showing the decay dynamics of the low-energy tail of the band edge bleach peak. (b) Comparison of the band edge
bleach TA signal and TRPL signal decay dynamics showing excellent agreement in decay dynamics after ~200ps
where any multi-excitonic interactions and Instrument Response Function (IRF) effect are to be negligible. (c)
Fluence-dependent early time TA results showing faster decay dynamics at higher fluences, likely as a result of
increased rates of Auger recombination at higher excitation densities. Fits shown are a best-fit single exponential over
a 5-200ps time window. (d) TA decay dynamics from panel b fitted with a single exponential decay over a 200-2000ps
time window.

TA signal and TRPL of the band edge deviate in 0 — 200 ps region where TA signal exhibit
intense fast decay (Figure 4.17b). Figure 4.17c shows that initial fast decay component is fluence-
dependent which is an indication that multiexciton interaction is the dominant contributor for the
initial decay.

As summarized in Table 4.4 below, excitation photon density per pulse for band edge TRPL
was 8 times lower than that for TA measurements. Considering that the absorbance is ~ 1.5 times
higher at 425 nm (TA excitation wavelength) than at 405 nm (TRPL excitation wavelength), it is

expected that the actual excitation density during TRPL measurement must have been an order-
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of-magnitude lower than TA measurements. Thus, fast initial decay observed in TA measurement
(Figure 4.17b), which is believed to be coming from multiexciton interactions, is not expected to
be an important factor in TRPL measurement. Even though the effect of multiexciton interaction
was not completely negligible for band edge TRPL measurements, it must have been buried under
IRF and not affected the obtained PL lifetime. Also, time-averaged photon density for power-
dependent PL and PLQY measurements were orders-of-magnitude lower as shown in Table 4.4.
Thus, the effect of multiexciton interaction that can results in band edge exciton annihilation must

have been negligible for those measurements.

. TRPL TRPL Power-dep.
Tech TA Power-dep. PL
ecamique (Band edge; ns) | (Dopant; ms) ower-dep PLQY
Power (W) 4.00%10°7 3.00%10° 3.72%10° 5.60%10°2 1.20%10°
Rep. rate (Hz) 1.00%106 20 2.00%10° Continuous Continuous
Wave Wave
Excitation
Wavelength (nm) 405 337 425 365 365
Effecti

(Effective) > 7.85%107 >7.85%10° | 5.00%10° 1.66 (fitted) 0.3 (fitted)
Spot size (cm®)
Pulse energy 4.00%10"5 1.50%10* 1.86¥101° | N/A N/A
(J/pulse)
Pulse fluence S 4 ©

. 5.09%10 1.91%10 3.72%10 N/A N/A
(J/pulse/cm?)
# photon/pulse 8.15%10° 2.54%10" 3.98%10° N/A N/A
Photon density per || 1,112 3.24%102 7.95%102 N/A N/A
pulse (#/pulse/cm2)
Time-averaged
photon density 1.04%10' 6.48%10%3 1.59%10' 6.19%1016 7.34%10'S
(#/s/cm2)

Table 4.4. Comparison of excitation photon densities between different techniques. Pump overlap fraction for TA
measurements were taken into account when calculating power. For fluence dependent TA in panel Figure 4.17c,
conditions were slightly different compared to other TA measurements: Their photon densities per pulse was
calculated to be 7.7E12, 13E12, 24E12 [photon/cm?] for 68, 116, 210 uW, respectively. Effective spot size will be
explained in Chapter 4.6.2.
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4.6. Kinetic Model Analysis

4.6.1. Model without Multiexciton Interaction

_%l

: trans ——
lo kNPL,r ikNPL,nr k k

v Mn,r v Mn,nr

[ I

NPL band edge Dopant (Mn?*)
exciton density: exciton density:

NNPL NMn
>kkbacktrans = ktransexp(-A/kBT)

*N,,.,: Dopant fraction (= x)

Figure 4.18. Excitonic energy diagram of Mn-doped perovskite nanoplatelets. (N: exciton density; k. & k. radiative
and nonradiative recombination rate constants; Kians & Koackirans: €Xcitation transfer and back-transfer rate constants; I
effective photon flux; o: absorption cross section; 4: energy gap)

Because recombination at dopant sites is ~ 10° times slower than recombination at the band
edge (Figure 4.13), Mn?* dopants sites may become saturated under CW (continuous wave = not
pulsed) excitation, leading to a sub-linear growth in Mn?" emission with increasing excitation
power (Figure 4.11 & 4.12).24%-246.251 Tq test this hypothesis, a kinetic model was built to describe
the dynamics of band edge and Mn-site excitons and the interaction between these two manifolds

of states under steady-state CW excitation (Figure 4.18):

dNNPL . _ NMTl
d =0=Ic— (kNPL,r + kNPL,nr)NNPL - ktransNMn,O(1 - —)NNPL
t Niyn,o ... (4.1a)
+ kbacktransNMn
dNy, Ny
d == 0= _(an,r + an,nr)NMn + ktransNMn,O(1 - —n)NNPL
t Nimn,o ... (4.1a)

- kbacktrans NMn

Here, N refers to an excitation density [per unit cell]; k- and ky are radiative and nonradiative

recombination rate constants, respectively [s™!]; kians is the band edge-to-dopant excitation transfer
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rate constant [s!]; Abacktrans is the back-transfer rate constant [s!]; 7 is the effective excitation photon
flux [ecm™ s7!]; ois absorption cross section [cm?], and A is energy difference between band edge
and Mn-site excitations. Nwn, is the number of dopant sites per unit cell (= x), Nun is the number

of occupied Mn sites [per unit cell], and NnpL is the number of nanoplatelet band edge excitons

[per unit cell]. Accordingly, the term (1 — Nun ) represents the fraction of dopant sites that are
,0

Nmn,
unoccupied, allowing saturation effects to be considered. Eq. 4.1 assumes that all rate constants
are independent of dopant fraction and that multiexciton interactions are not important. Key
parameters in the model were obtained experimentally using time-resolved spectroscopy, linear
absorption, and ICP-OES (See Methods section and Table 4.5 & 4.6). The only unknown
parameter in Eq. 4.1 is kians; all other terms could be independently measured.

The steady-state populations NnpL and Nvn were obtained by solving Eq. 4.1, and the relative
PL intensities of the band edge and the dopant emission were predicted by calculating the
quantities kypy »Nypr, and kp, Ny, respectively, and normalizing each by the maximum band

edge emission rate (see, for example, Figure 4.11d-f & 4.12d-f). Similarly, band edge and dopant

NPLrNNPL and an}rN Mn
g

PLQY were predicted by computing £ (see, for example, Figure 4.11g-1).

The strongest dopant site saturation effects will be observed when the rate of excitation transfer
from the band edge to Mn?" sites is much faster than the rate of prompt recombination at the band
edge — such that all excitons are transferred to Mn2+ sites with 100% efficiency. In this limit, Eq.
4.1 reduces simply to Io = kjy;y, Ny - This intuitively simple expression states that, at steady state,
the occupied Mn site density reaches a value such that the photoexcitation rate is balanced exactly
by Mn-site exciton recombination, Ny, = [0 /Ky, . In the experiments, 7 < 10" cm? 87!, 0~ 10°
17¢m? (per unit cell, see Table 4.6), and kmnr = 10° 57!, leading to the condition Nmn < 1073, For 10%
doping, this means that the fraction of occupied Mn sites is 1% at most. The vast majority of the
data were collected under orders of magnitude lower excitation intensity, such that the fraction of
occupied Mn?* sites is always much less than 1%. This simple estimate is supported by the full
numerical simulations (Figure 4.19), which show that the excitation laser power would need to be
~ 400 times larger to account for the PL intensity roll-off observed in Figure 4.11 & 4.12.
Consequently, it is concluded that the power-dependent photoluminescence efficiency trend
(Figure 4.11) cannot be explained by saturation of Mn?* sites; some other power-dependent

efficiency loss mechanism must be responsible.

119



Sample (undoped) PLQY (%) 2 rompt (MS) Zypr (NS) Zprnr (0S)
n=2 MAPbBr 23 1.35 5.94 1.75
n=2 FAPbBr 14 1.61 11.64 1.87

Table 4.5. PLQY and radiative/nonradiative lifetimes of undoped #=2 nanoplatelets.

Abs. ti 2
Abs. Cross Section (cm?) bs Cros.s Section (cm’)
Sample JSrin feed x r unit cell @ 365nm per particle @ 365nm
peru (Assuming 50nm lateral dimension)
5 0 0 1.07E-17 1.48E-13
n=
. . . - 92E-14
MAPb..Mn.Br 0.2 0.019 6.42E-18 8.9
0.5 0.124 8.58E-18 1.19E-13
5 0 0 1.17E-17 1.63E-13
n=
0.2 0.018 1.25E-17 1.73E-13
FAPb:..Mn.B
br-Mn.Br 0.5 | 0.098 1.61E-17 224E-13

Table 4.6. Experimentally obtained absorption cross sections of Mn-doped perovskite nanoplatelets. Due to the
polydispersity of nanoplatelet lateral dimensions, absorption cross section per unit cell was used for downstream
analysis. Absorption cross section per particle was calculated under the rough estimate of 50 nm lateral dimension and
0.6 nm lattice parameter, for the purpose of comparison with the existing report.®

a _ b _
( ) 1 n=2 FAPbo.sozmno.osaBr ( ) 1 n=2 FAPbo.sozmno.ossBr
O  Data-NPL Model-NPL
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Figure 4.19. Failure of the kinetic model based on the dopant state saturation effect without considering exciton-
exciton annihilation. (a) Model simulation under actual experimental conditions. (b) Model simulation under
hypothetical 400x higher incident excitation intensity.
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4.6.2. Model with Multiexciton Interaction

In Eq. 4.1, it was assumed that multiexciton interactions were negligible. However, this may
not always be a valid assumption.?*’ To account for this possibility, two types of exciton-exciton
annihilation (EEA) interactions were considered: 1) interaction between two mobile excitons at
the nanoplatelet band edge (‘NPL-NPL EEA’), and 2) interaction between a mobile exciton at the
band edge with an immobile exciton at the dopant state (‘NPL-Mn EEA’). NPL-NPL EEA is not
expected to be a dominant mechanism because of significantly lower steady-state exciton density
at the band edge, Nxpr, compared to the dopant sites, Nmvin, Which is explained by the orders-of-
magnitude shorter lifetime of band edge excitons compared to Mn-site excitons. NPL-NPL EEA
would also lead to power-dependent band edge PLQY, which is not observed experimentally
(Figure 4.11g-1). For annihilation events occurring between NPL band edge excitons and Mn-site
excitons (‘NPL-Mn EEA’), it is expected that the surviving species to be a band-edge exciton due
to the much higher density of electronically excited final states that can satisfy momentum
conservation during the annihilation event. Annihilation of dopant site excitons, but not band edge
excitons, can also rationalize respective linear and sub-linear relationship between excitation
power and the band edge and dopant emission intensity (Figure 4.11d-f), respectively. To account

for multiexciton interactions, the kinetic model is modified as follows:

dNypy . Ny
d =0=Ilo— (kNPL,r + kNPL,nr)NNPL - ktransNMn,O(1 - )NNPL
t Niyn,o ... (4.2a)
+ kbacktransNMn
dN,, Ny
d == 0= _(an,r + an,nr)NMn + ktransNMn,O(l - = )NNPL
t Nyno ... (4.2b)

- kbacktransNMn - kEEANMnNNPL

The annihilation term appears only in Eq. 4.2b because band edge excitons are neither created
nor destroyed during a NPL-Mn EEA event as described in the preceding paragraph. There are
two unknown parameters in Eq. 4.2: the excitation transfer rate constant, kzns, and the exciton-

exciton annihilation rate constant, kzz4. In practice, more consistent results were obtained if the
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effective spot size (which is subsequently used to calculate the effective photon flux /) was treated
as an additional fitting parameter. Although the incident excitation powers reported in Figure 4.11
& 4.12 were calculated using the measured beam size, an “effective photon flux (/)” was used for
model analysis for the following reasons. In PLQY measurements, transmitted excitation light can
be reflected inside the integrating sphere and hit the sample again. This process is repeated until
excitation light gets absorbed by the sample or collected by the detector. Hence the excitation beam
can pass through the sample multiple times, which corresponds to the longer beam path length
with associated beam attenuation. Thus, a continuous distribution of beam spot sizes exists along
this long beam path length and effective spot size in the model equation has to be different from
the measured spot size of the excitation beam. In PL measurements, sample was excited inside a
20 mL vial with a relatively long beam path length of ~ 2 cm. Also, its emission spectrum was
measured by a detector at 90° angle with the excitation light. This configuration posed a potential
complication of penetration-depth-correlated collection efficiency. For example, photons emitted
from the center of the vial might have been more effectively collected and contributed more to the
measured spectrum than the photons emitted from the edge of the vial, where excitation light first
hit the sample. However, photon flux calculated by dividing the measured excitation power with
measured spot size reflects the photon flux at the edge of the vial where collection efficiency might
have been low. For those reasons, effective spot sizes were treated as fitting parameters. They are
expected to be larger than measured spot sizes since they should account for the distribution of
spot sizes along the long penetration depth and higher collection efficiency for the photons from
less-intensely-excited nanoplatelets. As expected, fitted effective spot sizes (1.6 ¢cm? for PL and
0.3 cm? for PLQY measurements) were larger than measured spot sizes (0.3 ¢cm? for PL and 0.2
cm? for PLQY measurements). Also, as shown in Table 4.7, effective spot sizes obtained from
fitting were consistent for both PL and PLQY measurements.

As Figure 4.20 shows, modified kinetic model (Eq. 4.2) successfully reproduces the excitation
power dependence that was observed experimentally, confirming that NPL-Mn EEA is the primary
mechanism responsible for the observed power dependence. Intrinsic excitation transfer time
constants obtained through model fitting were 10.1, 8.6, and 16.0 ps for n=2 MAPb;..Mn,Br
nanoplatelets and 156.0, 264.1, and 398.1 ps for n=2 FAPb..Mn,Br nanoplatelets, respectively
(See Table 4.7 for compiled model fitting results). There is variability in the fitted NPL-Mn EEA
rate constants (Table 4.7), but they are generally larger than those reported for undoped 2D
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perovskites.2%% 25 This makes sense because NPL-NPL EEA occurs between two mobile excitons,
whereas the primary multiexciton interaction in Mn-doped perovskite nanoplatelets is the
interaction between a free exciton and an immobile exciton. Those EEA rate constants summarized
in Table 4.7 are indeed in good agreement with a report on trap-mediated exciton annihilation in
2D transition metal dichalcogenides, which similarly involves the interaction of a freely diffusing

exciton in two dimensions with a locally trapped exciton.?®

Power- % ’ keea (cm?/s) Effective
Sample dependent Srngeed | Nmnpo ( lt/r::) rans 1 (Assuming 0.6nm spot size
measurement (®s) lattice constant) (cm?)
5 PLQY 0.5 0.124 | 55.22 18.11 0.78 0.30
n=
MAPb1.Mn.Br PL 0.2 0.019 | 116.57 | 8.58 0.14 1.52
PL 0.5 0.124 | 62.48 16.00 0.23 1.50
5 PLQY 0.5 0.098 | 6.41 155.99 | 0.17 0.30
n=
PL 0.2 0.018 | 3.79 264.13 | 0.03 1.94
FAPb1-xMn.B
br-MuBr = 0.5 0.098 | 251 | 398.13 | 0.02 1.68

Table 4.7. Summary of model fitting results.
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Figure 4.20. Comparison between the experimental data and the model-predicted power dependence when
considering exciton-exciton annihilation.
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4.7. Comparison of Band Edge-to-Dopant Excitation Transfer Rates
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Figure 4.21. Comparison of band edge-to-dopant excitation transfer time constants of n=2 MAPb,..Mn,Br
nanoplatelets and n=2 FAPb,..Mn,Br nanoplatelets obtained by using the methods noted.

Lastly, Figure 4.21 summarizes the obtained excitation transfer time constants and it shows
that excitation transfer is noticeably faster in n=2 MAPb1..Mn.Br nanoplatelets than in n=2 FAPb;.
Mn,Br nanoplatelets. This faster excitation transfer explains two previously mentioned
observations: 1) more intense dopant emission from »=2 MAPb:.,Mn.Br nanoplatelets with similar
dopant fractions (Figure 4.5), and 2) higher dopant PLQY and lower band edge PLQY of n=2
MAPD..Mn.Br nanoplatelets compared to other nanoplatelet species (Figure 4.9). Although the
exact origin of this A-site organic cation-dependent excitation transfer rate is not yet fully
understood, a few hypotheses can be proposed. One explanation could be a structural change which
is beneficial to band edge-to-dopant excitation transfer. Figure 4.22 compares the XRD peak near
20 = 15°, which informs on the perovskite unit cell size, in doped and undoped nanoplatelets. A
more noticeable lattice contraction upon doping was observed from n=2 MAPb..Mn.Br

nanoplatelets, which may be accompanied by octahedral cage rearrangement. Other possible
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explanations could include faster excitation transfer through smaller unit cells in »=2 MAPDb;.
Mn,Br nanoplatelets or strain-induced dopant segregation®’ in n=2 FAPb,..Mn,Br nanoplatelets.
Understanding the origin of this faster excitation transfer in n=2 MAPb;..Mn,Br nanoplatelets will

be an interesting research direction moving forward.
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Figure 4.22. Comparison of perovskite unit cell XRD peak shift upon doping in n=2 MAPb:xMnBr and in n=2
FAPb1xMnxBr nanoplatelets.
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4.8. Power-Dependent Color Tunability and White Light Emission

4.8.1. Excitation Power-Dependent Color Tunability
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Figure 4.23. Power-dependent color tunability of Mn-doped perovskite nanoplatelets. (a) Fraction of the dopant
emission intensity in total emission intensity as a function of excitation power. (b) Color coordinates of Mn-doped
perovskite nanoplatelet emissions with varying composition and excitation power.

Change in the relative intensity of Mn?* dopant emission compared to the band edge emission
intensity as functions of dopant fraction and excitation power suggests that perceived color of the
sample emission also changes accordingly. Figure 4.23a summarized the relative dopant emission
intensity and Figure 4.23b shows the color coordinates of the emissions from various Mn-doped
perovskite nanoplatelets with varying dopant fractions and excitation powers. Those results clearly
demonstrate that the color of the emission from Mn-doped perovskite nanoplatelets can be
continuously tuned between deep blue (color of the band edge emission) and orange (color of Mn2*

dopant emission).
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4.8.2. White Light Emission with a Green Phosphor
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Figure 4.24. Experimental demonstration of ideal white light emission from the solution mixture of Mn-doped
perovskite nanoplatelets (n=2 FAPbi.xMn,Br) and CsPbBr3; quantum dots. (a) Emission spectrum. (b) Color coordinate.
(Incident excitation power: 7 mW/cm?)

Mn-doped perovskite nanoplatelets exhibit deep blue emission from the band edge and orange
emission from Mn?** dopant state simultaneously. This dual emission can be utilized to realize
white light emission in combination with a green phosphor. Figure 4.24 shows the desirable white
light emission from the colloidal solution of Mn-doped perovskite nanoplatelets and CsPbBr; QD

mixture.
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4.9. Conclusion
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Figure 4.25. Schematic illustration of a Mn-doped perovskite nanoplatelet and its exciton dynamics.

In conclusion, facile synthesis of Mn-doped hybrid perovskite nanoplatelets at room-
temperature was demonstrated. Substitutional doping of Mn?* in place of Pb*" introduced a
photoactive dopant state in the perovskite nanoplatelet band structure, and band edge-to-dopant
excitation transfer resulted in the overall enhancement of PLQY owing to near-unity intrinsic
quantum efficiency of the dopant state. It was also demonstrated that emission intensities and
PLQYs of Mn-doped perovskite nanoplatelets exhibit strong dependence on excitation power. By
combining time-resolved spectroscopy and a kinetic model analysis, the effect of unexcited dopant
state saturation was found to be negligible under the given experimental conditions, and that
annihilation of Mn-site excitons by band-edge excitons is likely the primary mechanism for the
observed power dependence (Figure 4.25). Lastly, it was shown that MA-based nanoplatelets
exhibit faster rates of excitation transfer from the band edge to the dopant site than FA-based
nanoplatelets. In addition to demonstrating the synthesis of new nanomaterials, this work provides
in-depth understanding of exciton dynamics in Mn-doped organic-inorganic hybrid perovskite
nanoplatelets, which will be critical to incorporating those materials in next-generation

optoelectronic technologies.
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4.10. Methods

4.10.1. Mn-Doped Perovskite Nanoplatelet Synthesis

Colloidal Mn-doped perovskite nanoplatelets were synthesized using ligand-assisted
reprecipitation method in a glovebox. 0.2M solutions of MABr, FABr, PbBr,, MnBr,, and BABr
in N,N-dimethylformamide were prepared. Pbi.:Mn,Br solution was prepared by mixing PbBr,
and MnBr; solutions with specific ratios (=fmn.feed). Then for n=1 nanoplatelets, Pb;..Mn.Br, and
BABE- solutions were mixed in a 1:2 ratio. For n=2 nanoplatelets, MABr (or FABr), Pbi..Mn.Br>,
and BABr solutions were mixed in a 1:2:3 ratio. Then 20 pL of mixed precursor solution was
injected into 10 mL toluene under vigorous stirring. Colloidal Mn-doped perovskite nanoplatelets

were instantaneously formed.

4.10.2. Characterization

Photoluminescence spectra. A 365 nm fiber-coupled LED (Thorlabs) was used to excite the

sample in a 20 mL vial, and PL spectra were collected using an Avantes fiber-coupled spectrometer.

Absorption spectra. Absorption spectra were taken by a Cary 5000 UV-Vis spectrophotometer. A
cuvette with a 10-mm path length was used to mount the sample of Mn-doped perovskite

nanoplatelets dispersed in toluene.
Photoluminescence quantum yield. PLQY measurements were performed using an integrating
sphere and Avantes fiber-optic spectrometer. A 365 nm LED was used to excite samples. PLQY's

were calculated by following a previously reported method.?%®

Transmission electron microscopy (TEM). TEM images were taken using a FEI Tecnai G2 Spirit

Twin instrument operating at 120 kV.
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X-ray diffraction (XRD). XRD was performed using a PANalytical X Pert Pro operating at 45 kV
and 40 mA with a copper radiation source. Background subtraction was done by using HighScore

software.

Inductively coupled plasma optical emission spectroscopy (ICP-OES). ICP-OES was performed
using Agilent 5100 ICP-OES. Calibration was done using ICP standards from Millipore Sigma.
ICP-OES samples were prepared by collecting nanoplatelets after centrifugation and dissolving

them in 5 mL of 3% HNQOs solution.

4.10.3. Time-Resolved Spectroscopy

Band-edge time-resolved photoluminescence (TRPL). Band edge photoluminescence lifetime
measurements were performed by time-correlated single-photon counting using a single photon
avalanche photodiode (APD) from Micro Photon Devices. The solution sample in a cuvette with
a 10-mm path length was placed on the stage of an inverted microscope (Nikon, Ti Eclipse) and
excited using a 405 nm pulsed laser diode (LDH-D-C-405M, Picoquant, I MHz repetition rate,
<0.1 ns pulse duration) with 1 MHz repetition rate. The photoluminescence was collected and
passed through a pinhole before being focused onto the APD sensor. Dopant photoluminescence
lifetime measurements were performed using a Si Switchable Gain Detector from Thorlabs
(PDA36A). The solution sample in a cuvette with 10-mm path length was excited using a 337 nm
pulsed laser diode (Stanford NL100 Nitrogen Laser) with 20 Hz repetition rate.

Transient absorption (TA). For the femtosecond transient absorption spectroscopy experiments,
1040 nm fundamental laser pulses were generated using a 200 kHz Spirit 1040-8 laser (Spectra-
Physics). Pump pulses centered at 425 nm were generated using a portion of the 1040 nm
fundamental directed into a noncollinear optical parametric amplifier (Spectra-Physics Spirit-
NOPA). The pump beam was modulated at 5 kHz using a mechanical chopper (Thorlabs), and the
pump-probe time delay was controlled using a mechanical delay stage (Newport). Broadband
probe pulses were generated by focusing a separate portion of the 1040 nm fundamental into a 4
mm Y AG crystal with a 50 mm focal length lens. Pump and probe pulses were spatially overlapped

at the sample point using a 200 mm focal length concave mirror. Transmitted probe light was
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collected and analyzed using a high speed data acquisition system (Ultrafast Systems). All
measurements were taken at room temperature using a vigorously stirred solution phase sample in

toluene in a 2mm path length cuvette.

4.10.4. Kinetic Model Analysis

Experimental determination of kinetic model parameters. Radiative and nonradiative
recombination rate constants (k & kn) at the nanoplatelet band edge were assumed to be
independent of dopant fractions and were obtained by combining PL decay lifetime data of

undoped nanoplatelets (Table 4.2) with PLQY data using the following equations.

PLQY = kr _ kr _ Tprompt
kr + knr kprompt Ty
S Tprompt o = Tprompt
"~ PLQY " T 1 — PLQY

(ky & ky,-: Radiative and nonradiative rate constants, Kpyomp:: prompt decay rate constant,

T, & Tp,: Radiative and nonradiative decay lifetimes, Tpomp¢: prompt decay lifetime)

Energy gap (A) was calculated based on the peak positions of the band edge emission and dopant
emission. Absorption cross section (o) at 365 nm was calculated using the absorbance
measurements and particle concentrations measured by ICP-OES.

Absorbance

o = Wln (10)

(Na: Avogadro’s number, C: Unit cell (or particle) concentration, L: beam path length)

Obtained absorption cross section values are summarized in Table 4.6 and showed good agreement
with a recent report on absorption cross sections of undoped perovskite nanoplatelets.®® Dopant
fraction Nwvino (= x) was obtained by ICP-OES. Steady-state incident photon flux was estimated
using the measured excitation beam power and beam size at the sample (see relevant discussions
in Chapter 4.6). Lastly, due to the large polydispersity of nanoplatelet lateral dimensions, exciton

densities were calculated in ‘per unit cell’ basis instead of the widely used ‘per particle’ basis.
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Chapter 5. Summary and Outlook

The scope of this thesis has been to introduce colloidal lead halide perovskite nanoplatelets,
demonstrate a room-temperature synthetic protocol, enhance their stability, and expand their
material functionality by doping with photoactive manganese (Mn?") ions. Including my research,
significant progresses have been made in the past few years and the field of colloidal perovskite
nanoplatelets is advancing quickly. And I truly believe that perovskite nanoplatelets can be a
versatile material platform for the next-generation technologies.

However, I also have to admit that there still is a large room for further improvement. Hence,
I’d like to conclude my thesis by pointing out future research directions in relation to my work
presented. 1) Photoluminescence quantum yields of perovskite nanoplatelets presented in this
thesis are still low and need to be further increased. Minimizing the amounts of excitons
recombining nonradiatively can make devices more efficient. 2) Laterally-large nanoplatelets tend
to aggregate in solution and this deterioration of colloidal stability makes it difficult to deposit a
highly uniform thin film from the colloidal solution. Thus, minimizing the aggregation of
nanoplatelets in concentrated colloidal solution and ultimately developing a protocol for the
uniform film deposition will be crucial in future device fabrication processes. 3) Perovskite
nanoplatelets are still not stable enough to be incorporated into a commercial device with a long
lifetime and further enhancement of the stability is needed. 4) More studies on exploring and
utilizing optoelectronic and spintronic properties of Mn-doped perovskite nanoplatelets will be
needed to accurately assess the potential of Mn-doped perovskite nanoplatelets. 5) In addition to
manganese, there are other interesting atomic dopants that have been reported to alter
semiconductor nanocrystal properties. Additional studies on how those dopants affect perovskite
nanoplatelet characteristics will be interesting.

To conclude, I hope that this thesis will convince other scientists and engineers that colloidal
perovskite nanoplatelets can be a leading material platform for next-generation optoelectronics,
spintronics, and quantum informatics, and ultimately inspire them to drive further research moving

forward.
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